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This manual for Designers of Ground Source Heat Pumps (GSHP) is one of the deliverables from

60 GETRAINET: Geo-Education for a sustainable geother mal

is supported by Intelligent Energy i Europe and took place from September 2008 to February 2011.

Ground Source Heat Pumps already make an important contribution to energy saving and emission
reduction and have the potential to make an even greater contribution in the future. Research in Europe
shows that one of the barriers to a sustainable and growing geothermal market is the lack of
appropriately skilled personnel. Moreover, the quality of design and application are not always
satisfactory. The objective of this project is to develop a professionally-oriented European education
programme (training courses and associated materials such as this manual) to support the geothermal
heating and cooling market. There are a number of different groups of professionals involved in a GSHP
installation. The GEOTRAINET project is focused on two target groups: Designers (those who carry out
feasibility and design studies, including geology) and Drillers (who make the boreholes and insert the
tubes). The project has produced an education programme comprising curricula, didactic materials,

training courses and an e-leaning platform.

The present manual forms the didactic material for designers. It is based on the curricula developed in
the GEOTRAINET framework. An international platform of experts on Geothermal Energy Heating and
Cooling was established to provide the knowledge required for developing and delivering the teaching
and supporting didactic materials for both of the target groups. This group of experts was drawn from
professionals with the full range of qualifications and experience relevant to the GSHP sector. The
expert platforms created provide a complete vision of the curricula necessary for designers and drillers.
By working together, experts from different countries have provided a rich exchange of practice between

the countries.

During the two and a half years of the GEOTRAINET project, ten courses have been delivered to a total
of 380 participants. In the context of the European Directive on promotion of the use of energy from
renewable sources, there is a very high demand for training courses in all EU countries. The first two
GEOTRAINET courses were oriented to prepare trainers in Europe; there were also four courses for
Designers and four courses for Drillers delivered by the trainers and members of the expert platform.
The involvement of participants from different countries and with a range of experience and
qualifications has provided an authoritative forum for the GSHP sector. The feedback of the participants
in the courses has allowed refinement and improvement of the course programmes, and consequently

the didactic material presented in this manual, which has been a living draft throughout the project.

The continuity of GEOTRAINET training activity will be assured through the establishment of a
European Education Committee. This committee will coordinate national training activity based on the
GEOTRAINET education programmes. This manual is intended to provide relevant and accessible

support for the ongoing education of European GSHP Designers.

Dr. Isabel M. Fernandez Fuentes, EurGeol.

GEOTRAINET Project Coordinator, European Federation of Geologists
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CHAPTER 1

OVERVIEW OF SHALLOW GEOTHERMAL SYSTEMS by Burkhard Sanner

I. INTRODUCTION

A clear definition for geothermal energy was badly needed both for the technical as well as for

the administrative and regulatory side of geothermal energy use. Based upon German
practice, the European Geothermal Energy Council (EGEC) adopted a definition giving only
the surface of the solid earth as a boundary for geothermal. Since July 2009, this definition is
for the first time stated in the EU legislative framework; EU Directive 2009/28/EC on
Promotion of Renewable Energy Sources reads:
Art. 2:
The following definitions also apply:
(c) fifgeot her mal energyo means energy stored in
surface of solid earth.
The distinction between shallow and deep geothermal is not fixed. Historically a depth of ca.
400 m is used, going back to a Swiss support scheme from the 1980s. In general, shallow
geothermal systems can be considered as those not pursuing the higher temperatures
typically found only at greater depth, but applying technical solutions to make use of the
relatively low temperatures offered in the uppermost 100 m or more of the Earth’s crust. In
North America, shallow geothermal technologyisal s o known under the term fAge:
For shallow geothermal, the undisturbed ground temperature that forms the basis of heat
extraction or heat injection varies between <2 °C and >20 °C, depending upon the climatic
condition of the region and the depth of the borehole.
To use the constant, low temperatures of the ground, there are two options:

1 Increase or decrease the temperature of geothermal heat to a usable level using heat
pumps (Ground Source Heat Pumps, GSHP)

1 Increase or decrease the temperature in the ground by storing heat or extracting heat
(Underground Thermal Energy Storage, UTES).
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The various shallow geothermal methods to transfer heat out of or into the ground comprise:

A Horizontal ground heat exchangers

A borehole heat exchangers

A energy piles

A ground water wells

A water from mines and tunnels

Met hods u

producing water from the ground and having a heat exchanger (e.g. the evaporator) above

ground

S

ar e

i ng
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1.2 - 2.0 m depth
10 - 250 m depth
5-45 m depth

4 - >50 m depth
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some advantages and disadvantages of closed and open systems are listed in Table 1.
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CHAPTER 1 OVERVIEW OF SHALLOW GEOTHERMAL SYSTEMS

groundwater

level

production' well

Figure 2. Schematic diagram of the most common ground-coupling methods (from left):

horizontal loops, BHE (vertical loops), and groundwater wells

injection well

Groundwater wells Borehole Heat Exchangers (BHE)

Heat transport from ground to well or vice versa

Heat transport from ground to BHE or vice versa

by pressure difference (pumping) by temperature difference
Advantage: Advantage:
A high capacity with relatively low cost A no regular maintenance
A relatively high temperature level of heat | A safe
source / low level of cold source A can be used virtually everywhere
Disadvantage: Disadvantage:
A maintenance of well(s) A limited capacity per borehole
A requires aquifer with sufficient yield A relatively low temperature level of heat
A water chemistry needs to be investigated source / high level of cold source

Table 1. Basic heat transport criteria and advantages/disadvantages associated with open or

closed systems

While Figure 2 shows the exterior form of different ground coupling options, Figure 3 details
the internal arrangements possible for closed shallow geothermal systems. They differ in the
type of heat carrier medium inside the ground circuit, and in the way this circuit is coupled to
the heat pump refrigeration cycle. The most common set-up is the use of a fluid as heat
carrier (typically water with the addition of an antifreeze agent), which is circulated through the
ground loop by pumping.

Direct expansion systems are characterized by the extension of the refrigeration cycle into the
ground loop, i.e. the heat carrier is the working medium of the heat pump, and a two-phase-
flow (liquid/steam) occurs inside the ground loop. In practice, direct expansion (DX) has been
applied successfully to GSHP with horizontal loop, while the combination with vertical loops
resulted in problems with compressor oil return, etc. The advantage of DX lies in the absence

of a circulation pump and of heat exchange losses between ground circuit and refrigeration

GEOTRAINET GSHP 9 Manual for Designers
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CHAPTER 1 OVERVIEW OF SHALLOW GEOTHERMAL SYSTEMS

circuit; however, some of the power for circulating the refrigerant through the ground loop has
to be provided by the heat pump compressor.

Heat pipes make use of a two-phase system inside a single, vertical pipe. The working
medium with low boiling point is evaporated by the Earthd $eat in the lower section of the
pipe. The resulting steam rises to the top of the pipe due to its lower density, and transfers the
heat to the refrigeration circuit via a heat exchanger. The steam thus cools down and
condenses again, flowing back in liquid form on the pipe wall towards the bottom of the pipe.
While both the brine systems and the DX systems can be used both for heating and cooling,
the heat pipe is suitable for heating purposes only, as no heat can be transported down into
the ground (the driving force is provided by gravity, which works only in one direction).

circulation heat pump

g
§ 1 2: 3.
£ Wl Ground circuit Refrigerant Heating
= l| (water, brine) circuit circuit
2
’ é \ Figure 3. Possible ground loop
3 circuits: fluid (brine) circuit for vertical
and for horizontal loops (upper and
circulation heat pump middle left), heat pipe circuit for

pump

vertical loop (lower left) and direct

expansion (DX) circuit for horizontal

horizontal loop

1: 2: 3 .
Ground circuit Refrigerant Heating loop (lower right)
(water, brine) circuit circuit

heat pump

heat
exchanger

1 2: 3:
Heat Pipe Refrigerant  Heating heat pump
circuit circuit circuit

N

7

horizontal loop

(heat pipe)

2:

1:
Ground and Heating
refrigerant circuit circuit

borehole heat exchanger

The earliest example for GSHP in literature dates from 1945 in Indianapolis, USA, and
concerns a DX system with horizontal loops (Crandall, 1945). Already in 1947 an article by
Kemler presented all the basic GSHP configurations we use today. In Europe (Austria,
Germany, Sweden, Switzerland) the first GSHP with groundwater wells and the first horizontal
loops appeared around 1970, and the first BHE before 1980.
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CHAPTER 1 OVERVIEW OF SHALLOW GEOTHERMAL SYSTEMS
After a short boom in these countries around 1980, associated with the second oil price crisis,
the development in Europe was slow throughout the 1980s and 1990s, with the exception of
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Figure 4. Development of heat pump sales in Germany (after data from BWP and GtV-BV)
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Figure 5. Heat pump sales for 2006 and 2007 in some European countries (after data from
EHPA)

Sweden and Switzerland. Since about 2000 a strong market development can be seen in
Germany (Fig. 4), followed by France, and now in 2010 the GSHP technology has spread to
all EU countries. Figure 5 shows the heat pump units sold in some European countries in
2006 and in 2007, giving a high share for GSHP in colder regions, and a majority for air-
source heat pumps in warmer lands (France, Italy).
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CHAPTER 1 OVERVIEW OF SHALLOW GEOTHERMAL SYSTEMS

All material for GSHP today is available from manufacturers, in proven quality: pre-fabricated
BHE, grouting material, pipes, manifolds, heat pumps (Fig. 6). Methods for determining the
ground parameters (thermal and hydraulic) are available (Fig. 7), design rules and calculation
methods have been developed, and guidelines and standards set the frame for reliable and

durable installations.

Figure 6. Examples of products for GSHP: pre-fabricated BHE, tested and delivered to the
drilling site (Photos left: Haka, centre: Rehau)

—=— Base load
+- Peak cool load
--o-- Peak heat load
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Figure 7. Example of Thermal Response Test for determining ground parameters (left) and
calculation of BHE layout using EED software (right)

A useful tool for comparing different installations of BHE is the specific heat extraction rate.
This is the maximum thermal capacity at the heat pump evaporator (refrigeration capacity),
divided by the total length of BHE, given in Watt per Meter BHE length (W/m). In the early
years of BHE in Europe around 1980, a value of 50 W/m was given as a standard value for
Germany, and 55 W/m for Switzerland. These values were used for design of residential
GSHP at that time 7 and 50 W/m is still used as a crude rule of thumb for many smaller
installations today! However, the actual specific heat extraction possible in a certain project

depends strongly upon ground conditions (thermal conductivity), system requirements
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CHAPTER 1 OVERVIEW OF SHALLOW GEOTHERMAL SYSTEMS

(operating hours), system size (number and distance of BHE, interference), etc. (Sanner,
1999). So a BHE system never should be designed following a rule of 50 W/m of heat
extraction, and the specific heat extraction value only used for comparison after a thorough
design calculation has been made.
In recent times, claims by manufacturers of some new BHE types have been made for
achieving specific heat extraction values of more than 100 W/m (apparently independent of
any thermal properties of the underground). Using a simple consideration allows the viability
of such claims to be checked.
The heat transport in a BHE system can be divided into two stages:
1 the transport in the undisturbed ground around the borehole (controlled mainly by the
thermal conductivity of the ground k)
1 the transport from the borehole wall into the fluid inside the pipes, controlled by the
type of grouting, the pipe material, the borehole and pipe geometry, etc., and given as

a summary parameter r, (borehole thermal resistance).
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Figure 8. Specific heat extraction rates (brown curve) and Hellstrom-Efficiencies (orange
curve) as a function of borehole resistance of different BHE types in a typical single-family
house under average ground conditions; with the chosen parameters, the maximum heat

extraction rate at a theoretical maximum dy = 100 cannot exceed ca. 85 W/m

The specific heat extraction rate of a BHE can only be calculated for a certain installation,
taking into account all the parameters mentioned above. A new design of BHE claiming an
improvement can only influence the parameters inside the borehole, resulting in a lower value
for r,. The best BHE would be a system with r, = 0 K(W/m), i.e. a spontaneous heat transfer
between borehole wall and fluid. This can be achieved only theoretically, but can act as a
benchmark for determining the efficiency of an actual BHE system. This efficiency is called

Hellstrdm-Efficiency and is given as:
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dy = sustainable heat extraction possible in a certain project/heat extraction with r, =0

where: dy = 100 for the theoretical maximum (Fig. 8).

Il. FURTHER INFORMATION
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CHAPTER 2

LIMITATIONS by Olof Andersson

I. INTRODUCTION

As is shown in the previous chapter, there are several different shallow geothermal systems
available on the commercial market. These are, in short, ground source heat pumps (GSHP)
for extraction of heat (and cold), and underground thermal energy storage (UTES) for active
storage of heat and/or cold. This chapter considers the potential of these systems as well as

limiting conditions when it comes to apply them in practice.

The potential is in many ways related to local or site specific conditions, not only climate and
geology, but also the sector of application. The latter may be family houses, commercial and
institutional buildings, district heating and cooling systems, or even industrial facilities. These
all represent very different size and load characteristics in the design of a geothermal system.
The limitations can be looked upon as the outer boundary conditions that lead to a go or a no-
go for project concept. They can be physical, such as climate and geological circumstances,
but may also be connected to other site conditions, for example ground availability or other
interests for ground use. Country specific, there are also a lot of other potential limitations.
These could be of a social, cultural or political nature, but more often economical or legal.
However, these limitations are flexible and may disqualify one type of system, but allow
another. It is of great importance that all potential limitations are considered early (at the

feasibility stage) in any project.

Il. WHY SHOULD DESIGNERS AND DRILLERS CARE ABOUT A PROPER FEASIBILITY
STUDY?

Properly done, any GSHP project should start up with a feasibility study. The reason for this is
to create a basis for decision on how the project should be further developed. In this stage the
project plan should be checked against all types of technical, economical, legal and
environmental constraints that may affect the design and finalization. If a designer or a driller
is not aware of the constraints and limitations, then there is a risk that a GSHP concept may
turn out to be not feasible, at a late stage. This will of course lead to a dead investment for the
customer and unnecessary claims on anybody involved in the realization of the plant. It may
also seriously damage the reputation of and confidence for these types of systems, something

that has to be avoided.
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Ill. POTENTIAL ASPECTS

The two main renewable heat (or cold) extractions from shallow-lying geological strata are
shown in Figure 1. Solar energy is the driving force of the hydrological cycle and indeed for
processes that are the basis for traditional renewable energy, such as hydropower, wind and
biomass.

Transpiration
AR '?
. Nederbord' Evaporatlon

‘ thattenavnnnmg
Eva oration=s, o
P N“L \’\\\ g

Figure 1. In the hydrological cycle all traditional renewable energy sources can be found. The

geothermal heat flow is another renewable source

The average solar radiation that is adsorbed by the ground is in the order of 1500 kWh/m?
annually, while the geothermal heat flow is restricted to some 0.6 kWh/m®. In practice, this
means that the major portion of extracted heat from the shallow underground is derived from
solar energy, rather than geothermal heat from below. This basic knowledge, on how heat
transfer in the underground works, suggests that shallow geothermal applications can be
regarded as solar energy. For this reason the potential is huge and almost unlimited.
However, putting single closed loop vertical systems too close to each other will lead to
continuous chill down of the underground. Depending on geological and climate conditions
and how much energyise xt r act ed, t h earidsbetween®0ahd3® manc e

Under normal conditions, the temperature at a depth of approximately 10 m reflects the
average temperature in the air (+14.3 on average). However, at places with snow in the

winter, the ground temperature will be a few degrees higher since the snow will insulate the
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surface. At greater depths, the ground temperature will increase due to thermal heat flow.
This flow creates a geothermal gradient that on average is around 3 °C/100 m. In countries
with old crystalline rocks, the gradient is often much less, while countries with clayey rocks
have a higher gradient. The heat flow represents around 0.07 W/m?. However, the variation is

rather large and depends greatly on geographical position and local geological conditions.
IV. LIMITATIONS AND BOUNDARIES
IV. 1. Technical limitations

It has been shown in the preceeding section that the natural sources for GSHP systems
(atmospheric and geothermal energy) are practically unlimited taking into consideration that
plants are not located too close to each other. In general, the source is always there and from
a technical point of view there are no limitations in using it.

For systems using the underground for seasonal (or sometimes short-term) storage of heat
and cold, the source of energy for storage may be different. Such a source is for example
waste heat from industrial process cooling. Another may be waste cold from heat pump
evaporators. These types of sources always have technical limitations such as load, duration,
temperatures, availability, etc. that are site specific. These limits should of course be

established in an early stage of a given project.

r

Figure 2. Technical limitations for an underground storage project may have technical
limitations related to load characteristics, working temperatures, availability of energy source,

etc. It is of importance to define these limitations at an early stage of the project

IV. 2. Geological limitations
In principle, one or several types of GSHP systems are technically feasible in any type of
geology. It is more a matter of finding a proper construction method, related to the special
geological conditions at the site for installation. Still, the geological requirements differ
according to what type of system is to be installed, summarized in the following general
statements.

A Closed loop systems are in general applicable in all types of geology. However,

thermal properties and drilling problems may be a limiting factor
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A Open systems (based on pumping ground water) require a geology containing one
or several aquifers. Still, aquifer geometry, hydraulic properties and water chemistry
may be limiting factors on any site.

IV. 3. Hydrogeological limitations

The hydrogeological conditions would in practice govern the design of any open loop system.
Inputs, such as type of aquifer, geometry, groundwater level and gradient, textural
composition, hydraulic properties and boundaries are in fact essential for the design and
realization of such systems. For closed loop systems these parameters are of less
importance, but can in some cases constitute limiting conditions.

A Closed loop systems may be affected by flow of ground water. For systems with
heat extraction, this is normally an advantage. For systems with storage of heat and
cold (BTES), it may be a disadvantage for cold extraction. Furthermore, a low
groundwater level will limit the extraction of heat and cold if no backfilling is used

A Aquifers used for open systems may have a limited yield (well capacity) and/or an
unfavourable chemical composition. It may also be that the size and geometry is not
suitable. Furthermore, the aquifer may already be occupied by, for example, supply of
drinking water. This will be a limiting factor that cannot be overcome. During such

circumstances a closed loop system may or should be considered as an alternative.
IV. 4. Climate conditions

Climate plays an important role in the application of GSHP systems. There are many reasons
for this, but one essential condition is that the ambient temperature of the ground is reflected
by the average temperature in the air. The type of climate (tropical, arid, Mediterranean,

maritime and continental) will also limit the usage of some systems (Table 1).

Climate type Weather GSHP systems
conditions GSHP UTES

Tropical Hot, no seasons | Not feasible Not feasible

Arid Hot, cool nights | Not feasible Storage of cold night -

day

Mediterranean Warm Summer | Occasionally Seasonal storage heat
Mild Winter feasible and cold

Marine Warm Summer | Feasible Seasonal storage heat
Chilly Winter and cold

Continental Warm Summer | Very feasible Seasonal storage heat
Cold Winter and cold

Table 1. Principal feasibility for GSHP systems in different climates

Another climate factor is the humidity. In hot climates with a high humidity, there will be

temperature requirement for cooling that allows condensation. In practice this means that it is
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not possible to directly cool a building from the ground. However, in such a case there are
other technical solutions.

As indicated in Table 1, the best performance of UTES systems are linked to continental
climate conditions with a seasonal swing of temperatures from summer to winter. Such

conditions may also exist locally at unexpected locations, (see the example in Figure 3).
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Figure 3. The climate conditions for using UTES are almost equivalent in Luled (north

Sweden) and Ankara (Turkey)
IV. 5. Environmental limitations

GSHP energy systems will in general contribute to less global emission of carbon dioxide and
other harmful environmental substances. However, country specific, and maybe also locally, there
may be limiting concerns such as:
A Contamination of the ground and the ground water by boreholes connecting to the
surface, boreholes shortcutting different aquifers and the usage of anti-freeze
A Change of the underground temperature that may affect the chemistry and bacterial
composition and growth in the underground
A Emissions, damages and local disturbances (noise, etc.) caused by drilling and
construction
A Damage to buildings, fauna and flora operating the systems.
In most countries, these types of limitations are the subject for legislation. The outcome from
permit applications may sometimes be that a GSHP scheme is denied by legal courts or local
authorities.
In general, open loop systems are more difficult to have approved than closed loop systems. The

reason is that using groundwater causes more concerns in most countries.
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IV. 6. Economical limitations
In most cases, GSHP systems on the commercial market should be profitable. However, in
the R&D stage, unprofitable installations can be realized as well as systems that meet
environmental goals. In such cases, favourable funding will in many cases limit a less
favourable economic outcome from the system. Still, from a strict commercial point of view,
the cost limits can be explained as:
A The operational and maintenance costs combined must be less than for competitive
systems
A The additional investment cost for the GSHP system has to be paid back by the value
of saved energy and maintenance cost within the technical life time of the system
A The calculated straight pay back time varies between different sectors and different

countries, but commonly 10-15 years are judged as a reasonable upper limit.

IV. 7. Legislation as a limiting factor
Legislation incorporates a complex mixture of laws, codes, standards and norms. Specifically, such

regulations are more frequent in countries that already commonly use GSHP systems. In other

countries there may be very | i miobhthedregalatiah side. Thiy p e

situation creates a limiting factor in itself, since the authorities do not know how to react on permit
applications. Indeed, this sometimes causes good schemes to never develop further.

At this stage it seems as if the legislators do not know how to evaluate GSHP systems from a
hazard point of view. Therefore, to create functional legislation in different countries, the legislator
has to be more aware, informed and possibly also trained on how GSHP systems work and what
they represent.
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CHAPTER 3

CONCEPT AND FEASIBILITY STUDIES by Burkhard Sanner

I. INTRODUCTION

II. POSSIBILITY FOR INSTALLATION LICENSE

This topic should be addressed first, either by consulting maps (Fig. 1) or info systems
available e.g. on the internet, or by contacting the relevant authorities directly. No definite

answer will be given at this stage, as authorities will not take a decision before the planning is

~ -

N o 1 S |

NASOrAN ) Il e 44§

Figure 1. (left) Example of a detailed map of a small part of the German state Hessen,
showing areas suitable for GHSP (green), areas requiring a case-by-case investigation and
decision (light brown), and restricted areas (red); (right) a similar map for the Kanton Bern in

Switzerland, from the online database: http://www.bve.be.ch/site/geo
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done and submitted; however, basic obstacles like groundwater protection zones, areas with
artesian aquifers, etc. can be identified quickly and a project on a site with no chance for a
license can be abandoned early, before incurring too much cost. Maps or GIS databases
meanwhile are available for many regions of Sweden, Germany and Switzerland; the first map
was done for the Kanton Bern in Switzerland around 1990, and today the data are available
as interactive GIS system (Fig. 1). In countries without sufficient published information, only

the direct contact to the relevant authorities can provide the necessary information.

Ill. UNDERGROUND PARAMETERS

For a concept study, the information can only be obtained from geological maps or
neighbouring boreholes. The required data concern mainly the lithology for BHE systems and
the hydrogeology for groundwater systems. From lithological information, both the preferred
drilling technology and the thermal parameters can be estimated. For translating rock type
into thermal parameters, a table from the German guideline VDI 4640 might help (Table 1).

Thermal conductivity Volume-related Density

Type of rock n Wm0 he:tp:ac:)r;iity

Recommended
value in MJ/(m*K) in 10° kg/m®

clay/silt, dry 0,4-1,0 0.5 1.5-1.6 1,8-2,0
clay/silt, water-saturated 1,1-3,1 1.8 2,0-2.8 2,0-2,2
b sand, dry 0,3-0,9 0,4 1,3-1,6 1.8-2,2
8 | sand, moist 1,0-1,9 1,4 1,6-2,2 1,9-2,2
8 [ sand, water-saturated 2,0-3,0 24 22-2,8 1,9-2.3
S | gravel/stones, dry 0,4-0,9 0,4 13-16 1,8-2,2
> gravel/stones, water-saturated 1,6-2,5 1,8 22-26 1,9-2,3
till/loam 1,1-2,9 24 1,5-2,5 1,8-2,3
peat, soft lignite 0,2-0,7 0,4 0,5-3,8 0,5-1,1
clayfsilt stone 1,1-3,4 22 21-2.4 24-28
sandstone 1,9-46 2,8 1,8-26 22-27
" conglomerate/breccia 1,3-5.1 23 1,8-2,6 22-27
8 | marlstone 1,8-2,9 2,3 22-23 2,3-26
& | limestone 2,0-39 2,7 21-2,4 2,4-27
E dolomitic rock 3,0-5,0 3,5 2,1-24 2,4-27
3 sulphate rock (anhydrite) 1,5-77 4.1 2,0 2,8-30
@ sulphate rock (gypsum) 13-28 1.6 2.0 22-24

Table 1. Part of the table for thermal parameters as given in VDI 4640, part 1, issue 2010
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In the underground, the ecological aspects are also of high importance, in respect to the
protection of ground and groundwater. So possible environmental problems with GSHP on the
site of the study should be investigated:
Effect on the ground and groundwater:

- leakage of antifreeze

- connecting different aquifer storeys or connecting aquifers to surface (quality of

grouting / long-term tightness)

- drilling into artesian water

- thermal effects
There can also be other adverse effects due to swelling clays, anhydrite, etc.

The relevant ecological issues are further discussed in Chapter 19.
IV. BUILDING LOAD DATA

The main design criteria that should be known on the building side:

- Peak energy loads (kW) at design conditions

- Annual energy loads (MWh)

- Temperature requirements of distribution systems (heating and cooling)
A reasonable representation of the annual load variation is required. For larger projects,
monthly energy loads and peak loads are minimum requirements.
The building data also comprise some information not directly linked to heat and cold
demand, but to the development of the site:

- Available area for drilling

- Further limitations below or above ground
V. SYSTEM PRE-DESIGN

With the data described above, the necessary size and layout of a GSHP system can be
determined. For a groundwater heat pump, 1 m®h of water produced from the well can
provide 3.5 1 4.5kW, as a rule of thumb. For a system with BHE, a (more conservative)
estimate of the capacity of a BHE 100 m deep would be 3 - 4 kW. It is always better to make a
calculation of the required borehole length e.g. with EED, but the rule of thumb can help to
solve cases where not enough data are known for a reliable calculation.

Always keep in mind that such a preliminary estimation of system layout is done for a concept
study only, and the proper design for the installation needs to follow and to be based upon
actually measured data for ground parameters and thoroughly calculated with EED or similar

programmes.
VI. ECONOMIC FEASIBILITY

For a preliminary evaluation of the economic side, a calculation of the expected investment is

made:

- BHE with a unit price (e.g. 500 / m)

- Heat Pump with a wunit price (e.g. 800 a/ kw)
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Also the expected operation costs need to be summarized:

- Electricity consumption, electric power price (incl. special rates / off-peak)

- Maintenance and repairs
For easier comparison, calculation of the annual share of the investment and finance cost,
plus the annual operation cost, is advised. Then the result is compared to the cost for
investment and operation required for an alternative conventional plant.
If as a result of a concept/feasibility study there are now obstacles against drilling on a site,
and if both the technical and the financial aspects of the planned GSHP system are
favourable, the design can be taken a step forward to the stage of the actual filed

investigations, etc.
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CHAPTER 4

GROUND HEAT TRANSFER by Burkhard Sanner

I. INTRODUCTION

Basically there are three possible kinds of heat transfer:

I Heat Conduction
1 Heat Convection

i Heat Radiation.

Inside soil and rock, heat radiation can be neglected. Hence only two transport mechanisms
need to be considered. In many cases, the actual heat transfer in the underground is a
mixture of both conduction and convection, in varying degrees; in solid rocks without pore

space, heat transfer occurs by conduction only.

Il. HEAT CONDUCTION

Heat always flows from a body with higher temperature to an area of lower temperature. The
amount of heat transported is controlled mainly by two factors: the temperature difference
between the areas considered, and the properties of the material in between the two areas.
The ability of a material to conduct heat can be described asfit her mal
W/m/K (or W m™ K™ and is typically characterized by the lette r &. Somet i mes
used, the Ather mal

given in K/(W m) characterized by the letter R.

The parameters in heat conduction can be seen in analogy to other transport phenomena,

such as electric current or hydraulics, in the following table:

resistanceo (in particular

Heat

Electricity

Hydraulics

Temperature difference

Voltage

Hydraulic head

Thermal conductivity

Electric conductivity

Hydraulic conductivity

Thermal resistance

Electric resistance

Heat flow

Electric current

Fluid flow

The parameter thermal conductivity is controlled by the following components in soil and rock:

1 Thermal conductivity of the solid mass (minerals or combination of minerals)

1 Thermal conductivity of pore fillings

1 Heat transfer at boundaries between solid mass patrticles, or between solid mass and

pore filling.
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GROUND HEAT TRANSFER

In hard rock, only the solid mass controls the thermal behaviour of the underground. In soll,

unconsolidated sediments, or rock with voids (e.g. fractures, or karst), the filling of these voids

can have a substantial influence. This is also reflected in the fact that the variation of thermal

conductivity in porous material is much higher than with hard rock, as the table below shows.

For pores filled with air (e.g. dry gravel or dry sand), the thermal conductivity of the whole

material is rather poor, while water as pore filling is much better. This is the reason why in

porous materials the moisture content controls the thermal conductivity to a large extent. In

hard rock, the content of quartz is a good marker for thermal conductivity, as quartz is among

the frequent minerals with the highest thermal conductivity (7-14 W/m/K, dependent upon the

orientation of the crystals to the direction of measurement).

Thermal conductivity (W/m/K)

Type of rock recommended
Clay/silt, dry 0,4-1,0 0,5
Clay/silt, water saturated 0,971 2,3 1,7
. Sand, dry 0,371 0,8 0,4
Unconsolidated F'sang water saturated 151 4,0 2,4
rock Gravel, dry 0,471 0,5 0,4
Gravel, water saturated 167 2,0 1,8
Peat, soft lignite 0,27 0,7 0,4
Claystone, siltstone 1,171 3,5 2,2
Sandstone 1,3-5,1 2,3
Conglomerates 1,3-5,1 2,3
Marl 1571 35 2,1
Solid Limestone 2571 4,0 2,8
Sediments Dolomite 2871 4,3 3,2
Anhydrite 15177 4,1
Gypsum 1,31 28 1,6
Salt 537 6,4 54
Hard coal 0,37 0,6 0,4
Tuff 11 1,1
e.g. rhyolite, .
Vulcanite, acid to tra?chyt){e 31134 3.3
intermediate e.g..latite, 207 2.9 26
dacite
Magmatites Vulcanite, alkalineto | e.g. andesite, 137 23 17
ultra-alkaline basalt ' ' '
Plutonite, acid to Granite 211 41 3,4
intermediate Syenite 1,77 35 2,6
Plutonite, alkaline to Diorite 2,01 29 2,6
ultra-alkaline Gabbro 1,771 25 1,9
. . Clay shale 157 2,6 2,1
Slightly metamorphic Chert 457 50 45
Marble 1,37 3,1 2,5
. . Quartzite 5017 6,0 5,5
Metamorphic Moderately_to highly Mica schist 157 31 22
rock metamorphic - -
Vulcanite, acid to Gne|s§ - 151 31 2.2
; N Amphibolite 1,91 4,0 2,9
intermediate = gprhyolite : : .
trachyte 2,1-3,6 29
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Values for thermal conductivity can be found in several publications; a good list is given in the
German guideline VDI 4640 part 1. For projects above ca. 30 kW, it is always recommended
to investigate this parameter directly on site, using the Thermal Response Test (TRT, cf.
chapter 8). The values in the table above are taken from VDI 4640 (issue 2010):

IIl. HEAT CONVECTION

Transport by convection means that heat is carried with a material of a certain temperature

into areas of lowertemper at ur e. I n hydr ogeol ogocgallyisudedkfort er m

the natural, vertical movement of fluids driven by density differences due to different
temperatures; for the mainly horizontal fluid transport due to pressure differences in the
aquifer , the term fAadvectionod is used.

Water has a rather high specific heat capacity of about 4.2 kJ/kg/K (or 4.2 MJ/m3/K), and thus
is very well suited for convective heat transport. However, there is always an interaction of the
fluid with the rock mass it migrates through, and thus a heat exchange between fluid and solid
mass. As a consequence, the convective heat transport is much slower than the groundwater
flow itself.

For heat transport by convection, a single parameter, like thermal conductivity in the case of
conduction, cannot be given. The process is much more complex and comprises fluid
properties, properties of solid mass (matrix), pore size and characteristics, hydraulic
properties, etc. While conductive heat transport can be reduced mathematically in a way that
it can be calculated analytically, this is hardly possible for convective heat transport. And if
convective heat transport occurs, there is always a conductive component involved. Hence
the calculation of convective heat transfer requires humerical simulation by coupling thermal
and hydraulic models.
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CHAPTER 5
DESIGN CRITERIA by Walter J. Eugster

I. INTRODUCTION

The most important design criteria (in addition to the start-up procedures) for ground source
heat pump systems are the following:

1 High performance

1 High reliability

1 High system safety

9 Cost effectiveness.
Beside these items, there is a main maxim to follow in the design procedure: simplicity. The
systems should be as simple as possible. This maxim helps to minimize many of the possible
system faults during operation.
A high performance of the GSHP installation must be achieved. The aim of high system
efficiency is, on the one hand, to minimize the operational costs and, on the other hand, to
compensate for the losses in the electricity generation process. The electricity generation
efficiency may differ from country to country and may even be sometimes a local matter. To
satisfy climate targets, the newly installed GSHP systems have to over-compensate the

generation losses, both current and future.
Il. FUNDAMENTALS

Planners and designers must be aware that there is an enormous difference between the
lifetimes of the underground elements of the system and the installations in the plant room of
the building.

The heat pump, the circulation pumps and most of the other important system parts are
changed two to three times during the lifetime of the underground installations. Therefore, the
borehole heat exchangers have to work with up to three new generations of heat pumps. This
is the reason why another important design maxim should be followed: a borehole heat
exchanger is never too long.

On the technical side, a high system performance is achieved by keeping the temperature
difference between the heat source and the heat load as small as possible and by minimizing
all possible losses, including energy, pressure and temperature.

GSHP systems do not need any periodical maintenance work; such systems are intended to
be maintenance free. To achieve high system reliability over the lifetime of the whole

system is no longer a sole question of proper design. Much more important are:
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1 the installation work
1 the commissioning
1 overall quality control
1

DESIGN CRITERIA

installation should use only certified, tested and approved material and system parts.

To guarantee high system safety, both installation and the future operation have to follow

exactly any manufacturersbod

and

authoritieso instr

recommended that safety and hazard notices are placed and displayed near to the main

system components.

Ill. COST EFFECTIVENESS

This is always important, although it can be a risky and a double-edged entity. Cost

effectiveness with GSHP systems means avoiding any unnecessary costs. It does not mean

lowering the overall costs by lowering the required quality of the installation or of parts of it.

There are a few rules for keeping costs low and at the same retaining high overall quality:

Install a GSHP system only in energy refurbished buildings

Include not only the installation costs but also all maintenance and operational costs

in an overall cost compilation

Include CO, savings in the system benefits

Set t he i nevitabl e

envi ronment al consci

GSHP

ousness

i mplied extra

or

green i mage

gaining in-house room for other activities or the value of specially designed wall/floor

tiles, over-designed kitchens, etc.

It can be noted that, in Switzerland, 80% of the new-built small houses are equipped with a

heat pump 7 because of the market. In greater urban areas, nobody wants to buy a house

without a heat pump so that the lack of a heat pump lowers the price of a building

significantly.
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CHAPTER 6

BOREHOLE HEAT EXCHANGERS by Goran Hellstrom

I. INTRODUCTION

For single-family houses and other small-scale applications the purpose of the ground-source
heat pump is basically to use the natural ground temperature as a heat source during the
heating mode and as a recipient of heat during the cooling mode. The ensuing change of
ground temperature around the boreholes should be kept small in order to avoid reduced
performance of the system. A maximum thermal interaction with the surrounding ground is
desired, since the intention is to dissipate the thermal energy in the ground. The ground is
also used for storage of thermal energy (Underground Thermal Energy Storage) in which
case the thermal interaction with the ground surrounding the storage volume ground is

undesirable.

An important issue in the design of systems using borehole heat exchangers is to identify
cost-effective methods to construct the borehole heat exchanger so that heat can be injected
or extracted from the ground without excessive temperature differences between the heat
carrier fluid and the surrounding ground. The efficiency of a ground-source coupled device,
such as a ground-source heat pump (both in heating and cooling mode), free-cooling heat
exchanger or solar collector recharge is higher for smaller temperature differences. This

chapter presents an overview of different designs of borehole heat exchangers (BHES).

Il. CONCEPTS
We begin with a brief description of the basic thermal processes involved when heat is
transferred between the circulating heat carrier fluid in flow channels in the boreholes and the

surrounding ground.

Il. 1. Fluid-to-ground thermal resistance

The heat transfer between the heat carrier fluid and the surrounding ground depends on the
arrangement of the flow channels, the convective heat transfer in the ducts, and the thermal
properties of the materials involved in the thermal process. The thermal resistances
associated with these different elements combine to form a fluid-to-ground thermal resistance.
The two major parts of this resistance are the thermal resistance between the heat carrier

fluid and the borehole wall, which is commonly called the borehole thermal resistance, and

the thermal resistance of the surrounding ground from the borehole wall to some suitable
average temperature level. The influence of the borehole thermal resistance may become
relatively large in conventional designs. This is especially crucial in applications with high

demands on heat injection rates and high temperatures such as solar heating systems and
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low temperature applications with high demands on achieving high heat transfer rates at small

temperature differences.

Il. 2. Ground thermal resistance

The ground thermal resistance involves the surrounding ground from the borehole wall to
some suitable average temperature level. This temperature level is often chosen to be the
natural undisturbed ground temperature T, in systems of the dissipative type, whereas the

local average ground temperature T, is more appropriate in storage applications.

Il. 2. 1. Dissipative type applications

For dissipative type applications, the thermal process in the ground has a genuine transient
behaviour that has to be accounted for. It is convenient to consider the thermal response due
to a step-change in specific heat injection rate g (W/m) given per unit length of the borehole
and to associate the temperature evolution with a time-dependent ground thermal resistance
R, so that Tp-To=qRy

Where Ty is the temperature in the borehole wall.

Thereby the unit of the ground thermal resistance Ry becomes K/(W/m) (Fig. 1).

Il. 2. 2. Storage type applications

In storage type applications a certain ground region can be assigned to each ground heat
exchanger. The temperature in this ground region is called the local average temperature T,,.
The thermal resistance Ry between Ty, and the local average temperature Ty, is defined by:

To-Tm=0qRy

For relatively closed spaced boreholes, the thermal interaction between adjacent boreholes is
fully developed for heat injection and extraction pulses with duration of about a week or more.
Short-term variations, where the thermal interaction between adjacent boreholes typically can
be neglected, are superimposed on this process. The relative importance of the borehole

thermal resistance is larger for storage type applications (Fig. 2).

5
Fluid
4
> __BD ---------------
Ly T Figure 1. Dissipative system:
e 7 T Borehole wall Temperature change (° C) due
5 T to borehole thermal resistance
£ and ground thermal resistance
- Rg for a constant heat injection
yd rate. The undisturbed ground
1 ,/' temperature is used as a
reference temperature
Undisturbed groung
0
0 5 10 15 20 Time 25 30 35 40
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Il. 3. Borehole thermal resistance
An important factor for the design of borehole systems is the thermal resistance between the
heat carrier fluid in the borehole flow channels and the borehole wall. The fluid-to-borehole
wall thermal resistance gives the temperature difference between the fluid temperature in the
collector (Ty) and the temperature at the borehole wall (Ty) for a certain specific heat transfer
rate q (W/m):

T -T,=R @
This so-called borehole thermal resistance depends on the arrangement of the flow channels
and the thermal properties of the materials involved. The values observed in field tests range
from 0.01 K/(W/m) for the open coaxial arrangement (heat carrier fluid in direct contact with
the rock) to about 0.25 K/(W/m) for single U-pipes in bentonite grout where no special
precautions have been made to keep the pipes close to the borehole wall. The temperature
difference between the heat carrier fluid and the borehole wall is proportional to the heat
transfer rate. For a typical heat transfer rate of 50 W/m, the corresponding temperature
difference becomes 0.5 °C to 12.5 °C. The borehole thermal resistance may have significant
effect on the system performance and should be kept as small as possible. Filling materials
(e.g. bentonite, concrete, etc.) in grouted boreholes usually provide better heat transfer than
pure stagnant water. However, in water-filled boreholes, the heat transfer induces natural
convection in the borehole water and in the surrounding permeable ground. This
phenomenon, which is more pronounced at high temperatures and large heat transfer rates,
leads to a reduction of the overall borehole thermal resistance. The overall thermal
performance of the borehole field subject to a certain heat load variation depends not only on
the borehole thermal resistance, but also on the transient thermal resistance of the
surrounding ground and the thermal influence from other boreholes.
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Il. 4. Heat transfer between flow channels

The fluid temperatures along the flow channels will vary in accordance with the heat balance
between the axial convective heat transport and the transverse heat transfer to the
surrounding ground. The temperature difference that arises between the upward and the
downward channels may become large at low flow rates. The ensuing heat exchange
between the channels of opposing flow may lead to a reduced efficiency of the ground heat
exchanger. For conventional U-pipe borehole heat exchangers, these effects are usually
important when the flow is laminar, especially in combination with deep boreholes. This effect
has also been observed in coaxial borehole heat exchangers with poor insulation between

inner and outer flow channels.

II. 5. Heat capacity effects in the borehole

When a step change occurs in the heat transfer to a BHE, it causes a rapid increase of the
temperature of the heat carrier fluid. A large fraction of the supplied heat is initially absorbed
by the fluid and subsequently by other capacitive materials in the borehole such as the filling
material outside the flow channels. After an initial phase, the capacitive effect of the borehole
is practically negligible, and almost all of the supplied heat is transferred to the ground. Short-

term pulses often require that the influence of the borehole heat capacity is accounted for.
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Figure 3. Fluid temperature increase as a function of time (hours) for a case based on data

from a thermal response test. The initial ground temperature is 8 °C
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Otherwise, the calculated fluid temperatures will be too high (during injection of heat) or too
low (during extraction of heat). This is especially important if there is a large thermal
resistance between the borehole heat capacity and the borehole wall. For heat injection
pulses of longer duration, the influence of the borehole heat capacity can usually be
neglected.

Figure 3 shows a numerical example based on typical data from a thermal response test
where a constant heat injection rate is supplied to the borehole. Such tests are commonly
evaluated using a line source or cylinder source model. The example indicates that the heat
capacities of the fluid and filling material have an important influence at least during the first
10 -15 hours, which is the reason why measured data from the first 15 hours are excluded

during evaluation of the test results.

I1l. DIFFERENT DESIGNS OF BOREHOLE HEAT EXCHANGERS
Vertical ground heat exchanger piping configurations can be classified based on how the heat

exchange from the flow channels takes place and to their cross-sectional geometry.

Figure 4 shows the two fundamental designs.

(o

Figure 4. The two
fundamental borehole heat
exchanger designs

In the U-pipe type BHE, both the downward and the upward flow channels participate in the
heat exchange with the surrounding ground. The characteristics of the coaxial (or tube-in-
tube) type BHE is that heat exchange occurs from either the upstream or downstream flow
channel (the flow direction may also be different during injection or extraction of heat). The
inner return pipe is (ideally) insulated in order to avoid thermal short-circuiting between the
upwards and downwards flow channels. In this section examples will be given of borehole
heat exchangers intended to operate according to these two fundamental concepts. Most
designs use closed circuits, which means that the heat carrier fluid is never in direct contact
with the surrounding ground. A few designs permit such direct contact, thereby possibly

minimizing the thermal resistance between the heat carrier fluid and the ground.
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lll. 1. Coaxial type BHE
Characteristics of the coaxial type BHE is that heat exchange between fluid and ground

occurs from either the upwards or downwards flow channel.

lll. 1. 1. Coaxial BHE without liner

The simplest arrangement of the flow channels in a borehole heat exchanger is to insert a
single plastic tube to the bottom of the borehole. The annular region between the plastic tube
and the borehole wall provides the channel for the returning flow. This type of open borehole
heat exchanger is very favourable from a heat transfer point of view because the heat transfer
fluid can be in direct contact with the borehole wall. In the US, this arrangement is also called
a standing column well. The surrounding rock may be permeable, in which case secondary

circulation of the fluid in the formation contributes to the heat dissipation.

HEAT INSULATOR —__||

CONCRETE RING ——

PLASTIC PIPE

2-6m

60 m

|

Figure 5. Coaxial BHE without liner (Luled, Sweden)

lll. 1. 2. Coaxial BHE with tube-in-tube

A closed system is often required due to unstable borehole walls or because of geochemical
concerns. A closed annular duct can be realized by lining the borehole with an impermeable
material. Inserting and cementing PVC-tubes (or steel tubes) in boreholes is rather difficult
and expensive compared to U-pipes, so this method has only been used a few times in
relatively shallow boreholes in crystalline rock. Due to the considerable thermal resistance of
the filling material between the outer pipe and the borehole wall, the measured borehole
thermal resistance for these arrangements have been similar to those of the simpler single U-
pipes. However, in deep clay formations the vertically pushed coaxial tube has been used to
more advantage, since the clay around the outer pipe will in most cases eventually conform to

the pipe surface (there is no dAfillingd material).
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Ill. 1. 3. Coaxial BHE with soft liner

There is also a possibility of using a flexible soft liner, which after insertion will be pushed
against the borehole wall when the interior is filled with fluid. The advantage of this design is
that there is no filling material between the liner and the borehole wall. However, several field

tests have revealed problems with leakage.

Ill. 1. 4. Multichamber BHE

The outer heat exchanging flow channel can be divided into many smaller chambers (Fig. 6).
Due to the thermal resistance of the filling material between the exterior of the pipe and the
borehole wall and possible thermal short-circuiting between the inner and outer flow channels,

the efficiency of this design is similar to U-pipes.

e

ro=bcm

Matériau_de remplissage
Parors PE
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©: Fluide descendant

Figure 7. Multipipe BHE. Example with 12 peripheral supply polyethylene pipes (diameter 20
mm) and one central return pipe (diameter 70 mm) in an unlined borehole (diameter 120 mm)
(Mathey, Switzerland)

Ill. 1. 5. Multipipe BHE
The outer heat exchanging flow channel can also be assembled with many smaller pipes (Fig.

7). Field tests have shown that this arrangement of the flow channel can achieve high
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CHAPTER 6 BOREHOLE HEAT EXCHANGERS

performance. The flow channels are standard polyethylene pipes of different sizes. There are
currently no commercial products of this type available on the market. The challenges are the
insulation of the inner pipe, the design of the bottom piece, the installation procedure and the
overall costs.

Ill. 2. U-pipe type BHE

The usual method to achieve the heat exchange in a borehole is to insert one or more U-
shaped loops of polyethylene tubing into the borehole. Single U-pipes are used in Northern
Europe and North America, whereas double U-pipes are common in Central Europe. In
Northern Europe, the boreholes are usually filled with groundwater to a few meters below the
ground surface. In the US and in Central Europe it is common practice, and often required, to
backfill the boreholes with some sealing material such as bentonite, concrete or quartz sand.
Special mixtures, so-called thermally enhanced grouts, have been developed to provide for

better heat transfer than pure bentonite.

Il. 2. 1. Single U-pipe
The single U-pipe has been the industry standard for about 30 years. The main advantages
are the simplicity of the design, ease of transportation and straightforward installation

compared with other alternatives. An installation based on proven best-practice procedures

LI

.l

Figure 8. Single U-pipe with bottom piece including weight

has an almost unlimited lifetime. The main problems have involved leakage due to improper
fusing of U-bends and weak bottom pieces. The major disadvantage of the single U-pipe is

the relatively poor heat transfer capacity, especially at non-turbulent flow conditions.
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lll. 2. 2. Single U-pipe with spacers
The thermal performance of the single U-pipe is increased if the pipes are positioned close to

the borehole wall. This can be accomplished by the use of so-called spacers. Examples of

such devices are shown in Figures 9 and 10.

=

Figure 9. Single U-pipe with spacer (GeoClip, GBT Inc.): the spacer6 s s -pctian is g

released as the tremie pipe (middle pipe in left figure) is pulled up

Il. 2. 3. Multitube U-pipes

Figure 10. Double U-
pipe with spacers

(Neckarsulm, Germany)

Double, triple and multitube U-pipes are simple extensions of the single U-tube concept. The
main advantages of multitube arrangements compared with single U-tubes are that the
effective heat transfer area increases and that the influence of the relatively large thermal
resistance of the plastic tubes decreases.

The influence of the convective heat transfer coefficient also decreases, which means that the
importance of non-laminar flow at design loads is somewhat less critical. This may then allow
for slightly lower pressure drops across the borehole heat exchangers in order to achieve a
certain heat transfer rate.

Ill. 2. 4. Three pipe arrangements

A variation of the U-pipe borehole heat exchanger is an arrangement with two pipes in one
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direction and one pipe in the other direction. It was used in the early 1980s when ground-
source heat pumps were being introduced in Sweden, but soon disappeared from the market

due to the complexity of the design.

IV. THERMAL PERFORMANCE OF U-PIPE TYPE BHE

In this section we will take a closer look at the thermal performance of the most common type
of borehole heat exchanger i the U-pipe. The most important parameters influencing the
borehole thermal resistance are fluid flow rate, pipe material, number of pipes, pipe position,

and thermal conductivity of filling material.

IV. 1. Pipe material

The U-pipes for normal applications use polyethylene pipes. These are flexible and durable.
However, the thermal resistance of the pipes is relatively high, especially with the thicker walls
of the SDR-11 and PN12 pipes (Table 1). The pressure rating refers to a temperature of 20
°C. The strength improves with lower temperatures, but reduces with higher temperatures.
Other materials have to be considered when the pipes are exposed to higher temperatures

than 30-40 °C. The polybutylene pipes have been used in high-temperature applications.

Type Material Outer Wall Thermal Thermal
diameter thickness cond. resistance
(mm) (mm) (W/(m,K)) (K/(WIm))
PE DN25 PN8 Polyethylene 25,0 2,0 0,42 0,066
PE DN32 PN8 Polyethylene 32,0 2,0 0,42 0,051
PE DN40 PN8 Polyethylene 40,0 2,3 0,42 0,046
PE DN50 PN8 Polyethylene 50,0 2,9 0,42 0,047
PE DN20 PN12 Polyethylene 20,0 2,0 0,42 0,085
PE DN25 PN12 Polyethylene 25,0 2,3 0,42 0,077
PE DN32 PN12 Polyethylene 32,0 3,0 0,42 0,079
PE DN40 PN12 Polyethylene 40,0 3,7 0,42 0,078
PE DN50 PN12 Polyethylene 50,0 4.6 0,42 0,077
SDR-11 3/4" Polyethylene 26,7 2,5 0,42 0,079
SDR-11 1" Polyethylene 33,4 3,0 0,42 0,075
SDR-11 1-1/4" Polyethylene 42,2 3,9 0,42 0,077
SDR-11 1-1/2" Polyethylene 48,3 4.4 0,42 0,076
SDR-11 2" Polyethylene 60,3 5,5 0,42 0,076
SDR-13.51" Polybutylene 28,6 2,2 0,22 0,121
SDR-13.51-1/4"  Polybutylene 34,9 2,6 0,22 0,117
SDR-13.51-1/2"  Polybutylene 41,3 3,1 0,22 0,118
SDR-13.5 2" Polybutylene 54,0 4,0 0,22 0,116

Table 1. Properties of plastic pipes used for ground loops

IV. 2. Filling material

A vertical borehole may require that some kind of backfilling material is used to fill the space

between the flow channels and the borehole wall. One reason may be to provide a good

thermal contact with the surrounding ground due to low thermal conductivity of natural filling
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material or low ground water level. Another important issue is to seal the borehole to limit
vertical water movement along the borehole that may cause environmental problems, such as
migration of polluted water, drainage of soil layers near the ground surface and disturbance of
the hydraulic characteristics of artesian formations.

Special grouts are used to provide a low permeability suitable for sealing the borehole. It is
important that these grouts have the capability to bond against both the borehole wall and the
pipes. The mixtures must be workable and pumpable during installation with little shrinkage
during curing. If shrinkage occurs, there may be the potential for a fluid migration pathway.
Common grouts, such as bentonite, usually have low thermal conductivity. Special thermal
grouts have been developed to enhance the thermal conductivity. Use of a commercial ready-
mixed product is strongly recommended. The thermal conductivity of some common filling

materials are given in Table 2.

Material Thermal conductivity (W/m,K)
Sand, gravel i dry 0,4
Water (stagnant) 0,6
Bentonite 10 %, water 0,7
Bentonite/cement/sand, 9/9/20 %, water 0,7-0,8
Sand, moist 1,0
Bentonite 10 %, frozen 1,4
Bentonite/quartzsand, 12/50 %, water 15
Gravel, water-saturated 1,8
Ice 2,3
Cement/sand, 27 %/58 %, water 2,4
Quartzsand, water-saturated 2,4-2,7
ThermoCem (cement/graphite) 2,0

Table 2. Thermal conductivity (W/m,K) of borehole filling materials

Grout should preferably be placed in the borehole by pressure pumping through a tremie pipe
(after water or other drilling fluid has been circulated in the annular space sufficient to clear
obstructions) in order to avoid bridging and voids. In the US, the recommended procedure is
to lower the tremie pipe to the bottom of the zone being grouted, and then raise it slowly as
the material is introduced. In Europe, the recommendation is to perform the grouting without
raising the tremie pipe and then to leave it in place.

A grout with high thermal conductivity significantly reduces the borehole resistance. As the
total temperature difference between the heat carrier fluid and the undisturbed ground
depends on the combined borehole and ground thermal resistance, it has been found that the
greatest reduction in required borehole length of the ground loop occurred with the higher
ground thermal conductivity values. Where grout and ground thermal conductivities are
similar, the borehole diameter is not a critical factor for the performance of the borehole heat
exchanger. If the ground thermal conductivity is higher than the grout thermal conductivity, a
greater borehole diameter will yield a higher combined borehole and ground thermal

resistance. Smaller boreholes require less grout and have a lower total resistance, which
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indicates that the borehole diameter has an economic impact. Determining the optimum grout

for a given project will require actual costs for grout, pipes and drilling

IV. 2. 1. Cementitious grouts
1 Advantages: Suitable permeability, easily pumped and mixed, suitable for most
formations, properties can be altered with readily available additives
1 Disadvantages: Shrinkage, long curing time, high density results in loss to formation,
heat of hydration, affects water quality.

IV. 2. 2. Bentonite grouts
1 Advantages: Suitable permeability with high solids grouts, non-shrinking and self-
healing in water-satured environment, no heat of hydration, low density, no curing
time
1 Disadvantages: Premature swelling, high viscosity, high density results in loss to

formation, high viscosity, difficult mixing, large shrinkage in dry environment.

One serious drawback of the bentonite grout is the strong sensitivity to frost action. When the
water first freezes and then thaws the bentonite loses it adsorption property and the water
separates from the mixture. The previously firm bentonite becomes almost liquid during the
thawing. Freezing a low-permeability bentonite mixture with high water content may lead to
compression pressure on the pipes due to the volume expansion during the water-ice phase

change. The compression may damage the pipes and cause leakage.

IV. 3. Pipe location

The borehole thermal resistance depends on the position of the U-pipe shanks in the
borehole. The thermal resistance increases with distance between the pipes and the borehole
wall. The thermal resistance in the filling material is inversely proportional to its thermal
conductivity. Figure 11 shows the estimated borehole thermal resistance of a typical single U-
pipe installation for three different positions of the shanks and filling thermal conductivity.
Three different pipe configurations are indicated: the pipes touching at the bore centre
(Configuration A), the same distance between the pipes as between the pipes and the
borehole wall (Configuration B), and each pipe touching the borehole wall at diametrically
opposite points (Configuration C).

The A configuration gives the highest borehole thermal resistance and it is considered to be a
very conservative design assumption. Configuration C is the optimum placement of the pipes,
but it will not occur consistently along the borehole unless spacers are used to control the
pipe spacing. Configuration B is assumed to be a reasonable design assumption in most

situations without spacers.
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Figure 11. The borehole thermal resistance (K/(W/m) for a single U-pipe as a function of filling

material thermal conductivity (W/m,K) for three different positions of the U-pipe shanks; non-

|l aminar flow conditions (Red&a3000)

Figure 11 also illustrates the advantage of using thermal grouts (thermal conductivity 1.5 - 2.0
W/m,K) instead of standard bentonite grouts (thermal conductivity 0.7 - 0.8 W/m,K).

IV. 4. Fluid flow rate

The convective heat transfer from the bulk fluid in the pipe to the inside wall of the pipe may
have a significant impact on the borehole thermal resistance. Although the equivalent thermal
resistance of the convective heat transfer process is small at turbulent flow conditions, it
constitutes about half of the total borehole resistance at laminar flow conditions. The influence
of the internal heat transfer between the upwards and downwards flow channel, the thermal
short-circuiting, can also be included in the effective borehole thermal resistance. The thermal
short-circuiting increases with increasing borehole depth and decreasing flow rate. An
example of the composition of the effective borehole thermal resistance as a function of the
flow rate is shown in Figure 12.

The combined thermal resistance of the pipe material and the convective heat transfer inside
the pipe has to be kept low. The contribution to the total borehole thermal resistance is large
for single U-pipes of polyethylene, but usually decreases with number pipes in the borehole.
The borehole thermal resistance increases with decreasing flow rate due to development of
laminar flow and increasing thermal short-circuiting between upward and downwards flow
channels. For a given heat extraction rate, this lowers the source temperature and the
Coefficient of Performance (COP) of the heat pump, which increases the amount of primary
energy required to deliver a certain heating rate to the house. Higher flow rates improve the
heat transfer capacity but this advantage is at some point offset by higher energy

consumption by the circulation pump, which is roughly proportional to the third power of the
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flow rate. The pressure drop across a single U-pipe for the above example (Fig.12) is given in

Figure 13.

0,20

® Thermal short-circuiting
Fluid flow

0,16 - : Pipe

Grout

0,18

0,14 -

0,12 4

0,10 - N

0,08 - R
0,06 -

0,04 -

Borehole thermal resistance (K/(W/m))

0,02

0,00
0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

Flow rate (litre/sec)
Figure 12. Components of the borehole thermal resistance (K/(W/m)) for a single U-pipe as a
function of fluid flow rate (litre/sec). The example is based on a 100 m deep 14 cm borehole
fitted with a single U-pipe using 40 mm polyethylene pipes (SDR11) and thermal grout

(thermal conductivity 2.0 W/m,K). Fluid properties are 28% ethanol-water solution at 0 °C
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Figure 13. Pressure drop (kPa) across the borehole heat exchanger as a function of fluid flow
rate (litre/sec). The example is based on a 100 m deep borehole with a single U-pipe using 40

mm polyethylene pipes (SDR11). Fluid properties are 28% ethanol-water solution at 0 °C
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The recommendations of the ASHRAE design guide (Kavanaugh & Rafferty, 1997) is to strive
for a Reynol dod s3000 at designrenemy loa@sgFig014). This is a rule-of-thumb
expressing a reasonable compromise between heat pump efficiency and energy requirement

of the circulation pump.
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Figurel4.Reynol d6s number as a (fitra/sec)t 250mm, 3@ fmm,orl4Q i d

mm polyethylene pipe (SDR11); fluid properties are 28% ethanol-water solution at 0 °C (the
zone with a Reof2600-3000 is indicated indlue)

V. GENERAL COMMENTS
The thermal performance of different designs of borehole heat exchangers can be quantified
according to the borehole thermal resistance evaluated from tests in the field or laboratory.
Although most of these values are in reasonable agreement with theoretical estimates, they
should be used with caution.

V. 1. 1. Thermal response tests

Many values originate from thermal response tests where ideally heat is injected at a constant
rate and the resulting fluid temperature evolution is measured. The evaluation of these tests
typically uses an effective ground thermal conductivity and the borehole thermal resistance as
free parameters to obtain the best fit between measured and simulated values. The simulation
models assume that the heat transport outside the flow channels takes place by heat
conduction only. However, there may be deviations from this assumption. In a permeable
water-saturated material there is convective heat transport by moving groundwater.
Evaporation and condensation occur in unsaturated conditions. Freezing may take place if the
thermal response test uses heat extraction. These other modes of heat transport may disturb
the evaluation with a conductive model, so that the fitted parameters do not reflect the 0 t r

borehole thermal resistance.

GEOTRAINET GSHP 45 Manual for Designers

u

eo

f

ow

‘ NOIS3d OL NOILONAOHLNI "d NOILD3S

r



‘ NOIS3A OL NOILDONAO™HLNI "9 NOILDO3S

CHAPTER 6 BOREHOLE HEAT EXCHANGERS

V. 1. 2. Internal heat transfer

The temperature difference between the downwards and upwards flow channel causes an
internal heat transfer, a so-called thermal short-circuiting, that reduces the efficiency of the
borehole heat exchanger. This effect may be included in an effective borehole thermal
resistance for the whole borehole. It can be demonstrated theoretically that this value is
composed of local borehole thermal resistance between the flow channels and the borehole
wall and an additional short-circuiting part, which depends on the thermal resistance between
the upwards and downwards flow channels, the borehole length and the flow rate. The
thermal response test measures this effective borehole thermal resistance. The same
borehole heat exchanger design may then give a slightly different effective borehole thermal
resistance because of differences in borehole length and flow rate. The flow rate (and type of
heat carrier fluid) will of course also influence the heat transfer coefficients between the fluid

and the walls of the flow channels.

V. 1. 3. Groundwater movement

In grouted boreholes, groundwater movement can only occur outside the borehole. There
may be a regional groundwater flow, but also a large-scale natural convection induced by
temperature gradients around the borehole. The magnitude of the natural convection depends
on the heat transfer rate and the temperature level. The driving force is the difference in
density of the groundwater and the flow resistance depends on the permeability of the ground
and the viscosity of the groundwater. The driving force tends to be higher and the flow
resistance markedly lower at higher temperatures. The evaluated effective thermal
conductivity and borehole resistance from a thermal response test may then depend on
whether heat was injected or extracted during the test.

The situation becomes more complicated when water-filled boreholes are used. If the
borehole is drilled in impermeable ground, there is still the possibility of local natural
convection between the exterior surface of the flow channels and the borehole wall. This
natural convection enhances the heat transfer through the groundwater in the borehole. The
enhancement depends on temperature, specific heat transfer rate and geometry of
groundwater filled area of the borehole (Littlefield & Desai, 1986).

In permeable ground, such as porous media and fractured rocks, the water-filled borehole
serves as a conduit for vertical water movement. The pressure differences causing the
vertical movement can be due to artesian conditions or induced by temperature changes in

the borehole water.

V. 1. 4. Short-term variations
The borehole thermal resistance as commonly used is defined based on a quasi-steady-state
temperature difference between the heat carrier fluid and the borehole wall during a constant

specific heat transfer rate. This steady-state condition takes some time to be established. The
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duration of the initial transient period depends on the heat capacity of the material in the
borehole. A large heat capacity is favourable since it reduces the temperature increase for
short-term variations. This aspect of different borehole heat exchanger designs is not included

i n t he-sd satvesdiadeythermal resistance.

V. 1. 5. Borehole diameter

It should be noted that the borehole thermal resistance values reported here relate to
boreholes that may have different diameters. The thermal response of a borehole heat
exchanger depends on both the borehole thermal resistance and a transient thermal
resistance of the surrounding ground. A larger borehole diameter results in a lower ground
thermal resistance. However, if the filling material has lower thermal conductivity than the
ground, a larger borehole may lead to a larger increase in borehole thermal resistance! The
combined thermal resistance of borehole and ground then increases. With proper design, a
larger borehole diameter could be used to reduce total thermal resistance, reduce internal
heat transfer for U-pipe type BHE by increased shank spacing, and increasing the heat
capacity for favourable short-term behavior.

V. 1. 6. Serial or parallel coupling

Another aspect of interest when considering applications of multiple boreholes is the pros and
cons of parallel and serial hydraulic coupling of the different BHE. Although not a property of
the BHE per se, the hydraulic coupling influences the flow conditions and thus the heat
transfer in the BHE.

V. 2. Coaxial type BHEs
The borehole thermal resistances of coaxial type BHEs determined in some experiments are
listed in Table 3.

Site Type, filling material Borehole
Therm.res.
K/(W/m)
Luled open, turbulent 0,01
Schwalbach tube-in-tube (steel), sand 0,09-0,13
Sigtuna tube-in-tube (corrugated),concrete 0,09
Grafenberg tube-in-tube 0,09
Djursholm tube-in-tube, ice 0,09
Djursholm tube-in-tube, quartz sand 0,09
Djursholm tube-in-tube, water, heat extr. 0,11
Stocksundstorp soft liner 0,02
Muskd soft liner 0,03
Cormontreuil soft liner 0,03
Lund (laboratory) multipipe (C-pipe) 0,01-0,03
Zurich multipipe (0,03)*

* Estimated value.

Table 3. Borehole thermal resistance (K/(W/m)) of coaxial type BHE

The thermal performance of coaxial type BHES depends on:
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1 shape of flow channels (annular, multichamber, multipipe, spiral)
1 material (soft liner, tube-in-tube)

1 borehole filling material.

The open borehole with a concentric inner tube has the lowest borehole thermal resistance of
all borehole heat exchangers investigated. The advantage of this design is that the heat
carrier fluid is in direct contact with the ground, which during turbulent flow results in very
favourable heat transfer capacity. This BHE is also very simple to manufacture and to install.
There are, unfortunately, several disadvantages. It requires that: the borehole wall is stable;
water is used as heat carrier fluid; the geochemical composition of the water does not result in
corrosion or precipitation of minerals in heat exchangers; precautions are taken to avoid water
losses in the store.

The borehole heat exchangers with a tube-in-tube design have a rather high borehole thermal
resistance. In order to insert the relatively stiff tube-in-tube arrangements, there has to be a
certain clearance between the outer tube and the borehole wall. The ratios between the tube
and the borehole diameter for the designs vary from 0.5 - 0.8. The space between the tube
and borehole wall has to be filled with either groundwater or a solid filling material. Situations
such as water-filled boreholes at low temperatures (heat extraction) or boreholes grouted with
standard bentonite will give especially high thermal resistances. Plastic outer tubes, which are
relatively easy to handle, have large thermal resistances. Conventional polyethylene pipes
(SDR11; PN12, PN18) have values of about 0.075 K/(W/m). Assuming a tube-to-borehole
ratio of 0.8 combined with a thermal grout filling of high conductivity (2.4 W/(m,K)) gives a
borehole thermal resistance of 0.055 K/(W/m) (not accounting for internal heat transfer). The
tube-in-tube designs do not seem to offer any distinct advantage compared to common U-
pipe designs, except the possibility to limit internal heat transfer, which may be necessary in
very deep boreholes and low flow rates.

Another alternative aiming at combining the advantages of the open borehole with concentric
inner tube and the tube-in-tube BHE is to use a soft liner (rubber, reinforced polyurethane,
etc.) and an inner plastic tube. These designs have relatively low resistances, but there have
been many problems with leakage and installation of the soft liners.

Coaxial type BHE designs using multiple pipes are still in the development phase. There
seem to be possibilities to achieve low, or even very low, borehole thermal resistances. The
main challenge is currently to find an arrangement (bottom piece, multiple pipes and top
piece) that can be installed without too much difficulty and still ensure that the pipes are very
close to the borehole wall.

V. 3. U-pipe type BHE

V. 3. 1. Single U-pipes
Single U-pipes are the most common type BHE used in the world. In the USA and in Central
Europe they are usually placed in grouted boreholes. During recent years there has been

considerable interest in using thermal grouts. There are now several brands of ready-mixed
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thermal grouts available commercially. Spacers to keep the shanks separated and close to
the borehole are also used. In Scandinavia and Canada it is common to leave the boreholes
filled with ground water. The borehole water may freeze during peak heat extraction periods.

The borehole thermal resistances of single U-pipes are listed in Table 4.

Site Filling material Borehole
Therm.res.
K/(W/m)
USA, several bentonite 0,13-0,15
USA, several thermal grout 0,09-0,10
Luled water, heating 0,05-0,06
Norway water, heating 0,05-0,07
Lund (laboratory) water, heating 0,05-0,07
Lund (laboratory) (copper),water, heating 0,03-0,05
Studsvik ice 0,09

Table 4. Borehole thermal resistance (K/(W/m)) of single U-pipes

The borehole thermal resistance of single U-pipes depends on:

1 pipes: diameter, thickness, thermal conductivity

1 position of pipes: shank spacing

1 borehole filling material.
In grouted boreholes it is common to use a polyethylene pipe with diameter of about 40 mm
( SDR 1 1PEM®N4® PN10). These pipes have a thermal resistance of 0.075 - 0.078
K/(W/m). A single U-pipe with such pipes inserted with spacers and combined with a thermal
grout filling of high conductivity (2.4 W/(m,K)) should give a borehole thermal resistance of
about 0.08 K/(W/m) (without spacers about 0.09 K/(W/m). Polyethylene pipes with half the
thermal resistance lowers the resistance to 0.06 K/(W/m).
In water-filled boreholes, there will be an enhanced heat transfer between the pipes and the
borehole wall due to convection of the borehole water. This enhancement increases with
higher temperatures, heat transfer rates and magnitude of artesian type water flows. The
values obtained during thermal response tests with heat injection lie in the range 0.05 - 0.07
K/(W/m) with 40 mm pipes (PEM DN40 PNG6,3). If these values are adjusted to account for the
much lower fluid pumping rates during actual operation, then the range should be about 0.06 -
0.08 K/(W/m). During heat extraction, when the influence of the natural convection becomes
lower, the values should be about 0.08 - 0.10 K/(W/m). The performance of the water-filled
borehole is better (heat injection) or similar (heat extraction) than for single U-pipes with

spacers in high conductivity grout.

V. 3. 2. Multiple U-pipes

Double U-pipes are common in Central Europe, where they are used in grouted boreholes. In
Sweden, double U-pipes in water-filled boreholes have been used in cooling applications with
large, short-term variations of the heat load. Designs with more than two U-pipes have only
been tried in a few experimental setups. The borehole thermal resistances of multiple U-pipes

are listed in Table 5.
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Site Type, filling material Borehole
Therm.res.
K/(W/m)
Luled U2, water, heating 0,03
Lund (laboratory) U2, water, heating 0,035-0,055
Burgdorf U2, water, cooling 0,04
Montezillon U2, bentonite 0,13
Montezillon U2, bentonite, spacer 0,12
Montezillon U2, bent./sand, spacer 0,11
Montezillon U2, quartz sand, spacer 0,08
Grafenberg U2, bentonite, spacer 0,10-0,11
Germany, several U2, bentonite 0,10-0,13
Germany, several U2, thermal grout 0,06-0,08

Table 5. Borehole thermal resistance (K/(W/m))
of multiple U-pipes

The borehole thermal resistance of multiple U-pipes depends on:

1 pipes: number of pipes, diameter, thickness, thermal conductivity

1 position of pipes: shank spacing

1 borehole filling material.
Double U-pipes are typically made of 32 mm polyethylene pipes (PEM DN32 PN12 or PN18).
The pipes are arranged around a central tremie pipe used for injecting grout into the borehole.
The tremie is often left in the borehole. A double U-pipe with spacers and a high conductivity
thermal grout filling should give a borehole thermal resistance of about 0.05 K/(W/m).
Polyethylene pipes with half the thermal resistance through the pipe wall lower the resistance
to 0.035 K/(W/m).
Response tests performed on double U-pipes in water-filled boreholes give resistances of
0.03 - 0.04 K/(W/m). If these values are adjusted to account for the much lower fluid pumping
rates during actual operation, then the range should be about 0.03 - 0.05 K/(W/m during heat
injection and 0.05 - 0.07 K/(W/m) during extraction. The performance of the water-filled
borehole is better than (heat injection) or similar to (heat extraction) double U-pipes with
spacers in high conductivity grout. In Sweden, double pipes installed at depths below 200 m

have used 40 mm polyethylene pipes (PN8).

V. 4. Optimal performance of borehole heat exchangers

A summary of the discussion of optimal performance and possible improvement in sections 1V
- Vis given in Table 6. The thermal grout is assumed to be have a thermal conductivity of 2.4
WI/(m,K), the spacers put the U-pipe shanks at an assumed distance of about 2 mm from the
borehole wall, and the low-resistance pipe has half the thermal resistance of a regular
polyethylene pipe.
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Type Filling material Borehole
Therm.res.
K/(W/m)
Single U-pipe (40 mm) water, heat injection 0,06-0,08
Single U-pipe (40 mm) water, heat extraction 0,08-0,10
Single U-pipe (40 mm) thermal grout 0,09
Single U-pipe (40 mm) thermal grout, spacers. 0,08
Single U-pipe (40 mm) thermal grout, spacers, low-resistance pipe 0,06
Double U-pipe (32 mm) water, heat injection 0,03-0,05
Double U-pipe (32 mm) water, heat extraction 0,05-0,07
Double U-pipe (32 mm) thermal grout 0,055
Double U-pipe (32 mm) thermal grout, spacers. 0,05
Double U-pipe (40 mm) thermal grout, spacers, low-resistance pipe 0.035
Triple U-pipe (25 mm) thermal grout, spacers. 0,035
Triple U-pipe (25 mm) thermal grout, spacers, low-resistance pipe 0,025
Open borehole <0,01
Tube-in-tube thermal grout, water 0,055
Soft liner 0,02-0,03
Multiple pipe thermal grout, water 0,01-0,03

Table 6. Esti mated oopti mal 0 b or/mhforldiferenther mal

kinds of borehole heat exchangers
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CHAPTER 7

GEOLOGY by Ifiigo Arrizabalaga

I. INTRODUCTION

The geological framework is a mandatory issue in every shallow geothermal system design
procedure. In comparison to conventional heating and cooling installations, the ground is the
additional element in a GSHP. While designing a GSHP installation, an accurate knowledge
of the geological conditions where the GSHP is located and the way of integrating this data
while sizing the heat pump are key parameters in the success of the project.

The differences between rocks and soil, the basic classification of different families of rocks,
understanding its disposition in the ground, knowing the fundamentals of ground mechanical,
thermal and hydrogeological behaviour are necessary matters in the design of medium and
large GSHP systems.

In small systems, a basic geotechnical and hydrogeological knowledge can be useful in order
to avoid safety and environmental risks. A great number of designers come from the building
side of the geothermal system. Very often, loop design, even of large installations, is provided
by the manufacturer of the heat pump several hundred kilometres away from the work site.
They do not have a broad enough knowledge of the ground conditions and the site
investigation methodology to employ in the project design. This investigation, especially in
new drilling sites, will determine the cost and the viability of the geothermal system and the
environmental issues.
The most usual problem is to underestimate the importance of geological issues in the design
process. At best, it will cause over pricing of the project. In other cases, the system will not
run properly.
Common questions are:

1 How to choose between an open and a closed loop?

1 How can we calculate the length of the closed loop?

1 How can we calculate the yield flow from a well to match the building thermal load?

1 How does geology determine the drilling method, borehole completion and costs?
A geological approach is necessary from the starting phase of the project. To collect any kind
of geological, geotechnical, hydrogeological and thermogeological information for the project
area will be useful and can save lots of money.
This chapter aims to refresh, clarify and improve the geological knowledge of GSHP

designers coming from the building side of the technology. They will improve the
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understanding of how the ground works and make communication between members of the

interdisciplinary project teams easier.
Il. GEOTHERMAL ENERGY CONCEPTS

This chapter will try to clarify some concepts about geothermal energy:
a) Where does it come from?
b) What are the main parameters?
c) Geology
d) What is the relationship between thermal energy and water in the ground?

e) Why a pilot borehole?

a). Geothermal energy is the energy stored in the form of heat below the earth surface.

Low Enthalpy Geothermal Energy or Shallow Geothermal Energy is the energy stored at a
very low potential, usually below 25 °C.

The Ground Source Heat Pump is the most common technology developed to use Shallow or
Low Enthalpy Geothermal Energy, usually, but not always, by means of a heat pump.

Low Enthalpy Geothermal energy has several origins. In many sites employed energy may be
a mixture of:

1 Geothermal deep flow. The Earth core reactor provides, on a human scale, an
endless heat flow towards the surface of the planet. As a result, the Geothermal
Gradient averages 3 °C/100 m depth, and a heat flow rate on the surface of the Earth
between 30 and 100 mW/m?

1 Solar absorbed radiation. Heat transfer at the surface. Several factors have to be
taken into account, such as the fraction of solar radiation diffused into the ground,
water percolation and heat transfer with the air by convection and thermal radiation.
However, the assumption is often made that the temperature of the ground (for the
first 10 m) is a function of the temperature of the surface. Under 10 m, the ground
temperature is no longer sensitive to yearly air temperature variation.

1 Ground water advection. Ground water flow is able to transfer large amounts of
energy along the ground. This process, known as advective flow, is a main agent in
many shallow geothermal systems

1 Thermal storage capacity of rock. Rock, with its abilitytost or e heat energy, ave
0,65 kWh/m®°C, provides a large amount of energy, especially in vertical closed loop
systems where a borehole can involve thousands of cubic metres of rock

1 Artificial recharge (regeneration). The storage capacity of the rock may provide an
excellent low-cost seasonal scale thermal store able to manage waste heat from

cooling processes, refrigeration, solar surplus, etc.

b). The main parameters defining thermal properties of the ground are:
- Thermal conductivity of the ground
- Volumetric thermal capacity

- Undisturbed ground temperature.
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The ability of the ground to transfer and store heat depends on a number of factors,
principally:
A Rock mineralogy. Generally, the higher the quartz content, the higher the thermal
conductivity
Density. High density of the material usually means a closed texture and absence of
voids. The higher the density, the higher the thermal conductivity and diffusivity
A Water content. Water presence improves the heat transmission even in the absence

of flow. It fills the voids, increasing the thermal conductivity of the rock or soil.

c). Geology is also the main agent shaping the landscape. Tectonic forces fold and fault
rocks. Weathering, transport and deposition agents are key issues in the tireless

transformation of all geological environments. Landscape conditions will determine the project
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site conditions that fit the drilling equipment.
In addition, geology provides good information about mechanical and geotechnical properties
of the rock, which are key influences on the cost of the drilling works (Fig. 1). The main
parameters, according to their cost influence are:
1 Rate of penetration (ROP). ROP will depend on various properties of the rock, mainly:
- Fracture degree
- Texture
- Planes of weakness: exfoliation,
stylolites
- Specific gravity and density
- Porosity
- Permeability
- Hardness
- Compressive strength
- Abrasivity
- Elasticity
- Plasticity
i Stability. The ability of the
drilled ground to maintain stable
borehole walls determines three
very important parameters with a
very high impact on the
final cost:
- Diameter of the borehole
- Auxiliary casing needs

- Mud use needs.

Figure 1. Example of a solid geology map
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