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Preface and
Acknowledgments

Geothermal energy, now recognized as an important and viable source
of alternative energy, is presently being either developed or seriously
examined by more than 90 countries interested in the prospect of
establishing geothermal industries.

The growth of the geothermal energy industry, as well as its future
potential, has undergone a substantial change since the 195Ds. From
1958 to 1.973, the average growth rate of geothermal power develop-
ment was not very much more rapid than that for conventional power.
in 1973, however, both the quintupling of world oil prices and a
restriction of oil supplies dramatically changed the global energy scene.
This dual occurrence produced an abrupt charge in the economic base
of the international energy economy and the cumulative effect of these
events was the creation of a sudden worldwide increase of interest in
alternative forms of energy — one of which was geothermal. By 1975,
the annual growth rates in geothermal plant capacity greatly exceeded
the world electricity growth rate.

Attention is focused on the dual problems of the development of
geothermal power as an alternative energy source, and •the initiative
and management of geothermal development projects in order to
exploit this energy. Chapter 1 is a general introduction to the principles
of geothermal energy and to the key aspects of geothermal energy
development. It also describes the conceptual framework(1) used to
analyze the case histories that follow.

Chapters 2, 3, and 4 — case histories of three important geothermal
projects in New Zealand, the United States, and the Philippines,
respectively — illustrate variations in different socioeconomic settings,
in scale and location. Each case is examined as an integrated project
cycle, providing detailed analysis and evaluation. With the aid of the
single conceptual .framework for comparative evaluation, many key
common factors in these three unique projects can be compared and
contrasted, for example, the organizational complexity of developing
geothermal projects.

x1ii



xiv PREFACE AND ACKNOWLEDGMENTS

Chapter 5 summarizes the case findings and provides a comparative
evaluation of management techniques in geothermal energy develop-
meni projects. In addition, it analyzes a number of broad policy and
technical issues relating to geothermal development.

This book, the first collection oI case histories of geothermal
projects to be described from conception to operation within an
integrated framework, creates an information base from which policy
makers and project managers may draw. The projects described repre-
sent the historic foundations of what may prove to be, in the next
century, a major rather than an "alternative" energy source for
mankind.

The writing of this book would not have been possible without the
collaboration and cooperation of many senior scholars and practitioners
and their institutions in Asia, the Pacific, and the United States. The
general editors wish to convey warmest thanks and deepest appreciation
For the many contributions. Space does not permit adequate acknowl-
edgment of each person and institution involved in this international
cooperative project effort at the East-West Center's Resource Systems
Institute (R5l), but special thanks are due to the authors of the various
cases and to their institutions for the splendid cooperation received, In
particular, special acknowledgment is given to Richard Bolton, chief
geothermal engineer of New Zealand, for his contributions to the book,
both as coauthor of the New Zealand case and as advisor for chapters 1
and 5. In addition, warmest thanks are conveyed to John Shupe, dean of
the College of Engineering, University of Hawaii and director of the
Hawaii Geothermal Project, for his cooperation in facilitating the
research necessary for chapter 3 and in reviewing the chapter. A
special note of thanks must go to Vicki Nelson for her invaluable advice
in working closely with the general editors in the professional edil:ing of
the manuscript. Also, thanks are extended to RS1 writer/editor Barbara
Yount for her advice regarding the overall manuscript and to Jim Mack
for his editorial assistance in the preparation of chapter 2.

It is hoped that the impact of this cooperative project will have
profound implications in the context of international efforts to improve
the planning and management of development projects for all sectors of
the economy and society. This should result in more efficient and
effective use of critical resources for the mutual benefit of many
countries and the well-being of their people.

NOTE

(1) A more detailed explanation of this model, the integrated project
planning and management cycle (IPPMC), may be found in our first book
on development project cases, Management of Development Projects
(Elmsford, N.Y.: Pergamon Press, 1979), and in a second book on the
theory and practice of project management, Project Planning and
Mana g ement: An Integrated Approach (Elmsford, N.Y.: Pergamon Press,
1980).
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An Introduction to
Geothermal Energy
Louis J. Goodman
Ralph N. Love

EARTH HEAT

For centuries, man has been both fascinated by and fearful of the
volcanoes, geysers, fumaroles, hot springs, and pools of boiling mud that
are the dramatic visual manifestations of the immense reservoir of the
earth's heat. The origin of this heat lies beneath the earth's crust where
a vast storehouse of immeasurable energy waits to be harnessed by
human technological ingenuity.(]) At present, however, less is known
about the interior of the earth and its storehouse of energy than is
known about the deep oceans and outer space.(2)

What information we have about the inner earth is drawn mostly
from indirect knowledge. The structure of the earth consists of five
concentric spheres, which are illustrated in figure 1.1. Life on the crust
of the earth is dependent upon the atmosphere which surrounds the
earth and the heat from beneath the crust. Directly under the crust lies
the mantle, toward the center of the earth is the liquid core, and at the
earth's center is the inner core. The earth's heat comes from deep
within; the nearer one gets to the center, the higher the temperature
and the density become.

The emergence of heat in one of its various forms occurs when the
crust of the earth is penetrated by the heat source from within. The
crust of the earth is made up of six major and a few smaller discrete
plates. These are continually in a state of relative motion. Where the
plates spread apart, molten rock underlying the crust flows upward;
where they move together, one plate goes up and the other goes under
and melts into the interior. It is at these points, the junctions of the
plates, that heat travels from the hot interior of the earth to the
surface, where it may appear as a volcano. Cold surface water may go
down to great depths and be heated by high-temperature zones within
the crust. The heated water then returns upward by convection and
gives rise to spectacular geysers and hot springs.
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Source: Adapted from H. Christopher H. Armstead, Geothermal Ener-
gY (London: E. and F.N. Spon, 1978) p. 19. Reprinted with
permission.

The earliest sites where geothermal energy was used by mankind -
Italy, New Zealand, Japan, and Iceland — were ones where surface
manifestations such as volcanoes, geysers, and hot pools occurred.
These early sites, along with other areas in which the earth's heat is
now being considered as a potential energy source, fall mainly, but not
exclusively, within the so-called seismic regions, which coincide with
the margins of active tectonic plate boundaries. Figure 1.2 shows the
position of the various plate boundaries. In these areas, the earth's crust
is in motion and is being stressed and weakened. Here hot mantle
material can rise close enough to the surface so that the transfer of
heat to the earth's crust can take place.

The potential areas for geothermal heat are large. Major sources
have been located along most of the accessible plate margins. Although
the seismic zones are fairly large, the bulk of the land mass of the
world is not in the active plate margins. Active areas include the
Pacific "rim of fire," which covers the active volcano areas of New
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Zealand, Philippines, Papua New Guinea, Japan, Kamchatka (Russia),
the west coast of North America, Central America, and the western
countries of South America. In the African Rift Valley, steam fields
have been identified from Kenya to Ethiopia, while the east-west
trending zones include sites in the Azores, Italy, the Balkans, the
Middle East, India, Indonesia, and the Caribbean. There are, then, a
large number of countries which have volcanoes and other manifesta-
tions which indicate geothermal potential.

The potential of geothermal energy, however, extends well beyond
the areas where surface manifestations occur. Techniques are now
being developed which do not require surface indication of the earth's
heat as a starting point for investigations work. Thus, in the future it
will be possible to discover geothermal fields where none appeared to
exist. This has occurred where drilling for oil has disclosed geothermai.
fields where surface manifestations were absent. Techniques are being
developed which, it has been predicted, will ultimately enable man to
obtain earth heat in large quantities at economic costs in all parts of
the world.(3) Thus, areas which are presently not included in lists of
potential geothermal development areas could in the future be con-
sidered to have this exciting energy potential available for develop-
ment.

Over 80 countries are listed as having geothermal potential. For
some of them, such as New Zealand and the Philippines, the resource
has become an indispensable part of their total energy supply. Other
countries, such as Saudi Arabia with its supply of oil, have little
interest in developing their geothermal potential. The countries and
regions which have known and theoretically probable geothermal poten-
tial are listed in table 1.1.

CLASSIFICATION OF GEOTHERMAL RESOURCES

Geothermal resources may be classified in a number of ways, but
basically they fall into three main categories: 1) hydrothermal convec-
tion systems, 2) hot igneous systems, and 3) regional conductive
environments. Each of these three areas can be broken down again into
the following classifications:

1. Hydrothermal convection systems can be identified in three areas:

a. vapor-dominated systems,
b. high-temperature liquid-dominated systems (above 150°C;

302°F), and
c. moderate-temperature liquid-dominated systems (90°C-150°C;

194°F-302°F).

2. Hot igneous systems have two main classifications:

a. molten part, and
b, crystallized part (hot dry rock).
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3. Regional conductive environments consist of two systems:

a. geopressured part, and
b. normal pressured part.(4)

The different types of geothermal resources occur in different
regions of the world. While all the resources have development poten-
tial, some of the geothermal resource categories are more highly
developed than others. Electric power generation in numerous countries
uses high-temperature hydrothermal convection systems with temper--
atures normally in excess of 200°C (392°F). Although occurring in all
continents and continental margins, the immense quantity of stored
heat of the conduction-dominated environment with its hot water
geothermal resource is not very widely used in comparison with its
potential. Nonelectrical utilization of this type of hot water is,
however, being expanded in various countries, including Iceland, Japan,
France, and Hungary. In Russia, experts have stated that about 50
percent of its territory contains geofluid between 50°C and 130°C
(122°F and 266°F).(5) In chapter 5, examples of uses of this category of
geothermal resource are given.

The heat in the molten parts (magma) of the hot igneous (volcanic)
system is not used at present. The associated resource — the heat on the
margins of the molten system and in the solidified hot systems — shows
promise of wide utilization. Techniques for using the hot dry rock
resource are being developed. Methods are being researched to fracture
the rock so a large heat exchange can be established and to circulate
the heat transfer fluid.

USES OF THE EARTH'S HEAT

Different countries are presently using their geothermal resources in
different ways. The possible alternative uses of the earth's heat in
development and energy utilization are as wide as the uses made of
other heat sources. There have been many broad uses of the earth's
heat, but in reality these uses are limited only by man's imagination,
ingenuity, and technological skills.

The particular range of methods for using the geothermal resource
depends to a large degree on the temperature range of the resource.
Figure 1.3 shows examples of the uses for geothermal fluids at various
temperatures.

Many different uses are being made of geothermal resources in
various fields, including agriculture, industry, business, and tourism.
Although each use of the resource will vary according to local needs, a
broad classification of actual and currently feasible uses of geothermal
energy is given in figure 1.4.
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1 80 Evaporation of highly concentrated solutions
Refrigeration by ammonia ahsorpt irn
Digestion in paper pulp ( Kraft)

170 Heavy water via I-lydrogen sulphide process
F Drying of di7tomacious earth

ISO Drying of fish meal
T3 Drying of timber Conventional

va
150 Alumina via Payer's process
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Fig. €.3. Approximate temperature requirements of geothermal fluids
for various applications.
Source: H. Christopher H. Armstead, Geothermal Energy (London: E.

& F.N. Spons, 1978), p. 15. Reprinted with permission.
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Residential and Commercial
1. Space heating
2. Space cooling, air conditioning
3. Domestic hot and cold water
4. Swimming pools
5. Cooking
6. Clothes drying
7. Refrigeration
g. Horticulture
9. Melting snow and ice on driveways and

roads; unfreezing of sewer lines in
arctic rural areas

B. Balneology/Tourism
I. Health spas
2. Hospitals, sanatoriums
3. Tourist centers and resorts
4. Bottled water

C. Agricultural
I. Greenhouses for vegetables,

flowers, plants
2, f-lotbed; hothouses
3. Soil warming
4. Animal husbandry - heating of

fowl runs, pigsties, cattle breeding
5. Irrigation
6. Water desalination
7. Cooling for food storage
S. Thermal food culture seaweed, alga
9. Frost protection

10. Plant cooling and humidity control
11. Pest and disease control
12. Fish culture (aquaculture and

mariculture) pond culture, cage
culture, flowing water culture: ayn,
carp, catfish, eels, flatfish, lobster,
musseis, oysters, rainbow trout,
senbream, shrimp, whitefish, yellow-
tail; breeding of alligators and
crocodiles

D. Agribusiness
1. Drying - fish meal, grain, hay,

paprika, rice, tobacco
2. Canning
3. Refrigeration
4. Freeze drying - coffee, fish, fruit

juices, meat, mushrooms, onions,
shrimp, soups

5. Brewing and distillation
6. Sugar processing and refining
7. Pasteurization of milk
S. Production of dried milk, casein,

and sucrose

9. Seaweed harvesting and manufacture
of alginates

10. Cold for the production of protein
and vitamin preparations

11. Rice processing
12. Cheese processing
13. Dehydrated potato products

E. Electrical
1. Dry steam
Z. Wet steam - low salinity
3. Wet .steam - high salinity
4. Low enthalpy - less than 356°F

Industrial
I. De-icing
2. Space heating
3. Refrigeration
4. Pulp and paper manufacture
5. Timber seasoning and drying, sawmills
6. Hemp processing
7. Textile processing; wool washing

and drying
S. Manufacture of plastic explosives
9. Gasification of coal

I9_ Hot feed water for solar stills
11. Cold for the production of synthetic

rubber
12. Sewage heat treatment

G. Minerals Recovery and Production
I. l3iatomite production
2. Chemicals production - ammonia,

ammonium carbonate, chloride and
sulfate; anhydrous gypsum, borax,
boric acid, boron, bromine, calcium
chloride, chlorine, dry ice, heavy
water, hydrogen for fertilizers and
for fuel, hydrogen chloride, iodine,
lithium, magnesium, m agnesiurn chloride,
methane recovery for peak heating
demands, methanol production for
fuel, potassium chloride, soda ash,
sodium bicarbonate, sodium chloride,
sulfur

3. Recover y of trace elements
4. Fermentation - ethyl alcohol, butanol

acetone, citric acid
5. Cement drying and curing
6. All-weather mining
7. minerals recovery -gold, zinc, titanium,

silver, lead, tin, beryllium, copper,
antimony

Fig. 1.4. Classification scheme for the geothermal industry: actual and currently feasible uses.
Source: Richard E. Peterson and Nabil El-Ramly, "The Worldwide Electric and Nonelectric

Geothermal Industry," Geothermal Ener gy Magazine (November 1975), pp. 5-6.
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PRESENT USE OF GEOTHERMAL ENERGY

Advances in drilling technology, particularly as a result of oil explora-
tion, have meant that geothermal resources can be tapped to a level of
3-3 y

h km (1.86-2.17 miles). Although there were extensive uses of the
earth's heat for domestic and health purposes in earlier times, the
development of electricity utilizing geothermal sources first took place
in 1904. Following this start, progress was slow until the 1950s, when
the pace accelerated considerably. The present worldwide concern for
new energy sources and the concentration of research on energy
development means that progress in the field of geothermal energy has
moved ahead.

As the availability of oil becomes more uncertain and its price
continues to rise, the virtues of geothermal energy are being discovered
by many in the energy-concerned world.

Geothermal energy has a number of major virtues which add to its
attractiveness as an alternative energy source for many countries. Six
major virtues help account for its present popularity. First, it is an
energy source available within the country and therefore offers security
in terms of control and lack of outside dependencies. Second, it has, as
indicated in figure 1.3, a wide variety of uses, which means it is highly
versatile. Third, its resources are immense and, if properly managed,
are not in danger of being depleted. Fourth, compared to other forms of
energy such as nuclear fission and hydrocarbons, it has few pollution
problems. Fifth, although major improvements will be made in the
future in utilization techniques and exploration methods, the technology
is readily available to develop most forms of the geothermal resource.
Sixth, geothermal energy in terms of costs compares favorably with
other forms of energy. As oil and other fuel costs increase, the prospect
of utilizing the earth's heat becomes more attractive. Table 1.2
illustrates how geothermal energy compares favorably in terms of
capital and operating costs with coal, nuclear, and oil energy sources.

Table 1.2. United States Historical Comparative Costs
(in 1976 Dollars)

Cost Coal Nuclear Oil Geothermal

Capital (installed $/kW) 600 1,000 350 314

Total operating cost
( mills/kWh) 34.82 33.20 29.88 22

Source: Ronald C. Barr, "Summary of Section XI Economic and
Financial Aspects," Proceedings of the Second United Nations
Symposium on the Development and Use of Geothermal
Resources , San Francisco, Ca., May 20-29, 1975, cxxiii.
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While the virtues of geothermal resources brighten the future
outlook for the earth's heat, there are scientific and technical problems
hindering geothermal energy development. These problems lie mainly in
the limited ability to utilize either magma or hot dry rock or the
geopressured resource, which constitute the greatest proportion of the
geothermal resource. Although research is being conducted in all of
these areas, geothermal development depends greatly on very basic
advances in science and technology.

The worldwide shortage of energy and the uncertainties about
traditional energy supplies mean that nations are treating energy
policies and options as a top priority. More resources are therefore
going into scientific and technological research in the energy field.

The main use of geothermal resources has been for electrification
schemes. Development of electricity-generating capacity from geo-
thermal resources is going on in at least 22 countries; by the mid-1980s,
these countries will have a significant electricity output from geo-
thermal sources. Table 1.3 gives details of the installed capacity for the
22 countries as of December 1976, and gives estimated capacity for
1985 and 2000.

As figure 1.3 shows, there are also many nonelectric uses of
geothermal energy. From antiquity, man has used the warm waters
created by the earth's heat for cooking, bathing, and heating. Direct use
of the earth's heat, rather than its conversion to electricity, is in fact
the most efficient way to use geothermal resources. Conversion to
electricity, however, enables the energy resource to be widely dis-
persed. It is not possible to detail with accuracy the extent to which
geothermal energy is used throughout the world or for nonelectric
purposes, but its use in this manner is growing both in terms of capacity
used and in methods of application. As the potential, versatility, and
relatively low cost of geothermal resources are recognized, the non-
electric use of the resource will increase. For example, geothermal
energy is being directly used for a paper and pulp mill, and the heating
of government buildings in Rotorua, New Zealand; for a diatomite
drying plant in Iceland; for district heating in Iceland, the United
States, the Soviet Union, France, and Hungary; and for greenhouse
horticulture in Iceland, Hungary, and the Soviet Union. Hungary has a
total of 1.9 million square meters (20.4 million square feet) of geo-
thermal greenhouses and plans to have a total of 9 million square
meters (96.8 million square feet) by 1990. Additionally, geothermal
energy is used to control breeding temperatures in aquaculture facil-
ities growing carp and eel in Japan. At Raft River, Idaho, researchers
are experimenting with geothermal aquaculture to raise juvenile chan-
nel catfish, tilapia, and giant freshwater shrimp. At Raft River, the
geothermal brine is used both to control temperatures and to provide
natural chemical nutrients. Some reports indicate that the catfish grow
rapidly under geothermally controlled conditions — doubling their weight
in 14 days.(6)
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Table 1.3. Electricity-Generating Capacity from
Geothermal Resources

1976 1979 1985 2000
Installed Installed Estimated Estimated
Capacity Capacity Capacity Capacity

( MW) ( MW) ( MW) ( MW)

United States 522 674 3,000-4,000 20,000-40,000

Italy 421 421 800 -

New Zealand 202 202 282 352

Japan 68 218 1,400 48,000

Mexico 78.5 150 400-1,400 1,500-20,000

Soviet Union 5.7 5.7 - -

Iceland 2.5 34 150 500

Turkey 0.5 0.5 400 1,000

Canada - - 10 -

Costa Rica - - 100 -

El Salvador 60 60 180

Guatemala - - 100 -

Honduras - - 100 -

Nicaragua - - 150-200 300-400

Panama - - 60 -

Argentina - - 20

Portugal - - 30 100

Spain - - 25 200

Kenya - - 30 60-90

Indonesia - - 30-100 500-6,000

Philippines - 223 700 1,000

Taiwan - 50 200

Totals 1,360.20 1,988.20 8.017-10,137 73,712-117,842
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THE INTEGRATED PROJECT PLANNING AND MANAGEMENT
CYCLE AND GEOTHERMAL DEVELOPMENT PROJECTS

The development of geothermal resources for electrification took its
first historical leap forward in Italy in 1904. Prince Piero Ginori Conti
first promoted electric power generation using earth heat from the dry
steam fields in Larderello. By 1913, a 250-kW power station was in
service in Larderello. Today the geothermal resource complex has a
capacity of more than 400 MW. Following this pioneering effort, many
other geothermal power projects have been developed over the years.
This book will examine three important geothermal projects. The first
project case history, covered in chapter 2, tells the story of the
development of the Wairakei power project in New Zealand. The
second geothermal project in the world, this project utilized the wet
steam fields situated in Wairakei and pioneered many techniques which
were to be used on later geothermal power projects. Completed in 1963,
the Wairakei project has a capacity of 192 MW. Chapter 3 analyzes the
development of a power project in Hawaii, a pilot project with 3.5 MW
that will be operational in 1980 and is expected to lead to further major
developments. Chapter 4 considers the Tiwi, Philippines, geothermal
project, operating since late 1978, which has a capacity of 55 MW.

Each of the projects is written as a case history cast in the
framework of the integrated project planning and management cycle
(I PPMC).(7) The IPPMC is a conceptual tool for observing and analyzing
the unifying process that constitutes the life of a development project
(fig. 1.5). This integrated framework has been developed to clarify the
major phases and tasks that constitute the entire spectrum of a given
project from planning through implementation, evaluation, and refine-
ment. It can be noted from figure 1.5 that policy issues are inherent in
the IPPMC conceptual framework.

The following brief discussion of the IPPMC will provide an under-
standing of the organizational framework within which each of the
geothermal case histories was researched and written. The IPPMC may
be divided into four major phases: 1) planning, appraisal, and design; 2)
selection, approval, and activation; 3) operation, control, and handover;
and 4) evaluation and refinement. Specific tasks may be further
identified within these four phases.

Figure 1.5 illustrates the relationships among the phases of the
project cycle, the tasks within each of the phases, and the overall
dependency on central policy issues. It must be emphasized that the
project cycle is an ideal model; not every project will conform exactly
to it. The tasks of the cycle, furthermore, are not necessarily sequen-
tial — they make take place at the same time or in a different order -
nor are all of them necessarily required. For example, the leader of a
country might decide that a geothermal scheme is needed for an
electric project. He decides to have it built and instructs his subor-
dinates accordingly, thereby bypassing the first two tasks in phase I of
the cycle. A continual feedback and dependency relationship does exist
among the tasks, however. Each task is dependent upon and is influ-
enced by the others.
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There is a two-way flow of information between those responsible
for policy and those responsible for managing each of the project tasks.
This feedback to policy makers and management's response is an
i mportant part of the integrated project cycle. Decisions on project
i mplementation, though in the hands of the manager on a day-to-day
basis, are closely linked to the policy framework in which the project
operates. Thus, all tasks within the four phases of the IPPMC are tied
together by policies emanating from the various authorities concerned
with the projects.

The IPPMC framework emphasizes the interdependent and cyclical
nature of projects. However, because each task within the four phases
of the cycle is distinct and must be examined as an individual entity
proceeding in an orderly time sequence, the cycle must also reflect this
linear progression.

Some projects, it should be noted, may not proceed beyond the first
phase. After the tasks within the planning, appraisal, and design phase
have been completed, the information fed back to policy makers may
lead to a decision to scrap the project. In certain cases, however, for
economic, technical, or other reasons, it may not be desirable to stop a
project once the first phase has been completed.

With this overview of the integrated project planning and manage-
ment cycle, each of the four phases and their tasks can be examined in
turn.

Phase 1: Planning, Appraisal, and Design

The first phase of the project is planning, appraisal, and design. There
are three basic tasks in this phase: 1) identification and formulation, 2)
feasibility analysis and appraisal, and 3) design of the project. The first
joint task, identification and formulation , involves the actual concep-
tion or identification of a project, which may occur in several ways.
Basic needs within a country will induce the implementation of projects
to satisfy these needs. The planning process often identifies project
possibilities for each sector in society.

The major source of projects in developing countries, however, will
be the existing departments or ministries, including central planning
agencies. Projects may be identified by political parties or government
officials. In this case, the motivation to undertake a project may be
political, such as an attempt to gain the support of particular constitu-
ents. In some countries, private entrepreneurs or multinational cor-
porations will identify projects that meet the criteria established by
government.

International agencies have their own procedures for identifying
projects. The identification of projects, then, is a process that must
take into account various needs, preconditions, and policies if the
project idea is to proceed to operational reality.

After a project has been identified, its parameters must be defined.
This is part of the formulation task. The formulation of a project
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involves developing a statement in broad terms which shows the
objectives and outputs of the project and also provides an estimate of
the various resources required to achieve the project's objectives.

The second set of tasks in the first phase, feasibility analysis and
appraisal, are critical ones which in effect involve two distinct opera-
tions. A prerequisite of this set of tasks is the development of
preliminary designs for the project. The early designs must be detailed
enough so that cost estimates and decisions on various aspects of the
project can be made.

Feasibility analysis is the process of determining if the project can
be implemented. Appraisal aisal is the evaluation of the overall ability of the
project to succeed. Projects will proceed to the feasibility stage only if
decision makers find them desirable.

While the feasibility analysis and appraisal are being conducted,
several critical decisions need to be made. These decisions will deter-
mine first, if the project is capable of achieving its objective within the
li mits imposed by decision makers and second, whether it will proceed.
Preliminary estimates of the resources required and basic decisions
about size, location, technology, and administrative needs must be
made.

Feasibility and appraisal should be approached systematically and
deliberately; time spent in researching the feasibility of a project is
usually time well spent. Moreover, the findings at this point of the
project's life will be useful during other phases of the project, partic-
ularly in Phase 3.

Determining project feasibility depends on the accuracy of the
information received. Even though the final detailed design of the
project can be undertaken only after approval has been given, the
preliminary designs form the base upon which future decisions will rest.
Most developing countries have to contend with a shortage of both
design and research and development capabilities. The result may be a
lack of attention to critical aspects of the project. When decisions have
been made on the overall project concept, its dimensions and param-
eters, it is then possible to determine the feasibility of the project in
the terms required by the policy makers and the funding agents.

Some projects may require a pilot study as part of the feasibility
process. Pilot studies provide data to enable more meaningful decisions
to be made about larger projects. The appraisal process may require a
comparative study to determine the merits of one project over another.
Although the project identified may be feasible to implement, a
comparative study determines whether resources are best used in the
project or in some other form.

Many governments and international agencies have imposed rigid
procedures to be followed when their funds are required. While actual
details vary from project to project and from organization to organiza-
tion, a trend over recent years is for more sophisticated and more
sy

stematic project-related studies. For example, to receive a recom-
m

endation from the United Nations Development program (UNDP) for
i
ndustrial projects, prospective borrowers must undertake market anal-
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yses that provide overall national trends in production, foreign trade,
consumption, consumer prices, together with details about output type
and use, cost of production, and estimated sales. Other agencies have
brought in new dimensions to their studies, such as the impact of
projects on the social and cultural life of the community, as well as the
environmental and ecological impact of the project.

Numerous components of the project can be dealt with in the
feasibility report. Studies can relate to the feasibility of the technical,
economic, commercial, financial, administrative/managerial, and orga-
nizational aspects of the project. Additional political, social, environ-
mental, and cultural factors that affect the project may also be
included. Various technical alternatives must also be studied to ensure
the suggested approach fulfills project requirements.

Economic studies examine the overall sector into which the project
falls and consider how the project fits into the broader sector and the
national planning framework. Related to economic feasibility studies,
commercial studies may be necessary to determine the overall compet-
itive nature of the proposed project. They will examine the market
demands for the output of the project, consider the costs of production,
and look at all aspects of the project to determine if it is a viable
proposition.

Financial studies determine how much capital is required to com--
plete the project. These studies determine whether the project can
sustain its financial obligations, have adequate working capital, and
generate enough funds to ensure adequate cash flow to keep the project
operational.

Administrative/managerial studies determine the adequacy of pro-
cedures to control and direct the project. Studies in this area are not
always undertaken, even though all projects would benefit from them.
Their objective is to determine whether a project that is economically,
financially, and commercially sound can be properly implemented by
available managerial and administrative procedures. Many countries
suffer from a lack of management and administrative capacity to direct
projects. Related to this problem is a lack of ability to ensure that a
project can he administered effectively within an appropriate agency or
organization. Because administration of a project differs from normal
departmental procedures, a careful assessment of the operational
methods of existing units is necessary to ensure that a project's unique
features can be catered to. Even though a project may be conceived and
sponsored by an existing department, the department itself may not be
the appropriate body to administer it. This is especially the case when
the involvement of a wide group of outside personnel and agencies is
necessary, since existing departmental procedures are often unable to
provide the necessary flexibility.

Once the feasibility studies have been completed, a meaningful
appraisal of the project is possible. Policy and decision makers and
lending institutions may carry out the appraisal. They satisfy them-
selves that the project meets the conditions that enable it to proceed.
Their concern is to determine whether or not the project is the best
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means of reaching the objectives they have set. They may review the
project itself and alternative means of reaching the objective.

Potential lending institutions may undertake their appraisal with a
healthy skepticism toward all phases of the project. They attempt to
determine whether or not the project is intrinsically sound and whether
or not all the circumstances that surround it are viable.

The last task within this phase of the integrated project cycle is
des . As mentioned earlier, preliminary design criteria must be
established before the project feasibility and appraisal task begins.
Once it has been determined that the project will continue, the design
task proceeds. Design is a critical function. It establishes the basic
programs, allocates responsibilities, determines activities and re-
sources, and sets down in operational form the areas of priority and
functions to be carried out. All inputs relating to projects, including
personnel, skills, technical input, and so on, must be determined at this
point. Environmental factors, social criteria, technological require-
ments, and procedures must be assessed and included.

The design task also includes the preparation of blueprints and
specifications for construction, facilities, and equipment. Operating
plans and work schedules are prepared and brought together in a formal
implementation plan; contingency plans may also be prepared. Design-
ers must bring together the views of policy and decision makers and
technical experts in such a way that the design reflects the inputs of all
those contributing to the project.

Phase 2: Selection, Approval, and Activation

This phase of the project has two major tasks: l) selection and approval,
and 2) activation. Project selection takes place after the project has
been accepted by policy makers and funding organizations as meeting
the feasibility criteria. At this point, the design function, including the
formal implementation plan, has been completed. The project will be
well defined, with key elements identified and the inputs required from
organizational personnel, technicians, and outside consultants clearly
identified. The selection of one project for implementation over
another is made on the basis of several criteria. Policy makers consider
the overall feasibility of the project and the priority of the project
area. If a project fulfills a major need or contributes to national or
sector goals and is politically desirable, it may be selected for
implementation over a competing project that is not politically impor-
tant. Funding agencies, however, have a variety of techniques for
de

termining whether resources will be allocated to a particular project.
These techniques may range from cost-benefit analysis to other more
complex forms of analysis. The overall requirement, however, is that
the policy makers and the funding agency conclude that the project
itself has a priority claim for resources required for the project.
T

herefore, the selection process is normally a competitive one.
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The selection of a project for implementation requires negotiations
to be undertaken to obtain formal a pproval from national authorities,
funding agencies, and others contributing to the project. This requires
the finalization of funding proposals, agreements, contract documents,
including tenders and other contracts and the introduction by govern-
ment or some other organization of appropriate regulations.

Activation of the program involves the coordination and allocation
of resources to make the project operational. Activation is a complex
process in which the project manager has to bring together an ap-
propriate project team which may include professionals, technicians,
and resource personnel. Other contributions to the project may come
from other groups, such as outside consultants, contractors, suppliers,
and policy makers in other agencies. The outside inputs must be
coordinated with the work of the project team. Responsibility and
authority for executing the project must be assigned at this point. This
will include the granting of authority to make decisions in areas
relating to personnel, legal, financial, organizational, procurement, and
administration matters.

The activation task must ensure that planning for all phases is
undertaken so that delays in vital inputs do not occur. Organizational
and administrative procedures, together with feedback and response to
policy makers' decisions, will have an important bearing on implementa-
tion. Concern for detail and proper planning during activation can save
a great deal of time and resources during later phases of the project.
At this point, the actual work of the project is about to begin.

Phase 3: Operation, Control, and Handover

Looking at the development project from the outside, the uninitiated
observer might mistake this most visible phase for the entire project
itself. As has been indicated, Phase 3 in fact makes up only a small part
of the integrated project cycle. This phase of the project has three sets
of tasks: 1) implementation, 2) supervision and control, and 3) comple-
tion and handover.

Implementation involves the allocation of tasks to groups within the
project organization. Implementation of the project will be based on
procedures set down during the two earlier phases. At this point, a final
review of the project design and timetable will be undertaken, and any
necessary changes or adjustments will be included. Decisions about the
procurement of equipment, resources, and manpower also need to be
made. Schedules and time frames need to be established; efficient
feedback, communication, and other management information systems
must be set up. The responsibility for implementation falls within the
jurisdiction of the project manager. The project manager will need to
work with policy makers, authorities, and organizations related to the
project as well as with policy makers controlling the project. His task is
a complex one, requiring him to steer the project through many
obstacles.
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The second set of tasks in Phase 3 is supervision and control.
Supervision and control procedures must be activated to provide feed-
back to both the policy makers and the project manager. Control
procedures must identify and isolate problem areas; the limited time
span of a project means that fast action is necessary if costly delays
are to be avoided. At this point, specific management tools, such as the
critical path method (CPM), the program review and evaluation tech-
niques (PERT), and other forms of network analysis, are particularly
useful. These control and supervision techniques break down a project
into detailed activities and establish the interrelationships among the
various activities. This allows the project manager to organize the
project into manageable components, to coordinate all activities, and to
set a time-sequence schedule for project implementation. Although
using such techniques means spending more time prior to implementa-
tion, it is time well spent. Not only will these techniques give the
project internal coherence, but they will also save implementation time
by isolating any problems to the appropriate project component.

In addition to internal control, those providing funding for projects
will maintain an independent monitoring and control system for the
project. The project manager will therefore have to meet control
criteria established by either the government or another controlling
agency, or perhaps by the funding institution. This may involve using
specified procedures, such as international competitive bidding, for
supply contracts. Formal procedures are established by many inter-
national organizations for the procurement and control of resources.

Whatever supervision and control techniques are used, they must
take into account the changing patterns that occur during the life of
the project. These may include changes within the policy and political
structures, difficulties with procurement, and poor performances by
project team members and contractors. In many cases, the overall
project design will need to be reviewed. Many technicians are involved
in the supervision and control processes, and adequate information flow
in all directions — from the project manager and from those within his
organization assigned special responsibilities — is essential if these
procedures are to be effective. As part of supervision and control, any
problems relating to environmental factors must also be identified and
appropriate action taken.

Control procedures are useful only if action is taken to correct any
deviation. It should also be noted that both personnel and input patterns
change naturally as the project proceeds through its four phases. As
work on some tasks is completed, other personnel, experts, and contrac-
tors move in to begin new tasks. Personnel must adjust to their new
env

ironment, and procedures need to be reviewed and updated to meet
the changing situation.

Project completion prepares the project for phasing out and hand-
over to another form of administration. These constitute the third task
of this phase. Project completion consists of scaling down and dis-
mantling the project organization. It also involves the transfer of
project personnel to other areas of operation. Assets and other
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facilities, including equipment and technology, may not be required by
the operational project. Provision for their transference must be made,
since it is not always possible to have an automatic transition from the
development to the operational stage.

The process of completion may take place over a considerable
period. As various parts of a project are completed, however, they may
be taken over by a new organization, and handover may therefore be
accomplished in a piecemeal manner. It is essential that development
resource linkages between scaled-down projects and those projects in
the elementary stages of implementation be planned systematically to
ensure optimal use of limited project resources, particularly in the
context of broader development programs. The new project, when
operational, will have an effect on other aspects within the sector. As
the project becomes operational, the new controlling organization must
have the skills, personnel, and technical backup required. Key personnel
working in the development stage will often transfer over to the new
controlling organization.

In cases where technical, financial, political, or other factors
prevent projects from being completed according to the original terms,
handover and termination procedures may have to be implemented at an
earlier stage. This may involve considerable loss as far as the project is
concerned. In this situation, the objective should be to liquidate the
project in a way that will obtain the most benefit.

As a project nears completion, special reporting systems should be
set up so that full information relating to the project is available.
Completion reports will be prepared for various authorities, including
funding organizations and policy makers.

The actual handover of the operation of the project involves
finalization of contracts, termination of loan facilities, and so on.
Handover also includes the transfer of the project activity and re-
sources to the new administration. This is a critical task. While the
development of the project can be viewed initially as a creative phase,
once the project is completed, it must be viewed as a long-term
operational program.

Phase 4: Evaluation and Refinement

The final phase of the project is the evaluation and refinement of policy
and planning factors. The first task is evaluation and follow-up . While it
is possible to evaluate project results immediately, actual benefits -
both anticipated and unanticipated, together with side effects — may
not become apparent until the project has been operating for some
time. Evaluation thus needs to cover several time periods. Evaluation
normally includes a retrospective examination of the project in at-
taining its intended goals within the framework of both the timetable
and the budget. However, experience clearly demonstrates that it is
necessary to consider evaluation as an ongoing process integrated with
each phase of the IPPMC. For example, evaluation procedures must be
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designed to analyze and propose solutions to problems that may arise
during the tasks of activation, implementation, supervision, and control.
Ongoing evaluation, which includes retrospective evaluation, should
result in a careful documentation of experiences that can provide both
insights and lessons for irn proving project planning and project manage-
ment in the future.

Evaluation of a project can take several forms. These include
evaluation by those responsible for implementing the project and by
others with an interest in the project, including funding organizations
and contractors. Those funding the project will undertake a thorough
investigation of its financial aspects, including an effectiveness study
of goal attainment. The agency responsible for the project will be
concerned with determining whether goals have been attained and
whether the expected impact on a sector or on national development
will be achieved. The studies should also consider, in addition to impact
on the target group, the impact of the project on the political, social,
cultural, and environmental factors relating to the project. An ex-
haustive evaluation of each phase to determine its contribution to the
project in regard to budget, timetable, and other factors is most
desirable. In most cases, however, the project as a whole is evaluated
with little effort made to analyze each phase or each task separately.

International agencies, such as the World Bank and the United
Nations, have their own procedures for evaluating projects. These may
be useful to policy makers, since they provide the opportunity for
comparative analysis with similar projects.

Related to and often arising from the evaluation of a project is the
need for project follow-up. Follow-up activities may vary from deter-
mining how unmet needs can be satisfied to action on project tasks not
properly fulfilled. The piggyback or follow-up projects mentioned
earlier may come into play at this point. For a project to achieve its
full objective, smaller or related projects may need to be implemented
almost immediately. There is then a clear need to relate follow-up
action closely to evaluation of projects. Follow-up action is one aspect
of the project manager's role which could involve considerably more
commitment than he initially envisaged. If follow-up action means the
difference between the project's being fully operational or not, then it
is a wise investment to undertake these activities as quickly as possible.
Aspects arising from the follow-up procedures may be useful in the
future. If the project is successful, guidelines can be set down for the
project to be repeated in another setting.

The second and last task is refinement of policy and planning.
Policy makers and managers will need to refine their procedures in the
light of each completed project. Experiences and lessons learned should
be the foundation on which planning and policy tasks are reviewed. As
the essential controlling force, policy procedures must be continually
updated to meet challenges in the future. Planning must also be able to
meet any new demands or new situations. Refinement of these proce-
dures is an important contribution that the project can make to future
d
evelopment programs.
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The IPPMC is a flexible model for all phases of a project from
conception through completion. The cohesive force unifying all the
phases and tasks of the IPPMC is the power and authority relationship
vested in various policy makers, ranging from top government and
political decision makers to those in charge of one aspect of the
project. The project manager, the staff, and those contributing to the
project as consultants or contractors are bound by and exist within the
framework of policy decisions. Analysis of these changing relationships
through the IPPMC model can provide a comprehensive overview of a
development project. It is also useful for policy makers in providing
guidelines for addressing policy issues as a basis for more viable policy
formulation and related decision making. The three geothermal case
histories in this book highlight the need for a sound interface between
policy makers and those responsible for managing the implementation
of the geothermal projects. The cases also highlight how interaction and
interrelationship between the phases and tasks occurs within the IPPMC
framework. Each of the geothermal projects documented operates from
within a different political and social environment.  Each project,
however, follows a similar path in its quest to develop the geothermal
resource.
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2Wairakei Geothermal
Power Project:
New Zealand
Ralph N. Love
Richard Bolton

PROJECT BACKGROUND

A belt of geothermal energy in the North Island of New Zealand
stretches from White Island off the coast of the Bay of Plenty to Mount
Ruapehu, covering an area about 150 miles (240 kilometers) long and 30
miles (48 kilometers) wide (fig. 2.1).

Maori mythology explains the origin of the thermal, activity as the
creation of the god Ngatoro-i-rangi. Charmed by its beauty, Ngatoro
decided to climb snow-capped Mount Tongariro. Before he began the
first ascent of the mountain, he commanded his followers not to eat
during the time he was gone as their abstinence would give him
strength. But his followers became impatient after a long wait and lit
their cooking fires. As they ate, Ngatoro became colder and colder until
he could climb no further. Near the summit, almost frozen to death, he
prayed to the gods on Hawaiki, the home of the Maori before their
migration to New Zealand. The gods heard Ngatoro's prayer and
dispatched the fire demons To Pupu and To Hoata who plunged into the
sea and swam until they reached Whakaari, or White Island. There they
raised their heads into the air to get their bearings and the earth burst
into flames which have burned ever since. The demons surfaced again
for a moment at Motuhara (Whale Island), Rotorua, Tarawera, Taupe,
and other sites, including Wairakei. Their flames roared through the
holes at each place; they shot through the interior of Tongariro and
came out at the summit as Ngatoro lay near death. The intense volcanic
heat they brought revived him and he descended safely.

At the time of the first settlement by Europeans, the Maori people
living in the area were making extensive use of the thermal activity.
The steam was used for cooking and warmth and the hot water for
washing, bathing, and healing. For many years the natural geothermal
activity remained only a tourist attraction, although various suggestions
were made about developing it to supply energy. Following World War

24
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It, severe electricity shortages rekindled interest in geothermal energy
and serious investigations into the possibility of developing it were
begun.

PHASE 1: PLANNING, APPRAISAL, AND DESIGN

Identification and Formulation

The Wairakei Geothermal Power Project is located on the Waikato
River in the center of the North Island of New Zealand, about 5 miles (8
kilometers) from the river's outlet at Lake Taupo. Wairakei was chosen
for the geothermal development site because it contained many surface
manifestations of thermal activity, ranging from pools of hot water to
fumaroles, geysers, and boiling mud pools. Superheated steam was being
emitted from the ground at the Karapiti furnarole. Moreover, previous-
ly the area had been drilled to about 300 feet (91 meters) in an attempt
to obtain steam to heat a nearby tourist hotel. The early attempt had
failed, however, primarily because the drilling techniques were inade-
quate for the conditions.

Further reasons for choosing Wairakei as the project site over other
sites such as Rotorua included the following:

1. The area contained streams which could provide water needed for
drilling.

2. The nearby Waikato River could provide an ample source of cooling
water for the project when it reached the production stage.

3. The land belonged to the government.
4. The areas were made up of unproductive wasteland.
5. The location was fairly isolated and development would not detract

from the scenic and thermal attractions which were major tourist
resources.

6. No private interests were involved.

Preliminary work

Geological surveys and chemical investigations of the thermal waters
were carried out in the Wairakei area in the 1930s. The first report on
geological factors was prepared in 1937. It described a thermal belt
coinciding with a graben extending down thousands of feet, which was
filled with sedimentary deposits, probably of marine and lacustrin
origin, overlaid with light deposits of volcanic and fluviatile origin.
Faulting of the flanks, or at the base of the graben, provided then, and
continues to provide today, a path by which magmatic steam infiltrates
to the upper formations, where migration of the steam from the
fractures through previous beds is thought to be the means of distribu-
tion of the steam in the Wairakei area (fig. 2.2).
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Fig. 2.2. Graben. Formation illustrating the depressed segment of
the earth's crust bounded by faults.

Investigations of geothermal steam were considered by the New
Zealand Scientific and Industrial Council early in 1940. Recommenda-
tions to investigate the problem of utilizing natural heat were made,
but at that time it was considered that the North Island was well
provided with water resources for power generation and there was little
need to consider the possibility of power generation for some time to
come. A decision to develop geothermal resources for power genera-
tion was therefore put off.

The natural resources were, as in pre-European days, already being
used by the local inhabitants. In Rotorua, a major tourist city, heated
ground water was being tapped at relatively shallow depths from a
number of wells which had been sunk to provide central heating and hot
water. The local city council building, a movie theater, a primary
school, several hotels, and a number of private dwellings were utilizing
this natural heat by the I940s. In 1944, over 50 wells had been sunk in
the Rotorua area and this was increasing at a steady rate. For many
years, the hot waters had been used as a health treatment and people
came from many parts of New Zealand and from around the world to
use them in the belief that the hot waters had special powers that
would heal them of various maladies.

Although there was no immediate intention to develop the natural
r
esource, a geologist was appointed by the Department of Scientific and

I
ndustrial Research (DSJR) in 1945 to act as a volcanologist for the
region. He was to commence a systematic survey of the thermal zone.
A conference of DSIR officers was held at Rotorua in January 1946 to



28 GEOTHERMAL ENERGY PROJECTS

discuss the program of investigation to be undertaken. One suggestion
was made at the conference which was to have a major impact on the
future development of the thermal and geothermal resources of New
Zealand. A scientist speculated that the natural steam might be used
for the production of heavy water by fractional distillation methods.
There was a worldwide shortage of heavy water, an essential ingredient
for the budding atomic energy industry. This suggestion was later to
attract the interest of the government of the United Kingdom.

Energy for rural development

During the 1930s and early 1940s, the geothermal resources of New
Zealand were of scientific interest but of no real practical benefit in
terms of future power generation. The situation in New Zealand
regarding the demand for power changed dramatically following World
War 11. By 1947, the fact that New Zealand was having problems
supplying the country with needed energy was acknowledged by the
government.

New Zealand developed as an agricultural nation and has always
been dependent on its rural communities. Its economy is based entirely
on agricultural activities, with over 90 percent of its exports based on
the processing of agricultural products. The main market for New
Zealand farm procluce at the time the project commenced was Great
Britain. Changes in consumer demand in Great Britain following World
War II required New Zealand to increase its output and to place greater
emphasis on further processing of its agricultural products. To increase
output, farmers had to improve their productivity by electrification and
mechanization. It was essential that the rural community have electric-
ity so that farm work such as milking, irrigation, and shearing could be
mechanized and output increased. Efficient processing of such agri-
cultural products as cheese and butter was hampered by the lack of
power in rural communities.

In his report to Parliament in 1947, the Honorable Mr. R. Semple,
minister in charge of the State Hydro-Electric Department, said that in
line with the government's policy of encouraging local manufacture
wherever possible, the demand for electricity had continued to grow
while tack of rain for the past two summers had seriously affected the
output of hydro projects. Because of worldwide disorganization in the
aftermath of the war, there were serious delays in obtaining materials
and skilled staff to build more generating plants to keep pace with
increased demand. The problem was not unique to New Zealand.
Shortages of electricity and delays in providing additional generating
plants were common in England, Australia, Canada, Switzerland, and
practically everywhere else electricity was used.

Other energy problems faced the government. Before Parliament,
the minister pointed out that New Zealand's power needs were so great
that any generating plant added to the system had to be capable of
continuous operation over a long period. This, he said, precluded the
consideration of diesel-electric plants, except for installation in con-
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nection with some particular factory. Other energy options were also
rejected. The minister made the point that the cost of fuel-driven
plants was very high and that coal was in short supply, so that there was
no possibility of obtaining large quantities of coal to generate electric
power. Clearly, the growing country was facing an energy crisis.
Concluding his report, the minister looked to another alternative -
natural steam. He proposed to investigate this matter without delay and
to put down trial bores in suitable locations. He said that natural steam
would provide power comparable to water power in that i.t would be
supplied by nature. "Under present world conditions," he concluded, "it
is essential that the electric: supply of this country be independent of
i mported fuel, and to this end, we should develop the natural resources
with which the country has been generously endowed."(1)

In the past, water power through the hydro projects had proved to be
extremely efficient and capable of meeting the country's energy needs.
The only other major indigenous resource available at that time was
geothermal energy. It was, therefore, the 1947 energy crisis that
prompted the government of New Zealand to look at alternative sources
of indigenous energy. The result was a decision to go ahead with the
Wairakei project. Although geological studies had been made and a
volcanologist appointed, only scattered information was available on
the geothermal belt at the time the decision was made to go ahead
with an investigation of its potential development.

The first problem facing those responsible for implementing such an
investigation was to bring together, into a network of cooperating
agencies, the various government departments and institutions neces-
sary to develop the natural resource.

Government policies and framework

The responsibility for generating and distributing electricity in New
Zealand at the time the development of Wairakei was contemplated
rested mainly with the government, and this still holds true today. New
Zealand has no private utilities; rather, a small number of local bodies
are permitted to generate some electricity, white one or two major
industries can, in special circumstances, generate electricity for their
own use. From the early stages of the project, three government
departments were concerned with the development of geothermal
power at Wairakei. The Department of Scientific and Industrial Re-
search (DSIR) was one of the earliest. During the 1920s and 1930s,
scientific investigations were carried out more as a means of under-
standing the overall phenomenon than as a serious attempt to determine
if natural steam was a viable source of power. One notable exception
was a report from the DSIR, written in the early 1930s, which suggested
that an attempt should be made to outline "the future of the develop-
ment and utilization of subterranean heat, emphasizing the great
Possibilities of this source of natural energy." The DSIR quoted ex-
amples of thermal heat projects which had been developed in Italy at
L
arderello and in Iceland.
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The second major department concerned with the development of
the Wairakei project was the Ministry of Works and Development
( MWD). The Ministry of Works and Development was responsible for a
wide variety of development activities in the country and worked
closely with the DSIR. The Ministry of Works and Development was, in
effect, the government's construction agency and implemented the
major development projects in hydro, roads, and other areas. It played
the role of both a contractor and of a planning and development agency.

The third department involved at Wairakei was the State Hydro-
Electric Department (SHED). This department had the prime respon-
sibility of supplying power to New Zealand. It was concerned not only
with the planning but also with the actual running of the power projects
operating in the country. SHED had only limited resources to offer the
development and construction processes, but it did have major facilities
and years of experience in running projects, once they had been
established. The Mines Department was also involved in a peripheral
role: it had drilling expertise and equipment which was vital to the
project.

These three departments, MWD, DSIR, and SHED, had to integrate
their skills to develop what was for all of them a new process involving
a large number of new technologies; no one department had the
capability to undertake the project by itself. These government depart-
ments involved in the geothermal project had a history of working
together, but the project was one which required a particularly close
integration of roles. It was, in effect, a new type of working relation-
ship for most of the departments. One of the difficulties encountered
during the early phases of the project was determining who had
responsibility for certain key areas of study and development.

The approach taken to coordinate the various government depart-
ments was to establish a Geothermal Advisory Committee (GAC), which
included representatives from the Ministry of Works and Development,
the Department of Scientific and Industrial Research, and the State
Hydro-Electric Department. The GAC was established formally by
authority of the cabinet on November 23, 1949. Prior to this, two
unofficial meetings were held. It is important to note that the GAC was
set up with the cabinet's approval and was not an ad hoc official's
committee. In effect, this meant the GAC reported to the cabinet
through the minister of the DSIR, and not each department through its
own ministry.

The first meeting of the GAC was held in September, 1949. It
centered on a study of the work which had been undertaken by the DSIR
in earlier years and also considered what steps had to be taken to get a
major study under way for prospecting and developing the natural steam
in New Zealand.

The second meeting of the GAC was held two months later. Again,
committee members considered the means of approaching the explora-
tion for geothermal steam in the Wairakei region. At the meeting,
geological and geophysical reports on the characteristics of the region
were given.
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The conclusion of the GAC was that the region was one which
merited a search for steam power with reasonable possibilities of
success. A theme which continually ran through the discussions was that
the government was eager to obtain results and wanted to determine
quickly if it was economical to install steam plants to generate electric
power. One task of the GAC was to obtain a speedy answer to this
government request. Consequently, the early part of the work of the
development project centered on the urgent need to determine the
economics and feasibility of geothermal steam as compared with water
power and other power resources.

Energy alternatives

As a result of the 1947 crisis, the minister of the State Hydro-Electric
Department had considered the use of natural steam as a source of
power. In 1948, the problem of energy scarcity had not improved.
Hydro projects were still the major supplier of power, but poor rainfall
had again created problems. The shortage of water was aggravated by a
shortage of both coal and oil for steam stations in Auckland and
Wellington. In 1948, the shortage of oil fuel was worldwide. As far as the
New Zealand government was concerned, there was no reliable informa-
tion as to the possible duration, or ultimate extent, of the shortage. The
minister said, "The fact that sufficient oil is not available for even the
relatively small amount of steam generating plants found in the country
is very disturbing, as it practically rules out any large-scale use of this
fuel in New Zealand for future power generation." Commenting on coal
supplies, the minister said, "For one reason or another, coal supplies
have not been equal to requirements. The fact is that a regular
quantity of coal is not available, and this must arouse grave doubts as
to the advisability of the use of coal-burning plants where a better
alternative is more readily available."(2) The government was therefore
faced with finding alternative energy sources. In his report the minister
stated, on rather a prophetic and optimistic note, that the DSIR was
undertaking investigations on the use of geothermal steam. He said,
"This alternative is attractive provided the conditions are such as to
render the development of electric power from natural steam an
economic and technical possibility."(3)

New Zealand was then faced with a number of alternatives. There
were four possible methods being considered to provide power on a
sufficiently large scale to meet New Zealand's needs. These were:

1. Steam power stations using coal or oil fuel,
2. Steam power stations using geothermal steam,
3. Steam power stations using atomic fuel (very uncertain), and
4. Hydro power stations in the South Island with cables across Cook

Strait to the North Island

Of the four, the second and fourth alternatives were felt, in 1949,.  to be
te

chnically possible and probably more economically feasible than using
coal, oil, or atomic fuel to run power stations.
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Investigation and Organization

In November, 1949, the Geothermal Advisory Committee felt that it
was essential to continue surveys over wide areas. Because of the
pressures to develop quickly an understanding of the potential of
geothermal steam for power generation, however, a short-term ap-
proach was needed, with exploration concentrated on the Wairakei
region. Early estimates had indicated that a five-s ear program of study
would be best. But the GAC felt that intensive survey work could
probably provide an answer in 12 to 18 months about the possibilities of
using steam to generate power.

To enable the GAC to undertake this work, recommendations were
made to the government. These were intended to expedite the geo-
physical survey. The cabinet was asked to approve the following.

1. That a survey camp be established in the Wairakei area and $21,000
be provided for camp equipment;

2. That one shooting truck, one water truck, and one dynamite storage
trailer be provided to enable seismic and drilling investigations to be
undertaken; and

3. That a thermal resource exploration committee, comprising mem-
bers of the Ministry of Works and Development, Hydro-Electric
Department, and Department of Scientific and Industrial Research,
be appointed to coordinate activities in the Wairakei area.

Committee members hoped that within a period of 12 to 18 months
enough reliable information would be available to indicate where boring
could take place in the search for steam in quantities large enough to
generate sufficient power.

The recommendation of the GAC to undertake the studies on the
potential for geothermal steam was approved by the cabinet in late
November, 1949. The GAC felt that because there was pressure to
complete the investigation at Wairakei within a short time, a decision
had to he made on the purchase of drilling equipment. It would be
necessary to put this equipment into working order and for a drill crew
to acquire some experience in operating it. This would take time. An oil
company had a large drilling rig for sale. The GAC felt that its price of
$140,000 was reasonable, considering that to purchase a drill from the
United States would cost perhaps double that sum.

It was evident that the bulk of the actual work would be done by the
Ministry of Works and Development, while the Department of Scientific
and Industrial Research would provide major input on the scientific side
of the geothermal development. The Commissioner of Works, the
permanent head of the MWD, would have responsibility for carrying out
the work. Accordingly, the Commissioner of Works asked the GAC to
consider a proposal to put the work under the MWD staff already
working in the area on hydro investigations.

At a December, 1949 meeting convened to discuss this proposal, the
organizational framework was set forth by the general manager of the
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SHED. It was not clear why he should be the one to do this, as
representatives of the MWD were present. The record of the meeting
prepared by the secretary of the DSIR showed that the general manager
of SHED's explanation of the organizational framework was completely
misunderstood. The record shows that the GAC believed the hydro
investigations on the Waikato River were controlled by an investigating
committee comprising members of the MWD and SHED, which was not
true. Accordingly, they resolved that the geothermal investigations at
Wairakei should be controlled by an investigating committee comprising
members of the DSIR and MWD. This was, of course, contrary to the
intention of the Commissioner of Works.

The assistant engineer-in-chief was advised in late January 1950
that he and the MWD inspecting engineer were to take charge of the
work of investigating geothermal energy for power development. After
examining the record of the December 1949 meeting, he immediately
realized the misconception that had arisen, and advised the engineer-in-
chief of the MWD accordingly and at some length.

The comments made were discussed by the GAC and by the heads of
the three departments, the MWD, DSIR, and SHED. The Commissioner
of Works then wrote to the secretary of the DSIR pointing out the
misconception in the notes on the meeting of December 15, 1949 and
said that the proposition he had intended to be discussed at that
meeting was that drilling and associated work be under the MWD
investigations organization at Mangakino.

The engineer-in-chief subsequently wrote to the DSIR confirming
the various discussions that had been held and acknowledging that the
work could go forward under his general administration. The work was
defined broadly in two categories:

1. The investigation for geothermal steam on an orthodox scientific
basis, and

2. The drilling of an area in the Wairakei region in the hope of striking
steam.

The DSIR was responsible for the first task. The geological survey
was to investigate an area about 12 miles (31 kilometers) square
encompassing the Taupo-Wairakei region. Their relation with the MWD
would be exactly the same as it was during investigations for other
power projects in the hydroelectric field which involved consultations
and progress reports from time to time.

As for the second task, drilling was to commence immediately.
Drilling would be under the control of the project engineer of the MWD,
Mangakino, Initially, the drilling was to be confined to shallow holes,
for which the project engineer was to seek the advice of the geological
survey. If successful, larger wells would be drilled, for which purpose a
rig located in the Hutt Valley was being examined.

The secretary of the DSIR stated that his department was in
c
omplete agreement with the general administration proposed for the

geothermal steam investigations at Wairakei.
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One of the first decisions which had to be made by the Geothermal
Advisory Committee was how deep the drilling would have to go.
Geological and geophysical investigations had not yet determined to
what depth it would be necessary to bore. The GAC was aware that at
Larderello, Italy bores had been put down to depths of 2,000 feet (609
meters) and later to 6,000 feet (1,829 meters). The Ministry of Works
and Development had a drill which would go down to 1,500 feet (457
meters), two Sullivan drills at the DSIR would go down to 800 feet (243
meters), and the Mines Department had one Franck's drill which could
go down to 3,000 feet (914 meters).

The GAC decided to get the three drills on the job as soon as
possible. Two Sullivan drills would be used on seismic exploration and
the Ministry of Works and Development's drill would be used to drill a
bore to 1,500 feet (457 meters). They hoped that a bore drilled down to
1,500 feet (457 meters) would determine the geological structure of
rock types to that depth and reveal the possibility of developing steam.

Field organization and administration

The government's urgent desire for early results required a speedy
i mplementation of the decision of the GAC regarding control of the
work in the field. Accordingly, on March 9, 1950, a meeting was held at
the Wairakei Hotel to discuss the administrative procedures and future
program for the investigation of the Wairakei-Taupo area for geo-
thermal steam. The chairman of the meeting was the engineer-in-chief
of the ministry of Works and Development. Also present were engineers
from the MWD together with scientists, geophysicists, and chemists
from the DSIR, and a drill superintendent from the Mines Department.
The engineer-in-chief of the Ministry of Works and Development
explained that the administrative procedures for the study would be
those adopted in the past with hydroelectric investigation work under-
taken by the Ministry of Works and Development. The contact between
the DSIR and the MWD in the field would be maintained by the
superintending geologist of the DSIR in Rotorua, and the project
engineer of the Ministry of Works, Mangakino. Drilling equipment and
survey staff under the control of the investigation engineer at Manga-
kino would be utilized for the work as much as possible. A camp was to
be built in Taupo to accommodate the MWD and DSIR staff and
workmen.

The chairman made clear to those present at the meeting that the
minister of Works and Development expected investigation work to be
carried out as rapidly as possible, the goal being to obtain concrete
evidence in 12 to 18 months about whether or not geothermal steam
suitable for electrical power generation could become a reality.

The Mines Department had made their drilling superintendent avail-
able to supervise all drill prospecting for steam and he would control
the drilling. It was agreed that a report would be submitted at
convenient intervals on the geophysical and geological work, along with
the surveying and drilling work, by the various officers in charge of
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each segment of the project. As suitable drilling equipment became
available from investigation work being carried out by the Ministry of
Works and Development at other locations, it would be made available
for geothermal investigation work, augmenting the two drills already
being used for geophysical surveys.

The meeting resulted in a general plan of operation that was to be
accomplished in three phases:

.l. The geophysical survey work would be done with two drilling rigs
operated by the DSIR with assistance by MWD survey parties.

2. A row of prospecting holes was to be drilled immediately to test
steam resources within the capacity of the drilling rigs already
being used by the Ministry of Works and Development. These rigs
would be made adequate for steam drilling purposes and be operated
under the supervision of the Mines Department drill superintendent.
The holes would be spaced at quarter-mile intervals extending from
the river below the Wairakei Hotel up to the Atiamuri Road and
across to the Wairakei Valley above the geysers. This would give a
line of holes right across the thermal area. The holes would be cored
for much of their length, with temperature and thermal conductivity
measured from core samples. Chemical analyses would also be
carried out at this stage (see fig. 2.3 for locations and areas).

3. After correlating the data already available and the data to be made
available in the near future from all sections concerned, a site
would be chosen for the large Mines Department drill which would
put clown a deep prospecting bore under the direction of the Mines
Department drill superintendent.

The plan of operation had been set up and the administrative
procedures laid out. The GAC planned that if the three phases of the
investigation were followed, a report could then be made within 12 to
18 months for the government on the real possibilities of generating
electrical power from geothermal steam.

Investigation reports

Investigation work commenced in February 1950 with the guidelines for
the areas of investigation clearly drawn. The DSIR research covered the
chemical and physical investigations, plus the geological, seismic,
magnetic, gravimetric, and radioactive surveys, and the petrological
e
xamination of drill hole cores. The Ministry of Works and Development

was directly responsible for the drilling program and utilized experi-
enced personnel from the Mines Department. The administration and
c
oordination of the overall work was the responsibility of the Ministry

of Works and Development.
Progress reports by the end of 1950 had been made on every phase

of the investigation. But after ten months, there were still no definite
co

nclusions about the actual power potential of the field. The MWD and
the Minister of Works and Development hoped and expected that by the
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end of 1950 the encouraging results that had been obtained would be
bettered and that more concrete data from which to draw conclusions
would soon become available.

Larderello

In 1944, the engineer-in-chief of the Ministry of Works and Develop-
ment requested the New Zealand Defense Department to assign an
engineering officer serving in the armed forces in Italy to investigate
the work on geothermal energy that had been undertaken there at
Larderello. The idea was to assist the DSIR in gathering more
information about the potential of thermal steam being applied to
power generation in New Zealand. The Commissioner of Works and the
director of the geological survey made a visit to Larderello, Italy in
1948 to study developments there.

They found that the geological conditions at Wairakei differed
substantially from those at Larderello. At Larderello, the geothermal
steam was trapped under an impermeable cap rock. The steam produced
was dry and often had a substantial degree of superheat. Al Wairakei,
drilling took place through beds of permeable volcanic material where
temperatures approached boiling point, thus adding substantially to the
difficulties of drilling. While the observations at Larderello were
i mportant in providing an understanding of the overall approach to
harnessing geothermal power, conditions were so different that most of
the work done at Wairakei depended heavily on decisions reached in
New Zealand. Perhaps the most important thing Larderello contributed
to New Zealand was its success, because there is no doubt that the
successful development at Larderello strongly influenced the decision
to proceed at Wairakei.

Following the visit of the departmental officials to Larderello, a top
New Zealand scientist went there in April 1950. When he returned, he
explained to the New Zealand group some of the work which was being
done there. He tried to draw recommendations from what he had seen
to help New Zealand in its plan to harness geothermal energy. He
reported that, as far as he could determine, no magmatic or gravi-
metric work had been done, nor had any refraction shooting. He also
commented on what was later to become important to New Zealand in
regard to its tourist industry: that the taking of steam from deep
beneath the ground surface reduces or partially eliminates surface
thermal activity. General depths of the wells at Larderello were on the
order of 1,640 feet (499 meters), though some were only 656 feet (199
meters) deep. The size of drill holes was about 18 inches (46
centimeters) in diameter; one hole was already drilled 1,640 feet (499
meters) deep and arrangements were made to go as deep as 3,281 feet
(1,000 meters), if necessary.

The scientist observed that the hot spring area of the Larderello
district was only about 7 miles (11.2 kilometers) by 14 miles (22.4
ki

lometers) and that he personally hoped that the potentialities in New
Zealand were far greater than at Larderello. His recommendations
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about what should be done were made clear when he said: "I have a
feeling that the sooner we get a hole of even four or six inches (10 or 15
centimeters) in diameter down to 1,500 feet (457 meters) the better."
By doing this, he believed, a truer sample of magmatic gas could be
obtained to act as a guide in the selection of material for turbines. One
or more of the gases comprising magmatic gas could adversely affect
some, but not all, of the materials chosen for the turbines. "I don't think
it matters much where you put the first bores," he said, "so long as
there are surface indications of steam. ]f the resulting steam is
troublesome it could be easily piped for heat-giving purposes."

The scientist qualified his position by stating: "This does not mean
you should not take all the scientific observations you can with regard
to the future. But time marches on and you should be prepared to take
risks. i expect corrosion problems in the pipes would occur in areas near
the surface. A site for the first hole might well be chosen according-

Upon hearing the eminent scientist's advice, specialists from the
Geological Survey Office reacted violently. They took a dim view of
recommendations about where the first bore should be put and advice to
go ahead without much more geological or geophysical study. A New
Zealand scientist in the geological survey was concerned that the
remarks would do harm among the uninitiated who could take them on
the authority of the author rather than on their value. The geological
scientist posed the question: "How would anyone be so irresponsible as
to say that it does not matter much where the first holes are drilled as
long as there are surface indications of steam?"(5)

While good information could be obtained from other projects on the
other side of the world there were several handicaps, including the
difference in the geological structure of the two areas and a very
severe language problem, which prevented a full interchange of ideas.
Perhaps the most pressing problem of all at this stage of the project
was the pressure from the government to get under way in New Zealand
as soon as possible in the face of insufficient data. In this sense, the
eminent New Zealand scientist personified the government's position.

In addition to the information received from Larderello, information
was also obtained from Iceland where hot water was being obtained
from 45 wells of 4 to 8 inches (10 to 20 centimeters) diameter and from
450 feet to 2,400 feet (137 to 731 meters) deep, producing 1,125 tons
per hour at a mean temperature of 188.6°F (87°C). A total of 90,000
feet (27 kilometers) of hot water wells had been drilled in Iceland, while
at Larderello there were over 140 active holes totalling 98,500 feet (30
kilometers) with an overall capacity of 2,000 tons of steam per hour
varying in temperature from 284°F (40°C) to 419°F (215°C) with a
static pressure ranging from 5 to 27 atmospheres.



WAIRAKEI GEOTHERMAL POWER PROJECT 39

Geochemical investigation

The reports on the chemical aspects of the geothermal research in New
Zealand resulted in tentative deductions. The sodium potassium ratio of
water from hot springs agreed with analyses from the other parts of the
world, the values being low for active acid thermal areas and high for
cold weak areas, or areas with deep water circulation. Wairakei
appeared at that time to be an area with deep water circulation. The
experts felt, however, that analyses of other areas were necessary, and
they strongly recommended that chemical investigations should seek
further constituents of magmatic origin. A later geothermal chemical
report said that the gases discharged from the drill holes contained, for
the most part, constituents normally expected from thermal spring
gases, but the amount of gas was relatively lower than was usual in
fumaroles and was low in comparison with the gas content of Larderello
steam. The inference drawn from the low gas emission was that the
magmatic steam was probably diluted by ground water. But the
temperatures recorded in the holes in relation to the amount of dilution
of the steam seemed to indicate that the magmatic steam was very hot
before dilution took place.

The geochemical report also indicated that from the results so far
obtained on gas content, bores I and 4 were located nearest to the most
active area (see fig. 2.3). This contention was supported by the evidence
of high hydrogen sulfide content. The report said that the amount of
boric acid in the steam from the Wairakei holes was well below the
amount found in the steam at Larderello. The report suggested that
corrosion of metals might be expected to occur to a greater extent at
Wairakei than at Lardereilo due to the presence of water-containing
chloride in association with the high hydrogen sulfide content. There
was no water at Larderello. The report suggested the use of stainless
steel as a possible remedy. At this stage, however, conclusions drawn
from the geochemical reports were only tentative.

Steam output

The next major area reported on was the measurement of steam output
from drill holes. Measurements of steam and heat from the drill holes
were taken with the use of calorimeters which were made by the staff
engaged in investigation work. Calorimeter tests were made on holes 1,
4, 6, and 7. A total of 31 tests was made, requiring 138 runs of the
C
alorimeter. Table 2.1 summarizes the figures given at that time.

The conclusions drawn from these data were that drill holes 4 and 1
produced the greatest amounts of steam and drill hole 6 produced the
greatest quantity of steam and water, probably as a result of the
greater diameter of the drill hole. On the basis of 25 pounds (11
k
ilograms) of steam per kWh and that the production of steam from a 4-

inch (10 centimeter) drill hole was 2.5 tons per hour, the power outpu
from such a well would be 224 kW and it would produce 1.96 x 106
kWh/year. The heat output of a 4-inch (l0- centimeter) hole at 7.5 x 10



Table 2.1. Summary of Test Results

Hole Hole Depth - Casing - Vapor Number of Steam Heat - Steam - Steam
number diameter - feet feet pressure - runs of and water Btu per hour percentage discharge -

inches (meters) (rectors) lbs per calorimeter discharge tons per
(centimeters) square inch hour

I 4 600 470 - 66 7.38 7.560106 32.2 2.38
(10) (183) (143)

4 4 600 487 15-26 51 2,64 6.625106 89.1 2.35
(10) (183) (148)

4 4 910 882 18 4 7.42 9.3x106 39.3 2.91
(10) (277) (269)

4 4 910 882 25 2 6.37 8.05x106 39.8 2.53
(10) (277) (269)

4 4 910 882 30 2 5.85 6.98x106 35.9 2.10
(10) (277) (269)

4 4 910 882 36 2 5.39 6.51x106 37.0 1.99
(10) (277) (269)

6 54 429 128 50 I 13.15 12.5x106 25.0 3.29
(14) (131) ( 39)

6 54 429 128 25 I 5.35 5.0x106 32.0 1.71
(14) (131) ( 39)

6 50 429 128 38 1 8.04 9.42x106 34.0 2.73
(14) (131) ( 39)

6 5Y, 429 128 48 1 6.20 6.870106 32.0 1.98
(14) (131) ( 39)

7 4 550 475 7.5 5 0.36 0.90106 83.7 0.30
(10) (168) (145)

Source: "Notes on Geothermal Investigation at Wairakei, New Zealand," Ministry of Works and development File
P.W. 92114/20.
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Btu per hour, assum ng an efficiency of 10 percent, would amount to
220 kW or 1.927 x 10 kWh per year.

Surface temperature gradients

The rate of heat loss by conduction was assessed at .0,000 Btu per hour
per acre. This rate of heat loss would be 6.4 x 10 Btu per hour per
square mile, which roughly equalled the heat output from a 4-inch (I0-
centimeter) diameter drill hole in Wairakei. At 10 percent efficiency,
the power output from 1 square mile (2.56 square kilometers) in the
Wairakei area would be a minimum of about 200 kWh.

Ground magnetic surveys in the Wairakei-Taupo area

Surface magnetic surveys were undertaken in the Wairakei area, around
Lake Rotokawa, and in the Spa Hotel vicinity. The value of a magnetic
survey depends on the occurrence of low vertical magnetic field
intensity in areas where thermal activity has altered the nature of the
ground and has caused reduction of the magnetic properties of the rock.
Magnetic investigations were not conclusive, however, as there were
other possible causes of low magnetic intensity. Therefore, magnetic
work had to be evaluated in conjunction with all available evidence
before deductions could be made. It was possible that the detection of
thermal-altered areas by magnetic means might reveal areas in which
there was presently no surface manifestation of thermal activity.

Work on magnetic susceptibility revealed that core samples from
holes 4 and 2A had generally higher susceptibilities than those from
holes 5 and 3. The difference was probably due to the differing degrees
of alteration of the magnetic minerals, but might equally have been a
result of the presence of iron sulfide believed to have been found in
holes 4 and 2A. The inference drawn from this thermal alteration
theory was that the area at the east end of the "D" line at holes 4 and
2A was more thermally active than was the area at the west end of the
"D" line at holes 5 and 3 (see fig. 2.4).

Geology of the Wairakei area

The main geological features of Wairakei were determined by an
intense though rushed investigation. The study showed that an anticline,
trending north-northwest with a fault running parallel to its axis on the
eastern side, extended from near the Karapiti fumarole to beyond the
"D" line near hole number 3 (see fig. 2.3).

An additional fault extended from this fault and struck north-
n
ortheast to the Wairakei Valley. The uppermost formation in the area

was recent alluvium varying in thickness from 50 feet (15 meters) to
100 feet (30 meters) and consisting of pumice, gravels, and ash washed
into the valleys. The alluvium allowed ready movement of ground
water. The next lower formation, called the Wairakei formation,
co

nsisted of soft, massive, ill-sorted, unbedded breccia about 200 feet
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(61 meters) thick, most of which had been removed from the Wairakei
area by erosion. Beneath it lay a roughly bedded fine breccia varying in
thickness from 50 feet (76 meters) to 500 feet (152 meters). Under-
neath the breccia lay well--hedded pumiceous sediments, probably
lacustrine in origin, ranging from fine conglomerates to mudstones.
Seismic prospecting suggested that these beds extended down to several
thousand feet. Geologists felt that the Wairakei formation was a
remnant of an old sheet of sediments which had undergone folding and
faulting movements which allowed the passage of steam from deep
within the earth to cause the thermal activity. They found that the fold
structure of the anticline was transversed by a fault which must have
extended quite deeply if it was the cause of the thermal activity. The
arrangement of the bedding in the lowest formation, with its various
lenses of material of various textures, probably provided traps and
passages for steam at different levels in the sediments.

Based on the information available, investigators decided that
drilling for steam should be carried into the lowest formation, the Huka
Beds. The depth formation of these beds at Wairakei varied from 85 to
450 feet (26 to 137 meters). More drilling was obviously needed to
verify geological hypotheses and to test the tentative conclusions
already reached.

Geological and geophysical drill: log data

A study of the temperature gradients in drill holes I to 8 on the "D" line
showed that the ground temperature rose relatively slowly with depth
until the Huka Beds were reached and the maximum temperature
occurred generally after the Huka Beds were penetrated 100 feet to 200
feet (30 meters to 61 meters). The maximum temperature occurred 550
to 600 feet (168 to 183 meters) below the ground surface. Variations
did occur, though, so these figures were not constant. And in some
holes, temperatures would obviously increase if the holes were drilled
deeper. Investigators found that the temperature reached a maximum in
some holes, and then decreased. With the exception of holes 2A and 5,
the boiling point for depth relationship showed that the boiling point
occurred approximately 550 feet (168 meters) down. The boiling point
for depth relationship is a relationship between depth and the temper-
ature at which water will boil, taking into account the variation in the
density of water with temperature. Cold ground water appeared to be
entering hole 2A at about 300 feet (91 meters) due to insufficient
casing, while hole 5 appeared to be far from the source of geothermal
heat. The source of the geothermal heat was the hot, circulating ground
water.

Of interest to investigators at this time was the fact that holes 2A
and 5 were at opposite ends of the "D" line, both were the deepest holes
drilled so far — 1,000 feet (305 meters) — and both had the least amount
of casing. Hole 2A consisted of 186 feet (57 meters) of 4-inch (l0
centimeter)diameter casing and hole 5 consisted of 380 feet (116
meters) of 3h-inch (8.9-centimeter) diameter casing. With the excep-
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tion of hole 8, which was still being drilled at that stage and had not
had any 4-inch (10-centimeter) diameter casing placed in it, all the
other drill holes had at least 460 feet (140 meters) of 4-inch (10-
centimeter) casing. The low boiling point for depth relationship in holes
2A and 5 was probably due to the entry of cold ground water into the
holes because they were not cased deeply enough. If these holes had
been cased to 460 feet (140 meters) as had the others, it is probable
that the boiling point for depth relationship would have shown that
boiling was occurring at a much higher level.

Geological report on drilled holes

Preliminary findings were based on the geological data obtained from
eleven holes drilled for steam at Wairakei, totaling 6,273 feet (1,912
meters). Thirty-nine other holes, totaling 7,430 feet (2,265 meters), had
been drilled for seismic survey work. The seismic holes were shallow,
reaching a maximum depth of only 1,020 feet (311 meters). The holes
for steam were mostly core drilled, while the drill cuttings from the
seismic survey holes — little bits of debris that came to the surface as
they were drilled — were examined by the geologists.

From an examination of the drilled cores and washings, along with
the knowledge of the makeup of the surface geology, the rocks and
formations were classified. Faults were found parallel and perpendic-
ular to the bedding. Hydrothermally altered pumice sandstones and
siltstone imbedded with mudstone were also found. Silicified bands
occurred at various levels throughout the Huka Beds.

Temperature measurements in the seismic survey holes showed that
thermal gradients were generally steeper where the Huka Beds were
drilled. Higher temperatures were found in these beds than in the
unfractured Wairakei formations or in the pumice alluvial cover.

Investigations confirmed that the Huka Beds were sedimentary in
origin, consisting of interstratified beds of fine and coarse materials,
fractured by faults, and containing the highest temperatures. Hydro-
thermal alteration and silification of the beds were also confirmed, so
that the geological conditions were satisfactory for the passage of
steam upward from deep below and for the passage of steam horizontal-
ly along beds either by the horizontal fault planes or through pervious
beds.

Petrological investigations of cores

This facet of the investigation for steam at Wairakei involved a great
deal of work and thought by the petrologists of the New Zealand
Geological Survey and added considerably to the knowledge of the
characteristics of the rocks through which the drill holes had passed.

Tentative correlation of rock types between drill holes suggested
faulting, which was confirmed by the surface geological survey. Similar
sequences of beds in drill holes suggested also that there was a slight
dip from east to west of 1040'.
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Alteration of rocks in varying degrees was noted in the cores, and
there was a general increase of alteration with depth. The presence of
secondary minerals formed by new substances brought in by ascending
solutions and vapors revealed that the metamorphic processes were of a
metasomatic nature.

The cores showed varying degrees of porosity. The pores were not
always continuous and were often of microscopic size only. Pumice was
the most permeable constituent. The petrographic evidence suggested
that the steam ascended through the pores of the rocks and not through
fissures, or large spaces. The belief was that both hydrothermal
solutions and vapors were active at Wairakei.

This information, together with the small vertical range of alunite
found in hole 6, raised the question of how much of the ground water
was of meteoric origin and how much was of magmatic origin. If the
ground water was mainly of magmatic origin, the removal of a
substantial quantity of it by jetting from the active drill holes might
bring dry steam much closer to the permeable beds in the Huka
formation.

Investigators decided that active drill holes should be made to
discharge continuously while ground water measurements of surface
level were made from adjacent shallow holes put down for this purpose.
The evidence obtained up until that time presented a fairly clear
picture of the conditions at shallow depth. Better results could have
been obtained by drilling along the fractures, but larger quantities of
steam were likely to be obtained only from wells drilled to greater
depths.

The evidence then available confirmed the interstratification of
permeable and impermeable beds and also confirmed the existence of
fault zones which contained steam and fed these beds. This evidence
suggested a very good arrangement for obtaining steam and hot water,
with the probability that steam without hot water might be tapped at
greater depths. This information contributed invaluably to the investi-
gation and represented a great step forward in the knowledge of the
ge

ological conditions likely to be encountered in the graben extending
from Taupo to the Bay of Plenty coastline.

A
irborne magnetometer survey

The first airborne magnetic survey in New Zealand took place in
co

njunction with the Wairakei project. The work was carried out by the
Royal New Zealand Air Force (RNZAF) in cooperation with the
Ma

gnetic Survey Branch of the DSIR. This survey was successful in that
it co

nfirmed the results of the ground magnetic survey carried out overs
ome of the same area. The airborne magnetic survey covered the

entire 13-by..13 mile (20-by-20 kilometer) area of Taupo and Wairakei,
which was a much greater area than could be covered by the ground
Parties in the time available for producing a magnetic survey and areport by the end of 1950.
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Seismic survey

DSfR geophysicists concentrated on seismic refraction work in the
Wairakei area to obtain surface and near-surface velocities of sound, or
seismic waves in the formation. They also did seismic reflection work
to see if high-speed refractors existed deep below ground surface.
High-speed refractors are geological formations that are normally hard
and dense. Velocities through the various near-surface formations were
obtained, and geophysicists determined that no high-velocity layer
existed within 1,000 feet (305 meters) of the surface. This meant that
no hard dense formations existed within 1,000 feet (305 meters).

The reflections obtained from the seismic reflection survey were
poor, making the interpretation of the records very difficult. From
velocity data obtained, the average normal velocity increased at first
rather rapidly and then gradually decreased. Further investigation was
necessary, however, before any sound conclusions could be reached.

Another item of interest was that on the assumption of an average
velocity of 6,000 feet (1,829 meters) per second, a depth of approx-
i mately 6,000 feet (1,829 meters) was obtained for a horizon at which
the reflections were more or less continuous across the whole profile
section. Deeper reflections than this had also been recorded. This
geophysical interpretation suggested that a hard formation existed at
6,000 feet (1,829 meters) which extended over the entire section
measured.

The results of the seismic reflection survey on "F" line indicated the
presence of an anticlinical structure at depth.

Gravity survey

A gravity survey revealed the presence of two major features: a change
of basement level of at least 5,000 feet (1,524 meters) occurring at the
eastern edge of the graben, and a pronounced gravity "high," striking
northeast in the Wairakei area. It was considered not advisable at this
stage to put the gravity results on a quantitative basis until the
magnetic and seismic surveys had been correlated with the gravity
results.

It was evident, however, that most of the thermal activity was
associated with subsidiary features such as cross faulting, although the
possibility of faulting on the flanks of the main structure could not be
ruled out until the data had been placed on a quantitative basis.

Heat source

A report by the Department of Scientific and Industrial Research gave
an assessment of how much geothermal energy existed in the Wairakei
area up to a depth of 1,000 feet (305 meters). It assessed the amount of
energy to be a minimum of 600,000 kW and a maximum of 4,000,000 kW
based on the evidence available at that time. On the basis of 15 percent
overall efficiency, this would give an output of electrical power
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between 90,000 kW and 600,000 kW from the Wairakei area if all the
heat could be harnessed.

Ministry of Works and Development activities

The camp at Taupo township had been built by the MWD to accom-
modate the staff of the various government departments engaged in the
investigation work at Wairakei, together with service buildings for
offices, stores, and laboratory.

Survey work included 113 miles (182 kilometers) of leveling and
completed the requirements of the DSIR by the end of 1950. Plans were
prepared for the Wairakei-Taupo area, showing the various traverse
lines surveyed and leveled for the DSIR.

The drilling of prospecting holes for steam was carried out by four
Ministry of Works and Development drills, two drills supplied by DSIR
complete with crews, and one large drill supplied by the Mines
Department complete with its crew. The Ministry of Works and
Development drills were assembled from various parts of New Zealand,
and crews had to be recruited and trained as the work proceeded, which
in itself reflected credit on the drilling superintendent and staff.
Explosion-preventer gear for the protection of the workmen and drilling
equipment had to be designed and built, and a calorimeter was designed
and built for measurement of the discharge from the drill holes.

Although the original intention at the start of the investigation was
to drill holes down to 500 feet (152 meters) with one deep hole
extending to 1,000 feet (305 meters), most of the holes were drilled to
600 feet (183 meters) and three were drilled to at least 1,000 feet (305
meters). This was because the drilling work progressed more rapidly
than expected. A total of 8,153 feet (2,485 meters) of drilling had been
c
ompleted by the end of 1950.

Some considerable effort and time was spent on drilling hole 4 down
to the limit of the equipment available. At one point, it became
i
mpossible to proceed any deeper because the casing was damaged.

S
everal unusual features cropped up in the behavior of this deep hole

during the drilling. The static pressure at the surface in the 4-inch (10-
ce

ntimeter) casing averaged 90 pounds (41 kilograms) per square inch
(6.25 square centimeters) with little variation. If the valve on the 4-
inch (I0-centimeter) casing was opened to any extent while water was
n
ot being pumped down the hole, steam appeared at the surface in less

than 30 seconds. While lowering or withdrawing the drilling rods from
the hole, water had to be pumped down the 4-inch (l0-centirrieter)c
asing to cool these rods and prevent the water in the rods from beingb
oiled out each time a length of drill rod was unscrewed.

B
esides drilling work, the construction of several miles of accessr

oads to get the drills to the required sites, the construction of cold
water pipelines and reservoirs, and the construction of the concrete
lined 

pits for the blowout-preventer equipment were a substantial part
Of the work undertaken by the Ministry of Works and Development.
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Prefeasibility and Appraisal

Preliminary assessment

By the beginning of 1951, it was evident that there were three principal
questions which needed to be answered in regard to geothermal
development at Wairakei. These were 1) What was the continuous
power output of the area? 2) How much of this power could be
harnessed? 3) How Much would it cost? Although a good deal of
investigation had been carried out, those responsible for the project
were unable to answer these essential questions.

Certain factors, however, were clearly established. It was clear that
the origin of the heat was magmatic and that the heat escaped to the
surface through faults, fissures, and pervious strata, heating the ground
and ground water in its passage. The heat was eventually given off by
radiation from the surface, by conduction, and by convection currents
in the underground water. Investigators felt that to a depth of at least
1,500 (457) and at most 6,000 feet (1,829 meters), the geological
structure comprised sedimentary and volcanic beds which were pervious
and fractured by faults. Some of the beds, they speculated, might be
gently folded, in which case the steam rising from the magma could be
trapped in a dome, but at this stage there was no conclusive evidence
that a dome existed. On the other hand, its existence had not been
disproved, either. There was some dispute over what the significance of
a dome area would be. The geologists suggested that only steam trapped
in a dome would be worth exploiting for power purposes, and if one
could not be found at Wairakei, development should not be undertaken
there. The engineers, however, felt that it was a matter of opinion
whether a dome was necessary to proceed. They thought that it would
be possible to obtain all the power needed for many years without a
dome, provided the steam could reach the production wells by in  of
fissures and porous strata.

What had been established was that it would be possible to get
approximately 300 kW from a 4-inch (10-centimeter) diameter well 600
feet (183 meters) down. Investigators speculated that it should be
possible to get four or five times as much power from an 8-inch (20-
centimeter) diameter well of the same depth if the steam supply was in
fact relatively shallow and, consequently, each well could be drilled at
a reasonable cost. It appeared that if there was a dome in the Wairakei
area, it would be at considerable depth and the cost of tapping it would
be high.

A number of unknown factors still puzzled the investigating team.
Would a large number of production wells exhaust the steam supply, and
if so, how many wells could be sunk before it became unprofitable to
continue drilling? What about the interaction between wells? The
answer to this question would also affect the number of wells that could
be drilled. And finally, would the drilling of deep wells decrease the
yield of shallow wells? Opinions differed on this issue. One side said
yes, it would decrease the shallow wells yield; the other side said that
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this result was unlikely because the strata of the Wairakei and Huka
formations were so porous and fractured that a few extra channels
provided for the passage of steam by deep wells would be insignificant
compared with existing natural channels. Similarly, the yield of wells
remote from faults might be as large as or even larger than the wells
near faults.

Investigators decided that as the cost of drilling deep wells was
great, they should not develop wells deeper than 1,000 feet (305 meters)
and that future investigations should be made to ascertain how much
power was available up to this depth. As the geophysical work already
carried out had shown that there was no significant change in the
geological structure for several thousand feet, investigators believed
that there was little to gain in drilling beyond 1,000 feet (305 meters),
even if the drilling equipment could go this deep. The investigating
engineer recommended an immediate program to complete the pros-
pecting holes in "D" line at Wairakei (fig. 2.3) and at Karapiti, as work
had been done on those already. His investigating team believed that all
holes should be blown and kept under observation for several months,
possibly a year. They believed the most important work to be drilling
and testing of development wells at bore hold 4. Until this was done,
they felt, no other prospecting should be undertaken.

Need for urgency

While investigation work continued in 1952 under the DSIR and the
Ministry of Works and Development, the minister of works and develop-
ment told the MWD that his government had decided that there was an
urgent need to prove within 12 months the existence of a 20,000-kW
geothermal steam power source at Wairakei. The investigation program
had already been condensed from what was regarded as a tight program,
and now the government was pressing harder to get information and
quick results to ease New Zealand's energy crunch. With this in mind,
the Geothermal Advisory Committee set up a subcommittee consisting
of an officer each from the Ministry of Works and Development, the
State Hydro-Electric Department, and the New Zealand Geological
Survey Office. They were asked to come up with a plan detailing a
course of action to meet the new 12-month deadline. The subcommittee
re

ported that the existence of geothermal steam to develop 20,000
k
W could only be proved by actually producing that amount from drill

holes at Wairakei and allowing it to discharge over a period of time toassess the rate of decrease of discharge, if any. The subcommittee felt
that if 20,000 kW could not be proved to exist within the 12-month
dea

dline, the amount of steam they were able to find could eventually
be de

veloped economically.
The subcommittee agreed that the DSIR should fix the location offo 
drill holes at Wairakei in positions where sufficient steam would

most likely be available. Although 16 holes might be more than could bedrilled in the 12 months, the subcommittee still wanted enough holesdr

illed to be sure of getting 20,000 kW eventually. They agreed that thelocation of some holes might have to be altered as the drilling
Proceeded.
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Other Contributors

ARTURO ALCARAZ, Geothermal Consultant, Philippine National Oil
Company, Energy Development Corporation, Ministry of Energy,
Philippines.

JOHN SHUPE, Dean of the College of Engineering, University of
Hawaii, and Director, Hawaii Geothermal Project, United States.
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The number of holes was based on 20,000 kW, requiring 20 pounds (9
kilograms of steam per hour per kW for condensing units, with a dryness
factor of 25 percent. This would require 1,600,000 pounds (720,000
kilograms) of steam and water per hour of 100,000 pounds (45,000
kilograms) per hour of the mixture from each of the 16 holes. The
Ministry of Works and Development was asked what drilling perfor-
mance could be obtained by the available drilling equipment together
with additional equipment to be ordered. The subcommittee decided
that the drilling personnel should be increased to three shifts per day,
six days per week to cope with the major work. It was necessary to
consider the distance between wells, and they felt that 600-feet (183-
meter) centers would provide ample clearance from each other but this
would have to be determined after discussion with the DSIR.

The subcommittee felt that to determine if 20,000 kW was avail-
able, it would be necessary to allow all holes to discharge as long as
possible, including those holes already drilled along the "D" line. They
suggested that separators, standard nozzles, and gauges be provided to
record changes in temperature and pressure on as many holes as
possible in order to assist in the assessment of the power availability.

The subcommittee agreed that the method of drilling, casing, and
grouting the holes might have to be modified considerably when
required for permanent development. Engineers would have to pay close
attention to the type and diameter of casing, to grouting both in the
earth and around the casing, and to the depth of uncascd holes below
the permanent casing, in order to obtain the maximum results both for
the life of the well and for the amount of production in relation to the
amount of drilling.

Organizational change

The new 12-month deadline to prove that 20,000 kW of geothermal
steam could be drawn at Wairakei necessitated organizational changes.
There had been confusion in the past over who in the chain of command
was responsible for what. One of the reasons for this confusion was that
the Ministry of Works and Development was not experienced in working
under the direction of a committee.

The Geothermal Advisory Committee, however, acting in its capac-
ity of policy maker, had decided to drill for steam to develop 20,000
kW. The GAC had then asked that this be done by the MWD. The
engineer-in-chief of the MWD was instructed accordingly, and approval
was given for the work to be dealt with as a project in the normal
manner with all technical direction emanating from the engineer-in-
chief of the MWD. The work did, however, differ from normal work in
one main respect, and that was that rather than proceeding on a
department-to-department basis, it had been decided that matters
normally dealt with in this manner be dealt with formally by an
advisory liaison committee. This deviation from the norm, however, in
no way affected the instruction that Wairakei be considered and dealt
with as a normal project.
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At a meeting in June 1952, the Geothermal Advisory Committee
came to a number of important decisions regarding the future adminis-
tration of the Wairakei Region. These included:

1. The revocation of an earlier decision to place the Wairakei project
in the hands of the SHED and make it the responsibility of the
Ministry of Works and Development.

2. The disbanding of the committee due to the change in incidence of
the work at Wairakei from investigation to development.

3. Following disbanding, the handling of policy and other mayor matters
by meetings between the heads of the MWD, the SHED, and the
DSIR.

4. The setting up by the three departments of a liaison committee,
with the MWD representative as convener.

The Geothermal Advisory Committee was accordingly disbanded,
and the administration of the Wairakei project proceeded as outlined at
their last meeting.

The establishment of a liaison committee of departmental officers
recognized that the nature of the work at Wairakei still required much
collaboration among the three departments. This committee was,
however, purely advisory. Executive action was to be the function of
the existing departmental organizations. The liaison committee would
be required to keep details of the work under constant review, make
any recommendations necessary, and give advice on matters referred to
it by the three departments. The personnel of the committee were to be
the chief electrical engineer of the SHED, the director of the geolog-
ical survey, and the assistant engineer-in-chief of the Ministry of Works
and Development. The latter was to be the convener of the committee,
and all directions and instructions on work at Wairakei were to be his
responsibility.

Over the years, organizational difficulties became apparent. In
retrospect, it is clear that this was due to the continually changing
nature of the work, from purely scientific in the early days to
engineering later. There was no clear transition point, but by 1952 the
Geothermal Advisory Committee recognized the problems and placed
the work in the hands of the MWD. The unusual nature of the work was
also recognized by the establishment of an interdepartmental advisory
c
ommittee. The basic difference between this interdepartmental ad-

visory committee and the former Geothermal Advisory Committee was
that the GAC. was the responsibility of the DSIR and established by
cabinet direction, whereas the interdepartmental advisory committee
was responsible to the assistant engineer-in-chief of the MWD and was
e
stablished by agreement among officials of the government depart-

ments concerned with the project -- namely, the MWD, the DSIR, and
the SHED.
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Approval in principle of combined project

Following the establishment of Wairakei as a project in late 1949,
drilling proceeded rapidly so that by early 1953, 20 MW had been
established at Wairakei by shallow drilling. Engineers from the MWb
agreed that two deep wells should be drilled, using drilling rigs which
had recently been purchased. Even without these deep wells, results
were considered to be so encouraging that the New Zealand Cabinet, at
a meeting in May 1953, took the following actions:

1. Approved in principle the construction of a heavy water and
electricity generating plant using geothermal steam subject to these
conditions:
a. Availability of sufficient steam,
b. Consultants' report acceptable to the government, and
c. Satisfactory financial arrangements made with the United King-

dom government.
2. Authorized the MWD to carry out further investigations under

a £ 200,000 budget.
3. Authorized the DSIR to carry out corrosion and other tests at an

estimated cost of f 9,100.
4. Authorized the Minister of Works and Development to hire con-

sultants.

Some time previously, the United Kingdom Atomic Energy Authority
(UKAEA) had expressed interest in the possibility of producing heavy
water using geothermal energy at Wairakei. Heavy water was an
essential ingredient needed by the atomic energy industry. The proposal
had been discussed by the New Zealand prime minister and United
Kingdom officials during a visit to England in 1952, and again with the
director of the UKAEA establishment at Harwell, England, when he
visited New Zealand later in the same year. These discussions, together
with the promising nature of the energy source, lead eventually to the
approval in principle of the construction of a plant which would produce
geothermal energy to help meet New Zealand's power needs and provide
heavy water for the UKAEA.

Feasibility

By the beginning of 1954, the investigation work and the drilling had
proceeded as quickly as could be expected considering the available
equipment — much of which was not commercially available and had to
be made by local engineers — and inexperience of some of the personnel
on the project. There was also a budgetary constraint. The Wairakei
geothermal investigation expenditure for 1953-1954 had a ceiling of
NZ$800,000, and remaining beneath this ceiling was proving difficult.
Assistance was given by providing resources such as housing and other
facilities out of the general budget of the MWD.
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The investigation work at Wairakei had been substantially finished
by the end of 1954. It was now a matter of drilling for power when it
was known how much was required. In the opinion of the assistant
engineer-in-chief of the MWD, the success of the plan to use geo-
thermal steam to generate electric power could only be determined by
undertaking a series of trials. He felt that all the evidence pointed to
the fact that geothermal steam had a legitimate place somewhere
between cheap hydro power and more expensive coal-fired steam
power. This conclusion therefore warranted the expansion of geo-
thermal power ahead of some of the more costly hydroelectric develop-
ment which had already been proposed by the government. The ultimate
li mit of development of the geothermal resource would be either the
constraint of power distribution or the availability of geothermal heat.

As far as available power went, there were two conflicting theories.
The assistant engineer-in-chief of the MWD took a different view from
that of the DSIR. The DSIR measured the heat outflow from the surface
manifestation of the geothermal heat. They figured that the heat input
and the heat output would reach a balance through the years, and
therefore heat output could be taken as the minimum power available
for development. The assistant engineer-in-chief of the MWD said that
the heat output was a function of the conductivity of the earth's crust
rather than of the heat available, and if the earth's crust was partially
bypassed by drilling to a great depth, the heat output, and therefore the
power available, would certainly exceed what could be obtained at the
earth's surface.

Both felt that the extent of the geothermal heat could be deter-
mined only by drilling holes until a new balance of heat input and output
was reached. The drilling would have to progress at a not too rapid rate
because the balance could not be easily discerned. This was because it
was masked by the large amount of stored heat available. If one
assumes a temperature drop of 212°b' (100°C), then the power available
from this stored heat in one cubic mile (four cubic kilometers) of land
could produce 100,000 kW for 30 years.

The assistant engineer-in-chief considered that •the development of
a geothermal field for power would require something on the order of
ten years. On this basis, it was necessary that investigation should begin
as soon as possible on new fields. The MWD felt that it would be
prudent to extend preliminary investigations to new fields and continue
development drilling at Wairakei at the rate of three holes a year
because the energy problem in New Zealand was still critical.

The Ministry of Works and Development was anxious to have a firm
statement on what actually was required at Wairakei. That department
wanted to take the matter up with the prime minister, who would most
likely want to be involved in the decision-making process of such an
i
mportant project.
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Engagement of consultants

The need for assistance from consultants arose mainly from a general
shortage of staff, and in particular a shortage of staff skilled in steam
power station work. New Zealand's lack of experience in this area made
the selection of suitable consultants difficult. The presidents of the
Institution of Civil Engineers and the Institution of Mechanical Engi-
neers were therefore asked for advice. From their suggestions a
selection was made, and in July 1953 a firm of consultants from
England was asked by the MWD if they could be interested in under-
taking the following duties:

1. Prepare a report on the use of geothermal steam.
2. Prepare a report on the production of heavy water.
3. Prepare a report and cost estimate for a power station initially

capable of producing 20,000 kW.
4. Provide general advisory services.
5. Provide services in connection with specific projects as required.

The English consultants accepted, and their appointment was con-
firmed in August 1953. It should be noted that although the New
Zealand government proposed cooperating with the United Kingdom
government in the production of heavy water, the primary function of
these consultants was to report on the establishment of a 20,000-kW
geothermal power station. The heavy water portion was secondary.

Consultants' reports

On confirmation of their appointment, the consultants immediately
began work on the stipulated report. Their chief development engineer
visited New Zealand to gather pertinent information on the possibility
of developing geothermal steam, and to advise the New Zealand
investigators what further information would be needed to prepare a
preliminary report and cost estimate for a 20,000-kW geothermal power
station.

They were also required to comment on proposals being prepared by
the consultants to the UKAEA on the production of heavy water. In
September 1953, however, it became clear that a heavy water reactor
would not be best suited to meet the civil and military requirements of
the United Kingdom. Although the UKAEA was no longer prepared to
support the project financially, they were very ready to give technical
support to the New Zealand government if it had wished to continue
with the heavy water project. The New Zealand government did not
proceed with the project, however, and the consultants were not
required to report on heavy water at that time.

On June 22, 1954, the English consultants sent to the minister of
Works and Development a special progress statement outlining what had
been done so far and spelling out the position as they saw it at that
date. They were reluctant to prepare a formal report until they had
time to consider information on well outputs they had just received.
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The points considered in the progress statement on June 22, 1954
were as follows:

I. The power potential of steam to be produced from bores.
2. The extent to which plans would be based only on proven steam.

Should they anticipate the results from later bores, which would
affect the size of the initial and future development of the power
station?

3. Whether the corrosive nature of the steam would be such as to need
a further, long period of investigation before designs could be
prepared, or, at worst, make development for power purposes
i mpractical or uneconomical.

4. Whether the station should be situated near the bores or near the
Waikato River, where cooling water would be directly available.

5. The method of separating the water from the steam issuing from the
bores.

6. The best method of dealing with the different pressure charac-
teristics of the deep and shallow wells.

Technical aspects

Water: steam ratio. The ratio of water to steam issuing from well 20
was at least 2:1. It was necessary to use a system of separation to
remove the water from the steam for use in the turbines. A simple form
of mechanical separation was in use and the English consultants found it
to be effective. As time passed, however, further development of a
practical separator suitable for the operation of a power station
became necessary. The main need for effectively separating the water
and the steam was to get rid of the harmful salt which was dissolved in
the water and which, unless kept to a minute quantity, would accelerate
corrosion of the turbines. The plan at this stage was to have a system of
double separation which would keep the salt quantity down to a
tolerable limit.

Corrosion. The steam contained chemicals -- in particular, hydrogen
sulfide, which was a highly corrosive substance, particularly in the
presence of oxygen. Both the English consultants and the M W D thought
that the corrosion problem could in fact be overcome partly in the
design stage and partly by operating procedures which could be laid
down later. They took hope from the fact that the corrosion problem at
Larderello had been overcome. The consultants knew, however, that it
was only by operation on a full scale that truly useful results could be
obtained since it was difficult to design satisfactory small-scale tests
which would adequately simulate the full-scale conditions.

Yield of wells. Consultants then proceeded on the assumption that there
would be a number of deep bores giving a yield of steam on the order of
200,000 pounds per hour. Each bore would be good for a power output of
some 14,000 kW, and on this basis they envisaged a station of some
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50,000 kW. Later information, however, showed that the bores that they
had anticipated to be good for 14,000 kW were in fact only good for
about 6,000 kW. The shallow bores already drilled, however, collectively
yielded sufficient steam for approximately 17,000 kW. So they decided
that, keeping a little in hand, it would be safe to go ahead with an
installation of 26,000 kW and a small high-pressure set of about 2,000
kW. An extension to approximately 50,000 kW was planned when bores
18 and 19 were cleared of obstructions and bore 35 sunk. The consul-
tants considered that a temporary installation of 3,000 kW would be an
advantage. This machine would discharge into the atmosphere using the
steam from bore 20. They felt that this process would provide advance
running experience and assumed that its output could be used by feeding
the steam into a local distribution line, perhaps to the Wairakei Hotel.

Site of station. The consultants decided that it would be better to
transport the steam to the powerhouse rather than transport the cooling
water to the steam field, and so the station should be situated near the
Waikato River. The best site seemed to be a level terrace south of the
road to Rotorua. The consultants felt that a conservative estimate for
the cost of a power station should be based on a life span of 15 years.
But they would not say whether the wells would fall off markedly in
yield during that period. They could keep the total yield up by drilling
more bores, but it was possible the whole region might be depleted in a
comparable time. This loss of steam, however, did not happen at
Larderello, a project which was much larger than Wairakei, producing
280,000 kW. The question of corrosion would be another factor in
determining the overall life of the plant.

Overall conclusions

The overall conclusions and assumptions of the consultants were that
further steam could be found in the vicinity to supply a station of some
50,000 kW. They were satisfied that the geothermal steam was capable
of practical development and had every prospect of proving an econom-
ical source of power. They felt that a station on the order of 50,000 kW
could be constructed for a cost of about $5.5 million and this would lead
to a cost of generation of about $10 per annum per kW, or, alternative-
ly, 0.175 cent per kWh. They recommended that the budget for the first
stage of 26,000 kW should be about $3.6 million.

Committal

Introduction

In his budget speech on July 22, 1954, the prime minister announced the
decision to proceed with the installation of a plant to produce heavy
water and electric power as a joint venture of the United Kingdom
Atomic Energy Authority and the New Zealand government. The
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budget, which reviews the government's expenditure for the past year
and indicates expenditures for the forthcoming year, is an important
policy document. It is used by the New Zealand government as a means
of introducing new policies, particularly where these involve substantial
expenditure.

In making the announcement, the Prime Minister said:

Scientific research and engineering investigations have shown
that considerable power can be produced economically from this
underground steam. At the same time scientists in the United
Kingdom have been investigating the possibilities of producing
heavy water from the same source. Heavy water is wanted for
use in certain types of nuclear reactors for producing atomic
energy. The same flow of steam can be used economically to
produce both electricity and heavy water. Following negotia-
tions, I am pleased to announce that general agreement has been
reached with the United Kingdom Atomic Energy Authority for
launching a joint enterprise for the production of electric-power
and heavy water in the same plant from the same geothermal
steam bores at Wairakei.

The designing of the dual-purpose plant will be undertaken in
England, and will require the skill and knowledge of some of the
world's leading scientists and power engineers. In this venture
New Zealand will be making a worthwhile and unique contribu-
tion not only to its own power resources, but also to the
development of atomic energy, which, used for peaceful pur-
poses, may well revolutionize the world's industrial processes.

The initial unit to be installed will produce some forty thousand
kilowatts of electric-power and further additions to the plant
can be made later on in the light of experience gained in this
initial plant.

New Zealand is indeed fortunate in having these latent subter-
ranean power resources. We are also fortunate in having sci-
entists, engineers, and workmen here, and in the United King-
dom, capable of designing plant and equipment to convert these
roaring jets of steam to use for the benefit of the nation.(6)

A reappraisal of the possibility of using heavy water as a moderator
and a coolant in later stages of the United Kingdom power program
appears to have led to a reversal of the decision made in the previous
year.

Public reaction to the program

The geothermal power project had been promoted fairly extensively by
the government as a possibility for improving the power supply in New
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Zealand. To the public, however, it seemed a long way from tourist
attractions of steam bores and geysers to harnessing such an uncontrol-
lable natural resource. The press seized upon the idea of a heavy water
project, emphasizing its economic potential. Indeed, in 1954, heavy
water was worth about $140 per pound, so the return from its
production would be handsome. The MWD and New Zealand treasury
officials also had an eye on this substantial return. Heavy water was a
valuable agent in atomic development and was generally a costly item
to produce. The need to generate enormous heat to produce it usually
involved a great deal of money, but New Zealand's great advantage was
that the heat was available naturally. New Zealand officials felt that
the country could join a worldwide program to develop heavy water in
direct association with Great Britain, thus enhancing their status in the
world community. The press proclaimed: "The country has had nothing
like these two projects before. It is no exaggeration to regard the event
as the opening of a new epoch in New Zealand's development."(7)

Analysis of proposals

Toward the end of .1954, proposals were received from the New
Zealand power consultants and the United Kingdom heavy water consul-
tants. The two proposals were not strictly analogous and there was
some difficulty in comparing the costs of the two proposals. A brief
summary of the proposals follows.

The power consultants' proposal initially called for a power station
of 26 MW which would be capable of expansion to 53 MW. The power
consultants proposed that at first there would be two turbine generators
of 12 MW, each receiving steam at 40 pounds per square inch gauge
(psig) and exhausting to jet condensers at a vacuum of 1.5 inches (3.8
centimeters) of mercury. One turbine generator of 2-3 MW would
receive steam at 120 psig and exhaust into the 40 psig manifold, or into
the atmosphere. Initially, steam from ten low-pressure wells and ten
high-pressure wells were allowed for. The low-pressure wells would
discharge at 70 psig well-head pressures, and the high-pressure wells at
about 150 psig. Separators would be installed at each well head to
separate the steam from the water. In the initial stage, the power
consultants anticipated that there would be two steam trunk lines 27
inches (68.6 centimeters) in diameter conveying steam from the bores
to the powerhouse. These would operate at 60 psig and 150 psig,
respectively, and would also suffice when the plant was expanded to 53
MW. They would provide the steam for the turbine generators operating
at 40 psig and 120 psig, respectively, the steam first passing through
separators. The initial stage did not call for the utilization of flash
steam from separated bore water, which was discarded; but for the 53-
MW station, the separated water from high-pressure bores at 150 psig
would be at 40 psig and flash steam conducted to the trunk lines served
the low-pressure bores.

The powerhouse would be situated fairly close to the river. Conse-
quently, the operating floor and machine foundations would have to be
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raised about 45 feet (14 meters) above the ground so the barometric
legs of jet condensers would not be endangered if river levels rose.

The power consultants' proposal said that cooling water could be
pumped from the river through a pipeline and returned to the river
through a concrete canal. They said that a part of the cooling water
system would serve both stages, but pumps, pipelines, and other
equipment would have to be duplicated for the 53-MW stage.

The second proposal, from the heavy water consultants, called for a
power station of 37.5 MW plus a heavy water plant to produce 6 tons of
heavy water per year, the whole plant being capable of expansion to
twice this size. Initially, the power station would contain three iden-
tical turbine generators of 12.5 MW each, receiving steam at atrnos-
pheric pressure and exhausting to jet condensers at 1.5-inch (4.-
centimeter) mercury. The proposal envisaged that 18 wells, discharging
at a well-head pressure of 70 psig, would serve the intial plant, and
separation of steam and water would take place at each well head.
Steam would be transported to the plant site through a 60-inch (1.5-
meter) pipe and would pass through a final separator before going to the
heavy water plant. Separated water would be transported to the plant
site through a 30-inch (75-centimeter) pipe, passed through scrubbers
and separators, and then be conducted to one of the turbine generator
sets. The separated water would be discarded. Both the 60-inch (1.5-
meter) steam truck pipe and the 30-inch (76-centimeter) water trunk
pipe would serve the needs of the expanded plant. Exhaust steam from
the heavy water plant at atmospheric pressure would supply two of the
turbine generator sets. Condenser cooling water would be pumped from
the river through an 84-inch (2-meter) pipe and returned through an 8-
foot (2-meter) concrete line tunnel. Both the pipeline and tunnel would
serve the expanded plant, but pumps and other equipment would have to
be duplicated.

The powerhouse would be situated further away from the river than
in the power consultants proposal. The plant location had been selected
to make the most effective use of natural ground levels for the
barometric legs of condensers, which are vertical pipes that drop from
the condenser's outlets to a hot well approximately 45 feet (14 meters)
below the ground with a tunnel leading from the hot well to the. river.
The rise in river levels of 10 feet (3 meters) for future hydroelectric
developments had been allowed for.

Comparison of costs

The cost of the power consultants' proposals for a 25-MW and a 53-MW
station are set out in table 2.2.

Table 2.3 provides a summary cost estimate for a 6-ton-per-annum
and a 12-ton-per-annum heavy water plant with a 37.5 MW and a 75 MW
power station, respectively. The two proposals are then compared in
table 2.4 to show the cost of each power generation proposal on the
basis of dollar/kW installed. The unit costs have been itemized and
grouped as far as possible in the tables so that a comparison can be
readily made.
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Table 2.2. Power Only Proposal: Summary of Estimate
of Cost (in £)

7G a,5^v c nnXxv

Land 0 0

Transmission line and 220-kW switch gear 224 225

Indoor switch gear and transformers 191 336

Main buildings 230 307

Circulating water works and pumphouses 61 108

Turbo-alternators with condensers 460 920

Steam pipes, valves, lagging, separators 137 146

Cranes 13 13

Drilling of bores, casings and head valves Not charged

Workshop equipment and furniture 40 .50

Village 130 130

1,486 2,305

Engineering and contingencies (15 percent) 223 346

1,709 2,651

Interest during construction (1.5 years at 4 percent) 103 159

1.812 2,810

Cost per kW installed £ 70 £53

Discussion of proposals

The proposals from the two consultants were different in several
respects. In order to get a clearer understanding, the Commissioner of
Works, the permanent head of the Ministry of Works and Development,
suggested that the consultants either reconcile the reports or explain
the reasons for the differences. Accordingly, the consultants set up a
working party which met to try to come up with an agreement. The
fundamental difference between the two reports arose, the working
party explained, because of the different approaches of the two groups.
The power consultants' report was based on the production of power
only, the heavy water consultants' report emphasized heavy water, and
whatever power that was generated by its production would be merely a
by-product.

The power consultants' report kept very much in mind the uncertain
fact of corrosion, erosion, and the technical aspects of steam produc-
tion. They also addressed the question of the need for electricity
generation as a continuing process; electricity generation would grow as
the demand grew. Their report therefore emphasized the advantage of
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Table 2.3. Allocation of Capital Costs for 6- and 12-Ton-per-Year
Heavy Water Plant with Power-Generating

Equipment (in £ )

Item 6 Tons per 12 Tons per
Year Year

Steam Bores and Distribution
Bores 450 900
Offsite steat piping 410 562
Contractors' charges 152 247

1,012 1,909

Cooling water supply
Offsite piping 150 227
Contractors' charges 27 38

177 265

Heavy water plant
Materials, freight, erection 732 1,441
Common items 308 324
Contractors' charges 185 298

1,225 2,063

Generating plant (exhaust
steam from heavy water plant)
Materials, freight, erection 940 1,803
Common items 560 573
Tunnel to river 58 58
Transmission line 200 200
Contractors' charges 313 447

2,071 3,081

Generating plant (flash
steam from bore water)
Materials, freight, erection 390 750
Offsite hot water piping 190 274
Contractors' charges 103 173

683 1,197

Totals 5,168 8,315



nil
4.6
5.2
9.8

nil
6.1

10.5

53.2

16.6

69.7

4.7 3.5
1.8 0.9
7.7 5.3
6.0 4.3

20.2 14.0

8.5 8.4
7.1 3.5
6.3 3.1

21.9 15.0

94.3 74.3
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Table 2.4. Itemized Costs f£ /kW Installed)
Heavy Water

Power Only and Power
26 MW 53 MW 37.5 MW 75 MW

Turbo alternators with con-
densers 26.6 21.2

Cranes .6 .3
Indoor switch gear and

transformers 8.9 7.7
Main buildings 10.8 7.1
Workshop equipment and

furniture 1.9 1.2
43.8 37.5

Generating plant using ex-
haust steam from heavy
water plant - materials,
freight, erection

Generating plant using flash
steam from bore water -
materials, freight, erection

Common items

Circulating waterworks and
pumphouse 2.9 2.5

Steam pipes, valves, etc.,
lagging 6.4 3.4

9.3 5.9

29.5 28.2

12.1 11.7
10.5 5.4
52.2 45.3

Offsite piping and pumps for
cooling water supply

Tunnel to river
Off site steam piping
Offsite hot water piping

Steam bores
Village
Transmission line

Total cost (£/kW installed)
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flexibility to expand the installation to meet future needs. It was the
power consultants' view that the heavy water report took too little
account of the practical difficulties.

Clearly, the different approaches inherent in the power-oriented as
opposed to the heavy water-oriented proposals made it difficult at
times to reach a consensus. The appraisal by the UKAEA of the possible
future needs for heavy water lead to an announcement in duly, 1954 by
the New Zealand government of the decision to go ahead, subject to
satisfactory economic and technical appraisals. These appraisals were
carried out and indicated that, on the basis of the information available
at the time, the combined project would be a viable enterprise.

PHASE 2: SELECTION, APPROVAL, AND ACTIVATION

Activation

Geothermal Development Limited

In late 1954, a new organization was created to take over the project.
A company called Geothermal Development Limited (GDL) was formed
with the object of planning a combined plant to produce heavy water
and generate electricity. Two-thirds of the shares of the company were
held by the New Zealand government and one -third by the United
Kingdom Atomic Energy Authority. The board of directors consisted of
three representatives from the New Zealand government and two from
the United Kingdom government. The administration of the company
was the responsibility of the New Zealand Treasury (see fig. 2.5).

If a joint decision was taken to go ahead with the project, the New
Zealand government agreed to purchase all electric power developed at
Wairakei; the United Kingdom Atomic Energy Authority, all heavy
water. The price for the heavy water was to be based on an amortiza-
tion period of ten years and was to cover all capital and production
costs. At the end of the ten-year period, the heavy water plant was to
be passed over to the New Zealand government, which would then
become the sole owner of the combined plant.

The MWD found that it could not undertake the civil design work
without prejudicing other committed works, and therefore recom-
mended to GDL that a civil engineering consultant be appointed.

With the establishment of GDL, the responsibilities of the various
parties, including the different groups of consultants, required clarifi-
cation. Accordingly, a deed was drawn up between CDL and the New
Zealand government in which GDL appointed the heavy water con-
s
ultants and power consultants to be responsible for design, and both to

be assisted by the civil consultant as required. The New Zealand
go

vernment appointed the MWD to provide the necessary coordination
and to supervise construction that had been approved by GDL. It was
in

tended that this arrangement would last until construction was
Complete, when the combined plant would be operated on behalf of the
GDL by the SHED.
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United Kingdom New Zealand
Government Government

Geothermal
Development Ltd. (GDL)

Ministry of Works
and Development (MWD)

Heavy Water Power MWD SHED DSIR
Consultants Consultants Own Forces

1
Civil

Consultants

Fig. 2.5. Project organization when the heavy water scheme was
included in the project.

To provide the necessary coordination in London, the engineer-in-
chief of the MWD appointed a senior official with proven managerial
ability to work with the UKAEA and the three groups of consultants.

Revised cost estimates

As the first geothermal power project in New Zealand and only the
second to be undertaken in the world, the work at Wairakei was in many
respects novel. Consequently, the preliminary estimates, prepared in
1954, were based on design concepts not previously developed in detail.
The translation of these concepts into workable form presented prob--
lems not commonly encountered, particularly as far as the heavy water
portion of the project was concerned.

By the end of 1955, design work had proceeded to the stage where
the prices for the equipment, the amount of material needed, and the
labor required were fairly accurately known. A revised estimate made
at this time doubled the cost of the heavy water section of the project,
but increased the cost of the power section by only a third. Table 2.5
affords a comparison of the 1954 estimate and the 1955 estimate, which
are essentially a composite of estimates made by the power and heavy
water consultants and the GDL.

The final cost of steam could still not be determined. Engineers
expected that it would vary with the percentage of productive holes
found during the drilling yet to be done for high-pressure steam and
with the percentage of investigation costs which GDL could bear.
Further, the amount of steam to be supplied had in fact increased by 15
percent, at the request of the Atomic Energy Authority, to give them a
better working margin.
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Table 2.5. Comparison of Prices for 1954 and 1955
(in £)

Estimate of Estimate of
November 3, 1954 November 18, 1955

H . Water Power H. Water Powe r

Steam service 200,000 571,000 230,000 656,000

Cooling water — 197,000 — (incl. below)

Plant 1,607,000 2,330,000 3,555,000 3,654,000

Permanent village 86,000 147,000 120,000 200,000

Interest during
construction 1 0 8,000 18 000 223,000 258,000

2,001,000 3,431,000 4,128,000 4,768,000

Percent increase 1. 06 39

Total £8,896,800

Part of the reason for the increase in cost was that the power plant
now required had to be 15 percent greater in capacity to make use of
the extra steam required by the Atomic Energy Authority. A small
increase was due to the escalation of prices since the early estimates
had been made. Other costs, such as the cost of the village to house the
workers, were underestimated in the 1954 estimates.  The single
greatest increase in total estimated cost, however, was due to the
increase in the cost of the heavy water equipment.

Status of Wairakei defined

The status of the Wairakei project was clearly defined in 1955 by the
government through an "order in council" which declared the under
takingto be a "public work." This was considered necessary because,
although the government had a real interest in the work, there was no
direct appropriation and the project did not fall clearly into any of the
many specific definitions of "public work." Government legal advisors
considered that even though the generation of electrical energy was
c
ertainly a public work and the development of geothermal energy

might be argued to be a public work, doubt may have been raised
because of the inclusion of the GDL in the arrangements. The order in
c
ouncil was intended to clear up these doubts.
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Withdrawal of UKAEA

Toward the end of 1955, the planning of the heavy water plant reached
the stage at which reliable estimates of cost could be made. These
estimates were much higher than the preliminary ones made by the
Atomic Energy Authority and its advisors in the absence of any
experience with such a plant. In January 1956, the UKAEA decided that
in view of the doubling of the expected capital cost of the project, the
unit cost of the heavy water to be produced would be seriously
uncompetitive with alternative sources. They decided, therefore, not to
continue with their participation in the heavy water project (see fig.
2.6).

This decision came as a blow to the New Zealand partners because
Geothermal Development Limited had been set up to accommodate that
part of the project, and it was an important part of the overall
geothermal development. When the decision was made to abandon the
heavy water project, the power consultants were asked to prepare a
preliminary report on a project for power only, using equipment already
designed as far as possible. Throughout the design phase and the
discussions on the overall estimates, the heavy water portion of the
project had been a major part of the decision-making process. Adjust-
ments to the original design concept were made, and by April 1956, the
main characteristics of the first power station to be built had been
already settled and more detailed design work was proceeding.

New Zealand Government

MWD DSIR SHED

Own Consultants Own Forces
Forces (mainly turbo-
(drilling alternator, and
and other other electrical
field work) Contractors erection)

Fig. 2.6. Project organization at the start of power station construc-
tion.

The decision was made that the "A" station would house the high-
pressure and low-pressure turbo-alternators already being manufactured
in Britain. These had a total generating capacity of 46 MW. In addition,
two intermediate pressure machines were to be installed, bringing Stage
I's development output to 69 MW. The intermediate machines were
designed to use the part of the energy in the steam which was formerly
allocated to heavy water production. The powerhouse containing the
machines would be made large enough to contain two more high-
pressure machines to be added as steam became available.
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Subsequent extensions

Stage IA involved one 11.2-MW low-pressure machine to run on steam
obtained from the large quantities of hot water running to waste from
the bores.

It was evident from the results of drilling at the time that this
revised proposal was being prepared that there was every likelihood of
finding additional steam. Accordingly, provision was made for two
additional machines to be installed in "A" station.

Construction of Stage I and Stage IA were not far advanced when
the consultants were asked to prepare proposals for additional gener-
ating capacity because more steam than anticipated had been found.
This resulted in the installation of two more 11.2-MW high-pressure
machines in "A" station, and three 30-MW mixed pressure sets in "B"
station, which was to be located some 100 feet (30 meters) from "A"
station. This brought the total installed capacity to 192 MW.

The proposed extensions allowed for a third stage, which would have
consisted of two more 30-MW mixed pressure sets in "13" station,
bringing the total installed capacity to 252 MW. This stage was not
installed, however, because it became evident that there would be
insufficient steam to make use of these machines. (For a description of
the major features of stages 1, IA, and II, see the discussion of economic
evaluation in the section, "Phase 4: Evaluation and Refinement.")

Following agreement on the requirements of SHED, the department
which would eventually own and operate the station, the power con-
sultants drew up plans and specifications on which tenders could be
called. After further study by both the SHED and the MWD, the
consultants called tenders. The consultants evaluated the tenders
received from contractors and forwarded them to the secretary of the
MWD tenders board. After receiving additional input from the MWD and
the SHED, the tenders board then made a recommendation to the
minister of Works and Development.

This procedure followed normal MWD practice, which required all
tenders to be accepted on behalf of the Crown by the minister of Works
and Development.

PHASE 3: OPERATION, CONTROL, AND 1-1ANDOVER

Implementation

Status of work (mid-1.955)

Until mid-1955, the work at Wairakei had gone strictly in accordance
with the construction time schedule set up by the engineer-in-chief of
the MWD and the consultants, which called for the production of heavy
w

ater at the end of 1957 and power production in June, 1958. The
sc

hedule was a difficult one, however, and sticking to it required
c
areful planning.
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By the middle of 1955, work at the site included foundation testing
for the powerhouse, survey of the pipeline route, and survey of the site
generally. The general layout had been planned and the planning of the
permanent village was well under way. Construction was expected to
start on the village shortly after the middle of the year. The construc-
tion site had been tentatively planned to allow for contractors and
storage. As for the actual power station activities, drilling of holes for
steam production was proceeding and it was expected to obtain the
power equivalent of 60,000 kW which was necessary for the first phase
of the planned project. The power consultants proposed that there
should be some reserve on the planned output and that drilling should
continue at an accelerated rate so as to produce sufficient steam to
enable the second plant to get underway. The design of the first plant
was being arranged to facilitate the extension of the second plant.

The MWD had called for international tenders for the turbines and
alternators. Inquiries were made through MWD contacts in Europe and
in New Zealand about the steel work for the heavy water towers.

Many resource persons were involved, including the consultants, the
British government agencies such as the Atomic Energy Authority, and
the New Zealand government departments. The New Zealand engineers
in charge of the project recognized that there was a large amount of
construction work to be done and a considerable degree of coordination
was necessary if the project were to run smoothly.

Site construction

The first contracts, for the turbo-alternators and other associated
equipment, were let in mid-1955. Fabrication of this equipment was
well advanced when the heavy water side of the project was dropped.
Tenders had also been called for the site contracts but had not been let.

After the necessary changes had been made to the design after the
UKAEA pulled out, tenders for the site construction were called again.
The MWl) engineers and consultants recognized that no single New
Zealand contractor would be able to cope with all the work, and it
would probably have to be done by a consortium. Overseas contractors
were interested and would be in a strong position to win the contract.
Accordingly, an important condition of tendering was that the suc-
cessful tender would have to include in its group of principals at least
one established New Zealand firm. The contractors finally chosen
included British and Swiss firms as well as a New Zealand firm.

To help recover some of the time lost, the MWD let tenders for the
supply of various materials, including reinforcing steel, aggregate for
the concrete work, and the structural steel for the powerhouse. The
Ministry of Works and Development completed the powerhouse excava-
tion and backfill. They also provided the initial village for the con-
tractor, including houses, single men's quarters, amenities, and provided
a site officer for the consultants' supervisory staff.

The main contractor for Stage I came on site in August, 1956.
Because existing local supplies of electrical power were inadequate, the



WAIRAKEI GEOTHERMAL POWER PROJECT 69

contractor was required to install a temporary powerhouse in which
geothermal steam was used to drive reciprocating engines coupled to
electrical generators.

Another novel feature of the construction was the use for the first
time in New Zealand of the "vertical down" or "stovepipe" technique of
welding. All joints in the steam piping were welded using this technique,
and all welding was subjected to radiographic examination. These were
the main innovations as far as construction work was concerned.

The actual construction of the geothermal power station posed
several problems, which can be broadly divided into two major classes:
physical and administrative. The physical difficulties arose primarily
because of the peculiar nature of the work site, hot water springs in the
powerhouse foundations, and excavation work in thermally altered
ground. These difficulties were overcome by the (,lose cooperation
between design and construction staffs as, indeed, were most of the
difficulties encountered during the course of construction. The late
delivery of materials from overseas was another physical difficulty
which caused long and costly delays in construction.

Administratively, the major difficulty was that advanced planning of
work was nullified in many cases by the absence of essential drawings
and information as well as the late delivery of materials. This lack of
essential information resulted mainly from the redesign required
following the withdrawal of the UKAEA's heavy water portion of the
project. In particular, labor requirements became difficult to plan with
any accuracy, with the frequent result that a particular job was either
under- or overstaffed in certain trades.

In light of experience gained during the operation of the temporary
power plant, built by the main contractor, installation of diesel-electric
generators may have been more appropriate for construction power.
The final result was satisfying, though, particularly as the first geo-
thermal electrical power ever to be fed into the national grid, the main
power supply for the country, actually came from this temporary power
plant. This alone was a distinction which made some of the difficulties
of the job worthwhile.

The first site contract covered the construction of Stages I and ]A.
Stage II was constructed under a separate contract, using a different
group of contractors. The Stage II contract included the construction of
"B" station, the second powerhouse, and the installation of three 30-MW
mixed pressure sets in it; the installation of two 11.2-MW sets in "A"
s
tation, four additional cooling water pumps in the pumphouse; and the

additional steam collection and transmission system required for the
i
ncreased steam needed at the station. Stage 11 also included a minimum
amount of work toward Stage III. This was mainly excavation and
b
ackfill for "B" station extensions and provisions of extra cooling water

d
isposal culverts. These were activities which would have been difficult

to carry out with "B" station operating if Stage III had gone ahead.
The commissioning of the last machine in Stage II in 1964 saw the

end of the construction phase at Wairakei. Subsequently, a substantial
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amount of construction work was undertaken for better utilization of
the energy from the wells.

Supervision and Control

The construction of the Wairakei Power Project was divided among
three groups. The Ministry of Works and Development was responsible
for drilling the wells and associated work which represented a relatively
small part of the total cost. SHED erected the turbo-alternators and
other electrical equipment, which likewise represented a relatively
small part of the total cost. By far the greatest part of the work was
undertaken by contractors. They were responsible for the construction
of the steam collection and transmission system, the powerhouse,
including machine foundations, and the pumphouse and water cooling
system. The work of the contractors was supervised by the consultants,
who also exercised some measure of control over the construction of
the turbo-alternators. The contract for the supply of the turbo-
alternators contained a proviso that the manufacturer was to supply an
experienced man to supervise SHED's own forces to erect them. SHED
usually provided the construction force, which was composed of the
men who would eventually operate the completed station. This pro-
cedure was invaluable in making the men thoroughly familiar with the
machines they would later operate. In the case of Wairakei's turbo-
alternators, the power consultant was still responsible for matters of
contract administration, technical problems involving other sections of
the work, and the like.

Certain materials had been procured by the MWD, and these were on
site before the main contract was awarded. The MWD had also arranged
for the excavation of the powerhouse foundations. Subcontracts for the
supply of other materials and equipment had also been arranged before
the contract was let.

All major subcontracts for material and equipment were let through
the MWD tendering system on the basis of drawings and specifications
prepared by the consultants. The consultants were responsible for
ensuring that the deliveries promised by the subcontractors were on
schedule. it was the main contractor's responsibility, however, to ensure
that subcontracts for erection on site were on schedule. In effect, he
had to include them in his own planning.

Administration of the site contract was wholly the responsibility of
the consultants. No directions were issued to the contractor by the
MWD. In the event that the MWD had doubts about any aspect of the
work, these were discussed with the consultants, who then initiated the
required action.

Progress was reviewed monthly at site meetings attended by repre-
sentatives of MWD, SHED, the consultants, the contractors, and the
major subcontractors whose progress was affecting or likely to affect
the work at any given time. Each party was required to report briefly
on his own progress, emphasizing particularly matters likely to affect
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the progress. The consultants also reported on the progress of offsite
subcontracts. The MWD engineer in charge of the Wairakei project was
the relatively unbiased chairman of the meetings. The progress meet-
ings did not relieve the consultants of their responsibility to keep the
overall progress continually under review.

In the event a dispute developed between the consultants and the
contractor, attempts were made to solve the problem on the site, using
a member of the MWD as moderator. If reconciliation was not possible,
the engineer-in-chief of the MWD, who was engineer to the contract,
and as such was formally in charge, was approached. If this attempt at
reconciliation failed, an independent arbitrator was retained — that is,
if agreement could be reached on a suitable arbitrator. If all else failed,
the contract provided that the Arbitration Act be invoked, which was a
lengthy and expensive legal process. Few disputes arose, however,
which could not be resolved onsite. The only major items were the
inevitable claims for extras — more work or more materials — and these
claims were resolved with the assistance of an independent arbitrator.

Completion and Handover

Following the usual practice for the construction of government-owned
power projects in New Zealand, the responsibility for construction of
Wairakei was shared between MWD and SHED. The exact division of
areas of responsibility varies from project to project, but in general,
the MWD is responsible for the design and construction of all civil
engineering work and a large part of mechanical engineering work,
either with its own forces or through consultants and contractors.
SHED is responsible for the design and construction of electrical work
and the balance of mechanical work. .-SHED will normally use the
consultants employed by the MWD, if any, and work through the MWD
tenders board for contract administration.

One aspect in which SHED always becomes involved is the construc-
tion of the turbo-alternators and other electrical equipment. They will
normally undertake these tasks with their own forces, composed of men
who will eventually operate the completed station under the supervision
of an experienced erector supplied by the manufacturer. In the case of
Wairakei, this arrangement proved invaluable in making the men
thoroughly familiar with the machines they were later to operate.

On completion of the project, SHED assumes full responsibility for
operation and maintenance. They look after minor maintenance them-
selves but retain MWD for major surveillance and maintenance work.

Completion date

Wairakei was constructed in two stages, involving some 13 turbo-
alternators. Installation of the turbo-alternators was completed pro-
gressively, with the steam supply keeping pace. As the various machines
were completed, they were operated and their energy fed into the grid.
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There was thus no single well-defined completion date on which the
works were formally handed over to SHED. Two significant dates,
however, are November, 1958, when actual operation commenced with
the first power from Wairakei begin fed into the national grid, and
October, 1964, when the thirteenth turbo-alternator was commissioned,
completing, for the most part, the construction phase.

Rundown of construction activities

Clearly, construction activities at Wairakei and other large projects do
not suddenly stop. They run down relatively slowly. This extended
rundown means that construction forces can be redeployed to other
projects, or can seek other employment. There is no sudden surplus of
labor on the market, nor is there a sudden change in the community
generally.

Construction plants and equipment can also be redeployed to an-
other project, or they can be sold or scrapped. On a large project, there
may not be much economic life left in the plant and equipment at the
end of the job. At Wairakei, the contractor's plant was removed from
the site with a certain degree of economic life remaining. As far as the
MWD plant is concerned, the major items, such as the drilling rigs, are
still in use today.

Maintenance

While SHED retains MWD or major surveillance and maintenance work,
there was no formal agreement concerning maintenance on the project
once it was operational. However, informally, the arrangement was that
MWD carried out all maintenance on the wells below the master valve
and such other maintenance on an installation of surface equipment as
requested by SHED.

MWD monitored the field performance in conjunction with DSIR,
and advised SHED accordingly. Proposals for maintenance work on wells
were generally agreed upon with SHED before the work started,
although in an emergency, MWD acted first and obtained approval
afterward. This procedure still holds true today at Wairakei.

There is no fixed surveillance program for surface installations
other than to ensure that all producing wells are visited at least once a
day, and all others at reasonably frequent intervals.

PHASE 4: EVALUATION AND REFINEMENT

Technical Evaluation

The two major uncertainties with Wairakei at the conceptual stage
were the probable life of the field and the effects of corrosion. The
decision made at the outset to go ahead in spite of these uncertainties
was later justified by the consistent and reliable performance of the
station.
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Station output

Initial power from Wairakei was fed into the North Island grid in
November 1958, but due to development of the project in stages,
commissioning was not completed until October 1964. Table 2.6 sets out
the annual energy generation from Wairakei, together with the con-
tributions in percentages that this had made to the SHED generation in
the North Island and New Zealand as a whole.

Apart from the substantial contribution Wairakei has made to New
Zealand's energy requirements, the main feature table 2.6 reveals is the
consistent output from the station. Except for 1968, a special case, the
annual generation has been maintained at 1,200 + 50 gigawatts per hour
(gwh) since commissioning was completed. This has been accomplished
by making more efficient use of the discharge or, in other words, by
i mproving the utilization factor.

The utilization factor, a measure of the overall efficiency of the
station, is defined as the ratio of electrical energy ^enerated, expressed
in heat units, to the total heat energy above 32 F (0°C) discharged
from the field. It reflects not only the usual thermal and mechanical
efficiencies, but also the considerable amount of energy contained in
the waste water.

The last turbine in the power station was installed in 1963, bringing
the installed capacity to 192 MW. Originally, the plan was to use one of
the 30-MW machines and one 1.1.2-MW machine as spares, but later it
was hoped to supplement the intermediate-pressure (IP) and low-
pressure (LP) steam supplied from hot water transported to the station
and there flashed to steam. A plant for this purpose was commissioned
in 1963.

The hot water production from the group of wells supplying the flash
plant declined rapidly, however, and the plant was closed down in 1.964.
A program of well drilling to maintain steam supply ran from 1964 to
1966. Diminishing returns from this program led to the realization that
it would be more economical in the long run to limit field production,
and no new production wells have been drilled since.

Instead of drilling, several strategies have been adopted. High-
pressure (HP) well-head pressure has been progressively reduced from
about 200 psi to 135 psi. This resulted in a greater steam production
from HP wells. HP turbine output declined because of the reduced
turbine inlet pressure, but the extra steam passed to IP and LP sets
resulted in an overall increase in station output.

This process maintained a reasonable return of the investment in
steam wells by optimizing the power production from HP wells within
li mitations imposed by station equipment. HP wells were converted to
IP ones as this became necessary for individual wells. Waste water from
HP wells was increasingly utilized to produce IP steam by the installa-
tion of extra flashing equipment in the field. HP steam lines were
co

nverted to IP to match steam quantities.
In the latest program, waste water from lP wells and IP flash plants

has again been flashed to produce LP steam for transmission to the
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Table 2.6. Electricity Generation at Wairakei

Percent of Percent of
Year Generation in North Island NewZealand
Ending gWh (a) by SHED by SHED - .

3/31/59 6 0.002 0.001
3/31/60 169 3.9 2.8
3/31/61 384 8.2 5.9
3/31/62 491 9.7 6.9
3/31/63 761 14.0 10.0
3/31/64 1004 16.1 11.6
3/31/65(b) 1194 17.5 12.7
3/31/66(c) 1255 19.7 12.3
3/31/67 1268 18,0 11.5
3/31/68 1058 17.1 9.4
3/31/69 1206 18.0 10.2
3/31/70 1243 18.7 9.9
3/31/71 118.5 17.0 8.9
3/31/72 1174 16.1 7.9
3/31/73 1175 15.7 7.0
3/31/74 1.162 13.9 6.6
3/31/75 1249 13.2 7.0
3/31/76 1272 13.4 6.5
3/31/77(d) 1232 10.1 6.0
3/31/78 1158 9.4 5.6
3/31/79(e) 1190 - -

(a) A gWh is equal to 10 6 kWh.
(b) The last machine at Wairakei commissioned in October 1964.
(c) This was the first full year of operation of the interisland trans-

mission system.
(d) The decrease in Wairakei's share of the North Island, and total New

Zealand, generation in 1977 resulted from the commissioning of two
new thermal stations in the North Island.

(e) Final generation figures for 1979 were not available at the time of
writing.

Source: New Zealand State Hydro-Electric Department (SHED), An-
nual Reports , 1959-1979.
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station. A new steam line has been constructed for this purpose.
Periodically, steam transmission pipework has been changed and new
pipes built to match the transmission capabilities with the steam
production.

With each increase in the amount of flashing equipment installed to
produce steam, more energy has become available from more or less
the same total water production and the utilization factor has im-
proved, as shown in table 2.7.

No further gain can be made in the utilization factor, as all the heat
being wasted before is now being used. As will be discussed later, the
decline in underground pressures and temperatures is substantially less
than it was earlier, and the field appears to be approaching a new level
of stability. In case it should be necessary, however, the following
methods of maintaining station output are now being studied  in-
creasing production from existing wells, producing from greater depths,
and maintaining underground pressures.

Table 2.7. Utilization Factor, 1964-1974

Utilization
Year Factor (Percent

1964 4.66

1966 6.05

1968 6.82

1970 7.23

1973 8.35

1974 8.89

Field performance

The production history of the field extends over nearly 26 years, and in
that time, substantial changes have taken place in the underground
conditions. Initially, the acquifer was filled with water, with the
temperature and pressure conditions following the boiling point for
depth relationship until a temperature of 500°F (260°C) was reached.

Development of this natural resource has resulted in an almost
uniform pressure decline of over 21 bars, affecting an area considerably
greater than that area in which the production wells were drilled. This
area is defined approximately by the Wairakei Stream in the north and
northeast, the Waikato River to Huka Falls in the southeast, the
Waipouwerawera Stream in the south, and Poihipi Road in the west.
These features may be seen in figure 2.7.

Figure 2.8 shows the relationship between the rate of pressure
decline and rate of drawoff to the end of 1968. As can be seen, this is
not a linear relationship in that while there is an immediate fall in
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pressure following an increase in drawoff, a prolonged period of
substantially constant drawoff shows pressures tending toward a stable
value. The relation between pressures and drawoff suggests that condi-
tions are being influenced by an inflow of geothermal water, which is
supported by the rise in pressure at the beginning of 1968 in a period
when the field drawoff was reduced to about one-third of normal. Since
1968, pressures have fallen by a further 30 psi.

Temperature trends in the upper levels show a similar pattern as is
also illustrated in figure 2.8. The temperature trends shown are for the
average of the maximum temperatures in the wells in the western or
main production area, and reflect the temperature in the production
area. Because it implies that the temperature of the inflow has not
changed, it is important to note that temperatures at greater depths
have shown no change.

Trends in individual well outputs are shown in figure 2.9. This shows
clearly the effect of the fall in pressures and temperatures in the
producing zone. Extrapolation of the trends in total discharge from the
field, however, indicates that the flow tends toward a stable value
sufficient to maintain an output of between 125 and 140 MW indefinite-
ly. This compares with a present (1979) output of 148 MW.

Some wells show an increase in steam content, while others show a
decrease. Indeed, the enthalpy of the total discharge is, if anything,
tending to decrease. Thus, while the possibility of the field going dry
cannot be discounted, it would obviously be a long-term process of
which there is no indication at the present time.

For Wairakei, forced outages -- those that are the result of unfore-
seen failures — were almost negligible, and the station was in service 85
percent of the time, generating 80 percent of the energy which could be
generated were it run at its maximum continuous rating. These figures
were the highest for any station in the country, hydro or thermal, and
were significantly higher than those for other thermal stations.
Wairakei has maintained this record since commissioning was completed
in 1964.

Corrosion

As previously noted, chemical impurities in the geothermal fluids
required some special care in the selection of materials which come
into contact with them. An extensive series of field tests on material
samples initiated in 1950 yielded valuable information concerning this
problem. Mild steel has been proven to show good resistance to
geothermal fluids as long as no oxygen is present. This material can
therefore be safely used for well-head gear, steam and hot water pipes,
flash vessels, and other equipment. The initial Wairakei design called
for the addition of 0.12 inch (0.30 centimeter) extra wall thickness as a
corrosion allowance. As a result of experience, however, this require-
ment has been found to be unnecessary and was omitted from later
modifications to the pipework.
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Copper and copper-based alloys (other than certain brasses) are
vulnerable to corrosion and thus preclude the use of brazing spelter. It
also requires care in the selection of materials for valve parts that
contact the geothermal steam or water. Hydrogen sulfide attack on the
copper commutators on the alternators requires periodic maintenance
and has also resulted in the replacement of copper relay contacts with
gold-plated or platinum contacts.

Standby corrosion on stainless steel compensators caused difficulty
on one occasion, and stress corrosion cracking occurred on two well-
head compensators.

A major influence on the turbine design was the choice of soft
stainless iron for the blade material. This type of iron is less susceptible
to stress corrosion cracking than harder material, but is more sus-
ceptible to erosion. For this reason, blade tip speeds were held at 900
feet/second (274 meters/second). The choice was sound, as there have
been no failures resulting from the material used. In fact, it is possible
that the blade tip speed could be increased, reducing machine sizes.

The most extensive corrosion was in the condensers and gas exhaust-
ing equipment, when the combination of gas, oxygen, and moisture
resulted in an extremely corrosive atmosphere. This required use of
specially formulated paints, of aluminum spraying, and of stainless
steel. In the case of low pressure exhaust gas pipework, engineers found
it necessary to use a glass-fiber-reinforced plastic pipe.

The various points mentioned are relatively minor, however. A
notable feature of the operation of Wairakei has been the small amount
of corrosion which has occurred.

Economic Evaluation

Capital cost

The project was constructed in two main stages, Stages I and II, with
intermediate Stage IA. Separate powerhouses were built during Stages I
and II ("A" and "B" stations). The main features of Stages I and II and
the years during which construction and commissioning were carried out
are shown along with details of capital expenditure in figure 2.10.

Stage IA

This stage was a pilot project to investigate the possibility of transmit-
ting hot water from 5 HP and 2 IP wells — water which was previously
discharged to waste — and flashing IP and LP steam in a plant alongside
"A" station. To prevent boiling in the pipeline, the project involved
increasing the pressure by pumping and cooling some of the HP water,
already at boiling point, by attemperating with IP water. The pressure
was maintained by controlling the water level in an elevated tank at the
upper end of the hot water main. The main features were:



WAIRAKEI GEOTHERMAL POWER PROJECT SI

Stage 1 (1956-1960)

Installed plant — 69 MW.
"A" powerhouse.
Turbo-alternators — Two 6.5 MW sets (HP).

Two 11.2 MW sets (IP).
Two 11.2 MW sets (LP).

Cooling water pumphouse with four pumps.
41 wells, of which 28 were connected to the steam transmission

system.
Steam transmission system comprising 5- to 20-inch (51-centi-

meter) diameter pipelines, 3 HP and 2 IP, total length 42,500
feet (13 kilometers).

I-lot water drains, roading, and other ancillary works.

Stage 11(1960-1963)

Installed plant — 112.4 MW
"B" powerhouse.
Turbo-alternators — Three 30-MW sets, IP and

LP inlets, in "8" station
Two 11.2-MW sets, HP in "A"
station.

Cooling water pumps — 4 additional in existing pumphouse.
53 wells of which 34 were connected to the steam transmission

system and 7 were monitor wells for steam field surveillance.
Steam transmission system comprising extensions to 20-inch

diameter (50-centimeter) mains, 2 HP and I HP, total length
27,650 feet (8,295 meters).

Extensions for hot water drains, roads, and other steam field
facilities

(The total of 94 wells shown for Stages I and II includes all
exploration wells.)

Fig. 2.10. Major features.

1. Installation of pumps, vessels, and controls at seven wellheads,
2. Hot water pipeline, 17- to 19-inch diameter (43 to 48 centimeters),

totaling 5,300 feet (1,590 meters) in length,
3. Elevated tank and controls,
4. Flash plant vessels, scrubbers, and controls, and
5. Turbo-alternator: One 11.2-MW set, LP in "A" station.

By the time the plant was commissioned, the water output from
three of the wells had decreased considerably and only four came into
use, increasing the power output by 5 MW. Its feasibility was proved,
but the project was later abandoned due to further decline in output
from wells and the pipeline used for transmission of IP steam.
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Overall planning provided for a possible further development of 90
MW (Stage I11), by using steam flashed from the hot water. This was
never installed, although some expenditure was incurred in anticipation
of installation. Table 2.8 gives the major division of costs, and cost per
kilowatt installed, while the capital costs are itemized in table 2.9.

Table 2.8. Major Division of Costs (in $NZ)

Capital

Exploration 1,300
Exploitation 17,176
Utilization 24,891

Total to 3/31/69 43,367

Note: Cost per kW installed at 3/31/69, $NZ225.37. Cost per
kilowatt installed is based on the total installed capacity of
192.6 MW. in fact, because of steam supply limitations, the
capacity of the station is reduced to figures which range
from 170 MW to 150 MW.

Operating and maintenance costs

Operating and maintenance costs consisted of working expenses, capital
charges, and administration costs. Working expenses averaged over a
four-year period, 1965-1969, are shown in table 2.10. In addition to
normal maintenance, works of a capital nature undertaken to restore or
maintain steam output were charged to operating expenses in the year
in which they were met and were reflected in the cost of generation.
Such work included:

Eleven new wells drilled during 1964-1966 at a cost of $940,158,
One exploration well drilled to a depth of 7,395 feet (2,254 meters)
in 1968 at a cost of $500,U8,
Steam pipeline modifications,
Installation of equipment for flashing IP steam from HP water at
some well heads and feeding it into the steam transmission system,
and
Installation of a 42-inch (107-centimeter) diameter pipeline for IP
steam, 3,200 feet (960 meters) long, to augment capacity of the
transmission system at a cost of $316,486. (This cost has not been
included in table 2.10 because it had not come to charge by March
31, 1969, but the other items are included.)

Table 2.10 includes charges of approximately $40,000 per year by
the Department of Scientific and Industrial Research for scientific
work in the fields of chemistry, metallurgy, geophysics, and geology in
connection with Wairakei.
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Table 2.9. Capital Costs (in $NZ)

gel Stage II Total

Land acquisition nil nil nil

Site preparation 178 100 278

Establishments costs: camps, temporary housing, workshops
662 1,026 1,683and offices, and site leveling

Power stations

Buildings, foundations, cooling water culverts, offices and
2,932 1,692 4.674workshop%, roads, and landscaping

Turbines and generators 3,4E3 5,461 8,874

Steam pipework and valves 508 459 967

Electrical work: 400-volt and If-kilovolt switch gear, panels,
control room, transf orrners other than generator transforrners 480 360 840

Generator transformer 298 278 576

Outdoor structure and switch gear, high tension circuit breakars 398 266 662

General services
electrical, air, telephones, etc. 49 66 1 1 5

Cooling waterpumphouse 1,1119 - 1,881

Pumps, mains, valves 462

Workshop tools 16 2 18

Stearn fiel d

Well drilling (inrauding exploration and unproductive wells) 2,512 5,131 7,643

Well-head equipment 744 094 1,638

Branch lines 337 584 971

Main pipelines 2,970 2,288 5,258

Roads 153 309 462

Main drainage - 1,641 1.611

Water supply 168 278 446

Landscaping - 405 445

General services - 17 I7

P
ermanent village p il ot hot water s ch eme, Stage IA

Modifications to well-head equipment 213 213

Hot water pipeline 732 132

Flash plant and controls 925 925

No. 10 turbo-alternator 591 591

work for Stage Ill (not built) 293 293

M
iscellaneous charges and adjustments 241 241

Totals 20 O ?	177 431367
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Table 2.10. Annual Working Expenses for 1965-1969
(in Thousands of $NZ)

Steam Field Cost
Mineral rights nil
Land and roads 9.4
Services 6.9
Drains (hot water) 16.8
Wells

Servicing and modification 84.8
New wells 295.4
Measurements 60.3

Main pipelines
Servicing and modification 53.7
New lines 30.9

Branch lines 15.0
Steam traps 7.6
Buildings 0.5
Hot water equipment 1.0
Mechanical equipment 2.1
Workshop general 2.6
Operating salaries 25.5
Supervision 8.2
Miscellaneous 1.0

Total for steam field 621.7

Power Station
Lands and roads 9.8
Services 3.8
Buildings (power station) 19.1
Information center 22.6
MWD buildings 6.2(3 years)
Cooling water system 65.0(3 years)
Gas exhaust system 12.6
Steam lines 7.!
Turbo-alternators 36.5
Electrical equipment 108.0
Other mechanical equipment 25.0
Operating costs 22.0
Supervision 194.6
Miscellaneous 12.6

43.6
Total for power station 588.5
Total NZ$1,210.2
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The SHED staff of Wairakei was established as follows:

Administration 8

Operation
Power station 43
Steam field 8

Maintenance
Power station 50
Steam field 40

Village and services 12
Total 161

The actual numbers of the staff on the site varied from year to
year, depending on the workload; the average for the four years was 150
men.

In addition, the Ministry of Works and Development maintains a
force of 160 men primarily for investigation work, but who are also
available for construction, modification, and maintenance work at
Wairakei. Major modification work might be let on contract. These
costs are included in table 2.10.

Capital charges were made up of interest, depreciation, and loan
repayment, as follows:

Interest on loan liability 5.20 percent
Depreciation 4.59 percent
Loan repayment 0.96 percent

Total capital charges 10.75 percent

Interest rates vary with the source of capital, and 5.20 percent
was a mean figure for the year ending March 31, 1969, on the whole of
the SHED's loan liability.

Depreciation is based on a formula which assumes a 20-year life
span for geothermal stations and provides an increasing amount of
depreciation as the asset ages. The effective rate of depreciation for
Wairakei for the year ending March 31, 1969, was 4.59 percent.

Administration costs represent Wairakei's share of regional and
national administration costs of SHED, based on a formula which takes
into account working expenses and staff salaries at Wairakei and the
proportion that these items bear to total SHED's working expenses and
staff salaries.

Therefore, the total operating and maintenance costs, and the cost
per unit of net energy generation, were:
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Cost
Total working expenses NZ$1,210.2
Capital charges 4,239.2
Administration costs 328.5
Total operating charges 5,777.9
Net generation gHh 1,196.8
Cost per kWh 0.4827 cent NZ

Generation of electrical power in the years ending March 31, 1968,
and March 31, 1969 was affected by a partial shutdown of the field
during periods of high water inflow into the SHED hydroelectric system,
which resulted in a surplus of generating capacity. The shutdowns
provided an opportunity for more detailed study of the characteristics
of the Wairakei field. The pressure recovery test on the steam field
reduced generation to 75 MW for a period of four months. This affected
the total generation and cost per unit in this summary.

Environmental Evaluation

When investigations into the possible use of geothermal energy began in
1951, the region surrounding Wairakei was little more than a scrub- and
pine-covered wasteland. At that time, the population of the region was
about 2,500 people. They lived as isolated settlers, in timber settle-
ments, in Maori settlements on the shores of Lake Taupo, or in the
borough of Taupo. Taupo attracted visitors primarily for trout fishing
and scenery and for the thermal activity when the project began. The
main highway through Taupo had not long been completed when the
project began and Taupo had direct access to the north, south, and east
of the North Island.

Since 1951, the region has undergone substantial development. In
addition to the geothermal development, large areas of land have been
developed for pastoral farming, forestry and timber industry have been
expanded, road and air access improved, hydroelectric power projects
constructed, and at the present time (1979) there is intensive tourist
development. All of these activities, together with the supporting
services they require, have enhanced the economy of the region
considerably. As a consequence, the region surrounding Taupe supports a
permanent population of about 13,500.

The Wairakei. geothermal field, one of several in the thermal belt on
the North Island, covers an area of about 7 square miles (18 square
kilometers). The area occupied by the power project is, however, only
about 2 square miles (5 square kilometers), not all of which is in the
field itself. The following passages describe the effects which the
development has had on both the natural and human environments.
With one exception, the effects on the natural environment have had
impact only in the steam field and in the area developed for power
generation. As far as the human environment is concerned, the effects
have been more widespread, having influenced considerably the devel-
opment and economy of the whole Taupo region.
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Because the resource being developed at Wairakei is basically the
heat from the earth's core, on a human time scale it is theoretically
inexhaustible. Since the heat is extracted and brought to the surface by
water, however, practical limitations are imposed by the rate at which
the water withdrawn can be replenished. The mass and heat outputs
from the Wairakei field have declined, but the present rate of decline is
less than that in the earlier years of development. In other words, the
output appears to be approaching a steady state at which it can be
expected to continue more or less indefinitely.

Earth moving and well drilling have been the construction activities
most affecting the natural environment. The surface vegetation re-
moved consisted mainly of scrub and exotic pine trees, although some
of the later wells and the permanent operator's village were located on
farmland, resulting in some loss of grassland.

To our knowledge, the only animals affected by the removal of the
scrub and pine were wild pigs. Effects on other forms of life such as
birds and insects are unknown, but none has been brought to our
attention. Soils, which are of poor quality, were stripped and reused for
landscaping. Pipe routes and access roads resulted in some modifica-
tions of contours, but had little effect on drainage patterns. Removal of
the vegetation led to an increased runoff of surface water, and since
the pumiceous material exposed was light and highly susceptible to
erosion, this was a problem requiring attention during the construction
period. Surface drainage was improved by landscaping and by providing
stable channels to control water runoff.

In the early days of the project, it was the practice to discharge the
wells vertically for a period to clear them of drilling mud, cuttings, and
loose formation material. They were then discharged for long periods
through a horizontal silencer. The large quantities of water discharged
resulted in considerable local erosion, and any vegetation in the way of
the discharge was killed by the salts in the water. Additionally, there
was a lot of noise, particularly in the high-frequency range. Present
practice is still to discharge the wells vertically for a short period, but
discharges are diverted to a silencer of a type developed at Wairakei
which gives complete control over the water, no longer causes erosion,
and reduces the noise to acceptable levels. In operation, the waste
water from 61 wells discharges through the silencers, and substantial
quantities of steam are released at atmospheric pressure. This does not
appear to have had any noticeable effect on the local climate or
temperature. Wells discharging waste water produce some carbon
dioxide and hydrogen sulfide, but the amount of gas in the atmosphere
in the steam field is very small, certainly very much less than is evident
in the general atmosphere of the city of Rotorua.

At Wairakei, the separated water and condenser effluent are both
discharged into the Waikato River. Under mean flow conditions, this
r
esults in a temperature rise of about 2°C (3.6°F), but it will be greater

under low flow conditions.
A problem occurring elsewhere in the Waikato River is a general

a
cceleration of aquatic weed growth. The problem is being studied;
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factors suspected of influencing the weed growth include the increase
in water temperature due to the discharge of geothermal waste water,
enrichment of the river water by fertilizers and other minerals from
development, the ponding of hydro lakes and consequent temperature
rises.

The effect of the waste heat on fish life is minimal because the hot
water is localized and occupies only a small part of the waterway
before being dissipated.

In New Zealand, fresh water salinities higher than one tenth that of
sea water are unusual. Chlorides discharged from the Wairakei field
into the Waikato River do not appear to present any problem. More
potentially harmful constituents include silica, arsenic, mercury, and
boron in varying proportions. Chemical analyses of the effluents from
the Wairakei and Broadlands fields appear in table 2.11.

Table 2.11. Chemical Analyses of Effluents from
Wairakei and Broodlands Fields

Milligrams per
Kilograms

Lithium 13.2
Sodium 1,200
Potassium 198
Rubidium 3.0
Caesium 2.7
Calcium 17.5
Magnesium 0.005
Fluorine 8.0
Chlorine 2,150
Bromine 5.7
Iodine 0.5
Sulf ate 25.2
Arsenic 4.1
Ammonia 0.15
Boron • 27.7
Silica 650
Bicarbonate -
Total flow — liters/second 1,230
Carbon dioxide — tons/hour 1.7
Hydrogen sulfide — tons/hour 0.07

The concentration of chemicals in the waste water is rapidly diluted
by the river flow, but nevertheless the salinity of the river water is
increased by salts in the waste water discharged from the wells. There
has always been a substantial natural flow of thermal water into the
river over its length from the outlet at Lake Taupo through the thermal
region. The chemical composition of this water is similar to the waste
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water from the geothermal wells, so that the river is naturally
contaminated to some degree. As far as the wastes from the field are
concerned, the most undesirable contaminant in the river is arsenic,
which can reach 0.075 ppm. This is greater than the limit of 0.05
parts/million recommended by the World Health Organization for
drinking water. The concentration of arsenic in that part of the river
within the bounds of the thermal region fluctuates, however. Increases
occur according to thermal inflows, and decreases occur due to
absorption of the arsenic by sediments, which settle out in the various
hydro lakes and concentrate in the water weed. By the time the river
flows from the thermal region, the arsenic content is below 0.02
parts/million.

Experience shows that geothermal development does in time reduce
or eliminate some natural geothermal phenomena. The disappearance of
the Geyser Valley hot springs at Wairakei is an example. The effect on
other phenomena, however, may be slow to appear or may be insig-
nificant. Much of the steaming ground around Wairakei still remains
active. Moreover, there is a history of natural changes in geothermal
features both in New Zealand and overseas (such as Great Geyser,
Iceland), showing that it is not reasonable to attribute all such changes
to the effects of the development.

Continued operation of the wells has resulted in changes in under-
ground pressures and temperatures, as a result of which subsidence has
occurred. The subsidence at Wairakei has a strong vertical and
horizontal component and has formed a roughly elliptical dish-shaped
depression. The maximum rate of subsidence has been about 1.31 feet
(39.3 centimeters) a year, with a total maximum subsidence estimated
to be over 9.84 feet (2.9 meters). The center of the subsidence is about
1,476 feet (443 meters) from the nearest wells, and 5,906 feet (1,800
meters) from the region of greatest drawoff. The movement is at-
tributed to the bending of the mudstone cap rock resulting from the fall
in pressure and the withdrawal of the large mass of fluid. The geology
of the area of maximum subsidence is not precisely known, but there is
a direct correlation between the subsidence and the thickness of the
breccia which underlies the mudstone in the region for which geological
information is available. Precise measurement taken by tiltmeter
during a partial shutdown in 1968 suggest that the subsidence may be
reversible.

The ground movement has affected steam mains and drainage
channels, causing some inconvenience, but without jeopardizing the
operation of the field. The effect of the movements measured at
Wairakei on powerhouses or similar structures, however, would be little
short of disastrous. For this reason, the possibility of ground movement
must always be considered, and a comprehensive system of bench marks
should be installed in sufficient time to enable potential areas of
subsidence to be located before a powerhouse site is selected.

The main effects of station operation on the natural environment
result from the discharge of waste gases and the discharge of the
condensate and cooling water. The steam separated from the water at
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the well heads contains all of the gases. These pass through the turbines
with the steam, and are extracted from the condenser and vented to the
atmosphere. Over the years of development, the amount of gas in the
discharge has steadily declined; at the present time (1979) it is less than
67 pounds (30 kilograms) per minute or 0.1S percent by weight of the
steam. The gas composition is approximately 95 percent carbon dioxide
and 5 percent hydrogen sulfide, with traces of methane, ammonia, and
hydrogen. Hydrogen sulfide is evident in the atmosphere in the
immediate vicinity of the power plant on those days when there is little
or no wind. Concentrations are well below toxicity limits, but the gas
increases the maintenance required on electrical contacts. Since both
carbon dioxide and hydrogen sulfide are heavier than air, it has been
necessary to ensure that adequate ventilation is provided in all areas
where leaking gas is likely to accumulate.

The combined cooling water and condensate flow total approximate-
ly 350 cubic feet/se&ond (,usecs) (10.5 cubic meters), and it discharges
into the river at 91 F (33 C). The net increase in river temperature is
approximately 1°C (1.8°F). The total increase due to the combined
effects of the waste water, the cooling water, and the condensate is
1.5°C (2.7°F) assuming no loss to the atmosphere. This is less than the
annual variation of the temperature of the river, which is about 9°C
(16°F). Apart from being slightly acidic due to the small amount of gas
retained in solution, the cooling water and condensate discharge add no
chemicals to the river.

Two blowouts, or uncontrolled discharges, have occurred at
Wairakei. One was due to failure of a well casing after some years in
service, the other occurred during the course of drilling a well. Unlike
similar occurrences in oil fields, the main effects are restricted to the
immediate vicinity of the blowout, although secondary effects may be
evident over a wider area.

Environmentally, the main effects of a blowout are the waste of a
resource, increased discharge of heat and water locally, and possible
danger to other structures in the vicinity. One of the blowouts at
Wairakei was remedied by pumping cold water through a deviated well
drilled to intersect the well causing the blowout. The uncontrolled
discharge was thereby stopped and the offending well filled with
cement grout. The other was not stopped, because it was isolated, with
nothing in the vicinity likely to be endangered. There was thus a
continued loss of energy, and a discharge of steam to the atmosphere. A
secondary effect evident during this blowout resulted from vigorous
boiling which occurred underground. This created ground vibrations
which were quite strong in the immediate vicinity and which made
accurate surveying impossible for distances up to one kilometer (0.62
mile) away. Indeed, the blowout was a spectacular tourist attraction
until it ceased discharging.

The development of the Wairakei project has converted a small area
of wasteland into a productive area, having, as a secondary result, a
considerable value as a tourist attraction. Some 100,000 people a year
visited the information center in the steam field in 1978 and there are
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many more who view the project as they pass by. From a scenic point of
view, there has been some reduction of natural geothermal activity.
The absence of the chimneys, boilers, and fuel-handling equipment
associated with conventional thermal power stations has permitted
clean and compact designs for the Wairakei powerhouses, which are
relatively unobtrusive.

Land use in the area has been affected to the extent that had the
geothermal project not been undertaken, the land would probably have
been developed for pastoral farming. The productive value of the land
as a geothermal project is, however, much higher than it would be as
farmland. The surrounding area is currently being developed as a tourist
park, and the presence of the geothermal development places some
restrictions on this development, particularly as some areas are closed
to the public by MWD activities.

The discharge from unsilenced wells is very noisy, and ear protec-
tion is necessary in the immediate vicinity. The silencers used are
efficient, however, and while there is still some noise, this has been
reduced to acceptable levels. The water from 61 wells is being
continually discharged to waste through such silencers, but in spite of
this, the important Wairakei Tourist Hotel, located across the road
from the field, never lacks patronage. Noise levels within the power-
houses are fairly high due to the operation of the gas-exhausting
equipment, and the operating staff finds it more comfortable to wear
ear protectors while on shift. The noise level is not high enough to
compel the use of ear protectors for short periods of exposure, although
they are available for visitors if required.

State Highway 1 bridges the steam mains, and in general there are
no traffic restrictions on this road. Should restrictions he required,
alternative routes are available in the project area. In a few cases,
local farmers have had to accept new and longer access roads, but some
compensation was provided by improved alignment and surface of the
roads. Access to the field is subject to certain restrictions, imposed
with the welfare of sightseers in mind, but this inconvenience is
minimized to some extent by the availability of guided tours.

Drifting steam occasionally presents a hazard on the roads within
the steam field and has led to accidents. The occurrence of drifting
steam depends to a large extent on weather conditions. In the early
days of the project, a similar problem was encountered on State
Highway 1, but this was eliminated when the wells adjacent to the
highway were connected to the powerhouse and when their silencers
were extended. Warning signs were also placed alongside the highway.

The project has had a strong influence on the regional economy and
community patterns. Construction of the powerhouses was carried out
in stages, resulting in a lengthy construction period. The peak labor
force directly employed on the work was about 600. This meant that a
substantial amount of money came into the region. A large part of this
was spent in Taupo, providing a stimulus for the development of
s
hopping facilities and other social and cultural needs. A permanent

work force of about 225 is directly associated with the power project.
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About 150 of these permanent employees are housed in a village built at
Wairakei for the power station staff. This has meant the establishment
of a school, community hall, and limited shopping facilities. The village
serves as a social center for the area in the immediate vicinity. The
remainder of the employees are housed in Taupo, which is the main
center for the region. There is little doubt that the [and occupied by the
geothermal project supports a far greater population than it would as
farmland, tourist park, or forest.

As far as the national economy is concerned, Wairakei produces 13
percent of the electrical energy consumed on the North Island. In the
sixteen years since commissioning was completed, the annual produc-
tion has been 1,150 gWh, and the station operates at a load factor of 88
to 89 percent. The energy costs less than 0.8 cent/kWh. Other than
expenditure for servicing loan moneys, there is no annual outgoing of
foreign exchange.

Expertise gained in the development of Wairakei has always been
made available to anybody interested without restriction. Many over-
seas engineers and scientists have visited the project to learn the
techniques developed at Wairakel. And New Zealand engineers and
scientists have traveled extensively to advise and assist in geothermal
developments in other countries. There has been a small economic gain
to the country from such consultation and with the rapidly increasing
interest in geothermal energy overseas, this is expected to increase. A
more intangible gain, but one of considerable value, has been the
enhancement of New Zealand's prestige overseas through the assistance
which has been given.

This review of the effect of the development of the Wairakei
Geothermal Power Project on the natural and human environment shows
that there have been both adverse and beneficial effects. The most
harmful effects are believed to be the discharge of waste heat and
water into the Waikato River and waste gases into the atmosphere.
Against these harmful effects must be balanced the contribution
Wairakei has made to the development of the region, the creation of job
opportunities in an expanding population, the value to the economy of
New Zealand of cheap, reliable, indigenous energy, and the enhance-
ment of national prestige.

The need to control pollution to the fullest extent possible makes it
necessary to examine alternative methods of disposal of the waste heat
and waste water for future geothermal developments, of which there
are a number possible in New Zealand. A technique for overcoming the
main problem, waste water disposal, is being investigated both in New
Zealand and overseas. This method, involving reinjecting the waste
water into the field, looks promising. Likewise, techniques are available
for extraction of the waste gases, although their effect on the
environment is so small as to make it unlikely that this will be
necessary. Adoption of these techniques would mean a small increase in
the cost of geothermal energy, but at the same time, production of the
energy would be almost completely pollution free. In fact, the pollution
from geothermal power projects could be reduced to the discharge of
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the waste heat - inevitable in any known thermal cycle - into the
atmosphere in the form of warm air and water vapor from cooling
towers.

Refinement of Policies and Planning

While the investigation and development of the Wairakei project
involved a substantially new technology, it was not necessary to build a
new organization or derive new organizational techniques to cope with
it. The existing organizations of the Ministry of Works and Development
and the Department of Scientific and Industrial Research had developed
over the years in such a way as to make them basically discipline
oriented rather than activity oriented. This enabled them (and still
does) to undertake any new activity with a minimum of organizational
problems. Organizationally, the main difficulties arose from the con-
tinually changing nature of the work, from scientific investigation to
engineering development. These were amplified at times by political
requirements for haste.

The formation of the GDL, a limited-liability, private company, is a
normal organizational procedure used when the government wishes to
join with outside interests in activities of mutual benefit.

The administration of future geothermal projects in New Zealand
will differ from that used for Wairakei only to the extent that changes
are imposed from outside, quite unconnected with the requirements of
geothermal work. These include changes in government's overall energy
policy, changes in energy usage patterns, and changes introduced by
new and amended legislation covering the protection of the environ-
ment, and the rights of people affected by the development of national
resources.

The decision to go ahead with Wairakei was made on the basis of the
best information available. It was innovative, however, and more than a
little faith was required in making that decision. While decisions
regarding future development of geothermal energy may still require
some faith, today's administrators, with Wairakei's example of cheap,
reliable power before them, can make their decisions with more
confidence. Wairakei's example has in fact been used in many decisions
to develop geothermal energy in other countries.

As the first project of its type, Wairakei had to cope with many new
technical problems. Techniques and equipment had to be developed to
handle very large quantities of steam and hot water safely. Techniques
for geophysical exploration, for material selection, and for geothermal
work had to be developed.

Indeed, the need for an understanding of the chemistry of geo-
thermal fields has led to an intensive investigation into the high-
temperature chemistry of a number of chemicals, including silica and
carbon dioxide. Thus, technically, Wairakei has had, and continues to
have, a strong influence on the development of geothermal energy in
general, and of hot water fields in particular, not only in New Zealand,
but around the world as well.
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This influence has been strengthened by the adoption of a policy of
complete freedom of access to the information compiled over the years
from Wairakei. This policy takes many forms, including making data
available to researchers, providing direct assistance through bilateral
aid agreements, multilateral agencies, through direct government-to-
government approaches, and providing on-the-job training for overseas
people not only at the technical level, but in all professional disciplines.
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PROJECT BACKGROUND

Hawaii, one of the 50 states of the United States, is an island chain
located in the central Pacific Ocean, approximately 2,500 miles (4,000
kilometers) west of the continental United States. It is composed of
numerous islands extending across 2,000 miles (3,218 kilometers) of the
Pacific and is dominated by five major islands (see fig. 3.1). At the
northern end of the chain lies the capital and population center of the
state, the island of Oahu. Oahu has a population of 718,400, while the
state of Hawaii as a whole has a total population of 886,400. Approx-
i mately 200 miles (320 kilometers) south of Oahu is the island of
Hawaii, which is the youngest and the only volcanically active of the
major islands. It has a population of 76,400.

The state as a whole is blessed with magnificent mountains,
beautiful beaches, cool valleys, lush vegetation, fertile plains, abundant
sunshine, and plentiful rainfall, all of which have made it possible to
develop both a thriving tourist industry and a profitable agro-industry in
sugar and pineapple. Ironically, the same geography and geologic
characteristics that have helped these industries to thrive have also
deprived Hawaii of the conventional sources of fuel needed to power
them. Because of the islands' recent volcanic origin, no indigenous fossil
fuel reserves exist. In addition, geography has isolated Hawaii from
potential energy sources. Unlike the rest of the United States, no coal
comes into the state by rail, no natural gas is received by pipeline, and
no regional grid of electricity serves Hawaii. The only presently
feasible source of fuel is oil, shipped in by large tankers. In short,
Hawaii is almost totally dependent upon outside shipments of oil, and is
thus vulnerable both to disruptions in delivery and to fluctuations in the
global market. The overall vulnerability was succinctly summarized by
the opening statement from the Mayor's Energy Resources Committee:
"In Hawaii, 'Energy is Oil.' We are totally dependent on oil and gas for
our energy consumption needs."(1)

95



Fig. 3.1. Map of Hawaii.
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This vulnerability is underscored by several statistics. From 1960 to
1974, over 99 percent of Hawaii's power was generated from crude oil
which was shipped into the state.(2) Approximately 25 percent of all
petroleum products was used to generate electricity, 25 percent was
used for air transportation, 28 percent was used by gasoline service
stations, 14 percent was used for industrial and commercial purposes,
and 8 percent was used for a variety of other purposes.(3) Several
trends have also increased Hawaii's vulnerability. The cost of oil has
risen dramatically; in 1970 it was US$2.50 a barrel and by 1974 it was
US$l0 a barrel. Between 1958 and 1975 consumption of petroleum rose
300 percent, from 12 million to about 38 million barrels per year.(4)

Yet this dependence and vulnerability upon imported oil is a paradox
because Hawaii possesses abundant alternative energy sources — solar,
wind, wave, biomass, ocean thermal, and geothermal. Unfortunately,
these sources, until recently, have not been developed. A significant
factor in this lack of development was the lack of an overall United
States energy policy. In its absence, the responsibility for developing
alternative energy sources fell both to the individual private utility
companies, which generate most of the power in the United States, and
to the individual state and county governments. For the utility com-
panies, however, there was little incentive to risk their capital in
research and development. Fossil fuel sources, particularly oil, were
abundantly cheap, and therefore cost-effective; nonconventional power
sources could not compete with oil. Thus, the initiative for developing
energy alternatives was left primarily to state and local organizations,
such as universities and planning boards. For the most • part, these
organizations did not have the resources to conduct the research and
development necessary to make feasible the various energy alterna-
tives. Nor did they receive necessary support from the state govern-
ments, since energy development was not seen as a high priority.

In contrast, the government of the state of Hawaii and the county
governments of each island placed a high priority on the development of
energy alternatives. Hawaii's vulnerability to oil shortages and depen-
dence on oil had made state and county officials keenly aware of the
urgency to develop Hawaii's indigenous sources of energy. As early as
1970, three years prior to the Arab oil embargo, the Hawaii State
Legislature passed a resolution requesting the University of Hawaii's
Center for Engineering Research to submit a study on the potential of
new energy sources for Hawaii. The report was completed in 1971 and it
listed a number of alternatives.(5)

Geothermal energy was considered one of the more exciting new
possibilities. The concept itself — that of using the heat of the earth to
generate electricity — could be applied in Hawaii by harnessing and
controlling the sometimes destructive heat of the volcanoes. Since the
island of Hawaii was formed by the largest volcanic mass in the world
(see fig. 3.2), geothermal energy had great potential. And this potential
captured the imagination of many of the state legislators and helped
gain local momentum for geothermal research.
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Fig. 3.2. The island of Hawaii with volcanoes.

Additionally, the county government of the island of Hawaii was
enthusiastic to make use of its untapped resource. In this regard,
several early experiments had been conducted on the island. In the
1920s someone had attempted to use the volcanic heat directly to
generate electricity. More recently, in the 1960s explorations for
geothermal reservoirs had been conducted. These explorations resulted
in the drilling of four wells in the Puna region, the deepest of which was
about 700 feet (213 meters). However, no reservoirs were found and the
drilling projects were abandoned as economically unfeasible. If any
reservoirs existed, they existed at considerably greater depths and
could be exploited only at great cost.
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PHASE I: PLANNING, APPRAISAL, AND DESIGN

Identification

In 1972, with the encouragement of state and county governments,
Howard Harrenstein, the director of the University of Hawaii's Center
for Engineering Research and a long-time believer in Hawaii's geo-
thermal potential, submitted a US$2.7 million research proposal to the
National Science Foundation (NSF). The proposal outlined a two-year
project, called "Project Pele." It was essentially a multidisciplinary
effort that would include:

1. Geophysical program: geophysical explorations on the island of
Hawaii; these would include surface studies, as well as the test
drilling of a series of shallow wells and a deep well, possibly to
depths of 10,000 feet (3,048 meters);

2. Engineering program: engineering research into problems associated
with geothermal generation of electricity; and

3. Environmental/socioeconomic program: investigations on geo-
thermal energy's socioeconomic and environmental implications.

The project appeared to have one major drawback: although it outlined
a very ambitious plan that would result in potentially useful scientific
information, it was a pure research project. No plans were made to
actually convert geothermal energy into electricity. Nonetheless, the
Hawaii State Legislature and the county government of the island of
Hawaii strongly supported the proposal, each granting the project
$100,000 contingent upon its receiving NSF matching funds. However,
the project was not immediately funded.

Instead, in ,June 1972, NSF awarded a smaller geothermal research
grant of about $400,000 to George Keller, a professor of geophysics at
the Colorado School of Mines. Keller intended to drill a well about
3,500 feet (1,067 meters) deep in the Hawaii Volcanoes National Park,
at a site where the United States Geological Survey indicated there
might be underground steam. Even if Keller discovered no reservoir of
steam, he would take core samples and conduct geophysical tests.
Since these tests would indicate the potential of usable geothermal
energy in Hawaii, they would have a strong bearing on the more
elaborate Project Pele proposed by Harrenstein. Positive findings would
add justification for funding the multimillion dollar research project.

Keller's project was eventually successful in obtaining research data
and in drilling to its target depth of 3,500 feet (1,067 meters). The
project also encountered certain problems.

One significant problem arose just prior to the drilling. The Con-
gress of Hawaiian People, a group representing the interests of native
Hawaiians, asked Hawaii Volcanoes National Park officials to delay the
project. A co-chairman of the congress said his group had two
objections. First, the drilling might violate religious and spiritual
b eliefs of the Hawaiian people. He stated that "Hawaiians should have
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been consulted before the drilling was approved because it will take
place on the sacred religious grounds of our ancestors."(6) He argued
that Keller should have prepared an environmental impact statement
that detailed the site's religious and historical value. Second, he
claimed that if the drilling found any commercially usable steam,
Hawaiians should profit from it because the state constitution declared
that indigenous natural resources should be used for the betterment of
the native Hawaiian peoples.

Both objections were eventually resolved. Keller met with the
congress and ensured them that the specific project site was not in an
area of historical or religious significance. He also obtained a ruling
from the Hawaii Volcanoes National Park superintendent stating that
any geothermal steam from the site would never be exploited com-
mercially. The park was a public reservation and therefore none of its
resources could be bought or sold.

Formulation: The Initial Proposal

While Keller's project was taking place, the proposed Project Pele
suffered a setback when Flarrenstein resigned his University of Hawaii
post to accept another position at the University of Miami. Since
Harrenstein was listed as the project's principal investigator, the
proposal had to be revised and then resubmitted to NSF. Initial planning
meetings were held and the first decision made was to name a
management team to replace Harrenstein. The management team was
to consist of John Shupe, dean of the University of Hawaii's College of
Engineering, George Woollard, director of the University of Hawaii's
Institute of Geophysics, and John Craven, the state of Hawaii marine
affairs coordinator and the dean of the University's marine program.
The project was also renamed the Hawaii Geothermal Project (HGP).

In August 1972, an NSF official advised the HGP management team
that a single person should be assigned to manage the project. The
failure to name one well-qualified person to assume overall leadership
would endanger potential funding. It was then decided to appoint John
Shupe as the principal investigator. He would be the project director,
responsible for the project's overall administration and management
and, in essence, responsible for the degree of project success or failure.
Sharing responsibility with him were to be three co-principal investi-
gators: Augustine Fururnoto, a professor of geophysics at the Univer-
sity of Hawaii; Paul Yuen, associate dean and professor of the Univer-
sity of Hawaii College of Engineering; and Robert Kamins, a professor
of economics at the University. They were to be the coordinators of the
geophysics program, the engineering program, and the environ-
mental/socioeconomic program, respectively. Each would devote half
his working time to the project and the rest to his normal university
duties.

An HGP executive committee was also established. The executive
committee was composed of Shupe, the coordinators of each research
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program, George Woollard, and John Craven. Although this committee
would make no direct decisions, it would play a policy making and
planning role. Figure 3.3 illustrates the 1972 organizational chart of
HGP.

MANAGEMENT I 
John W. Shupe

Project Director

ENVIRONMENTAL-
GEOPHYSICAL ENGINEERING SOCIOECONOMIC

PROGRAM PROGRAM PROGRAM

Augustine S. Furumoto Paul C. Yuen Robert M. Kamins
Director Director Director

Fig. 3.3. Hawaii Geothermal Project — organizational chart, 1972.

By late 1972, the executive committee realized that the proposed
project would have a better chance of being funded if it included
research and development that led directly to the conversion of
geothermal energy into electricity. This would demonstrate the prac-
tical value of the research, as well as provide some tangible results for
such costly research.

Consequently, the HGP executive committee expanded the scope of
the project to include the planning and construction of a 10-MW
prototype geothermal power plant. Like the originally proposed Project
Pele, research under GHP was divided into three areas: geophysics,
engineering, and environmental/socioeconomic. A total of 37 separate
tasks were identified in these three areas (see fig. 3.4) and a team of 54
researchers was named to conduct the investigations.

Requiring 1JS$5 million over a two-year period, the l-IGP proposal
was conceived of in the following three stages;

Stage I was to be the initial, short-range exploratory and applied
technology research that would assist in the early development of
geothermal power. This stage was intended to acquire scientific infor-
mation and to help locate possible drill sites for geothermal steam.

During Stage II, the geophysical data collected in the first stage
would be used to establish an exploratory drilling program. This stage
would culminate in drilling one deep hole that would hopefully tap
a steam or hot water reservoir.

Stage III was envisioned as a planning stage for the actual construc-
tion of a geothermal power plant. The well would be analyzed and the
tests necessary to design the power plant would be conducted. The
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Fig. 3.4. Hawaii Geothermal Project — proposed research.
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actual generator design would then be drawn up. In May 1973, approx-
imately a year after the submission of the project proposal, NSF
announced that it was awarding the Hawaii Geothermal Project (HGP) a
one-year budget of $252,000. Although other geothermal projects from
around the United States had requested funding, it had been decided
that a high national priority was to obtain more information on
geothermal potential in island volcanic regions. This amount, added to
the initial grant of $200,000 which had been given to the project in 1972
by the state and county governments, provided HGP with a first-year
budget of $452,000. Although the budget was far less than the originally
requested five million dollars, it was viewed as the beginning of a long-
term commitment to develop geothermal power in Hawaii. The budget
was also sufficient to enable Stage 1, the early exploratory research, to
get underway.

Feasibility and Appraisal: 1973-1975

The initial research activities of HGP were, in a sense, the formal
feasibility studies, determining the chances of the project to eventually
generate electricity from Hawaiian geothermal sources. The explor-
atory geophysical surveys would help determine if and where reservoirs
of steam or hot water existed and thus allow NSF to assess HGP's
scientific feasibility. The engineering and environmental/socioeconomic
studies would identify and clarify the technological, environmental,
legal, regulatory, and economic problems that could hinder the eventual
development of geothermal power in Hawaii — provided, of course, that
a usable source of geothermal energy existed.

Overview of initial project activities

Upon word of NSF's allocation to HGP, the state government and the
county government of Hawaii Island, which both strongly supported the
development of alternative energy sources, released funds to HGP to
begin planning activities. Shupe then convened a meeting of the
executive committee and each of the program coordinators was given a
separate budget. This would provide each coordinator with the indepen-
dence and flexibility needed to administer the research in his area and,
at the same time, make each accountable for his program. Shupe would
be responsible for the overall management and coordination of the
project. He would also be responsible for maintaining project cohesive-
ness and for ensuring that each research program developed consistent-
ly with overall project goals.

The executive committee also had to make important budgetary
decisions. The separate budgets initially proposed by each program
coordinator had to be reduced because the initial level of funding was
considerably less than anticipated. Thus, it was decided that each
program would receive only enough funds to initiate crucial tasks. The
bulk of the money, however, would be allocated to the geophysics
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program because it was conducting the exploratory surveys crucial to
the project's continued progress. Despite the reduced funding, it was
anticipated that NSF or some other government agency would provide
HGP with additional funds if the geophysical surveys indicated the
existence of a reservoir of steam.

With these decisions made, the directors of the geophysics, engi-
neering, and environmental/socioeconomic programs began organizing
their respective activities.

Geophysics program

The geophysics program director, Augustine Furumoto, had requested
about $800,000 for 1973-1974 activities, but received only about
$250,000. He decided to limit the geophysical surveys to those which
could begin immediately; the remaining surveys depended upon the data
from the initial surveys and would be undertaken if additional funds
were received. The chosen surveys were those crucial in identifying a
potential reservoir of steam or hot water. Providing clues about the
subsurface conditions, they would be like pieces of a large jigsaw
puzzle, which, when put together properly, would serve as a geophysical
model of the volcanic area. These surveys included: 1) photogeologic, 2)
geoelectrical, and 3) microseismic, and geochemical. Other surveys,
such as the gravity and magnetic, were planned for 1974, if funds were
available. The photogeological survey, contracted out to a commercial
firm with both the necessary equipment and experience, involved flying
over the volcanoes at approximately 2,100 feet (640 meters) and taking
infrared photographs of the rift zones - zones of innumerable fissures
that served as underground pathways for the rise of magma. When
developed, the photographs would expose gradations of surface heat and
would locate volcanic vents and other "hot spots" along the rifts. Any
surface temperatures that exceeded the highest range of the film would
be exposed as spots of white. Flights were conducted during August
1973 and the photos were developed soon afterwards. The photographs
revealed a concentration of white dots along the east rift of Kilauea
volcano, in an area named Puna. The temperature range indicated by
the film was 61°F (16°C) to 77°F (25°C).

The initial electrical resistivity survey was subcontracted to George
Keller, who already had equipment in the field from his earlier project.
These surveys, called dipole-bipole mapping, checked the earth's elec-
trical resistance by passing an electrical current between two poles set
in the ground; low resistivities readings indicated conductive founda-
tions, such as hot saline water or highly conductive soils. Since low
resistivity readings could also indicate pipes or electrical wires, several
surveys had to be conducted to help determine the true sources of the
readings. The survey indicated two areas of low resistivity that could
be attributed to thermal sources - the Opihikao anomaly and the Pahoa
anomaly, both located in the area of Puna. The Opihikao anomaly had
resistivities of about 5 ohms per meter (ohm/m) from 1,969 to 6,390
feet (600 to 2,100 meters), while, between the same depths, Pahao had
resistivities of about 8 ohm/m.
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The microseismic surveys were to have measured the velocity at
which sound passed through the ground, and thus provide indications
about the area's subsurface structure. These surveys were postponed
because of delays in receiving the necessary equipment. The geophysics
coordinator agreed, however, to begin a ground noise survey, which
would indicate the variance in subsurface noise. Since in Hawaii, sites
of volcanic activity produce intense sound, these surveys would help
locate sources of geothermal heat. Like the initial surveys, the ground
noise survey discovered intense sound.

The geophysical surveys progressed steadily through early 1974, with
the geophysics coordinator assigning tasks to appropriate geophysicists
on the project team. Often, the assigned individual would subcontract a
specially equipped commercial firm to conduct the survey, and then
analyze the data himself. This arrangement proved satisfactory for
many of the tasks. However, when no commercial firm could undertake
the surveys, the geophysicist would have to order special equipment or
redesign existing equipment, and then conduct the survey. This led to
some delays and the surveys fell behind schedule.

Engineering program

The engineering program, like the other two research programs, had to
reduce the number and scope of its initially proposed research tasks.
The engineering director, Paul Yuen, thus decided to concentrate on: 1)
geothermal reservoir engineering, and 2) optimal geothermal plant
design. These two tasks dealt directly with applied research crucial to
the production of geothermal energy in Hawaii.

Geothermal reservoir engineering was initially two separate tasks,
but because of their close linkage, these were later collapsed into one
task with two related components. These components included: 1)
numerical modeling, and 2) well testing and analysis. The engineers
working on numerical modeling attempted to computer-simulate the
operational dynamics of a geothermal system under different condi-
tions. To derive the mathematical relationships, they first had to
investigate several issues. Flow, for example, would pumping, reinject-
ing, and recharging the geothermal well affect the Ghyben--Herzberg
lens? The Ghyben-l-lerzberg lens is a pool of fresh water trapped in
porous rocks beneath the island's surface. Sea water also permeated the
island's subsurface, but the fresh water was lighter and thus floated on
the sea water, forming a lens which supplied much of the island's water
needs. When the engineers completed these investigations, they would
construct a model that would generate computer answers to questions
such as: How deep must the well be drilled to avoid destruction of the
Ghyben-Herzberg lens? What is the life span of the well? What is the
capacity of the geothermal reservoir?

Well testing and analysis would culminate in engineers and geolo-
gists going into the field to test measure the geothermal well
as

suming, of course, that a successful well were drilled, The task would
proceed in several stages. Initially, the engineering team n would eval-
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uate the existing equipment and the methods used by the geothermal
engineers in the rest of the world; this involved a literature search.
Then they would examine the techniques used by petroleum reservoir
engineers to measure oil wells. However, since the volume and capacity
of a geothermal reservoir depended on temperature, but a petroleum
reservoir did not, many analytic techniques of petroleum reservoir
engineering were inadequate. Thus, during the next stage of research,
engineers would modify and adapt both the geothermal and the petro-
leum methods to develop a comprehensive geothermal testing program.
The completed program would be appropriate for a geothermal well and
would include a complete array of geological and reservoir engineering
tests, as well as recommendations for the purchase of equipment. After
the researchers developed the well testing program, they would conduct
the tests on the well itself. Ultimately, the data collected would help
predict the life span and capacity of the geothermal well.

The engineering program's second research task was to study power
plant designs that could be used if a geothermal well were discovered.
Since the optimal power plant design depended upon the form of energy
produced by the well (it might be in the form of dry steam, wet steam,
hot water, gases, dissolved solids, or vapor) the engineering team might
have to study many options. The team decided, however, to limit their
investigations to two basic types of geothermal power plants: the vapor
flashing plant and the binary fluid plant.

The vapor flashing plant would be practical if the well produced
geothermal steam. In this system, the geothermal well would contain
hot water under intense pressure. As the water would rise from the
bottom of the well, the pressure on it would decrease and some of it
would flash to steam. The well would thus emit a mixture of hot water
and steam. The steam would be separated from the hot water by a
separator and piped directly to a turbine generator. The hot water could
be discarded or could be piped to another separator, which would
further reduce the atmospheric pressure on the water, thus causing it to
flash to steam. This steam would then be piped to the generator (see
fig. 3.5).

The binary fluid plant would be efficient if the well produced hot
water. In this system, the hot water would be used to heat a secondary
liquid, such as isobutane. When the isobutane became vaporized, it
would power a turbine that would then produce electricity (see fig.
3.6).

To design the optimal plant, the engineers would have to answer
questions such as: What would be the most efficient steam pressure to
power different size plants? What plant configuration would be most
feasible given different well conditions? What kind of turbine generator
should be used if the well produced wet steam, dry steam? How should
the plant's discharge system be designed to make it environmentally
sound?

The engineering team began work on each of these tasks in late
1973, and the research proceeded smoothly through 1974. However,
much of the research was intended to be applied to the actual
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production of geothermal energy in Hawaii. Thus the engineering
program could be successful only if money were obtained to continue
the overall project and only if a successful geothermal well were
drilled.

Environmental/socioeconomic program

With only limited funding available for environmental and socio-
economic studies, the coordinator of the program, Robert Kamins,
decided to focus on the following three aspects of geothermal develop-
ment: I) legal and regulatory aspects, 2) economic implications, and 3)
environmental impacts. These topics had a direct bearing on the social,
economic, and political factors that would help or hinder the imple-
mentation of geothermal energy in Hawaii.

The first aspect, the legal-regulatory research, involved the com-
plex questions of ownership and government regulation. Because Hawaii
public law did not cover geothermal resources, it was uncertain whether
geothermal steam was publicly or privately owned. In order to clarify
this issue, the research team would first have to examine how other
areas in the United States settled the ownership question. These
approaches would then have to be compared to the relevant statutes in
Hawaii, and alternative soIL.utions proposed that were consistent with
Hawaii's statutes. Of particular importance in this regard was whether
geothermal resources could be classified as mineral, water, or a
substance unique in nature. If geothermal resources were classified as
mineral, some would be owned by the state under mineral rights
clauses; if they were classified as water, they would be owned by
private landowners through legal precedence; and if they were classi-
fied as unique in nature, their ownership would be uncertain. This
situation was further complicated by two issues. First, some of the land
deeds issued during the early 1900s did not reserve to the state of
Hawaii the exclusive ownership of any subsurface minerals, Since it was
not known how many of these deeds existed or where the land
pertaining to them was located, ownership could be determined only by
reviewing individual land deeds. Second, several groups representing
native Hawaiian rights claimed that the geothermal resources belonged
to native Hawaiians and that their ownership was upheld by the state of
Hawaii constitution.

In examining the regulatory issues, the environmental/socio-
economic team would have to address questions such as: Which govern-
ment agencies, if any, should possess authority over the drilling, land
use, and development of geothermal energy? What safety requirements
should he adopted for drilling and for geothermal power plants? What
environmental safeguards should be imposed upon geothermal develop-
ment? How should the public interest be protected?

A fundamental issue regarding these questions was the multiplicity
of government agencies potentially involved in regulation. On the
federal level these agencies included the Environmental Protection
Agency (EPA) and the Energy Research and Development Administra-
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Lion (ERDA). On the state level the agencies were the Department of
Health, the Department of Transportation, the Department of Planning
and Economic Development, the Department of Land and Natural
Resources, the State Energy Resources Coordinator, the Department of
the Attorney General, the Office of Environmental Quality Control, the
Hawaii State Legislature, the Public Utilities Commission, and the
Department of Regulatory Agencies. On the county level the agencies
were: the Department of Public Works, the Departrnent of Research
and Development, the Department of Water Supply, and the Planning
Department.

The second research topic -- the economic impact of geothermal
development — involved the research team building an econometric
model that would provide projections to the year 1980. To begin this
task, the researchers would collect data on the cost, source, amount,
and distribution of Hawaii's present energy use. Data would also be
collected on the cost and production of geothermal energy around the
world. From this data, the researchers would make certain assumptions
about energy prices. Then, after building a dynamic model,
estimate the demand for geothermal energy under varying supplies.
Projections could then be made of the resulting impact upon employ-
ment, population dispersion, industrial growth, public revenue, and
economic growth.

The third research task — environmental analysis — would monitor
the ecologic impact of any geothermal well or power plant developed by
HGP. Initial studies would involve researchers collecting baseline data
of the vegetation and wildlife in the drilling area. Of particular
concern, however, was the Ghyben-Herzberg lens, which supplied much
of the island of Hawaii's fresh water. A medium or deep geothermal
well might penetrate the lens, thus endangering the water supply. To
provide information about the impact of drilling, researchers would
initially measure nearby springs for salinity, temperature, and chemical
characteristics. Then they would establish a program to monitor the
springs for any deviations from the baseline measures. Eventually, the
environmental program would complete a comprehensive environmental
impact statement.

In late 1973, the program team began working on the legal/regula-
tory aspects and the economic implications. The environmental anal-
ysis, however, could not be initiated until a potential drilling area was
designated, and in late 1973, it was uncertain if HGP would receive
drilling funds. Nonetheless, there was an urgency for the study on legal
i mplications because the Hawaii State Legislature was considering
legislation to clarify the ownership of geothermal resources.

To assist the legislators, the research team completed, in February
1974, a preliminary analysis of all geothermal ownership options and
their consequences. Aided by this study, the legislature passed the
s
tate's first geothermal law. It classified geothermal resources as

m ineral, thus reserving them to the state under mineral rights provi-
sions. Work on the regulatory aspects and the economic impact
Continued through 1974.
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Overall Coordination and Management of HGP 1973-1974

While each program's research was being conducted, John Shupe at-
tempted to ensure continued support for HGP and to maintain the
project's overall cohesion. He conferred regularly with federal, state,
and country agencies, made presentations of the envisioned HGP
program at public symposiums and at international conferences, and
formed contacts with a widespread network of geothermal experts, who
would provide HGP with advice, information, and assistance. In August
1973, Shupe also formed the Hawaii Advisory Committee (HAC) and the
National Liaison Board (NLB).

The HAC was composed of Hawaii's business, political, and com-
munity leaders such as the president of Hawaii's major electric com-
pany, the director of the state Office of Environmental Quality, the
director of the state Department of Planning and Economic Develop-
ment, the director of a leading environmental group, the president of
the Congress of Hawaiian People, and officials from the County of
Hawaii. Since these individuals represented the groups that formulated
Hawaii's energy policy, their support was critical for the successful
development of geothermal energy. Moreover, many of the groups,
particularly the state and county officials, strongly supported the
development of indigenous alternative energy sources. Therefore, it was
natural that the project include them in an overall cooperative effort.
The first HAC meeting was held in October 1973, and the group decided
to meet semiannually.

The NLB was composed of geologists, geophysicists, and engineers
from the U.S. mainland. Experts on geothermal power development,
they would monitor and advise HGP on its progress and direction. Since
they also worked for key agencies such as the National Science
Foundation (NSE) and the United States Geological Survey, they would
be extremely influential in ensuring continued federal funding for the
project. The first NLB meeting was scheduled for early 1974.

Maintaining the overall cohesion of HGP was the project director's
most difficult but most important task. He realized that the project
was, to a certain extent, naturally segmented because each program
conducted very different kinds of research. Moreover, some separation
was necessary to give each program the flexibility and independence
necessary to accomplish its individual goals. At the same time, how-
ever, he also realized that the ultimate goal of each research program
was to support the generation of geothermal power in Hawaii. This goal
provided the driving force for HGP and integrated the research
programs with one another. Thus, the project director had to encourage
all program coordinators to keep the ultimate goal in mind and to avoid
concentrating on research that was not relevant to the project's overall
goals.
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Critical Events and Decisions of 1974

At the beginning of 1974, f NGP was increasingly embroiled in the major
policy question of whether or not to establish and proceed with an
experimental drilling program. The project director felt that the
project had to make progress by moving in the direction of drilling an
experimental well. He thus advocated the establishment of a drilling
program. The geophysics program coordinator felt that :further research
had to be conducted before HGP could even consider a drilling program.
However, the engineering and socioeconomic program coordinators
supported the establishment of a drilling program. Other HGP team
members, particularly Agatin Abbott, a professor and the chairman of
the Department of Geology and Geophysics at the University of Hawaii,
supported a drilling program because it was the only way to actually
determine if a usable geothermal source existed. However, a final
decision could not be made immediately.

Against the background of this unresolved policy issue, Shupe
convened the first meeting of the National Liaison Board. The meeting
was held in February 1974 on the island of Hawaii, where any potential
drilling would occur. The meeting was intensive. The director of the
NSF's Advanced Energy Research Program outlined the foundation's
interest in HGP, emphasized the crucial role of the NLB in evaluating
HGP's progress, and pointed out that NSF could not fund commercial
exploratory drilling but could fund a research drilling program.

Then, each HGP program coordinator presented a progress report.
The engineering coordinator described the reservoir engineering and
mathematical work to date; the environmental/socioeconomic co-
ordinator described the Hawaii State Legislature's efforts to establish a
legal framework for the ownership of geothermal resources. Most of the
meeting was spent, however, on the progress of the geophysical
program. Initially, the geophysics coordinator described the infrared
air photo survey and the electrical resistivity surveys and also pre-
sented data from his deep (4,000 feet or 1,257 meters) drill. A review of
surveys conducted prior to the formation of HGP was also presented
and a lively discussion ensued. Board members, HGP personnel, and
persons in the audience asked probing questions and offered interpreta-
tions of the geophysical data.

At the end of the meeting, the NLB could reach no consensus on
which sites had greatest geothermal potential. But it did agree on
recommended courses of action for HGP. The NLB felt that HGP should
move rapidly on establishing a research drilling program. There was no
other way to test the theories and interpretations. The NLB further
recommended that the coordinator of the drilling program be Agatin
Abbott. Abbott was the senior geologist on the research team and he
had conducted the aerial infrared surveys. He also was an advocate of
an early drilling program and had vigorously supported its establish-
ment. NLB also advised that a site selection committee be formed. This
c
ommittee should be composed of senior geologists and geophysicists,

who would collectively make decisions about all aspects of the drilling
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program, including the number of research wells and the location of all
drill sites. Abbott was recommended to chair the site selection com-
mittee. After reaching a consensus on these recommendations, the
board members concluded the first NLB meeting.

Shupe informed the Hawaii Advisory Committee about the National
Liaison Board's recommendations and the HAC likewise encouraged the
organization of a drilling program. The HAC also told Shupe that they
would aid HGP in securing state government funds to support the
drilling. With the pledge of HAC's support, it was decided to request
funds from the Hawaii State Legislature, which was just beginning its
1974 session. In this process, a lawyer first drafted an appropriations
bill requesting $500,000 from the state of Hawaii government. The bill
was then introduced to the legislature and each program coordinator
testified before the legislature's appropriations committees about his
program's progress and about its relationship to the development of
geothermal energy in Hawaii. The keystone of the testimonies was a
discussion of geothermal drilling by Abbott. Since a drilling program
had not yet been formulated, he could provide only a general overview.
Nonetheless, the overview was sufficiently detailed to capture the
legislators' interest. At the conclusion of the formal testimony, Shupe
was assured that HGP would receive support. But he would have to wait
until the legislature formally approved the funds and until the governor
released them.

In late February 1974, the project director determined that it was
timely for the HGP to formally establish a drilling program. Thus, the
HGP executive committee was convened to discuss the issue and reach
a decision. At the meeting, Augustine Furumoto, the geophysics co-
ordinator, stated that establishing a drilling program was premature;
l-lGP funds could be most usefully spent for further geophysical surveys
and data interpretation. In response, Shupe argued that both the NLB
and the HAC, the two advisory groups, had strongly recommended the
formulation of a drilling program. Moreover, it was an appropriate time
to establish and proceed with such a program because the project had to
progress toward its long range goal of generating geothermal power.

Paul Yuen, coordinator of the engineering program, Robert Kamins,
coordinator of the environmental/socioeconomic program, and other
members of the executive committee also pointed out that the geo-
physical surveys had generated a large quantity of data. The data had
been interpreted and varying predictions of the subsurface conditions
had been made. But the only way to check the interpretations and to
verify the accuracy of the predictions was to actually drill. Finally, the
drilling proponents argued, the area in which the drilling would occur
was one of the most thoroughly studied geological regions in the world.
The HGP, the University of Hawaii, the United States Geological
Survey, the state and county governments, and other universities had
conducted geological and other survey expeditions in the area. Surveys
such as geodetic, gravity, deformation, seismic refraction, magnetic,
and thermal had already been conducted. An experimental drilling
program was thus long overdue.
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After discussing the issue for a while longer, the executive com-
mittee voted to establish a drilling program. Abbott was appointed the
program coordinator, and Shupe provided him with a small budget to
initiate planning activities. Abbott's first act as coordinator was to
form a site selection committee, which would assist in planning and in
making decisions for the program. By March 1974, then, HGP consisted
of four research programs with several advisory and policy boards.
(HGP's organizational structure as of April 1974 is illustrated in fig.
3.7.)

Following these actions, the project director turned his attention to
fiscal management. He realized that HGP would require more time and
more money to complete the research programs presently under way.
Additionally, a large grant was required to support the research drilling
program. It was therefore decided that each program coordinator would
assist in the preparation of: 1) an eight-month budget extension to fund
their current activities, and 2) a new proposal to fund an experimental
drilling program, including related activities.

Design: Completing the Proposals and the Drilling Program

From March through dune 1974, each research team continued to make
progress on its scheduled research tasks. The engineering program's
researchers continued working on the numerical modeling and the well
testing program. Additionally, they continued designing the optimal
geothermal plant. In the environmental/socioeconomic program, re-
search continued on the legal-regulatory issues and the economic
analysis.

Finally, in the pivotal geophysics program, work was being done on a
wide variety of exploratory surveys. The geophysics researchers com-
pleted building a wire loop magnetic induction system, and implanted 12
pairs of electrodes deep into the earth by air-dropping them in inert
missiles. This system was designed to follow up on the initial electrical
surveys and would help to determine whether or not geothermal
resources existed at depths of 1.24 miles (2 kilometers). Other surveys
that continued under the auspices of the geophysics program included a
microseismic survey, a magnetic survey, and geochemical surveys of
ground water. Also, during this time period Donald Zablocki of the
United States Geological Survey, with the assistance of HGP team
members, began an electrical self-potential survey of the Puna area.
Self-potential surveys had, in the past, proved extremely useful in
helping locate potential geothermal sites.

Important as the geophysical research was, however, the top priority
of HGP increasingly shifted to completing the budget extension and the
experimental drilling proposal. Preparing the budget extension was
r
elatively simple but time consuming. Each program coordinator wrote

a progress report elaborating on his program's research results, on the
problems encountered, and on the funding necessary to complete the
r
esearch. The project director reported on the overall status of the
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project and justified the requests for a time extension and for ad-
ditional funds. When completed, the 108-page budget extension re-
quested an additional $340,000 extended over an eight-month period
ending in December 1974. It was submitted to NSF in April 1974.

The executive committee then met to discuss the preparation of the
experimental drilling proposal. The geophysics coordinator emphasized
that the tone of the proposal should stress the project's continuing
experimental focus. The intent of the drilling program would thus be to
check the geophysical predictions and interpretations — not to discover
a usable geothermal resource. In response, the project director and the
other program coordinators acknowledged the experimental nature of
the drilling, but added that the ultimate goal of the project was to
develop the capability for generating geothermal power. This meant
that it was crucial to discover a usable geothermal source. They thus
emphasized that the proposal should retain a judicious balance between
pure research and the development of practical applied techniques.

After discussing this issue, they decided that a sharp restatement of
the overall goals of HGP was necessary to keep the drilling proposal in
perspective. These goals included:

I. Improvement of geophysical survey techniques for locating
underground heat resources.

2. Identification of potential geothermal resources, initially on
the Big Island... .

3. Experimentation with deep-drilling techniques for subsurface
heat.

4. Development of efficient, environmentally clean systems for
conversion of underground heat resources to useful energy.

5. Completion of socio-economic and legal studies for conver-
sion of underground heat resources to useful energy.

6. Establishment of environmental baselines with which to
monitor subsequent geothermal development.

7. Development of a geothermal production field and prototype
power plant on the Big Island. . . .(7)

With these goals in mind, all agreed that the proposal would request
funds for each program to continue its research tasks. However, the
priority research tasks would be those that directly supported or related
to the drilling program. Finally, they agreed that the proposal would
give highest priority to the drilling program itself.

The task of writing up the proposal was divided among the program
coordinators; each coordinator would be responsible for the write-up of
his program's plans. The project director would coordinate work on the
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proposal, assemble it, make it cohesive, and compile all of its financial
and administrative sections. The program coordinators completed the
plans for their programs in May, and, by late June 1.974, it was
completed. It was divided into four sections; a brief description of each
section follows:

Geophysics program. During the time period of the proposal, work
would continue on all geophysical surveys that were not yet completed;
these would probably be the microseismic studies, the magnetic studies,
and the geochemical surveys. Additionally, follow-up studies would
begin; these would include a geochemical survey, thermal surveys of
well water, and mathematical modeling. Also, in early 1975, the
geophysics team would make a preliminary analysis and interpretation
of the data to help the drilling program determine the most useful sites
for drilling. Finally, two new tasks would be undertaken: 1) a hydrology
study of the Puna area, and 2) a study of the physical property of rocks
in the same area. The hydrology study would analyze geochemical data
to determine the source of geothermal water, the way it circulated
beneath the earth, and the process in which it recharged the geothermal
reservoir. The physical property of rocks would measure the thermal
conductivity of the drilling area.

Engineering program. During the grant period, research would continue
on the optimal geothermal plant design and the numerical modeling.
However, the priority task would be carrying out the well testing
program, which the engineering team had designed. The testing program
was composed of three sections: 1) bore hole tests, 2) well completion
methods, and 3) well tests.

1. Bore hole tests would be conducted during the drilling. Researchers
would continuously monitor the temperature and composition of
geothermal fluid; and at regular intervals, as well as periods of
sharp temperature increases, they would take formation logs. For-
mation logs would include information such as temperature, pres-
sure, and composition of the fluid in the drill hole, as well as the
type, density, and porosity of the rock surrounding the drill hole.
The engineering researchers would obtain this information by draw-
ing core samples of the earth and by lowering a probe into the drill
hole. The bore hole tests would not only provide valuable data, but
also would help determine how deep to drill and when to stop.

2. Well completion involved deciding how to complete the drill hole
and what kind of equipment to use to build the well head. If the well
tapped a favorable geothermal reservoir, the drill hole would be
prepared for further testing by installing a slotted liner, or a gravel
pack. After the hole was completed, the well head would be
assembled. The specific equipment to complete the well head would
be chosen after further study. But the well head design required: a)
a valve assembly to control the flow of steam from the well, b) a
silencer to reduce the roar of the steam as it flashed from the well,



HAWAII GEOTHERMAL PROJECT 117

and c) a centrifugal cyclone separator to separate the well's steam
and hot water. The final task of well completion would be starting
the well. If the well did not flow naturally, the engineering tearn
planned to force the geothermal fluid to the surface by injecting
compressed air into the hole; thereafter the natural pressure and
heat of the geothermal reservoir would :force the steam and water
up the drill hole to the well head.
Well testing would occur in two stages, a downhole fluid measure-
ment stage and a well-flow stage. In the downhole stage, the
engineering team would lower measuring probes into the well and
record the temperature, pressure, and flow rate of the geothermal
fluid. This information would help the engineers to estimate the life
span and generating capacity of the geothermal reservoir. After
allowing the subsurface conditions to stabilize for at least one
month, the engineers would initiate the flow testing. The steam
would then be allowed to flow out of the well for extended periods,
during which the engineers would measure the pressure, temper-
ature, and mass flow rate. This data would enable them to estimate
the well's generating capacity.

Environmental/socioeconomic program. During the grant period, the
researchers on this program would complete the legal-regulatory
studies and the economic studies. They would also begin two new tasks,
environmental monitoring and land use studies. The environmental
monitoring would include a baseline data collection of the chemical,
biological, and physical characteristics of the area. This baseline would
establish the standard against which to measure the impact of drilling.
If the investigations indicated that the environment would be adversely
affected, drilling plans would be altered. Finally, the fumes produced by
the discharge of geothermal steam would contain gases such as am-
monia and hydrogen sulfide. To measure the quantities of gas being
released into the atmosphere, a special team of scientists would
conduct air quality studies. The land use studies would provide two
crucial bits of information. First, they would provide information on the
zoning codes and the land use laws that might restrict the well location
and drilling operation. Second, the studies would identify the owners of
potential drill sites. Once this information was compiled the team
members would negotiate with the owners for the rights to enter their
land and to drill for geothermal resources.

The drilling program. This was the focal point of the proposal. Not only
would drilling demonstrate the success of HGP's initial research efforts,
but also it would provide dramatic evidence of HGP's progress toward
generating geothermal power. Based on the work of each research
program, as well as previous geological and ground water surveys, the
Proposal envisioned drilling experimental holes in three general loca-
tions. The most favorable location and the one where drilling would
first take place was along the east rift of Kilauea near Puna. In this
area, three types of holes would be drilled. These were:
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1. Shallow holes (average depth 500 feet or 152 meters) for water
samples and temperature measurements;

2. Intermediate-depth holes (2,000 feet or 610 meters) for temperature
measurements, rock alternation, water chemistry; and

3. Deep hole (6,000 feet or 1,829 meters or more) to try to reach a
potential geothermal source.

To manage all drilling operations, the site selection committee would
contract an experienced geothermal engineering firm. This firm would
be responsible for overall drilling management, including: drawing up a
drilling contract, subcontracting the drilling, managing the drilling
operations, drawing up safety regulations, cleaning up the site, control-
ling the finances, and handling all other operational aspects. The site
selection committee would decide upon the location, number, diameter,
and depth of all drill holes. Additionally, the committee — in conjunc-
tion with the engineering, geophysics, and environmental/socioeconomic
programs — would determine the types of scientific measurements,
when to take them, and how to assess the results. The site selection
committee would also hire the geothermal engineering firm.

In the description of the drilling plans, no specific drill sites were
identified. Instead, the plans provided detailed maps of the general
areas being considered for drilling and provided the geophysical data
which indicated that geothermal resources existed in these areas. The
site selection committee would choose specific sites after the results of
other geophysical surveys were received from the field and after the
socioeconomic program indicated which areas.

The proposal was submitted to the National Science Foundation in
July 1974 by the project director, John Shupe. The proposal established
a one-year activity period, January-December 1975, and requested
$2,000,000, of which $1,200,000 would be allocated to the drilling
program.

PHASE 2: SELECTION, APPROVAL, AND ACTIVATION

Selection and Approval

Initial success and some revisions

In May 1974, formal notice was received that the Hawaii State
Legislature had approved the Hawaii Geothermal Project's request for
drilling funds; HGP would be allocated $500,000, provided that the
project also received federal matching funds. Later in the month, the
National Science Foundation (NSF) approved the budget extension. NSF
would grant the project $217,000 to enable the research teams to
continue working on their tasks through December 1974. The NSF
program manager further informed HGP that it would receive an
additional $118,000 in 1975 to complete the research.
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In July 1974, as previously discussed, Shupe submitted the multi-
million-dollar experimental drilling proposal to NSF. Since the amount
requested was so large, it would take six months to review. While the
proposal was being reviewed, each research team continued with its
research tasks. Then in September 1974, Shupe conferred with the NSF
program managers about the proposal. At this conference they informed
him that NSF would not fund such an expensive drilling program, but
that HGP could expect to receive approximately $500,000, which was
enough to drill a single deep well. Moreover, HGP should specify a drill
site.

Shupe informed the HGP executive committee of the funding
constraints and then told the program coordinators that they had to
revise their programs. The revisions were to include: the geophysical
evidence and analysis that had been completed since the submission of
the initial proposal, reductions in the level of spending and activity of
each program, new drilling plans based upon the new budget constraints,
and specific locations of each drill site. Each research team proceeded
with the revisions; the bulk of the work, however, was to be done by the
geophysics team and the drilling program team in conjunction with the
site selection committee.

The site selection committee met in October 1974 to draw up new
drilling plans. After discussing all options and reviewing all the avail-
able data, they made three decisions. First, they decided that, rather
than spend the funds on several shallow holes to gather more informa-
tion, they would drill one deep hole to possibly tap a geothermal source.
Second, because funds were so limited, the committee decided that no
engineering firm would be hired to supervise drilling operations. In-
stead, a drilling consultant would be contracted, and the drilling
program team would manage the drilling. Third, the committee decided
upon the single drill site.

The drill site decision was critical and there was considerable
pressure on the committee. Although the drill was explicitly intended to
increase scientific knowledge, it was implicitly intended to tap an as
yet hypothetical geothermal source. Thus, since only one hole would be
drilled, the committee had to select a site that overlay a geothermal
reservoir. Adding to the pressure on the committee was scientific
uncertainty. The evidence from the geophysical surveys suggested
underground hot water, but was not definitive. Several exploratory
holes are normally drilled because, as one expert had commented to the
committee, "the odds of finding a usable steam reservoir in drilling are
one in five, and geothermal search requires a good deal of luck."(8)
Nonetheless, the committee had to select the site.

It considered two general locations, Area A, which was the Pahoa
anomaly identified by the electrical resistivity survey and Area B,
which was the Opikahi anomaly also identified by that survey. Both
areas were situated along the east rift of Kilauea near Puna. Area A
was about 1,500 feet (457 meters) north of the Puulena Crater; and
Area B was located approximately 3 miles (4.8 kilometers) west (see
f ig. 3.8). After deliberating, the committee chose Area A and desig-
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nated a drill site at the apex of the anomaly. An alternative site was
also selected approximately 1,500 feet (457 meters) north of the apex.

In choosing Area A, the committee relied primarily on geologic
conditions and the self-potential survey. The geological conditions of
the region included a history of volcanic activity, an interesting offset
in the formation of the rift that indicated the pathway for magma at
depth, and ground water with chemical content that indicated a hot
water source. The self-potential survey also pinpointed a definitive
bull's-eye on the site (see fig. 3.9); this indicated hot water trapped
beneath the surface. Geochemical and geoelectrical surveys also tended
to confirm the self-potential survey. The committee members thus
assessed the potential of finding a geothermal source at either site
within Area A as very promising. Area B was also considered to be a
site with high potential, but did not have geologic characteristics quite
so promising. In sum, the site selection committee was positive and
optimistic about the chances of uncovering a geothermal reservoir.

In November 1974, the geophysics program team members met to
revise their section of the proposal. They first reviewed all geophysical
evidence that had been collected to dath and then evaluated the
selected drill site. In reviewing the data, they examined the geo-
electrical surveys, the magnetic surveys, the seismic surveys, the
geochemical analyses, and the self-potential survey. After considerable
debate, they concluded that the ' geophysical evidence required more
study and therefore they could not support the site selection com-
mittee's optimism. Moreover, their interpretation of the data suggested
that a drilling program to search for geothermal resources was unwar-
ranted. The surveys, although indicating a high geothermal potential,
could also be indicative of phenomena other than hot water or steam at
depth. Thus, until the geophysics program completed a careful and
comprehensive analysis of all data, they considered a drilling program
to be premature.

The program team members also decided that if a drilling program
were to be funded, despite their recommendations, they still could not
support the location chosen by the site selection committee. in elab-
orating on this position, the geophysics program coordinator wrote in a
summary report:

The Site Selection Committee for the drilling program, which is
quite independent in organization from the geophysics program,
met in November to select a drilling site for the renewal
proposal. As far as the geophysics program is concerned, no
special site can be recommended for geothermal exploration, but
a hole could be recommended to check geophysical data. The
corn mittee chose a site based on self-potential data and geolog-
ical formation. The geophysical program agreed to go along as a
hole at that site will also have value in checking out gravity and
magnetic data.(9)
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Despite the optimism of the site selection committee and the
skepticism of the geophysics program, the revised proposal was written.
As could be expected, it reflected the divergent outlooks. On the one
hand, the geophysics learn emphasized in the proposal that the geo-
physical data was ambiguous and that further surveys should be
undertaken. Moreover, they endorsed a drilling program, not because it
had potential for uncovering a geothermal reservoir, but because it
could test geophysical interpretations.(10) On the other hand, the site
selection committee was very positive about the site and about the
potential of finding a reservoir. They stated in the proposal that
"probing to depths where we now have no factual information would be
most beneficial and we could conceivably arrive in the upper portion of
a potential geothermal resource."(11)

The geophysics program coordinator was dismayed by the overall
proposal. He later commented that "the fine distinction, exploratory
hole to test data vs. exploratory hole for geothermal source, was lost in
the writing of the proposal."(12) Nonetheless the revised proposal was
submitted to NSF in December 1974.

Apprehension and then approval

While the Hawaii Geothermal Project waited for a decision on funding,
the site selection committee received outside opinions concerning the
site. Of particular interest was a letter written by George Keller to
John Shupe. In the letter Keller expressed the opinion that the
committee's reliance primarily on the self-potential survey made him
skeptical. In response to this opinion, the committee held a meeting in
January 1975 to reassess the site. At the meeting, the committee
reexamined their decision in light of all the information which they had
received; and they decided that the originally selected site was still the
area with greatest potential. The geological structure was favorable,
and the geoelectrical and geochemical surveys still indicated subsurface
hydrothermal activity.

Later in the month and during February 1975, John Shupe conferred
with NSF officials about the revised proposal. He also met with
officials from the Energy Research and Development Administration
(ERDA). ERDA was the federal government agency responsible for the
development of the nation's new energy sources; it would assume from
NSF the funding responsibility for an approved drilling program. During
the meetings with the officials from both agencies, Shupe received
assurance that the proposal was high priority and that it certainly would
be approved. NSF even sent a staff worker to Hawaii to advise Shupe
and the drilling program team members on preparing invitations to bid
for the proposed drilling. Despite the assurances, however, the two
agencies had not yet completed the proposal evaluations.

In early March, Shupe received the evaluation; it concluded that
there was insufficient geophysical data and analysis to justify a drilling
Program, especially since the implied intent of the drilling was to tap a
geothermal source. The geophysics coordinator commented that he had
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predicted such an evaluation because there had been insufficient time
to conduct a thorough interpretation of the data. The geophysics team
thus concentrated on completing a thorough analysis.

By the end of the month, a preliminary interpretation of the
geophysical surveys was completed. Using the data from the gravity,
magnetic, and microseismic surveys, the geophysics team projected the
shape, width, and depth of the dike complex in the proposed drilling
areas. The dike complex, or intrusive zone, was projected to begin
about 2,953 feet (900 meters) below sea level. It was approximately
1.9S miles (3.2 kilometers) wide, with a vertical extension of about 2.49
miles (4 kilometers) and had the shape of a long horizontal rectangular
prism with vertical walls. A complete interpretation of all the data was
not made, but early interpretations tended to confirm that there was a
possible geothermal resource at Area A.

More important, there was now adequate data and interpretation to
justify an exploratory drilling program. The available data and the
interpretations were sent to ERDA.

Then, in late April 1975, ERDA informed Shope that the proposal
had been approved. The Hawaii Geothermal Project (HGP) would
receive $1,064,000 for the period May 1975-April 1976. This amount,
when added to the $500,000 allocated to the project by the state of
Hawaii and to the $45,000 given to the project by the Hawaiian Electric
Company, amounted to a total of $1,609,000.

Activation

Preliminary activity and key decisions

The project director had actually begun preparing for the drilling
activities long before he knew whether HGP would receive drilling
funds. As early as October 1974, action was taken to acquire legal
permission for the potential drilling. Robert Kamins, the coordinator of
the environmental/socioeconomic program, had a University of Hawaii
attorney prepare a model right-of -entry permit. The permit was a
document granting the landowner's permission for HGP to use his land
for drilling. In November, after the site selection committee had chosen
the primary and an alternative drill site, Kamins identified the primary
site owners as the Tokyu Land Corporation. He sent the corporation's
managers a copy of the permit; but after reviewing it, the managers
refused to grant HGP drilling permission. Kamins then began negotia-
tions with the owners of the alternative site, the Kapoho Land Corpora-
tion. Since this corporation was not developing the site, it agreed to
sign the right-of-entry permit. Specifically, the permit granted HGP
the rights to enter, to prepare, and to drill the land for a fee of $1.
Since HGP was a research project the question of ownership was not
relevant. However, if a geothermal resource was discovered, ownership
would have to be determined before it could be commercially exploited.



HAWAII GEOTHERMAL PROJECT 125

Fully expecting drilling funds to be approved, the project director
and the program coordinators continued preparing for the drilling phase.
In late January 1975, Abbott, along with the drilling program team and
a consultant from the National Science Foundation, prepared invitations
to bid on the proposed drilling. The invitations were sent to a number of
firms in Hawaii and on the mainland United States. By March, however,
drilling funds still were not approved by the Energy Research and
Development Administration, so Shupe had to recall the invitations and
to wait for the funding decision.

An I-IGP executive committee meeting was held in late April. At
the meeting it was announced, as has been previously discussed, that
ERDA was satisfied with the information provided by the geophysics
team in March and that firm assurances had been given to Shupe that
the drilling would be funded. Official approval of the funds would be
forthcoming before the end of the month. The geophysics program
coordinator then commented on the selected drill site, Area A. He said
that he had completed a more thorough interpretation of the geo-
physical data, and now he had serious doubts about the geothermal
potential of Area A. He felt that Area B, a location which the
committee had also considered, had greater geothermal potential.
Because of these doubts, another site selection committee meeting was
scheduled for May 1975. It was also decided to invite George Keller to
the meeting, since he had also expressed doubts about the site.

By May 1975, ERDA had formally approved funds for the drilling;
thus the site selection committee meeting took on added significance
because it would be the final opportunity to reconsider the drill site.
To begin the meeting, the geophysics coordinator commented that Area
I3 was more favorable than Area A because the area of anomalous low
resistivity in Area B was considerably larger than in Area A. More
disturbing still was that Area A registered high magnetic readings.
Since the Hawaiian basalt loses its magnetism above the Curie point,
the high magnetism indicated that Area A might not supply enough heat
for a geothermal reservoir. Adding support for Area B, George Keller
noted that seismic data indicated that rocks in this area had a Poisson's
ratio of 0.4. This indicated fractured rock which could possibly allow
enough hydrothermal flow to create a reservoir.

In response to these comments, other committee members pointed
out that when electrical data from several sources was analyzed,
indications were that the anomalous resistivity lows were more defin-
itive in Area A than in Area B. Moreover, the self-potential survey
indicated an unambiguous bull's-eye at Area A; and self-potential
surveys were found by the U.S. Geological Survey to be the single most
useful method for identifying anomalous thermal areas in Kilauea.
Finally, there was a moderately high sound intensity of 9 decibels (db)
in the vicinity of Area A, which indicated geothermal activity at depth.
The high level of magnetism could not be explained, but the magnetic
i mplications conflicted with geochemical and temperature data. A
previous geothermal test well located downslope from Area A was
193°F (90 C), and the water in the well contained several times the
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normal level of silica and chloride, all of which strongly suggested high
temperatures at depth. Finally, the Curie point for theolitic basalt
could be as high as 572°F (300°C), which was adequate for a geothermal
reservoir.

A comparison of the data was then made between the two areas
(see table 3.1). It was concluded that the geophysical data, for the most
part, was comparable, although magnetic data favored Area B and
seismic data favored Area A.

Table 3.1. Comparison of Data Between Area A and Area B

Source of Data Area A Area B

Loop-loop inductive soundings 3-5 ohm/rn 5-8 ohm/m

Self-potential survey 450 mV 800 mV

Dipole resistivity mapping 8 ohrn/rn 5 ohm/rn

Downslope well temperature 193°F (90°C) 73°F (23°C)

Downslope well chloride content 3,410 mg/liter

Downslope well silica content 174 ppm 1 ppm

Ground noise 4-9 db background only

Magnetism high low

The deciding factors would thus have to be geologic, and geology
strongly favored Area A. First, Area A lay over the dike complex, while
Area B was somewhat astride of it. The dike complex was formed by
the consolidation of magma in numerous fissures; thus it formed a
potential reservoir of heat. Second, Area A was located directly above
an offset in the 1955 volcanic eruptions. These eruptions proceeded to
the northeast, stopped, and then resumed in a significantly offset
southwest direction. It was believed that a concentration of magma
could be located in the vicinity of this offset. Third, Area A was
coincident with the epicentral distribution of three separate episodes of
shallow earthquake swarms in 1970. These episodes might have been
caused by magmatic pressure. Fourth, Area A was located in the
vicinities of both seismic activities that preceded the 1960 eruptions
and the outbreak of the 1955 eruptions. It was thus believed that Area
A was in a zone that had a recent heat source. Finally, there were a
number of shallow wells downslope from Area A that were significantly
hotter than normal. This supported the hypothesis that ground water
flowed downslope through a hot source near Area A.

After all the evidence was again reviewed, unanimity could not be
reached and so a vote was taken. All members of the site selection
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committee, except for the geophysics coordinator, favored Area A.
The geological evidence had been the determining factor.

Later in May, Abbott inserted a stake into the ground at the
selected drill site within Area A. The overall HGP budget for the
drilling phase of the project was then finalized. The allocations were as
shown in table 3.2.

Table 3.2. Budget Allocations for HGP Drilling Phase,
1975-1976

Project Director $ 30,877

Geophysics 237,977

Engineering 155,972

Environmental/Socioeconomic 59,412

Drilling, including:
Subcontract 979,000

Consulting 40,000

Site Preparation 35,000

Contingency, Testing 50,000

Total $1,609,151

The consulting firm and the drilling and testing programs

Following the site selection committee meeting, John Shupe met with
Abbott and the other drilling program team members and they decided
to hire a drilling consultant since they had only limited experience in
deep-hole geothermal drilling. The New Zealand firm of Kingston,
Reynolds, Thorns, and Alardice (KRTA) had earlier been suggested by an
NSF official, and thus Shupe began inquiring about the firm. At the
May 1975 United Nations geothermal conference, Shupe learned that
KRTA had extensive experience with geothermal drilling in New
Zealand, the Philippines, and Central America. The firm was also one of
the most respected geothermal consulting firms in the world. It was
thus decided to contract KRTA's services and an agreement was worked
out with R. Kingston, the firm's managing director.

In June 1975, the coordinator of the drilling program, Agatin
Abbott, temporarily withdrew from the project because of ill health,
and his colleague, Dr. Gordon Macdonald, a University of Hawaii
professor of geology and geophysics, assumed the coordinator's role.
Later in June, the invitations to bid for the drilling subcontract were
sent to 28 firms. Most of the firms, however, were located on the
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United States mainland and it would be too costly to ship a rig to
Hawaii. Thus, by July 1, the closing date for bids, only one bid had been
submitted. This bid was from Water Resources International (WRI), the
Hawaii-based company that had previously drilled Hawaii's only deep
geothermal well. It was thus decider) to negotiate a contract with WRI.

In July 1975, R. Kingston arrived in Hawaii for consultations with
the HGP project team. He discussed the overall program with Shupe and
held separate conferences with each of the program coordinators
concerning the drilling and testing activities. He also spent a great deal
of time discussing the drilling with WRI. He then returned to New
Zealand and began preparing the drilling and testing plans.

During July and August, Kingston completed both the testing and
drilling plans which were based on the special conditions encountered in
Hawaii, the needs of HGP, and the experience of geothermal projects in
the rest of the world. The plans were crucial for HGP's success. Not
only would they be used as the basis for drawing up contractual
obligations between HGP and WRI, but also they would be used to guide
day-to-day operations. Consequently, the plans were comprehensive and
detailed. The drilling plan was divided into three phases: 1) predrilling
site activities, 2) the drilling program, and 3) the site restoration. A
brief description of each phase follows.

The predrilling site activities were intended to ensure that the site
was adequately prepared and that the contractor had adequately
mobilized for a deep hole drill. Specific responsibility for completing
each activity was divided between HGP and WRI. Some of the more
i mportant responsibilities of HGP included:

• Establishing rights of way and building adequate roads to the site.
Clearing and grading the drilling area.

• Constructing an 8-foot (2.4-meter) deep drilling cellar of size
appropriate to support the drilling rig substructure.

• Implanting in the earth a 30-inch (50.8-centimeter) conductor pipe.

I mportant responsibilities of WRI included:

• Spreading over the drilling area crushed rock sufficiently fine so as
to seal the surface from excessive rainwater percolation.

• Constructing on the site a 180,000-gallon (684,000-liter) water
reservoir.

• Providing work offices with supply sheds, fences, fuel, and power.
• Obtaining necessary drilling supplies and equipment, such as liner

and casing, cement, valves, hole openers, and various drilling bits.

The drilling phase was planned to be fairly conventional. In order to
bore the well, the drilling contractor would use a rotary drilling rig,
hole openers, various bits, and additional drill collars. As the drilling
proceeded, fluid mud would be injected into the hole to cool and
lubricate the bit and to remove the cuttings. It was anticipated that
this process could penetrate the most difficult rock formations to a
depth of 6,000 feet (1,829 meters).
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To encase the well, a series of steel tubes, called casings, would be
inserted into the hole. From the surface to a depth of 8 feet (2.4
meters), a 30-inch (762-centimeter) diameter conductor pipe would be
placed into and cemented to the sides of the bore. A 20-inch (50.8-
centimeter) diameter surface casing would then be inserted into and
cemented to the sides of the conductor casing. The surface casing
would extend from a depth of 3 feet (0.9 meters) to 400 feet (122
meters), with the length of casing below 8 feet (2.4 meters) cemented
to the sides of the hole. Another steel tube would then be inserted into
and cemented to the surface casing. Into this steel tube another steel
tube would be inserted; and finally, if the drilling struck a geothermal
reservoir, a slotted liner extending to a depth of 6,000 feet (1,829
meters) would complete the well. Table 3.3 and figure 3.10 elaborate on
the planned well construction.

Table 3.3. HGP Casing Program for Geothermal Well

Casing Dia meter Depth

Conductor pipe 30 inches 0 to 8 feet (0 to 2.4 meters)
(76 centimeters)

Surface casing 20 inches 3 to 400 feet (0.9 to 120
(51 centimeters) meters)

Anchor casing 13 3/8 inches 3 to 1,000 feet (0.9 to 304
(34 centimeters) meters)

Production casing 9 5/8 inches 3 to 2,500 feet (0.9 to 762
(23 centimeters) meters)

Liner 7 5/8 inches 2,500 to 6,000 feet (762 to
(18 centimeters) 1,829 meters)

The final phase of the drilling program was site restoration. As
planned for, the contractor would have full responsibility for removing
all equipment, for disposing of all surplus supplies, and for restoring the
site.

The testing program

The testing program, which Kingston completed in August 1975, was
based on KRTA's experience in different settings around the world. It
was intended to be cost-effective, while producing all the necessary
data. As stated in the testing program:

The testing program which is recommended in this report is
based on the experience which has been accumulated in the
development of the geothermal fields in New Zealand. A similar
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Fig. 3.10. The well casing program.
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program is now also being applied in many other countries
including the Philippines, Indonesia, Chile, Kenya, Turkey and
Nicaragua. The aim of the program is to produce the most useful
and factual information which can be obtained from the well, in
the most economical manner, and in the minimum time.(13)

The testing program was divided into three stages: 1) drilling tests,
2) drilling completion tests, and 3) output tests.

1. The drilling tests would be conducted during the actual drilling
and would help determine how deep to drill and whether there was
sufficient geothermal potential to complete the well. Two general types
of data would be collected, lithologic data and drilling logs. To derive
the area's lithology, geologists would take core samples from the well
at approximately 700-feet (213-meters) intervals and cuttings at 5- to
10-feet (1.5-3 meter) intervals. These samples would then be used to
complete petrographic and geochemical analyses, which would indicate
the structure, composition, and sequence of the formation. The drilling
logs, which included neutron, gamma, resistivity, and temperature
surveys, would help determine the well's permeability, porosity, and
temperatures at various depths. Also a cement bond log would he taken
to determine if the cement used for the casing was completely intact.
Any flaws or gaps in the cement would have to be corrected with
special equipment.

2. Drilling completion tests would be conducted after the well was
drilled; they would consist of water loss tests, baseline temperature and
pressure measurements, and well starting. The water loss tests were
intended to determine the well's permeable /.ones. To locate these
zones, researchers would pump water clown the well and take a
temperature profile. A gradual change in temperature indicates uniform
permeability, while a sudden change indicates a major zone of perme-
ability at or just above the depth of the temperature change.

After locating the possible zones of permeability, the HGP test
researchers would try to determine the levels of permeability by
pumping water into the well at rates of 100, 200, and 300 gallons (380,
760, and 1,140 liters) per minute. If the rise in water pressure was high
it would mean that water in the permeable zones was unable to flow
freely out of the well. This would imply low permeability with surround-
ing rock formation devoid of fissures, fractures, or cracks that would
allow a constant flow of geothermal fluid. lack of permeability meant
that the well was nonproductive.

Temperature and pressure of the well would be recorded at regular
intervals. When these were stable, they would be the baseline against
which all subsequent temperatures and pressures would be compared.

The final aspect of completion testing was to actually start the
well. In this process, researchers would remove the top layers of water
with compressed air. This would reduce the weight of the column of
liquid in the well and enable the pressure from the steam and heat to
f
orce the bottom layers of geothermal fluid to flow out of the well

n
aturally and continuously. Once the flow was established, the master

valve would be closed and the flow would be shut off.
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3. After pressure and temperature had stabilized following the
initial well starting, output tests could begin. During output tests, the
well would be allowed to flow continuously for periods varying between
7 and 90 days. During each of these periods, the temperature, pressure,
mass-flow rate, and heat-flow rate of the geothermal discharge would
be measured. These measurements over time would help indicate the
well's electrical power potential and life expectancy. The researchers
would also collect water and gas samples in order to monitor the
chemical discharge of the well.

Mobilizing the project

When Kingston submitted drilling and testing programs to HGP in late
August 1975, the drilling subcontract was still being negotiated. The
major problem was that Water Resources International was the only
bidder, and thus there could be no competitive evaluation. Additionally,
the project was jointly funded by the federal government and the state
of Hawaii. The acting agencies, ERDA and the University of Hawaii,
could not completely agree on what constituted acceptable criteria for
evaluating a single source bid. Thus negotiations dragged on.

While the negotiations continued, John Shupe, HGP project director,
decided to mobilize the project. He released available funds from the
project budget to grade and compact the drill site, to construct the drill
rig foundation, and to begin other site preparations. Water Resources
International similarly began mobilizing. They purchased a new drill rig
and began moving it to the project site. By committing large sums prior
to the conclusion of negotiations, Shupe and WRI assumed substantial
risk, If negotiations failed, WRI could go bankrupt and HGP could face
litigation. Both, however, were confident that points of contention
would be resolved satisfactorily. Furthermore, the project was behind
schedule, and if they did not begin mobilizing in September, the drilling
could not begin until February 1976. It was thus decided to take the
calculated risk.

Through September, contract negotiations dragged on. WRI con-
tinued to provide the information requested by ERDA and the Univer-
sity of Hawaii; Shupe attempted to mediate and clarify the situation.
But federal regulations concerning audit and review processes pre-
vented a swift award of the contract to WRI. Later in the month, R.
Kingston, the manager of KRTA, made another trip to Hawaii to help
resolve the difficulties. Kingston discussed the subject with the auditors
and discovered that they needed more data concerning WR1's cost
accounting and the time estimates to complete the drilling. The drilling
ti me was particularly crucial because WRI charged — as was standard
practice — by the drilling time expended rather than the depth of
penetration. The estimated drilling time was based on WRI's previous
experience in drilling Hawaii's only deep geothermal well. For that well,
drilling had averaged 100 feet (30 meters) per day. Despite the fact
that the HGP well required a hole of considerably greater diameter,
WRI assumed it could maintain that rate because it had purchased an
i mproved drill rig that would increase efficiency.
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The federal auditors, however, still could not approve the contract
because they had difficulty in auditing WRI's records upon which all
costs were based. Finally, after correspondence between Shupe and
ERDA, the ERDA manager of geothermal development made a special
trip to Hawaii to approve the contract. The contract was formally
awarded to WRI in November 1975. A summary of the contract's
financial accounting appears in table 3.4.

Table 3.4. Subcontract for Drilling Operations

Contract Estimate

Mobilization $120,192

Water reservoir 48,077

Casing (to 3,500 feet or 1,067 meters) 100,000

Consumable materials (to 6,000 feet or 1,829 meters) -
bits, mud, cement, etc. 202,431

Well testing equipment and services 50,000

Well drilling, 0 to 3,500 feet (1,067 meters) 199,185

Well drilling, 3,500 to 6,000 feet (1,067 to
1,829 meters) 149,500

Demobilization 9,615

Contingency 100,000

Total $979,000

Project organization in December 1975

In December 1975, just prior to beginning the drilling operation, HGP
was organized much as it had been February 1974. John Shupe was the
overall project director and director of the management program. Each
of HGP's other programs continued to be guided by the original
coordinators: Augustine Furumoto directed the geophysics program;
Paul Yuen directed the engineering program; Robert Kamins directed
the environmental/socioeconomic program; and Gordon Macdonald
directed the drilling program. Each program coordinator retained fiscal
and operational autonomy for his program, and Shupe provided the
overall coordination, direction, and leadership. Additionally, each of the
Program coordinators along with the project director shared responsi-
bility as co-principal investigators of the grant.
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Administrative responsibility for each of the programs was held by
each of the coordinators. But since the drilling was subcontracted,
authority for the drilling program was :fragmented. Macdonald, as
coordinator of the drilling program, was responsible for all scientific
decisions, such as what tests to conduct and when to conduct them.
The drilling consulting firm, KRTA, was responsible for recommending
specific technical decisions during the drilling and KRTA provided one
employee, Warwick Tracey, as the on-the-job drilling supervisor. The
drilling contractor, Water Resources International, was responsible for
the daily operational activities of drilling, such as supervising the
drilling crew, overseeing the equipment changes, and implementing the
operational decisions. E. Craddick, president of WRI, would be at the
drill site to oversee these duties.

Some of their responsibilities overlapped. For example, any scientif-
ic decision, such as when to take a core sample, impinged upon the
drilling supervisor's ability to make technical drilling decisions. Some-
times it might be impractical to stop drilling in order to take a core
sample. Thus a technical decision would have to be made that might
conflict with a scientific decision. Furthermore, KRTA's drilling super-
visor could make recommendations to the contractor about the drilling
process, but the contractor was directly responsible for the drilling
crews and the operations. KRTA recognized these potential overlapping
jurisdictions and, to some extent, tried to clarify them. In the testing
program KRTA had stated:

The University of Hawaii will appoint to the project a Drilling
Manager and a Geologist who will supervise the drilling of the
well through the Contractor. They will otter guidance and
assistance to the Contractor, but in no way will this relieve the
Contractor of the responsibility for the drilling operations. The
Contractor is required to provide at all times supervision by a
competent toolpusher, and skilled crews experienced in the
operations of a drilling rig of this scale.(l4)

Even with this clarification, the overlapping authority was bound to
create some confusion. Thus, during the actual drilling, the HGP project
director referred and resolved any differences among the drilling
program team representative, the drilling supervisor, and the contrac-
tor. Figure 3.11 illustrates HGP's organizational structure as well as its
major funding sources in 1975.

Another administrative difficulty of the drilling was that some of
the key people would not be at the drill site. The project director had a
dual appointment as the University of Hawaii's dean of the School of
Engineering; he would have to remain on the island of Oahu. Similarly,
the coordinator of the drilling program would not be at the site after
January 1976. He would have to return to his teaching duties at the
University of Hawaii campus on Oahu. However, plans were worked out
to alleviate this situation. Either the project director or the drilling
program coordinator would visit the site once a week and they would
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communicate with onsite personnel daily. Finally, other project staff
would be at the site. D. Palmiter, a graduate assistant with Macdonald,
would represent the drilling program and HGP project members from
the University of Hawaii campus on the island of Hawaii would help
with the drilling. One person in particular, Bill Chen, a professor of
engineering at the University of Hawaii Hilo campus, was a key member
of HGP's engineering program; he would help with the engineering
aspects of the drilling.

PHASE 3: OPERATION, CONTROL, AND HANDOVER

The Drilling Operation

The well site was dedicated on November 22, 1975, and final prepara-
tions were made for the drilling operation. WRI assembled the rig,
completed installing the plumbing, wired the electrical fixtures, lined
the water reservoir, filled it with 180,000 gallons of water, finished
constructing the mud pit, and transported to the site equipment such as
drill bits, pipes, and casing materials.

Initial drilling

Drilling commenced on December 10, 1975, but progress was slow
because the .1955 lava flows had formed a hard basalt layer over the
drill site. Drilling the first 400 feet (122 meters) was particularly time
consuming. Only limited weight could be placed on the hit as it would
not remain vertical. Further delays were caused by the high standards
of the casing program, which stipulated that a 20-inch (51-centimeter)
diameter surface casing be installed from the surface to a depth of 400
feet (122 meters). This meant that WRI had to initially drill into the
lava with a 9-inch (23-centimeter) bit and then use hole openers to
progressively enlarge the bore to 15, 20, and 26 inches (38, 51, and 66
centimeters). In early January, the project director realized that this
laborious process put the drilling far behind schedule. He therefore
conferred with the drilling supervisor from KRTA and then called
Kingston, inquiring about the advisability of abandoning the 20-inch (51-
centimeter) surface casing and proceeding directly to install and
cement in the 13-inch (33-centimeter) anchor casing. Kingston con-
sulted with his staff and with geothermal experts from the New Zealand
government's Ministry of Works. The consensus was that if a productive
geothermal resource were discovered, the 20-inch (51-centimeter) sur-
face casing would be necessary in order to prevent blowouts. Kingston
thus strongly recommended that HGP adhere to the original casing
program.

The project director thereupon decided to continue with the original
plan. The hole was drilled to a depth of 400 feet (122 meters), and then
progressively enlarged with 15-, 20-, and 26-inch (38-, 5I-, and 66-
centimeter) hole openers. Finally, the surface casing was inserted into
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the hole and cemented in. This time-consuming process took until early
February; it had taken nearly two months to complete the first 400 feet
(122 meters) of the well.

Although it proceeded much more quickly in March, the drilling was
still considerably behind schedule, as numerous operational difficulties
were encountered. At one point, six bolts on the rig jack were sheared
off and the rig had to be closed down; at another time, the chain drive
linking two drawwork engines broke and had to be repaired; at still
another time, the pump and generator engines had to be overhauled
because of continuous usage; and, as a routine matter, the drill bits
deteriorated rapidly in the dense lava. Additionally, numerous core
samples and cuttings had to be taken. Although the coring was
necessary and planned for, it was still time consuming and added to the
pressures of the drilling schedule.

From an administrative perspective, the drilling problems were
handled within the overall framework of HGP's drilling supervision,
which, as previously noted, was fragmented. For purely scientific
decisions, such as when to core, Macdonald, the director of HGP's
drilling program, made all decisions. After Macdonald returned to his
teaching duties in January 1976, the scientific decisions were made by
his on-the-job assistant, l). Palmiter, who called Macdonald daily
concerning the scientific investigations.

For simple operational problems, E. Craddick, WRI president and the
onsite drilling contractor, made the decisions. In complex and difficult
drilling situations, Craddick consulted with Warwick Tracey, who was
both the on-the-job KRTA consultant and the drilling supervisor.
However, since the duties, responsibilities, and overall authority of
drilling supervisor and contractor were not absolutely defined, some
conflicts arose when there was a difference of opinion. In one situation,
for example, WRI's 20--inch (51-centimeter) hole opener had to be
inserted into the 20-inch (51-centimeter) surface casing in order to
continue enlarging the hole for the anchor casing. The hole opener
would not fit, so the drilling supervisor recommended that the con-
tractor undercut the periphery of the cutters and then rebuild them
back up again with hard facing electrodes. The contractor, however,
decided to simply Cut off the periphery and remove the hard facing of
the cutters.

Whenever there was a difference of opinion on a critical activity,
the drilling supervisor would have to call Shupe and Kingston. For
example, in February and March 1976, the drilling supervisor recom-
mended that the contractor clean up the site and make adequate
provisions for the disposal of reject mud and cuttings from the drilling.
No site cleanup, however, was undertaken. This forced the drilling
s
upervisor to write to Shupe and Kingston and comment: "Disposal of

reject mud and cuttings is still a major problem, and as a result, the
site is a mess. The contractor does not seem to appreciate the
Magnitude of the problem, and his disposal gear is primitive, if not
in

adequate."(ls) Shupe and Kingston then conferred with the contractor
and he agreed to improve the disposal of reject mud and cuttings. If the
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problem was serious enough, an onsite conference would be held. In
resolving the casing program, for example, Shupe contacted Kingston
and arranged for him to fly in from New Zealand to meet at the drill
site. Prior to the conference, Shupe conferred with the other HGP
program coordinators.

Two significant problems

During February and March 1976, two significant problems arose, which
went beyond the scope of the operational drilling management. First,
on March 18, HGP project staff projected that an additional $257,000
was required to complete drilling the well to the planned goal of 6,400
feet (1,951 meters). The deficit was caused because the process of
installing the surface casing had taken more drilling time than original-
ly estimated. Since payment to WRI was based on actual drilling time,
additional funds were required.

The project director first contacted ERDA, and after clarifying the
situation through a letter and several phone conversations, received an
additional $150,000. ERDA was extremely supportive because the well
was so near completion. WRI was also anxious to see the well be
successful, and agreed to donate $60,000 of its time to finish the well
to 6,400 feet (1,951 meters). Finally, the project director met with the
program coordinators. He had previously informed them of the drilling
deficit and had discussed the possibility of reallocating funds. Now, he
stressed that the probability of encountering a productive geothermal
resource would be increased if the well were drilled to its original
target depth. Moreover, ERDA, the funding agency, was extremely
interested in completing the drill to 6,400 feet (1,951 meters). The
program coordinator thus agreed to shifting $47,000 from the research
programs to the drilling.

The second significant problem centered on the internal differences
of opinion within HGP. As discussed earlier, there was a lack of
unanimity on many of the HGP policy decisions. There had never been,
for example, unanimous agreement on the decision to establish a
drilling program or where to locate the drill site. Now during the
drilling, there was still some difference of opinion about the potential
of the site. The geophysics program coordinator, after examining more
data, believed that the drilling should be terminated at about 4,000 feet
(1,200 meters). Among his reasons were: 1) if a geothermal reservoir
existed, it should be located between the water table and the dike
complex, and 2) gravity, magnetic, and deformation data now indicated
that the top of the dike complex was situated at depths between 1,640
feet (500 meters) and 4,000 feet (1,220 meters).(16)

The drilling program coordinator had a different opinion. He be-
lieved that drilling only to 4,000 feet (1,220 meters) was meaningless
for the following three reasons: 1) the purpose of drilling was to
discover whether rocks or structures favorable to a geothermal reser-
voir existed at depths of 6,000 feet (1,829 meters), 2) there were many
dikes in the rift zone; they could be located at any depth below the dike
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complex, and 3) there was a possibility of a geothermal reservoir in the
interdike compartments below 4,000 feet (1,220 meters).(17)

The issue was resolved in a series of meetings and discussions among
the project director and the program coordinators. It was decided that
since there was enough money for only one deep drill, it would be
counterproductive to stop just when the most difficult portions of the
well had been completed.

Completing the drilling

In early April 1976, after the production casing was installed to a depth
of 2,200 feet (671 meters), the drilling proceeded rapidly. By April 27,
the well was drilled to its target depth of 6,400 feet (1,951 meters). The
final 4,200 feet (1,200 meters) of the well had been bored in less than
three weeks, with no difficulties or significant problems. Since the
drilling mud at 6,000 feet (1,829 meters) was about 145°F (63°C) and
heating up as time passed, it was known that the well was hot.
However, it was not known how hot the well was or whether it was
productive.

The first measurements, the well logs, were conducted in late April,
after the well had been drilled to its target depth. WRI used its own
Gearhart-Owen equipment and hired an operator to conduct neutron,
gamma, self-potential, and resistivity logs; these logs would provide
indications of the formation's permeability and porosity. Temperature
logs were also taken; they indicated that at a depth of 4,000 feet (1,220
meters), the well temperature exceeded 300°F (135°C), the upper limit
of the equipment. Thus, precise temperatures were unknown, but it was
certain that the temperatures were favorable.

The contractor then conducted a cement-bond log. This log would
determine the integrity of the concrete used to cement the casing. Any
flaws in the concrete would have to be corrected before completing the
well. The cement-bond log indicated a lack of bond, and by implication,
gaps in the cementing, from 40 to 220 feet (12 to 67 meters) and from
320 to 868 feet (97 to 264 meters).

Following the well logging, an HGP staff meeting was held and it
was determined that three tasks would have to be undertaken. First, the
gaps in the cementing of the casing would have to be filled or the well's
steam pressure and thermal stresses could severely damage the casing.
The gaps would have to be filled before proceeding further. Second, a
slotted liner — a 7 5/8-inch (18-centimeter) diameter steel tube with 8
slots per foot (0.3 meters) -- would have to be run into the well from a
depth of 2,200 feet (670 meters) to a depth of 6,400 feet (1,951. meters).
The slotted liner was essential. It would prevent the well's bottom
uncased section from caving in, and its 2-inch-by-3/4-inch (5-centi-
meter-by-1.9-centimeter) slots would allow steam or hot water to enter
the tube from the side and be transported to the surface. Third, the
drilling completion tests would have to be conducted.

These three tasks would require funds above and beyond HGP's
b
udget, since all funds had already been used to complete the drilling.
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It was estimated that the three tasks would require an additional
$248,000. The project director therefore again contacted ERDA of-
ficials, and they invited him to present a progress report of the drilling
at a meeting of the ERDA geothermal coordinating group in late April.
At the meeting the progress of the drilling was reviewed and requests
were made for additional funds to complete the well and to conduct the
well testing. Additional funds were then promised to the project and the
director returned to Hawaii and ordered 4,500 feet (1,373 meters) of
slotted liner. Arrangements were also made to remedy the gaps in the
casing.

Later in the month ERDA officials formally notified HGP that they
were releasing $85,000 immediately and would release an additional
$175,000 as soon as it could be transferred from the central office in
Washington. They also mentioned that they would provide an additional
$300,000 in 1977 to comprehensively test the well.

Completing the well

After the money was secured in early May 1976, Gearhart-Owen
perforating equipment and personnel were contracted to fill the gaps in
the casing. Also purchased were the valves, gauges, and drilling rig
time necessary to install the slotted liner and complete the wellhead
plumbing. Finally, the project director arranged for KRTA to continue
as consultants and he released funds to purchase testing equipment such
as separators and sampling bottles.

The special equipment and operators necessary to fill the voids in
the cementing were not available until late May, so work on the well
was halted for three weeks. Then, in late May, the special personnel and
equipment arrived and the correcting of the casing gaps began. In a
four-day period, the special operators perforated the cement with
controlled explosive charges, and then forced cement through the
perforations into the cementing gaps. The contractor then ran a
cement-bond log and determined that the gaps were filled.

In early June, the slotted liner was inserted into the well without
any problems. The contractor first used water to cool the hot mud,
which had hardened in the bottom of the well, and then obtained
circulation. Next the bottom sections of the well were reamed out and
the slotted liner was run into the well from 2,200 to 6,400 feet (671 to
1,951 meters). After the liner was installed, the mud in the liner was
flushed out, and the well head plumbing including the side and master
valves were installed.

While WRI was completing the well in June, the HGP project staff,
aided by KRTA, conducted the drilling completion tests. HGP project
staff, directed by Bill Chen, a professor of engineering at the Univer-
sity of Hawaii at Hilo, first did a survey of the well's baseline
temperatures. Temperature at 4,000 feet (1,219 meters) was about
338 F (170°C); between 4,400 to 6,000 feet (1,341 to 1,829 meters) it
remained constant, ranging between 464° and 482°F (240° and 250°C);
and below 6.000 feet (1,829 meters), the temperature exceeded 500°E
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(260°C). Subsequent temperature surveys, conducted before and after
the water purnpdown tests, indicated that the well was continually
getting hotter as more and more of the drilling and mud cuttings were
cleared from the liner. On June 15, eight days after the second
pumpdown tests, the temperature at 4,000 feet (1,219 meters) was
nearly 572°F (300°C); and at 6,400 feet (1,951 meters) the temperature
exceeded 608°p (320CC).

The other significant completion test was the water-loss or pump-
down test, indicating the level of permeability. To conduct this test,
HGP researchers pumped water into the well at rates of 0, 100 (380),
200 (760), and 300 gallons (1,140 liters) per minute, and simultaneously
measured the back pressure with a Koster pressure gauge. If the
pressure increased over 150 psi, it would indicate a very poor perme-
ability and nonproducing well.

The initial measurements indicated that the rise in pressure when
pumping water into the well between 0 to 300 gallons (1,140 liters) per
minute exceeded 700 psi. More pumpdown tests were conducted because
the high back pressure could have been created by drilling mud or
cuttings obstructing the slotted liner and preventing the inflow of
geothermal fluid. However, subsequent tests also indicated high rises in
pressure and relatively impermeable conditions (see table 3.5).

Following these tests, WRI demobilized its part of HGP. Employees
cleaned the site, removed excess material, removed drilling equipment,
and dismantled the rig. However, the most dramatic aspect of the
drilling completion test still remained to be clone — starting the well.

On June 22, members of HGP's engineering program, who would
conduct the output tests, attempted to start the well by airlifting. A
hose attached to an air compressor was inserted into the well and the
compressor was started. The compressed air then evacuated upper
layers of cold liquid to lighten the well's liquid column and to allow it to
be heated by the hot geothermal fluid and steam at the bottom. The
first attempts to start the well were unsuccessful. Finally on July 2,
1976, the well was flashed and allowed to flow for five minutes.

With the initial flashing of the well, the drilling completion tests
were concluded. However, HGP would still have to conduct the formal
well tests to determine the well's potential and productivity.

The Testing Period

The testing period of the HGP-A well lasted from July 1976 to June
1978 and was funded by the Energy Research and Development Ad-
ministration (ERDA), which in 1977 was consolidated into the national
Department of Energy (DOE), and the state of Hawaii.(18) The total
funds awarded to HGP amounted to $439,000 during this time period.

Organization of the Hawaii Geothermal Project in July 1976

The top priority during this period was, of course, the well testing and
each of the programs was redirected to reflect this priority. The
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Table 3.5. Summary of Pumpdown Test

Time of
Date GPM * Flow (minutes) Volume (gal) Back Pressure (psig)

June 6 340 46 15,640 700

June 6 108 105 11,340 500

June 6 108 60 6,480 500

June 6 200 55 11,000 600

June 6 300 70 21,000 700

June 6 530 10 5,300 750

_t une 6 630 7 4,410 800

June 6 300 8 2,400 700

June 6 200 5 1,000 600

June 6 100 6 600 500

June 7 300 3 900 —

June 7 100 180 18,000 300

Total 98,070 gal

*Gallons per minute.
Source: Hawaii Geothermal Project, HGP-A Reservoir Engineering ,

September, 1978, p. 7.

project director, although still responsible for the overall management,
coordination and leadership of HGP, now increasingly concentrated on
policy, planning, and strategy for future geothermal development in
Hawaii. The HGP executive committee would also continue to play a
large role in policy making for the future.

The engineering program, assigned the responsibility of conducting
the well tests, became the most visible, as well as the most heavily
funded, program. Consistent with previous policy, Paul Yuen, the
engineering program director, had responsibility for allocating funds
and making substantive program decisions. Bill Chen would be at the
site to supervise the tests.

The geophysics program was consolidated into a geoscience pro-
gram. Researchers of the new program would not only synthesize the
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geological, geophysical, and geochemical surveys into an integrated
interpretation, but also would oversee all new scientific inquiries, such
as environmental monitoring and the measuring of physical samples
from the well tests. The change in program designation thus reflected
the program's broader and more encompassing scope. Named as co-
ordinator of the new program was Charles Helsley. Helsley was a
professor of geology and geophysics and was also the newly recruited
director of the Hawaii Institute of Geophysics. Because he had worked
previously with other deep drills, it was believed that he had the
knowledge and experience necessary to synthesize all the geological and
geophysical data into an integrated interpretation. This was particularly
i mportant since there had been many conflicting interpretations and
none was completely consistent with the actual findings from the
drilling.

The environmental/socioeconomic program was nearing completion
of its research activities, and would be phased out by Robert Kamins,
the director, after two crucial reports were finished. These reports
were: 1) an environmental baseline study of the Puna area, and 2) an
assessment of geothermal development in Puna. Kamins expected both
reports to be completed by January 1977.

Initiating the output well tests

In July 1976, after the well had stabilized, the engineering program
researchers prepared to conduct the output tests to determine the
well's potential productivity and life span. As described by KRTA in the
testing program, the well would be allowed to discharge continuously
for extended periods, during which the temperature, volume, pressure,
and chemical content of the discharge would be measured. After the
discharge period, the well would be shut down, and over the next few
weeks researchers would record the well's temperature and pressure at
various depths. If well temperature and pressure recovered rapidly, it
would indicate a potentially large reservoir.

The first extended discharge test was scheduled for July 22. Since a
good deal of public enthusiasm and attention was now focused on the
project, it was planned to be a four-hour public display. In this regard,
HGP had been primarily a research project with no real tangible
product to capture the imagination. But now, there was more than an
exciting idea: the Hawaii Geothermal Project could actually display, for
the first time in Hawaii, human-controlled geothermal energy. The
public display was dramatic and impressive. Flowing continuously for
four hours, the well sent geysers of steam and liquid over a hundred
feet into the air. Because no muffling or silencer was installed for the
first test, the noise exceeded 122 decibels — the sound of a 747 at
takeoff.

The test results themselves were very promising and even exceeded
the expectations of the KRTA consultants. Lip temperature exceeded
302°F (150°C) for the entire four hours while lip pressure from the 6-
inch (15-centimeter) discharge pipe was 23 psig at the end of four
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hours. Subsequent temperature surveys indicated that the well recov-
ered in about seven days and that the major production zones occurred
between 3,500 (1,067) and 4,500 feet (1,372 meters) and at 6,400 feet
(1,951 meters).

Based on the test results, the engineering program researchers were
able to make some tentative conclusions. First, based on the data, they
deduced that the well had a mass flow rate of 166,000 pounds per hour -
assuming an enthalpy of 800 Btu/lb and 15 percent efficiency, the well
could generate 5 MW of electricity. They also noted that fluid and
steam were flowing naturally into the slotted liner, indicating that
there was greater permeability than they had assumed from the water-
loss tests. Longer tests, however, would have to be conducted before
any conclusions could be made about the well's productivity.

Before conducting such tests, however, the engineering researchers
would have to construct more elaborate testing equipment. Thus, over
the summer of 1976, the researchers added to the well a silencer-
separator to muffle the loud noise of the discharge and to separate the
water from the steam. Also added to the well were a twin cyclone
sampler, which would obtain gas and water samples for chemical
analysis, and a calorimeter to measure specific enthalpy. Figure 3.12
illustrates these instruments on the well.

Extended flow tests: problems and progress

In November 1977, with the new instruments and equipment installed, HGP
researchers conducted a two-week test flow. The tests were extremely
encouraging and demonstrated that the well was capable of discharging
continuously for a two-week period. Most prominently, well output stabil-
ized after25 hours. l-{GP researchers collected other data, such as noise
level, temperature, steam quality, and water and gas samples; and
they calculated the enthalpy of the discharge and its thermal power. (See
"Phase 4: Evaluation and Refinement" for complete data.) By the
end of 25 hours of continuous discharge, thermal power had stabilized
to about 22 MW and at the end of the test it was still at 20 MW. Thus,
from the perspective of demonstrating the well's generating power, the
November tests were a success.

However, since the tests were, for the first time, being conducted
under real world conditions, they also introduced a new issue — the
well's impact and interrelationship with the human community in Puna.
This issue was underscored by the land use near the well. North and
south of the well were undeveloped areas covered by recent lava flows
and sparse vegetation. But to the east and west there were homes.
Twelve families lived within one mile of the well and within two miles
there were several residential tracts that were being developed. The
largest of the residential tracts was Leilani Estates, with a total of
2,146 house lots.(19) Although, at that time, only 50 families were
living in Leilani Estates, they had formed an active community associa-
tion that represented 2,036 of the owners of the lots.(20) Two other
residential tracts nearby included Lanipuna Gardens and Nanawele
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Estates; both had few actual residents but both were being planned for
development. Within the immediate vicinity of the well there is also a
state park and one paved road, with usually very light traffic (see fig.
3.13). A statement from the environmental baseline study gives one an
idea of the setting;

In most hours of most days, the quiet of the roads in this portion
of the Puna District is not much disturbed by passenger cars, or
by an occasional truck or bus, most of them traversing the
distance to beaches on the Puna Coast. (The well drilling itself
generated a fair amount of traffic, not only from the dozen
members of the drill crew and scientist observers, but also from
some tour buses, whose operators were glad to find a drilling rig
to add to the attractions of tourism in this outstandingly quiet
corner of the Island of l-lawaii).(21)

Further from the well site, but within a several mile radius, are the
communities of Pahoa, iKapoho, Opihikao, Kalapana, and Kaipu. Many
of the residents of these communities are native Hawaiians, who have
lived in Puna for generations and who have adopted a rural agricultural
life-style. The entire district of Puna, in fact, is predominantly rural
and agricultural. There are extensive cultivated fields of sugar cane and
papaya, with smaller areas utilized for growing guavas, oranges, and
macadamia nuts. Additionally, there are several small family enter-
prises growing tropical plants, such as anthuriums and orchids. Inter-
spersed between the villages and the low-density residential tracts are
areas of lush tropical vegetation, conservation zones, and several forest
reserves (see fig. 3.14). In sum, the Puna district maintains a somewhat
traditional rural Hawaiian setting. It is sparsely populated, little
developed, primarily agricultural, and outstandingly quiet.

In this setting, the November flow tests began. And, within a few
days, the Leilani Community Association objected vigorously to the
noise from the well's discharge. The well had been muffled since the
July test, which created a noise of 122 decibels, but even with the
muffler, the sound at the roadside was 87 decibels, while one mile away
the noise was projected to be 70 decibels and at two miles, 40 decibels.
The Environmental Protection Agency (EPA) recommended 55 decibels
as a tolerable daytime level for residential areas, but the well dis-
charged continuously and within an extremely quiet surrounding. Thus,
the community association contacted their city council representative
and also contacted state officials, demanding that the tests be halted.
One resident stated that the noise was intolerable; he described the
sound as a "bloodcurdling banshee howl." Other residents pointed out
that the area was outstandingly quiet and that many of them had moved
to the area for just that reason. Moreover, their whole way of life was
being disrupted by the nuisance of the noise. The county officials
responded that they would try to help. But, after investigating the
problem, they discovered that there were no noise standards governing
residential areas on Hawaii. Thus, the county officials called HGP and
asked them to confer with the residents of the area.
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Eventually, the project director met with the residents and agreed
to try and improve the muffling on the well. He pointed out, however,
that the well was experimental and that the tests would be a nuisance
for only a limited time. To further cooperate with the residents, Bill
Chen, who lived on the island and was helping oversee the tests, agreed
to confer with them before tests and to meet with them when they
wanted.

Well tests in December and January 1977

In December, the engineering program researchers conducted a flow
test to obtain downhole temperature and pressure measurements while
the well was discharging. The tests revealed that downhole temper-
atures approached 662 0 F (350°C), one of the highest temperatures ever
recorded in a geothermal well. Also encouraging were measurements
showing that the well's temperature, pressure, and mass flow rate had
increased significantly since the November test.

During the December tests, residents again strenuously objected to
the noise. Thus additional muffling was put on the well. This satisfied
the residents, and they agreed to a two-week test in January 1977.

The January 1977 tests were intended to determine the well's
potential generating capacity using different diameter orifice plates.
This would allow HGP researchers to determine which orifice was the
optimum size to be used for generating electricity. The results of the
test appear in table 3.6.

Well tests, March to May 1977

Following the January tests, Paul Yuen and Bill Chen decided that the
well should be tested for a 90-day period to collect enough data to
project the well's electrical generating capacity over a 30-year period.
The test began on March 21, with the discharge line fully open. A few
days later a 3-inch (7.6-centimeter) orifice was placed into the line
since this was probably the discharge diameter that would be used to
generate electricity.

Soon after the discharges began, residents of nearby Pahoa, Nan-
awele Estates, and Leilani Estates objected vigorously to the well's
odor. The odor was caused by hydrogen sulfide, which was emitted into
the air during discharge. In large amounts, it is lethal; in small amounts,
it is obnoxious. It has the smell of rotten eggs and the human nose is
extremely sensitive to its odor — able to detect it in quantities as small
as three parts per billion. The residents thus registered complaints with
the Hawaii County Council, the State Department of Health, and
directly to the project director. Some residents complained that the
hydrogen sulfide fumes were environmentally dangerous and that the
odor was a health hazard. Other residents complained of respiratory
problems, while a doctor blamed the fumes for causing increased
incidences of sinus difficulties, asthma, bronchitis, diarrhea, and
dermatitis.



Table 3.6. Throttled Flow Data for January 26-February 10, 1977

0

Possible
Orifice Total Mass Steam Steam Wellhead Wellhead Electrical
Size Flow Rate Flow Rate Quality Pressure Temp. Power Output

(Inches) (klb/hr)x (klb/hr) (Percent)** (psig) (°F) ( Mwe)

8 101 64 64 51 295 3.3

6 99 65 66 54 300 3.4

4 93 57 64 100 338 3.5

3 89 54 60 165 372 3.5

2 V 84 48 57 237 401 3.3

2 81 43 53 293 419 3.1

1 3/4 76 39 52 375 439 3.0

*klb = 1,000 pounds
**Steam quality = fraction of steam in total flow

Source: Hawaii Geothermal Project, April 1, 1977, p. 19.
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A Department of Health representative met with the residents and
explained that there were no ambient air quality regulations for
hydrogen sulfide; there were, however, federal regulations for industry
which specified ten parts per million over an eight-hour day. The HGP
well was discharging about three parts per million. The Department of
Health official thus explained that the odor was a nuisance that would
have to be controlled, but that he could not force HGP to do anything.

After residents protested a while longer, the project director met
with the Leilani Community Association. At the meeting, he empha-
sized that the well was still experimental and that this was probably the
last time any extended tests would be conducted before HGP installed
scrubbers to virtually eliminate odor. He also noted that natural
volcanic eruptions were intensifying the fumes. However, he did ac-
knowledge the nuisance factor and he agreed that if there was any
indication of a health hazard he would stop the test immediately. In
response the residents cited numerous health problems and indicated
that their water supply was largely from a rain catchment system and
therefore any fumes in the air were likely to endanger their water.
After discussing the problems further, it was agreed to shorten the test
period.

The test period was shortened to 42 days and ended on May 9.
Although the full 90-day flow test would have provided considerably
more information, the engineering program researchers had sufficient
data to make some tentative conclusions about the electrical potential
of the well. The most promising aspect of the data was that the well
output had stabilized and thus extrapolations indicated that the well
could continue to generate 3.0 megawatts of electricity over a 30-year
period. (See "Phase 4: Evaluation and Refinement" for complete well
test results.)

Completion and Handover

Policy and direction of HGP, 1976-1978

White the engineering program team was conducting the well tests
during 1976 and 1977, John Shupe and other members of HGP were
formulating plans, policies, and strategies for promoting Hawaii's
geothermal energy development. In order to begin the planning activ-
ities, Shupe, during the middle of 1976, discussed with ERDA officials
the possibility of their funding a long-term, large-scale geothermal
program in the state of Hawaii. He discovered that ERDA would he
reluctant to support any such program for the following reasons:

1. ERDA was doubtful that Hawaii's geothermal energy development
had relevance and significance for the nation as a whole. In this
respect, HGP had emphasized the importance of obtaining geo-
therma] knowledge of island volcanic regimes, but had never empha-
sized the potential national spin-offs of such research. If Hawaii was
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to continue to receive federal funds, a strong case would have to be
made for Hawaii's contribution to the nation's geothermal energy
development.

2. Since ERDA was a national federal agency, there was concern
that the concentration of support — over $2,000,000 thus far — to one
specific geographical location was unbalanced. Requests for support
of geothermal projects had been received from over 100 different
locations and many would not be funded if Hawaii received a
disproportionately large share of the national budget.

3. Finally, ERDA was skeptical about funding development projects
through universities because ERDA's objectives were application and
utilization. The more practical and effective approach, which was
normally ERDA policy, was to fund projects through industry and
other "real world" organizations, such as utility companies and
energy-related corporations.

Since ERDA funding was essential to future geothermal develop-
ment efforts, Shupe prepared a number of recommendations that
addressed these concerns. For the immediate future, he had two
suggestions. First, he recommended that HGP be dissolved at the end of
1977, following the completion of the final research reports. However,
an essential corollary to 1-IGP's dissolution would be the formation of a
geothermal development consortium, composed of the State of Hawaii,
the County of Hawaii, the University of Hawaii, and the Hawaii
Electric Light Company (HELCO). Second, he recommended that the
consortium plan and implement a coordinated program of geothermal
research and development for the state, with its first objective being
the construction and operation of a small demonstration plant, powered
by the HGP-A well. These two recommendations were intended not only
to satisfy ERDA's policy of funding "real world" projects, but also to
achieve HGP's ultimate goal of generating geothermal electricity on a
practical scale.

These two recommendations required immediate and vigorous ac-
tion. Thus, in late 1976, Shupe asked Hideto Kono, the state energy
resources coordinator, to assume the lead role in organizing and
directing a geothermal consortium. Kono agreed and he formally
contacted officials from the Hawaiian Electric Company, and from
Hawaii County. The state and county governments and the electric
company were already cooperating in the development of geothermal
power through their active participation in HGP. These groups thus
agreed to participate in the consortium, viewing it as a natural
outgrowth of the cooperative effort in HGP and as the appropriate
organizational entity for developing Hawaii's geothermal power. Also
included in the consortium was the University of Hawaii, represented by
HGP.

Formally organized in early 1977, the consortium was named the
HGP-A- Development Group (HGP-A DIG). Kono was selected as the
group's executive director and Shupe was authorized to negotiate for
the group in any dealings with ERDA. The members of HGP-A D/G held
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several meetings during the early part of 1977 and they agreed that
their immediate goal was to build a geothermal power facility to
demonstrate the feasibility of generating geothermal energy from the
HGP-A well. To achieve this goal, the group first prepared a funding
proposal for ERDR. Each consortium group contributed its special
expertise and the state government provided the funds to contract
TRW, Inc., a geothermal consulting firm, to aid in preparing the
proposal. Completed in April 1977, the proposal was submitted to
ERDA.

HGP-A D/G proposal to ERDA: general design of experimental station

The proposal requested funds to build an experimental geothermal
facility at the site of the HGP well. The facility was envisioned to
include three basic components: 1) the power generation system, 2) the
experimental system, and 3) the support system.

The first component, the power generation system, was to be
composed of a turbine generator, condenser, cooling power, antipollu-
tion devices, electrical conversion and distribution apparatus, and
either percolation ponds or a reinjection well. It was envisioned that the
steam and the hot fluid from the well would be piped directly to a
separator where they would be separated. The hot fluid would then be
piped to the reinjection well or to percolation ponds for disposal, while
the steam would be routed to a demister. The demister would remove
any remaining moisture in the steam and then allow the dry steam to
exit into the turbine at 52 klb/hr at 160 psig. This would produce 3 MW
of electricity.

The electricity would go to a specially constructed substation and
then be fed into HELCO's power grid. However, since the grid at the
substation could accept only 2 MW of electricity, the 1 MW surplus
would either be fed into a load bank where it would be dissipated, or it
would be used to supply the facility's electrical needs. Power plant
operations were to be handled in a motor control and instrumentation
center where the turbine regulator, the voltage regulator, voltmeters,
ammeters, pressure meters, and other process control instruments
would be contained.

The plant was intended to operate in an environmentally sound
manner. The steam used to run the turbine was to be exhausted into a
condensor, where cool water would condense the steam, leaving water
for noncondensible gases. The gas would flow to a cooling tower and,
after being cooled, it would either be piped to the reinjection well or
recirculated to the condensor. The noncondensible gases, primarily
hydrogen sulfide, would be treated in a pollution abatement system and,
when safe, released into the atmosphere.

The second component of the facility was to be the experimental
system, which was to consist of three test pads, one to conduct
electrical geothermal experiments and two to conduct nonelectrical
experiments. It was envisioned that nonelectrical experiments could
include testing the environmental effects of geothermal fluid, devel-
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aping a heat exchanger, and developing methods for sampling fluids and
gases. The electrical experiments could include testing small geo-
thermal generators, developing a total flow turbine, and evaluating
corrosion and scaling problems.

The third component of the facility, the support system, was to
include the supply buildings, the administration offices, the repair and
maintenance areas, the buildings for the power station, the electrical
substation, the instrumentation and equipment needed to monitor the
facility, the electrical lighting, and all access and service roads. A
detailed layout of all three components would later be integrated into a
final design.

Management plan

The proposal called for three stages of activity. The first stage was to
be the overall planning; specific activities were to include devising a
system of project management, drawing up a preliminary budget and a
work schedule, and establishing a monitoring program to control activ-
ities. Also during this period, an environmental impact statement would
be completed and a design contractor would be selected to draw up
specifications for items such as the turbine generator and pollution
control apparatus. The design contractor was then to integrate the
power system, the research system, and the support system into the
design for the total facility.

The second stage was to be the construction stage. luring this stage
the management was to evaluate the bids and to select an implementa-
tion contractor, who would handle all aspects of the construction. The
contractor would be responsible for all subcontracting and for ensuring
that construction meet design criteria.

The final stage was to be the operation and training phase. The plant
would be operated by HELCO, which would contribute the time of a
geothermal engineer to train a staff of technicians and power oper-
ators. After the facility was completed, the staff would operate the
station and HELCO would purchase the electricity at the commercial
price. In the proposal, it was estimated that the plant would have a
yearly income of $260,000, which was enough to pay for all operational
expenses plus leave a sizeable surplus.

Cost estimates of the proposal

Four cost options were included in the proposal. 1) The first option,
costing $6,447,000, was for the basic facility as described, using the
most modern equipment. 2) The second option, costing $5,189,000, was
for the basic facility, but using a surplus Westinghouse turbine gener-
ator adapted to geothermal requirements. 3) The third option assumed
the use of the surplus generator and also deleted the reinjection well
from the basic facility. It was estimated to cost $4,655,000. 4) The final
option assumed the use of the surplus generator, and deleted both the
reinjection well and the research facilities. Summary of the costs for
each option is in table 3.7.
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Table 3.7. Hawaii Geothermal Research Test Facility
Estimated Plant Equipment Costs

(in Thousands of Dollars)

Item 1 II III IV

1. Turbogenerator 1,162.0 200.0 200.0 200.0

2a. Substation 445.7 445.7 445.7 445.7

2b. Instrumentation 126.2 126.2 126.2 126.2

2c. Load bank 54.6 54.6 54.6 54.6

3. Cooling water circu-
lation system 54.3 54.3 54.3 54.3

4. Steam separator 71.3 71.3 71.3 71.3

5. Demister 16.0 16.0 16.0 16.0

6. Hydrogen sulfide
abatement 150.0 150.0 1.50.0 150.0

7. Reinjection equipment 43.8 43.8 10.0 10.0

8. Trailers (2) 61.9 61.9 61.9 61.9

9. Condenser/eductors 61.5 61.5 61.5 61.5

10. Cooling tower 87.5 87.5 87.5 87.5

11. Site preparation 309.2 309.2 309.2 222.2

12. Foundations 128.4 128.4 128.4 105.0

13. Field piping 353.3 353.3 312.1 189.0

14. Remote instrumenta-
tion

15. Injection well 428.7 428.7 107.6 107.6

16. Research facility 866.7 866.7 866.7 0

17. Miscellaneous 226.6 177.3 156.9 100.6

Design costs 689 684 666 544
Construction costs 1111 869 770 493

Total 6447 5189 4655 3100

Source: HGP-A Development Group, Proposal for a Geothermal Elec-
tric and Nonelectric Research Facility Utilizing the HGP-.A
Well on the Isla nd of Hawaii , vol. 2 appendix A.
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Project completion

While the consortium was negotiating with ERDA during 1977, HGP
continued with its own project responsibilities, which increasingly
centered upon the analysis of the data and the completion of final
research reports. The environmental/socioeconomic program was the
first to complete its research, formally concluding operations in :Tan-
uary 1977 with the publication of a prototype environmental impact
statement (EIS), entitled "An Assessment of Geothermal Development
in Puna, Hawaii." Although the assessment was not represented as an
EIS, it did contain much of the information that would be required in a
formal statement. It contained, for example, the environmental base-
line measures of the chemicals in the Puna area's air, water, and soil. It
also described the plants and animals indigenous to the area, noting
especially the rare and endangered species. Further included in the
assessment was a discussion of the socioeconomic conditions in Puna,
including the residents' employment pattern, the housing situation, the
life-style, and the distribution of the population. Finally, the assess-
ment compared potential benefits of geothermal development — such as
implementation of an alternative form of energy, creation of more jobs
in the area, and utilization of an indigenous source of energy — with
potential costs, such as the transformation of agriculturally zoned land
to industrial land, an increase in the noise level, and an increase in the
amount of airborne pollutants. Overall, it was estimated that the
benefits of geothermal development were substantially greater than the
costs.

As previously described, the engineering team completed the well
testing in May 1977. During the remainder of 1977, the engineering
team members analyzed the test results and then, in 1978, published a
summary reservoir engineering report.

Researchers in the geosciences program continued to analyze data
from the earlier geophysical surveys and completed two new research
tasks. In January 1977, the researchers conducted seismic refraction
surveys, and in June 1977, they completed preliminary geochemical and
hydrological analyses of the samples from the well flow tests. During
the rest of the year, analysis of all geophysical and geochemical data
continued, and attempts were made to integrate all data into a unified
interpretation. Although the synthesis could not be accomplished during
1977, several research reports were sent to the Department of Energy
in 1978 to summarize the geosciences work. These summaries included
reports of all the geothermal explorations conducted from 1973 to 1977,
including the electrical, magnetic, gravity, geochemical, seismic, and
photogeologic surveys.

The initial plan had been to phase out HGP upon the submission of
the research reports. However, the future of HGP depended upon the
HGP-A Development Group proposal submitted to ERDA in April 1977.
ERDA itself was being reorganized into the United States Department
of Energy (DOE) during 1977, and after the transition was completed, a
decision would be made. ERDA formally became the DOE in October
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1977 and in November DOE officials notified the development group
that DOE would fund the proposal. Specific details of the proposal
would have to be worked out in negotiations with DOE.

Regardless of the future of HGP, the responsibility for the develop-
ment of geothermal energy in Hawaii was now transferred to the HGP-
A DIG, which was the entity that would accomplish HG P's ultimate goal
of utilizing geothermal energy in Hawaii.

PHASE 4: EVALUATION AND REFINEMENT

No formal evaluation of the Hawaii Geothermal Project was conducted.
This was because HGP was successfully integrated into the HGP-A
Development Group and therefore became a part of the overall effort
to develop geothermal power in Hawaii. From this perspective, the
project is ongoing and cannot be evaluated independently of the larger
development effort which has yet to be completed. In this section, then,
a summary of the major results of the HGP between 1973 and 1978 will
be presented.

Well test results

From the standpoint of accomplishing the implicit goal of discovering
an exploitable geothermal resource, HGP proved to be a successful
project. The HGP-A well was discovered to be one of the hottest
geothermal wells in the world, with downhole temperature reaching
676 0 F (358°C). See figure 3.15 for a temperature profile of the well.
There was a natural two-phase flow into the well bore with quality
geothermal fluid and a substantial total flow rate. (See table 3.8 for a
complete statistical profile.)

Table 3.8. HGP-A Discharge Results

November December January uary March

Well-head pressure (psig) 47 53 59 59

Well-head temperature (°C) 146 150 151 153

Mass flow rate (klb/hr) 88 103 114 120

Steam flow rate (klb/hr) 60 64 72 75

Steam quality* (percent) 68 62 63 62

Electric power potential
( mWe) 3.4 3.8 4.3 4.5

team fraction.
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Fig. 3.15. Temperature profile of HGP-A well.

Based on the data collected from the well tests, it was estimated
that HGP-A could generate 3 MW of electricity for a 30-year period.
Table 3.9 shows the power projections for the well. It was also
estimated that the entire reservoir feeding the well could be sub-
stantially larger. Estimates of the reservoir's generating capacity
ranged up to 500 MW of electricity for the next 1.00 years. Compared to
the island of Hawaii's total need of about 90 MW of electrical capacity
and the state of Hawaii's present electrical capacity of 1400 MW, this
was quite substantial. However, estimates based on a single well were
not sufficient to accurately predict the capacity of the geothermal
reservoir; it would be necessary to drill other wells for more informa-
tion.
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Table 3.9. Long-range Power Projections for HGP-A

Total
Time Mass Flow Steam Well-head
in Rate in Flow in Pressure Enthalpy Power
Years klb/hr klb/hr in psi in Btu/1b in M W e

1 81 59 153 900 3.2

15 78 58 142 904 3.0

30 77 57 140 906 3.0

Source: Hawaii Geothermal Project, HGP-A Reservoir Engineeri
September, 1978, p. 42.

Geological results

Geologists and geochemists analyzed the cores and cuttings collected
during drilling and found that the rock formation was tholeiitic basalt
which could be divided into three zones of alteration (see table 3.10).
Zone I where the alteration began, occurred between 2,220-4,265 feet
(673-1,300 meters) and was characterized by montmorillonite, with
minor calcite, quartz and chlorite. Zone 2 occurred between 4,455-
6,250 feet (1,350-1,894 meters), with the principal alteration Mineral
being chlorite and accessories being quartz, actinolite, and mont-
morillonite. The boundary temperature between zones 1 and 2 was
about 617°F (325

0

 C). The third zone became dominant from about 6,234
feet (1,900 meters) to the bottom of the well. Actinolite predominated
in this zone with chlorite, quartz, pyrite, and hemitite secondary. The
boundary temperature between zones 2 and 3 was 644°F (340°C).

From the top of the well to a depth of about 3,500 feet (1,067
meters) the lava was highly permeable, with excellent permeability
between 2,500-3,000 feet (762-914 meters). Then, from about 3,500-
6,200 feet (1,067-1,890 meters), the permeability became poor, al-
though layers of medium permeability existed throughout the dike
making possible geothermal production. At the bottom of the well, from
6,200-6,600 feet (1,890-2,012 meters), the permeability was excellent.
Figure 3.16 illustrates the zones of permeability as they relate to the
HGP well.

Based on this information, the HGP researchers derived several
speculative models of the well's underground system. One of the most
probable models depicted two production zones, one at about 4,400 feet
(1,341 meters) and the other at about 6,400 feet (1,951 meters). Both
zones were supplied by aquifers that were recharged by rainfall
percolating into the ground. However, only high levels of rainfall could
penetrate to these zones because of the alternating layers of poor
permeability. The heat at these depths was sufficient to boil the water
and produce steam.
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Table 3.10. Geologic Analysis and Interpretation of
Possible Production Zones

Depth from Microscopic Megascopic Boundary Temperature
Well-head Analysis Analysis Zones of Alteration
(feet)

500 Unfilled Generally high Little or no
permeability alteration

1,000 Unfilled

1,500 Unfilled

2,000

2,500 Partially
Filled

Higher Zone 1
Permeability Ma}or mineral:

3,000 Partially montmorillonite
Filled Minor minerals:

ch]orite, quartz,
3,500 Filled Generally calcite

low permeability,
but possibility for
layers of medium

4,000 permeability 320°C
4,500 Filled

5,000
Varying but general- Zone 2

ly low permeability Major mineral:
5,500 Filled chlorite
6,000 Filled Minor minerals:

quartz, actinolite,
montmorillonite.

340°C

6,500 Partially High permeability Zone 3
filled Major mineral:

actinolite
Minor minerals:

chlorite, quartz,
pyrite, hemitite
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Fig. 3.16. Layers of permeability as related to HGP-A.
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Well emissions

During the well testing, the HGP researchers collected atmospheric
samples to determine the airborne chemicals emitted from the geo-
thermal discharge, and they collected downhole samples to analyze the
chemicals in the geothermal fluid. With respect to airborne emissions,
there was concern about sulfur dioxide, hydrogen sulfide, and mercury.
Both sulfur dioxide and hydrogen sulfide were bothersome, but the
levels were never dangerous. In fact, their levels in the atmosphere did
not change during the well tests, thus indicating that the well was not
adding significantly to the natural volcanic emissions of sulfide into the
atmosphere (see table 3.11). However, the odor of hydrogen sulfide is
particularly offensive to humans; it smells like rotten eggs. Moreover,
it can be detected in quantities as small as 3 parts per billion. Thus,
although the flashing of the well did not significantly increase the
atmospheric levels of hydrogen sulfide, it did disturb nearby residents.
This was especially true when there was no wind or when the prevailing
wind blew toward nearby homes. The last bit of odor would have to be
eliminated before further developments could take place.

Table 3.11. Aerometric Data for HGP

Sulfur Hydrogen
Date Well Status Dioxide* Sulfide* Mercury**

May 1975 Predrilling 0.5 0.5 1.1

May 1975 Predrilling 0.5 0.2 1.2

July 1976 f=lashing 0.5 0.2 9.9

Nov. 1976 Well shutdown — — 0.1

July-Aug. 1977 Well shutdown 0.3 0.2 0.8

*Parts per million.
**Microgram per cubic meter.
Source: Adopted from, Revised Environmental Impact Statement for

the Hawaii Geothermal Research Station Utilizing the HGP-
A Well at Puna, Island of Hawaii.

Levels of mercury were another matter. Mercury is potentially
dangerous at any level and the provisional federal standard is not more
than 0.1 microgram per cubic meter for continuous exposure. Mercury
levels near the drill site were high, and during the July 1976 flashing,
mercury levels rose to 9.9 micrograms per cubic meter. Later analysis,
however, revealed that the area naturally contained high levels of
atmospheric mercury. Moreover, the high levels recorded in July were
caused not by the well testing, but by volcanic vents. Table 3.11
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illustrates that even with the well shut, mercury in the air sometimes
exceeded 0.! micrograms per cubic meter. After monitoring the air for
two years, researchers could find no evidence of a buildup of mercury.

The chemical content of the geothermal fluid was a cause of
concern because any geothermal plant would have to dispose of or
reinject the used geothermal fluid back into the earth. This could
contaminate the ground water. However, the chemical content of the
HGP geothermal fluid did not differ significantly from that of the
brackish water wells in the area (see table 3.12). This suggested that
the area's ground water had been naturally contaminated due to the
upward movement of heated salt water and that no Ghyben-Herzberg
lens - a pool of fresh water floating on salt water - existed in the area.
Only one potential hazard existed, silica. Because of the high downhole
temperature, the level of silica in the HGP fluid was 440 milligrams per
liter, several times higher than normal. It would have to be filtered out
before the well's geothermal fluid could be reinjected into the ground.

Table 3.12. Comparison of Chemical Content of HGP-A
with Nearby Wells and Springs

(Milligram/Liter)

Chlo- Cal- Potas- Magne- Silicon
Site rive cium sium sium Sodium Dioxide

HGP fluid
(downhole) 925.0 84.2 135.0 2.1 830.0 440.0

Isaac Hole
Spring 3,534.0 32.4 86.0 200.0 2,020.0 81.5

Airstrip Well 303.5 23.0 13.6 28.0 238.0 71.3

Allison Well 281.0 1.3.4 10.8 1.5.0 216.0 24.1

Malama Ri
Well 3,811.0 66.8 109.0 210.0 2,105.0 81.5

Rain water 7.2 0.25 0.25 0.75 4.5 0.0

Source: Adopted from Hawaii Geothermal Project, Environmental
Baseline Study for Geothermal Development in Puna, Hawaii ,
September 1976; and Hydrology and Geochemistry of Hawaiian
Geothermal System: HGP-A .

Noise

Despite constant improvements in the muffling of the well, noise
continued to annoy residents throughout the testing period. Although
the noise did not exceed Environmental Protection Agency standards
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when measured at nearby houses, it was high pitched and thus irritating.
Moreover, many residents were accustomed to the quiet of the rural
area, while others had moved to Puna specifically to get away from the
loud noise. Table 3.13 provides data on the noise. Thus any subsequent
developments would have to eliminate the noise problem.

Table 3.13. Level of Noise near Well Site
On Decibels)

7/19/76 2/10177 5/7/77
(without (3-Inch (3-Inch

Location Silencers) 11/3/76 1/27/78 Orifice) Orifice)

Corners of well
40 feet away 113 100 96 98 —

40 feet away 113 98 93 95 91

70 feet away 94 98 89 91 —

70 feet away 94 98 91 91 89

At roadside,
100 feet away 122 87 80 80 75

Estimated
1 mile away — — — — 70

2 miles away — 49

However, HGP was only an experimental program; the demonstra-
tion plant had not been built. When electricity was actually generated,
the sound would be muffled by the generator, into which the steam
would be fed, and by the building, which would house the generator and
the operating facilities. It was anticipated that this would reduce the
noise to an acceptable level.

Economic aspects of the project

The Hawaii Geothermal Project was from the beginning a cooperative
effort among the federal, state, and county governments, the utility
companies, and the University of Hawaii. Each contributed by giving
the project expert advice and by providing services when appropriate.
In addition, each group supported the project financially. During the
years 1973 to 1978, HGP's total allocation amounted to $3,387,000.
Table 3.14 illustrates the total funds granted to the project during this
period.

Although this total amount was large, it must be put into perspec-
tive. First, the total was spent over a period of five years, and it
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Table 3.14. Financial Summary for HGP, 1973-1978
(in Thousands of Dollars)

Funding Entity 1973 1974 1975 1 976 1977 1978 Total

National Science
Foundation 269 200 469

Energy Research
and Develop-
ment Adminis-
tration/Depart-
ment of Energy
(1977) 119 1472 270 147 2,008

State of Hawaii 100 500 66 666

County of Hawaii 100 100

Water Resources
International 60 60

Hawaiian Electric 45 45

Other 39 39

Totals 469 200 703 1,532 336 147 3,387

funded numerous activities ranging from geophysical surveys to socio-
economic assessments. Second, the project was intended to provide the
basic research and development that would lead to the exploitation of
geothermal resources in Hawaii. It was intended neither to be an
exploration for geothermal resources nor to he an eventual profit-
making venture. Finally, the project did discover a productive geo-
thermal well and a potentially large geothermal reservoir. It is this well
and potential reservoir that the 3.5-MW demonstration plant will utilize.

EPILOGUE

In June 1978, negotiations between the Department of Energy and the
HGP-A/DCG were completed and a four-year well-head generator con-
tract was signed providing $6,268,256 of local and federal support. An
additional agreement was reached with the utility company, which
would purchase an estimated $482,758 of electricity generated by the
well during the initial two-year period of operation. Design of the
generator system is nearing completion, and the facility will begin
supplying electricity to the residents of Hawaii in early 1981.
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TIWI Geothermal
Project: The Philippines
Rosemary Aquino and Salvador Aquino
with the technical assistance of
Arturo Alcaraz

PROJECT BACKGROUND

The Philippines is an archipelago of 7,100 islands located in Southeast
Asia. Its land area occupies approximately 115,000 square miles
(297,850 kilometers), its island waters 600,000 square miles (15,540,000
square kilometers). Eleven islands account for 92 percent of the total
land area. Ninety-six percent of the population lives on these main
islands. The population in 1960 was 27 million, growing at an average
rate of 3 percent.

There are three geographical regions in the country: Luzon, Visayas,
and Mindanao. Luzon has an area of 54,000 square miles (139,860 square
kilometers) and is the largest region in land area and most important in
terms of economic activity. The capital and principal commercial city
of the country, metropolitan Manila, is located in Luzon. The Visayas
region occupies 25,000 square miles (64,700 square kilometers) and is
located between Luzon and Mindanao. The region is dotted with
numerous islands and waterways. The Mindanao region, containing
37,000 square miles (95,830 square kilometers), is southernmost in
location. Dubbed the agricultural land of promise, the region has
numerous agricultural plantations as well as industrial sites.

The economy of the country is based on agriculture. In the early
1960s, this sector accounted for over one-third of the net domestic
product (NDP). Over half the working population is employed in this
sector. Industry is a rapidly growing sector, with a share of NDP
slightly below 20 percent. The government supports and encourages the
industrialization of the country by providing basic infrastructure and
incentives.

The country, as an old legend goes, has been blessed by the gods.
There are numerous resources available — from mountains and minerals
to lush tropical forests, waterways, and marine life. Many of the raw
material resources are virtually untapped. Because the Philippines is a
developing country, it is progressively harnessing its potential in
manpower and natural resources to attain national objectives.

168
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In terms of energy resources, the Philippines is also fortunate. In
the early 1900s, coal extracted locally was used as a source of energy
to fire kilns for industries such as cement and transport. Firewood from
trees in the forests was used in households for cooking purposes. A
government agency, the National Power Corporation, was established to
develop the hydro resources as sources of power.

By the mid-1900s, however, due to the availability of cheap oil from
foreign sources, the country gradually shifted to the use of oil as a
source of energy. By the early 1970s, more than 90 percent of the
country's energy requirements were met with the use of imported
petroleum fuel.

Before the energy crisis of 1973, government officials in the
Philippines focused attention on developing local energy resources. The
government program for the development of rural areas relied, to a
large extent, on the availability of indigenous, localized (especially for
island provinces), and possibly cheaper sources of power for the
industrialization and infrastructure building needs. One of the energy
resources chosen for commercial exploitation was geothermal energy,
which was considered potentially available since the Philippines is
located in the so-called circum-Pacific "rim of fire." The country is in
the volcanic zone and has a total of 50 volcanoes punctuating the length
of the archipelago; 12 of the volcanoes are active.

Numerous surface manifestations of geothermal energy, such as hot
springs, have been evident for many decades. These hot springs have
popular appeal to local residents, who regard them as having curative
properties. Resorts are often built around the springs, and the name
bano , meaning bath, is frequently used. The waters are said to heal
muscular ailments, rheumatism, respiratory and skin diseases. Many
tourists find the waters relaxing to soak in.

PHASE l: PLANNING, APPRAISAL, AND DESIGN

Preliminary Research Studies

Geothermal energy has always been linked with volcanic activity, since
geothermal resources are reservoirs of boiling water and steam found in
high heat flow regions. Initial data needed for geothermal exploration
include: geological investigations of volcanic areas; data on surface
manifestations such as bubbling mud or water pools, steam vents, hot
springs, and geysers; and chemical analyses of volcanic rocks and hot
spring waters. These data are often gathered by government agencies
doing work related to volcanic studies.

In the Philippines, because of the very real danger from volcano
eruptions, several government agencies monitored volcanic activity.
The Weather Bureau made seismic studies. The Bureau of Mines,
previously the Division of Mines, studied the geologic and economic
aspects of vulcanism. The Bureau of Science, now the National Institute
of Science Technology, performed chemical analyses on rock, gas, and
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water specimens. The Department of Geology and Geography of the
University of the Philippines assisted in the geological investigations of
volcanic areas in the country.

The first recorded study of thermal springs in the Philippines was a
survey undertaken in 1926. In 1928, Dr. Jose Feliciano, head of the
Department of Geology and Geography of the University of the.
Philippines, compiled a list of 54 thermal springs located throughout the
country. The list indicated the measured temperature and partial
chemical analysis of the springs.

Not much more research on vulcanism and surface manifestations
was published until 1951. In 1951, the consolidation of the volcanologic
studies was started with the formation of a committee on volcanology
under the Department of Agriculture and Natural Resources. The
members of this committee were representatives of the government
agencies involved in volcanologic studies.

In 1952, after the destructive eruption of the Hibok-Hibok Volcano
in Camiguin Island, Mindanao, which claimed 500 human lives, a
congressman from the area, Emmanuel Pelaez of Misamis Oriental,
proposed a law creating the commission on volcanology. The president
of the Philippines subsequently signed into law Republic Act No. 766,
which created the Commission on Volcanology to take over the func-
tions of the committee on volcanology. These functions were: to
observe all active volcanoes in the country, predict eruptions, and plan
evacuation and relief programs. The Commission on Volcanology
(COMVOL) was placed under the National Research Council of the
Philippines (NRCP) and was designated the lead agency for research on
volcanoes and volcanology.

The COMVOL program, set up with the assistance of Dr. Gordon A.
Macdonald, director of the Hawaiian Volcano Observatory, included
geological and topographic investigation, seismological and other geo-
physical investigation, strictly volcanological investigation, and warning
and relief organization. Research studies made during the next decade
were the completion of a bibliography of literature on Philippine
volcanoes, papers on volcanology, and detailed geological surveys of
critical areas in the vicinity of active volcanoes and solfataric areas.

Interest in research on geothermal energy started when the
COMVOL office received a copy of the proceedings of the Rome United
Nations Conference on New Sources of Energy in 1962. One of the
findings at this conference was that geothermal energy was the
cheapest means for generating commercial electrical power. Because of
the interest of the COMVOL geologists in this finding, the COMVOL
chief volcanologist directed field teams to start taking temperature
measurements and surne chemical anal yses of volcanic rocks and hot
spring waters in areas which had surface manifestations such as in Los
Banos, Laguna and Tiwi, Albay.

In the meantime, in the decade of the fifties, the Philippine
government completed the reconstruction and rehabilitation of the
country which had been ravaged during World War II. The focus by the
1960s was on the development of industry in the urban centers and in
the countryside.
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Electric power was considered a critical element in the industrial-
ization effort. Hence, the government commissioned a study to examine
the power sources and needs for the main Philippine region, the Luzon
area. In the early 1960s, the main sources of power in Luzon were three
major hydroelectric plants producing 207 MW of electricity, as well as
imported petroleum to fire thermal plants. There were limitations to
the use of each type of energy. Use of imported oil depleted the
country's foreign exchange reserves, while hydroelectric projects, es-
pecially in Luzon where a distinct wet and dry season exists, were
affected by low water levels during the dry season.

In 1963, the United Nations Special Fund provided the assistance for
the study on power which was to be executed by the International
Atomic Energy Agency (IAEA). The United Nations study, entitled "Pre-
Investment Study on Power, Including Nuclear Power in Luzon," was to
evaluate the resource potential in the country of water or hydro, coal,
geothermal, oil, and gas. The studies were to be made separately by
experts in the respective fields. If these resources were found to be
insufficient to meet the demand, nuclear energy plants would be
recommended to meet the deficiency.

The International Atomic Energy Agency contracted G.W. Grindley,
a geothermal energy consultant from New Zealand, to prepare the
geothermal study. For this purpose, he visited the Philippines during
December 1963 and January 1964, and conducted field research with
the help of Bureau of Mines and COM VOL personnel. He even experi-
enced the heat of the Tiwi geothermal area first hand, having scalded a
leg in the process of field study. His final report, written in February
1964, was entitled, "Geothermal Resources of the Island of Luzon,
Philippines."

The geothermal report discussed the nature of geothermal energy,
reviewed existing information on geothermal areas in the country,
indicated the areas in Luzon with the most promising geothermal
resources, and provided a technical guideline based on New Zealand
experience for local geologists to follow in carrying out geothermal
surveys.

In his report, Grindley confirmed that the Philippines was well
endowed with geothermal resources, since the country was located in a
high heat flow region with active, dormant, and extinct volcanoes, and
had a number of surface manifestations in the form of hot springs,
fumaroles, and solfataric areas. Figure 4.1 is a map showing the
location of volcanoes and hydrothermal fields, and indicates the close
r
elationship among the ma}ority of them.

The paper noted that some studies had been started on the chemical
analyses of the hot springs. No exploratory drilling, however, had been
done so far to determine the potential and characteristics of the
geothermal fields. Consequently, the report focused more on findings
based on the study of the hot spring waters and the geology of the
areas.

A total of 66 hydrothermal fields was listed, and chemical analyses
were made on the majority of the springs. The springs were classified,
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VISAYAS ^1

an

u

Manlan Geothermal Region

9 '

d MnnCa layan
Ccoehermal Region 

p

r
mMa

al 

mbucal

Geothe Region

Maine Pincer
Geothermal Region -

Balingasag Geothermal Region

Malabong Geolbermal Region

Kidnpnw.n Geothermal Regron

Tuayan Geothe.mal Region

^ a

Lobe . Iriga
r RegionF Samoa

rog Geothermal Reg ion

Manila Genihermnl Region

eul n on
Geothermal Region

Bihran
Geothrnnal Region

_ Cnbalian
Geothermal engine

MINDANAO

l a l

Fig. 4.1. Location of geothermal regions in the Philippines.



TIWI GEOTHERMAL PROJECT 173

on the basis of their chemical content, into: those with sodium chloride
waters (15); those with acid sulfate-chloride waters (5); those with
calcium-sodium chloride waters (4); and those with dilute waters (24).

The hot springs were further divided into four broad classes based on
geological association, and the report noted examples of each type of
spring based on preliminary studies of the waters and geology.

Class 1. direct volcanic exhalations

These are the hot springs found in or near the craters of active
volcanoes. Such springs usually have a major volcanic component with
varying amounts of contamination by meteoric waters. Recause of this
circumstance, the springs are usually of little economic interest for
geothermal energy development. An example is the Taal Volcano in
Luzon.

Class 2. shallow volcanic sources

These are the hot springs found around the margins of many active and
recently extinct volcanoes. They derive their heat supply from the
downward penetration and subsequent uprising of meteoric water to the
hot rock at the roots of the volcano. Since the volume of hot rock is not
usually very large and cools rapidly close to the surface, such springs
may not rise notably in temperature with depth. The Los Banos spring is
an example of this type.

Class 3. deep-seated plutonic sources

These are extensive thermal areas with a large heat flow which are fed
from deeper plutonic sources, probably cooling magma chambers or
regions of deep-seated granitization. Large magma chambers within the
crust are apparently formed by large-scale crustal melting, and are a
feature of many acidic volcano provinces. The capacity of the heat
source in such areas may be extremely large, and where permeable
near-surface formations allow deep penetration of meteoric waters,
large convection sxstems may be set up. Temperatures in such systems
may be high (200 -300°C, or 392°-572°F), the volumes of hot stored
water may be large, and the surface heat flow considerable, such as in
Wairakei, New Zealand. An example in the Philippines is the Tiwi Field
in Albay Province, which is fed from a major fault, possibly tapping a
plutonic source.

Class 4. deep faulting in region of high geothermal gradient

These are hot springs not directly related to volcanic or plutonic
activity. Volcanic provinces and mountainous regions of recent rapid
tectonic uplift commonly have a steep geothermal gradient, and deep
faulting in such areas may be the cause of the formation of hot springs.
An example of this type of hot spring is that found in the Mountain
Province of Northern Luzon.
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Based on his observations of the hot springs and the geology of the
volcanic and solfataric areas, Grindley in his report identified Tiwi,
Albay Province in the Bicol Peninsula as the most promising geothermal
area. Among the reasons he cited were:

1. The area is associated with a major fault, possibly tapping a plutonic
source. It is apparently unrelated to nearby shallow volcanic
sources.

2. The country rocks are andesitic lavas and tuffs, of late Tertiary and
Quarternary age, that are likely to contain permeable horizons.

3. The heat flow at the surface is of the order of 10.000 kilocalories
per second (kcal/sec). This is approximately one-tenth the heat flow
for the Wairakei Field in New Zealand.

4. Practically all the hot water discharged at Tiwi is at or near boiling
temperatures. Although the rise of temperature with depth is not
known, boiling point conditions are probable for at least 100 feet
(30.4 meters).

5. The water being discharged by the Naglagbong springs at Tiwi
contains a high concentration of sodium chloride, about four times
that of Wairakei. Since the springs are close to the sea and only 40
feet (12.2 meters) above sea level, an admixture of ureteric water
and sea water could account for the high salt content. Since the
interface between cold fresh water and cold sea water should be
about 1,600 feet (488 meters), or (40 x 40, or 12.2 x 12.2), the
convection system feeding the Naglagbong springs must extend to at
least this depth.

6. Although beyond the present range of the main power network
serving the Luzon region, the Tiwi Hydrothermal Field is situated in
a densely populated area where alternative sources of power are
lacking. This meant that demand for power existed near the source
of geothermal heat.

Grindley recommended a study of possible uses for this geothermal
energy. Electric power generation was definitely one use if the mini-
mum temperature were no lower than 200°C (392°F), a temperature
considered desirable by the New Zealand engineers for the exploitation
of the geothermal energy to be commercially feasible.

Another use he suggested was the drying of copra, abaca (hemp),
fruit, rice, vegetables, milk, and other commodities, especially in high
rainfall areas where sun drying was commonly impossible. Geothermal
heat, he noted, was also used in New Zealand for timber drying and salt
making.

Another recommendation was that more surveys should be carried
out by field personnel of the COMVOL and the Bureau of Mines over a
few years' period in all the known hydrothermal fields. The purpose of
the surveys would be to come up with more data on the temperatures
and heat flow, geological structure, and chemical analyses of the
thermal waters. These data would establish the scientific basis for the
utilization of geothermal energy.
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After the geothermal report was concluded, the COMVOL and the
Bureau of Mines added the survey activities to the regular mapping and
volcanological programs of their field teams. The COMVOL intensified
its geothermal studies since these years were quiet years with no major
volcanic eruptions, thus allowing the geologists to devote time to the
project.

Arturo Alcaraz, then chief volcanologist of the COMVOL, set up the
program of activities of the COMVOL in 1964 to include:

1. Preparation of a comprehensive list of existing hot springs, to be
accomplished with the help and cooperation of the local and
provincial authorities.

2. Preliminary geothermal studies of eight areas identified by surface
manifestations.

3. Detailed geologic survey of each thermal field, to establish as far as
possible the lithology and structure, and to locate faults and other
structures with which thermal fields may he associated.

4. Measurement of the surface thermal gradient, to establish the limit
of warm ground of each thermal area and whether they are
connected by a regional belt with a thermal gradient higher than
normal.

5. Magnetic survey of each thermal field, to determine magnetic
properties of rocks due to hydrothermal alterations. This informa-
tion would he helpful in locating areas of good potential.

6. Collection and chemical analyses of gas and water samples, to
determine the chemical composition, which can give some ideas of
the origin of thermal waters.

7. Drilling operations to determine the rock structure and temperature
below the surface which can be correlated with other data gathered.

Whenever possible, through grants or scholarships, the COMVOL
scientists were encouraged to learn more about geothermal energy.

Since the COMVOL was a research-oriented government agency that
was allocated a yearly budget by the Congress of the Philippines,
A.Icaraz requested the Budget Commission and the Congress to allocate
to the COMVOL an additional V100,000 to fund these studies. This
budget was subsequently approved.

Alcaraz next approached the executive director of the National
Science and Development Board (NSDB), a government agency that
funded local scientific studies, for the funding of a geothermal research
project at Tiwi. Two research projects were eventually approved. The
first was "Project 2.91: A Study of the Tiwi Geothermal Area for Power
Utilization'; and the second was "Project 2.186: A Study for Com-
mercial Development of the Tiwi Geothermal Field for Power and
Industrial Purposes." The amount of (p 311,000 was allocated for the first
project, in 1964; ?513,564 for the second project in 1967.

The objective of the first project, Project 2.91, was to study the
extent of the Tiwi thermal springs and their heat output and to make
pilot studies on the economic utilization of the geothermal heat. The
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project was carried out with the help of the Bureau of Mines, which
would assist in exploratory drilling. The project consisted of three
phases:

Phase 1: A detailed geologic and geophysical study as well as explora-
tory drilling of the area.

Phase 2: Drilling and Jogging of drill holes.
Phase 3: Construction of a pilot power plant.

The research project was completed successfully in 1967. During the
course of the research, some significant findings were:

1. The Tiwi thermal field is located in a valley that is covered
mostly by Quaternary alluvial materials associated with some undif-
ferentiated talus deposits. The alluvial fan is perhaps dominantly
underlain by the pervious Malinao (volcano) lavas dipping toward the
valley floor. Somehow, a major part of the thermal water from the hot
springs may be attributed to the presence of this artesian structure.

2. The Tiwi thermal field is divided into four thermal areas:
Naglagbong, Bano, Nahologan, and Cararayan. Thermal activities are
mostly confined within the barrios of Naglagbong, Piano, and Nahologan,
where the Tiwi arcuate fault conjugated by younger minor faults passes
through. The Naglagbong has the widest area of thermal springs, while
Bano has the smallest. The Naglagbong, too, exhibits the highest
average surface temperature while Cararayan exhibits the lowest.

Naglagbong Bano Nahologan Cararayan

1. Area of thermal
field (square
miles)

II. Average surface
temperature
range in C° (F°)

28.1 x 10 10.2 x l0 4

60-103 40-100
(140-217) (104-212)

18.3 x 10 4 	12.9 x l04

35-95 40-65
(95-203) (104-149)

3. Field mapping and aerial photographs done with the help of the
Philippine Air Force led to the discovery of three fault systems. Most
of the faults in the thermal area were inferred and plotted from the
alignment of hot springs. The fault systems detected were as follows:

a. The Plug-Dome Fault System : The faults that belong to this
system are located on the eastern boundary of the thermal field. These
are the older faults and in reality are in no way related to the thermal
activities west of them. The fault system is more associated with the
Bobo and Putsan plug-domes, for the faults that belong to this system
were responsible for the formation (Lagonoy fault), and the shaping up
of the present topography of the plug-domes. The most important of
these faults is the Logonoy fault, the oldest structural feature of the
whole area covered by the geologic map. The structure, a high-angle
fault striking 325°, dips steeply to the northeast or toward the sea.
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That the fault remained active after the extrusion of the hyalodacitic
lava that built up the Putsan plug-dome is deduced from the nearly
parallel orientation of the lavas close to the fault. It is supposed that
the rotation of the mica flakes into an approximate parallelism was
caused by a shearing movement along the Lagonoy fault.

The Lagonoy fault is cut by the almost east-west trending Cararayan
fault at the contact between the two plug-domes. The dip and the
displacement of this fault is not quite clear, although there is reason to
believe that the northern block (the Putsan plug-dome) moved up with
respect to the southern block (the Boba plug-dome). In the north, the
Lagonoy fault is displaced to the right by the Cararayan fault.

To the north of the Putsan plug-dome is the Putsan fault; to the
south of the Bobo plug-dome is the scarp-forming Bobo fault, which has
a strike of approximately 45° and a dip heading to the southeast. A
small displacement on the Bolo fault was possibly caused by further
renewed activity of the Lagonoy fault.

b. Radial Fault System : The radial fault system is typified by the
Joroan, Matalibong, and Pili faults. Aerially, these faults originate from
the vicinity of the volcano's crater and gradually diverge into nearly
parallel lines to the northeast. These faults are almost vertical without
any appreciable displacement. As in the plug-dome fault system, there
is no field evidence that these faults are related to the thermal
activities.

c. Arcuate Fault System : To this system belong the faults that
originated as a result of the collapse of the northeastern face of Mt.
Malinao (geologic setting). These are the Kagumihan fault and the Tiwi
arcuate fault zone with its complement of small minor arcuate and
cross faults. The Tiwi arcuate fault zone, the most striking and the
longest fault in the area, is probably the deepest. It starts from the
Bolo fault to the east, moving to the northwest to swing in a
southwesterly direction toward Mt. Malinao.

It is strongly believed that the thermal activities have some definite
relation or association with these faults, particularly the Tiwi arcuate
fault zone. They arc the most important structural features of the area,
as far as thermal activity is concerned, for they serve as feeding
channels for hot solutions to escape to the surface. Most of the hot
springs within the Bano, Naglagbong, Nahologan, and Cararayan thermal
areas apparently are related to the Tiwi arcuate fault zone. The
fissures become a locus for thermal activity. Magmatic water and
solutions from the cooling Malinao magma mingled with heated ground
water gradually find their way to the surface to form thermal springs.

4. The source of heat in the Tiwi thermal field was not conclusively
indicated in the geologic report. The possible explanations for how heat
is transferred to the surface can be given as: convection, conduction, or
condensation of the magmatic source.

Through the surface data gathered from the field, it was considered
that the hot springs in the four thermal areas are fed chiefly by ground
water, with the admixture of a small portion of magmatic water. The
magmatic water that rises into the surface as steam associated with
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some volcanic gases, through crevices or cracks and deep fissures, is
condensed by ground water and in turn mingles with it. If there is any
difference in the amount of magmatic water in the cliff erent thermal
areas, it may be the result of the variation in the supply of ground
water in the different thermal areas as caused by the seasonal
variations and stratigraphic structures, but not the constancy of mag-
matic emanations.

In view of these factors, the water coming out from the different
thermal areas originates from a depth up to which ground water can
penetrate, and the mineral contents besides the volatile constituents
are primarily derived from the rocks above the level of the magmatic
source.

5. Based on findings of the preliminary surveys, siting of exploratory
drill holes for study of underground structure and temperature gradient
were made. During the second year of the project, six shallow explor-
atory holes were drilled by the Bureau of Mines, with the use of a
Longyear diamond drill. As the initial holes showed encouraging results,
the holes were drilled to double the original 330-foot (91-meter) depth.
Two drill holes showed geysering activity, while the last exploratory
drill hole manifested continuous steamin with a well-head pressure and
temperature of 115 psig and 99°C (210 F), respectively. The depth of
this steam producing hole was 552 feet (167 meters) (see table 4.1).

6. A pilot plant was set up to demonstrate the possibility of utilizing
natural steam to generate electric power. A steam calorimeter was
used to study the quality and potential of the steam from the producing
exploratory drill hole. improvised separator, water tanks, and pipeline
systems were installed. An Elliot turbogenerator, borrowed to test run
the geothermal steam, ran successfully, producing a 3-kW power.

The second research project was started once the first project was
successfully completed. The objective of this project, Project 2.186,
was to obtain more information on the extent and potential of the Tiwi
geothermal field for use by the government in the full exploitation of
the field. Since the earlier project had accomplished the shallow drilling
of exploratory drill holes and the results were favorable, a seventh drill
hole was planned for a depth of 1,000 feet (305 meters).

Since neither COMVOL nor the Bureau of Mines had the equipment
or experience for deeper drilling, the COMVOL contracted an American
drilling contractor, Bezette Diamond Core Drilling Inc., to drill the
seventh hole. Bezette used a Failing rotary drill rig to do the job.

COMVOL soon discovered, however, that the contractor could not
cope with the job. The hole took four months to drill, including several
weeks' delay due to various technical difficulties suffered by the
contractor. Several blowouts occurred during the process of drilling.
The 4-inch (10-centimeter) diameter drill hole was supposed to have
been drilled 1,000 feet (305 meters), but the contractor gave up at 641
feet (195 meters) when the drillers encountered steam and could not
continue due to a blowout with strong discharges of hot water and
steam. This first production hole discharged 95 percent pure steam at



Table 4.1. Data on Drill Holes, Tiwi, Albay

V
ID

Hole Depth — feet Maximum Temperature Casing—inches Discharge
Number Location (meters) at depth indicated in (cm)

feet (at Depth in Meters)

DDH-1 Visiting 304 (93 m) 36°/304 (97°F/93m) 1 (2.54 cm) Warm (30°C) 86°F water at 4-8
Naga liters/min (1-2 gal/min)

DHH-2 Cale 612 (186 m) 132°/484 (270°/147rn) 1 (2.54 cm) Geysering of gas and hot water
with a well-head pressure of 212 psi
and 60°C (14°F), respectively

DDH-3 Nahologan 358 (109 m) 136°/315 (277°/96m) 1 (2.54 cm) Geysering with a well-head pres-
sure of 50 psi

DDH-4 Cararayan 494 (150 m) 42°/445 (108°/136) uncased Cold water without artesian pres-
sure

DDH-5 Calzada 327 (100 m) 46°/327 (115°/100) 2 (5 cm) Cold potable water discharging at
57 liters/min (15 gal/min)

DD!-6 Cale-Cara- 552 (168 m) over 129°/342 (264°/104) 2 (5 cm) Steaming of high quality with a
rayon well-head^ressure and temperature of

115 psi 99 C (210° F), respectively

DDH-7 Cale- Cara- 641 (195 m) unmeasured 6(15.2 cm) Almost pure steam with a well-
rayan head temperature of 154°C (309°F)
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75 psig blowing from the 4-inch (10-centimeter) diameter outlet. The dry
steam was discharged at the rate of 9.9 tons per hour, at a well-head
pressure of 5 atmospheres and a temperature of 154°C (309°F) and the
enthalpy at 1,160 Btu/lb.

COMVOL next engaged the services of another American firm, this
time one which had actual experience in geothermal energy develop-
ment. The firm, Rogers International of San Francisco, had partic-
ipated in the geothermal power development of The Geysers, Cal-
ifornia. Rogers International and its Philippine subsidiary, Rinfil
Engineering Corporation, were to assist in conducting instrumented
steam-flow tests on the first production hole.

Rinfil and COMVOL conducted the instrumented steam-flow test of
well 7 in 1970. The test revealed that the steam flow of the well was
27,000 to 32,000 lbs (12,150 to 14,440 kg) per hour. This meant that the
well was capable of generating 540 kW of power using a noncondensing
turbine, or 1,350 kW using a condensing type turbine.

By 1970, with the drilling of the seven diamond drill holes, six of
which were exploratory and one production well, the preliminary
research studies were completed. Geological, geochemical, and geo-
physical techniques had been used in the exploration of this first
geothermal area and the results of all had been favorable. Meantime,
some preliminary studies were being done on the other high-potential
geothermal areas scattered throughout the country. No other explor-
atory drilling, however, was done.

The government agencies that were involved in geothermal energy
exploration prior to the 1970s were mainly research agencies of the
government. None of them was specifically charged to investigate or
explore the potential of the country in geothermal energy. They did,
however, do work related to geothermal energy data gathering and
investigation in the course of their primary agency work. The two
agencies that were most involved in direct investigation and exploration
were the Bureau of Mines and COMVOL. The Bureau of Mines was
involved because it was charged with studying the geology of the
country relative to minable potential, and had the expertise and
equipment in drilling. COMVOL was directly involved in studying the
volcanic and solfataric areas of the country, and saw geothermal energy
as an awesome gift of nature, and volcanoes as benefactors, not
malefactors.

Identification

In November 1969, Ferdinand E. Marcos was reelected president of the
Philippines. In his inaugural address he declared that the task of nation
building was never ending. Consequently, the course the nation would
take would be to address directly various problems, one of the most
pressing being that of rural development.

The president was concerned with the balanced economic develop-
ment of the country. Government attention was focused not only on the
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rapid industrialization of the urban areas but also on accompanying
rural development.

Since the economy of the Philippines was, and still is, predominantly
agricultural, there was a need to improve the production, processing,
and distribution of the agricultural products. Irrigation facilities needed
to be installed. Some degree of mechanization had to be introduced,
especially in harvest and post-harvest activities. Intermediate raw
material processing had to be introduced.

In all of these activities, power was a necessary factor. Infrastruc-
ture and communication facilities were planned to complement and
support the rural development plans. The executive branch of govern-
ment studied various ways of harnessing indigenous resources for
maximum benefit. Many of the towns and barrios which needed a boost
in development were located on islands. This compounded the problem
of extending power and communication facilities to these areas. The
challenge to the government was to seek technologies that were
suitable to the needs of the country, and which made maximum use of
local resources.

An official of the Philippine government, Executive Secretary
Alejandro Melchor, in a trip to the United States in 1970 observed the
operation of The Geysers in California and realized the potential of
geothermal energy to suit local needs. Upon his return, he conferred
with local experts and recommended to the president that commercial
exploitation of the geothermal fields be initiated. He also recommended
that, clue to the preliminary research studies already conducted and
showing favorable findings, the initial area developed should be the
Tiwi, Albay geothermal area.

The president reviewed the recommendation and acted favorably on
it by issuing, on August 1, 1970, Proclamation No. 739, "Establishing as
Reservation for the Purpose of the Exploration, Development, Exploita-
tion and Utilization of Geothermal Energy, Natural Gas and Octhane
Gas a Parcel of land in the province of Albay, Island of Luzon,
Philippines." The presidential proclamation set aside some 17,661
hectares (43,623 acres) in the geothermal area for exploration, ex-
ploitation, and development as a national reservation. The president had
anticipated potential problems or conflicts over the ownership of
surface rights in the area, and had paved the way for the more rapid
development of the area. A previous law passed by Congress and signed
by the president in 1967, RA 5092, had already provided that natural
gases, methane, and geothermal energy belonged to the state.

Presidential Proclamation No. 739 identified Tiwi as the first area
to benefit from the commercial exploitation of geothermal energy.
This was particularly significant as the Bicol region, at that time, was
one of the least electrified regions in the country.
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Location

The Bicol region

The Bicol Peninsula, where the town of Tiwi, Albay is located, is on the
southern tip of the island of Luzon. It is some three hundred kilometers
(186 miles) south of Manila and is accessible by land, air, and sea. The
Philippine National Railways system, as well as several bus systems,
have regular daily trips to and from the area. There are four provinces
in the Peninsula: Camarines Norte, Camarines Sur, Albay, Sorsogon;
Albay is the leading province in economic terms. Total land area in the
Bicol Peninsula is approximately 12,000 sq km (4,800 sq mi). Total
population per the 1970 census for the Bicol region -- which includes the
islands of Catanduanes and Masbate — was 3.0 million.

Bicol is known for its volcanoes — especially the Mayon Volcano with
its near-perfect cone — and its beaches. The climate is generally
pleasant throughout the year. As it is within the typhoon belt, however,
it is periodically visited by typhoons. The river basin areas of Cam-
arines Sur and Albay are also subjected to flooding during the rainy
season due to poor drainage.

The main economic activity in the area is agriculture with crops
such as coconut, rice, and abaca (hemp) being dominant. The govern-
ment of the Philippines considers the area to have a high growth
potential especially for rice — once irrigation facilities are adequately
provided —agribusiness, rural manufacturing and industry.

The Bicol region, unfortunately, has been described as among the
most economically depressed in the country. In 1970, it had an
unemployment rate 5 percent above the national average, and a per
capita income rate 27 percent below the national average. A United
Nations survey conducted at that time categorized Bicol as on a
"downward transitional trend," meaning that a deteriorating economic
situation existed. This was due to income maldistribution, a ]ow level of
physical and social infrastructure, the existence of tenancy problems in
the agrarian sphere, and a high level of outmigration.

In terms of electricity, the Bicol region in 1970 was not connected
to the main network of power stations, transmission, and distribution
facilities of the National Power Corporation (NPC) in the Luzon area,
known as the Luzon Grid.

There were only two major areas in Luzon not embraced by the
Luzon Grid in 1970 — the Cagayan Valley in the north, and the Bicol
area in the south. NPC, however, had two subgrids in the Bicol area,
with a total of 5.2 MW in two small hydroelectric plants and a diesel
plant. In 1968, only 20.89 percent of the households in the Philippines
had electricity. In the Bicol region, however, the figure was 7.39
percent.

The government had plans for the overall development of the region
in the early 1970s. For this rural development scheme, power was a
critical ingredient. Therefore, the commercial exploitation of the Tiwi
Geothermal Field assumed added significance.
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In 1973, President Marcos issued Executive Order 412, creating the
Bicol River Development Program, an integrated area development
program of the national government. The main development strategy of
this program was to build up the physical infrastructure, improve land
tenure arrangements, increase agricultural and labor productivity, and
encourage private investment in agribusiness and other rural-based
industries. The end result expected by the 1980s was an improvement in
the quality of life of people in the program area and the Bicol region in
general.

Tiwi

The municipality of Tiwi is situated in Albay Province, Bicol. It has an
area covering 12,342 hectares (30,455 acres), or 5 percent that of
Albay. In terms of population distribution, the town is twelfth in size in
the province, with a population of a little more than 20,000 people. The
town is located 40 km (25 mi) north of the capital city of Legaspi and
some 530 km (329 mi) from Manila. The most important occupation in
the town in 1970 was farming, followed by fishing and cottage indus-
tries. Although it was located, economically speaking, in the most
i mportant province, I3icol, the municipality of Tiwi in 1970 was not
electrified.

The geothermal resource in the town has been put to use in various
ways. Food is sometimes cooked over the boiling mineral water springs
— chicken is dressed and steamed there, and eggs are boiled. Copra and
palay grain are dried over the hot igneous rocks. Thermal spring resorts
also existed in 1970.

Formulation

Late in 1970, Executive Secretary Melchor, who was also concurrently
chairman of the Power Development Council, the highest coordinating
and policy-making agency in the electrification program of the country,
started initial negotiations with Union Oil of California, the owner of
The Geysers, to develop local geothermal resources. Union Oil officials
signified their willingness to participate in the geothermal program of
the Philippines.

The executive secretary then constituted a panel to discuss with
Union Oil officials, the nature of possible collaboration. Named to the
panel were: the general manager of the National Power Corporation,
the main government agency charged with power development, as
chairman; and representatives of the Power Development Council,
COMVOL, the Bureau of Mines, and the Executive Office as members.
Strong government support was given to the panel, which was em-
powered to call upon any government department, bureau, office,
agency, or instrumentality for assistance in the pursuit of the project.
The executive secretary, who in effect carried authority emanating
from the president's office, facilitated the coordination work.
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Union Oil officials, led by the head of their geothermal division,
visited the Tiwi geothermal area and reviewed some of the research
findings. Based on their observations, they agreed that the area showed
great promise for geothermal exploration and development.

An initial agreement made with Union Oil was that they, and their
local subsidiary, Philippine Geothermal Incorporated, would be service
contractors for handling exploration and extraction of steam. The main
government agency supervising the project and running the necessary
power generating facility would be the National Power Corporation.

Service Contract with PCI

Since the country had yet to acquire expertise in the commercial
exploration, exploitation, and development of geothermal resources, a
service contract was signed between the National Power Corporation
through the office of the economic coordinator, and Philippine Geo-
thermal, Inc. (PGI) on September 10, 1971.

Philippine Geothermal, Inc. was the Philippine subsidiary of Union
Oil of California, a company that was then ranked fifth in international
oil drilling and first in geothermal exploitation for power generation in
the United States.

The committee, chaired by the general manager of the National
Power Corporation, worked for the immediate commercial development
of the geothermal reservation for electric power generation. PGI, once
it was convinced of the geothermal potential of the field, was inter-
ested in pursuing the contract at an economically acceptable return.

The service contract effected can be described as a "fuel supply
contract." PGI would be the fuel supplier, providing the steam to be
used by NPC in power generation. PCI would also take responsibility for
the disposal of the effluent. Provisions of the contract stipulated that:

NPC shall provide Foreign Exchange and Philippine Currency in
the amount required to pay 55% of the total operating cost
incurred by PGI on behalf of NPC in conducting Exploitation and
Effluent Handling Operations. (Subsection 5.2) As reimbursement
for PGI's operating costs, NPC shall pay PGI 4.55 U.S. mills per
kWh of electric energy generated until the operating cost will be
fully reimbursed. (Subsection 7.2(a)) In addition to the payments
under (a) above. NPC shall pay PCI 5.45 U.S. mills per kWh of
electric energy generated. ...for service rendered to NPC pur-
suant to this contract. (Subsection 7.2(b))(l)

Under the terms of this contract, then, NPC would only pay PCI for
a major part of its expenses when the electric power was generated.
PGI was committed to explore the field and inform the NPC when it
had discovered geothermal energy in sufficient quantity to supply a
generating plant with a capacity of at least 55,000 kW. PCI was also to
provide the NPC with technical assistance on the location and design of
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plants and equipment for the conversion of geothermal steam into
electric power. NPC, on the other hand, was to handle the generation
and distribution of electric power.

The contract period was for 25 years, renewable for another 25
years. Since the contract has been in effect, however, some changes
have been made with the approval of both parties. The terms as quoted
are based on the third amendment made on July 1975 and have since
been revised. The original agreement pegged the cost of steam genera-
tion to the price of oil. This became unrealistic after the oil crisis in
1973. Revisions pegged costs instead to more objective factors, and
provided that NPC's share of the total expense in dollars and pesos
would not exceed 55 percent.

Feasibility Study and Appraisal

In 1973, the National Power Corporation contracted Rogers Inter-
national to prepare a project feasibility study on the establishment of a
geothermal power plant in Tiwi, Albay. The immediate users of the
power to be generated would be the service area of Camarines Sur,
Albay and Sorsogon, which in 1973 were electrically isolated from the
Luzon Grid. The eventual plan of the NPC was to include the Tiwi
power output as part of its overall expansion program for the Luzon
Grid. By 1976, the lines of the Luzon Grid would be expected to meet
with those at the Tiwi area completing the Luzon Grid expansion
program.

The feasibility study was finalized in April 1973. Per the schedule
given in the study, final design work was to be started as early as May
of the same year, for the project to be completed by June 1975.

The introduction to the study clearly recognized the role of the NPC
as the government agency charged with the development of power for
electrification as well as for other uses. In support of this, it cited the
following: Republic Act No. 6039 declared it a policy of the state to
pursue and foster the total electrification of the Philippines on an area
coverage basis as being vital to the welfare of the people and the sound
development of the nation. Republic Act No. 6395 declared that 1) the
comprehensive development, utilization, and conservation of Philippine
water resources for all beneficial uses, including power generation, and
2) the total electrification of the Philippines through the development
of power from all sources to meet the needs of industrial development
and dispersal and the needs of rural electrification, are primary
objectives of the nation.

The introduction further discussed the status of power development
and NPC programs for the coming years. The capacity of NPC
generating stations servicing the Luzon Grid in 1972 was approximately
500 MW. The NPC had a transmission line network totaling 2,725 km
(169 mi) of lines, and covering the greater part of Luzon. The Luzon
Grid directly or indirectly served 281 cities and municipalities.
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NPC had embarked in 1973 on a program to electrify the rural areas
and promote development throughout the country in line with govern-
ment objectives. Hence, an expansion program which included the
increase in power-generating capacity and extension of transmission
lines was started and funded by a fifth power loan from the Inter-
national Hank for Reconstruction and Development (JBRD) of the World
Bank. The grid was expected to reach Camarines Sur in the l3icol
Peninsula by mid-1976.

Findings indicated that the feasibility study was designed to provide
21 MW of electricity to the service area of Camarines Sur, Albay, and
Sorsogon. Area population of the three provinces according to the 1970
census was slightly over two million. A total of 50 towns was expected
to be serviced by the power generating unit. At the time of the study,
13 townsof thisarea were being served by other power stations of the NPC,
21 had power at some time of day from self-generating units, 16 had
no power whatsoever.

An analysis of the market indicated that the total potential market
for the Tiwi power far exceeded the 21-MW capacity of the pilot plant.
This potential market would have to be developed with active support
from the National Electrification Administration, a government agency
charged with the development of electric cooperatives to operate rural
power distribution systems — from the main stations of the NPC to the
final end users. For its first year of operations, therefore, the power
utility was expected to operate at a relatively low rate of 24 percent of
capacity. For subsequent years, the output would be 90 percent of
capacity, since the service area demand was expected to grow, and the
transmission lines to the Luzon Grid would be connected in 1976.

The supply of the steam for the geothermal power plant would come
from the PGI wells. PGI had so far drilled two production wells and
were in the process of drilling the third. Two additional wells were
needed to ensure the steam supply requirement for the 21-MW plant. In
total, 13 wells were necessary to maintain the steam supply for 35
years, the expected life of the geothermal power plant.

The estimated total cost of the project was p14,687,000, broken
down as follows:

Direct Cost Pesos
(in thousands)

A. Production plant P5,009
B. Transmission plant 163
C. Transmission lines and substations 5,825

Indirect Costs

Engineering, contingency, and interest 33,690

Total PI4,687

Rogers International Consultants considered that building power
plants of this size would enable the operators and the management staff
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to gain experience with the generation unit and field situations inherent
in geothermal power generation. Future unit sizes, they felt, could be
much bigger to correspond to the growth of the demand for electricity.
It was also noted, however, that building a small plant such as the one
planned was relatively expensive — meaning that the power plant would
not enjoy favorable economies of scale. A 50-MW size plant would be
more favorable from the point of view of economics, and would result
in a 25 percent decrease in electricity costs per unit of power.

The design for the project included the setting up of two geothermal
power units of 10.5 MW each in Tiwi, Albay, and 317 km (196 mi) of 60-
kW transmission lines from the Tiwi plant to various points in the three
provinces.

Philippine Geothermal, Inc., as the supplier of the steam, initiated
the drilling of production wells to provide the necessary steam. As of
the time of feasibility study preparation, PCI had drilled two wells,
Nlaglagbong one and two, and was in the process of drilling a third. The
first two wells were commercially favorable, with hot water produced
at a reservoir temperature of 520°F (256°C) to 535°F (265°C). The
first well produced at an initial rate of 350,000 lb/hr (157,500 kg/hr)
mass flow; the second well at a rate double that of the first. The three
wells proved the existence of a reservoir area of 800 acres (320
hectares). An additional two wells would be drilled to complete the five
wells needed to supply steam to a 21-MW power plant, assuming that a
mass flow of 500,000 lb/hr (225,000 kg/hr) from each well were
realized.

For the initial development of the 21-MW capacity, a spacing of 40
acres per well was planned so that the 13 wells would produce from an
area of 520 acres (208 hectares). The geologic setting and reservoir
rock at Tiwi are similar to that at Wairakei, and the reservoir fluids are
at about the same temperature. In Tiwi, the generating potential based
on proven acres, therefore, was expected to closely parallel that of
Wairakei. if so, the 800 proven acres (320 hectares) would have a
generating potential of 430 MW and the total 5,600 acres (2,240
hectares) a potential of 4,000 MW. If a spacing of 40 acres (.16 hectares)
per well, or even 20 acres (8 hectares) per well were maintained, this
would result in a producing capacity of 700 to 1,400 MW from the
potential of 5,600 acres (2,240 hectares).

The geothermal, production was a mixture of steam and water. PGI
was to construct a gathering system (see fig. 4.2) to separate the steam
from the water, and transport the steam to the plant. The residual
water and any cooling tower effluent would be gathered, cooled in open
but protected gutters, and eventually emptied off into the ocean. Since
the water from the Tiwi springs contained minimal chemicals -
dissolved sodium chloride primarily — and the noncondensable gases
consisted primarily of 99.9 percent carbon dioxide (trace amounts of
methane, ethane, propane, hydrogen, and nitrogen were found; no
ammonia or hydrogen sulfide), pollution control considerations were
concentrated on the cooling of the runoff water, which would be by
gutters. The steam would be delivered to the power plant by PGI in the
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Fig. 4.2. Tiwi steam-gathering system.
Source: National Power Corporation, Manila, Philippines.
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following manner: flash steam from the geothermal field would be
delivered to the power plant at the designed turbine throttle pressure of
95 psig. Approximately 84 percent of this plant steam will be expanded
through each of 2-by-11,000 kW (gross) turbine-generator sets and the
steam exhausted to the condensers operating at 4 inches (10 centi-
meters) mercury vacuum. The remaining 16 percent of the steam will
be used as power fluid for the steam yet gas ejectors.

To permit starting the plant without an external power source, a 500
kW cold start turbine was to be provided and made common to the two
units. The electrical generation system was to consist of two separately
driven air/water cooled 11.0-MW gross generators, each separately
connected through its own main power transformers to the 60 kV
outdoor bus.

The general facilities would consist primarily of the turbine gen-
erator building, a reinforced concrete building. At the geothermal
plant, a substation rated at 24 kVa, 13.8/69 kV, with three feeders,
would be built for take-off to the service area.

National Power Corporation's share of the initial investment for
developing the 21-MW production capacity was U5$452,000. Total costs
were expected to amount to 4.81 mills/kWh computed at an average
load of 34 percent for the first period of production and 90 percent
after January, 1977 when the 130-kV line was to be completed.

Expansion of the field at the rate of 50 MW per year starting mid-
1977 would require an NPC initial investment in wells and facilities in
the United States equivalent of $1,081,250. Operating for the 35-year
life of the plant, each 50-MW expansion would cost 4.11 mills/kWh
computed at an average load of 90 percent.

The time table for completing the plant was worked out using two
scheduling techniques, the Critical Path Method (CPM) and Planning,
Evaluation and Review Techniques (PERT). These methods indicated
that it would take two years to complete the power plant and facilities,
only if special measures were taken to permit early commitment of
equipment. The plant would be located in such a way that it would be
central to the production wells to minimize the cost of the steam-
gathering system. In the study, the topography of several sites for the
power plant was discussed and a particular site was recommended.

Appraisal

NPC requested Rogers International to recommend an independent
consultant to evaluate the findings of PGJ on the geothermal potential
of Tiwi.

Professor H.J. Ramey, Jr. of Stanford University was therefore
engaged in February 1973 to review the PGI reports.

Professor Ramey reviewed the findings of PGI on the extent and
main characteristics of the Tiwi Geothermal Field Reservoir. Based on
the results of the various tests, volumetric calculation, and resistivity
surveys done by PGI, he concurred that there was likely to be sufficient
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steam reserves for a 21-MW pilot power plant at Tiwi. He therefore
enthusiastically endorsed the project in a letter written to Rogers
International and dated April 1, 1973. Unfortunately, however, Profes-
sor Ramey was not able actually to visit the project in the Philippines.
His evaluation was based on data furnished him by Union Oil.

Despite the findings of the feasibility study showing that it was
technically feasible to operate a 21-MW power-generating plant, the
NPC general manager decided not to implement the project immediate-
ly. Instead, further studies were conducted by PGI on the field. This
continued exploration work yielded favorable results, and indicated that
a bigger generating capacity plant could be supported. This would result
in better economies of scale and therefore cheaper per kilowatt costs,
as discussed in the feasibility study.

In 1976, the engineering department of the NPC revised its design
for a larger-capacity power plant. No further planning studies — such as
another feasibility study — were carried out. Since the NPC had been
involved in the construction and operation of power plants since 1930,
no major difficulties were anticipated. The government agency had
qualified personnel to design and supervise the job.

PHASE 2: SELECTION, APPROVAL, AND ACTIVATION

Selection and Approval

The project was approved in principle by the National Power Corpora-.
tion and the Power Development Council from the time the service
contract was signed with PGI in 1971. Since it had the strong backing of
the executive office, approval of the power plant was confirmed. The
National Power Corporation, as the government agency empowered to
develop and produce electric power demands of the country, was the
i mplementation government agency for the project.

The corporation had received a stronger mandate from the president
of the Philippines, who issued Presidential Decree No. 40 in 1972
restating the policy of the government to effect the total electrifica-
tion of the country and indicating the role of the National Power
Corporation in this task: "...The setting up of transmission line grids
and the construction of associated generation facilities in Luzon,
Mindanao and major islands of the country, including the Visayas, shall
be the responsibility of the National Power Corporation (NPC) as the
authorized implementing agency of the state."(2)

By 1973, the Bicol River Development Program had also been
initiated under Executive Order 412 (later amended by Presidential
Decree 926). This integrated area development scheme relied on the
development of the Tiwi Geothermal Field as a major source of power.
The rural development of the area was linked with the Tiwi Power
Project; hence, the project was strongly endorsed and approved.
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Activation

Power plants

Under the revised development scheme, two power generating units of
55 MW each were to be installed initially at Tiwi. Because these were
of a larger size and would also require a larger supply of steam, the
power plants were only expected to be operational in the 1978-79 time
period.

A contract for these two units was signed by NPC and Mitsui
Company, Limited of Japan after an international bidding in which the
Mitsui bid was the most acceptable. The contract was signed on
December 21, 1974 and included the design, manufacture, and delivery,
(CIF) cost, insurance, and freight at Tohaco Port in the province of
Albay, of major electromechanical equipment and machinery, and the
erection of a cooling tower. The total amount of the bid was
5,872,703.00 Japanese yen, or approximately US$29.35 million.

Another contract was negotiated with Mitsui Company, Limited and
signed on September 6, 1976. This contract called for the design,
manufacture, and delivery of the balance of the plant, testing and
supervision of preliminary operation. The contract amounted to
4,520,981.00 Japanese yen, or approximately US$22.61 million.

Civil works

Tenders were also called for the construction of the powerhouse
facilities. The bid was awarded to a local contractor, F.P. Cruz and
Co., in the form of a lump sure contract in the amount of
PI 5,775,997.15. The effective date of the contract was August 27,
1976; contract duration was for 612 calendar days.

Civil works also included the construction of a housing complex for
Tiwi field personnel. Again a local contractor won the bid for the
housing complex at P12 million.

PHASE 3: OPERATION, CONTROL, AND HANDOVER

The National Power Corporation

The NPC is a corporation wholly owned by the Philippine government.
It was created under Commonwealth Act No. 120 on November 3, 1936
with the primary objective of undertaking the development of hydro-
electric and other natural sources of power generation. In 1960, under
Republic Act No. 2641, the NPC was converted into a stock corpora-
tion, wholly government owned, with a capitalization of x'100 million.
The authorized stock was increased to P300 million under Republic Act
No. 4897 in 1967.

In 1971, Congress approved Republic Act No. 6395, titled An Act
Revising the Charter of the National Power Corporation." Guiding the
policies of the NPC was the provision of the act which states:
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Declaration of Policy — Congress hereby declares that l) the
comprehensive development, utilization and conservation of
Philippine water resources for all beneficial uses, including
power generation, and 2) the total electrification of the Philip-
pines through the development of power from all sources to meet
needs of industrial development and dispersal and the needs of
rural electrification are primary objectives of the nation and
shall be pursued coordinately and supported by all instrumental-
ities and agencies of the government, including its financial
institutions emphasis added].(3)

Since the energy crisis in 1973, the government dedication to power
generation and the development of indigenous energy resources has
been accelerated. Essentially, the electrical power development pro-
gram, as enunciated by the state, is aimed at attaining self-reliance
through the availability of the nation's energy resources. Presidential
Decree 40 reserved exclusively to NPC the development and explora-
tion of the country's power industry. This has meant that the National
Power Corporation is one of the energy companies falling under the
purview of the Ministry of Energy. In 1979, the capitalization of the
NPC was increased to one billion.

In 1973, the National Power Corporation had seven main offices or
departments: engineering and construction, administration, special proj-
ects, finance, and the regional offices: Luzon regional office, Visayas
regional office, and Mindanao regional office (see fig. 4.3).

The planning of projects was the responsibility of the engineering
and construction office. Projects were implemented by the regional
office where the project was located.

For the Tiwi project, the engineering section was responsible for
project development studies, engineering services (which included pre-
engineering studies such as geology and geotectonics), site exploration
works, plans and feasibility studies, designing studies, and the prepara-
tion of specifications and tender documents.

A section of the administration department looked after the prepa-
ration of contract documents, the screening of bids, and the awarding
of contracts.

The Luzon regional office took responsibility for the actual field
project implementation of the T.iwi project. This meant that the project
manager at the site would report to the Luzon regional manager.

In 1974, a geothermal division was set up at the NPC to supervise
the geothermal exploration and exploitation work. The division was
under the engineering and construction department. Its main concerns
were to review work done by the PGI to ensure the supply of steam for
the projected power plants, to protect the interests of the Philippine
government in matters concerning dealings with the service contrac-
tors, and to embark on exploration and developmental activities in
other promising geothermal areas. The COMVOL chief volcanologist,
Alcarez, was transferred to the NPC to head this division.
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The organizational chart for the geothermal division in 1974 is
shown in figure 4.4. For the duration of the project, PGI maintained
both a head office in Makati, Metro-Manila, and a field office at Tiwi.

A steering committee was created as set forth in the service
contract to prepare policies and operational plans, and to coordinate all
the activities related to the geothermal project from initial steam
exploration to final generation and distribution of power. The corn-
mittee was composed of 12 members: six from NPC and six from PGI;
the chairman was an executive vice-president of NPC.

The committee would review, at the start of a year, a proposed
work program and budget presented by PGI for the exploration and
exploitation of geothermal resources. The annual work program would
be submitted at least three months prior to the beginning of a fiscal
year. Based on the committee's approval, the work program would he
put into effect, and would be the basis for evaluating progress during
the year. NPC was given the right to propose revisions in PGCs work
program.

For the duration of the project, the NPC had to coordinate with
three main contractors: PGI, F.F. Cruz, and Mitsui. Consultants -
namely the Tokyo Electric Company (TEPSCP) — were contracted on
the structural and architectural work.

The project was implemented smoothly with no major problems
occurring.

Under the development program, the actual construction of the
power plant was to start in 1976, while the exploration work was to
have been underway all along. By December 1978, the first 55-MW
power unit was expected to be operational.

By March 1978, the development reports on the geothermal field
indicated the following information: twenty-seven holes had so far been
drilled to an average depth of 1,810.85 m (5,976 feet). The type of
geothermal system developed was liquid dominated (well production was
steam and hot water). The average mass flow of the wells was 557,087
lb/hr; the average steam flow was 122,020.7 lb/hr. The average
steam:water ratio was 21.76 percent.

Because the average steam flow was 122,020.7 lb/hr, it was ex-
pected that 20-odd production wells would be needed to generate the
initial capacity of 110 MW. Reservoir fluid contained between 5,000 and
6,000 ppm total dissolved solids, mostly chlorides of calcium, silica, and
potassium.

A satellite system type of gathering system was implemented for
the Tiwi area, since it was a Iiquid dominated field. Under this system a
mixture of steam and hot water from a cluster of producable wells is
gathered in a substation where high pressure steam and water are
separated. As the high-pressure water still contains considerable heat,
this water is then flashed to a lower--pressure separator. In the central
plant station, the water is again flashed to a secondary pressure
separator. The steam enters the turbine through two separate nozzles
at different pressures. Separated water from the central plant station
goes to the sump pit and is then disposed of in the ocean via protected
gutter or canal water disposal system.
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Fig. 4.4. Geothermal division of National Power Corporation — organiza-
tion chart, 1974.

The construction of the power plants suffered only minor delays.
During the construction of powerhouse 2, isolated soft clay materials
were encountered at the depth of the turbogenerator foundation.
Further boring tests were conducted, resulting in an estimated seven-
month delay. The NPC was able to coordinate with the contractor and
the activities were accelerated, so the net delay was only four months.

Completion and Handover

The first geothermal power plant was inaugurated in January 1979 by
President Ferdinand E. Marcos. The second was inaugurated in June
1979. The president, in his message, highlighted the significance of the
geothermal program and the government's policy of development and
self -sufficiency. It was due to the country's increasing need for energy,
the President stated, that he extended full support to indigenous energy
projects such as the geothermal project at Tiwi.

By the time Tiwi Power Plant 2 was inaugurated, the Philippines had
accelerated the geothermal program. A 55-MW unit was also inaug-



196 GEOTHERMAL ENERGY PROJECTS

urated in the Makiling-Banahaw area, and a 3-Mw unit in Tongonan in
1979. This meant a total of 168 MW of electricity was generated from
the geothermal energy resources. The Philippines thus became the
world's fourth leading producer of electric power from geothermal
sources and may soon become the major producer of geothermal
energy from hot water fields in the entire world.

The approximate project cost of the Tiwi Geothermal Power Proj-
ects 1 and 2 totaled 445.48 million, with 1389.76 representing the
foreign portion and the balance the local portion.

Output of one 55-MW power plant at Tiwi is equivalent to a crude
production of 45,000 barrels of crude oil per year, according to
geothermal economists. This means a savings in foreign exchange to the
Philippines of $8.64 million annually at a price of $16.00 per barrel. The
economic benefits of the Tiwi Geothermal Power Plants are therefore
immediate and tremendous.

Environment Analysis

Chemical analysis of the thermal waters and steam at the Tiwi
geothermal field indicates a minimal effect on the environment and
ecosystem.

The main environmental harm can come from three sources:

1. The heat of the waste water if it is to be fed into a nearby river or
stream,

2. The chemical elements that may be present in the waste water, and
3. The chemical elements that are gases released into the atmosphere.

Because of the high steam purity, only a small percentage of the
geothermal energy is in the form of hot water. This waste water,
however, must be disposed of in an acceptable form and temperature.
At present, the water is cooled through a system of open ditches or
canals before it reaches the Philippine Sea.

Samples taken of the water are periodically analyzed and the
dissolved solids have been found to be primarily sodium chloride. This
does not pose a problem since the waste water is disposed of in the
Philippine Sea, a saline body of water that opens out into the ocean.
Total dissolved solids in each sample are approximately 10,000 ppm.

The steam from the wells has been sampled to determine the
composition and percentage of the noncondensable gases present. The
gas was found to consist mainly of carbon dioxide (99.9 percent) with
trace amounts of methane, ethane, propane, hydrogen, and nitrogen.
Two-stage ejectors are provided on each turbine exhaust steam con-
denser to remove the noncondensable gases entering with the steam.
These gases are vented directly to the atmosphere through a vent
silencer.

The main responsibility for pollution control in the Tiwi project is
with PGI, whose contract with NPC included the gathering system for
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the steam supply, steam separators, and the disposal of the effluent.
When the Ministry of Energy was created in the mid-1970s, a separate
body, the environmental unit, was set up. Both PGI and the environ-
mental unit are studying the economics of reinjecting the hot water
into the earth through the dry wells.

Other uses for the excess steam and hot water are under study. At
present, a pilot salt-making plant exists in Tiwi, part of an experiment
to develop geothermal salt in commercial quantities. Experts from
three government agencies — COMVOL, the National Science Develop-
ment Board, and the Philippine Navy —are involved in this activity.

Another team is working to utilize steam in the drying of copra and
palay. This will greatly benefit the area, as the Bicol region does not
have a pronounced dry season and there is a year-round abundance of
tropical rainfall.

PHASE 4: EVALUATION AND REFINEMENT

Evaluation and Policy Statements

The Tiwi Geothermal Project, a project of the Philippine government,
was conceived as a means to hasten the development of rural areas in
the country through the development of an indigenous energy resource.

The Tiwi project involved a number of government agencies from
the time of its conception. It was planned and implemented just prior to
the time when the energy situation in the world was undergoing drastic
changes. In consequence, numerous changes in organization for energy
development occurred. What emerged eventually in the mid-1970s was a
comprehensive government energy program under a newly created
Ministry of Energy. In the words of Energy Minister Geronimo Z.
Velasco, in a message included in the publication of the "Ten-Year
Energy Development Program, 1978-1987":

Our new theme is ENERGY FOR DEVELOPMENT. The Ministry
of Energy, having studied the magnitude and complexity of the
energy problem, has designed a cohesive and coherent national
energy policy for the future. The Ten-Year Energy Program. ..is
the result of all our efforts. It is a modest attempt by the
Ministry of Energy to integrate all related activities in the
energy sector into a single, coordinated energy plan. Its scope is
far-reaching. It spans a whole range of activities, from energy-
resource development through power transformation and rural
electrification to the downstream activities that ensure country-
wide fuel distribution in forms usable to the ultimate consumers.
The program will affect the nation for generations to come.(4)

The Tiwi case has highlighted several important issues and observa-
tions:
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1. Coordination of ene rgy-related government agencies is important .
A number of government entities played a significant role in the Tiwi
project. The relationship of these government agencies and their role in
the overall energy program had been changing. The initial agencies
involved in the project were operating mostly independently, and at
times with committees or superstructures, to coordinate the work. By
the time the project was completed with the inauguration of the first
and second geothermal power plants at Tiwi, a centralized Ministry of
Energy had been created to integrate all energy programs.

2. There is a need to develop indigenous energy resources . In the
Philippines, the need to develop indigenous energy resources was
recognized before the oil crisis. This was significant in the light of the
:f act that the geothermal fields were explored and developed and
producing electricity during the 1970s. Geothermal fields that have
been explored after the oil crisis may only produce power by the 1980s.
This circumstance would imply two things: a longer lead time for
exploration and development when alternative energy is badly
needed, and more expense in terms of development of the wells, since
this requires oil fuel, the price of which is rapidly escalating.

3. Top administrative support for the project ensured the success of
the project . Because of the support of President Marcos, and through
him, the assistance of Executive Secretary Melchor, the project cut
through red tape and was able to proceed at a relatively efficient rate.
In line with his policy of developing local energy sources, the president
has set aside, as government reservations, areas of commercially
exploitable geothermal fields —among them Tiwi.

4. Manpower development in the energy field has been constant .
Philippine scientists and professionals have been trained constantly both
locally and abroad. The government has made use of expertise from the
countries in the world that have commercially exploited geothermal
energy — the United States, New Zealand, and Italy. Whether con-
sultants are brought into the country or local scientists go for studies
and training in a foreign country, the process of technology transfer has
been constant. Whereas at the start of its geothermal development, the
country had to rely on service contractors to develop the fields,
Philippine service contractors, since 1977, through the Energy Develop-
ment Corporation, have taken over the commercial development of the
geothermal fields, such as the one in Tongonan, Leyte.

S. Leadership in early geothermal development was a vital element .
In the Philippines, it was provided by the chief volcanologist of the
COMVOL, Arturo Alcarax. He has been referred to in the country as
the "Dean of Geothermal Energy." Much of the perseverance in
geothermal energy studies, much of the training and development of
geothermal expertise in the country has been ascribed to him. A quick
review of experts in geothermal energy in the country — at the NPC,
Ministry of Energy, COMVOL, and even at PG! — indicates that many
geologists, engineers, and other scientists have trained with Alcaraz.

6. Administration by the gove rn ment agency was effective . The
National Power Corporation, in assuming responsibility for the com-
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mercial development of the geothermal field, has proven, not for the
first time, its ability to orchestrate the tremendous job of construct-
ing a power plant. The operations of the NPC are scattered all over the
country and cover hydroelectric, nuclear, and geothermal projects, and
installation of transmission lines. The NPC, too, has been dynamic in
its organization and management. Recently, a reorganization was
effected wherein some projects are now handled on a purely project
management basis.

7. Continual evaluation of project effectiveness is necessary . The
NPC and the Ministry of Energy have conducted an ongoing evaluation
of the Tiwi geothermal experience. Some of the effects of the
evaluation have been immediately implemented. These include revisions
in the service contract with PCI and the drafting of new service
contract arrangements for future projects, and the evaluation of the
contractors and their performance in the light of possible future
contracts. The Tiwi experience in many ways is a pilot project, the
NPC's first experience in the commercial exploitation of geothermal
energy.

No comprehensive post-project evaluation has been conducted to
this date. However, future evaluation studies of this and other energy
projects are planned by the Ministry of Energy.

The 1978 Philippine Energy Program

In 1977, the Philippines was 95 percent dependent on crude oil for its
commercial energy requirements. Since the country did not produce oil
in commercial quantities, this meant that all the crude oil was
i mported.

Table 4.2 and figure 4.3 indicate the country's dependence on oil
and the effect on the national balance of trade.

Due to the urgency of the situation, President Marcos launched
programs for extensive energy development and energy conservation.
Efforts were stepped up to develop and tap local energy resources for
energy self-sufficiency.

On October 6, 1977, a Department of Energy -- now a Ministry of
Energy — was created in recognition of the vital importance of energy
to the national well-being, as well as of the multidimensional facets of
energy development and use.

The Ministry of Energy has prepared comprehensive plans and
programs for energy development and use. In 1978, it published the first
"Ten-Year Energy Development Program, 1978-1987." Since then, it has
identified innovative projects and programs, as well as modified or
strengthened existing ones to suit the dynamic needs of the developing
Country.

An assessment of indigenous energy resources made by the ministry
in 1979 indicates that of these resources, only coal, hydro, and
geothermal resources have been commercially developed. The potential
for development of the following indigenous resources is shown in table
4.3.



200 GEOTHERMAL ENERGY PROJECTS

Table 4.2. Oil Imports and the National Balance
of Trade (CIF in Millions tJ5$)

1973 1974 1975 1976

Oil imports 231 681 833 917
Total imports 1,790 3,468 3,776 3,953
Oil imports as a percentage

of total imports 12.9 19.6 22.1 23.2
Total exports 2,099 2,974 2,610 2,964*
Oil imports as a percentage

of total exports 11.0 22.9 31.9 30.9
Balance of trade 309 (494) (1,166) (989)
Oil imports as a percentage

of negative balance
of trade — 138 71 93

*Estimate

Source: Central Bank, as quoted in "Ten-Year Energy Development
Program 1978-1987." (Makati, Metro Manila: Ministry of
Energy, 1978), p. 1.7.

Within the next ten years, the government's target is to reduce
drastically the country's dependence on imported oil. In 1988, it is
expected, about 54 percent of the country's energy requirements will be
met by local sources of petroleum, hydroelectric, geothermal, coal,
solar, nuclear, and nonconventional energy sources. This means a
reduction of 41 percent from the 95 percent dependence on crude oil in
1977. The government, therefore, will embark on more energy develop-
ment projects, as well as highlighting the need for energy conservation
in the country.

An organizational chart of the Ministry of Energy, showing some of
the public corporations involved in energy programs, is shown in figure
4.7. (The Power Development Council, a policy-making body, was
abolished with the creation of the Ministry of Energy.)

The strategy for development and attainment of the national energy
objectives is spelled out in the energy program. Yearly targets are
broken down into targets for the different energy resources. Projects
are then launched and monitored to ensure that the targets are
obtained. For the geothermal sector, for example, the program is
presented in table 4.4 (see also fig. 4.8).

The expansion program has produced immediate and impressive
results. In 1979, the first large-scale geothermal power units and first
commercial production of indigenous petroleum were inaugurated. As a
result, 900 MW in power-generating capacity were added to the national
system.

The yearly energy output goals, classified into type of energy
resource, has made the entire energy program manageable. The energy
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Table 4.3. Tentative Assessment of Indigenous Energy Resources
(in Million Barrels of Oil/Oil Equivalent[MMBOEJ)

Developed Probable Potential'

Finite
Petroleum Under Under Under

evaluation evaluation evaluation
Coal 220 180 4,000
Uranium — 10 Under

evaluation

Regenerative
Hydro 4.4/year 36/year 50/year
Geothermal 3.3/year 26/ycarb 2.30 x 10 /year

Nonconven-
tional (solar,
biomass, etc.) 0.45/year s 	16/year 1.43 x 103/yeare

aIncluding developed probable.
In the fields currently under development.

c Usage directly resulting from government programs only.
d Estimated maximum usable for 1979.
e Assuming 10 percent land area usage, 5 percent average efficiency.

-Source: "Ten-Year Energy Development Program 1979-1988" (Makati,
Metro Manila: Ministry of Energy, 1979), p. 11.

Table 4.4. Geothermal Development Program

Target Cumulative Cumulative
Number Number Geothermal Installed Gen-

of of Stearn Avail- crating Capac-
Year Fields Wells ability (MW) ity (MW)

1978 (actual) 3 30 305 3.0
1979 4 59 470 278.0
1980 4 68 635 445.5
1981 6 48 740 561.5
1982 7 48 1,015 561.5
1983 7 48 1,125 561.5
1984 8 41 1,290 561.5
1985 8 45 1,400 671.5
1986 8 47 1,510 781.5
1987 8 47 1,675 781.5
1988 8 47 1,895 891.5

Total 8 528 1,895 891.5

Source: "Ten-Year Energy Development Program, 1979-1988" (Makati,
Metro Manila: Ministry of Energy, 1979), p. 42.
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program relies to a great extent on the successful planning and
i mplementation of projects, hence the need for effective project
managers trained in project management skills and techniques.

The Philippine energy program will still adapt to the changing
energy scenario. The continuing validity of the planning effort, as
stated in the preface to the "Ten-Year Energy Program, 1979-1988,"
lies in a regular fine tuning of the entire plan relative to changes in
critical decision parameters and constraints. The motive and underlying
objectives, however, remain constant. In the words of Energy Minister
Geronimo Z. Velasco, the motivation for the entire program is "to
provide the consumer with cost-effective energy alternatives that are
essential to the economic, social and political progress of our na-
tion."(5)

NOTES

(1) Service contract between Philippine Geothermal, Inc. and the
National Power Corporation, September 10, 1971.

(2) Philippines, Office of the President, Presidential Decree No. 40,
1972, "Establishing Basic Policies for the Electric Power Industry," in
F.D. Pinpin, ed. The First 107 Presidential Decrees (Mandaluyong Rizal
Philippines: Cacho Hermanos, 1973), p. 98.

(3) Philippines, Congress of the Philippines, Republic Act No. 6395,
1971, "An Act Revising the Charter of the National Power Corpora-
tion," in Republic Acts, Concurrent Resolutions, and Resolution, 1971
(Makati, Manila: House of Representatives, 1971).

(4) "Ten-Year Energy Development Program 1978-1987" (Makati, Metro
Manila: Ministry of Energy, 1978), p. 7.

(5) "Ten-Year Energy Development Program 1979-1988" (Makati, Metro
Manila: Ministry of Energy, 1979), preface.



Policies of
Geothermal Development
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THE CASE HISTORY RECORD

Geothermal energy's role in the future of the world energy scene is
uncertain. One authority suggests that "earth heat could one day
supplant fossil fuels as the world's main source of energy,"(l.) while
another considers it unlikely that geothermal energy will ever supply
more than 10 percent of the energy needs of the United States.(2)
Countries such as the Philippines and New Zealand already place a
great deal of importance on the development of geothermal resources;
it is estimated that over 10 percent of the total electricity generated in
these countries will come from geothermal energy within the next ten
years. In contrast, the United States has major geothermal resources,
but their development is not seen as a major solution to the Country's
overall energy problems.

Whatever the future use of geothermal energy may be in these and
other countries, the ability to use and develop geothermal resources for
generating electricity has been amply demonstrated, and there are few
situations in which lack of technical knowledge has precluded the use of
geothermal energy resources. New and exciting techniques are con-
stantly being developed to allow greater exploitation of the earth's heat
for energy, but technology and its availability are not the main
constraint on geothermal development in many countries. In our haste
to achieve technical understanding, we have sometimes underestimated
the difficulties that accompany the implementation of new types of
technology. Indeed, experience demonstrates that the fullest use of
what is now recognized as an important energy source is highly
dependent upon the ways in which projects for developing geothermal
energy are planned and executed. The three cases in this book are vivid
illustrations of the fact that resolving the policy issues and implement-
ing the projects create common problems that cut across national
boundaries.

206
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Many of the serious problems the case histories reveal, it should be
noted, arise from such issues as the legal status of geothermal
resources and the type of organizational channels through which this
relatively new source of energy can be developed most effectively.
Each case presents important lessons in developing policies, methods,
and systems to utilize geothermal resources.

The three countries from which the case histories are drawn — the
United States, the Philippines, and New Zealand -- approach their
energy problems through different policy-making procedures and gov-
ernment structures. The strategies each country adopts to cope with its
shortfall in energy have in common the fact that they are being
determined to a large degree by decisions at the highest level of
government. In the United States, however, private-sector utilities are
heavily involved in the energy-providing field, creating a different
approach to energy development problems from New Zealand's, which
has centralized, through its parliamentary government, the ownership
and control of electricity-producing energy sources. No private utilities
are involved in electricity development or distribution in New Zealand,
The Philippines, with its martial law administration, receives direction
from the central government, under whose auspices strategies, policies,
and priorities are developed. Thus, each of these countries uses a policy
decision-making apparatus that operates in a different way to cope with
the complex problem of developing energy alternatives.

Wairakei

Wairakei was in many ways a pilot project from which a number of
issues emerged which were later used as the basis for refining methods
of administering geothermal development projects in New Zealand.

The Wairakei project was, for all practical purposes, the first to
utilize a wet geothermal field on a major scale. A dry steam field had
been established at Larderello in Italy, but the conditions there were
radically different from those at Wairakei. Many of the decisions made
had to be based on technical information which was new and, in many
cases, untested. Many of the calculations in reaching decisions were
hypothetical and judgments could not be made on experience with
similar projects. A shortage of coal and other fuel after World War lI
meant that energy shortages were becoming a major restriction on the
development of the country. Consequently, many of the decisions on
energy development had to be made on the basis of faith in a situation
which demanded prompt action. Thus, this case illustrates that with
new technological development, project decisions may have to be made
and put into practice even though all the research and development has
not been completed.

In the early stages, Wairakei moved from a purely electric power
plant to a joint development project between two countries, each with
different objectives in mind. First, the New Zealand government
wanted to have an alternative electric power source. Second, the
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United Kingdom Atomic Energy Administration (UKAEA) was inter-
ested in producing heavy water and recognized the opportunity of using
the geothermal project for this purpose. A 1955 estirn ate on the cost of
heavy water, however, doubled earlier estimates. Even though the
heavy water project had been a major factor in the design phase, it was
decided that when the UKAEA pulled out of the project because of
increased costs, the power-generating side of the project would con-
tinue. This meant that halfway through the project, the New Zealand
government had to adapt both the equipment design and administrative
facilities to continue the project on a radically different basis from the
original intent.

The success of this project and its leadership in the use of
geothermal resources is due to several factors. The high priority placed
on the project by the government of New Zealand and the appointment
of a geothermal advisory committee enabled progress to be made at the
highest level, so that all matters requiring attention could be satisfied
by one senior interdepartmental government committee. With a new
resource, there were many uncertainties about whose responsibility the
geothermal resources were. The formation of an interdepartmental
government committee responsible directly to the minister meant that
it had enough authority and enough contacts in the various government
departments to ensure that there were no major delays in the decision-
making process.

The creation of Geothermal Development, Limited, a limited-
liability company formed from members of the British and the New
Zealand governments, was an example of an organizational technique
employed as required in other countries, but not that frequently used in
Now Zealand. It does offer, however, many possibilities, because it
provides a ready-made administrative vehicle to undertake the work.
The fact that the New Zealand government made a decision to join with
the United Kingdom government in the manufacture of heavy water was
in fact an important one in reaching a decision to go ahead with the
development. At the early stages, it appeared as if the heavy water
project would be profitable and would take some of the risk out of the
geothermal development. The policy decisions relating to the Wairakei
case were mainly centered around the ability to organize and co-
ordinate the various departments and organizations contributing to the
development of the project.

Tiwi

The Tiwi case highlighted several important issues regarding a govern-
ment's energy policies and its approach to implementing geothermal
development.

In the Philippines, the need to develop indigenous energy resources
was recognized before the oil crisis of 1973. This was significant in
light of the fact that the geothermal fields were explored and devel-
oped and producing electricity during the 1970s. Geothermal fields that
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have been explored after the oil crisis may only produce power by the
1980s. This means two things: a longer lead time before the project can
be completed when alternative energy is badly needed now, and more
expense in terms of development of the wells, since this requires
oil fuel.

In the course of the Tiwi project, a number of government entities
played a significant role. The relationship of these government agencies
and their role in the overall energy program was constantly changing.
The initial agencies involved in the project operated independently to a
large extent, at times using committees or superstructures to co-
ordinate the work. By the time the project was completed, however,
with the inauguration of the first and second power plants, a central-
ized Ministry of Energy had been created to integrate all energy
programs.

Top administrative support for the project ensured its success.
Because of the support of the country's president and the assistance of
the executive secretary, the project cut through much red tape and was
able to proceed at a relatively efficient rate. The president, for
example, realized the need to set aside the geothermal field as a
government reservation to facilitate the work of exploration and
commercial development.

Currently, manpower development in the energy field has been
constant in the Philippines and Philippine scientists have been trained
both locally and abroad. The government drew on the knowledge and
experience of countries in the world that have commercially exploited
geothermal energy — the United States, New Zealand, and Italy.
Whether consultants are brought into the country, or local scientists go
for studies and training in a foreign country, the process of technology
transfer has been ongoing. At the start of its geothermal development,
the country had to rely on service contractors to develop its fields, but
since 1977, Philippine service contractors operating through the Energy
Development Corporation have taken over the commercial development
of the geothermal fields such as the one in Tongonan, Leyte.

In assuming responsibility for the commercial development of the
Tiwi geothermal field, the National Power Corporation (NPC), proved
its ability to orchestrate the tremendous job of constructing a power
plant. The operations of the NPC are scattered all over the country and
cover hydroelectric, nuclear, and geothermal projects. The NPC, too,
has been dynamic in its organization and management. Recently, a
reorganization was effected, and some projects are now handled on a
purely project management basis.

The Tiwi project uncovered several policy issues that also relate to
the Hawaii geothermal project. At Tiwi, it was essential to have a
single director responsible for the coordination of all phases of geo-
thermal development. The diverse interdisciplinary nature of geo-
thermal projects generally, in fact, requires one person with overall
authority. He must mediate among the engineers, geologists, geo-
physicists, and social scientists; and then he must make key decisions.
One suggestion from the reservoir of engineering literature is to train
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geothermal project managers. They would have a knowledge of geo-
physics, geology, engineering, environmental sciences, land law, geo-
thermal law, and project management. Most important, such highly
trained persons would have a broad perspective and be able most
effectively to use project resources in a socially and environmentally
acceptable manner.

Hawaii

Geothermal energy affects and therefore involves all segments of
society. Some of those affected by a project include the utilities,
industrial and home consumers of electricity, landowners, energy policy
makers, planners, environmentalists, and those living near the develop-
ment. because of this broad spectrum of interest groups, it is necessary
to have some sort of policy committee which provides for each group to
participate and have some input into the plans for the project. Not only
is such participation desirable for efficient implementation of the
project, it is also desirable for developing a socially appropriate policy.

The Hawaii geothermal project underscored the confusion in existing
land laws in Hawaii. Under existing law, geothermal resources may
belong to the state or to the private landowners, depending on whether
the court declares them to be mineral, water, or sui generis . If they are
declared mineral, they belong to the state because land deeds contain
mineral reserve clauses granting ownership of minerals to the state.
However, this problem is compounded by the fact that certain ter-
ritorial land sold to private citizens in the early 1900s did not include
the reserve clause. If they are declared to be water, the geothermal
resources belong to the private land holders by precedent. If they are
classified as sui generis — that is, unique in nature — then a whole new
set of laws will have to be adopted. Currently, the law passed by the
Hawaii State Legislature defines geothermal resources as mineral.
However, this law will be challenged in court.

Further complicating the issue is native rights. The constitution of
the state of Hawaii provides that any indigenous natural resource that
is exploited for a public purpose must benefit native Hawaiians. Native
Hawaiians feel they have a legitimate claim to any geothermal re-
sources. Thus far, no plans have been made to satisfy this claim.

Geothermal plants have to be built near the source of energy. In
Hawaii, the source of energy is on the island of Hawaii, which is
separated from Oahu, the major industrial and population center, by
more than 100 miles of ocean. Under present technology, it is not
feasible to transfer geothermal energy to Oahu, where it is most
needed. This circumstance raises several issues. First, the reservoir is
estimated to be 500 and perhaps even 1,000 MW. This huge source of
energy is already attracting major oil corporations and energy-
intensive industries, such as processing plants. The government of the
island of Hawaii is interested in controlling its growth and development.
If its energy potential attracts many large-scale users, government
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officials are concerned that the overall needs of the state and of
private industry will dictate development policies for the island. This
raises many implications concerning the control of this resource.

Because the utilities in Hawaii are private, legal monopolies, they
have relatively little interest in risking capital in alternative energy
development. In essence, the utilities do not have to take risks because
their market and their profit are guaranteed. There is no incentive for
them to risk development capital. Given this situation, the research and
development costs for geothermal research must be underwritten by the
government. There is some justification for this policy in the fact that
government can distribute the risk over a larger population than can a
utility. Moreover, the benefits of geothermal development would accrue
to the entire population.

Government involvement extends beyond research and development.
Even in the initial steps of utilization, the utilities have expressed a
reluctance to be involved until there is absolute proof that they will
make a profit. In this instance, there is some justification for a
government subsidy, especially since a precedent has already been set
by the subsidy for the nuclear industry.

In Hawaii, the role of government in geothermal development
extends well beyond the economic sphere. Federal, state, and local
governments are responsible for rules and regulations concerning
health, safety, transportation, water rights, ownership, occupational
safety, energy development, environmental protection, and land use.
The Hawaii Geothermal Project clearly showed that geothermal regula-
tions related to these areas would be necessary for future development.
Moreover, these regulations would have to be rationalized into a single
consistent set of guidelines. The guidelines themselves would have to be
well balanced, not only promoting Hawaii's overall needs for energy, but
also adequately safeguarding the interests of all groups affected by the
development. In sum, it would be the responsibility of government to
provide a socially appropriate institutional framework for geothermal
development.

THE BROAD ISSUES

A detailed analysis of the history of each of the three projects indicates
it is possible to identify six broad issues underlying geothermal develop-
ment. These are interrelated and may be categorized in terms of
planning, policy, and administrative/managerial issues. The six broad
issues, which have both macro and micro perspectives, are: 1) present
production, current capacity, and future potential; 2) scientific and
technical issues; 3) comparative economics; 4) environmental issues; 5)
sociopolitical issues; and 6) administrative/managerial issues.
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Production, Current Capacity, and Future Potential

At present, geothermal production and capacity in global terms is
insignificant. In 1976, geothermal-generated electricity contributed
only 0.13 percent to the world's total electrical production; of the
world's total installed electrical capacity, only 0.08 percent was geo-
thermal. In the case of the United States, the leading producer of
geothermal electricity, only one-tenth of 1 percent of the total
electrical production came from geothermal sources. In these terms,
geothermal energy has had, as yet, no global impact.

Several factors, however, make geothermal energy much more
i mportant than these numbers indicate. First, on an international level,
there are over 80 nations actively involved in geothermal research and
development. The size and scope of each research program are expand-
ing rapidly. Second, in some developing countries, where the percentage
of electricity produced is a small fraction of that produced in the
United States, geothermal energy is vitally important.

Today, most countries in the world are faced with a crisis in energy
availability. When a similar situation faced New Zealand following
World War II, a calculated risk was taken to develop geothermal
resources, at that time an unknown and untried energy source. This
decision has enabled the industry to develop to a point where geo-
thermal power stations now feed electricity into the national grid and
supply up to 11 percent of the total energy needs of the North Island of
New Zealand.

In the United States, the geothermal paramarginal reserves — those
reserves recoverable at one to two times the cost of present technology
— are estimated at 38,000 MW for 50 years. Some estimates place
probable reserves at 2,000,000 MW for 50 years. In general, as more
surveys are conducted, a greater number of reserves is discovered and
the estimates rise.

In El Salvador, 50 percent of the installed electrical capacity is
generated from geothermal plants; in the Philippines, the percentage is
expected to be 10 percent by 1985; and in New Zealand, the percentage
is 9 percent with a potential of 25 percent by 2000. Thus, geothermal
energy promises to be a significant factor in terms of international
development.

The potential generating capacity of geothermal energy is virtually
unlimited. Theoretically, the earth contains sufficient heat to generate
enough electricity to satisfy the entire world's demand for the next
several hundred years. Moreover, since the source of geothermal heat
consists of the earth's entire mantle deep within its interior, geo-
thermal resources can, in principle, exist at any point on earth. The
limitations to exploiting the resource include problems associated with
government policies and the legal framework for exploiting the geo-
thermal resource, economic considerations, and the development and
adoption of techniques to utilize the more complex geothermal re-
sources such as the hot dry rock areas.
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In summary, geothermal power has the potential to become a major
provider of the future energy needs of mankind. This potential, how-
ever, has yet to be fully realized.

Scientific and Technical Issues

The scientific and technical problems associated with geothermal
energy development exist because of the predictive uncertainties of
geophysical surveys, a lack of empirical data on the earth's geologic
structure and the processes that occur within the earth, the relatively
low efficiency of converting geothermal energy into electricity, and the
li mited ability to utilize either magma or hot dry rock, which constitute
the greatest proportion of the geothermal resource. Research is being
conducted in all of these areas, and as the demand for new sources of
energy increases, greater resources are being used in research and
development programs for utilizing geothermal energy.

The development of small geothermal power plants in the 0.5-to 5-
MW range has opened up opportunities for using geothermal energy in
many rural and underdeveloped areas. Small geothermal power plants
have distinct advantages over other generating methods in these
locations;fuel does not have to be transported and transmission costs
can be minimized. An international research effort to develop small
power plants was started in October, 1973, with France, Italy, Mexico,
New Zealand, Portugal, Turkey, and the United States actively engaged
in research work in this area. Small power plants presently in existence
or in the construction or planning stage are given in table 5.1.

The cooperative research being undertaken will increase the versa-
tility of small power plants and improve the overall economics of using
small-scale geothermal power.(3)

Research and development have also been undertaken by many
countries in the important field of the direct (nonelectric) applications
of geothermal energy. The direct use of geothermal resources is a more
efficient use of the resource than converting it to electrical energy.

International research is also addressing the important problems of
reservoir mechanics, the identification and assessment of geothermal
fields, drilling and production techniques, problems of scaling and
corrosion, and methods of minimizing environmental problems.

The research and technical developments which could have the most
i mpact on the future development of geothermal resources are those
now being undertaken on hot dry rock. Hot dry rock consists of
geological formations below the surface of the earth which have a very
high heat content but not sufficient water or are not sufficiently
permeable to allow the withdrawal of heat by water or steam. Two
important problems are being considered by scientists. First, although it
is generally accepted that there are large amounts of heat below the
surface, it is difficult to find the resource and assess its potential.
Second, is the problem of extracting the resource in an economic
manner; for this to happen, new techniques and new equipment in fields
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Table 5.1. Small Power Plants Presently Existing, under Construction,
or Planned in Participating Countries

Geothermal Type of Capacity Output
Countries Field Power Plant ( MW) (MW) On Line

Japan Kyushu, Otake Flash, condensing 13.0 MW 10.0 MW 1967
Onurna Flash, condensing 12.5 MW 10.0 MW 1973
Kyushu, Otake Binary 1.0 MW 1.0 MW 1977

Philippines Leyte Flash, noncondensing 3.0 MW 3.0 MW 1977
Los Banos Flash, noncondensing 1.3 MW 1.2 MW 1977

Portugal Sao Miguel Flash, condensing 5.0 MW 1979

Turkey Kizildere Flash, noncondensing 0.5 MW 0.5 MW 1976

El Salvador Ahuachapan Flash, noncondensing L3 MW 1.1 MW 1975

United States Roosevelt Helical screw 1.2 MW 1.2 .9 W 1978
Ralph River Binary 5.0 MW 1979
Puna, Hawaii Flash, condensing 3.0 MW 1979

Source: J.C. Bresce, W.W.S. Yen, and J.E. Metzler, eds., Geothermal Pilot Study
Final Report. Creating an International Geothermal Energy Communit
NATO Committee on the Challenges of Modern Society, June 1978

p. 42.

such as drilling, fracturing, and mapping are being developer,. In the
United States, a hot dry rock program began in 1972 with two main
goals. First, it seeks to establish the feasibility of the hydraulically
fractured hot dry rock system.(4) Second, it wants to confirm the
technical feasibility and to obtain economic data for commercial-size
dry rock extraction systems by 1995.

Comparative Economics

From a historical perspective, geothermal plants have been significant-
ly more cost-effective than many fossil fuel and nuclear plants. The
1961-1974 average generating cost for The Geysers was 5.6 mills/kW
compared to the local average of 8.5 rnnills/kW for nuclear plants.
Geothermal costs in other parts of the world are similar. The cost at
Larderello, Italy has been 3.2 mills/kW and in Matsukawa, Japan, 4.6
mills/kW. When installed capital costs are included in the overall cost,
geothermal energy production becomes even more advantageous. The
value of historical comparisons is negligible, however, because the cost
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of power generation is site and plant specific. Therefore, it is more
useful to compare the projected costs of alternatives at a specific site.

Projecting the economic costs of alternative sources of power
generation is an extremely uncertain task because projected costs must
be based upon a wide variety of underlying assumptions about the
future. Assumptions must be made about numerous variables such as
resource availability, exploration costs, interest rates, labor costs,
drilling depths, the available technologies, and fuel costs. Additionally,
cost estimates for geothermal plants fluctuate greatly, depending upon
the quality and composition of the geothermal source. Some of the
uncertainty can be reduced when projecting the costs for specific plants
at specific sites. In projecting any generalized cost comparisons of
competing sources of energy, however, much of the uncertainty re-
mains. Given these notes of caution, most theoretical models of
comparative costs show geothermal to be competitive with other
sources of power generation (see table 5.2).

Environmental Issues

Environmental issues depend largely on the specific geothermal site.
Certain environmental concerns, however, cut across the entire range
of geothermal developments. These include chemical discharges, noise,
heat discharges, subsidence, and chemistry. Of the chemical discharges,
hydrogen sulfide is the most widely documented: at The Geysers,
emissions are estimated to be 28 tons/day (25,401 kilograms/day); at
Wairakei estimates are 40 tons/day (36,287 kilograms/day); and at
Cerro Prieto, Italy, estimates are 55 tons/day (49,895 kilograms/day).
Other chemical discharges that cause concern are carbon dioxide, which
is not yet a pressing problem but will have to be addressed in the
future, silica, which has resulted in the destruction of small areas of
coffee plants in El Salvador, and salt (NaCl) which has destroyed some
shrubs and similar vegetation at Wairakei. Additionally, at Wairakei the
geothermal effluent is released into the Waikato River, and subsequent
chemical analyses have indicated traces of boron, mercury, and arsenic in
the water. A related problem at Wairakei is the heat of the discharge,
which resulted in an average 2°C (3.6°F) increase in the water
temperature and at times leads to a 6°C (10.8°F) rise. The temperature
increase has resulted in interference with trout hatching and an
increase in the number of fish killed, although impact upon the fish is
localized to the area near the effluent discharge.

The only area which reports significant subsidence is Wairakei, parts
of which have subsided as much as 10 meters (33 feet) since 1950. An
unknown environmental hazard is the threat of increased seismicity
from reinjection. In Colorado, some experiments demonstrated that
reinjection could cause severe shocks, but in Italy a carefully controlled
experiment revealed no seismic effects from reinjection. More in-
formation is needed on the impact of reinjection of geothermal fluids.
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Table 5.2. Comparison of Fossil-Fuel, Nuclear, and Geothermal
Estimated Generating Costs (in 1976 Dollars)

Installed Operating and Total
Equipment Equipment Maintenance Well or Generating

Costs Cost as as Fuel Cost Cost
Resource Type ($/kW) (c ent/kWh)a (cent/kWh) (cent/kWh) (cent/kWh)

Direct flashing b	300-600 0.68-1.37 0.13 0.80-2.80 1.61-4.30

Binary-fluid cycles b 400-700 0.91-1.60 0.13 0.53-2.45 1.57-4.18

Nuclear d 	>800 >1.83 0.13 0.30 >2.26

Fossil fuel -oil e 	400-600c 0.91-1.37 0.13 2.0($12/bbl) 3.04-3.50

Fossil fuel - cost e 	400-6000 0.91-1.37 0.13 I.G($25/ton) 2.04-2.50

a 171 annual fixed charge rate. 851 (7,446 hr/yr) load factor.
b 150-2000 C resources. Plant startup in 1980.
Higher costs correspond to stringent environmental control systems.
<1 Plant startup in 1984.
ePlant startup in 1980.

Source. Reprinted from Geothermal Energy as a Source of Electrical Power by Stanley
Milora and Jefferson Tester, by permission of The MIT Press, Cambridge, Massa-
chusetts. Copyright @ 1976 by The Massachusetts Institute of Technology.
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Sociopolitical Considerations

Many experts believe that one of the major obstacles to developing
geothermal resources in the United States is the legal framework. The
complex issues of ownership and regulation are often ambiguous.

Moreover, there is no single comprehensive legal framework to
guide geothermal development because the federal government, state
governments, and local governments each have their own laws and
regulations regarding geothermal exploitation. Some of these issues
have been addressed and resolved by other nations. In New Zealand,
geothermal resources are reserved to the Crown, that is, they are
owned by the state, regardless of who holds title to the land. A single
framework of rules and regulations is provided by the government
regarding exploration and development. These include safety regula-
tions and environmental regulations that set forth specific standards
which the developers must meet. In Iceland, geothermal resources
belong to the owners of the surface property, and the right to utilize
the resource is subject only to regulations set by the state. One of these
regulations, however, is the requirement to obtain a concession from
the parliament to develop commercial-scale geothermal energy. In
practice, only the publicly owned utilities have obtained such con-
cessions.

One issue not sufficiently addressed by most nations is public
participation in geothermal policy making. As demonstrated by recent
events in the energy field, it is necessary to develop some institu-
tionalized process for public participation in policy making. With
geothermal resources, this is particularly appropriate to local areas,
since first-order geothermal impacts are localized.

Even more important than the legal framework is the institutional
framework. In every country where utilization of geothermal resources
has been vigorously pursued, there has been a centralized public agency
responsible for energy development. in New Zealand, although many
ministries are partly responsible for energy rules and regulations, the
Ministry of Works and Development has been responsible for geothermal
development and implementation. In the Philippines, the National
Power Corporation, under mandate from the central government, has
been responsible for the active program in geothermal development. In
Iceland, the publicly owned utilities have developed the geothermal
resource. In El Salvador, vigorous geothermal development has been
conducted under the auspices of the national electric company. In each
of these instances, the costs of geothermal energy implementation have
been distributed over the entire population because central government
agencies are responsible for energy development. This circumstance
allowed geothermal energy utilization to be pursued within the frame-
work of national balance of payments, national resources, and long-
term national goals, with less regard to achieving a high rate of return
on the investment.

What have been some of the social and political impacts of
geothermal energy development? In New Zealand, the Wairakei project
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has developed as a tourist attraction, with over 100,000 visitors a year.
This has stimulated a local tourist industry which has contributed to the
employment opportunities for Maoris living in the area. The geothermal
development has a permanent work force of 250, and utilizes land that
otherwise would probably have been used for timber or pastoral
farming.

In the Philippines, the geothermal plants will be major sources of
electrical production for the nation and are expected to contribute
greatly to the development effort. Since geothermal plants must be
located where the resources exist, however, urban industrial areas and
regional development centers are being planned and developed in rural
areas which might not have otherwise been developed.

In Italy, the government is pursuing a policy of electrifying the rural
areas by means of small-scale geothermal plants. Geothermal energy
has thus allowed Italy to adopt a relatively decentralized and localized
approach to modernization, avoiding the dislocations of a crash pro-
gram.

Administrative /Managerial Issues

Administrative and managerial issues encompass four separate but
interrelated components: 1) institutional structure; 2) international
organization; 3) personnel; and 4) the management plan. It is apparent
in each of the case histories that the ideal situation calls for top
government administrative support for the project, ranging from viable
policy guidelines to availability of necessary resources — manpower
skills, capital, technology, equipment, and materials.

In each of the projects, the development of an appropriate institu-
tional structure had to be considered, as the development of geothermal
resources was a new experience for the organizations concerned. The
need for close cooperation among a number of government and private
organizations, each with a vital contribution to make to the project,
meant new organizational and management structures had to be devel-
oped to cope with the needs of the project.

Each of the cases illustrates the difficulties faced in developing an
appropriate institutional structure and an efficient organization to
control the project. Thus, the work at Wairakei called for a particularly
close integration of roles of several New Zealand government depart-
ments, creating in effect a new type of working relationship. Deter-
mining who had responsibility for certain key areas of study and
implementation initially created some difficulties.

A major feature of the managerial framework during the Wairakei
project's initial stages was the formation of the Geothermal Advisory
Committee. The GAC was established by authority of the government
in 1949 from amongst existing government organizations. This meant
that the GAC reported directly to the government as a group rather
than reporting individually by department to the government through its
own ministry. This coordination of the three major departments in-
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volved with the Wairakei development meant that when fast decisions
needed to be made, they could be made by the GAG with the full
authority and support of the departments involved. Unnecessary delays
caused by fragmented decision making could consequently be avoided.
For example, in 1952 the New Zealand government, in the face of an
energy crisis and an election year, decided that the Wairakei group had
to prove in 12 months the existence of 20,000-kW geothermal steam.
The investigation program had already been condensed from what was
regarded as a tight program and now the government was pressing
harder to get early results. The GAG, because of its authority by virtue
of its appointment by the government and its consolidation of the
departments involved, was able to act quickly and effectively to meet
the new 12-month deadline. The GAO set up a subcommittee consisting
of an officer each from MWD, SI-[ED, and the geological survey office
and asked them to come up with a plan. The plan was to drill enough
holes to produce 20,000 kW and let the holes discharge for a period of
time.

Another major feature of the case was the proposal to produce both
heavy water and power from the geothermal resource and the conse-
quent problems of the joint effort of the New Zealand and the United
Kingdom governments. Wairakei would have been developed corn pletely
differently if there had never been the possibility of producing heavy
water.

The difficulties surrounding the project when there was to be joint
development for power and heavy water centered on problems of
coordination. There was a need to coordinate the activities of a number
of groups working in different places, each with somewhat different
views of the same objective. A symptom of the coordination problem
was that of the conflicts over estimates. When the first estimates came
in from the consultants, one estimate by New Zealand "power only"
consultants and the other by United Kingdom Atomic Energy Authority
"heavy water plus power" consultants, there were fundamental dif-
ferences between the two groups and their estimates because of the
two different approaches they took. The Commissioner of Works, who
was in charge of the project, suggested the two groups of consultants
get together either to reconcile their reports or to explain the reasons
why they could not. It was clear that more information was needed for
the first estimates; when more information became available, the
substantial increase between the 1954 and 1955 heavy water estimates
meant decision makers had to drastically revise their thinking.

Providing estimates based on inadequate information can lead to
major problems for decision makers. As it turned out, the heavy water
advocates pulled out of the project because of the cost involved,
emphasizing the organizational problems that can arise in a project the
nature of whose work continually changes from scientific investigation
to engineering development. But the conflicts that arose illustrate the
need to establish clear managerial authority and procedures, and
systems for conflict resolution when two such groups with different
approaches are working on one project.



220 GEOTHERMAL ENERGY PROJECTS

In the Hawaii case, an interesting management sidelight was the
handling, by the project director and his executive committee, of a
situation within the administrative organization that could have caused
major problems. The geophysics program director steadfastly believed,
in opposition to the general feeling among the other decision makers,
that further geophysical surveys should be conducted before the initial
drilling took place. He had also disagreed with the site selection
committee's decision and had urged them to drill in Area B rather than
Area A. Thus, when the testing period began in July 1976, the project
director and the executive committee felt that the geophysics program
director's continuing differences of opinion about project direction and
policy made it difficult for him to work effectively with the entire
Hawaii Geothermal Project (HGP) team. This, plus the fact that they
wanted to broaden the scope of the scientific investigation by inte-
grating the geological, geophysical, and geochemical components of the
project into one "geoscience" program, prompted them to take action.
They formed the new program, and named a new director as its head.

The biggest environmental problem that the HGP program encoun-
tered was local residents' strong objections to the "bloodcurdling
banshee howl" that pierced the normally quiet air in that serene corner
of the island of Hawaii during the testing period. This problem was
dealt with by maintaining close ties with the community, especially
through the project director and the well-head testing project manager
who was a resident of the island.

The successful development of geothermal energy in Hawaii was
aided in no small degree by the project director's efforts in forming the
Hawaii Advisory Committee (HAC) and the National Liaison Board
( NLB). The HAC was composed of leaders such as the president of
Hawaii's electric company, the director of the state bepartment of
Planning and Economic Development, the director of a leading environ-
mental group, the president of the Congress of Hawaiian People, and
officials from the county of Hawaii. These people represented those
groups that formulated Hawaii's energy policy, so their support was
critical. The NLB was composed of geologists, geophysicists, and
engineers — experts in geothermal power development. Besides repre-
senting a core of the nation's geothermal experts, they worked for key
agencies such as the National Science Foundation and the United States
Geological Survey. Thus, they were very influential in ensuring federal
funding for the project. The importance of HAC and NLB to the success
of the HGP illustrates the necessity of enlisting the support of key
figures as far as the policy and funding of a project are concerned.

Perhaps the dominant feature of the success of the Philippine Tiwi
project, from the managerial point of view, was the top administrative
support it received. With the authority of the country's president and
executive secretary behind it, the project was able easily to clear
hurdles that might have caused problems in other countries. For
example, nearly 18,000 hectares (44,478 acres) were set aside for
exploration and development of the geothermal resource. Also, as a
corporation owned wholly by the Philippine government, the NPC had
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support at the highest levels of government. As a country whose dual
policy it was to reduce its dependence on foreign oil and strike a
balance between urban and rural development by harnessing indigenous
energy to increase power in rural areas, the Philippines found little or
no opposition to the development of its geothermal resources in the
case of Tiwi.

CONCLUSION

The growing importance of geothermal energy and the need for
specialized manpower skills to develop geothermal resources is now
being recognized. For example, the United Nations Development
Program in conjunction with the New Zealand government has estab-
lished at the University of Auckland, New Zealand a geothermal
institute which offers a postgraduate diploma in geothermal energy
technology. The course, designed to cater to participants from all
developing countries, is aimed particularly at earth scientists (geol-
ogists, geochemists, geophysicists) and engineers (chemical, civil,
mechanical) who can utilize their basic skills in developing geothermal
resources. The need for skilled manpower trained in the development
and utilization of geothermal resources is now accepted as a key
ingredient to the future successful development of the earth's heat.

To take the broadest view, the three case histories presented here
illustrate that the management of geothermal projects must be capable
of the following tasks: 1) coordinating the resource exploration and
evaluation activities and establishing optimum plant location; 2) estab-
lishing the size of the resource and its hydrothermal and chemical
characteristics; 3) designing the site's civil improvements and plant
module foundations; 5) designing the collection and reinjection system
pipelines; 6) managing the procurement and detailed design of all
modules; 7) designing and procuring the module interconnections; 8)
specifying and procuring appropriate alternative or optional units; and
9) managing the construction, activation, and training activities associ-
ated with fully implementing a geothermal power plant.(5)

The method by which these nine activities were achieved differed in
the three projects. Each project, however, had to utilize the same
technical and managerial skills to bring their operations to the point
where power was actually produced. Future geothermal projects will
follow the same path, but the advances in technical and managerial
skills will be available to ensure project objectives are met in the most
effective way.

Beyond these considerations, the cases demonstrate that geothermal
power development involves numerous separate but interrelated tasks.
These tasks are accomplished by the combined actions of government
policy makers, government departments, private organizations, and
specialist consultants. Working together, they must establish firm legal
guidelines for utilizing and developing the geothermal resource and
provide the organization, manpower, and other materials necessary to
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develop the project. The final lesson of the case histories, in fact, is
that the actual development of a geothermal project depends almost
entirely on the complex policy and decision-making environment that
surrounds it. For this policy environment, after all, will ultimately
determine whether or not geothermal energy enters the mainstream of
world energy consumption.

NOTES

(1) H. Christopher H. Armstead, Geothermal Energy (London: E. and F.
Span, 1978), p. 32.

(2) J.D. Worthington, "Geothermal Development," in Status Report:
Energy Resources and Te chnology Report of the Ad Hoc Committee on
Energy Resources and Techno logy, Atomic Industrial Form. Inc., 1975.

(3) J.C. Bresee, W.W.S. Yen, and J.E. Metzler Geothermal Pilot Stud y
Final Report: Creating an International Geothermal Energy Community
(Berkeley: University of California Press: June 1978).

(4).Ibid.

(5) NATO Committee on the Challenges of Modern Society, Geothermal
Pilot Study Final Report: Creating an International Geothermal Energ y
Communit y. June 1978, pp. 35-36.
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