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FOREWORD

The purpose of this report is to set down a record of the work done,
the contracts let, and the knowledge gained during the Geothermal
Energy Program of 1976 to 1986. Small projects, both before and
after the Program, are also included. It is hoped that this will
provide a base on which to build further research into geothermal
energy in Canada and that will stimulate the use of geothermal
energy as hydrocarbon resources decline, as environmental
concerns grow, and as economic conditions change.

This report contains details of the work in the Western Canadian
Sedimentary Basin, in the Atlantic Provinces, and in all other parts
of Canada east of the Rocky Mountains. It is anticipated that the
corresponding report for the Cordillera and volcanic belts of
British Columbia and the Yukon will appear in 2008.



Drilling the Geothermal Well

University of Regina

January 1979



CHAPTER ONE

NATURE AND USE OF GEOTHERMAL RESOURCES

INTRODUCTION

Geothermal energy comes from the solid earth in the form of heat. The Earth's heat is a
combination of the original heat resulting from formation and layering of the earth and of the
heat generated since the formation by the decay of radioactive isotopes. Both of these

depend on the finite amount of energy associated with the formation and original content of the
earth, and so this is not, in principle, a renewable energy resource. However, the total heat of the
earth is so great that it may be regarded, for human practical and economic purposes, as
inexhaustible.

On a scale limited by human development and technology or by the individual geothermal system
the heat is drawn from a limited volume of the Earth’s crust, and so it is finite. In systems
associated with recent volcanic plutons or batholiths the heat may be renewed by natural
hydrothermal circulation, but ultimately the resource is finite. In other systems, notably in
sedimentary aquifers, the heat is drawn down much faster than it can be renewed, and so any
individual production system must be regarded as having a finite life span.

Heat energy is in all material on the earth, since the only matter without heat is at a temperature
of absolute zero. The temperature of the earth's surface is controlled by the level of radiation
from the sun, the filtering and insulating effects of the atmosphere, the local vegetation cover and
the annual cycle of seasons. The annual average temperature of the surface of the earth normally
lies between -15 °C, in regions near the poles, and 30°C, in equatorial regions. Apart from
perturbations of up to 4 ° C near the surface, due to rapid surface warming in the last 100 to 200
years, temperature in the solid earth increases with depth.

Heat energy needs a carrier. In geothermal exploitation the carrier is normally the water in the
ground that has collected and concentrated the heat in reservoirs. The only exception to this is in
the use of hot dry rock, where water must be introduced artificially. It is convenient to take the
freezing point of water as a base temperature for energy content. Below that temperature water
can be neither produced nor reinjected. Since temperature of the solid earth rises with increasing
depth, geothermal energy is present below the entire surface of the continents. However, the
mechanisms and economics of extraction mean that most of the earth's energy is not useful. Only
in special circumstances is geothermal energy capable of being exploited. Conditions for utility
are governed by the geological setting, the physical nature, the available technology of extraction,
and the economic need for the resource. Of these, the first two are constant for any particular
reservoir, the available technology improves with time, but economic conditions fluctuate. This
report of research and development of geothermal energy thus focuses on the first three
conditions. Exploitation depends on the level of knowledge of these three conditions and the
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economic conditions of the time.

Temperature of the oceans depends on currents, and is often lower at great depth than at the
surface. The temperature range of ocean water is approximately -5°C to 20 °C . Useful energy
may be extracted from ocean water, using the vertical temperature differences, but that subject is
not within the scope of this report

TYPES OF GEOTHERMAL RESOURCE

The physical nature of the resource and the technology of extraction impose a system of
classification of geothermal resources. The physical nature provides a division into steam, water,
and hot dry rock resources, and the technology of extraction divides the water resources by
temperature, according to the suitability for electrical generation, direct heat use, or conversion
by heat pumps. Geological setting, including the geomorphological character of the surface, may
affect the ease and economic feasibility of development. Human factors, such as population
density, effect the potential uses and economic situation. However, in order to describe the
nature of geothermal resources the most suitable classification is by physical nature, and

this system will be followed in this chapter. Further description of each type of resource may be
found in Jessop (1990).

Dry-steam resources

Dry steam reservoirs, often referred to as "vapour-dominated reservoirs", consist of steam
trapped in porous rocks, and trapped by impermeable cap-rocks. The steam usually overlies a hot
water reservoir, with which it is in dynamic equilibrium. The temperature and pressure of
dry-steam reservoirs is controlled by an enthalpy maximum of saturated steam. Either higher or
lower pressure results in slight superheating, so that the reservoir is stable. At any lower
temperature an increase in pressure would cause condensation. Maximum enthalpy occurs at a
temperature of about 235°C and a pressure of about 3 MPa, and all dry-steam reservoirs have this
temperature and pressure unless they contain significant quantities of contaminant gas. Since a
hydrostatic pressure of 3 MPa implies a hydraulic depth of only about 300 m, these reservoirs are
usually found within the upper 1000 m. Production wells are thus relative short, but the
difficulties and hazards of drilling are great. A well drilled into a dry-steam reservoir produces a
flow of steam with some gas, but with very little contaminating dissolved solid. Any grains of
solid material carried in the fluid stream are removed by filters and the steam is then fed directly
to turbines for the generation of electrical power. The best known examples of exploited
dry-steam systems are at Larderello, Italy, and the Geysers, California, U.S.A. The total installed
capacity at the Geysers field is now 1421 MW, and the annual production is 7784 GWh, 62.5%
of full production (Lund et al., 2005). In Italy the dry-steam fields at Larderello and
neighbouring Travale-Radicondoli have a total installed capacity of 702.5 MW and produce 4715
Gwh, 76.6% of full production (Cappetti,G. And Ceppatelli,L,. 2005)

Dry-steam reservoirs are generally the cleanest and most efficiently converted of geothermal
resources. Unfortunately, they are comparatively rare. They are found only in zones of active
volcanism or recent tectonic disturbance. They depend on the convenient proximity of a
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confined aquifer to a hydrothermal circulating system and a high temperature heat source.

No dry steam reservoirs have yet been found in Canada, but their presence cannot be ruled out.
Any centre of recent silicic volcanism may have one or more associated intrusive bodies capable
of supporting hydrothermal systems leading to dry-steam reservoirs. Only the south side of
Mount Meager has been explored: this has been shown to have sufficiently high temperatures,
but the presence of dry steam has not yet been demonstrated. Other volcanic centres have not
been explored.

Hot-water resources

Hot water resources, often referred to as "fluid-dominated reservoirs", are much more common
than dry-steam reservoirs. The water in the reservoir is at a high temperature, and pressure drop
in a well will permit the water to evaporate partially to a mixture of saturated steam and water.
In theory, any reservoir at temperature above 100°C will produce steam, but in practice a
reservoir must be above about 180 °C for the steam to be useful for direct use in turbines. This
technological limitation imposes a lower limit on the definition of “hot-water resources", by
association with electrical power generation through steam turbines. There is no upper limit, but
most reservoirs are in the range 180°C to 300 °C. Temperatures as high as 340 °C have been
recorded at Cerro Prieto, Mexico, (Banwell and Valle, 1970). In Mexico the currently installed
capacity, in five locations, is 953 MW, which provides an average annual production of 6282
Gwh, 75.2% of full production (Gutierrez-Negrin and Quijano-Leon, 2005). Hot-water
reservoirs may be found at any depth that is great enough or beneath any cap-rock impervious
enough to provide the confining pressure required to prevent boiling. Temperature and pressure
may be substantially higher than in a dry-steam reservoir, since the stability is not controlled by
specific enthalpy on the boiling curve.

A hot-water reservoir has been demonstrated at Mt. Meager, British Columbia, although the
production capabilities of the reservoir have not been adequately determined. Other reservoirs
probably exist at other locations within the Mt. Meager centre and at other volcanic centres in
Canada.

Warm-water resources

Warm-water reservoirs differ from hot-water reservoirs only in temperature and economic utility.
This category is usually taken to include temperatures from about 50 °C to about 180 °C. These
boundaries are set by considerations of use and have no physical significance. The upper limit is
set by the limit of direct steam supply to turbines for electrical generation. The lower limit is set
by the temperature at which the use of heat pumps is needed for economic utilisation.

Warm-water reservoirs are to be found in volcanic areas, but the greatest are probably in the large
sedimentary basins. Aquifers are found in porous sedimentary formations, of thickness of tens of
metres and lateral extent of hundreds of kilometres, to depths of several kilometres. In areas of
normal geothermal gradient of 20 to 30 mK/m, these aquifers may contain water at temperatures
up to 150 °C or more.



Warm-water reservoirs of volcanic origin are used in Iceland for heating of homes and public
buildings. Reservoirs in sedimentary basins have been used in and around Paris, France for
heating apartment buildings. Recent developments in Australia, Austria and Germany have
included the generation of electricity, using a secondary fluid of low boiling point and water at
temperatures of 98 °C to 105 °C. So far these installations are on a small scale, with installed
capacity up to 500 kW (Bertani, 2005)

Very large warm-water reservoirs have been shown to exist in Canada, particularly beneath the
Prairies. As will be described the later, the resource has been proved at Regina, Saskatchewan,
and usable resources probably exist beneath other urban centres. In the deeper parts of the
Western Canada Sedimentary Basin there is ample water of temperatures similar to or greater
than the water now being used to generate electrical power as described above, which could be
valuable in remote communities.

Low-temperature resources

The lower limit of useful temperature of a reservoir is set only by economic utility. There is no

clear dividing line between systems that are generally accepted as geothermal and systems using
heat pumps to extract from water in surficial unconsolidated material. Shallow ground-water is

commonly available, and may be present to depths of several hundred metres in deep valleys or

areas of sedimentary accumulation.

The City of Whitehorse and the Village of Mayo are using low-grade geothermal energy in the
form of warm groundwater to keep prevent their municipal water supplies from freezing in
winter, providing an extreme low-temperature example of water used because its temperature.
Many small systems have been installed by individuals to heat private homes, and there are
several commercial source of such systems. There were an estimated 30,000 such installations in
private homes in the year 2000, and numbers are increasing by about 3000 per year (Ghomshei et
al, 2005) On a larger scale, Carleton University in Ottawa has been using, since 1990,
groundwater from limestone aquifers at a temperature of about 9 °C for direct cooling of air in
the summer and preheating of intake air in the winter. The energy potential of low-temperature
geothermal resources in Canada is very large. Development depends mainly on local economic
factors and on local initiatives.

Water in abandoned mines

Water in flooded mines is a special case of low-temperature resources. The aquifer has been
formed by human activity, and it consists of networks of interconnected tunnels and caverns,
which readily fill with water. In these circumstances it is possible for water to circulate and mix,
producing temperatures in the upper levels higher than would not normally be found at those
depths.

This type of resource has been used very successfully in Springhill, Nova Scotia, one of the first
developments of this kind anywhere in the world. Water at about 18 °C is pumped from the
mine workings and used with heat pumps to heat industrial buildings. The flooded mine
workings are extensive, and the temperature of the water confirms that there is circulation within
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the mine. Further, some applications return more heat to the mines in summer than they extract
in winter, so that the heat reservoir may last for hundreds of years (Jessop et al., 1995).

Hot dry rock

Hot dry rock is solid rock at an unusually high temperature, but without a geothermal reservoir.
Since heat requires a carrier in order to bring it to the surface, an artificial circulating system for
water must be created. The source of the heat may be either a magmatic intrusive that is
sufficiently young to retain some of its initial heat, or a rock that contains sufficient radioactive
potassium and trace-elements to generate its own heat. A magmatic intrusive must be younger
than about ten million years, depending on its dimensions, and may still have associated
hydrothermal systems beyond its boundaries. A radioactive rock must be of substantial size and
depth in order to produce the high geothermal gradient needed for hot-dry rock exploitation. The
levels of radioactivity required are three orders of magnitude lower than those of rocks
considered to be of ore grade and the heat-producing isotopes are not generally mobile. Hot dry
rock experiments pose no threat to health from this cause.

Hot-dry rock exists extensively in volcanic areas, and is the heat source for many of the hot- and
warm-water reservoirs that are known. Unfortunately hot-dry rock is difficult to detect with the
available surface survey tools, and is often too deep for economic exploitation. The techniques
of utilisation are still being developed. Extensive experiments have been conducted at Los
Alamos, New Mexico, U.S.A., in a young magmatic intrusive, and in the Carnmenellis Granite of
Cornwall, England, in an old rock of high radioactive heat generation. The present European
Union Hot Dry Rock Project is located at Soultz-sous-Forets, in the Rhine Graben about 50 km
north of Strasbourg. It has been in operation since about 1993.  The first deep well reached a
depth of 5000 m in 1999, and the temperature at the bottom was found to be 200°C. Two more
deep wells have since been drilled. Experiments in hydrofracturing and brine injection and
extensive surveys of induced microseismicity have been carried out (Baria et al., 2005)

Except for information from a drilling experiment in the Coryell Syenite of southern British
Columbia, and from routine heat-flow measurement, the hot dry rock potential of the Canadian
crust is unknown. Hot dry rock exists below Mt. Meager and probably below other volcanic
centres such as Mt. Cayley and Mt. Edziza. Substantial bodies of intrusive rock in the interior of
British Columbia are sufficiently radioactive to produce high geothermal gradients and a hot dry
rock potential better than that of the Carnmenellis Granite in England.

INTERNATIONAL UTILISATION

The “Energy Crisis” of 1973 to 1980 prompted a wide interest in the potential of geothermal
energy, which has been sustained in countries having little or no domestic fossil fuels. There are
now 24 countries with electrical generation from geothermal sources. The total installed
electrical capacity reported in 2005 was 8912 MW, with an annual output of 56,798 Gwh, 72.7%
of full production. The leading countries in installed capacity are USA (2544 MW), Philippines
(1931 MW), Mexico (953 MW), Indonesia (797 MW) and Italy (790 MW). All 24 countries,
with the exceptions of Australia, Austria and Germany, which have very small installations, are

5



parts of the volcanic zones of

Table 1 Methods of direct use the Circum-Pacific Belt, the
Mediterranean-Himalaya
Means of use Installed Annual Capacity Belt, the African Rift, or the
Capacity energy Factor Mid-Atlantic Ridge (Bertani,
MW TJ 2005).
G-C heat pumps 15723 86673 0.17 The Proceedings of the
Space heating 4158 52868 0.40 International Geothermal
Greenhouse 1348 19607 0.46 Congress of 2005 show that
Aquaculture 616 10969 0.56 there is a great deal of world-
Crop drying 157 2013 0.41 wide interest in the
Industrial process 489 11068 0.72 exploitation of geothermal
Snow melting 282 1596 0.18 resources. Seventy eight
Space cooling 56 288 0.16 countries submitted
Bathing, swimming 0.35 7.0 0.63 “Country Updates”,
Other 86 1045 0.39 including Canada. Direct
use of geothermal heat, as

reported at the end of 2004
amounts to 27,825 MWt, which is almost twice the quantity reported in 2000, and growing at
about 12.9% annually. The total annual energy use is 261,418 TJ (72,622 GWh), calculated from
the reports of 72 countries. The countries with the largest installed capacity were USA, Sweden,
China, Iceland, and Turkey. Sweden is not in any of the world’s volcanic belts, but derives its
position in this list from its use of ground-coupled heat pumps. Details of energy usage by means
is given in Table 1.

The direct use of geothermal energy replaces the use of other sources of heat. Since the total
reported energy usage is 261,418 TJ/yr, and assuming that a barrel of oil contains 6.06 GJ and is
used to provide replacement electricity, the saving of oil is 123 million barrels or 18.4 million
tonnes. If the oil were used to produce heat by direct burning these savings would be reduced by
about half.

Carbon savings would depend on the fuel displaced. If the whole energy displaced were in the
form of electricity, the carbon savings would be 14.0, 59.3, or 69.2 million tonnes, depending on
whether the primary fuel were natural gas, oil or coal. If the fuels were burned directly the
carbon savings would be about half these figures. The true savings are probably somewhere
between the two extremes (Lund et al., 2005)

PHYSICAL QUANTITIES USED IN THIS REPORT
Several scientific quantities will be referred to in this report.
Terrestrial Heat Flow is the amount of heat conducted to the surface of the earth from below. It

is a property of the heat generation in the crust and tectonic structure and age of the location. It is
expressed in mW/m?* (milliWatts per square metre). It is used as a geophysical indicator of the
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nature of the crust of the earth. The world average is 65 mW/m* and normal observed values are
in the range 20 to 100 mW/m?, but anomalous circumstances produce values well outside this
range.

Temperature difference is expressed in K (Kelvin). This quantity has the same magnitude as a
degree Celsius, but without the implication of a point on fixed scale of temperature.
Temperature is expressed in°C (degrees on the Celsius scale)

Geothermal gradient is the rate of increase of temperature with depth. It is expressed in mK/m
(milliKelvin per metre, the same as degrees Celsius per kilometre. Observed values range from
10 mK/m to over 100 mK/m. At any one location the geothermal gradient can vary with depth,
being inversely proportional to thermal conductivity of the rocks so that heat flow remains
uniform.

Heat generation is the amount of heat being generated continuously in the rocks by radioactive
decay. It is expressed in WW/m’® (microWatts per cubic metre). Normal values range from
undetectably low to the order of 10 pW/m’.

Thermal conductivity is the conducting property of rock through which heat is flowing. Itisa
property of the rock and depends on the conductivities of the component minerals in the rock. It
is expressed in W/mK (Watts per metre Kelvin) and typical values range from 0.3 W/mK for
coal, and 0.6 W/mK for water, 1.5 to 4.0 W/mK for most rocks, and 40 to 400 W/mK for metals.

Thermal diffusivity is a further property of materials, being the conductivity divided by the
volumetric heat capacity. This property controls transient thermal changes in solid materials. It
is expressed in m*/s (square metres per second). Most rocks have a diffusivity of the order of
10 m?*/s, and since the prefix in a unit expression modifies the first unit quantity to the first
power, this is usually expressed as 1 mm?/s.

Porosity is the open space between the grains of a granular material or in cracks and fissures
within a solid. It is usually expresses in % (per cent). In rocks the space is usually filled by
water. In crystalline rocks porosity is usually less than 1 %, but in sandstone or limestone
porosity may be as high as 25 %.

Permeability is the ability of a solid to allow the flow of water through it. It is usually expressed
in terms of the “Darcy” and one Darcy is the permeability through which a fluid of viscosity of 1
centipoise will flow at the rate of 1 ml/s through an area of 1 cm* under a pressure gradient of 1
atmosphere/cm. This depends on the properties of the fluid and of the earth’s atmosphere, and so

is a non-standard unit. It has the dimensions of an area and has the value of 9.8697 x 10 '3 m?.

The nearest practical SI unitis 1.0 x 10 "> m?

Volumetric Flow Rate is also known as absolute discharge and is the volume of fluid passing
unit area in unit time. It has the dimensions of a velocity. The linear particle velocity of the fluid
may be derived by dividing by the porosity.



UNITS

All units in this report will be expressed in the Systeme Internationale des Pieds et Mesures (SI).
Data introduced from old work using other systems have been converted to SI, but the original
data are given in brackets. Scientific publications from before about 1970 are usually expressed
in an older metric system, based on grams and centimetres rather than the kilograms and metres
of SI. Imperial and US systems, based on feet, pounds and degrees Fahrenheit, are occasionally

Table 2
Unit conversion

Energy - expressed in Joules (J)

1 Joule = 0.2338 Cal

1 Cal = 4.1871]

1 kWh (kiloWatt.hour) = 3.6 MJ

1 MWy (MegaWatt year) = 31.56 TJ

1 BTU (British thermal unit) = 10557

1 barrel of oil equivalent = 5.7 GJ (approx)
1 tonne of oil equivalent = 42 GJ

1 m? of natural gas = 38 MJ

Power - expressed in Watts (W)

IW = 1J/s

1 W (Watt)
1 kW (kiloWatt)

3.412 BTU/Hr
1.341 horse-power

Heat flow - expressed in Watt per square metre (W/m?)

0.2388 x10 7 cal/cm’sec
41.87 kW/m?

1 W/m?
1 cal/cm ? sec

Geothermal gradient - expressed in Kelvin/metre (K/m)
1 mK/m = 1 °C/km
1 mK/m = 0.5486 x 10~ °F/ft

Thermal conductivity - expressed in Watts/metre.Kelvin
(W/mK)
1 W/mK =

2.39 x10° cal/cm sec °C

still used by engineers.

The main difference between
the two metric systems is in
the unit of energy. SI uses
the Joule (J), whereas the
older cgs system uses the
Calorie. The Joule is directly
derived from the fundamental
units, whereas the Calorie
depends on the properties of
water and is subject to the
inaccuracies of measurement.
The Watt (W) is the power of
one Joule per second. In
terms of human energy use
these are small units. To
avoid the use of large
numbers, larger composite
units are often used, but
because of the non-decimal
time system, some of these
are not simple multiples of
powers of ten. The
conversions given in Table
2, with other important
conversions. In this report
energy is expressed in Joules.
When circumstances prompt
the use of a different unit
(e.g. kWh) this will be
expressed in brackets after
the main expression.

Prefixes to quantities are used in SI to avoid repetition of powers of ten. The most common
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prefixes occur in steps of three, and they are shown in Table 3:

mev—HQZ~

kilo
Mega
Giga
Tera
Peta
Exa

Prefixes to SI units

3
6
9
12
15
18

T BT B

milli
micro
nano
pico

3

-9
-12

NB There should be no
confusion between m for
“milli” and m for “metre”.
Prefixes denoting scale
come only at the
beginning of a unit
expression. Thus, in the
unit expression for
diffusivity the first “m”
denotes “milli” and the
second “m” denotes

“metre”



CHAPTER TWO

THE GEOTHERMAL ENERGY PROGRAM

INTRODUCTION

Geothermal energy research by the Government of Canada was initiated as part of a major new
approach to the problems of future energy supply, prompted in October1973 by the sudden rise
in the price of oil and the subsequent popular perception that the supply of oil was approaching a
serious decline. In the winter of 1974 the Geological Survey of Canada (GSC) and the Earth
Physics Branch (EPB), both branches within the Department of Energy, Mines and Resources
(EMR) began a small-scale investigation into the potential for geothermal energy in Canada.

Although the price of oil began to rise in 1973, the formal Task structure of the Office of Energy
Research and Development did not come into operation until 1976. The Geothermal Energy
Program was one Program within the Task of Renewable Energy. Much of the control of the
Renewable Energy Task was in the Division of Energy of the National Research Council (NRC),
but the Geothermal Program was operated entirely outside NRC, until a small engineering
component was added in 1981.

The price of oil remained high until 1985, but the public fears of future declining supply had
disappeared by about 1980. Most of the Renewable Energy Task was eliminated in November
1984, when the energy Division of Energy of NRC was eliminated. The remaining part of the
Geothermal Energy Program, located in EMR was reduced. The Program was eliminated
entirely on 31 March 1986, when the EPB was combined with GSC, under the name Geological
Survey of Canada..

During the years since 1986 popular concern with global environmental problems has grown
substantially. The combustion of oil, gas and coal has been recognised as a producer of gaseous
oxides, resulting in acid rain in areas down-wind from industrialised countries. The emission of
these gases, in company with methane, has also been recognised as most probably responsible for
"global warming", a long-term change in climate that will eventually result in some melting of
polar ice-caps and subsequent rise in sea level. In early 2007 this reached the point where the
Government of Canada was forced to acknowledge public concerns. The Intergovernmental
Panel on Climate Change (IPCC) states: “Carbon dioxide is the most important anthropogenic
greenhouse gas .... The global atmospheric concentration of carbon dioxide has increased from a
pre-industrial value of about 280 ppm to 379 ppm in 2005. The atmospheric concentration of
carbon dioxide in 2005 exceeds by far the natural range over the last 650,000 years (180 to 300
ppm) as determined from ice cores. The annual carbon dioxide concentration growth-rate was
larger during the last 10 years (1995-2005 average: 1.9 ppm per year) than it has been since the
beginning of continuous direct atmosphere measurements” (IPCC Report, 2007)
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The role of carbon dioxide and other gasses as conservers of earth heat has long been known. It
was first described by Arrhenius in 1896. In early 2007 the association of the increase of carbon
dioxide in the atmosphere and the observed warming of the climate is inescapable, but it is
impossible to be certain of the cause and effect relationship. The IPCC report states: “Most of
the observed increase in globally averaged temperatures since the mid-20th century is very likely
due to the observed increase in anthropogenic greenhouse gas concentrations.” In the [PCC
report the term “very likely” implies at least a 95% probability of occurrence.

A substantial part of our present energy supply is obtained by burning fossil fuel, in power
stations, aircraft, surface transport and domestic heating, the exhausts of which are vented
directly into the atmosphere. Geothermal energy has the advantage that its use does not depend
on the release of chemical energy by combustion, and so it can claim to be environmentally
benign in this respect. There are other potential environmental factors, which will be mentioned
below, but they have generally been successfully counteracted.

THE GEOTHERMAL ENERGY PROGRAM

During the ten years of the Geothermal Energy Program a series of unpublished internal reports
was written by the participant in the program, and even before the formal Program began there
had been a written discussion of the Canadian geothermal potential and the scientific expertise
available to the Program. A copy of most of these reports has survived with the author of the
current report, and they have provided much of the data planning, costs, and operational
sequence that has been included in this report. They contain little or no technical material, and
since they are not accessible to readers, they are not referenced further. Useless details required
by central planners, like forecasts of expenditures for 25 years, are not repeated here.

Objectives

Research into geothermal energy in Canada from 1974 to 1986 can be divided roughly into four
phases, with considerable overlap.

Phase one consisted of the examination of the accumulated geological knowledge and was
directed towards two main questions. Where are the Canadian resources? How large are they?
During the first phase, which lasted from about 1974 to 1977, objectives became focussed
towards two specific sites and four geological regions.

The examination of these sites and regions constituted the second phase. What is the geothermal
potential for electrical generation at the Meager Creek site? What is the geothermal potential at
Regina, and how can it be integrated into the energy supply of the University campus? What
parts of the Tertiary and Holocene volcanic areas of Canada offer geothermal resources? What
parts of the western mountains, not of recent volcanic origin, offer geothermal resources, and of
what type? What is the potential for low-temperature geothermal energy from Canadian
sedimentary basins? What is the geothermal potential of the Atlantic Region, where costs of
conventional energy are higher than the national average?
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The question of shallow (<100 m) resources and the use of ground-coupled heat pumps was not
raised and was not included in the mandate of the Geothermal Energy Program.

About 1980 the Program entered a third phase, in which the emphasis changed from the
application of earth sciences to the assessment the resources and to the application of engineering
to assess the technology and economics of utilisation. The questions asked in this third phase
were: What is the available technology, to be learned from other countries, for development in
Canada? What are the economic facts governing the use of geothermal energy in Canada? What
are the institutional, legal, and fiscal factors governing the use of geothermal energy in Canada?

From about 1983 the fourth phase of the Program produced a series of requests for advice and
assistance, mainly from municipalities concerned with the cost of energy supply for public
buildings within their jurisdiction, or with novel ways of reducing costs. These purely local
questions developed into studies of feasibility, drawing on the developed experience in earth
sciences, engineering and economics, each one directed at a specific location. By March 1986
the Geothermal Energy Program had established that there was a demand from the public for
advice and assistance in the examination of geothermal resources, but at this point the Program
was cancelled.

Fortunately, most of the local projects in progress had reached a stage where they could proceed
without further assistance from the Program, or they were formally part of some other Program
that could be continued. These projects are described in a later section of this chapter. From
1986 to 1994 a small Program was funded by CANMET, with the technical assistance of the
GSC. Scientists within both CANMET and the GSC continued to answer questions from the
public and to provide what assistance they could, within the limitations of their resources, to
municipalities actively pursuing geothermal projects. Priority was given to projects that were
already in progress and where previous efforts would have been wasted by the abrupt termination
of the Program. After 1986, as active participants moved into other lines of work or reached the
age of retirement, the remnant experience and expertise within EMR declined.

Scientific base.

The Geothermal Energy Program EMR formally began on Ist April 1976, when the first funds
generated by the Panel on Energy Research and Development (PERD) became available.
Scientific Programs on which the Geothermal Energy Program was based had been in existence
for many years. Volcanology had long been a part of the activities of the GSC , mainly in the
Vancouver office. Volcanic centres of the four major volcanic belts of the Canadian Cordillera
had been mapped and an inventory of hot springs had been maintained for many years. A
geothermal research group had been set up in 1962 at the Dominion Observatory, Ottawa, later
renamed Earth Physics Branch. Heat flow and heat generation had been measured and
interpreted in many areas of Canada: the thermal regime of the crust was known in a broad
regional manner, and equipment was available for detailed surveys of specific localities.

Scientific staff of EPB and GSC had worked together on projects of scientific geothermics since
1965, and they began to cooperate on projects related to geothermal resources in early 1974.
They were having informal meetings, both among themselves and with consulting companies by
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the summer of 1975. As the start of the formal Geothermal Energy Program was put back from
April 1974, to 1975, and finally to 1976, small projects were undertaken as regular funds were
diverted.

Thus, when the Geothermal Energy Program of EMR began in 1976, energy studies had already
begun in sedimentary basins and volcanic terrains, and a strong scientific base was in place on
which to build. Without these scientific programs there would have been no readily available
scientific management for the new Geothermal Energy Program. This is an excellent example of
how long term scientific studies within the government laboratories have provided an operational
base at a time of national need.

Responsibilities and resources

The Geothermal Energy Program, with funding from the PERD ran for exactly ten years, from
Ist April 1976 to 31st March 1986. Contract funds and supporting operational funds were
supplied by PERD, through the Office of Energy Research and Development (OERD) and the
Renewable Energy Division of the National Research Council. Scientific personnel and
supporting geoscience were provided by the two scientific Branches, with a later contribution
from the National Research Council. Details of the resources supplied by the various agencies
are to be found in Appendix 1. British Columbia Hydro and Power Authority (BCH) eventually
invested a much greater amount in the drilling of three deep holes in the Meager Creek Valley,
this being believed to have reached the order of M$25.

In June 1978 a new source of funds appeared in a system of Federal-Provincial Agreements.

This caused a rapid re-evaluation of the field season of 1978 by both BCH and EMR and resulted
in parallel contracts by the two agents to the same consultant. Neither agency was happy with
this means of contracting, but it was the only mechanism available to deal with the administrative
changes so close to the field season. The amount spent on geothermal research within this
system is not known to the present author and is not included in the figures of Appendix 1.

MAJOR PROJECTS
During the course of the Geothermal Energy Program two major projects developed, one in the
volcanic terrain of the Cordillera and one in the sedimentary terrain of the Western Canada

Sedimentary Basin. These became the two foci of much of the research.

Meager Mountain

The first considerations were focussed on the western mountains, where hot springs and recent
volcanism were well known. At the same time BCH began to consider geothermal steam as one
of their options for future power developments and employed Nevin, Sadlier-Brown, Goodbrand
Ltd. (NSBQG) as geological consultants. Based on hot-spring water chemistry and geothermo-
metry, compiled by the GSC, both EMR and BCH chose the Mt. Meager Volcanic Complex as
the first target of examination. Thus was started a project of cooperation, at times formal and at
other times informal, that was to last for most of the life of the EMR Program. A full
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description will be found in Volume Two of this report.

Regina

The second area of interest to EMR scientists was the geothermal potential of sedimentary
aquifers. It was known that such resources were in use in Hungary and France. In 1975 a
contract was let for a study of the data set known as the Geothermal Survey of North America
(Conolly, 1972) and analysis in terms of its use as an indication of the potential for geothermal
development in Canada. This first contract was let to Sproule Associates Ltd., of Calgary. The
principal investigator was H.A.Gorrell, who took a keen interest in the topic from that time until
his death in 1985, providing an extremely valuable industrial perspective to the course of the
research.

Early in 1977 the University of Regina approached EMR with the question of a geothermal
demonstration project of geothermal water from sedimentary aquifers at the University. A
feasibility study, funded by the Geothermal Energy Program, showed that the prospects for
geothermal water were good, and a well was drilled in the winter of 1979 to a depth of 2214 m.
Tests showed that the geothermal potential was excellent, the potential flow rates being higher
than predicted, but the temperature being slightly lower than expected. The water was saline,
roughly four times as saline as sea water, and a reinjection well would have been required.

Unfortunately, the large sports building that was intended to be the load for the well was not
built, and the remainder of the campus uses a steam heating system, and so the well has never
been used for its intended purpose. However, it has been used as a research facility, for
temperature logging, hydrofracture testing, water level monitoring and corrosion testing. It has
thus been of great value to the Geothermal Energy Program, in a manner that was not originally
intended. A full account of the Regina project and of the data obtained from the well will be
found in Chapter 3.

ENGINEERING AND ECONOMIC STUDIES

In the year 1981/82 an engineering component was added to the Geothermal Energy Research
and Development Program, in order to provide information on the technology and economics of
use of the resources being investigated by the earth scientists. This responsibility was assigned to
the National Research Council, and an account of the work done appears in Chapter 6. Early
contracted studies were very general in nature, but after the first two years the emphasis shifted to
specific feasibility studies associated with the growing demand from potential users, as described
in the next section. In 1984 a comprehensive report on the "Regulatory and Commercial aspects
of Geothermal Energy Development" was produced under contract, which examined the current
state of Canadian law regarding geothermal development, provincial assistance programs,
taxation, incentives, and institutional factors.
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GROWTH OF OUTSIDE INTEREST

Starting in 1983, participants in the Geothermal Energy Program received a growing number of
enquiries from outside agencies interested in the use of geothermal resources at specific
locations. In addition to the projects at Meager Creek and Regina, which received substantial
assistance from the Program, there were several that involved a municipality and commercial
consultant, notably Springhill, Nova Scotia, Moose Jaw, Saskatchewan, and Summerland, British
Columbia. Details of these enquiries are given in Chapter 6 and in volume two of this report.

THE GEOTHERMAL COMMUNITY

One of the tasks perceived by the managers of the Geothermal Energy Program was to build up a
core of expertise in government and industry, to carry on the exploration for and development of
geothermal resources after the end of government involvement. Of the core group of five
scientists and engineers that steered the Geothermal Energy Program from 1976 to 1986, four are
now retired (2007) and none remains in a scientific role. All university participants whose
location is still known have retired. Consultants who developed a strong interest and expertise in
geothermal resource exploration and development have necessarily moved on to other things and
we can reasonably assume that the experience is almost totally dissipated.

In the later years of the Program "Conservation and Renewable Energy Officers" (CREOs) were
set up by EMR in the provincial capitals. The duty of these officers was to facilitate joint
projects of demonstration of energy conservation or renewable energy, including geothermal
energy, in response to provincial or industrial initiatives. This system has since been terminated.
Names and addresses of the principal federal participants are given in Appendix 2. Names of the
CREOs are not recorded and cannot be presented here.

Provincial governments and agencies

Provincial governments have not generally been involved in research into geothermal resources.
However, some of them took an interest in federal activities. Significant interest was shown by
British Columbia, Alberta and New Brunswick. Only British Columbia and Nova Scotia have
enacted any legislation that specifically deals with the exploration and development of
geothermal resources. In British Columbia structures are in place that allow for the leasing of
land for exploration and the permitting of drilling. In Nova Scotia legislation has been developed
to regulate the development of low-temperature resources in abandoned mines. In British
Columbia most of the direct exploration has been carried out by BCH, as recounted above, but
the lease taken out by O'Brien Resources Ltd. for exploration in the Mount Cayley area was the
first provincially regulated geothermal activity in Canada. By 1986 activity had ceased, and
attempts were being made to find a profitable use for the three deep wells drilled by BCH at
Meager Creek. Legislation has been enacted permitting the generation of power by private
companies for export to the US. This encouraged a new look at the potential for electrical power
from geothermal resources in the Meager Mountain area.

In Alberta collection of temperature data from files of the Oil and Gas Conservation Board, by
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the Physics Department of the University of Alberta, has been sponsored by the Alberta
Department of Energy and Natural Resources. Unfortunately, publication of this data-base was
not a condition of the funding, and the task has been recommenced by the Alberta Research
Council under its hydrogeology program. Data collection has been extended by federal
operations in neighbouring provinces and the data have been analysed of the data in terms of
temperature field and implied hydrodynamic patterns.

In New Brunswick provincial geophysicists have compiled data on surface heat generation as an
indicator of radiogenic potential of intrusive rocks, and have taken a strong interest in the
geothermal potential of the Fredericton Graben.

All of these activities are described in more detail in the appropriate Chapters of this report.

The industrial community.

The ultimate requirement for the successful development of any energy resource is a strong
industrial community. Thus the succession of contracts was aimed not only at the specific tasks
contracted, but also at the development of a geothermal community in industry so that there
would be a technological base to take advantage of commercial geothermal opportunities.
Companies that performed surveys or studies for the federal government or other agencies are
given in Appendix 3, with an indication of their particular interests.

The university community

Some contracted studies have been more suited to the academic research style than to industrial
consultants. By this means a basic scientific component of research was maintained and
enhanced.

The greatest university participation has been by the University of Regina, where a major
feasibility study was contracted out, a demonstration project was designed, and a deep
water-production well was drilled on the campus. The University work proved the resource
beneath the campus.

The University of Alberta maintained an earth-science approach and carried out a series of
thermal analyses of parts of the Western Canada Sedimentary Basin. These gave new insights
into the detailed thermal nature of the Western Canada Sedimentary Basin and the possible
transfer of heat by water flow as well as by conduction.

The University of Toronto performed stress measurements in the rocks surrounding the well at
Regina, which added to their knowledge of the stresses throughout Canada and would have
provided important information if exploitation of hot dry rock had ever become a reasonably
economic prospect.

These programs will be described in detail in Chapter 3. A list of the principal university
participants, with their research specialties, is given in Appendix 2. Most of these participants
have since retired.
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Municipalities

Several municipalities have taken an interest in the development of geothermal resources for
space-heating or other uses. These have been described briefly above, and further details appear
in the appropriate Chapters of this report. Direct approach to the Geothermal Energy Program has
been made by many, including the Town of Edson, Alberta, the City of Moose Jaw,
Saskatchewan, the Town of Springhill, Nova Scotia, and the Town of Summerland, British
Columbia. Approach through the Remote Community Demonstration Program has been made
on behalf of Hot Springs Cove.

The public

Over the life of the Geothermal Energy Program numerous talks were given to high schools,
university groups, energy-related courses, church groups, clubs, and civic meetings associated
with the municipalities listed above. The "Shell Merit" course for school teachers on energy
requested a presentation every year from 1981 to 1985. All the federal participants have been
involved. British Columbia Hydro and Power Authority made a film entitled "The Earth's
Furnace" to describe geothermal resources and their exploration Program at Mt. Meager.
Although the development work has been stopped, the film remained a valuable educational tool
for some time. It was generally found that the public had very little knowledge of geothermal
resources. Where there was any knowledge it was generally considered that such resources were
to be found in very limited parts of the world, and not in Canada. With balanced information
popular enthusiasm for solar energy, which was successfully generated at the time of the "energy
crisis", could have been extended to the other, less familiar, unconventional sources of energy.
This task was beyond the capacity of the participants in the Geothermal Energy Program and was
neglected by those with the resources to perform it. In early 2007 the public interest in global
warming and the energy-related causes is again high, and public awareness of alternate energy
sources should be stimulated.

Technical groups and symposia

During the period of the Geothermal Energy Program the subject of geothermal energy attracted
considerable interest from technical groups and some special groups were set up to provide
opportunities for dissemination of results. The Canadian Geothermal Energy Association
(CGEA) was started in Vancouver at the end of 1976, by the efforts of NSBG and the federal and
provincial geothermal scientists. A technical session was arranged in conjunction with the
Canadian institute of Mining and Metallurgy in Vancouver in April 1978, and for some years the
Association continued to hold a technical session with its annual general meeting in April, in
British Columbia. CGEA has held sessions on sedimentary aspects at prairie locations. The
Association has remained small and has never exceeded about 60 people, but it is still in
existence in 2007.

An informal group known as the Sedimentary Panel on Geothermal Energy (SPONGE) met in a
prairie location from 1979 to 1986, to discuss geothermal matters related to sedimentary basins.
The meetings were organised by the federal Coordinator, and most of them were held at the
Institute of Sedimentary and Petroleum Geology, Calgary.
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The University of Regina has held two conferences, in 1982 and 1984, on all aspects of energy
under the name Energex. Because of the strong interest of the University in geothermal research,
these included sessions on geothermal topics.

A Geothermal Energy Review Meeting (GERM) was held at the Earth Physics Branch, Ottawa,
in March 1982. Review papers were presented by all federal participants and current projects
were reported by numerous contractors and others.

A one-day meeting on Electrical Power from Geothermal Sources was organised by the British
Columbia Ministry of Mines and Petroleum Resources in November 1983. The meeting was
held at the Pacific Geoscience Centre, near Victoria, and was chaired by R.Durie, Assistant
Deputy Minister, and David Anderson, Executive Director of the U.S. Geothermal Resources
Council provided a paper and an outsiders assessment of the situation as revealed.

The international community

The Committee on Challenges to Modern Society of the North Atlantic treaty Organisation
(NATO-CCMS) sponsored a series of informational meetings from 1973 to 1980. The aim of the
meetings was the free flow of information and the enhancement of international knowledge of
research and development of relevance to the member countries. The initial meeting, was held
at the Lawrence Livermore Laboratory in California on 1 to 5 October 1973, and included visits
to the Geysers geothermal power plant, California, the research sites in Imperial Valley,
California, and the Cerro Prieto power plant in northern Mexico. Four Canadian delegates
attended. Meetings were later held at sites of geothermal development, including Los Alamos,
U.S.A.; Pisa, Italy; Wairakei, New Zealand; Reykjavik, Iceland; Paris, France; and the Azores,
Portugal.

In addition Canadian scientists have made visits to the hot dry rock research site in Cornwall,
England, to sites of sedimentary exploitation in and around Paris, France, at the time of a
promotional meeting in 1983, to Los Alamos to observe progress on the Hot-Dry Rock Program,
and to Larderello and Pisa, Italy, for observation and for lecturing to the International Course on
Geothermal Energy.

On 9 and 10 June 1976 a meeting was held in Paris on the subject of the uses of hot water from
sedimentary basins. This meeting was an excellent introduction to the current exploitation and
the geothermal potential of sedimentary basins. The system in place made use of pairs of wells,
one to produce and one to reinject, with the spacing of the wells in the producing formation
designed to give a lifetime of 30 years before the production stream began to suffer from the
cooled reinjection stream. Further details of these systems are to be found in Chapter 3.

Several reports were produced by the managers of the group. Non-electrical uses were examined
in detail (Howard, 1975a, 1975b). The final report of the group was entitled "Creating an
International Geothermal Energy Community" (Howard, 1978), a task that was successfully
achieved. An International Geothermal Energy Association was set up in 1989, with the aim of
fostering an international community and of holding international meetings at five-year intervals.
The last was at Antalya, Turkey, in 2005. The Canadian Geothermal Energy Association is now
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affiliated with the international organisation. Despite the availability of cheaper oil after 1984,
many countries, notably those without major hydrocarbon resources continued to invest in
geothermal energy.

The Geothermal Resources Council of the U.S.A. holds annual technical meetings, some of
which of which have been attended by Canadian scientists and engineers. Individual contacts
have been maintained with the geothermal community in many countries, by attendance at
meetings, by visits and by informal exchange of papers and reports.

ASSESSMENT OF THE RESOURCE

Methods and definitions for the assessment of geothermal resources have been proposed by
Muffler and Cataldi (1978), to follow the conventional terms for hydrocarbon or other mineral
resources. The conventional definitions may be applied directly to geothermal resources, but the
character of the resource introduces some peculiarities in the separation into the various
categories. Differences generally result from the fact that most mineral resources are material,
either solid, liquid, or gas, whereas the geothermal resources is heat - energy itself. For the
purpose of definition these differences may be summarised as follows: 1 - the heat requires a
carrier and cannot be recovered independently. The carrier is usually water, which normally is
naturally associated with the heat. However, the fluid may be introduced artificially, including
reinjection of spent fluid, and it need not necessarily be water. 2 - The resource of heat may be
renewable, but not necessarily in an economic time-span. Thus the usable resource may be larger
than the static resource estimated from present conditions, but with a time-factor that is not
included in the conventional resource terminology. 3 - The size of the resource depends on the
use to which it is to be put. Thus, water at 60 °C is a useful resource for space-heating, but is not
useful for the generation of electrical power. This is in contrast with the conventional situation
where one useful commodity is uniform in its application.

The divisions so defined are illustrated in Fig.1, in a manner described by McKelvey (1972).

The "geothermal resource base" is the total thermal energy in the earth's crust beneath a specified
area, measured from local mean annual surface temperature. The limit of the resource base at the
base of the crust is somewhat arbitrary, since the heat in the whole earth is equally inaccessible
for the foreseeable future. The resource base is divided into "accessible resource base" and
"inaccessible resource base", the division being defined by the reasonable limit of accessibility by
drilling, which has been arbitrarily set at 7 km. Drilling technology has been advanced in the
U.S.S.R. and in Germany, but the cost of such drilling as far as 7 km is still extremely high, and
there is no reason at present to change the definition. As with all minerals, and for various
physical and economic reasons a fraction of the accessible resource base will always be left in the
ground, and it may thus be divided into "useful" and "residual". The criteria for usefulness
depend on a subjective prediction of purpose, recovery technology and economics at some future
time. "Geothermal resource" may now be identified with the useful accessible geothermal
resource base.

Geothermal resources, particularly those of moderate or low temperature have the additional
criterion of geographical location, because of the economic impossibility of transportation over
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Fig 1 McKelvey diagram, showing the subdivision of geothermal resources into
various categories.

long distances. All parts of the accessible resource base may be divided further into discovered
and undiscovered parts. This is shown by a vertical line on Fig.1. The discovered part of the
geothermal resource is further divided into economic and subeconomic portions, the criteria
depending on conditions at the present time. We may now define "geothermal reserve" as that
part of the geothermal resource that is known and economically and legally usable at the present
time.

The distinction between discovered and undiscovered resources is somewhat indistinct in
geothermal resources in sedimentary basins. Sedimentary aquifers are generally known to extend
over long distances, temperature is a continuous field and reasonably known in the Western
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Fig.2 Temperature and heat content of the crust of the earth to a depth of 10 km,
based on terrestrial heat flow of 40, 65, and 90 mW/m?, thermal conductivity of
2.5 W/mK, heat generation of 4 uW/m’, density of 2500 kg/m’ and specific heat
of 800 J/kgK. Red lines show temperature. Blue lines show the heat content of
the crust down to that depth. The grey horizontal line shows the depth of 7 km,
used as a cut-off point for the geothermal resource.
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Canada Basin, and it may be reasonably assumed that porosity and permeability is generally
continuous and that the resident fluid is water. However, the properties of an aquifer at any
specific location cannot be defined with certainty without examination of well records from that
location, or, better, the drilling of a test-well.

Estimation of the resource base

It is difficult to calculate with any degree of certainty the total heat in the earth, since the
temperature, the physical properties of materials under ambient conditions of temperature and
pressure, and the nature of the material itself are known only by interconnected models and
conjecture. However, assumptions can be made on the basis of low, average and high heat flow
in areas that are not severely disturbed by volcanic activity or water flow. The average heat flow
over the land surface of the earth is about 65 mW/m*. For calculation we will take low, average
and high values as 40, 65 and 90 mW/m*. Assuming thermal conductivity of 2.5 W/mK, heat
generation of 4 uW/m’, Density of 2500 kg/m*® and specific heat of 800 J/kgK, the average heat
flow implies a total heat content, above surface temperature, in the rocks to a depth of 7 km, of
about 1.1 TJ/m?*. Fig 2 shows temperature and heat content for areas of low, average and high
heat flow.

In a world of total land area of 150 x 10° km?* this amounts to about 160 x 10**J. Since the land
area of Canada is about 10 x 109, the resource base below Canadian territory is about 11 x 10 J.
These quantities are very large and well beyond the scale of human energy usage. They are also
meaningless in terms of exploitation. The difference between a “resource base” as defined above
and the “useful resource” is extremely large and varied in location and time.

Geothermal resources are found in different geological settings, at different temperatures, and in
different market options. The uses to which they may be put are so diverse that the assessment of
useful reserves and resources can have meaning only if done in the context of the local conditions
For this reason it is left to the chapters dealing with the different regions.
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CHAPTER THREE

GEOTHERMAL RESOURCES IN SEDIMENTARY BASINS

INTRODUCTION

Geothermal sources in sedimentary basins are of moderate to low temperature. Water is
produced through a well that strongly resembles an oil well. Since the water is usually saline,
heat is removed through either a simple plate-type heat exchanger or by means of heat pumps.
Used water is normally reinjected to the producing aquifer through a second well

Investigation of the geothermal resources of Canadian sedimentary basins has been substantially
modelled on the French experience in the Paris Basin. Geothermal exploitation of the Paris Basin
began at Villeneuve la Garenne in 1976. The normal configuration of wells, widely used in
France, consists of pairs, or "doublets" of wells, one to produce and one to reinject the cooled
water. The wells of each pair were drilled within a few metres of each other, but angled so that
the separation at the aquifer was of the order of 1 km. This system was designed to provide
pressure maintenance in the reservoir and to permit the disposal of potentially harmful brines
after use. However, it imposes a finite lifetime on the production of hot water, since the cooled
water eventually completes the circuit.

In France there was a keen interest in geothermal development from 1973 to about 1990,
followed by a period of decline. There has been “a boost in activity since 1998, following the
Kyoto Agreement, and the decision taken in France to resume an active policy for energy
management and the development of renewable energies.” At the end of December 2004 there
were 51 deep geothermal production plants in operation in France, mainly in the Paris and
Aquitaine Basins. Water temperatures ranged from 25 °C to 85 °C, and the total energy utilisation
was 4727 Tl/yr (Laplaige et al., 2005)

Geothermal reservoirs in sediments are mostly associated with flat-lying or gently dipping
aquifers of basins or platforms, they extend over long distances, often of hundreds of kilometres,
and they take the shape of the layered host-rocks. In disturbed zones, such as the Rocky
Mountains, aquifers may be steeply inclined or truncated by faults. Most aquifers are found in
sandstone or carbonate formations, and the porosity may be as high as 25%. Most sedimentary
rocks are porous to some extent, with the exception of evaporites such as salt, but only when
porosity exceeds about 10% can they be thought of as reservoirs. The ability of a well to produce
water over a long period of time depends on permeability of the rock as well as porosity, and both
properties must be adequate to provide a good geothermal reservoir.

Temperatures in sedimentary aquifers in the Western Canada Sedimentary Basin (WCSB) range
from below zero to 150 °C and possibly higher in very deep or very hot basins. Higher
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temperatures will give a larger supply of heat, since the amount of heat to be extracted from the
water depends directly on the reduction of temperature that can be achieved, but higher
temperature demands deeper and more expensive drilling. Since heat pumps may be used to raise
temperature of any water, freezing of the water determines the lower limit of the temperature of
the source. The definition of a useful resource at any location depends on the intended use and
the costs involved compared with competing energy sources. The design engineer must balance
the energy requirements with the costs of drilling, heat pumps and maintenance for each
individual project.

Exploration for geothermal water in sedimentary basins usually benefits from the large amount of
previous work by the hydrocarbon industry, in fact it is unlikely that geothermal exploration
could be economically worthwhile alone, despite the enormous size of the resource. Thus a
relatively undeveloped source of energy has benefited from the expenditures in search of a well
established energy source.

Since water is present to some extent in all sediments, with the exception of halite and other
evaporites, there is a very good chance that geothermal heat may be recoverable from some part
of the section at any point in a sedimentary terrain. However, the amount of water, its
temperature, chemical character, pressure and potential production rate may vary considerably
from place to place, even in the same aquifer. Thus the economic geothermal potential must be
individually evaluated at any proposed location.

REVIEW OF CONTRACTED STUDIES

Most of the contracted studies were performed by Sproule Associates and their allied engineering
companies, by the University of Regina and their subcontractors, or by the University of Alberta
and associated consultants. In general, Sproule Associates provided the link with the expertise of
the hydrocarbon industry in drilling technology and knowledge of aquifer characteristics. The
University of Regina embarked on a demonstration project, which unfortunately could not be
completed, and some new ideas on aquifer analysis and potential applications of geothermal
energy. The University of Alberta provided mapping and interpretation of the observed thermal
patterns throughout the Western Canada Sedimentary Basin.

Reports from Sproule Associates

Sproule Associates Ltd., 1976. Study of geothermal resources in western Canada
sedimentary basins from existing data, phase one.

Research into geothermal resources of Canadian sedimentary basins began in 1975, when the
Earth Physics Branch let a small contract to Sproule Associates Ltd., of Calgary, to look at the
possibilities of geothermal energy from the WCSB. The study covered basins from the Williston
Basin in Saskatchewan to the Mackenzie Delta in the Northwest Territories. The contractor was
asked to indicate in broad terms the areas where geothermal resources were most likely to be
found.
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At that time a large file of temperature data from wells throughout North America had been
compiled under the name "Geothermal Survey of North America". The Canadian data had been
added by compilation from provincial data files by a Canadian member of the organising group
(Conolly,1972). The contractor was asked to examine this data file, combine it with a knowledge
of the aquifers, derived from experience as a consultant in reservoir engineering for the oil
industry, and thus interpret in terms of geothermal potential.

It was found that, as a general rule, the temperature gradient is inversely related to the depth of
sediments. In the deeper parts of the basin, close to the Rocky Mountains, the gradient is low,
and in some of the shallower parts of the basin, towards the edge of the exposed Precambrian
shield, the apparent gradient is significantly higher. However, the depth variation is stronger than

the gradient variation, so that, in general, the temperature at the base of the sediments is higher in
the deeper parts of the basin.
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Fig.3 Temperature at the base of the sedimentary column in the Western Canada
Sedimentary Basin, derived from the work of Sproule Assoc. (1976). Each profile
of wells is shown with the maximum log-heading temperature. The dashed line
divides areas having log-heading temperatures above and below 80 °C.

The results are summarised in Fig.3, which shows the approximate temperature at the base of the

sedimentary formations. This map clearly shows that there are wide areas where good
temperature is available, but it does not show the qualities of the reservoir rocks, the probable
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production rates, or the potential markets for the energy. The most promising areas are in
southern Saskatchewan, western Alberta, northeastern British Columbia, and the southwestern
corner of the Northwest Territories.

Sproule Associates Ltd., 1977. Study of geothermal resources in western Canada
sedimentary basins from existing data, phase two.

A second contracted study by Sproule Associates Ltd. concentrated on three areas: rural southern
Saskatchewan, Calgary, and Fort Nelson. The report began by stating that temperatures in the first
report referred to the deepest formations, usually the Cambrian, whereas the best aquifers were
probably at lesser depth. It also pointed out that there was very little data on porosity and
permeability of water-bearing formations, since the oil industry had no interest in those.

In the Weyburn area is in the Williston Basin, the centre and deepest parts of which are in the
USA. Three formations were identified as potential sources. The Winnipeg Formation has
maximum depth in Canada of about 3200 m, temperature in the deepest parts of about 95 °C,
good porosity and very high salinity. The Winnipegosis Formation has maximum depth of about
2750 m, with temperature about 80 °C, good porosity in limestone rock, and high salinity. The
Interlake Formation has a depth of about 2300 m, with temperature of about 55 °C. Porosity in
the Interlake Formation tends to be local rather than regional. Apart from the towns of Weyburn
and Estevan the area is rural, so potential users would be mainly agricultural.

In the Calgary area the best geothermal prospects are in the Elkton Member of the Turner Valley
Formation and the Crossfield Member of the Wabamun Group. Strata incline towards the west.
In the City of Calgary the Crossfield Member is at a depth of about 2900 m, the temperatures are
about 74 °C. Water tends to contain fairly high quantities of bicarbonate and sulphate and
hydrogen sulphide may be present in any wells in this area. Porosity and permeability are not
well known and may vary considerably within the area. The Elkton Member is at a depth of
about 2500 m, has temperature of about 65 °C. The major dissolved solid is sodium chloride and
hydrogen sulphide is present. The City of Calgary now (2007) has a population in excess of one
million and provides a large market for space heating.

In the Fort Nelson area the available data comes from the Clarke Lake gas field., which is about
10 to 15 km distant from the town. The only stratigraphic unit for which there is any significant
data is the Slave Point Reef, from which the gas is produced. Temperatures are about 110 °C, at a
depth of about 2000 m. The main dissolved solid is sodium chloride and the salinity is similar to
that of sea water. Apart from the town of Fort Nelson, there is little or no market for thermal
energy.

It was concluded that southern Saskatchewan offered the best prospects from a geological point
of view, but all three areas had possibilities. This report gave a good indication of the extent to

which data generated by the hydrocarbon industry can be used for geothermal assessment.

Sproule Associates Ltd., 1978. Report on the acquisition of data on the
lithological character of the sedimentary rocks, Western Canada.
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This report provided lithological data on a selected set of 225 wells uniformly distributed over the
Western Canada Sedimentary Basin from 49°N to 63°N. The data took the form of estimates of
the content of each stratigraphic unit in terms of rock type. From these data it was possible to
derive estimates of the thermal conductivity of each unit. These data have been used extensively
in numerous studies of the thermal state of the basin. Since the report contained proprietary data
it was not published.

Sproule Associates Ltd., 1983. Report on study of the feasibility of geothermal
reservoir mapping in deep sedimentary basins using existing data.

A fourth contract to Sproule Associates Ltd. continued in the progression of analyses in areas of
decreasing size. This study first looked at the grid of 225 wells chosen for the previous contract
and summarised the relevant information available for each site. This kind of survey can provide
a very limited knowledge of the resource, because any individual well record contains only partial
data. To examine an area in sufficient detail requires the examination of as many wells as
possible. The second part of the study examined the area around Innisfail and Red Deer, since it
combined the presence of potential markets on the surface with a well-known reef reservoir
below. This was considered to be a large area for a geothermal study, because of the large
number of wells. Any specific geothermal target area would be smaller and the wells in the area
would be more closely scrutinised. The study area contains several units that may provide a
geothermal resource, but they need to be examined on a more localised basis. For example, the
Leduc Reef is capable of supplying large quantities of saline water at temperatures of 70 °C to

80 °C, but only in a part of the study area.

GorrelllH.A., 1984. Applications of existing data to low temperature geothermal
exploration.

This conference paper summarised the experience gained in using industrial data from the
hydrocarbon industry to derive information on geothermal resources. It was concluded that there
is a very large amount of information available and most of it is in the public domain. However,
information on the stratigraphic units that have the best geothermal potential is not complete,
since the industry has been looking for oil and gas and not water.

Reports from the University of Regina

Vigrass,L.W., Kent,D.M. and Leibel,R.J., 1978. Low-grade geothermal project,
geological feasibility study, Regina - Moose Jaw area, Saskatchewan.

Starting in 1977, The University of Regina performed a geological feasibility study of the concept
of geothermal resources in the Regina - Moose Jaw area. The report showed that prospects for a

usable supply of hot water from aquifers below Regina were excellent.

The report showed that there were excellent aquifer formations below the study area, each of
which could give a good supply of hot water. The best target was a combination of the Winnipeg
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Formation (depth 2042 m and thickness 34 m) and the Deadwood Formation (depth 2088 m and
thickness 137 m). Temperatures were predicted to be 71 °C in the Winnipeg Formation and

74 °C in the Deadwood Formation. Combined flow was estimated at a maximum of 400 m*/hr.
It was predicted that the water would be found to have a high sodium chloride content, probably
about four to five times the salinity of sea water, and a low content of hydrogen sulphide.

There were several good reservoirs at shallower depths, including the Interlake Formation (depth
1825 m and temperature 64 °C), the Winnipegosis Formation (depth1726 m and temperature
63 °C) and others with temperatures less than 50 °C.

The report concluded that “Geological and engineering conditions for low-grade geothermal
energy are favourable at the University of Regina and, pending the results of other studies, a
geothermal research-test-demonstration facility is warranted.”

Supplementary reports included a seismic profile, a seismic data compilation, and an engineering
study.

Vigrass,L.W., 1979. Final well report, U of Regina 3-8-17-19 (W.2nd.Mer.)
Saskatchewan.

A well was drilled on the campus of the University of Regina between 28 December 1978 and 7
February 1979. The aquifers in the deeper part of the well were capable of supplying the needs of
the sports building that was planned to make use of the heat from the well. Strata depths matched
predictions very closely. Temperatures at the bottom of the well were still highly disturbed by
drilling, but log-heading data suggested a bottom-hole temperature of about 70 °C. Salinity was
observed to amount to 10 to 12% dissolved solids by weight, and dissolved hydrogen sulphide
was present.

It was estimated that water could be produced at 100 m*/hr at about 65 °C, with a draw-down to
131 m below the surface after seven years. Power requirements for pumping were predicted at
66 kW, about 1.9% of the 3.5 MW of heat available assuming a baseline temperature of 35 °C.

Because of the high salinity and the potential for surface pollution, the used water would have to
be returned to the formations from which it came. This would mean the drilling of a reinjection
well to put the water into the formation at a distance sufficiently great to avoid recycling within

the lifespan of the system.

Vigrass,L.W., 1980. Completion and pump test, U. of Regina 3-8-17-19, phase 1b
- geothermal project.

During the summer of 1979 the Regina well was completed with “open hole” in the Winnipeg
and Deadwood Formations, below the casing shoe at 2034 m depth. Two six-hour pumping tests
were carried out at 100 m*/hr. Water temperature was about 60 °C. Draw-down was calculated
to reach 222 m below ground level after 2,500 days.
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Vigrass,L.W., 1980. Geothermal Feasibility Project at Regina. Phase 2: disposal
well and pipeline.

This is a proposal rather than a report. It outlines the technical and financial requirements for the
continuation of the Geothermal Demonstration Project. Since the Province os Saskatchewan
withdrew the promise of funding for a large new sports building, the recommendations were
never implemented.

Postlethwaite,J., Vigrass,L.W., Gummadi, V., Neufeld,R. And Kybett,B.D., 1980.
Water chemistry testing on western Canada geothermal waters.

Dissolved solids in the water from the Regina well were found to be 101,000 ppm, mainly
sodium chloride, but with potassium, calcium, magnesium, bicarbonate and sulphate present in
small amounts. Dissolved gases were hydrogen sulphide (19 to 24 ppm), carbon dioxide (52
ppm), nitrogen (35 ppm) and oxygen (0.9 to 1.2 ppm). The hydrogen sulphide and oxygen were
identified as potential contributors to corrosion problems.

Vigrass,L.W., 1983. University of Regina Geothermal Project, Phase 2a, work
preliminary to drilling of disposal well and building of pipeline.

The optimum location of a disposal well was found to be 1000 m north-east of the first well,
based on considerations of aquifer pressure changes, return of water to the production well, and
costs of piping disposal water on the surface to the top of the injection well. Retrofit of two
buildings on the campus and initial fitting of a new building for use the geothermal water was
recommended.. The recommended geothermal demonstration at the University would probably
not be economic, depending on the future rise of energy costs. This report also included a sub-
report on mathematical modelling of the two-well production and reinjection system.

Vigrass,L.W. and Jessop,A.M. 1984. Regina geothermal experiment - geological
and hydrological aspects.

This conference paper summarised the stratigraphic sequence penetrated by the well at Regina
and the observed hydrological properties of the potential producing formations. It concluded that
the Basal Clastic Unit, the Winnipeg and Deadwood Formations, is capable of geothermal water
production for a long period of time with reasonable drawdown.

Hutchence,K., Vigrass,L.W., Law,A.G. and Weston.J.H. 1984. Modelling of the
Regina geothermal aquifer.

This conference paper reviewed the modelling of the aquifer at Regina during production of water
at the existing well and reinjection at a second well at a distance of 1 km. It was shown that, on
the assumption of laterally uniform strata and continuous water production and reinjection in the
Basal Clastic Unit of 100 m’/hr the initial water breakthrough would occur at 18.3 years. Since
the cooled water would be reheated by the solid rock, which contains about 3.2 times as much
heat as the water, the temperature decline at the production well would not be significant until
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after about 45 years.

Ruse,D.C. and Vigrass,L.W., 1985. Deepening of the University of Regina 3-8-17-
19 well.

In March 1985 an attempt was made to deepen the well at Regina. The purposes of this were to
clear the hole for accurate temperature logging through the whole of the productive aquifer
formations and into the Precambrian basement rocks and to obtain samples of basement rock for
isotope analysis. Drilling difficulties, mainly because of lost circulation in the aquifer formations
prevented deepening beyond 11 m, and no core of the Precambrian basement could be obtained..
This achieved the first objective but not the second.

Garven,G. And Vigrass,L.W. 1985. Modelling of deep groundwater flow in
Saskatchewan.

Mathematical analysis of the known characteristics of aquifer formations in Saskatchewan
showed that possible flow rates are quite capable of perturbing the normal conductive heat
transfer, and hence temperature fields, in the sedimentary strata.

Vigrass,L.W., Viraraghan,T. and Curtis,F.A., 1984. University of Regina,
Preliminary study use of geothermal energy in wastewater treatment.

Low grade heat, if available at low cost, could be used to improve the performance of wastewater
treatment plants. The use of geothermal heat is technically possible but economically

unattractive.

Hutchence, K. 1985. Subsurface modelling for geothermal production and energy
Storage.

Thermal energy can be stored in aquifers in sedimentary basins with efficiencies of 80 to 90%.
Extra input during the initial input phase can have a lasting effect on the efficiency of the system.

Reports to the University of Regina

Bens,A.R., McCartan,J.J. and Vigrass,L.W. 1982. Use of geothermal energy at
the University of Regina - results of an engineering and economic study.

Given that the sports building that had originally been associated with the geothermal
demonstration project was no longer to be built, an engineering and economic study of the use of
the geothermal resource within the existing buildings of the campus had been performed. Retrofit
operations considered were direct air heating and other means of space heating, swimming pool
heating, provision of domestic hot water.

It was concluded that ”The recommended option has considerable technical merit, and also
considerable economic merit if energy costs continue to escalate at a rate well above the inflation
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rate.” and “If energy costs do not escalate at a rate well above the inflation rate, then the
economic case is not compelling.”

Bens,A.R., and McCartan,J.J. 1982. Use of geothermal energy combined with
conventional energy sources at the main campus University of Regina.

This report is the basis of the previous published paper. It has not been possible to obtain access
to this report, but it is probably kept in the archives of the University of Regina.

Reports from University of Alberta

In 1978 the University of Alberta began to take a new look at the question of data collection from
oil and gas well files. The oil and gas industry has drilled thousands of wells in the prairie
provinces, and well-organised provincial conservation engineers have maintained files of data
from all of them. Well files often contain bottom-hole temperature data, but their quality is not
always good. The data file assembled by the University of Alberta began by covering the
Province of Alberta, taking a maximum of twelve data per township (10 km x 10 km) where
wells were closely spaced. The file was later extended to include Saskatchewan, Manitoba,
British Columbia and the Territories north of 60°. In its final form it was considerably larger than
the Canadian part of the Geothermal Survey of North America, but it did not include all available
data and it has never been published or available to other users.

Provincial well files contain data on lithology and it is thus possible to derive a net-rock analysis
of each formation, or an estimate of the fraction of sandstone, shale limestone, etc. This has been
done on a commercial basis by Canadian Stratigraphic Ltd. Provided one can assign conductivity
values to these rocks, an estimate of conductive resistance can be obtained, for combination with
temperature data to give heat flow. The results have revealed strong lateral and vertical contrasts
of heat flow, which has been interpreted in terms of large-scale water migration in the aquifer
formations (Majorowicz et al.,1984, 1985, 1986). Description of the thermal state of the WCSB
is based almost entirely on this compilation and the subsequent interpretation.

Many contracts with the University of Alberta resulted in papers published in scientific journals
as well as the contract report. These papers are included in the bibliographies, and they are
indicated below, in square brackets, wherever there is a direct connection.. There are two main
categories of report; those that dealt with the temperature and geothermal gradient distribution
within the Western Canada Sedimentary Basin, and those that focussed on specific areas worthy
of more attention.

Lambert,K. 1980. Report of geothermal gradient study of two areas of Alberta.

A preliminary report of temperature gradient anomalies in Alberta, at Hinton and over the Steen
River structure in the far north of the province.

Jones,F.W., Rahman,M., Lam,H.L. and Sworder,J.E., 1983. A preparatory study
for application of geothermal energy in the Hinton/Edson area of Alberta.
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Based on previous studies of geothermal gradients in Alberta, the Hinton/Edson area was selected
as a potential target for geothermal development, because of a higher than normal gradient.
Contacts with he petroleum industry were attempted but met with a lack of interest. Possible
aquifer formations, production wells and surface applications were studied. Other areas that
show favourable opportunities include the Bowden Correctional Centre.

Jones,F.W. and Majorowicz,J.A., 1985. A study of the geothermal environment of
the Western Canadian Sedimentary Basin [Jones,F.W., Majorowicz,J.A.,
Linville,A. And Osadetz,K.G., 1986. Bull.Can.Petrol.Geol., 34, 226-239]

This report outlines the distribution of geothermal gradient both above and below the Paleozoic
erosional surface. There is a definite co-relation between areas of high geothermal gradient and
the presence of oil and gas pools in Cenozoic strata

Jones,F.W., Majorowicz,J.A., Ertman,M.E., Linville,A. And Nguyen,C.D., 1986.
Detailed study of the geothermal environment of the area included in map sheet
NN-12 - Edmonton

An analysis of industrial log-heading temperature data to produce a map of geothermal gradient.

Jones,F.W. and Majorowicz,J.A., 1986. Study of existing temperature data from
Canadian sedimentary basins, Phase 5, and Majorowicz,J.A., Jones,F.W., and
Jessop,A.M. 1988. Preliminary geothermics of the sedimentary basins in the
Yukon and Northwest Territories (60°N - 70°N) - estimates from bottom-hole
temperature data.

A review of the existing temperature data in the Territories, analysing in terms of anomalies in
temperature and geothermal gradients. It was thought possible that hydrodynamic forced
convection could be responsible , at least in part, for the anomalies in the southern part of the
study area, but this cause was probably not valid in the northern part.

Majorowicz,J.A., Jones,F.W. and Jessop,A.M., 1987. Low enthalpy geothermal
energy potential of the Western Canadian Basin - heat flow and hydrological
considerations.

A review of the aquifer formations showing the best potential for geothermal development in
regions of the Western Canada Sedimentary Basin. Generally the reservoirs mentioned had

temperature in excess of 60 °C, and some were as high as 130°C.

Jones,F.W., 1987. A study of the geothermal environment of the Lesser Slave Lake
map sheet NN-11 area.

An analysis of industrial log-heading temperaturedata to produce a map of geothermal gradient in
the 1:1,000,000 map sheet NN-11.
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Jones,F.W., 1988. A study of the geothermal environment of the Peace River map
sheet NO-11 area.

An analysis of industrial log-heading temperature data to produce a map of geothermal gradient in
the 1:1,000,000 map sheet NO-11.

Reports form other sources

Northern Geothermal Consultants, 1994. Study of the relationship of the thermal
and hydrogeological regimes of the Western Canada Sedimentary Basin: Study of
the anomalous regime in the northern Cordilleran Foreland Basin, and
Majorowicz,J.A., 1996. Anomalous heat flow regime in the western margin of the
North American Craton.

An examination of some large areas of elevated geothermal gradient in western Canada, including
a large northeastern British Columbia and the southern Northwest Territories between the
Cordillera and Great Slave Lake and an elongated zone to the east of the Rocky Mountains in the
Hinton - Edson area and extending towards Calgary.

Acres International Ltd, 1985. Moose Jaw Geothermal Study.

This report reviewed the aquifer formations below the City of Moose Jaw that are capable of
providing a source of water and the potential for retrofitting existing buildings to make use of the
energy resource. Four possible schemes of geothermal exploitation were presented. Each scheme
associated the total demand of the proposed users with the volume and temperature of the
geothermal water, and hence with pumping requirements and depth of drilling. It was concluded
that the smaller schemes, associating retrofit of a few close buildings with the renewed
Natatorium, offered the best prospects for economic use of a geothermal resource. Larger
schemes, involving retrofit of more buildings over a wider area were judged to be best left until
some operational experience had been gained.

Loveseth,G.E. 1988. Location, indentification and inventory of aquifers with the
greatest geothermal potential in the sedimentary rocks of Alberta.

This report was the result of a contract let by the Renewable Energy Branch of Energy Mines and
Resources after the end of the Geothermal Energy Program. This report suggested that
temperatures derived from drill-stem tests are much more reliable than temperatures from log
headings, commonly known as “bottom-hole temperatures”. This claim depended on the
relatively new technology of making such measurements, which involved a temperature recorder
that tracked the temperature changes as the fluid entered the well. It was also suggested that there
should be a program of taking reliable temperature measurements in wells that have been shut in
for some time, to allow temperature to stabilise. This would avoid the two problems of poorly
calibrated industrial equipment and drilling disturbance. The report was accompanied by a
collection of maps showing current information of depth, temperature, water salinity and capacity
of the main aquifer formations in Alberta.
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Loveseth,G.E. 1989. The geothermal resources of Saskatchewan and S.W.
Manitoba.

This report was a sequel to the previous report and provided maps of the same aquifer
characteristics for Saskatchewan and Manitoba.

REVIEW OF INTERNAL STUDIES

Jessop,A.M. 1976. Geothermal energy from sedimentary basins. Geothermal
Series of the Earth Physics Branch, No. 8.

This report reviewed the Geothermal systems of the Paris Basin, their design, spacing, energy
output and economics, and went on to describe the currently known opportunities in the WCSB.

Jessop,A.M. and Vigrass,L.W. 1984. The Regina geothermal experiment -
thermal aspects.

This conference paper presented the measured temperatures from log-headings, drill-stem tests
and accurate measurements in the well. It was shown that the industrial data from an extended
area and the industrial well log tended to exceed the accurate measurements by up to 15°C. The
best estimate of production temperature from The Basal Clastic Unit was 60 + 0.5 °C.

Jessop,A.M. and Vigrass,L.W., 1989. Geothermal measurements in a deep well at
Regina, Saskatchewan.

This paper presented all the thermal data and interpretations derived from the well at Regina,
including the interpretation of water flow in the open part of the well through the porous
formations, changes in thermal gradient through strata of differing conductivity, and the best
estimate of the terrestrial heat flow from the Precambrian basement.

EARTH SCIENCE ADVANCES

Research into geothermal resources of sedimentary basins requires the accumulation of a
knowledge of the present thermal regime of the basins and an understanding of the tectonic and
hydrodynamic forces that control that regime. For this reason, a series of contracted studies was
sponsored by the Geothermal Energy Programme, the work being done mainly in the Universities
of Alberta and Regina.

Temperature, gradients, and thermal properties

Temperature in sedimentary basins is surprisingly difficult to determine. Although well-logging
provides large numbers of data, they are of doubtful quality at best. Temperatures on the
headings of geophysical logs are usually recorded by maximum-reading glass thermometers,
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which are intended to reach their maximum temperature while near the bottom of the well before
the upward logging run. For this reason they are often referred to as “bottom-hole temperatures”,
abbreviated to BHT. Bottom-hole temperatures are taken at the time of maximum disturbance of
the well, they are often omitted, and they are subject to significant and unpredictable instrumental
and human error. For a comparison of bottom-hole temperatures with more accurate data see
Jessop (1990b). Despite their inaccuracies, large numbers of bottom-hole temperatures may, by
statistical treatment, give a general picture of temperature distribution and the major regional
anomalies. However, there is a tendency for BHT to be systematically high in wells of shallow
(<500 m) depth

The University of Alberta used their file of BHT to show variations in temperature gradient and
heat flow, both laterally and vertically, and very large anomalies have been found. The data file
was not generally open to other users, including the Geological Survey, it was highly selective of
wells, and it has been mostly superceded by the Geological Survey and the Alberta Research
Council.

Drill-stem test reports often include a record of temperature. Most of these have been obtained by
means of a maximum-reading glass thermometer enclosed in the valve assembly. Human error
has been known to include the effects of cleaning the equipment with a hot-water hose before
removing the maximum-reading thermometer. The large thermal mass and long thermal time-
constant of the valve assembly make single maximum readings unreliable. Modern equipment
includes a recorder that produces a temperature reading at intervals, typically of thirty seconds or
one minute. This provides a means of judging the approach of the temperature recorder to the
temperature of the formation water.

Temperature logs are intended to show anomalies, such as zones of setting cement, they are run at
times of maximum disturbance, and calibration of the thermometer system is often neglected.
They are not intended as a measurement of equilibrium rock temperature and their scientific
value is extremely low.

Porosity, permeability and hydraulic potential

The porosity of a reservoir determines the amount of water available, and the permeability
governs the rate at which it can approach the well through the rock matrix, both of which are
determined from measurement on cores and from analysis of the rates of flow during drill-stem
tests. These properties combine to control pressure draw-down when the well is pumped and a
lifetime for any production well.

Hydraulic potential is determined from "shut-in" pressures recorded during drill-stem tests. The
pressure of the water in the aquifer determines the pumping requirements of the project. A high
pressure means that the down-hole pump may be of lower power and thus less expensive, and in
the extreme, artesian flow may provide the flow needed. However, high aquifer pressure requires
a more powerful reinjection pump, but since a surface pump can be used for reinjection, this is
much less expensive in both capital and maintenance costs.
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Drill-stem tests run by the hydrocarbon industry are usually in the upper parts of porous sections
where the hydrocarbons accumulate. Thus it is rare to have data on a complete porous section.
Geothermal analysis requires a knowledge of the porosity and hydraulic properties integrated over
each porous unit. Hydraulic potential may differ in adjacent porous zones separated by relatively
thin impervious layers. Thus, although data generated by the hydrocarbon industry is essential for
revealing the broad outline of geothermal potential, it does not provide complete information at
any specific site.

Chemical content of geothermal waters

Water in deep aquifers often has a high content of dissolved solids. Sodium chloride is the most
common solute, but calcium, potassium, sulphate and bicarbonate ions are often present, with
minor amounts of others. Dissolved gases usually consist of nitrogen and carbon dioxide,
sometimes with significant hydrogen sulphide, and minor amounts of helium and others. The
potential harm on the heating system from these chemicals must be carefully evaluated.

Data are obtainable from provincial records, where chemical analyses are stored with other well
data. Collections of water-chemistry data, in computer-compatible format, are available from

some commercial sources, for example International Petrodata Ltd.

Water flow and the thermal field

One of the main conclusions of the studies performed at the University of Alberta was that the
temperature field, and hence heat flow distribution, is strongly influenced by regional water
migration. It was hypothesised that basin-wide water flow, driven by the high elevation of the
southwestern margin of the basin towards the much lower northeastern part is sweeping heat
steeply downward in the southwest, and gently upward towards the northeast. This results in
reduced temperature gradients at shallow depth and enhanced temperature gradients at greater
depth in the southwest and the reverse in the northeast. This basin-wide pattern is distorted by
other flow systems in all parts of the basin.

This hypothesis has been disputed on hydrological grounds on the basis of the inability of the
aquifers to carry sufficient water flow. It is also possible that observed heat flow patterns have
been distorted by inadequate knowledge of thermal conductivity of clastic rocks. It has also been
observed that industrial temperature data tend to give high temperature gradients in shallow parts
of basins, and it is not clear to what extent these relatively shallow data are biassed upwards.
However, the published temperature fields are as accurate as possible, given that the data come
mainly from industrial BHT. The zones of high temperature gradient described in some of the
reports are real.

THE REGINA PROJECT

Co-operation between the Earth Physics Branch and the University of Regina began with a
meeting between Dr. L.I.Barber, President Dr. C.W.Blachford, Dean, Faculty of Graduate studies,
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and Dr.L.Vigrass, Director of Energy Research, all of the University of Regina, and
Mr.A.D.Hunt, ADM, Energy Policy, Dr.K.Whitham, Director-General, Earth Physics Branch,
and the present author, all of Energy Mines and Resources, on 21 February 1977.

The University had independently arrived at the idea of using geothermal energy to provide the
energy input to a geothermal demonstration project on the campus of the University of Regina. It
was agreed that the author would provide all possible technical help and advice to Dr Vigrass
with the aim of drawing up a plan for a demonstration project.

The demonstration plan that emerged called for the provision of space heating and domestic hot
water to a large sports and recreation facility on the campus, and at the same time to establish a
demonstration of the use of geothermal energy in Canada. On 14 July 1978 Dr Barber was
advised that Treasury Board gave approval for a contribution of $655,000 for the drilling of the
first geothermal well at Regina in the year 1978/79. As drill rigs were fully occupied at that time,
the drilling did not start until late December 1978.

Unfortunately, the sports facility, which the University confidently expected to be able to build,
has not yet been built, and so the production well has never been used for its main purpose.
However, this delay has permitted a programme of research into the thermal, chemical and
hydrological character of the sediments, which would have been impossible without the use of
this well.

The feasibility study

During 1977-1978 a contracted study was performed by the University, (Vigrass et al., 1978) to
determine the geothermal potential in an area of roughly 100 km x 130 km that included the cities
of Regina and Moose Jaw. The City of Moose Jaw was known to have used warm water from an
unsuccessful gas well for its "Natatorium" for many years until the well deteriorated beyond
recovery.

The authors of the study compiled information from wells in the area in order to derive forecasts
of the characteristics of a potential geothermal production well on the campus of the University.
The main objectives were predictions of the fluid flow rates from the most favourable aquifers,
the chemical character of the water, and the temperatures within the aquifers.

It was concluded that the Winnipeg Formation, at a depth of about 2040 m offered the best
prospects for a geothermal source, with a temperature of 71 °C and a static hydraulic head of
about 45 m below surface. The second target formation was thought to be the Deadwood
Formation, at a depth of about 2090 m, and having a temperature of about 74 °C. Water in both
formations was predicted to have salinities up to 150,000 ppm, being mainly sodium chloride, but
corrosion was not predicted to be a serious problem because the content of oxygen and hydrogen
sulphide was predicted to be low and the waters were predicted to be slightly alkaline or neutral.
These two formations constitute the Basal Clastic Unit, and the Deadwood Formation rests on the
Precambrian basement. They are thus the hottest aquifers to be found in the sediments at Regina.
Other aquifers, higher in the column, offered less potential as geothermal resources.
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Drilling the well

In the winter of 1978-79 a well was drilled to a depth of 2215 m on the campus of the University
to prove the resource and to serve as the production well for the demonstration project. An
account of the drilling and some of the immediate findings may be found in the Final Well Report
(Vigrass, 1979).

The well was cased with 178 mm casing to a depth of 2033 m, and the well was left open below
that point, through the aquifers of the Winnipeg and Deadwood Formations. Results of drill-stem
tests indicated that the well could produce water at a rate of 100 m*/hr, with draw-down to 131 m
below ground level after seven years. This indicated a power requirement for pumping of 66 kW,
about 2% of the 3.5 MW of heat energy available by cooling the water to 35°C.

All forecasts were exceeded except temperature, which turned out to be about 14 K lower than
expected. This erroneous forecast was based mainly on a preference of temperature from drill-
stem tests over bottom-hole temperatures, whereas the opposite preference is justified by post-
drilling measurement. The Bureau de Recherches Geologiques et Minieres in France have
indicated that they also tended to overestimate temperature in their early projects (personal
communication).

Research based on the well

Since completion, the well has not been used as a geothermal production well but it has been an
invaluable research facility. The Universities of Regina, Saskatchewan and Toronto, with
contractors and EMR personnel have carried out a variety of studies using the well, and it has
been used as a training facility by the drilling industry.

Hydrofracturing experiments showed that the maximum horizontal stress undergoes an abrupt
change in both magnitude and direction across the Deadwood Formation, the lowest part of the
sedimentary column, indicating a decoupling of the stress fields in the Precambrian basement and
in the sediments (McLennan et al., 1987).

Chemical analyses of the gas from the well show that 95% of it is nitrogen, with some carbon
dioxide and less than 1% of others, including oxygen and hydrogen sulphide. The samples were
taken during pump tests of the entire open section of the well, and so the results represent the
combined content of several aquifers in two formations. Total dissolved solids was found to be
101,000 ppm, over 90% of which was sodium chloride (Postlethwaite et al., 1980b).

Thermal data from the well are shown in Fig.4. Temperature gradients are higher in the Upper
Clastic Unit, of Mesozoic age, than in the Carbonate-Evaporite Unit of Upper Paleozoic age,
corresponding to contrasts in thermal conductivity in the opposite sense. However, the uniform
heat flow in the Carbonate-Evaporite Unit, of 51 mW/m?, is not maintained in the Upper Clastic
Unit, where it increases with decreasing depth to a value of about 70 mW/m?*. This may be
attributed errors in conductivity measurement, resulting from the need to make all conductivity
measurements on drill cuttings, rather than on solid cores, but alternatively it could be caused by
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Fig.4 Temperature, temperature gradient and stratigraphic section in the well at
the University of Regina. The very low temperature gradient in the Winnipeg
Formation (OW) and the Deadwood Formation (CD) are caused by circulating
water in the open hole.

an upward component of water flow. The data do not permit the separation of these two potential
causes (Jessop and Vigrass, 1989).

In addition to these, other studies have been directed towards corrosion of metals in the water
(Postlethwaite et al., 1980a), alternative uses of the energy (Bens et al., 1982a), and production

rates from and flow regime within the producing reservoir (Vigrass, 1980a).

Although it has so far not been used, the Geothermal Energy Program demonstrated the existence
of a significant energy source below the City of Regina. This energy is a proven reserve and is
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available whenever the costs of use and the need to reduce carbon emissions make it attractive.

THE MOOSE JAW PROJECT

From 1933 to 1957 the “Natatorium” was fed with warm saline water from a deep well, originally
drilled for gas exploration. The Natatorium was an attraction to the local population and an
attraction to tourists. The water was described as “rich in sodium chloride, sodium sulphate and
magnesium sulphate, comparable with the waters of Carlsbad and the more notable German
curative springs” (Moose Jaw Times Herald, 10 June 1933). The same report also stated “visitors
from all over the dominion and many points south of the border have been loud in their praises of
the hot mineral water with which the pool is supplied” (ibid). Eventually the old wooden casing
of the well collapsed and the supply of warm water was cut off. After 1957 the geothermal water
was replaced by surface water, heated with natural gas, and chlorinated for health reasons.

After the drilling of the well at the university of Regina the City of Moose Jaw expressed interest
in restoring the water source for the Natatorium. Energy Mines and Resources contracted a study
of the feasibility of restoring the water supply and of other possible uses for the water or the heat.
It was found that the initial cost of drilling the two wells required, one to produce and one to
reinject the water, was a major part of the total cost, and that a large deep well could provide an
energy supply for a wide range of existing buildings in the centre of the city.

Geological conditions had already been examined in preparation for the drilling at Regina, and
the options for producing aquifers were similar to those at Regina, at similar depths. Seventeen
potential users were identified, including municipal and commercial buildings, mostly within an
area of four by five city blocks.

The report produced four schemes, each of which matched aquifer potential with potential users
and the distribution system. Details appear in Chapter 6.

In the autumn of 1989 two wells were drilled to the Birdbear Formation. One of them had a
temperature of 53.1°C at 1352 m depth. A temperature log of one of the wells is shown in Fig.5.
Pressure in the wells was such that an open well would produce a fountain about 20 m high. This
means that reinjection requires high pump pressures.

In December 1989 the City of Moose Jaw published a “Proposal Call for development of a hotel,
recreation, leisure and convention facility using geothermal water as the key attraction”.
ventually the Temple Gardens Mineral Spa was built, and the water feeds a pool on the top floor
of a hotel. Guests of the hotel and local people may use the facilities. Times and admission
prices are published on the internet at http://www.templegardens.sk.ca/.

ASSESSMENT OF RESOURCES

In order to obtain an estimate of the total energy contained in the formation waters of sedimentary
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Fig.5 Temperatures in the well at Moose Jaw, with aquifer formations. Orange

colour shows sandstone aquifers and green shows limestone.

basins it is necessary to adopt some definitions of resources and the limits of economic

exploitation. For present purposes these are as follows.

Definitions

Classification of resources is based on the system described by Muffler and Cataldi (1976), which
is illustrated and described in Chapter 2. For the purpose of assessing the useful resource of
geothermal aquifers two temperatures, characteristic of the heat extraction system must be

defined, as follows.
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The "threshold temperature" is the temperature below which it is not practical to produce water.
This may about 60 °C if a heat exchanger system is in use, and may be as low as 10 °C if heat
pumps are used. Since temperature normally increases with increasing depth, a low threshold
temperature means that it is possible to use shallow aquifers, with a great saving in costs of

drilling.

The "return temperature" is the temperature at which the water is rejected from the extraction
system and returned to the ground. This is the effective base for calculations of heat, and a
decrease in return temperature provides an increase in heat supply. This may be 30 °C for a heat-
exchanger system. If heat pumps are used the only fixed limit is the freezing point of the fluid,
but each system has its own limiting useful temperature.

Methods

In the WCSB, between the latitudes of 49 °N
and 60 °N, and between the Rocky
Mountains and the exposed Precambrian
Shield, the area of sedimentary cover is 1.26
x 10° km? (486,785 sq.miles), the average
depth is 1778 m (5834 ft), and the volume of
sediments is 2.24 x 10" m’ (537,895 cubic
miles), (Hitchon, 1968). The total pore
volume has been estimated to be 265 x 10"
m’ (63,000 cubic miles) (Hitchon and
Friedman, 1969), which implies an average
porosity of 11.8%. Assuming a density of
1.0 Mg/m’, this means that the rocks contain
265 x 10" kg of water. The data of Sproule
Associates Ltd (1976) report, as shown in
Fig.6, provide an average geothermal
gradient of 33 mK/m.

The generalised isopach map of Sproule
Associates Ltd. (1978) has been used to
derive a distribution of the depth of the
basin. Surface areas have been measured
between successive isopachs of 304.8 m
(1000 ft) and the total area is found to be
1.27 x 10°+ 2%, not including the "disturbed
belt" of the Rocky Mountain Foothills. A
simple volume calculation for each interval
yields a total volume of 2.16 x 10" m® + 5%.
This figure is about 4% lower than the
estimate of Hitchon (1968), but this
difference is within the limits of accuracy of
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the present work. A depth distribution of the sedimentary wedge is shown in Fig.
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Fig.7 Histogram of depth to the base of sediments in the Western Canada
Sedimentary Basin, in depth intervals of 305 m (1000 ft). The Basin has the form
of a foreland basin, formed by crustal compression from the south-west and filled
by clastic sediments from the same direction, superimposed on an older platform
structure.

It is assumed that the specific heat is 4200 J/kgK, and that the mean surface temperature is 4 °C.
We may now calculate the total useful heat in the water of the basin, for any values of the
threshold and return temperatures, and the results are shown in Fig.8. The heavy line shows the
limiting energy when the threshold and return temperatures are equal. For practical and
economic reasons this level of utilisation is unlikely to be achieved, and curves are shown for
return temperatures that are 20 K, 40K and 60K lower than the threshold temperature and for
constant threshold temperatures. Given that depths are averaged over each zone, surface
temperature is averaged over the whole area, estimates of rock and pore volumes, specific heat
and density are all subject to error, the resulting energy estimates are probably subject to a
possible error of 20%.

The values in Fig.8 are the energy in the water only. The heat in the rock is not included. Given
the above assumptions, the heat in the solid rock is 3.7 times as great as the heat in the water. As
pointed out by Hutchence et al. (1984) the heat in the rock is drawn upon during circulation by
the conventional well doublet method, so that at least part of the heat in the solid rock is part of
the accessible resource base at any location.

Accessible resource base

Reasonable threshold and return temperatures in geothermal systems that do not employ heat
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Fig.8. The amount of heat in geothermal water beneath the prairies as a function
of the threshold and return temperatures. Return temperature is plotted on
horizontal axis. The continuous red line shows the limiting energy when the
threshold and return temperatures are equal, i.e. the total energy above the return
temperature. The dashed red lines shows the available energy for a threshold
temperatures that are 20 K, 40K and 60K higher than the return temperature. Blue
lines show the energy above constant threshold temperatures of 20°C, 40 °C and
60°C as a function of return temperature.

pumps are 60 °C, and 30 °C respectively, and for systems that include heat pumps these are
reduced to 40°C and 10°C. It may be seen from Fig 8. that the total heat in the basin that meets
or exceeds these criteriais 16 x 10*' J and 31 x 10?' J respectively. Canadian oil reserves on 31
December 2004 were 16.5 barrels (BP 2006), which is equivalent to 94 x 10'® J. Canadian gas
reserves at the same time were 1.59 x 10> m? (BP, 2006), which is equivalent to 60 x 10'* J.

The these figures are very large, but they represent that part of the accessible resource base in the
water in the porous sediments. Only a small fraction of the accessible resource base may be
regarded as a proven economic reserve. The presence of the energy does not imply that it is
economically and technically feasible to exploit more than a small portion of it.

By the definition of Muffler and Cataldi (1976), the accessible resource base includes all heat to a
depth of 7 km, regardless of the material holding the heat. Since the maximum depth of
sediments in the Western Canada Sedimentary Basin is about 5 km, all heat in the water residing
in the pores of these sediments and all heat in the solid fabric of the sedimentary rock is included
in the accessible resource base, as so defined, but the heat in the solid rock is not included in the

44



above calculations. There is also a portion of the Precambrian basement between the lowermost
sediments and the limit at 7 km that holds part of the accessible resource base as hot dry rock. By
adding these three components, the total accessible resource base of the Western Canada
Sedimentary Basin, to a depth of 7 km, is found to be 1.8 x 10** J. Without major developments
in drilling and the technology of extraction the heat in the Precambrian basement will never be
part of the truly accessible resource base.

The useful resource base

The above calculation illustrates the effects of the nature of the geothermal resource on its
potential for exploitation. The water in the sediments may be produced by existing technology,
although not necessarily at an attractive price. The heat in the solid rock will be partially
produced during the life span of the production system. The heat in the dry rock of the basement
may be recovered only by deep drilling, the creation of a circulatory loop and the injection of
water from the surface, a technology that is still in the course of development. This is unlikely to
become an economic process. This may be compared with the effect of differing grades of ore in
a mine.

Estimation of local resources

The above estimate of the geothermal resource depends on assumptions of uniform geothermal
gradient, porosity, and thermal properties of the water and the rock. It takes no account of
variations of these factors, and so it must be refined for use on the local scale. The magnitude of
the accessible resource base at any single location depends on the nature of the strata below that
place, particularly the nature of the aquifer formations. The distinction between residual and
useful resources depends on the depth to the aquifer, the reservoir pressure, the thickness and
permeability of the host rocks. The distinction between economic and sub-economic depends on
the local demand for energy, the technology to be used, and the cost of development of the
geothermal resource compared to costs of other sources.

The best geological conditions are found in reef systems or in extensive thick sandstone units.
The most probable locations for energy demand are in or near large centres of population, where
the need for space heating is the highest. The next most probable areas are those where
low-grade heat is useful for industrial processes, including agriculture or horticulture. In other
areas there is no immediate use for geothermal heat at present. The first of these categories may
be defined by proximity to towns and cities, but the second is very difficult to define, since there
are so many unpredictable uses for the energy.

The first step in the estimation of local resources is a review of the data from hydrocarbon wells

in the area, preferably over an area of 50 km around the site. From this data the potential aquifer
formations are identified, the thickness, porosity, permeability and temperature of these aquifers

are estimated. The best fit between the possible sources and the needs of the surface installation
is identified. The data from the hydrocarbon wells will probably not provide all the data needed,
as pointed out by Gorrell (1984).
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Of the major cities of the Western Canada Basin, geothermal resources are best known at Regina.
Information has been assembled in the course of a feasibility study for heating at the University
of Regina (Vigrass et al.,1978), and as the result of the drilling of an exploratory well on the
campus of the University (Vigrass, 1979). The temperature at the base of the sediments is about
60°C. The best source of geothermal water is the Basal Clastic Unit, at depths from 2045 m to
2208 m, but there are other aquifers at shallower depths and of less favourable temperature and
water supply.

The net sand aquifer in the Basal Clastic Unit has a thickness of 113 m, divided between the
Winnipeg and Deadwood Formations. Average porosities are 15.7% and 14.7% respectively,
giving an integrated porosity x thickness of 15.6 m. Salinity of the water is about 12%, mainly
sodium chloride, giving a density of 1.09 Mg/m’ and a specific heat of 3600 J/kgK. From these
data the heat content of the water of these formations, per unit area is 61 x 10° J/m*. Since the
Basal Clastic unit is reasonably uniform in character and the area of the City of Regina is
approximately 130 km?, this amounts to a geothermal resource below the City of 19 x 10" J.
This quantity may be regarded as a useful, discovered resource.

Table 4
Summary of Resource Estimates

Resource base:
Total heat in continental crust to 7 km 160 x 10** ]
Heat in crust below Canada 11x10*]J

Accessible resource base:

Heat in water of WCSB
With heat pumps 31x10°' ]
Without heat pumps 16 x 10*'J

Useful, discovered resource
Heat below the City of Regina

In water 19x 10" J
In host rock 60x 10"
Energy in hydrocarbon reserves at 31 Dec 2004
Oil 94 x 10 ]
Gas 60 x 10" J

CONCLUSIONS

Resource estimates derived in this chapter are summarised in Table 4. There is a very large
resource of heat in the Western Canada Sedimentary Basin and other smaller resources in other
basins. Most of this resource is too remote from potential users to be of interest, but some of it is
beneath cities where it could easily be exploited for domestic or industrial space heating. The
technology is simple: it has been demonstrated in France and in other countries. Expertise and
industrial capability could easily be developed in Canada.
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The resource has been conclusively proved at Regina, but has not been used there. One well has
been drilled that could have produced hot water, and a second well could be drilled. The first
well is 28 years old, and its maintenance is unknown. It may be suffering from corrosion, so one
may not conclude that it is in the same condition as it was in 1979.

Geothermal development in sedimentary basins requires the drilling of two deep wells at the
beginning of the project, and thus suffers from a capital cost at the beginning that must be
financed by income generated. Hydrocarbon wells work the same way, but the numbers of wells
involved, the continuous process of exploration and development has developed to the point
where this is no longer an obstacle to economic development.

This report is not intended to look into present economic conditions. However, the use of deep
geothermal water in the heating of large residential or industrial buildings in the urban centres of
the Prairie Provinces should be examined in terms of current economic conditions and current
environmental considerations.
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CHAPTER FOUR

GEOTHERMAL RESOURCES OF THE ATLANTIC MARGIN

INTRODUCTION

Geothermal resources of the Atlantic Margin were completely unknown at the beginning of the
Geothermal Energy Program. The Atlantic Margin contains no evidence of Tertiary Volcanism,
and so no high-temperature resources could be expected. There are sedimentary basins with the
potential for low- or medium-temperature resources, and there are granitic bodies that could have
a potential for hot dry rock.

This part of the program was managed by M.J.Drury, beginning from the time that he was
recruited in 1979. The Provinces of Nova Scotia, Prince Edward Island, New Brunswick and
Newfoundland, and the eastern part of Quebec were included in the general area of investigation.
Most of the Province of Quebec is underlain by the Precambrian Shield, and the only part of
interest was the St.Lawrence Valley and the Gaspe Peninsula.

The Springhill project was the most successful application of geothermal energy in the Atlantic
region. However, because of its nature as a use of low-temperature water and heat pumps, all
information on this project is included in Chapter 5 - Shallow and low-temperature resources.

REVIEW OF CONTRACTED STUDIES

John A.Leslie and Assoc.Ltd., 1981, Investigation of geothermal energy resources - Nova
Scotia and Prince Edward Island.

John A.Leslie and Assoc.Ltd., 1982, Investigation of geothermal energy resources,
Atlantic Provinces.

John A.Leslie and Assoc.Ltd., 1983, Investigation of geothermal energy resources -
Atlantic Provinces.

John A.Leslie and Assoc.Ltd., 1984, Investigation of geothermal energy resources:
Atlantic Canada.

John A.Leslie and Assoc.Ltd., 1985, 1984 investigations of geothermal energy resoucres,
Atlantic provinces.

These reports all contain measured temperature data collected by the contractor throughout the
Atlantic provinces. At the beginning of the Geothermal Energy Program there was a shortage of
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data on which to base any assessment of geothermal potential. It was anticipated that the most
likely areas of geothermal potential would be warm water in the sedimentary basins or hot dry
rock in the granitic batholiths. The search for data took several years and was concentrated on
such areas, but the contractor made temperature measurements wherever he could find suitable
boreholes. These reports contain relevant data of temperature, thermal properties of rock,
porosity, permeability, water chemistry, radioactive heat generation, and ages of batholiths.
Results showed that geothermal gradient was generally low, from 12 to 20 mK/m.

The last report includes an account of the drilling of an exploratory diamond drill hole in the
Wedgeport Granite. Temperature and lithological logs and heat generation data are included.
Temperature gradient was found to be about 18 mK/m. The last report also included mention of
a geothermal gradient of 22 mK/m at West Gore, Nova Scotia.

John A.Leslie and Assoc.Ltd., 1983, Geothermal gradients in granite batholiths of New
Brunswick.

This report recounts the drilling of two diamond drill holes in two batholiths, in search of good
temperature gradients. The St.George and Pokiok Batholiths both gave indication of encouraging
heat generation, which suggested that heat flow and temperature gradient should be high. The
holes were drilled in the winter of 1982-83, and temperature measurements were made both
during and after drilling. Results showed geothermal gradients of 18 mK/m, well below
expectations, suggesting that any high heat generation is in small , localised, segments of the
intrusive body and not representative of the batholith as a whole.

John A.Leslie and Assoc.Ltd., 1984, Geothermal investigation: Prince Edward Island
drilling.

An account of the drilling to 484 m and logging of a diamond drill hole on the campus of the
University of Prince Edward Island. There was an interest in the possibility of geothermal
heating, but the measured geothermal gradient of 14 mK/m was discouraging. Temperature and
lithological logs and other data were included in the report.

John A.Leslie and Assoc.Ltd., 1985, Geothermal investigation, Prince Edward Island
drilling, MacDougall, Prince County, hole number EPB 345.

An account of the drilling to 495 m and logging of a diamond drill hole at MacDougall, Prince
Edward Island. A nearby oil exploration well had suggested a geothermal gradient of about 25
mK/m, but the measured geothermal gradient of 16 mK/m was discouraging. Temperature and
lithological logs and other data were included in the report.

Nolan, Davis & Associates Ltd, 1984, Groundwater flow patterns in Carboniferous
sediments of Atlantic Canada.

This report describes the work done to relate hydrological flow to geothermal gradient patterns
within the Carboniferous sediments of the Stellarton - New Glasgow area of Nova Scotia. It was
concluded that there are two distinctly different groundwaters. The deeper water is a NaCl water
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of meteoric origin. Carbon dates are not reliable because of contamination from coal. This water
has probably not been exposed to temperatures greater than 50 °C. Shallow groundwater (<100
m) are also of meteoric origin. Hydrological flow patterns cannot be defined with any
confidence. The extent to which fractures contribute to the flow patterns is substantially
unknown but is probably significant.

Acres Consulting Services Ltd., 1984, Survey of geothermal energy in the Maritime
Provinces.

This study addressed the engineering and economic aspects of geothermal use in the Maritime
Provinces. It examined the potential application of shallow resources, with the inclusion of a
heat pump, and of deep resources with or without the help of heat pumps. It was concluded that
there was a clear economic potential for direct-use geothermal energy development. The most
favourable systems involved the use of heat pumps. The cost of retrofitting, rather than
installation in new buildings, was considered to be a handicap, but even that might be
economically justifiable. However, one of the primary constraints to development was the ability
to find sufficient load for a single doublet of wells.

REVIEW OF INTERNAL STUDIES

Drury,M.J., 1983, Temperature gradients and heat production in two granitic batholiths
of New Brunswick.

No copy of this internal report had survived, but the data are preserved and presented elsewhere.
Drury,M.J., 1984, Assessment of the geothermal resources of Atlantic Canada.

This paper was a review of the geothermal energy research directed at the Atlantic region. It was
concluded that only the Fredericton, Stellarton, or Deer Lake sedimentary areas showed any
promise as geothermal potential. It was also concluded that the temperatures observed in
boreholes drilled into radiogenic batholiths were not encouraging. However, the best prospect is
probably in places where sedimentary rocks overlie radiogenic plutonic rocks, such as in the
Fredericton Graben. In such circumstances the water in the sedimentary aquifers might be
warmer than usual because of radiogenic heat from the batholith. If useful geothermal potential
is to be found in the Atlantic region it will be in small areas.

Drury,M.J., Jessop,A.M. and Lewis,T.J., 1987. The thermal nature of the Appalachian
crust. Tectonophysics, 133, 1-14.

This paper described the current information about the crust of the Maritime Provinces, based on
the available heat flow and heat generation measurements. Data from Wedgeport, drilled in the
Wedgeport pluton to examine the hot dry rock potential showed a heat flow slightly below the
world average, despite an encouraging level of radioactive heat production in the near-surface
rocks. Heat flow in the St. George Batholith was higher, but the radiogenic heat production
suggested that the thickness of batholith rocks must be small. Heat flow in the Pokiok Batholith
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was similar, but the heat generation was lower, so that there was no reason to suppose that the
intrusive rocks were thin. The Wedgeport and St. George Batholiths do not fit the general
relation of heat flow to heat generation for the Maritime Provinces as defined by Wright et al
(1980). Heat flow in Prince Edward Island and other parts of the Magdalen basin were generally
low, implying low temperature gradients and poor potential for use of water from sedimentary
aquifers.

Thomas,M.D. and Willis,C., 1989. Gravity modelling of the St. George Batholith and
adjacent terrain within the Appalachian Orogen, southern New Brunswick.

This paper reported a detailed gravity survey across the St. George Batholith, designed to
examine the shallow depth of radiogenic rocks postulated on the basis of thermal data. It was
found that the gravity data implied a much deeper batholith. The four gravity profiles showed
that the St.George Batholith has a thickness ranging from 4.3 to 7.0 km. At the Welsford
borehole site it was found to be about 6.5 km thick, compared with the 1.4 to 3.3 km deduced
from th relation of heat flow to heat generation. The discrepancy was thought to be due to the
concentration of radiogenic elements in the upper layers by hydrothermal systems while the
intrusive still retained its initial heat. The depletion of the heat generating isotopes in the lower
parts of the batholith severely reduces its capacity as a source of hot dry rock.

EARTH SCIENCE

The Atlantic region has an eventful tectonic history, and has a much more complex geological
and tectonic structure than other parts of Canada covered by this report.. The region suffered
major upheavals when the European plate collided with the North American plate, starting in
Early Ordovician time, and concluding with the Taconic Orogeny in Middle Ordovician time.
The Acadian Orogeny took place in Middle Devonian time, probably related to the accretion of
the Avalon terrain, the eastern part of Newfoundland, and accompanied by the intrusion of large
granitic batholiths. The Magdalen Basin was formed in Late Devonian and Carboniferous time.
Rifting began in Late Triassic time, followed by the opening of the Atlantic Ocean in Jurassic
time. Volcanic activity produced mafic volcanic rocks on the south-east shore of the Bay of
Fundy. Since then the Atlantic Ocean has steadily widened and the sediments of a passive
margin have accumulated on the east coast from Nova Scotia to Labrador. Parts of the old
European plate were left behind in North America, and parts of the old North American plate
remained with Europe. The complex geological terrain is a legacy of these changes.

Granitic batholiths of Devonian age have long lost any residual heat or associated hydrothermal
systems, and any geothermal potential that they still have is related to heat generation by

radioactive trace elements and potassium.

While geothermal gradient is the best indicator of geothermal energy potential, the thermal nature
of the crust is best indicated by heat flow. Heat flow is controlled by the radioactive heat
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generation of the whole crust as well as the tectonic history of the area. Measured terrestrial
heat flow and geothermal gradients generally reflect the long time since tectonic events caused
crustal heating.

Heat flow measurements are usually corrected for the effects of Pleistocene glaciation, which
usually adds 15% to 20% to the observed value. Since the heat flow is intended to represent a
property of the crust as a whole, it is necessary to make this correction to remove the effect of
purely surface disturbances. On the other hand, temperature gradient, as needed in the search for
geothermal resources, is not a property of the whole crust but of the upper few hundred metres.
Thus the observed value, rather than the corrected value, is shown in the following diagrams. In
any case, geothermal gradient varies with depth, depending inversely on the thermal conductivity
of the rocks.

Temperature and gradient

Several wells and boreholes in the Atlantic Provinces had been used for temperature
measurement, by both the Earth Physics Branch and by Dalhousie University (Hyndman et al.,
1979; Wright et al. 1980). Contracts to John Leslie and Associates Ltd. Provided a more
comprehensive collection of temperature data.

Temperature gradients in the Maritime Provinces are shown in Fig. 9. Temperature gradients are
mostly in the range 10 to 18 mK/m, values that are not encouraging for geothermal resource
development. The lower values, shown in red, occur mainly in the sediments of the Cumberland
Basin and older sedimentary rocks. Values in plutonic rocks, mainly of Middle Paleozoic age,
show slightly higher temperature gradients, but they are still not high enough for geothermal
development.

Temperature gradients in Newfoundland are shown in Fig.10. Here the highest known gradient
occurs in the Precambrian rocks of the southern part of the island. Known gradients in other
parts do not exceed 15 mK/m. Gradients in many parts of Newfoundland are unknown,
particularly in the small areas of Carboniferous sediments.

Hot dry rock potential

Granitic intrusive bodies often have elevated heat generation because of high levels of
radioactive isotopes, uranium, thorium and potassium. Heat generation levels can often be as
much as 4 mW/m’. If there is sufficient thickness, about 10 km of such rock, the heat flow is
augmented by 40 mW/m?, which, added to a normal crustal heat flow of 50 mW/m?, gives a heat
flow of 90 mW/m*. Given a thermal conductivity of 2.5 W/mK, this can produce a geothermal
gradient of about 35 mK/m. A 2500 m well will thus encounter temperatures of about 100 °C.
These values had been found in intrusive rocks of southwest England, and had been the subject
of studies financed by the European Union.
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Fig. 9. Geothermal gradients in the Maritime Provinces, plotted on a simplified
map of bedrock geology. Gradients in sedimentary rocks are shown in red, those
in batholiths are shown in blue, and others are shown in black. The Card Lake
site is a lake measurement and so has no relevant geothermal gradient. It is shown
by the initials CL.

Investigations into the potential for hot dry rock in three batholiths in New Brunswick and Nova
Scotia were based on the relation between heat flow and heat generation derived for
Newfoundland and the Maritime Provinces by Wright et al. (1980). In several areas of the world,
known as “heat-flow provinces” a linear relation between heat flow and heat generation is
observed. This implies either a uniform heat generation for each observation site for a uniform
depth below the surface, underneath which is a uniform crust, or an exponentially decreasing heat
generation with a uniform exponential decrement. The linear relation is expressed by

O= Co+ bAo

where {J is heat flow at any depth, O is heat flow at the surface,& is the thickness of the

radiogenic layer and .4n is the heat generation at the surface. This equation is satisfied by a heat
generation related to each heat flow with a constant thickness, or an exponential decrease of heat
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generation given by
A(z) = Avexp(-z /b)

Further detail of this empirical relationship may be found in Jessop (1990a).

E Carboniferous Sediments
|| Silurian - Devonian Plutons
[ | Cambrian - Ordovician

E Precambrian

Fig. 10. Geothermal gradients in Newfoundland, plotted on a simplified map of
bedrock geology. Gradients in sedimentary rocks are shown in red, while others
are shown in black

Fig 11 shows the observed relation for Atlantic Canada, with some others. The points for the
sites in granitic batholiths are shown in red. The Pokiok and Card Lake points are in agreement
with the general linear relationship. The Wedgeport and St.George sites are to the right of or
below the line, implying that the observed heat generation is too high and does not represent as
much of the crust as the slope of the line indicates. The interpretation by Thomas and Willis, that
radiogenic elements have been concentrated near the surface gives a reasonable explanation,
implying that the potential for hot dry rock cannot be determined by measurements of radiogenic
heat production alone, but must be accompanied by drilling and the measurement of thermal
gradient and heat flow. This interpretation also implies that the potential for exploitable hot dry
rock at the St. George and Wedgeport Batholiths is poor.
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Fig. 11. Plots of heat flow against heat generation for Atlantic Canada. The best
linear relation is shown by a solid line The dashed line shows the similar line for
New England. The points for sites within granitic batholiths are shown in red
with the site names attached.

ASSESSMENT OF RESOURCE

No attempt has been made to do detailed estimates of the geothermal resources of Atlantic
Canada. The example of the Western Canada Sedimentary Basin in Chapter 3 could be applied
to the sedimentary basins, but it would first be necessary to collect data from hydrocarbon
exploration and other sources. Because geothermal gradients are generally low, at least in the
onshore parts of the basins, the deep geothermal resources may not be economically attractive.
Places where the geothermal gradients are higher than most, as in the Fredericton Graben, may
have thin sediments that do not extend to depths sufficient to hold water of sufficient
temperature.

The hot dry rock resources that have been investigated also turned out to be rather disappointing,
but few of the possible sites were investigated. Two sites of the three investigated show poor
prospects for hot dry rock at a reasonable depth, but a sample of three sites is insufficient to

provide a definite conclusion.

The potential for geothermal energy use in the Atlantic region probably depends on local
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anomalies in geology and temperature. Temperature gradients so far known are not encouraging,
but the area is geologically diverse. Discovery of useful thermal anomalies may be difficult and
may depend more on chance than on systematic investigation. Places to examine are the smaller
sedimentary basins, such as the Pictou Basin and small basins in Newfoundland and Cape
Breton. Exploration of batholiths for high temperature gradients and hot dry rock have not been
encouraging.

As recounted in Chap. 5, the most successful exploitation in the area has been the site of the
abandoned coal mines at Springhill, and old mines in other areas could be profitably explored.

Pictou Basin

A study of the application potential in the Pictou Basin was proposed by Novacorp International
Consulting Ltd. In 1985. This study was approved for a cost-sharing between the Geothermal
Energy Programme, the Renewable Energy Division of DEMR and the “unsolicited proposal”
fund of Dept Supply and Services. Before the contract could be let the Geothermal Energy
Program was terminated and a blanket freeze on new spending was announced, and the work
proposed work was never started. Thus a potentially useful study was lost.

LEGAL DEFINITION OF GEOTHERMAL RESOURCES

As aresult of the development of geothermal resources from the mines at Springhill, the Govt of
Nova Scotia passed an amendment to the Mineral Resources Act to include geothermal
resources.

Geothermal resources are defined as: “a substance, including steam, water and water vapour, that
is found anywhere below the surface of the earth and that derives an added value from the natural
heat of the earth present in, resulting from or created by the earth”. The act also provided for the
designation of “geothermal resource areas” (Govt of Nova Scotia, 1992).
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CHAPTER FIVE

SHALLOW AND LOW-TEMPERATURE RESOURCES

INTRODUCTION

The question of the use of low-temperature and shallow aquifers, combined with heat pumps, was
not generally within the scope of the Geothermal Energy Program of 1976 to 1986. However,
when requests came from municipalities participants of the program undertook to be of
assistance. The projects that came to fruition were at Carleton University, Ottawa, and Springhill,
Nova Scotia.

MECHANISM OF APPLICATION

Shallow and low-temperature resources are usually used in association with heat pumps. Heat
pumps are devices that will take heat from a cooler to a hotter fluid. The primary fluid is water
from the ground, usually at temperatures from 5 °C to 20 °C. This water may be brought to the
surface for direct access to the heat pump, or a down-hole heat exchanger may be used so that a
secondary fluid reaches the heat pumps.

Since the action of a heat pump is in opposition to the laws of thermodynamics, an external
energy source must be provided. The power source is usually electricity, derived from the
national grid. The performance of a heat pump is defined by the energy converted to usable
temperature as a fraction of the energy input, known as the “Coefficient of Performance” or COP.
The value of this is usually about three.

Application systems have a wide variety of formats, depending on the nature of the geothermal
source, the land area available, and the nature of the load. Applications vary in size from the
individual family house, of which there are about 36,000 installations in Canada, to industrial
buildings at Springhill, to large apartment buildings in Paris, France.

REVIEW OF CONTRACTED STUDIES

Since the Geothermal Energy Program was not aimed at shallow resources, there were few
contracted studies. Most studies were aimed at developments at Springhill.

John M. Booth Engineering Ltd. 1985. Outline report on the minewater
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geothermal heat source

The Town of Springhill, assisted by John Booth Engineering Ltd, perceived that water from
flooded mines and heat pumps had been used successfully in some locations in Pennsylvania,
USA. They proposed to both Provincial and Federal governments that this system should be
examined in the context of the Town of Springhill. The Geothermal Energy Program funded the
first feasibility study, after which other agencies were willing to take part.

Springhill had been a major coal-mining centre until rock bursts forced the closing of the mines
in 1958. The mine workings went to a depth of 1323 m and were the deepest in the world. By
1984 they were flooded. Water in the mines was circulating by convection and had a temperature
of 18 °C to 20 °C, much higher than the normal ground temperature of about 6 °C to 8 °C. The
industrial buildings of the town were almost all over mine workings. It was proposed that
boreholes into the mine workings could bring up the warm water, which could be run through
heat pumps and returned to the mines by a second borehole. It was shown that there were at least
25 buildings that could benefit from geothermal heating. Energy costs would be about 40% of the
costs of oil heating. Capital pay-back times would be from four to six years for heating systems
and better than two years for systems delivering both heating and cooling. The report concluded
that the concept of geothermal heating was technically feasible and identified twenty four
facilities that could benefit by retrofit.

Jacques Whitford & Associates Ltd. 1987. Town of Springhill geothermal
demonstration project: report on the test drilling and pumping test results.

Three test wells were drilled in July 1987, at sites near the Can Am Container plant and the
community rink. Temperature measurements were taken and water samples were taken for
chemical analysis. One well was reamed to 203 mm and equipped with a 25 HP pump for flow
testing. Thorough reports of pumping test results, chemical content and corrosion or scaling
potential. The report concluded that the flooded mine workings are a suitable source of water for
use with heat pumps and that water produced from the workings has a temperature of at least
18°C. Conclusions on the potential scaling and pumping rates were also included.

Katherine Arkay Consulting. 1992. Geothermal energy from abandoned mines: a
methodology for an inventory, and inventory data for abandoned mines in Quebec
and Nova Scotia.

Because of the success of the pioneer work of the Town of Springhill in the use of mine water
and heat pumps for heating industrial buildings, an investigation into the sources of information
about abandoned mines was conducted. There are many abandoned mines in all provinces of
Canada, and the Provinces of Quebec and Nova Scotia were used as the model for a system of
search and data record. The report includes the design of a data form, which includes the
questions of location and size of the mine, possible temperature of the water, proximity to
potential users. Information on the mines is to be found in provincial records. Data were
included of about 160 old mines in Quebec and 400 mines in Nova Scotia.
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Vaughan Engineering Associates Ltd. Undated, probably 1992. Feasibility study
to establish a community heating system un the Town of Springhill, N.S. using
warm mine water.

This report was sponsored by the Canadian Centre for Mineral and Energy Technology
(CANMET), probably in 1991 to 1992, although the report is not dated. The report examined the
potential for district distribution of mine water to large numbers of buildings within the town. It
concludes that the costs of retrofit of many small buildings, accompanied by extensive
distribution systems, were much less attractive than the same process in large industrial buildings.
Thus, the development of geothermal heating in the Springhill Industrial Park was the best use of
the resource. The most cost-effective system at the time of writing was the continuation of the
policy of localised wells for individual buildings.

Katherine Arkay Consulting. 1993. First Springhill geothermal energy
conference, Springhill, Nova Scotia, 28-29 October 1992.

In October 1992 the Town of Springhill hosted a conference to display and discuss the successes
of the geothermal applications to that date. There were ten formal presentations and four group
sessions, followed by reports and discussion. There were 91 participants.

The conference dealt with:
the nature of low-temperature geothermal resources;
an inventory of abandoned mines;
technology for assessment and recovery;
district heating systems;
aquifer management systems;
economics and ownership of the resource.

The conference concluded that cost-effective recovery and use of the energy had been proved to
be feasible, that the Springhill experience was of potential benefit to other communities, and that
there legislative issues that needed to be addressed.

It was decided that there should be another conference the following year to examine advances in
the identified needs, but the Town changed the management of the Geothermal Committee and no

further conferences have been held.

Office of Energy Research and Development, Natural Resources Canada.
Renewable Energy in Canada Status Report 2002.

This report devoted little space to geothermal energy, but it estimated that there were 30,000
residential ground-coupled heat pump systems in Canada.
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REPORTS FROM OTHER SOURCES

Morofsky,E. Aquifer thermal energy storage at the Scarborough Government of
Canada building.

This conference paper described the plans to use a ground-coupled heat pump system at a new
Government of Canada building in Scarborough Ontario. This being a new building there was no
question of retrofitting. A comprehensive program of monitoring the system and the thermal
effects on the aquifer.

REVIEW OF REPORTS FROM INTERNAL SOURCES

Jessop,A.M., MacDonald,J K. and Spence,H. 1995. Clean energy from
abandoned mines at Springhill, Nova Scotia.

This published paper described the geological setting of the Springhill coal mines. It included
estimates of the volume of coal removed and the volume and temperature of water that is now in
the flooded workings. Records of temperature of the water from the mine, both before and after
the heat pumps were analysed for heat extraction. It was found that the Ropak Can-Am plant puts
more heat into the mines during the summer air-conditioning season than it takes out during
winter heating, mainly because the plastics moulding process itself produces a great deal of heat.
Other industrial buildings, office buildings, and multiple residential buildings would be expected
to take out more heat in the winter than they would put back in the summer. It was calculated
that operating the heat pumps by means of electricity generated in coal-fired power stations
reduces the carbon dioxide emissions by about 50% from the level that would be produced by
local heating by fuel oil.

EARTH SCIENCE

Ground temperature is controlled by latitude, elevation, climate, and geological conditions. The
land area of Canada covers a wide range of latitude, from about 42 °N to 82 °N, and a wide range
of elevation, from sea-level to over 5000 m. Climate varies widely from temperate rain-forest to
semi-desert, and geological conditions from exposed Precambrian rock to deep deposits of
Pleistocene glacial material. Most applications may be expected to be in lower elevations, or at
least in elevated plains.

Temperatures immediately below the ground surface vary from winter to summer. Fig.12 shows
a record of temperature measured at the depth of one metre on a patch of open ground in north-
west Calgary. The curve is roughly sinusoidal, except that the minimum is truncated by freezing
of water in the soil. The minimum temperature recorded was -0.1 °C, and the temperature
remained at that point for about two months. Because of capillary effects, -0.1 °C probably
represents the ambient freezing point, so that the ground at that depth was probably never
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Fig 12 Record of temperature over a period of one year at a depth of 1.1 m below
grass-covered open land within the City of Calgary. The temperature minimum is
truncated by latent heat of freezing. The record shows the delay caused by the
diffusion process: the temperature does not reach the freezing point until the end
of January and the highest temperature occurs at the end of August.

completely frozen. The rise from that point was rapid, after all moisture was thawed. Where
there is no water present the temperature distribution with depth looks approximately as shown in
Fig. 13. These are theoretical curve, with the extreme seasonal temperature range set at 20 °C,
and assuming a dry soil of thermal diffusivity 0.5 mm?/s. The seasonal changes are attenuated
and the times of maximum and minimum are delayed with increasing depth. At a depth of 7 m
the maximum temperature occurs in the winter, but at that depth the annual variation is reduced
from 20 °C at the surface to 0.86 °C, or to 4.3 % of the surface value. Below a depth of 10 m the
seasonal variation is very small. Water in the soil will distort the curves if the temperature drops
below the freezing point.

There is a further disturbance from long-term climate changes. Temperature changes resulting
from the Pleistocene glaciations are of no importance, but the climatic warming of the last two
centuries has a significant influence. Fig.14 shows two temperature profiles from a borehole at
Hearst, Ontario. The data were obtained in1970 and 1985. The lower part of the temperature log
indicates that most of the subsurface is at temperatures that are in equilibrium with a surface
temperature of 2.5 °C, whereas the upper sequence of data are in equilibrium with a temperature
of 5.5°C. Since warming has been so rapid, the subsurface temperatures have not had time to
adjust to an equilibrium geothermal gradient. The1970 data and others were used in one of the
first attempts to derive climate records from subsurface temperature profiles (Cermak, 1971), who
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Fig 13 Theoretical temperature profiles in a dry soil with a seasonal temperature
range of 20 K. The red curve represents the temperature profile in July, orange in
September, yellow in November, blue in January, purple in March, and green in
May.

showed that inversion of such observed temperature profiles yields history of the surface
temperature, including the recent warming and, in profiles of about 600 m in depth, the warm
period of medieval times and the “Little Ice Age” of the 17™ to 19™ centuries. The temperature
minimum progresses downward, and is at a depth of about 80 m in this curve. The data indicate
that the surface temperature has decreased slightly between 1970 and 1985, but seasonal effects
may be disguising the effect. The 1985 curve shows how the minimum temperature zone is being
warmed from both above and below, so that the temperature is increasing. This kind of
temperature inversion is found in most parts of Canada and other parts of the world.

Table 5 shows some surface temperatures from selected places within Canada. Two temperatures
are given for each locality, the first being the temperature with which the straight part of the
temperature log appears to be in equilibrium, and the second being the observed seasonal average
of temperatures close to the surface at the time of measurement. The year of measurement is also
shown. Where the second temperature is missing the data are insufficiently close to the surface to
show the current temperature.

62



4 [ 8 12
Temperature (C)

400

Depth (m)
600

Fig 14 Two temperature logs from a 600 m borehole near Hearst, Ontario. Blue
points represent data from 1970, and the red line from 1985. The temperature
inversion is attributed to surface warming since about 1850. Some unknown
disturbance in the upper 40 m obscures the purely conductive response to surface
temperature change, but the “filling in” of the minimum, by conduction from both
above and below, is clear.

Climatic warming of the industrial era has warmed the surface of the earth by up to 4 K,
depending on location, resulting in an inverted geothermal gradient in the first 50 m to100 m.
This means that temperatures of rock or water in the ground does not increase with depth at
shallow depth, but is often found to decrease at first. Thus climatic warming has improved the
temperature of the shallow resource and improved the prospects of finding enough heat in the
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Table 5

Surface temperature from selected locations

Site Lat. Long. Temp Temp Date Comments
1 2
Reindeer D-27, NWT. 69-06 134-37 -8 1978 MacKenzie Delta
Red Mountain, YT. 61-00 133-45 1 2 1981
Dease Lake B.C. 58-39  130-00 2
Summerland B.C. 49-36  119-36 10 10 1992 In town
High River, Alberta 50-39  113-52 4 6
Calgary, Alberta 51-05  114-07 6 1999 Directly measured
Instow, Sask. 49-45  108-20 6
Moose Jaw, Sask. 50-23  105-30 6 In town
Regina, Sask 50-28 104-43 2 5 Water disturbance
Bent Horn F-72A, NWT. 76-22  103-58 -16 1981 Arctic Islands
Winnipeg, Man. 49-49  97-08 6 8 In town
Hearst, Ont. 49-41  83-32 2 5 1985
Kapuskasing, Ont. 49-25  82-23 3 5 1970
Cochrane, Ont 49-07  80-56 2 6 1970
Nielsen Is, NWT. 55-24  77-41 0 1 1964
Franktown, Ont 45-00 76-04 6 9 1962
Ottawa, Ont. 45-24  75-43 7 10 In town
St.Jerome, Que. 45-49  74-01 6 7
Roberval, Que. 48-32  72-15 6 7
St.George Bath NB. 45-27  66-26 6 9
Pokiok Bath, NB. 45-43  67-19 6 6
Wedgeport, NS. 43-45  66-00 8 10
Brunswick Mine, NB. 47-29  65-53 5 Mine site
McDougall, PEL 46-30  63-57 6 7
Oldham, NS. 44-55  63-29 7 7
Wallace, NS. 45-47  63-27 6 8
Kelly Cross, PEL 46-16  63-27 6 7
Antigonish, NS. 45-39  61-52 6

ground for successful exploitation.

Although the normal geothermal gradient cannot cause convective overturn in a diamond drill
hole of 5 cm to 10 cm in diameter, it is sometimes capable of causing overturn in water in a hole
of the size normally drilled by the hydrocarbon industry. Such convective movement has been
occasionally observed. Thus a vertical hole the size of a mine shaft is almost certainly able to
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sustain convective overturn in water. The connected workings of the mines can also probably
sustain convection, provided ventilation doors and seals have been opened or have decayed
sufficiently. Thus the temperature of water in a mine is able to reach a value roughly intermediate
between surface temperature and the temperature at the deepest point reached. For example, at
Springhill, the surface temperature is about 7 °C. The geothermal gradient has not been
measured, but is probably is between 14 mK/m and 20 mK/m. The temperature at the lowest
point in the mine, at a depth of 1350 m, is thus between 26 °C and 34 °C. The mean temperature
between surface and extreme depth is thus between 16.5°C and 20.5°C. The temperatures
reported by observers at Springhill fall within this range.

THE SPRINGHILL PROJECT

A delegation from the Town of Springhill visited the Earth Physics Branch in the August 1985,
with questions about the feasibility of using water from abandoned coal mines at a temperature of
about 20 °C, for the purpose of heating industrial buildings. The Town had already approached
the Govt of Nova Scotia for support for their research, but with no result. Scientists of the
Geothermal Energy Program saw the idea as having a good chance of success and worthy of
support, and agreed that they would fund a small contract for a feasibility study of the local
situation, including availability of the source water, the location of potential users, and the
economic advantages to be gained.

Results of the study showed that the Industrial Park was fortunately located over the mine
workings as they dip to the west from pit-heads on the east side of the town. Provided the surface
and underground maps could be reconciled, it would be easy to drill into water-filled cavities or
tunnels. There were already buildings in place that could be retrofitted, and there were good
prospects of new building to take advantage of the low-cost heating and cooling. An expert
surveyor in the Provincial Department of mines, by the name of Chris Kavanaugh, provided the
necessary alignment of the surface surveys with the mine surveys.

As reported above, one successful application, at the Ropak Can-Am building, was economically
and environmentally successful in 1990. Other companies had or were planning similar
installations, and the Town of Springhill was actively seeking new industries to take advantage of
the low cost of heating and cooling available in their industrial park.

In 1992 the Province of Nova Scotia published the following:

“Order in Council 92-906

The Governor in Council on the report and recommendation of the Minister of Natural Resources
dated the 19th day of August, 1992, pursuant to clauses (a) and (b) of subsection (1) of Section
8A of Chapter 18 of the Acts of Nova Scotia 1990, the Mineral Resources Act, is pleased to

(a) designate as a geothermal resource area that area of Springhill, in the County of
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Cumberland, more particularly described in Schedules"A" and "B" attached to and
forming part of the report and recommendation, and which area shall be referred to as the
Springhill Geothermal Resource Area;

(b) determine that the designation of the Springhill Geothermal Resource Area shall be
effective on, from and after the 3rd day of September, 1992; .
OTHER LOCATIONS
It is estimated that there are over 36,000 domestic ground-coupled heat-pump systems in Canada,
which is one of the leading countries in this kind of energy use. Countries that exceed the
Canadian number are the USA, with 600,00, Sweden, with 200,000, and Germany, with 40,000.
The world-wide total is about 900,000. (Curtis et al., 2005)

Carleton University, Ottawa.

Since 1990 Carleton University, in Ottawa, has been using groundwater to cool buildings in the
summer and to pre-heat building air in the winter. The groundwater comes from faults and
fractures in the local limestone at a temperature of about 9 °C. Wells yield from less than a few
litres/sec to over 100 litres/sec, depending on the proximity to fractures.

Okotoks, Alberta

The Town of Okotoks, near Calgary, Alberta, has built a solar heating system for a subdivision of
52 houses, using seasonal underground storage. The principle is well known in Europe but this is
the first in North American. The system uses 2300 m* of solar panels, which on a sunny summer
day will generate 1.5 MW of thermal power. In the summer much of this energy is stored in a
borehole field under the neighbouring park. There are 144 boreholes of depth of 37 m, within an
area 70 m across. The system is designed so that the underground storage temperature reaches

80 °C by the end of the summer. This combination of solar and geothermal systems is expected
to provide up to 90% of the space heating needs of the 52 houses.

Oshawa, Ontario

The University of Ontario Institute of Technology, at Oshawa, Ontario, planned the eight
buildings of its new campus to be heated and cooled entirely by a ground-coupled heat pump
system. The system will use 384 boreholes of depth 213 m, and approximately 160 km of plastic
pipe in the ground. (Options, 2004)

Timmins, Ontario

The City of Timmins has investigated the use of water from a former gold mine. The temperature
in the shaft is reported to be about 12 °C to 13 °C
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PROFESSIONAL AND INDUSTRIAL ORGANISATIONS

The Canadian Association for Renewable Energies provides information on a variety of
renewable sources. Its publications contain a selection of news items on all renewable sources.
Within the web page on 25 January 2007 was the following notice.

“Renewable Energy Association Ceases Operation 2006-11-28 (Canadian association for
renewable energies). A national association that promotes a leading renewable energy technology
will cease its operations, effective immediately. The Earth Energy Society of Canada (formerly
Canadian Earth Energy Association) was incorporated in 1989 to promote geothermal heat
pumps, and administered a $20 million utility program during the 1990s as the industry installed
38,000 systems across the country. Geothermal currently provides the thermal equivalent of 600
million kWh a year and displaces the emission of 250,000 tonne of GHG. EESC has been forced
to stop its promotional activities as a result of a law suit that alleges improper use of domains
with ‘geo-exchange’ in the name. The claim in federal court says EESC, the Canadian
Association for Renewable Energies and Bill Eggertson (personally) violated the term
‘geoexchange,” a U.S. trademark. “We offered to transfer ownership of the domains to the
plaintiff for free, if they had dropped the case before lawyers got involved,” says Eggertson.
“They refused, and the legal fees have drained the reserves.” Geothermal heat pumps will remain
represented in the Green Heat Global partnership through GeoCanada.org / EcoHeat.org, and
c.a.r.e. will track the millions of dollars in federal spending for geothermal that is no longer
directed to the domestic industry.”

As of the same date, the web page of the Earth Energy Society of Canada was still available. It
provided a long list of contractors and information on CSA standards for such installations.

There are many web sites belonging to contractors who will install ground-coupled heat pump
systems in residential buildings. Associations or societies of these contractors provide a more
useful starting point

Canadian Association for Renewable Energies www.renewbles.ca/
Earth Energy Society of Canada www.earthenergy.ca/
FUTURE DIRECTIONS

This is one type of geothermal resource that has had a history of successful application since
1976, although it was not generally within the range of interest of the Geothermal Energy
Program.

The residential market for ground-coupled heat pump systems is in a healthy state. The number
of installations exceeds 36,000 across the country, mainly in British Columbia and Ontario. CSA
standards have been established. This technology is probably best used with new buildings,
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where the heat-exchange pipes can be laid in the ground before the house is constructed.
However, given the present trend towards larger houses and smaller lots, the ability to install the
necessary underground systems may be reduced.

Multiple housing units are excellent candidates for this type of heating system. The example of
Okotoks, Alberta, is an excellent model to be followed almost anywhere in the country.

Reservoirs in abandoned mines deserve more attention than they have been receiving. The
example of Springhill, Nova Scotia, stands out as an attempt by the town to revive and replace its
industrial base. There must be many other old mining towns that could benefit from this
example, and an active program of education could bring benefits.
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CHAPTER SIX

ENGINEERING AND ECONOMICS

INTRODUCTION

Early work of the Geothermal Energy Program addressed the question of the existence of
geothermal resources and was necessarily based on earth science. As the existence of resources
was demonstrated and the nature of the resources became clear, the question of the means and
costs of using the resource came to the fore. Eventually the National Research Council added an
engineer, Dr. Brian Larkin to the program to build on the work already done by the geologists and
geophysicists.

REVIEW OF CONTRACTED STUDIES

SNC group. 1982. Survey of geothermal heat extraction technology. Rept. to
Nat.Res.Council Ottawa, 192pp.

This report began with a review of some existing geothermal technology and earth science. It
then reviewed Canadian conditions, borrowing mainly from publications of scientists of the
Geothermal Energy Program. This was followed by a review of utilisation systems of several
foreign installations and of the various uses to which process heat could be put. The report
comprises a good introduction to all aspects of geothermal energy use, as they existed in 1982,
but it contained nothing new and most of the material can be found elsewhere.

Acres Consulting Services Ltd. Low temperature geothermal energy applications

This study examined many potential applications of geothermal energy, including space heating,
both domestic and agricultural, mine air heating, aquaculture, feedwater heating, and desalination.
The term “low temperature” in this report means between 60 °C and 100 °C . It was concluded
that the size of an individual doublet system, as used in France and proposed at Regina, limits the
application to large-scale applications, such as large commercial office and government
administration buildings. The cost of geothermal heat would be more attractive if the prevailing
cost of natural gas in Saskatchewan and Alberta were not so low.

All economic conclusions of this report were based on conditions in 1983, which came at a time
of falling energy prices and a low level of environmental concern.
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Acres International Ltd. 1985. Moose Jaw Geothermal Study.

For almost thirty years the City of Moose Jaw operated the “Natatorium”, a warm pool of
mineralised water from an unsuccessful gas well. The wooden casing of the well collapsed in
1957 and the flow of brine ceased. After the success of the Regina well in proving a source of
hot water, the City of Moose Jaw expressed an interest in restoring the Natatorium and in
investigating the further benefits that might come from a renewed geothermal system. The
feasibility study was funded by the Geothermal Energy Program.

For economic operation the following requirements had been identified: heating applications with
high load demands, the ability to retrofit to accept lower than normal supply temperatures, and the
ability to use sufficient of the resource throughout the year. Geothermal systems require a high
capital cost in exploration, drilling and testing, but low operating costs. Thus the economic
viability depends heavily on the costs of investment.

Available data on geological and thermal conditions were reviewed, including information
derived from the Regina well, and on which to base predictions of temperature for each of the
main reservoir formations. The water from the old well came from the Manville and Gravelbourg
formations at rates of 6.8 and 14.2 m’ /hour, flowing under artesian pressure without the need for
pumping. Total dissolved solids were about 10,000 ppm, about one third the salinity of sea
water. Parameters were predicted for all the major reservoir formations that would be
encountered by a well to the base of sediments at Moose Jaw. The deep reservoirs, in the
Winnipeg and Deadwood formations, the source at Regina, would be hotter, at about 60 °C, but
would have a substantially higher dissolved solid content, at about 180,000 ppm, or five times the
salinity of sea water.

In addition to the Natatorium, sixteen buildings were considered for geothermal application. The
potential for retrofit of heating systems, and costs were estimated for each building. Four report
considered fou schemes for exploitation of geothermal heat. Scheme one included the
Natatorium, an attached health spa, and the adjacent YMCA and YWCA buildings, with water at
temperature up to 44 °C. Heating schemes two to four included increasingly larger distribution
systems, each growing outward from the Natatorium complex, and using water from increasingly
deeper formations at higher temperature. It was assumed that the City would be the sponsor,
owner and operator of any central heat system that might be installed, and all financial analysis
was based on this assumption.

The report concluded that the combining geothermal heating with Natatorium restoration and the
development of the spa was practical and economically attractive for some of the schemes. It was
recommended that the City should pursue the question of sources of financial assistance for such
an energy demonstration project. Unfortunately, the federal government lost interest in all
alternative energy options shortly after the report was written, and the City abandoned any plans
to implement the systems suggested. Two wells were drilled, and one was logged for temperature
by GSC staff. The results are shown in Fig 6-1. After some delay the source was bought and
incorporated into a commercial hotel and spa.
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Acres Consulting Services Ltd and Nevin Sadlier-Brown Goodbrand Ltd. 1984.
Regulatory and commercial aspects of geothermal energy development.

At the time this report was written it was recognised that geothermal development in Canada was
at an early stage of “limited exploration, resource testing and the examination of potential
applications”, and that “a multitude of regulatory, jurisdictional and commercial issues need to be
identified and resolved”. This report identified five basic types of geothermal resource, but did
not mention shallow resources exploited by ground-coupled heat pumps. This type of resource
was implicitly excluded from consideration.

The first offering of geothermal rights under the British Columbia Resources Act was made in
June 1983. The rights consisted of a permit to explore and develop Crown geothermal resources
near Mt. Cayley, a Quaternary volcano. The legislation under which this offering was made was
intended to regulate exploration in the volcanic belts of the Cordillera, but it presumably applies
also to the part of the Western Canada Sedimentary Basin that lies in north-eastern British
Columbia. If so, this was, and still remains the only provincial or territorial legislation to govern
geothermal operations outside the Cordillera and Nova Scotia. The well at Regina was drilled
under existing regulations for oil and gas and for water resources.

The report reviews legislation in other countries. In the USA regulatory and commercial aspects
have been addressed by the federal Congress and states known to have resources. The report
comments: ”Often the conclusion reached, and the direction given by these differing bodies, have
been significantly different. Often, as well, the legislation has left as many questions unanswered
as answered, or created as many new problems as it resolved. In some cases, the legislation has,
in fact, proven to be more of an obstacle to development than an aid.” These statements are
followed by 103 pages of review of US legislation, environmental regulation, financial incentives
and tax regulations. This is followed by 29 pages of information on legislative, financial and
commercial aspects of the development of water from the Paris Basin. By the end of 1983 80
geothermal operations had been approved and 27 systems were in operation. In accordance with
French convention, the economic benefit of these systems was given as the annual saving of
75,000 tonnes of oil, where one tonne equivalent of oil is 41.8 x10°J (11,600 kWh), for a total
energy equivalent of 3.13 x10 '° J. Assuming that oil is 85% carbon, this saving of oil amounts
to an annual saving of 2.4 x10 ®tonnes of carbon dioxide emissions, not accounting for the
generation of electrical power needed to drive pumps. Short reviews of developments in the
European Union, the United Kingdom, New Zealand, Iceland and Japan followed.

In Canada, natural resources, which include geothermal resources, fall under provincial
jurisdiction. At the time of this report only British Columbia had any legislation that directly
referred to geothermal resources, but Nova Scotia has since introduced legislation. In the absence
of specific legislation, geothermal resources may be regulated under a variety of other legislation,
including those related to oil and gas, land ownership, pollution control, pipelines, utilities,
industrial safety, corporate tax, royalties, and others. Most geothermal use was then, and still is,
governed by a collection of laws that ere not designed to govern geothermal resources and may be
unsuitable for the purpose. Some provincial governments considered that the time to develop
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regulations was after the beginning of geothermal development, rather than in anticipation, an
attitude that may be an obstacle to geothermal innovations.

The report includes six pages of details concerning the British Columbia Geothermal Act,
followed by a brief statement for each other province or territory. Other provinces have no
legislation, but the report summarises the situation in some of them. In Saskatchewan, where the
Regina Geothermal Well was located, the drilling required a licence from the Dept. Of energy and
Mines, because it penetrated strata that were potentially oil and gas bearing. There was no
competition for the oil and gas rights because the area was regarded as having little hydrocarbon
potential. The regulatory agencies were generally helpful on this particular occasion, but this may
not always be so. There was perceived to be a potential for conflict between the Departments of
Energy and Mines and of Environment. A further source of conflict could arise from the
requirement that reinjection wells must not affect hydrocarbon rights within a radius of 1.6 km.

Geothermal development was perceived to be at the stage of exploration, innovation, and
demonstration projects. The technological infrastructure was not present in Canadian industry.
Financial assistance from governments was essential to early projects, followed by favourable
treatment by tax laws. Apart from the assistance provided by the Federal Government under the
Geothermal Energy Program and the Conservation and Renewable Energy Development and
Demonstration Program (CREDA), and some provincial programs aimed at subsidising
demonst5ation projects, there was little encouragement to industry to become interested in
geothermal development. In British Columbia CREDA provided $750,000. The Geothermal
Energy Program provided funds and expertise over a period of ten years. The bulk of the funds
for the project were provided by the British Columbia Hydro and Power Authority.

In Saskatchewan, about 97% of the funds for the introductory research and drilling of the well at
Regina was provided by the federal Geothermal Energy Program. CREDA provided funds for a
feasibility study of the reinjection well, but the project was taken no further when hydrocarbon
prices fell. In other provinces and territories costs of geological research and feasibility studies
were generally borne by the Geothermal Energy Program.

It was concluded that the use of geothermal energy would have to be demonstrated before it could
be considered as a viable alternative energy resource. Government funds were available at the
time, but federal funds were all closed down in or before1986. Demonstration projects were
required before progress could be made to the commercial development phase. Government
support for such projects would increase interest. The motives for government support have
changed since 1986, depending on the price of oil and gas, the perceived supply situation, and
concerns over exhaust emissions. The conditions under which this report was written are not
necessarily valid in 2007.

John M. Booth Engineering Ltd. 1985. Outline report on the minewater
geothermal heat source

This study has been reported in the previous chapter
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COMMUNITY AND INDUSTRY ENQUIRIES

Starting in 1983, participants in the Geothermal Energy Programme received a growing number
of enquiries from outside agencies interested in the use of geothermal resources at specific
locations. In addition to the projects at Meager Creek and Regina, which received substantial
assistance from the Programme, there were several that involved a municipality and commercial
consultant. Geographical distribution of the sources of these enquiries is shown in Fig.3. Details
of specific projects follow.

Hinton, Alberta

A plan by developers for a resort on the Yellowhead Highway outside the Jasper National Park
included a possible geothermal pool and heating plant. The site was in the foothills of the Rocky
Mountains, only about 10 km from Miette hot springs. The complexities of predicting reservoir
capacities and drilling in the highly faulted and tilted rocks of the foothills made the project very
risky, and no geothermal development has taken place.

Bowden, Alberta

The possibility of geothermal heating of the Bowden jail was discussed in 1983. One of the earth
science contracts was amended to include the site in its study area. Geological predictions were
favourable, but the lead-time was too short for inclusion of geothermal heating in changes then
planned.

Charlottetown, Prince Edward Island

In 1983 Noval Technologies Ltd proposed to the University of Prince Edward Island that the new
veterinary college should be heated by a geothermal system. EMR scientists were doubtful of
estimates of geothermal gradient of 25 mK/m, which they considered to be high. A shallow test
well was drilled, and the gradient was shown to be only about 14 mK/m.

Edson. Alberta

In 1984 the Town of Edson and their consultants, Underwood McLellan Ltd. of Edmonton, asked
for advice on their geothermal plans. A feasibility study was funded by the federal government,
which described the geological conditions beneath the Town and some of the development
options. Economic prospects were not attractive unless the cost of drilling geothermal wells
could be substantially reduced by cooperation with the gas industry, whereby the industry would
make available unsuccessful gas wells. This question was not resolved.

Moose Jaw, Saskatchewan

In 1984 the City of Moose Jaw requested advice on the restoration of the geothermal supply to
the Natatorium, an indoor swimming pool that had been supplied by an unsuccessful gas well
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from its opening to about 1954. A feasibility study, funded by the federal government, showed a
range of geothermal possibilities, with the most attractive being the drilling of a new well to tap
the same artesian sources as before, with the addition of a spa facility. Detailed examination by
the City of its plans for swimming facilities and of the tourist potential of a spa followed the
completion of the feasibility study. A pair of wells for geothermal water was drilled by the City
in 1989, in preparation for a spa. One of the wells was logged by GSC personnel in 1991 and
results are described in Chap.3.

Summerland, British Columbia

Greenhouse operators in Summerland asked advice on the heating of greenhouses by
low-temperature geothermal water from the sediments below. Since the temperature needed for
heating or for hydroponic feeding is in the range 25 °C to 40 °C, an examination of the
geothermal potential of the Town seemed appropriate. Consultants for the Town made a proposal
to the federal government, but it was too late to be accepted before the Programme was cancelled
in 1986. A small-diameter (150 mm) exploratory well was drilled in 1990, but funds were
insufficient to reach the basal conglomerate, where the best aquifer was predicted. This well
was deepened in 1992 to a depth of 940 m. Temperatures at that point were about 41 °C, but the
expected aquifer formation was not reached and the available water supply was inadequate for
development. Further drilling might encounter sufficient water, but the cost of drilling a
production well would probably render the project uneconomic. Details will appear in the
second part of this report.

Springhill, Nova Scotia

In 1985 the Town of Springhill asked advice on the heating potential, using heat pumps, of the
water in the abandoned coal mines, which had been found to be at about 20 °C near the top of the
old shaft. A feasibility study was funded by the federal government for completion in July 1986.
The first operating system was installed in 1989, in an industrial park on the edge of the Town.
New drilling in 1990 was designed to permit the installation of a second system in the middle of
the Town. This constitutes a valuable new idea for the extraction of heat from shallow ground-
water, since the supply is large and only shallow drilling is needed. A two-day conference was
held in Springhill in October 1992, which was attended by representatives from other
municipalities with abandoned mines and government representatives of federal, provincial and
municipal levels. By 1994 there were eight users of the geothermal resource within the industrial
park of Summerland and the long term potential of the energy supply is very attractive (Jessop et
al, 1994). Details are to be found in Chap.4.

Mavyo. Yukon Territory.

The Town of Mayo has been using water from a well in the gravels of the river valley as a source
for heat pumps. Through the Remote Communities Demonstration Programme (RCDP)
application was made to extend the system. Some questions regarding the reliability of the
supply had been raised. Survey work within the Geothermal Energy Programme was cut off by
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the cancellation of the Programme, but the project was continued under the RCDP.

Kindersley. Saskatchewan

In 1983 Page Petroleum Ltd. drilled a water well to the basal clastic rocks in the Kindersley
oilfield, to supply warm saline water for improving the recovery of oil from a higher formation.
Temperature logging of the well was carried out by federal personnel in January 1984. It proved
to be impractical to keep the water hot while it was on the surface, and a heat exchanger was
installed in 1986. The heat was successfully used for preparation of the oil for input to the
pipeline. This was the first industrial application of geothermal heat on the prairies. Its present
(2007) condition is unknown.

Hot Springs Cove, British Columbia

Application was made to the RCDP by the Indian Band at Hot Springs Cove for help in
developing the hot water of the springs for heating or other purposes. Several small springs are
known, some of which are on the sea-floor. Surveys indicated that the natural springs are not
well placed and that flow rates are low. Drilling to intersect the fractures carrying the water has a
low probability of success and the potential increase of flow is limited.

Mt. Cayley, British Columbia

Mount Cayley is a recent volcanic centre in southwestern British Columbia, and with Mounts
Meager and Garibaldi is the northern end of the Cascade Volcanic Range. Mount Cayley is
known to have associated hot springs, and by drilling and surface surveys in the period 1980

to 1986, it was shown to have a geothermal anomaly and resistivity anomalies similar to those of
Mount Meager. Details will appear in the second part of this report. Under legislation of the
Provincial of British Columbia, O'Brien Resources Ltd. took out leases for exploration over the
area immediately around the central peak,

Potash mines in Saskatchewan

Ventilation air in potash mines must be heated in winter to avoid structural problems caused by
contraction of steel in the shafts. Preliminary study of the potential for heating by geothermal
water instead of natural gas showed that there are technical advantages in the use of geothermal
water, but that fiscal restraints make the conversion completely uneconomic.

CONCLUSIONS

The Geothermal Energy Program necessarily began with a strong earth science bias. As it
became evident that there are considerable geothermal resources within Canada, the addition of
an engineering and economic component was added.
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Several municipalities showed interest, and scientists and engineers within the Program gave
what help they could, but there was no apparent interest in the energy industry, particularly the
hydrocarbon industry, which was best placed to look beyond the conventional energy sources.

The economic potential of geothermal energy, particularly of space heating could have been
attractive in certain locations, but, by 1986, the cost of hydrocarbon energy had fallen below the
peaks of 1975 to 1980 and there was no environmental concern about the long-term effects of
continued combustion and free venting of exhaust gas.

The work of the Program was attracting attention and interest and was beginning to show results

in applications when the Program was suddenly cancelled. Thus the accumulated knowledge of
the resource was never put to its intended purpose.
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CHAPTER SEVEN

FUTURE RESEARCH AND DEVELOPMENT

INTRODUCTION

The sudden cancellation of the Geothermal Energy Program cut off funding for all studies of
Geothermal Energy. Economic conditions had changed and alternative energy sources no longer
attracted the same interest that they had during the so-called “Energy Crisis” of 1973 to 1982.
The possibility that this situation might change once more in the opposite direction was of no
concern. The twenty years since the cancellation of the program has given ample time to ponder
the future requirements for successful geothermal exploitation. It has also allowed time for
another cycle of public concern over security of energy supply and environmental degradation to
appear. Unfortunately the twenty years has also allowed ample time for participants to reach the
age of retirement or to move into other lines of work

THE WESTERN CANADA SEDIMENTARY BASIN

In the Western Canada Sedimentary Basin the resource has been proved. There is ample evidence
that there is a great deal of warm or hot water in the sedimentary aquifers. However, only at
Regina and Moose Jaw have the necessary detailed feasibility study and confirming drilling been
done.

At almost any point that lies over the deeper parts of the basin the chances of finding a good
geothermal aquifer are very good, but each location must be examined individually. There are
ample data of temperature, geological formations, porosity and permeability produced by the
hydrocarbon industry, but, as Gorrell (1984) warned, these are not aimed at water-bearing strata
and may not a give a complete picture of the geothermal resource at all locations. The economic
conditions of each location must be included in the study. Fig.3 in Chap.3 shows the areas that
might be reasonable expected to yield resources, including such large, medium and remote
centres of population as Lethbridge, Calgary, Red Deer, Edmonton, Hinton, Edson, Rocky
Mountain House, Grande Prairie, Dawson Creek and Fort Nelson.

The need here is not more basic science, but the willingness to consider geothermal heat as an
alternate source and the local analysis of the potential applications. These are engineering and
economic studies. The initial impetus must come from the communities themselves or from the
hydrocarbon companies that are willing to consider alternative energy sources.
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THE ATLANTIC REGION

The most likely source of geothermal energy in the Atlantic Region is in the sedimentary basins.
These are not as well explored as the Western Canada Sedimentary Basin, except in some
offshore areas, and so the earth science data are not as easily or cheaply compiled. However, the
coal industry has produced some data in Nova Scotia. Unfortunately, geothermal gradients tend
to be low, less than 20 mK/m, and so the prospects are not generally encouraging. Intrusive rocks
are generally too old and lacking in adequate radiogenic isotopes to offer good prospects for hot
dry rock. Warm water in abandoned mines is probably the best option in the Atlantic Region.

The impetus for investigation must come from municipalities, potential users or energy providers.

ABANDONED MINES

Towns situated above abandoned mines present a special case in all parts of the country. The
example of Springhill, Nova Scotia, is one that could be profitably followed in many places
where the closure of mines has removed the main economic base of the community.

Preferably the mines will be deep and extensive, in order to provide the opportunity for water
circulation and mixing that occurs at Springhill, but this is not essential. Any mine may be
regarded as a shallow aquifer that is unlikely to run out of water. The temperature of the water at
Springhill is , at 18 °C to 20 °C, very attractive, but most shallow aquifers used for ground-
coupled heat pumps are in the range 5°C to 8 °C, and so almost any mine in temperate latitudes
offers opportunities.

The study of existing abandoned mines (Katherine Arkay,1992) covers only Nova Scotia and
Quebec, but that study was limited by the size of the size of the task rather than by any
geographical or geological constraint. In addition to the coal mining areas of Nova Scotia, there
are many possible old mines in other provinces, notably the Quebec-Ontario mining belt,
including Rouyn, Noranda, Timmins and the Sudbury area. British Columbia, which will be dealt
with in the second volume of this report, must be included in these comments.

THE ST. LAWRENCE LOWLANDS

There has been some exploration and drilling hor hydrocarbons in the St. Lawrence Lowland,
stretching from Montreal to the Gaspe Peninsula. The depth of sedimentary rocks is limited, the
geothermal gradients are generally below average, and so aquifers of high temperature cannot be
expected. However, this area has not been explored and the energy potential of any location is
worth examination.
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SOUTH-WESTERN ONTARIO

The same comments may be made concerning the geothermal potential of the sedimentary rocks
of south-western Ontario, from Toronto to Windsor. The data may be better and the sediments
may be deeper than in the St. Lawrence Lowlands, particularly in and around the oilfields of the
Sarnia area. This area has not been explored and the energy potential is worth examination.

THE CANADIAN SHIELD

The rocks of the Canadian Shield are probably the most unlikely to yield geothermal resources of
any in Canada. Generally these Precambrian rocks are not porous or permeable, except in
fractures. Studies related to the question of nuclear waste disposal have shown that water moves
only in fractures and that the drilling of a slim hole to examine this water movement creates a
significant change to the water circulation system and prevents any effective understanding of the
natural system. Furthermore, the terrestrial heat flow from the old crust beneath the shield is low,
resulting in low geothermal gradients. The combination of low porosity and low geothermal
gradient means that the prospect for geothermal development is very low.

In old mines, which may be of great depth, there will be major volumes of water, which may
serve as aquifers for input to heat pumps. Since geothermal gradients are typically in the range of
10 mK/m to 15 mK/m, and surface temperatures are in the range 2 °C to 6 °C, underground
temperatures are likely to be lower than average. However, any old mine probably presents an
opportunity for geothermal development provided that the potential users are well placed above
the mine workings.

THE MACKENZIE CORRIDOR AND DELTA

This area has not been examined, but parts of it have high heat flow, in excess of 90 mW/m* , and
geothermal gradient. Surface temperatures tend to be at 0 °C or below, but there may be useful
geothermal resources with applications to remote communities.

THE ARCTIC ISLANDS

In the Arctic Islands heat flow, to the extent that it is known, tends to be lower than average.
Further, surface temperatures are very low, down to -15°C. This combination makes it unlikely
that useful geothermal resources are present.

IMMEDIATE PRIORITIES

The Geothermal energy Program of 1976 to 1986 provided a good knowledge of the basic earth
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science on which to base site-specific studies and demonstration projects. The technology of
geothermal development is generally available and demonstrated in other countries. The present
need in Canada is the demonstration of the resource and its use in technologically sound and
economic installations. Apart from systems involving ground-coupled heat pumps and shallow
low-temperature aquifers, the immediate need is industrial and municipal involvement in active
utilisation. To do this a new geothermal community must be built up, using the experience of the
past as presented in this report.

Specific priorities

As a sample of situations that could be profitably examined promptly as possible demonstration
projects, the following are perhaps the most likely to give good results.

1 Reopen the project at the University of Regina. Reopen the well, check it for corrosion
problems, examine the proposal for the reinjection well, complete the well doublet, and
use the energy for space heating of a large campus building.

2. Examine the possibility of using water at 100 °C, as input to binary-cycle power
generation plants. This could be valuable in remote communities that depend on diesel
fuel transported at high expense. In particular, the hot water produced from the gas wells
in the Clarke Lake gas field could generate power to supply the needs of the gas field
installations and the nearby town of Fort Nelson.

3. Examine towns in the mining belt of Ontario-Quebec for the possible use of water from
abandoned mines, as has been done successfully at Springhill, Nova Scotia. The towns of
Kirkland Lake, Timmins, Rouyn, Noranda, Malartic, Sudbury and others should be
examined.

4. Cooperate with the hydrocarbon industry to use unsuccessful wells as water producing
wells in communities such as Hinton and Edson, where temperature gradients are known
to be more favourable than elsewhere.

General needs

The Geothermal Energy Program of 1976 to 1986 concentrated on earth science to show that
there are geothermal resources in Canada. Once this was conclusively demonstrated the Program
began to move towards technology of applications and applications at specific localities. The
earth science effort was generally successful. It provided an overview of most of the more
promising parts of Canada, but it was not practical or necessary to cover every area in detail.
Further earth science is needed to be able to use the general knowledge to permit analysis of
smaller areas or specific locations. Meanwhile, further examination of the thermal state of the
crust needs to be continued.

The engineering component that followed achieved a similar state. It showed that technology was
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available and that geothermal energy was technologically feasible, if not always economically
feasible, in many parts of Canada.

The present needs in Canada are as follows.

1

The willingness of industry, particularly the hydrocarbon industry to look at alternative
sources of energy. The enormous accumulated experience of the hydrocarbon industry in
drilling and geological exploration should permit them to initiate small moves in the
direction of alternate sources.

Encouragement of municipalities to promote geothermal or other alternative energy
sources, or combinations of these. The best examples so far are Springhill Nova Scotia,
and Okotoks, Alberta, where the municipal governments took an active part in searching
out the technology and promoting its use.

A centre of expertise and knowledge within the Federal Government to promote the
exploration for and utilisation of geothermal resources. This centre needs to
accommodate earth science, environmental science, technological and economic
capabilities. The location of this centre is open to debate, but should probably be a
cooperative venture between Natural Resources Canada and Environment Canada.

A continued examination of the thermal nature of the crust within Canada. This could be
housed within the Geological Survey of Canada, but could be done in a university
environment. Government groups are more amenable to changes of direction as national
needs arise, as the geothermal group and the volcanological group were at the beginning
of the Geothermal Energy Program in 1976. Good in-house measurement capabilities are
essential, so that Canadian researchers have control and complete participation in the
work.

Willingness on the part of provincial governments to put in place legislation to regulate
and encourage geothermal development. It is not sufficient to wait until geothermal
development is an accomplished fact, as industrial developers deserve to know in advance
what rules they will be working under.
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THE GEOTHERMAL ENERGY PROGRAM

APPENDICES

APPENDIX ONE: EXPENDITURES OF THE PROGRAM

Expenditures under the Geothermal Energy Research and Development Program of 1976 to 1986
are here divided into four general categories: Earth science, Feasibility studies, Engineering
studies, and overheads. These may include a variety of projects as follows:

Earth science - field surveys, data assembly, analysis

Engineering - engineering studies, projects, and general studies of applications.
Feasibility - site-specific studies of feasibility of geothermal development
Drilling - all drilling, in all parts of Canada

Overheads - divisional overheads, DSS charges, travel, operating, capital,

personnel costs other than for the one PY, and cuts imposed after
the beginning of the year.

Expenditures, broken down into these categories and expressed in k$, are shown in Table 6.

Table 6
Summary of total expenditures

Year Earth  Engng Feasblty Drilling Overh’ds Total

Science  Studies  Studies and cuts

1976/77 100 0 0 0 0 100
1977/78 183 0 0 60 37 280
1978/79 74 0 200 708 21 1003
1979/80 64 130 151 0 15 360
1980/81 144 17 38 131 30 360
1981/82 268 163 0 115 69 615
1982/83 388 117 0 170 52 727
1983/84 550 107 57 164 145 1023
1984/85 437 72 196 331 182 1218
1985/86 176 30 75 0 116 397

Total 2384 636 777 1619 667 6083
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Table 6 does not include expenditures before the start of the Geothermal Energy Program, such
as drilling at Meager Creek and the first Sproule report, or expenditures after the termination of
the program. It also does not include expenditures managed by the “Conservation and
Renewable Officers”, which are unknown but are believed to have contributed in a very small
way to research.

These figures are taken from progress reports, which give anticipated costs for contracts, but do
not always give the exact figures after the contracting process. Totals are correct, but the
breakdowns between types of expenditure are approximate. Figures do not include the cost of
salaries for the personnel involved in managing the Program, letting contracts, conducting
drilling supervision and field tests, and preparing summary documentation. These activities are
estimated to have occupied about 25 person-years during the ten years of the Program. These
figures do not include any amounts spent under the Federal-Provincial Agreements on Energy
(CREDA). 1978/79 includes special allocation of k$655 for the drilling of the Regina well

Major projects are identified in Table 7 in the year in which they occurred. Where no figures are
given records of the costs have not been found. Smaller projects are not individually identified,

but the totals under the four headings above are given in Table 6. All costs are expressed in kS$.

For Table 7 please see the next page.
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Table 7
Major Expenditures in each year

1973-74
Drilling at Meager Creek
1974-75

1975-76
First Sproule Contract

1976-77
Second Sproule contract (29),

1977-78
Drilling in Garibaldi V.B. (57), Meager Creek (92),
Feasibility at Regina (60),

1978-79
Drilling in Coryell (53), Drilling at Regina (655)
Share at Meager (200)

1979-80
MT in Garibaldi V.B. (45), Pump tests at Regina (111)
Feasibility at Meager Cr. (40), Regina fracturing (130)

1980-81
Drilling at Cayley (75), Drilling in Okanagan (56),
Net-rock data collection (57), Studies at Meager (38),
Rock fracturing (17)

1981-82
Shallow drilling interior B.C. (115), SNC contract (100)
Development of LSES (63)

1982-83

Shallow drilling in Garibaldi V.B. (70), Drilling at Cayley (100)
E-scan at Cayley (60), MT at Anahim V.B, (46)Acres study (70)

1983-84
Drilling at Meager (100), Aquifer mapping study (70),

Shallow drilling in Anahim V.B. (64), Prairies analysis (58),
Drilling at Charlottetown (57), Utilisation in Atlantic region (40),

Legal and institutional (60)
1984-85
Various drilling (331), Various sediment analysis (166),

Various E and M methods (105), Feasibility at Moose Jaw (40),

Feasibility at Edson (90), Mine air heating (33),
Fouling and corrosion (25)

1985-86
Sedimentary analysis (73), Feasibility at Springhill (40),
Water production (35), Heat pump study (30)
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APPENDIX TWO: FEDERAL PARTICIPANTS

Overall coordination of the Geothermal Energy Program was assigned to A.M Jessop (EPB),
initially with assistance from J.G.Souther (GSC) and T.J.Lewis (EPB). After an initial period of
evolving responsibilities, a pattern emerged by which the division was as follows.

J.G.Souther - geothermal resources in volcanic belts of the cordillera, geological mapping,
inventory and geothermometry of hot springs, cooperation with BCH at Meager Mountain;

T.J.Lewis - geothermal resources of the cordillera outside the volcanic belts, thermal anomalies
of the crust, hot dry rock potential, small sedimentary basins of the cordillera;

A.M.Jessop - geothermal resources of sedimentary basins, thermal regime within the sediments,
cooperation with the University of Regina in their geothermal project and Program coordination.

To these were added, as the Program developed:

M.J.Drury (EPB) - geothermal resources of the Atlantic region, hot dry rock potential of
Appalachian granites, thermal regime of sedimentary basins;

B.S.Larkin (NRC) - engineering requirements for geothermal development in Canada, economic
factors, geothermal systems, demonstration projects.

These five people provided the management and operation of the Geothermal Program. Late in
the life of the Program a formal Program Committee was set up, with J.Legg (OERD) as
chairman. This provided an improved contact with OERD, but otherwise continued to do what
the five principals had been doing for themselves in a less formal manner throughout the life of
the Program.

During the course of the Program the participants in the part on sedimentary basins met in an

informal manner at irregular interval. These meetings went under the name of the “Sedimentary
Panel on Geothermal Energy” (SPONGE).
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Names and addresses of federal participants, as of 2007, where known or still employed by EMR

Wanda Bentkowski
Resigned from Pacific Geoscience Centre.
Sidney, British Columbia.

Malcolm J.Drury
Office of Energy Research and Development
Natural Resources Canada,
580 Booth Street,
Ottawa, Ontario, K1A OES.

Alan M.Jessop
Retired from Institute of Sedimentary and Petroleum Geology
333 Silver Ridge Crescent NW
Calgary, Alberta, T3B 3T6.

Brian Larkin
Retired from National Research Council.
Ottawa, Ontario

John Legg
Retired from Office of Energy Research and Development
580 Booth Street,
Ottawa, Ontario

Trevor J.Lewis
Retired from Pacific Geoscience Centre
Sidney, British Columbia.

J.G.Souther

Retired from Geological Survey of Canada,
Vancouver, British Columbia.
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APPENDIX THREE: INDUSTRIAL PARTICIPANTS

The following names and addresses were valid during the time of the Geothermal Energy

Program. Their present status is unknown.

Acres International Ltd.,
845 Cambie Street,
Vancouver, B.C., V6B 2P4.
Attn. R. J. Cousins.

John A. Leslie and Associates Ltd.,
P. O. Box 193,
248 Bedford Highway,
Bedford, N.S., B4A 2X2.
Attn. J. A. Leslie.

Nevin, Sadlier-Brown, Goodbrand, Ltd.,
500 - 342 Water Street,
Vancouver, B.C., V6B 1B6.

Attn. T. Sadlier-Brown.

Noval Technologies Ltd.,
Pontac House, Historic Properties,
1869 Upper Water Street,
Halifax, N.S., B3J 1S9.
Attn. G. P. Isenor

SNC Engineering and Project Management
Services Inc.

Sproule Associates Ltd.
140 4th Avenue S.W., Box 181,
Calgary, Alberta, T2P 3N3.
Attn. M. Wayne Sargent.

Underwood McLellan 1.td.,
17007 107th Avenue,
Edmonton, Alberta, T5S 1G3.
Attn. A. F. Scheybeler.
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Fairbank Engineering Ltd.,
1201 - 675 W. Hastings Street,
Vancouver, B.C., V6B 1N2.
Attn. B. D. Fairbank.

John M. Booth Engineering Ltd.,
5604 Morris Street,
Halifax, N.S., B3J 1C2.

Attn. J. M. Booth.

Premier Geophysics Inc.,
1184 Forge Walk,
Vancouver, B.C., V6H 3P9.
Attn. G. A. Shore.



APPENDIX FOUR: UNIVERSITY PARTICIPANTS

University of Alberta
Prof. F. W. Jones,
Retired from Dept. of Physics,

University of British Columbia
Prof. M. Ghomshei

University of Regina
Prof. L. W. Vigrass,
Retired from Dept. of Geology,

University of Saskatchewan

University of Toronto
Prof. J.C.Roegiers

146



	of5690.pdf
	of5690.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	C1TYPES.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10

	C2PROG.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13

	C3SEDBAS.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25

	C4ATLNTC.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9

	C5SHLLOW.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12

	C6ENGECN.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9

	C7FUTURE.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6

	BIBTEXT.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9

	BIBENRGY.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18

	BIBSCNCE.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34

	CXAPPEND.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8

	CXAPPEND.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8

	BIBSCNCE.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34

	CXAPPEND.pdf
	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8






