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Summary

The use of improved equipment and methodol ogy can result in considerable reductionsin
the drilling costs for medium- to large sized ground source heat pump system in
crystalline bedrock. The main point has been to use specia techniques within hydraulic
fracturing to create alarger heat exchange area in the bedrock, and thus a greater energy
extraction per borehole. The energy extraction is based on circul ating groundwater.

Stimulation with hydraulic fracturing is awell known technique in order to improve
borehole yields for drinking water-, oil-, and geothermal purposes. A procedure for
injection of propping agents in selected borehole sections, and custom-made equipment
for hydraulic fracturing in crystalline bedrock, a double packer, have been developed in
this study. The propping agents are likely to ensure a permanent improvement of the
hydraulic conductivity in along-run perspective.

In addition to a pre-test, a comprehensive test programme has been performed at each
of the two pilot plants at Bryn and at the former property of Energisel skapet Asker og
Bagum (EAB) in Baaum municipality outside Oslo, Norway. A total of 125 stimulations
with hydraulic fracturing using water-only and hydraulic fracturing with injection of
sand have been performed in 9 boreholes. Test pumping and geophysical logging
(temperature, electrical conductivity, gamma radiation, optical televiewer and flow
measurements) have been carried out in order to document the effect of the hydraulic
fracturing.

The pilot plants at Bryn and EAB, where the ground source heat pump systems are
based on circulating groundwater, have demonstrated the short-period energy extraction,
l[imitations and opportunities of the concept for hydraulic fracturing and increased energy
extraction in different geological and hydrogeological areas. The bedrock at Bryn and
EAB is characterized as alow-metamorphic sandstone and a nodular limestone,
respectively. At Bryn, the five boreholes were organised with a central borehole
encircled by four satellite boreholes 13 metres away from the central borehole. The
central borehole at EAB was flanked with two boreholes 16 and 20 metres away. In
operation mode, groundwater was pumped from the satellite boreholes, heat exchanged,
and re-injected into the groundwater magazine via the central borehole. Routine
operation of the plants has not yet been initiated.

The main findings from this study can be summarized as follows:
» Hydraulic fracturing with water-only resultsin an overall increase in water yield
for the hard rock borehole.

» Hydraulic fracturing with injection of sand as propping agent also leadsto an
increased water yield.

» Theuse of sand as propping agent seemsto be morerequired in fractureswith high
counter pressure, in this study higher than approximately 40 bars, compared with
fractures with lower counter pressure. The particle size of the sand should also be
adjusted to the appearing counter pressure, and injection of coarser sand is
recommended in fractures with lower counter pressures.

» Comparing the results from the hydraulic fracturing performed at Bryn and EAB
shows that the pressure levels, required to create new fractures, varied



considerably. The maximum pressures present at Bryn were higher than the
corresponding pressures at EAB. At Bryn 70% (44 out of 63) of the pressure-time
curves from the hydraulic fracturing with water-only were interpreted as initiation
or reopening of fractures, while the number for EAB was 97% (36 out of 37). The
lower degree of fracturing at Brynislikely to be aresult of high rock stresses and
high tensile strength of the bedrock, also confirmed by the results from the rock
stress measurements performed at Bryn. Considering the bedrock at EAB,
characterized as nodular limestone, the tensile strength is assumed to be less than
the values for the low-metamorphic sandstone present at Bryn.

The infiltration rate in the central boreholesis acritical factor for the energy
extraction and a successful operation of ground source heat pump systems based
on circulating groundwater. Results from the short-period circulation tests
accomplished at Bryn and EAB show that the infiltration rate in the central
borehole at Bryn (approximately 2500 litres/hour) was too low to obtain a
satisfactory operation of the plant, while the infiltration rate at EAB (14000 litres/
hour) was sufficient to achieve profitability. Under the actual conditions, a
reduction in the construction costs, i.e. the drilling costs, for a conventional ground
source heat pump system with single U-collectors in vertical boreholes, of more
than 50% were achieved for the pilot plant at EAB when the energy extraction
from water is more than 105 MWh. The large difference in the infiltration rate
between Bryn and EAB was probably related to: (1) Largeinitial differencesin the
borehole yield prior to hydraulic fracturing (<560 litres/hour at Bryn and >6300
litres/hour at EAB). Nodular limestone generally has high permeability, while
compact sandstone rocks are expected to have low permeability. (2) Hydraulic
fracturing was most successful at EAB. (3) The higher rock stress level present at
Bryn compared to EAB will increase the tendency to tighten the opened fractures,
even the fractures with injected sand.

The FEFLOW-modelling of the pilot plant at Bryn and EAB emphasized the
important relation between the available heat exchange area in the bedrock, the
thermal conductivity of the bedrock, and the energy potential.

The increased borehole yields achieved by hydraulic fracturing in this study, and
the improved, reliable and cost-effective hydraulic fracturing techniquesin
crystalline bedrock, will probably increase the interest for groundwater as a
domestic water supply for small- to medium sized water works.
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Chapter 1 Introduction

chapter 1 I Ntroduction

The project Ground source energy from crystalline bedrock - increased energy extraction
by using hydraulic fracturing in boreholeswas initiated in 1999. The main objective was
to devel op equipment and methodol ogy in order to achieve a50% reduction in thedrilling
costs for medium- to large sized ground source heat pump system in crystalline bedrock.
The drilling costs often amounts to somewhere between 30-40% of the total construction
costs for conventional ground source heat plants with vertical collectorsin crystaline
bedrock (Skarphagen et al., 1999). This project introduced an alternative concept where
the energy extraction is based on pumped groundwater from a permeabl e bedrock,
artificially made by hydraulic fracturing. Hydraulic fracturing creates fractures in the
bedrock, increases the heat exchange area between the groundwater and the bedrock, and
consequently the energy extraction per borehole as well. The short-period energy
extractions, limitations and opportunities of the method weretested out in two pilot plants
at Bryn and at the former property of Energiselskapet Asker og Baaum (EAB),
respectively. The results from the short-period testing will form the basis for the long-
term operation of the pilot plants probably utilized as both heat- and cooling storages for
the nearby buildings connected to the two plants in the future.

Joint venture partnersin the project, with abudget of approximately 5 millions NOK,
has been the Geological Survey of Norway (NGU), Brannteknologiutvikling AS (BTU),
the Norwegian University of Science and Technology (NTNU), Energisel skapet Asker
og Baaum (now Viken Nett AS), the Research Council of Norway, SINTEF Civil and
Environmental Engineering, department of Rock and Soil Mechanics, and the
Norwegian Well Drillers Association.

1.1 Project idea

The project ideaintroduces an alternative concept for the use of ground source heat pump
system based on circulating groundwater in crystalline bedrock. The plant consists of five
boreholes where a central boreholeis surrounded by four satellite boreholes (figure 1-1).
This configuration was expected to ensure the best hydraulic communication and the
largest heat exchange area between the boreholes. In operation mode, the groundwater is
pumped from the four satellite boreholes to the heat exchanger, where the energy
extraction takes place. Afterwards the groundwater is reinjected into the magazine
through the central borehole. A successful reinjection and circulation of the groundwater
requires good hydraulic communication between the boreholes. Since most boreholesin
crystalline bedrock have a modest yield, creating a fractured and conductive bedrock by
performing hydraulic fracturing in severa levelsin each borehole is thought of as
beneficial. A fractured and permeabl e bedrock will work as ahuge heat exchanger for the
circulating groundwater, and the energy extraction per borehole meter is likely to be
higher for thisspecia kind of plant compared with conventional ground source heat pump
system with collectorsin vertical boreholes. Here, the energy extraction from the
surrounding bedrock of the borehole is collected by the circulating water-antifreeze
solution in the closed collector.
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The water quality isimportant for a successful operation of ground source heat pump
systems based on circulating groundwater, and has to be examined thoroughly.
Particularly substances which can cause precipitation (iron, manganese and carbonates),
silting and corrosion is of major concern (paragraph 2.5).
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Figure 1-1: Principle drawing showing the special kind of ground source heat pump system based on
circulating groundwater (Skarphagen et al., 1999). In operation mode, the groundwater is pumped from the
four satellite boreholes to the heat exchanger where the energy extraction takes place. Afterwards the
groundwater is reinjected into the magazine through the central borehole. Hydraulic fracturing at several
levels in each borehole increases the hydraulic conductivity and the heat exchange area in the bedrock.

1.2 Hypotheses

The aim of thiswork has been to test the following hypotheses:

1) The development of suitable and reliable equipment and methodology for
hydraulic fracturing with injection of propping agentswill reduce the drilling costs
for medium- to large sized ground source heat pump systemsin crystalline
bedrock by up to 50%.

2) Independent of the geological conditions, acomplete fracturing is expected to take
place using the developed and improved equipment and methodology for
hydraulic fracturing of boreholes located in crystalline bedrock.

3) Sectional hydraulic fracturing in several levelsin each borehole will ensure a
distributed circulation of the groundwater and a sufficient infiltration capacity of
the infiltration borehole in the ground source heat pump system based on
groundwater.

4) Hydraulic fracturing using injection of propping agents will cause a further
improvement of the borehole yields compared to those yields achieved by
hydraulic fracturing with water-only.
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1.3 Organisation of thesis

Chapter 1 givesabrief introduction to the project idea and the aim and hypotheses of this
study. Chapter 2 focuses on the methods and equipment employed in the study with
specia emphasis on the theoretical and practical aspects concerning hydraulic fracturing
as atechnique. Chapter 2 also provides a short description of the newly developed
equipment suited for hydraulic fracturing applications. Chapter 3 and 4 introduce the
research areas at Lade, Bryn and EAB and summarizes the laboratory- and field
investigations performed in connection with the testing of the equipment and
methodology at thethree sites. Thetesting is described in chronological order and reflects
the different stagesin the study. The last part of chapter 4 dealswith the modelling of the
pilot plants at Bryn and EAB, while the results from the investigations and the modelling
are presented in chapter 5. Some economical considerations, evaluating the profitability
of aground source heat system based on circulating groundwater versus a conventional
ground source heat system with vertical collectors, are presented in chapter 6. Finally, a
discussion of relevant results for the evaluation of the hypotheses and summary and
conclusions are presented in chapter 7 and 8, respectively.
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2.1 Hydraulic fracturing

2.1.1 Hydraulic fracturing in hard rock water wells - Previous work

A comprehensive study of the effectiveness of fracture stimulation for increasing
borehole yield in Newfoundland in Canada are reported by Gale and MacLeod (1995).
Extensive hydrogeological and geophysical tests were performed before and after
hydraulic stimulation in six drilled bedrock, low- to moderately yielding (<5 litres/
minute), boreholes at six different geographic and geologic locations. Sectional hydraulic
fracturing in three or four levelsin each well, using water pressures in the range of 2-10
MPa (20-100 bars), made the borehole yield increase 30 to 910%. A closer look at the
pressure and flow curves plotted against time, revealed a possible relation between
pressure, flow rate and borehole yield. While the limited data base prevents Gale and
MacL eod (1995) from drawing general conclusions, it would appear that the higher the
injection pressure required to maintain maximum flow rate, the lower the absolute
increase in the well yield. Similarly, large increases in borehole yield appear to be
correlated with strong backflows of cloudy and sediment laden water when the injection
cavities were opened to the atmosphere after stimulation. The term maximum flow rate
describes the relatively large flow rate into the rock formation right after initiation or
reopening of afracture.

A ranking of the borehole stimulation potential in order to increase the borehole yield
asafunction of rock type, based on the results from the six boreholes, is cited in table 2—
1.

Table 2—1: Borehole stimulation potential by Gale and MacLeod (1995).

Rock type Stimulation potential
siliceous siltstone very good
sandstone-conglomerate good
shale/siltstone/sandstone good
shale moderate
volcanic moderate

Geophysical logging of the boreholes using a TV-camera, turned out to provide
essential guidance in selecting the intervalsto be stimulated and identifying the locations
for the packer seals. However, the TV-logs did not show any obvious changesin fracture
apertures that were produced by hydraulic fracturing (Gale and MacL eod, 1995).

In order to check the long-term yield of the boreholes after hydraulic fracturing, a
retest of the borehole yield was performed in one of the six boreholes eight weeks after
the first post-stimulation test. Even though this borehole showed a minor increase in the
borehole yield, the remaining question after this study iswhether or not propping agents
are required to keep the fractures open. Gale and MacLeod (1995), in areview of
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previous work, claim that the literature does not show any consistent experience in the
use of propping agents to maintain borehole yields once the borehole has been
stimulated. Attemptsto follow the oil and gas industry approach and use large quantities
of sand have not yielded consistent results.

In the previous work-section, Gale and MacL eod (1995) refer to 30 to 60 minutes and
1000 litres, to be the minimum length of time and volume required to propagate the
fracture or increase the fracture interconnection within the bedrock. Further, there
appears to be a strong bias in favour of using a double packer assembly rather than a
single packer unit for hydraulic stimulations of boreholesin fractured rocks.

In astudy of hydraulic fracturing performed in low yielding boreholesin the crystalline
basement rocks of Masvingo Province, Zimbabwe, reported by Herbert et a. (1993), 12
boreholeswere stimulated with hydraulic fracturing using asingle- or double packer unit.
In 50% of the cases the borehole yield was increased by an average of 80% in the range
of 10 to 240%. As a single-borehole test at Marabamba, a small amount of single-sized,
0.5 mm sand, was introduced into the injected water when stimulating an aready
identified water entry at 26 meters depth. Using adouble packer unit, hydraulic fracturing
with water-only reaching awater pressure of 25 bars, had been performed at thislevel in
advance. A following generator failure made further hydraulic fracturing impossible.
After hydraulic fracturing with water-only, the yield had increased by 23%, while the
injection of sand caused an overall increase of 3%. In other words, the injection of sand
caused areduction in the borehole yield compared to the results from hydraulic fracturing
with water-only.

Hydraulic fracturing with water-only has been performed in alarge number of low
yielding boreholesin different geological and geohydrological regimesin South Africa
(Less and Anderson, 1993). Results from the Swartwater study area (10 holes) indicate
that the scientifically sited boreholes, sited in order to intersect geological features such
asfaults or contacts et cetera, are the most likely to have improved yields after hydraulic
fracturing. In the case of random site selection, 47% (79 out of 170) of all boreholes
treated, responded positively.

Since many of the selected boreholes were old and no information was available,
routinely geophysical logging and test pumping were performed to supply the
information required to ensure the most effective hydraulic fracturing. Less and
Anderson (1993) report that identifying the position of any fractures or fracture zones
were very important for positioning the packers. The on-site time required to perform the
hydraulic fracturing procedure, including pre- and post-test pumping and four packer
settings, and by using new equipment and experienced personnel is limited to maximum
12 hours. The hydraulic fracturing unit is capable of generating 130 kW. According to
equation 2.1, energy consumption is a product of flow rate and pressure (Less and
Anderson, 1993).

Energy (kW) = flow rate (I/s) x pressure (MPa) [2.1]

Herrick (2000) presents the general experience with hydraulic fracturing from the water
well contractors working in hard rock formationsin the US. Employing hydraulic
fracturing, using either asingle- or double packer unit, has for many contractors reduced
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the drilling depth. Mostly, the borehole yield is sufficient when combining drilling down
to 250 feets (76 meters) with hydraulic fracturing. Depending on formation and
equipment, borehole pressuresaretypically ranging from 500 to 5000 psi (34.5-345 bars).
The demand for hydraulic fracturing servicesisusualy in low-yielding boreholes and the
availability of adetailed borehole log or accurate borehole history, especially for old
boreholes, isagreat help in determining whether or not to use the technique. Adequate
lateral distances from other boreholes, usually at least 200 feet (61 meters), are aways
considered when selecting new borehole sites for hydraulic fracturing in hard rock aress.

Banks and Robbins (2002) emphasi ze that the best hydraulic fracturing rigs have a dual
pump system. One pump applies a high pressure to initiate the fracture, while the
secondary pump has a high volume capacity, injecting large flows of water to propagate
the fracture as far as possible. Further, hydraulic fracturing at shallow depths (<25-30
meters) runs the risk of creating fractures to the surface, which would be vulnerable to
contamination and thus should be avoided.

Baski Incorporation in the USisawell known manufacturer of awide range of inflatable
packers, including thosefor hydraulic fracturing. In acorrespondence regarding hydraulic
fracturing and the use of propping agents, Henry A. Baski (2001) in Baski Inc., says:. " To
the best of my knowledge, propping agent-fracturing technology in hard rock has not been
developed”.

The Australian Water Resources Council by Williamson and Woolley (1980) in Smith
(1989) report of hydraulic fracturing tests in three new boreholes. The boreholes were
located at, and referred to as Y oung, Collingaand Temora, where the bedrock consists of
granodiorite, quartz schist, and phyllite and quartzite respectively. Two phases of
fracturing were planned: (1) Hydraulic fracturing with water-only, followed by (2) a
Revert (Johnson, organic polymer drilling fluid) -sand treatment. The stimulation in each
borehole was focused at one section of 4 or 5 meters, located at depths where an existing
fracture already was identified by using aborehole TV.

In phase one, performing hydraulic fracturing with water-only, the pressure rose up to
32 and 43 bars at Young and Collinga, and the borehole yields were increased. At the
Temora site nothing virtually happened. Williamson and Woolley (1980) concluded that
the pressure and flow were probably not sufficient to make a difference. The borehole
TV survey at Young showed no visible sign of new fracturing except for a chip out of the
borehole wall.

Phase two at Young where performed as follows: (@) 1800 litres 58-sec (Marsh
funnel) Revert, (b) 1800 litres Revert and sand (114-sec, 25 g/litres of sand), and (c)
1800 litres Revert. Breaker chemical was pumped in with the Revert to accelerate its
breakdown. The same phase two procedure was performed at Collinga and Temora, but
coarser sand was selected.

For al boreholes, the yield was reduced after phase two treatments, probably caused
by plugging attributed to sand or Revert breakdown products. Rapid and severe
biofouling was observed at Young and Collinga, but not Tamara, and may have been a
contributing factor to the reduced yield. Working with phase two, the Revert-sand
mixture treatments, continuously pumping was not possible due to the lack of fluid
capacity. Consequently the Revert-sand mixture had to be mixed and then pumped into
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the borehole section which may have caused an incomplete distribution of organic
polymer breaker in the Revert-sand mixture.
Finally, Williamson and Woolley (1980) recommend that:
1) Hydraulic fracturing with water-only should be used, as no improvements could be
accomplished by using the viscous fluid-propping agent mixture.

2) If propping agents are used, the grains should be relatively coarse.

3) Hydraulic fracturing is most effective for wells yielding less than 0.25 litres/
second.

The “Manual of Hydraulic Fracturing for Well Stimulation and Geologic Studies’,
prepared for the National Well Water Association in the U.S by Smith (1989), isa
comprehensive summary of procedures, equipment and geologic aspects related to
hydraulic fracturing stimulations.

Smith (1989) states that the need for propping agentsin the groundwater industry isin
dispute. The success or failure of the use of propping agents in many situations probably
depends on avariety of factorslike: (@) the tectonic tension in the rock and its tensile
strength, (b) fracture geometry, (c) selection of the right propping agent, (d) correct
placement of the propping agents, and (e) successful development of the borehole after
fracturing. The use of propping agents in the groundwater industry varies. In general the
consensus seems to be that propping agents should only be used where necessary, for
instance in situations where induced fractures are likely to squeeze shut (Smith, 1989).

Choosing the right size, type and volume of propping agents seems to be a subject of
experimentation. Hard sand or plastic beads, as coarse as possible for instance 30-50
mesh (0.6-0.3 millimetres), are recommended by the groundwater industry contractors.
Compared with the oil business, the use of coarser and less propping agents are
recommended. Propping sand should be pumped in with heavily chlorinated water or
suspended in heavily chlorinated borehole water (Smith, 1989). The injection of
propping agents can be done by leading pressurized fluid into the propping agents
chamber and thus the mixture is pressed into the fracture ahead of the fluid (figure 2-1).
The transport fluid for the propping agents can either be viscosifiers as organic or
synthetic polymers together with a chemical breaker, or clean water.

In most applications, the water pressure required to clean, open or initiate fracturesis
reported to be between 500 and 2000 psi (34.5 and 138 bars), with 3000 psi (207 bars)
required for very hard rock and deeper wells (Macaulay, 1987; Baski, 1987; Waltz, 1988;
in Smith 1989).
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Hydro-Frac Equipment Schematic
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Figure 2—1: Schematic illustration of the hydraulic fracturing system including the injection of propping
agents (based on Smith, 1989).

2.1.2 Hydraulic fracturing for the utilization of low-geothermal energy

Experimental studies concerning the HY DROCK -concept has been performed in hard
rock (granite) boreholes at Rix6, Sweden (Larson et al., 1983; Sundquist and Wallroth,
1990). The HY DROCK -concept describes a ground source heat pump system in
crystalline bedrock where circulating water extracts energy from several fracture planes
created by hydraulic fracturing (figure 2—2). The HY DROCK -plant requires good
hydraulic conductivity in thefracture planesinterconnecting theinfiltration- and pumping
boreholes. Ideally, the HY DROCK store should be built in homogenous isotropic rocks
although a moderate fabric can be accepted. Another ideal situation would be anisotropic,
layered/banded rock which will easily split along planes of weakness when fractured
(Hellstrom and Larson, 2001).

Hydraulic fracturing in two non-fracture sections at 44.0 and 32.5, each of 1.0 meter,
was performed in the central borehole at Rix6. During hydraulic fracturing, pressure
levels reached 10.5 and 22 MPa (105 and 220 bars), respectively. The use of acasing
cutter at the 44.0 level before hydraulic fracturing, certainly reduced the water pressure
necessary to achieve fracturing and caused a horizontal fracture. The borehole yield
increased from 8.5 to 16.5 litres/minute. A variable hydraulic communication with three
encircled boreholes, six and ten meters away from the central borehole, was observed
and indicates an asymmetric fracture initiation (Sundquist and Wallroth, 1990). A
pumping capacity of 55 litres/minute prevented an effective fracture propagation. Only
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the new fracture at 44.0 meters depth was large enough to be detected by borehole TV-
logging after hydraulic fracturing.

Injection tests were performed in the stimulated sections at 44.0 and 32.5 meters
depth in two stages. In stage one, after some injections the flow and pressure were steady
at 0.92 litres/second and 2.2-2.5 MPa (22-25 bars), respectively. The injection tests were
resumed in stage two where, in order to maintain the same flow rate (0.92 litres/second),
the pressure rose up to 18-22 MPa (180-220 bars). The pressure rise from stage one to
two can be explained by the appearance of high friction losses in the created fractures.
The permeability of the newly, created fractures are cal culated to be 30 times lower than
the natural fracture located at 66 meters depth (Sundquist and Wallroth, 1990).

For further studies, Sundquist and Wallroth (1990) suggest that fractures with high
hydraulic conductivity and minor leakages can be created by using high flow rates (>10
litres/second) when performing hydraulic fracturing, and/or by pumping spacing
materials into the created fracture. A high viscosity fluid is required to pump spacing
materials, for instance sand.

Hydrock-concept
T 1

VAVARY

Figure 2-2: A schematic illustration of the basic principles in the HYDROCK- concept. Three circular
fracture planes perforated by a central borehole and four satellite boreholes (modified after Hellstrom and
Larson, 2001).

Hydraulic- and explosive fracturing has been performed in the swedish study “ Fracturing
of apilot plant for borehole heat storage in rock at Luled, Sweden”, reported by Nordell
et a. (1984). The small-scale pilot plant for heat supply and -extraction consists of 19
boreholes, which are 21 meters deep and 52 millimetres in diameter. The boreholes are
positioned as triangles where the distance is 1.3 meters among themselves (figure 2-3).
The main purpose of the project was to achieve alasting increase of the hydraulic
conductivity by doing hydraulic and explosive fracturing in the bottom of the boreholes.
Having a high conductivity, the heat store can be operated without expensive borehole
installations.
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Borehole heat storage in rock at Lulea, Sweden
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Figure 2—3: Reciprocal localization (1.3 meters) of the 19 boreholes in the small-scale pilot plant for
borehole heat storage in rock at Luled, Sweden (modified after Nordell et al., 1984).

In their conclusions and recommendations Nordell et al. (1984) report that hydraulic
fracturing was performed in two stages using a single- and double packer unit,
respectively, and fracturing occurred at pressures between 60 to 120 bars. The absence of
shut-in pressure and the very uniform breakdown pressure indicate a bedrock with
almost zero virgin stresses. Thisresult is consistent with the general assumption of a
stress-relieved bedrock for the uppermost 20-50 meters in the glaciated terrains of
Northern Sweden. The permeability of the bedrock increased after both types of
hydraulic fracturing, but was reduced by a factor of three after explosive fracturing.
Similarly, the mean borehole permeability increased after each fracturing. In spite of
increased permeability, hydraulic- and explosive fracturing of the test plant have shown
that fracturing alone is not enough for conductivity enhancement needed for water
circulation. Nordell et al. (1984) recommend the use of propping agents, and in particular
quartz sand, to increase the flow capacity of the fractures.

In* Stimulation experimentswith water and viscousfluid at the HDR geothermal research
site in the Bohus granite, SW Sweden”, Eliasson et al. (1988) summarize some of the
stimulation work performed at Fjélbacka HDR-site (hot dry rock). The stimulationswere
carried out to obtain the high-permeability heat-exchange zone required for HDR-
production. For the purpose of finding developing cracks and a suitable position for the
next well to be drilled, the displacement of pressurized fluids was controlled by
microseismic detection of concurrent stress release pul ses.

In order to test the straddle packer equipment under realistic conditions, shallow
hydrofracturing tests between 50 and 190 meters depth in Fjbl were done before the
deep stimulation program. Performing hydraulic fracturing at 52-55 and 190-193 meters
depth, which represented sections with and without existing fractures indicated by
different logging methods, fracturing occurred at 15 and 20 MPa (150 and 200 bars)
respectively. Available pumping capacity was 10 litres/second.

The deep stimulation program in Fjb, where atotal of 399 m? of fluid was
consumed, was carried out in the 447-478 section as five injection sequences: (1) Initial
water injection, (2-3) first and second mini frac, (4) main water injection, and (5) main

10



Chapter 2 Background, methods and equipment

viscous injection with propping agents (Eliasson et al., 1988). The different injection
sequences were carried out to compare the effects and find the most effective stimulation
procedure. The main objective of injecting 25 m® viscous propping agent mixture in the
fifth injection sequence was to increase the residual fracture width near the borehole and
hereby reduce the near-well pressure losses in the circulation phase. The propping agent
mixture consisted of 0.2-0.4 millimetres quartz sand, water, viscosifier (hydroxyethyl
cellulose) and chemical breaker (celluclast). The propping agent mixture was injected
immediately after pumping 200 m3 of viscous gel into the formation (injection sequence
four) where the pumping rate and the pressure level were 21 litres/second and 10.7-13.2
MPa (107-132 bars), respectively. The pumping rates and the maximum pressure levels
in the whole deep stimulation program, injection sequence one to five, were ranging
from 20-30 litres/second and 13-18 M Pa (130-180 bars), respectively. Having an
overpressure of approximately 3 MPa (30 bars), the well was vented eight days after the
main viscous injection. Temperature logs run after the stimulation indicated two
hydraulically conductive zones, and hydraulic tests revealed a permeability increase
from 10"Y” m? (10uD) to 10"1* m? (10 mD) for the most conductive flow paths (Jupe et
al., 1993; in Broch, 1994). A total of 35 microseismic events were recorded in
connection with injection sequence four and five, and the major seismic acitivty occurred
towards the end of the injection, during the injection of propping agents. This
microseismicity formed a horizontal planar structure at a depth of approximately 460 m,
and these results was used to target the drilling of the second 500 metres deep borehole,
Fjb3.

Four separate stimulationsin Fjb3, including the use of viscous fluids, backflushing,
acidisation and 0.25-0.60 millimetres quartz sand as propping agents (Sundquist et al.,
1988), were performed at a later stage in the project with the objective of reducing the
reservoir impedance. Only minor changesin the overall conductivity were observed as a
consequence of these stimulations, but the Skin factor was reduced from +5 to -5.
Subsequent, an open-loop circulation took place between borehole Fjb3 and Fjbl. Water
was injected into the 449-480-section in borehole Fjb3 with a constant flow rate of 1.83
litres/second. The total pumping time was 846 hours and the injection pressure was
approximately 4.5 MPa (45 bars). Minor improvement in the production flow rate was
observed towards the end of the test period, and the maximum recovery was 51% (Jupe
et a., 1993; in Broch, 1994).

2.1.3 Rock stresses influencing the fracture orientation

The tectonic stress situation in the surrounding bedrock is of major importance for the
orientation of fractures. In avirgin bedrock, fracturesinduced by hydraulic fracturing are
parallel the maximum principal stress and normal to the minimum principal stress
direction. The water pressure required for theinitiation of anew fracture isthe sum of the
minimum principal stress (omin) and the tensile strength of the rock (ct).

The following paragraph is mainly based on Myrvang (1996).
As astarting point, the area around a vertical drilled borehole influenced by the water
pressure induced by hydraulic fracturing is considered. The principal stress patternis
supposed to be normal and parallel to the borehole (figure 2—4). Therising water pressure
between the collars of rubber on the double packer induces tangential stresses around the
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borehole. Thefractureinitiation pressure P, required for theinitiation of atensilefracture
isgiven by equation 2.2.

Pc = Cgmin + Ot [2.2]
Gomin = 30H2 - OH1 [2.3]

equation 2.3in 2.2 gives:
PC:3GH2_ Oyt Gy [24]

where Ggmin represents the minimum tangential stressin the borehole wall, otisthe
tensile strength of the bedrock, while 61 and 6y, are the maximum and minimum
principal stressin the horizontal plane, respectively. All the fracture planes are, under the
present circumstances, supposed to be vertical and parallel 64. Further propagation of
the fracture depends on the rock stress situation. The fracture will always tend to follow
theway of least resistance, i.e. parallel to the maximum principal stressand normal to the
minimum principal stress. In caseswherethe minimum principal stressishorizontal, Gy,
the tensile fracture will propagate vertically equivalent to the situation described for the
area of influence around the borehole. Having the opposite situation, where the minimum
principal stressisthe vertical component Gy, the fracture will propagate vertically within
the area of influence for the borehole. Outside the area of influence for the borehole, the
fracture will turn and gradually create a horizontal fracture plane normal to the vertical
minimum principal stress G,,.

Bedding and existing fractures having a different orientation than the present rock
stresses, may influence the orientation of afracture propagated by hydraulic fracturing.

l‘j H2

L.-/ \ L OHi

— \IJ/’T_

Figure 2—4: A vertical borehole seen from above. The principal stresses determine the fracture orientation
within the area of influence for the borehole during hydraulic fracturing. OH1 and OH2 represent the
maximum and minimum principal stresses in the horizontal plane, respectively. Outside the area of
influence for the borehole, the fracture plane will develop parallel and normal to the maximum and minimum
principal stress, respectively.

2.1.4 Rock stress measurements

This paragraph is mainly based on Amadei and Stephansson (1997).

Hubbert and Willis (1957; in Amadei and Stephansson, 1997) were thefirst to claim that
the orientation of fractures created with hydraulic fracturing are related to the principal
stress situation in the bedrock. The relation between hydraulic fracturing and the rock
stress situation was first understood, analysed and documented theoretically and
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experimentally by Haimson (1968; in Amadei and Stephansson, 1997). Through further
development, hydraulic fracturing has become one of the most commonly employed
methods for in-situ rock stress measurements.

Rock stress measurements using hydraulic fracturing are performed by SINTEF's
Civil and Environmental Engineering, department of Rock and Soil Mechanics
(J6hannsson, 2001). The measurements are carried out in test sections of 1.3 meters,
limited by a double packer unit. The aim of the fracturing testsis to determine the value
and direction of the minimum and maximum principal stress.

The test procedure for hydraulic fracturing used is based on the recommendations by
ISRM (International Society for Rock Mechanics) (Kim and Franklin, 1987). The
closure pressure or the instantaneous shut-in pressure, P, represents the stress normal to
the fracture plane and is interpreted as the minimum principal stress (G,,i,,) (Johannsson,
2001). Py is determined from a diagram showing pressure and flow as a function of time
(figure 2-5). By drawing atangent to the pressure-time curve immediately after
fracturing, the closure pressure (Py) is determined as the point where the pressure-time
curve diverges from the tangent (figure 2-6). A theoretical measure of the tensile
strength (o) of therock is given by the difference between initial fracture pressure (P.)
and reopening pressure (P;) in the second and third fracturing cycle, as:

G = PC - Pf [25]
The validity of equation 2.5 assumes a complete closure of the fracture between each
cycle with hydraulic fracturing. Further, Bredehoeft et al. (1976; in Amadel and
Stephansson 1997) claim that the value of P; describes the pressure level where the
existing fracture starts to open with hydraulic fracturing.

When the initiated fracture orientates approximately parallel to the borehole, an

estimate of the maximum principal stressis given by following equation (Johannsson,
2001):

Omax = 3Ps- P - Py [2.6]
Where
O max ~ maximum principal stress
Ps ~ closure pressure or instantaneous shut-in pressure
P ~ reopening pressure
Py ~ pore pressure

The pore pressure can often be ignored for most of Norway’ s crystalline continental
rocks.

An impression packer is employed in order to determine the minimum and maximum
principa stressdirections. The impression packer islowered down to the test section and
the new fractures are oriented right after the stress measurement. Theoretically, the new
fracture- or stress directions, could be determined by filming the borehole wall with an
optical televiewer.

13



Chapter 2 Background, methods and equipment

P, = FRACTURE IMITIATION PRESSURE
/ Pr = FRACTURE REOPENING PRESSURE
Pg = SHUT IN PRESSURE SHUT 1N
} SHUT IN / Py = SHUT IN PRESSURE

e S
=
o FORMATION
E PORE PRESSURE
(&N

CYGCLE 1 CYLCLE 2 CYCLE 3
@
B
=
=
LL

Time—=

Figure 2-5: I|dealized pressure-time diagram for hydraulic fracturing. After ISRM commission on Testing
Methods (1987).
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Figure 2—6: A determination of the closure pressure or the shut-in pressure (Pg), as suggested by ISRM,
can be done by drawing a line tangential to the pressure-time curve immediately after fracturing (pressure
drop). The closure pressure is determined to be the point where the drawn tangent diverges from the
pressure-time curve. The illustration is from Aggson and Kim (1987) in Scheldt (2000).

14



Chapter 2 Background, methods and equipment

2.1.5 Important rock properties

According to equations 2.4 and 2.5, thetensile strength (o) of therock hasgreat influence
on the magnitude of the fracture initiation pressure P, when performing hydraulic
fracturing. Because of the elaborate and demanding work required to determine the
laboratory value of the tensile strength of arock sample, the tensile strength is expressed
by the point load index (Ig). The point load index, which is aresult of an induced tension
test (Hansen et al., 1998), is approximately equal to the tensile strength (Myrvang, 1996):

ls~ Oy [2.7]
According to Broch et a. (1971) in Myrvang (1996) the point load index |4 isrelated
to the uniaxial compressive strength 6 as follows:

Ge~241g [2.8]

Many measurements performed by the L aboratory of Rock Mechanicsat SINTEF showed
that the relation between the point load index Igand the uniaxial compressive strength 6.
varies alot, where the mean valueis:

G~ 10 I (Myrvang, 1996) [2.9]

Young's modulus and Poissonsratio (L), or the deformation properties, are two
important mechanical properties. At the Laboratory of Rock Mechanics at SINTEF,
Young's modulus is found by measuring the compression when the rock sampleis
exposed to acertain stress level. Young's modulus is determined by the stress and strain
ratio at aload of 20 bars, and expresses the stiffness of the rock. A high value of Young's
modulus describes a stiff rock (Hansen et al., 1998). Poissons ratio or the “number of
lateral expansion” istheratio between the lateral expansion and the axial compression of
the rock sample at aload of 20 MPa (Hansen et al., 1998). A linear relationship between
the stress and strain (€) is expressed by Hook’s law, where Youngs modulusis the
proportionality coefficient (equation 2.10) (Irgens, 1991).

c =Ee [2.10]
Hook’s law implies that two areas with different values for Y oung’s modulus, being
exposed to equal compression, gets different stress values. Highest stress values are
achieved for the area having the highest Y oung’s modulus (Myrvang, 1996). Figure 2—7
gives an overview of the strength- and deformation properties as compressive strength
(o¢), tensile strength (Gt), Y oung’ s modulus and Poissonsratio (L) for selected rock types
and isbased on datafrom laboratory tests of rock samples performed by SINTEF (Hansen
et a., 1998). The selected rock typesin figure 2—7 can be associated to the geol ogical
conditions at the pilot plants at Bryn (quartzite, quartzitic sandstone and sandstone) and
EAB (limestone and clay shale/clay stone) (paragraph 3.2 and 3.3), respectively. In
general, the size of the test samples al so influences the test results. The laboratory values
obtained for the different mechanical rock properties are normally higher than thereal in-
situ values for the bedrock. This regards both the compressive strength and Young's
modulus, and is caused by the fact that the in-situ bedrock contains more fractures and
planes of weakness which will reduce the strength and stiffness (Myrvang, 1996).
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Strenght- and deformation properties of selected rock types
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Figure 2—7: Mechanical properties for selected rock types showing the compressive- and tensile strength,
Young’s modulus and Poissons ratio. The maximum-, minimum-, median-, upper- and lower quartile values
are indicated in the boxplots (made with basis in data from Hansen et al., 1998).

2.1.6 Hydraulic fracturing with water - how to do it

Hydraulic fracturing is performed by placing a single- or double packer unit at a certain
depth in aborehole. The packers, which consists of hard-wearing rubber, seals against the
borehole wall either by using mechanical compression, or by filling aliquid (water or a
light oil) or air into the packer units (figure 2—8). Using a double packer unit like the one
used in the project, FrakPak - AlP 410-550 pressurized with alight oil, the complete
isolation of the borehole section is followed by the actual stimulation by hydraulic
fracturing. Water is pumped into the borehol e section through a perforated steel tube, and
asuccessive risein the pressure level is maintained until afracture is created or until the
maximum working pressure of 200-250 barsisreached. The pressure level is maintained
until asudden pressure drop occurs, i.e. fractureinitiation, or the stimulation can be ended
without anything happening. In the latter case, the strength of the rock and the stresses
present are too high to initiate- or reopen a fracture.

The sudden pressure drop, characterizing the initiation- or areopening of afracture, is
caused by the dissipation of water into the bedrock through the opened fracture (figure
2-10). Theinitiated fracture is extended by increasing the pumping rate.

The downhole equipment in this project consists of the double packer unit assembled
with thin-walled steel tubes extending slightly above the borehole top. The steel tubes
come in three meters lengths and have a diameter of 5/4 inches. A high-pressure water
hose is assembled at the top of the steel tube by using a T-coupling unit, and an air bleed-
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off valve is mounted on the other side of the T-coupling unit (figure 2-9). Sufficient
water pressure is provided by using two high-pressure pumps.

Figure 2-9: A T-coupling unit on top of the
for the pressurization of upper and lower downhole equipment for hydraulic fracturing
packer on FrakPak - AIP 410-550 using a low where a high pressure water hose from the
viscosity oil. In front: Two ports for the tank lorry is connected. The hydraulic hose
measurement of the packer pressures. below the water hose is for the measurement

of water pressure.

Hydraulic fracturing using a single packer unit resultsin the initiation of only one
fracture in the whole borehole column below the packer and is referred to as column
fracturing. On the other hand, the use of a double packer unit makesit possible to initiate
fractures on different levelsin the borehole and is referred to as sectional fracturing. A
double packer unit furnished with separate pressurization, can also be used for column
fracturing by pressurizing the upper packer only. Common procedure for hydraulic
fracturing in the groundwater industry isto place the equipment at the bottom of the
borehole and then start with performing column fracturing. After the first initiation of a
fracture, the remaining part of the borehole is treated with sectional fracturing. This
procedure ensures the initiation of amaximum amount of fractures and the risk of getting
the downhol e equipment stuck in the boreholeis reduced. Doing the opposite, starting at
the top and performing sectional fracturing downwards, involves greater risk for the
equipment to get stuck if loose rock fragments fall down and jam between the double
packer and the borehole wall.

2.1.7 Hydraulic fracturing with injection of sand

Theinjection of propping agents, such as small and hard bullets like rounded quartz sand,
peanut shells, ceramic pebbles et cetera, is common procedure together with hydraulic
fracturing in the oil industry. In order to avoid settling of the propping agent before
injection, the agents are combined with a viscous mixture of water and thickener. The
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purpose of using propping agentsisto keep the fractures open after pressure rel ease when
performing hydraulic fracturing. The small bullets or grains of sand will then work as
spacing material and keep the two fracture surfaces apart (figure 2—10). In theory the need
for propping agents or injection of sand in the groundwater industry should be similar to
the need in the oil industry, but only afew experiments with limited success are reported
(paragraph 2.1.1). A possible explanation for the limited amount of reported success and
dataregarding the use of propping agentsin the groundwater industry, may be the lack of
suited equipment and acomplicated procedure compared to ordinary hydraulic fracturing
with water-only.

Before the injection of sand or propping agents can take place, the desired fracture at
apreferred level in the borehole has to be initiated or reopened with ordinary hydraulic
fracturing. Using maximum pumping rate, the fracture will be expanded, and after a
while a sufficient low counter pressure in the formation should be reached. A sufficient
low counter pressure, in this study roughly lower than 100 bars when using a pumping
rate of 500 litres/minute, ensures that the pressure required to transport the viscous
mixture with sand into the fracture does not exceed the maximum working pressure for
the equipment. In order to avoid settling of the sand, the viscous mixture istransferred to
a 50 litres volume, high-pressure tank just before injection (paragraph 2.2.2, figure 2—
13). The viscosity of the mixture can be characterized as sauce. A few droplets of
breaker enzyme are added before closing the high-pressure tank. The high-pressure tank
is assembled with the water hose from the tank lorry and a by-pass hose parallel to the
tank. The water flows through the by-pass hose when performing hydraulic fracturing
with water-only, and after switching the valves to the injection mode, the water isled
through the high-pressure tank. In this way, the water is pressing the sand mixture
downhole and into the already opened fracture (figure 2—10). Using maximum pumping
rate, the tank will be emptied quickly, and the injection should be shut down. In theory,
the best effect of the stimulation is achieved when some of the sand grains keep the
fracture open at the borehole wall, and when the remaining grains are distributed
somewhere else within the fracture. Thiswill ensure good hydraulic communication
between the water bearing fracture and the borehole, which in turn means a higher yield
for the borehole. Pumping too much water into the fracture after the injection of sand
will flush the sand away from the critical location at the fracture opening on the borehole
wall. On the other hand, shutting down the stimulation too early will increase the risk of
getting the downhole equipment stuck since alarge amount of sand will remain between
the packer elements.
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Hydraulic fracturing - principle

H. Fracturing
Well Sarvice Inc.

Figure 2-10: Schematic diagram showing the principle of hydraulic fracturing with water-only, and of
hydraulic fracturing with injection of sand.

2.1.8 Measurements of water- and packer pressures

Measurement and logging of the packer pressures and the water pressure in the borehole
section, or -column, were done during the hydraulic fracturing. Pressure sensors,
measuring pressuresin the range of 0-500 bars, were connected to: (1) the compressor unit
for the pressurization of the packer elements (figure 2—8 and 2—12) and, (2) the steel tube
which wasin direct contact with the water pressure in the borehole section or -column
(figure 2-9 and 2-12). The signals from the pressure sensors were transmitted to, and
processed in ameasuring bridge, which was connected to a datalogger where al the data
were recorded. Finally, the stored data were loaded into a laptop.
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Measurement of pressures related to
hydraulic fracturing

Figure 2-11: Schematic diagram showing the setup used for measurement of the packer pressures and
the water pressure in the borehole section or -column during hydraulic fracturing.

Figure 2-12: At left: Pressure sensors connected to a measuring bridge, which is connected to a data
logger. The recorded data are loaded into a laptop. At right: A pressure sensor.

2.2 Equipment development

2.2.1 Double packer - FrakPak - AIP 410-550

Equipment for hydraulic fracturing of boreholesin crystalline bedrock has been
developed by Bregnnteknologiutvikling AS (BTU). The equipment consisted of two fluid-
pressure expanding packers assembled to a perforated steel tube, a so-called double
packer or straddle packer. The packer elements were made of rubber strengthen with
aramid, and the doubl e packer was tested in the laboratory to withstand a pressure of 300
bars. After afield test at Lade (paragraph 3.1 and 4.2.3), the double packer became further
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equipped with separate pressurizing of the packer elements. Some technical data for
FrakPak - AIP 410-550 are given in table 2—2.

Table 2-2: Technical data for the fluid-pressure expanded double packer, FrakPak - AlIP 410-550.

Outer diameter: 43/8"/ 110 mm

Inner diameter: 2" /50 mm

Maximum expansion diameter: 771180 mm

Element material: HNBR and aramid
Material of mechanical parts: AlSI 316

Working pressure: 250 bars

Test pressure: 300 bars

Blow pressure: 500 bars

# of expansion up to 250 bars: > 300 in 5.5” test pipe
# of stimulations in the field: 40-60

The advantages of FrakPak - AP 410-550 compared to the system where the packer

elements are mechanically compressed to alarger diameter are:

» Largeradia expansion (0.56"/14 mm). At relief, the packers returns completely to
itsoriginal diameter.

» Many repeated inflations.

» Large mechanical anchor force at axial movement (130 tons at 300 bars inflatable
pressure).

2.2.2 High-pressure tank for the injection fluid

A high-pressure tank, for the storage of injection fluid used in the procedure for hydraulic
fracturing with injection, has been developed by BTU (figure 2—-13). The tank, which
withstands a pressure of 250 bars and has a volume of 50 litres, was made of athick steel
tube where spherical endswere welded on to the pipe. Every end consists of two coupling
pointsfor the high pressure hose. A by-pass hose parallél to the high-pressure tank makes
surethe fracturing of the borehol e section can be performed prior to theinjection of sand.
Theactual sand injection takes place asdescribed in paragraph 2.1.7. Beforetheinjection,
the tank isfilled up viathe fill-up point at the top of the tank and closed by screwing on
thefiller cap.

Figure 2-13: A high-pressure tank for storage of the injection fluid used in the procedure for hydraulic
fracturing with injection of sand.
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2.2.3 Injection packer for the central borehole

In the planning phase for the pilot plant at Bryn, where the energy extraction is based on
circulating groundwater, the water from the heat exchanger was supposed to be returned
into the central borehole using an infiltration rate of 20 000 litresshour. The high
infiltration rate would probably have cause a pressure buildup, and a sealing injection
packer in the upper part of the borehole was necessary in order to withstand the pressure.
A conventional sealing- or injection packer is not designed to deal with pressures of this
magnitude, expected to bein therange of 5-10 bars, in along-run period. Therefore, anew
injection packer suited for the central borehole at Bryn was developed and made by BTU
(figure 214 and table 2-3). The injection packer is set and pulled in one run.

Table 2—-3: Some technical data for the injection packer.

Diametres Strenght parametres
RIH outer diameter packer 130 mm Setting force 10 tons
Outer diameter slips 98 mm Anchor capacity 40 tons
Set outer diameter packer/slips 140 mm Diff. pressure 100 bars

Figure 2—14: Injection packer for the re-injection of groundwater into the central borehole at Bryn.

2.2.4 Air pressure mixer

The experiences from Bryn (paragraph 5.2.10) showed that the time required to obtain a
satisfactory hydration of the thickener (guar gum) and water was a time-consuming
parameter in the procedure for hydraulic fracturing with injection of sand. Therefore, asa
part of the method development, a CPIM-mixer (Continuous-Particul ate-I ntensive
Mixing) was developed by BTU to ensure arapid hydration of the guar gum powder and
water. The CPIM-mixer, a United States Patent 4,191,480, consists of two silos, one for
water and one for guar gum powder (figure 2—15). The silos have a volume of
approximately 10 litres each. The system is pressurized with air pressure, and by pushing
abutton, the powder and water are flushed through a conical spreading unit which makes
the water wet each grain of guar gum powder. Thisair pressured wetting of every single
grain of powder ensures a complete hydration of guar gum and water in afew seconds.
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The mixtureis flushed into a collecting unit below the outlet. The CPIM-mixer has a
mixing jet diameter of 34 millimetres and a capacity of approximately 7.5 litres/second.

Figure 2—15: Air pressure mixer for the mixing and rapid hydration of thickener and water.

2.3 Geophysical logging equipment

2.3.1 Optical televiewer

Information about geological featureslike the degree of fracturing, fracture patterns, rock
type, mineralized fractures, and strike and dip can be collected from an optical televiewer
recording, i.e. avideo film of aborehole. Thelogging equipment for the optical televiewer
consists of aprobe with the video cameraunit and a personal computer recording thefilm
(figures 2-16 and 2-17). The built-in camera unit is at the bottom of the two meter long
probe which is equipped with centralizers. The video camera unit consist of a camera,
light emitting diodes, hyperbolic mirror, black needle, abrick of rubber, and glass (figure
2-18). In the operation mode, light from the diodes hits the hyperbolic mirror which
illuminates the borehole wall. Reflected images of the borehole wall are centred by the
mirror and recorded by the camera. The images from an optical televiewer inspection
have aresolution of 360 or 720 dots per inch (dpi), and recommended logging speed is
approximately one meter of borehole wall per minute.
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Figure 2-16: Probe for optical televiewer inspection of boreholes equipped with centralizers. Video camera
unit at the right.

Figure 2-17: Computer controller and cable reed for optical televiewer.
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Figure 2-18: Schematic diagram showing the recording of points at the borehole wall, and the components
in the video camera unit of the optical televiewer.
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2.3.2 Temperature, electric conductivity and natural gamma (TCN-log)

A probe measuring the temperature (T) and the electric conductivity (C) of thewater ina
borehole, and the natural gamma radiation (N) of the bedrock is used in connection with
the optical televiewer. The TCN-sensors are mounted at the end of atwo meter long probe
equipped with centralizers. Both the cable and the personal computer are used in the
measurements in the same way as described for the optical televiewer, and a continuous
log showing the values of the three parameters in the whole borehole is achieved.
Recommended logging speed is approximately three meters of borehole wall per minute.

A continuous log of the temperature and electric conductivity of the water in a
boreholeisauseful tool for identifing possible water-bearing fractures. The properties of
the water emanating from a water-bearing fracture can differ, in terms of changed ionic
composition and to some extent with the temperature, compared to the remaining water
in the borehole. In addition, the temperature profile gives a picture of the local
geothermal gradient. Mineralogical changes in the bedrock caused by achanged level of
potassium, are registered in the profile showing the total and natural gamma radiation in
the borehole. Potassium, which is aradioactive element, isamong others present in alkali
feldspar (Elvebakk and Renning, 2001). Together, the information from the drilling
report, optical televiewer and the gammalog makes it easier to determine the type of
rock present in the borehole.

2.3.3 Impeller flowmeter probe

The flow of water emanating from the surrounding bedrock into a borehole can be
measured using an impeller flowmeter probe from the samelogging set and with the same
configuration as the optical televiewer and the TCN-device (figure 2-19). The flow in
both up- and downwardsdirection in the boreholeisrecorded by apropeller (figure 2—20).
The velocity or the number of revolutions for the propeller isregistered in a personal
computer, and inflowing water will disturb the velocity pattern in the borehole. Flow
measurements in boreholes can be performed in two ways when using the impeller
flowmeter, either (1) by continuous measurements where the probe is taken up- and
downwardsin the boreholeat aconstant rate, or (2) by stationary measurementswherethe
probeisplaced at acertain level inthe borehole. Stationary flow measurements should be
performed by placing the propeller just above and just bel ow afracturelevel. Continuous
flow measurements will give the propeller a certain velocity, and the net velocity or the
flow isthen given by taking the difference between the up- and down vel ocity (Elvebakk
and Ranning, 2003). Because the propeller is already rotating, the most accurate
determination of small changesin the flow pattern is obtained by performing continuous
flow measurements. The presence of water-bearing fracturesin the borehole can be
further enhanced by performing simultanous pumping. The pump should be placed above
the probe (figure 2—20), and marked changes in the flow pattern are easier to detect.

Figure 2-19: Impeller flow meter probe (Elvebakk and Rgnning, 2003).

25



Chapter 2 Background, methods and equipment

Principle of measurement using the
impeller flowmeter probe
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Figure 2-20: The impeller flowmeter probe is a useful tool to identify water-bearing fractures in the
borehole (Elvebakk and Rgnning, 2003).

2.4 Testing of boreholeyield

Test pumping of boreholesin crystalline bedrock is performed in order to quantify the
total water yield of aborehole. Occasionally test pumping also aims to identify water-
bearing fracturesin a borehole.

2.4.1 Equipment for test pumping

Several kinds of submersible pumps have been used at different stagesin the study. The
pump characteristics for the actual pumps, called pump A, B, C, D and E are shown in
figure 2-21. A polyethylene pipe with inner diameter of 32 millimetres has been used as
surge pipein all the test pumping.
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Pump characteristics for pump A, B, C,Dand E
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Figure 2—21: Pump characteristics for pump A, B, C, D and E used in the study (after Grundfos, 2004).

Pressure sensors with different measuring ranges have been used to measure any
changesin the groundwater level due to the disturbances caused by test pumping and
hydraulic fracturing. The variation in the measuring range and the application of the
pressure sensors employed in the investigations are listed in table 2—4.

All the flow data from the test pumping were measured by an electromagnetic flow
meter. The flow meter was connected to the outlet of the polyethylene pipe (figure 2-22),
and the measuring range is from 0.3 to 6.0 m3/hour. All the measured flow and
groundwater level data were stored in intervals of eight or twelve secondsin a standard
datalogger (figure 2-23). The input signal for the data logger is 4-20 mA.

Table 2—4: The variation in the measuring range and application of the pressure sensors.

Measureing range
Area of application for pressure sensors [meters of water column]

0-10 | 0-20 |0-100|0-300

Measuring the changes in the groundwater level in the pumping borehole. The
pressure sensor is connected to the pumping equipment slightly above the pump, and X
was used in the test pumping performed at Lade and Bryn (figure 2—-22).

Monitoring the response of the groundwater level in the surrounding boreholes for the
borehole where test pumping and hydraulic fracturing were performed at Bryn and X
EAB.

Measuring the changes in the groundwater level in the pumping boreholes at EAB. The
setup is similar to Lade and Bryn, described above.

Monitoring changes in the groundwater level above the upper packer in the pumping
borehole when performing sectional- or columnar test pumping at Bryn.
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Figure 2—22: Pressure sensor connected to the test pumping equipment (left), and a flow meter (right).

Figure 2-23: Data logger used in the study (ETM Pacific, 2003).

2.4.2 Different kinds of test pumping: Ordinary, columnar- and sectional

Different kinds of test pumping have been employed in the study. Ordinary test pumping
has been performed at Lade and at the pilot plant at EAB. In this context, ordinary test
pumping means the pumping of groundwater from a borehole in crystalline bedrock
without using sealing packers. The pumping equipment consists of a submersible pump,
power supply and a surge pipe.

Performing both columnar- and sectional test pumping have been necessary at Bryn.
The meaning of columnar test pumping in this context describes a test pumping
procedure where one sealing packer is located above the pump. Atmospheric pressure
equilibration in the water column where the test pumping is performed, is provided by a
ventilation tube going through the packer and up to the surface. The sealing packer is
pressurized by compressed air. The use of a sealing packer makes it possible to exclude
large and highly conductive fracture zones, intersecting the borehole, from the pump test.
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The actual pumping equipment consists of a submersible pump, power supply, surge pipe
and a sealing packer furnished with a ventilation tube.

In this context, sectional test pumping describes atest pumping procedure where the
submersible pump is placed between two sealing packers. The active test pumping
section, or the distance between the packers, is 15 meters. Similar to the columnar test
pumping set up, a ventilation tube through the upper packer provides atmospheric
pressure equilibration in the test pumping section. The pumping equipment consists of a
submersible pump, power supply, a surge pipe and two sealing packers where the upper
packer is furnished with aventilation tube (figure 2-24).

Equipment for sectional testpumping

] 1= Packer shamanl
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1 B — VWandilatkon tube
= Rops

Figure 2—24: Equipment for sectional test pumping.

2.4.3 Snk- and risetests: Theory

The paragraph is based on Storrg et al. (2002).

Data from test pumping consist of diagrams showing:

» How the pumping rate or the emuent groundwater varies as a function of time.

» How the groundwater level (pressure level) in the borehole decreases over time
due to the pumping of water: - Sinking curve.

» How the groundwater level in the borehole increases when the pumping is
stopped: - Rising curve.

The course of the sinking- and rising curves can locate water-bearing fracturesin the

borehole. The crossing of water-bearing fracture zones, intersecting the borehole, will

appear as breaks in both the sinking- and rising curve. The breaks in the curves appear

because when the water level in the boreholeis at the same level as awater-bearing

fracture zone, the emptying or filling of the larger fracture volume is more time-

29



Chapter 2 Background, methods and equipment

consuming compared to awatertight part of the borehole with smaller volume. Sources of
error, like disturbance from uncontrolled variations in the pumping rate and decreasing
pump capacity with increasing head, can influence the sinking curve. Therising curveis
not exposed to any disturbances and is the most reliable sourcein order to map breaks on
the curve or possible water inlets in the borehole. Breaksin the curves are often difficult
toidentify if the groundwater level isplotted as afunction of time. Instead, a curve which
presents the velocity of the groundwater changes, the so-called sinking- or rising velocity
should be plotted. Thus, the sinking- or rising velocity curve isthe derivative of the
groundwater level as afunction of time, and could easily be obtained since the
groundwater level is measured in intervals on eight or twelve seconds.

The maximum short-time production yield for aborehole in crystalline bedrock can
be determined by placing the submersible pump in the bottom of the borehole. By using
a higher pumping rate than the assumed production yield for the borehole, the
groundwater level islowered down to the water inlet at the pump. The pumping is
continued and since the groundwater level is at the same level as the water inlet on the
pump, the pump will slurp a mixture of water and air. -Hence the term “slurping”. The
volume and rate of pumped groundwater in the whole period of slurping is measured by
aflowmeter, and the maximum short-time production yield is determined from these
results (paragraph 2.4.4). A long term operation of the pump in the slurping mode could
cause damages to the pump and should be avoided.

It will not be possible to empty the borehole if the total production yield of the
boreholeis larger than the specific capacity of the pump. The groundwater level is
lowered as usual, but will gradually stabilize in alevel defined as a state of equilibrium
between the inflow of water into the borehole and the maximum pumping rate at the
given head.

Maximum benefit from this kind of analysis are only achieved on the understanding
that the pumps have sufficient capacity to perform complete draining of the borehole.
Obtaining equipment suited for high-yielding boreholes in crystalline bedrock can be
problematic. The equipment often gets expensive, heavy and unhandy.

2.4.4 Estimation of water yield

The water yield for the different boreholes, borehol e sections or -columns where test
pumping has been performed, can be estimated in several ways. In this study, the results
are interpreted in three different ways, called (1) average, (2) rising curve, and (3)
pumping rate. These three methods can be described as follows:

1) Average: The calculations assume a fluctuating pumping rate or “slurping mode”
where the groundwater level islowered down to the water inlet at the pump, and a
mixture of water and air is slurped. The water yield from atest pumping with
fluctuating pumping rate can be found by summing all the values, and by dividing
this sum with the time period for the fluctuating pumping rate. The water yield,
denoted as Qgyerage Can be expressed as:

Qaverage = %ues [2.11]

where Q4 ues IS the pumping rate at a given time, and At is the time period for the
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fluctuating pumping rate. The Qayerage Value may be somewhat high compared to
the real production yield because the fluctuating pumping rate tends to stabilize at
asomewhat lower level over time.

Rising curve: Similarly t0 Qgyerage, the calculation of the water yield from the
rising curve assumes a complete lowering of the groundwater level down to the
water inlet at the pump. Therising curve results from the rising groundwater level
in the borehol e after finishing the test pumping, and is plotted as afunction of time
(paragraph 2.4.3). In theory, the rising curve is supposed to have alinear course.
The water yield is calculated with basis in the equation from alinear trend curve
fitting the rising curve. The tota rise in the groundwater level, Ahisfound from
the course of therising curve. The time period At for the groundwater riseis
calculated from the Ah-value and the trend curve equation. Ahisalso used in order
to calculate the volume V for the borehole section or -column. The water yield,
denoted as Qy;s, Can be calculated as follows:

Qrise = Axt [2.12]

Complete rising curves are considered to be conservative estimates of the total
production yield of aborehole, Q. Qyis is lower than Q because the water has to
seep into the drained fractures and fill them up before the borehole section or -
columnisfilled. In thisway, the filling of the borehole section or -column is more
time consuming than it would have been if the fractures had aready been filled.
Thus, the highest Ah/At-relation provides the most accurate value for Q. 8sa
measure of Q.

Pumping rate: Estimating the water yield by using the pumping rate method
implies an interpretation of the pumping rate course after finished pumping.
Similar to the Qgyerage~ aNd the Qyise-methods, the calculation of the water yield
based on the pumping rate, assumes that the groundwater level islowered down to
the water inlet at the pump. In those cases where the pumping rate follows a steady
course, agood picture of the water yield can be achieved by extrapolating the
pumping rate after finishing the test pumping. Since the groundwater level is
drawn down to the water inlet at the pump, the water yield will reflect the amount
of inflowing water into the borehole, borehole column or -section. The value for
the water yield estimated by the pumping rate method isrelatively conservative
due to the fact that the pumping rate is often decreasing over time. In this study, an
extrapolated value for the pumping rate after approximately 200 minutes of
pumping is read.

Thedriller’ s estimate of the short-time production yield of a borehole is common
procedure when finishing up thedrilling of aborehole. The estimateiscalculated from the
recovery rate of the groundwater level after draining the borehole with compressed air.
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2.5 Water quality in ground source heat pump systems based on
circulating groundwater

The section is mainly based on literature from Lindblad-Passe (1986) and Andersson
(1992) in Kalskin (1998).

The three geochemical conditions of major importance for ground source heat pump
systems based on groundwater are:

* The content of precipitable elementsin the water,
 the content of elements capable of coating metallic surfacesin the water, and
* the content of corrosive e ementsin the water.

Problems related to precipitation are especially large in plants where the heat exchanged
water is reinjected into the groundwater magazine. Reinjection of groundwater is
common procedure and desirable to maintain the capacity of the groundwater magazine.

Water quality investigations should be equally important as hydrogeol ogical
investigations in the early construction phase of plants based on circulating groundwater
to evaluate the risk for chemical precipitation and corrosion. Strict limit values for iron
and other elements or chemical compounds are of minor interest since high-rate pumping
of large quantities of water can change the water quality. Microorganisms can aso cause
problems under very different conditions. Still, a few attempts have been made to
generate ageneral classification for the risk of precipitation and corrosion related to the
content of certain elements or chemical compounds in groundwater:

» Gustafson (1983) states that 0.3 mg Fe/l and 100 mg Ca/l are the limit values for
iron and calcium, respectively. Experiences from the use of groundwater for
domestic water supply purposes shows that a calcium content of more than 35 mg/
| causes problems with precipitation in kettles, heat elements et cetera.

* Inagenera classification of water, concerning the risk of precipitation and corro-
sion, the concentration of iron and manganese are recommended to be lessthan 1
mg/l and 0.5 mg/I, respectively (Lindblad-Passe, 1986).

Problemsin heat pump systems caused by chemical precipitationis mainly connected
to the precipitation of carbonates, iron and manganese. Precipitation of other compounds
like calcium sulphate (CaSO,), barium sulphate (BaSO,), silicates and sul phur
compounds can occur. Precipitation of lime (calcium carbonate, CaCOs) can occur
around the borehole if the carbonate hardness in the groundwater is high. Iron- and
manganese deposits are mainly composed of low-solubility iron- and manganese
hydroxides, and is an increasing problem when extracting large amounts of groundwater
from an aguifer. The growth of iron- and manganese hydroxidesis caused by changed
redox conditions or by bacterial activity. Bacterial activity can cause precipitation in the
pumping borehole and infiltration facility. Chemical precipitation, caused by changesin
the redox potential, mostly occurs in the infiltration facility. The solubility of ironin
water is highly dependent on the Eh- and pH-conditions, and small changes will cause
discernible effect. Dueto the catalysing effect of iron bacterias, the bacterial activity is of
great importance for the iron deposits. Gallionella Ferrugineais the most common iron
bacteria. In general, iron- and other chemical precipitations can be treated with strong
acids with stabilizers (citric acid/acetic acid) (Lindblad-Passe, 1986).

32



Chapter 2 Background, methods and equipment

Corrosion of metallic tubes can be el ectrochemical or bacterial. Chemical breakdown
of aprotecting oxidation coat can also cause corrosion. Well filters, casing- and pumping
partsin the borehole, valves and couplings, heat exchangers and evaporators are most
likely to be exposed to corrosion in ground source heat pump systems based on
circulating groundwater. In this setting, the pH-value can cause acid- and alkaline
corrosion, and interfers chemical balances of importance for corrosion and the growth of
anti-corrosive coatings. The corrosivity of the water also depends on the content of
dissolved oxygen and carbon dioxide, temperature conditions, flow velocity, dissolved
salts and sulphuric acid.

The infiltration borehole in a ground source heat pump system based on circulating
groundwater should be designed for backflushing of particulate clogging on aroutinely
basis. A reduced capacity of the infiltration borehole due to clogging of fine particlesin
suspension, can be discovered by continuous pressure surveillance of the circulating
water in the system.

2.6 Laboratory methods

2.6.1 Water analysis

The paragraph is mainly based on information from the laboratory at the Geological
Survey of Norway (NGU-Lab) (2002b). NGU-L ab offers a standard package for
groundwater analysis. The most important physical and inorganic parameters for the
examination of groundwater for drinking water purposes areincluded intheanaysis. The
testing medium consists of (1) a0.5 litres raw water sample for the pH-, electrical
conductivity-, alkalinity-, turbidity- and colour analysis, (2) afiltered (0.45 pm filter-
paper) 100 millilitres sample for the anion analysis, and (3) a 100 millilitres filtered and
acidified sample (added 0.5 millilitres of ultrapure 65% nitric acid) for the cation analysis
(figure 2-25). The water samples are |abelled, and stored in a cool place before the
analysisis performed. Information about lower detection limit, analysis uncertainty,
procedure according to the Norwegian standard (NS), and measuring instruments used in
the analysis of al the different parametersis given in tables 2-5 and 2-6.
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Figure 2-25: Water sample.

Table 2-5: Lower limit of detection and analysis uncertainty for the analysed cations.

Lower limit of Analysis Lower limit of Analysis
Element detection uncertainty Element detection uncertainty
(ppb) (* %) (ppb) (= %)

Si 20 10 \% 5 5
Al 20 10 Mo 10 10
Fe 10 Cd 5 20
Ti 5 Cr 10 10
Mg 50 Ba

Ca 20 Sr

Na 50 10 Zr 10
K 500 20 Ag 10 10
Mn 1 5 B 20 10
P 100 5 Be 1 5
Cu 5 Li 5 20
Zn 2 Sc 5
Pb 50 20 Ce 50 20
Ni 20 5 La 10 10
Co 10 5 Y 1 5
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Table 2—-6: Measuring range, lower limit of detection, analysis uncertainty and procedures according to
Norwegian standard (NS) for the analysis of anions, electric conductivity, pH, t-alkalinity, colour and
turbidity.

Parameter Measuring Lower Iimit of Analysis uncertainty Procedure
range detection (=% rel) (NS#)
F - 0.05 mg/l +10 % rel
Ccr - 0.1 mg/l +10 % rel
NO," - 0.05 mgl/l +10 % rel
Br - 0.1 mg/l +10 % rel
NO3 - 0.05 mg/l +10 % rel
PO, - 0.2 mg/l +10 % rel
S0,% - 0.1 mg/l +10 % rel
el. cond. 0.04-0.2 0.07 mS/m +3 % rel
NS-ISO 7888
“ >0.2 “ +1 % rel
pH - - 0.05 pH-units NS 4720
t-alkalinity 0.04-0.2 0.04 mmol/l +0.04 mol/l NGU-SD 3.7B
“ 0.2-2.0 “ +4.0%rel (follows the earlier
>2.0 - +1.0 %rel NS 4754)
colour - 14 +7.5 %rel Eq:;\ée;le(gtgt;B;\IS
turbidity 0.05-1.0 0.05 FTU +0.04 FTU
“ 1.0-10 “ +0.4 FTU
10-100 “ +4.0 FTU NS 4723
100-1000 “ +40 FTU

2.6.2 XRF-, XRD- and petrographical analysis

This paragraph is mainly based on NGU-Lab (1999a and 1999b). X -ray fluorescence
(XRF) spectrometry is a method for the quantification of elementsin a sample. XRF-
analysis can determine the contents of major (> circa 0.5%) and trace (< circa 0.5%)
elements. The XRF-analysis is performed by radiating high-energy X-raysinto the
sample. The radiating makes the elements return rays of fluorescence, and the given
wavelengths are characteristic for the given elements. By using angular dependent
reflection through a suitable crystal, the separated wavel engths are then registered by a
detector. XRF-analysis suits elements with atomic number greater than nine. The
detection properties vary, but are generally at ppm-level. A sample (isoformed/melted
sample) of minimum three grams is needed to analyse the major elements like SiO,,
Al5,04, Fe,031, TiO,, MgO, CaO, Na,O, K50, MnO og P,Os, while a sample of
minimum seven grams is needed to analyse the tracer elements (V, Cr, Co, Ni, Cu, Zn,
Ga, Sc, As, Mo, W, Ag, Cd, Sn, Sb, Rb, S, Y, Zr, Nb, Ba, La, Ce, Nd, Yb, Pb, U, Th, S,
Cl og F). Theanaysisof S, Cl and F can be considered as semi quantitative.

X-ray diffraction (XRD), is an important analysis method for the identification of
minerals. The method of analysisis principally based on the fact that the reflection of a
monochromatic X-ray, directed to the surface of a crystal, is dependent on the grid
structure of the crystal. The XRD-analysis is performed by varying the incoming angles

1. Total Feisreported as Fe,Os.

35



Chapter 2 Background, methods and equipment

of the X-rays, and the corresponding exit angles are registered. Both angles are
analogous to the lattice spacing related to different sets of planes, and isregistered as a
diffractogram. Thus, every mineral will have its own unique pattern, like afingerprint for
thismineral. Theidentification is done by comparing the unidentified patternsto patterns
for known minerals. Patterns for the known minerals are brought out from a database.
Principally, the area below a peak in adiffractorgram is proportional to the concentration
of the mineral causing the peak. Some effects are often present dealing with XRD-
analysis. For instance, line overlap, matrix effects, unsuited reference materials et cetera,
are effects which complicate this kind of quantification. NGU-Lab uses a computer
controlled instrument, which has a programmable optic and a software based
identification.

Petrographical analysis of rocks is made using thin sections. Thin-sections are made
by cementing the rock material in a capsule of resin, and then make 0.30 micrometers
dlices. The different minerals are identified by using different optical techniques when
studying the thin-section under the microscope.

2.7 Measuring theterrain level

It is not known whether hydraulic fracturing with water-only and hydraulic fracturing
with injection of sand can cause changes to the terrain surface. Large changes to the
terrain surface can in the worst cases cause setting damages on nearby buildings.
Therefore, potential changes in the terrain level have been recorded using levelling by
telescope, before and after stimulation with hydraulic fracturing. An elevation of the
nearby surface isthe most likely consequence of the hydraulic fracturing due to the high
pressures and the large amount of water used in the stimulation. The possible elevation of
the surface is given by the difference in height Ah measured, against a fixed reference
point outside the assumed area of influence for hydraulic fracturing (figure 2—26).

Levelling possible changes in the terrain - principle

[
ah ¥
Terrain after HF
]
_______________ hy _
Tarrain before HF S —
Fined point

Area of possible influence for
hydraulic fracturing {HF)

Figure 2—26: Measuring changes in the terrain level by using a levelling telescope.
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2.8 Thermal response test

Theresultsfrom athermal responsetest givethe effectivein-situ value of the rock thermal
conductivity and the borehole thermal resistance (Gehlin, 1998). These parameters are
important for optimising the design of larger ground source heat pump system with
collectorsin vertical boreholes. The effective in-situ value of the rock thermal
conductivity is mainly the sum of the thermal conductivity of the bedrock (conduction)
and the groundwater flow in the borehole (convection).

The thermal response test is performed by heating the collector fluid which circulates
inaclosed loop collector in the borehol e (figure 2-27). The resulting temperature change
in the borehole, represented by the mean temperature of the collector fluid, is recorded.
The minimum duration of the test should be 60 hours, and the recommended test period
is 72 hours (Gehlin, 1998). A high thermal response, or arapid temperature change in the
borehole indicates alow energy absorption in the surrounding bedrock, and the effective
in-situ value of the rock thermal conductivity islow. Otherwise, alow thermal response
or aslow temperature increase indicates a high energy absorption in the surrounding
bedrock, and the effective in-situ value of the rock thermal conductivity is high. The
fluid-to-borehole wall thermal resistance, Ry, gives the temperature difference between
the fluid temperature in the collector and the temperature at the borehole wall for the
specific heat transfer rate (Gehlin, 2002).

The main sources of error related to athermal response test is (1) leakage of heat, (2)
variable electric voltage, (3) correct determination of undisturbed temperature in the
ground and (4) groundwater flow and the thermosiphon effect (Gehlin, 2002). In
addition, the length of the borehole will influence the thermal properties. Because the
temperature increases towards depth and the surface area between the collector fluid and
the surrounding bedrock is larger, the effective in-situ value of the rock thermal
conductivity is higher for deep boreholes compared to shallow boreholes (Brekke, 2003).

In astudy of the thermal conductivity of the rocksin Baaum municipality (figure 2—
28 and 2-29), the median value for the Ringerike sandstone at Bryn and the nodular
limestone at EAB is measured to be 3.3 and 2.7 W/m,K respectively (Midttemme et al.,
2000).
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Thermal response test

Figure 2-27: Thermal response test equipment (Gehlin, 2002).

conductivity

Figure 2—28: The thermal conductivity of the bedrock in the Beerum municipality at Bekkestua map sheet
(Midttemme et al., 2000). The location of the pilot plants at Bryn and EAB is indicated.
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Thermal conductivity
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Figure 2—29: Measured thermal conductivity of rock samples mainly from Asker and Baerum municipality
presented as boxplots (modified from Midttemme et al., 2004).
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chapter 3 RESEarch areas

Theresearch areas of this project were located at Lade, Bryn and EAB. The pre-testing of
equipment and methodology for sectional hydraulic fracturing in boreholesin crystalline
bedrock took place at Lade in Trondheim. The two pilot plants are located at Bryn and
EAB, about 15 and 13 kilometres west of Odlo, respectively (figure 3—-1). The purpose of
the pilot plants was to demonstrate the specia kind of ground source heat pump system
where circulating groundwater gets energy from large and artificially created fracture
planesin crystalline bedrock. The pilot plants were sited in Baarum municipality at the
request of the company Energiselskapet Asker og Baaum AS, one of the major financial
contributors to the project. The exact location was determined in co-operation with the
local property department which will take over the plants and all its installations free of
charge when the research activities in the project are finished.

Figure 3—1: The research areas of the project were at Lade, Bryn and EAB.
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3.1 Lade- investigations, geology and borehole facts

The testing of the newly devel oped equipment for hydraulic fracturing, FrakPak - AIP
410-550 (paragraph 2.2.1), and the procedure for hydraulic fracturing had to be donein
an early phase of the project. The sitefor thistesting included two boreholesin crystalline
bedrock just outside NGU'’ s head office building at Lade in Trondheim (figure 3-1).
Borehole 1 (inclined) and borehole 2 (vertical) were drilled in 1991 and 2000,
respectively. The work performed in these boreholes can be summarized as follows:

» Test pumping before and after hydraulic fracturing.

o Water analysis.

» Borehole inspection with optical televiewer before and after hydraulic fracturing.
» TCN-logging in borehole 2 before hydraulic fracturing with injection of sand.

» Hydraulic fracturing with water-only in borehole 1

» Hydraulic fracturing with injection of sand in borehole 2.

» Levelling of surface pointsrelated to hydraulic fracturing operations.

Towards depth, the greenstone layer at Ladeisfollowed by trondhjemite, which explains
the increasing amount of quartz appearing in the lower parts of the boreholes. A linear
fracture zone close to the boreholes has a strike and dip of 230 and 79 degrees,
respectively (Banks, 1991). Borehole 1 is 80 meters deep and has an inclination of 64
degrees towards the fracture zone, while borehole 2 is vertical and 100 meters deep. The
distance between the two boreholes is approximately 20 meters. The main water inlet in
borehole 1 appears at 39-40 running metres and the groundwater level varies around 23-
24 running metres from the top of the borehole (figure 3-2). (In this context the term
“running metre” means the depth of the borehole, in meters, measured along the inclined
borehole using the top of the borehole as the reference level.) Two minor water-bearing
fracture zones appear at 33.5 and 60-61 running metres (Banks, 1991). The results from
rock stress measurements carried out for the construction of an underground water
treatment plant nearby, showed that the minimal principal stressis 3.2-3.3 MPa (oral
communication with Agir Jéhannsson, SINTEF).
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Figure 3-2: Section of borehole 1 at Lade (Banks, 1991).

3.2 Bryn - investigations, geology and borehole facts

Bryn primary school was chosen to be the site for thefirst pilot plant in the project (figure
3-1). The following investigations have been performed at Bryn:

» Structura geological pre-investigations.
* XRF-, XRD- and thin-section analysis made of drill cuttings.

» Test pumping and groundwater analysis before and after hydraulic fracturing with
water-only, and after hydraulic fracturing with injection of sand.

* Rock stress measurements.

» Geophysical logging of the boreholes using the optical televiewer and the TCN-
logging device before and after hydraulic fracturing with water-only, and after
hydraulic fracturing with injection of sand.

» Hydraulic fracturing with water-only and hydraulic fracturing with injection of
sand.

» Levelling of the terrain surface together with hydraulic fracturing with water-only
and hydraulic fracturing with injection of sand.

* Thermal response test.
* Test run of the pilot plant.
» Computer modelling of the energy potential of the pilot plant.
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The structural geological pre-observations are based on data from Larsen (2001).

The bedrock at Bryn consists of alow-metamorphic sandstone of the Ringerike group
from the late Silurian time period (figure 3-4). The “Ringerike sandstone” is a generic
term for several locations with sandstone-like rock typesin Eastern Norway from this
geologic time period. The Ringerike sandstone at Bryn is a part of the Kolsas formation
(figur 3-5). The pre-investigations revealed that the rock is a massive quartz-rich
sandstone, compact and well compressed with alow matrix porosity. Therock is
composed of benches with varying thickness of 20-50 centimetres, and the benches are
separated by thin layers of shale having a thickness of 1-2 centimetres. The thickness of
the Ringerike sandstone in the Kol sas formation, which has an anticlinal shape, is
calculated to be about 350 meters at Bryn. The degree of fracturing is very low for the
sandstone benches. The few fractures appearing are all very smooth, planar, tight and
probably filled with very thin layers of quartz. The fractures are characterized to have a
tension origin. The strike and dip of the bedding is 6/13, or strike 6 degrees from north,
and dip 13 degreestowards east. Four fracture directions are observed in the nearby area,
and the strike and dip relations are as follows: (1) 175/73, (2) 184/35, (3) 100/73 and (4)
303/87. In addition to the low-metamorphic sandstone, eruptive dikes are likely to appear
in the boreholes.

The exact location of the boreholes at Bryn was determined by the results from the
structural geological pre-observations. Borehole 1, 3 and 5 were placed parallel to the
strike direction for the bedding and the fracture direction 184/35, while borehole 2 and 4
were placed normal to the mentioned direction (figure 3-3). The distance from the
central borehole to the satellite boreholes is 13 meters, and the distance between the
satellitesis about 17 meters. The boreholes are 5.5” (140 mm) in diameter and 100
meters deep.
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Figure 3-3: The pilot plant at Bryn primary school in Beerum municipality outside Oslo, Norway.
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The location of the Bryn- and EAB-
boreholes in the stratigraphic sequence
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Figure 3—4: Stratigraphical location of the Bryn- and EAB boreholes (after Midttamme et al., 2004). The
Ringerike sandstone is calculated to be approximately 350 metres thick at Bryn (Larsen, 2001).
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Simplified geological map for
Asker and Barum
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Figure 3-5: Geological location of Bryn and EAB (after Midttamme et al., 2004).
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3.3 EAB - investigations, geology and borehole facts

Theformer property of Energisel skapet Asker og Baarum, referred to as EAB, was chosen
asthe site for the second pilot plant. Independent of the project, athermal response test
was performed in a 150 meters deep borehole (borehole 1) as early as 1999.

“UTT%F Structural
k_\ geology

P |- based on optical

tedeviewer bog

Figure 3—-6: The second pilot plant is located at EAB.

The following investigations have been performed at EAB:

Test pumping and groundwater analysis before hydraulic fracturing with injection
of sand.

Flow measurements before and after hydraulic fracturing with injection of sand.
Geophysical logging using the opti