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P U R P O S E  A N D  S T R U C T U R E  O F  T H E  G U I D E  

1.1 GEOTHERMAL EXPLORATION BEST PRACTICES 

Exploration best practices for any natural resource commodity should aim to reduce the resource risk prior to 
significant capital investment, for a fraction of the cost of the planned investment.  For geothermal energy, the 
high risks cost of proving the resource is one of the key barriers facing the industry.  This guide lays out best 
practices for geothermal exploration to assist geothermal developers and their contractors to address these risks 
in a cost-sensitive manner, raising project quality.  Companies that can demonstrate that their project has 
followed such best practices will find it easier to access finance.  In the same way, this guide will be of use to 
financers of geothermal projects, assisting the assessment of projects to ensure project risks have been 
addressed. 

A test of best practice for geothermal exploration is the degree to which each principal resource risk element is 
addressed.  Principal resource risks for geothermal energy are temperature (or enthalpy) and depth of the 
resource, as well as output and sustainability of flow from producing wells.  Each component of a geothermal 
exploration program should be clearly designed to address one or more of these risks, and each risk component 
should be addressed in some manner.  By the completion of the Exploration Phase, a developer should be able 
to provide potential financiers with at least a qualified (if not quantified) estimate of the uncertainty associated 
with forecasting thermal energy production. 

Formal  ‘Geothermal Reporting  Codes’  now  exist  in  at  least  two  countries—Australia and Canada.  These Codes 
expound the principles of transparency, materiality, and accountability with respect to the presentation of 
geothermal exploration results and estimates of future geothermal power generation.  Exploration best practices 
should, at the very least, emulate these principles if not fully comply with one of the Codes.  All relevant 
exploration results should be clearly and fully presented.  A competent, qualified, and experienced person should 
accept responsibility for the interpretations. 

1.2  OUTLINE 

This guide provides potential developers with an outline of the various methodologies and strategies employed in 
the exploration for geothermal resources for power generation.  It does this within the context of the typical 
geothermal development process from preliminary surveying through to power plant development. 

This first chapter provides an introduction to the topic and the scope of the report. 

Chapter 2 provides an overview of the typical sequence of phases in any geothermal exploration and 
development program.  This guide follows a seven phase process,  in  line  with  ESMAP’s  Geothermal  Handbook  
(2012).  Others in the sector may describe a three or five phase process, but the core elements of each are the 
same.   

Chapter 3 focuses on the Exploration Phase and provides a detailed breakdown of the methodologies and data 
that should be collected to minimize resource risk prior to presentation to funding entities. 

Chapter 4 discusses the various facets of risk relating to geothermal development, including resource risk and 
financial risk. 

1.0 
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Chapter 5 presents a summary of funding models that have been successfully employed for geothermal 
development in various countries around the World, and which may be investigated elsewhere. 

A series of appendices provide greater detail on the exploration methodologies and techniques.  The guide can 
be utilized both as a tool for working through a project, and as an illustration of the geothermal development 
process. 

1.3  EXCLUSIONS 

This guide specifically addresses the typical development pathway for hydrothermal geothermal resources.  It 
may   not   be   wholly   applicable   to   exploration   for   low   temperature   geothermal   resources,   ‘Enhanced   (or  
Engineered)   Geothermal   Systems’   (EGS,   or   ‘Hot   Dry   Rock’),   or   other   less   conventional   or   unconventional  
geothermal developments. 

This guide does not address policy, regulatory, and planning frameworks and, as such, is of limited use to 
governments, development banks or other international funding agencies in designing programs to promote 
investment in geothermal energy.  The recently released ESMAP Geothermal Handbook (2012), which can be 
considered a companion document to this guide, addresses these areas of interest. 

1.4  RELEVANT LITERATURE 

A very large body of literature now exists relating to geothermal development.  A comprehensive database of 
published papers can be accessed through the website of the International Geothermal Association 
(www.geothermal-energy.org) or its member organizations.  Overview publications that may provide useful 
background reading are listed in the box below. 

 Planning and Finance: - World Bank: ESMAP Geothermal Handbook: Planning and Financing Power 
Generation: Technical Report 002/12.  Available at www.esmap.org/Geothermal_Handbook 

 Geothermal Generation: - World Geothermal Congress:  World Geothermal Generation in 2010 – R. 
Bertani; in Proceeding from WGC 2010.  Available at www.geothermal-
energy.org/pdf/IGAstandard/WGC/2010/0008.pdf  

 Risk: - Deloitte 2008 Geothermal Risk Mitigation.  Department of Energy/Office of Energy Efficiency and 
Renewable Energy Program.  February 15.  Available at 
www1.eere.energy.gov/geothermal/pdfs/geothermal_risk_mitigation.pdf 

 Environmental: – IFC/World Bank 2007: Environmental Health and Safety Guidelines for Geothermal Power 
Generation.  Available at http://tinyurl.com/ck4jeqo 

 Project Costs: - New Zealand Geothermal Association: Assessment of Current Costs of Geothermal Power 
Generation in New Zealand (2007 basis).  Available at  http://grsj.gr.jp/iga/iga-
files/NZ_gpp_cost_estimate_2007basis.pdf 

 Reporting Codes: - Australian Geothermal Energy Association:  Australian Code for Reporting of 
Exploration Results, Geothermal Resources and Geothermal Reserves, Second Edition (2010).  Available at 
http://www.agea.org.au/media/docs/the_geothermal_reporting_code_ed_2.pdf 
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T H E  P R O C E S S  O F  G E O T H E R M A L  D E V E L O P M E N T  

2.1  INTRODUCTION 

This chapter describes the typical process of assessing and developing geothermal power projects.  It must be 
appreciated, however, that every geothermal project is unique, defined by its local geological and market 
conditions: No two geothermal projects follow exactly the same development path.  Therefore, the 
methodologies, techniques, and project timeline for any geothermal project will be unique to that one resource or 
project and processes. 

Historically, many of the early geothermal projects were developed in a non-systematic manner.  There were no 
clear guidelines for the geothermal development process.  The first time geothermal power was harnessed for 
electricity production was in Italy in the early part of the part of the 20th century using shallow steam from an area 
where surface discharges were clearly evident.  In New Zealand in the  1950’s, the Wairakei developments were 
initially justified on the basis of very high surface heat flows and many surface features (geysers and altered hot 
ground). 

There was no best practice guide at this time.  It is only with experience that the stages or phases of how to 
develop a geothermal resource have become more clearly defined.  Even today there are differences in 
methodologies and techniques between different countries and different agencies. 

This guide generally follows a seven phase process of developing geothermal projects, in line with the ESMAP 
Geothermal Handbook (2012): 

1. Preliminary survey 

2. Exploration 

3. Test drilling 

4. Project review and planning  

5. Field development 

6. Power plant construction 

7. Commissioning and operation 

Others may use a three phase (exploration, development, and operation) or a five phase (reconnaissance 
exploration, pre-feasibility, feasibility, detailed design and construction, and operation) process, but the 
underlying activities will be the same. 

The primary focus of this guide is on the Preliminary Survey and Exploration Phases of project development. 

Critical resource data and analyses generated during all phases of geothermal development are integrated into 
continually evolving conceptual models of the resource, which are constantly tested and improved with each new 
data set.  The following sections describe the various phases of a typical geothermal project. 

2.0 
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2.2  PHASE 1 – PRELIMINARY SURVEY 

The Preliminary Survey Phase involves a work program to assess the already available evidence for geothermal 
potential within a specific area (perhaps a country, a territory, or an island).  The initial surveying may be regional 
or national and essentially involves a literature review of geological, hydrological or hot spring/thermal data, 
drilling data, anecdotal information from local populations, and remote sensing data from satellites, if available.  

Example:  

Most countries have existing data bases of geological and hydrological data.  These have usually been gathered 
for other purposes but may very well be useful for guiding early geothermal surveying and exploration.  The 
potential explorer/developer should make every effort to collect and analyze these data prior to designing and 
planning an additional exploration program.  Remote sensing, in particular, is now playing a more significant role 
in preliminary surveying for geothermal resources. 

Information should also be gathered on access issues during the Preliminary Survey Phase.  What are the 
national, regional, and/or local regulations that might allow or restrict access for exploration activities?  Restricted 
areas might include National Parks, cultural sites, geological hazards, urban areas, areas of unique flora or 
fauna, or others.  Land use issues are also of importance.  Could a geothermal development live harmoniously 
with other existing or possible land uses?  It is critical that potential conflicts be identified and assessed at an 
early stage in a geothermal project, prior to committing to what might be an expensive exploration program.  
Different countries will have different requirements. 

Examples:  

In Japan, the majority of identified high temperature geothermal resources are located within or adjacent to 
National Parks, where access for exploration has, until recently, been forbidden. 

In Indonesia, over 50% of known high temperature geothermal resources are located within or adjacent to 
protected forests or National Parks. 

In New Zealand, almost half of the identified geothermal resources are in protected areas where development is 
limited or forbidden. 

In Turkey, no very hard rules or regulations currently exist regarding geothermal exploitation.  A Protected Area 
Special Committee has been established by the Turkish Government that decides if it is appropriate to drill a 
geothermal well in a protected area.  Access for exploration in National Parks is controlled and limited. 

The Preliminary Survey Phase should also include an assessment of key environmental issues or factors that 
might impact or be impacted by a geothermal development.  As with any power plant development, geothermal 
power has its own unique social and environmental impacts and risks that require awareness and management.  
Making contact with all stakeholders at the early stages of investigation is critical if the developer is to identify 
potential sociological or environmental roadblocks that may need to be addressed during the project. 

Example: 

Surface water and groundwater quality and water allocations are becoming major issues worldwide.  It is critical 
to understand the impacts that geothermal developments will have on groundwater availability and quality in the 
local context. 

Necessary infrastructure such as roads, water, power supplies, and availability of equipment must also be 
considered at an early stage.  If roads and bridges have to be constructed in what is frequently steep or 
mountainous terrain, then the rate of progress for both surface exploration and subsequent drilling may be 
delayed. 

If the project area has a history of mineral and/or water resource exploration then this may provide very useful 
background or perhaps subsurface information. 
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The developer also needs to understand the processes for obtaining and retaining legal rights to the geothermal 
resource throughout the geothermal project.  Regulatory issues relevant to obtaining access, land rights for the 
early stages of work and for subsequent development, power supply agreements and so on, should be 
understood.  Geothermal resources may be either publicly or privately owned.  Payments may be required to 
secure leases or to obtain options to develop the resource if the detailed exploration is successful.  Some 
countries legislate geothermal rights under mining laws; others consider them as water rights, while many 
countries still have no legal framework for geothermal development.  Geothermal permitting processes may be 
fast or very slow.  It is critical that these issues be well understood from the outset. 

All the factors mentioned above can significantly impact the time and cost required to move through the various 
phases of project development.  Based on this review, the first question to be answered is: 

Does the area of interest (country, region, or island) have a geological setting or features that may indicate the 
presence of an exploitable geothermal resource? 

If the answer is yes, then the assessment can move to the second question, which is: 

If suitable indications of geothermal potential exist, is it possible to obtain concessions over the most promising 
areas and, if they become productive, how would geothermal power fit with the existing energy infrastructure? 

In summary, basic background information for the preliminary survey covers: 

 the power market and possible power purchase agreements (PPA) or feed in tariff 

 infrastructure issues (roads, water, communication, transmission) 

 resource ownership issues (in some countries geothermal permits are handled under mining law while 
elsewhere it may be considered a water right, handled under specific geothermal legislation, or a 
relevant legal framework might not yet exist) 

 environmental and social issues  

 institutional and regulatory frameworks 

 issues relating to political and financial stability and  

 information from available literature on the resource itself, including geological, hydrological or hot 
spring/thermal data and historic exploration data, potentially from wells drilled in the areas of interest 

All these factors need to be considered in order to identify possible barriers to development or potential 
roadblocks that might derail or slow down a development program.  Based on this review and assessment, a 
developer may decide to proceed to the Exploration Phase.  This will require the developer to design and cost an 
exploration program (Phase 2).  It may also be necessary to obtain finance and/or partners to share the risks and 
expense of the exploration program.  There may be several potential sites to investigate, which could effectively 
spread the risk but involve higher expenditure. 

Engagement of experienced geothermal consultants at the Preliminary Survey Phase is one of the keys to 
identifying and thoroughly assessing relevant background information and designing an effective forward 
exploration program. 

The time required for Phase 1 will depend on a range of factors.  It may be as short as several months but if there 
are many potential sites to investigate and if the environmental approvals and permitting processes are complex 
and finance is difficult to secure, then it may take one year or longer. 

  



Geothermal Exploration Best Practices 8 

2.3  PHASE 2 – EXPLORATION 

The purpose of the exploration program is to cost-effectively minimize risks related to resource temperature, 
depth, productivity, and sustainability prior to appraisal drilling.  Exploration may start off looking at a regional 
level and, as more data is gleaned, focuses down to a more localized analysis.  Exploration typically begins with 
gathering data from existing nearby wells and other surface manifestations, and goes on to surface and sub-
surface surveying using geological, geochemical, and geophysical methods.  Environmental studies at this phase 
establish key background (or baseline) information.  Some countries require detailed environmental impact 
statements as an early component of any exploration program. 

In order to make the exploration program cost effective while reducing risk, the survey design will initially focus on 
simpler (cheaper) methods, and become progressively more complex and costly as early results warrant more 
detailed efforts and project risks reduce. 

Surveying techniques used in this phase may typically include: 

SURFACE STUDIES GEOCHEMICAL SURVEYING GEOPHYSICAL SURVEYING 

 Gathering local 
knowledge 

 Locating active 
geothermal surface 
features 

 Assessing surface 
geology 

 Geothermometry 

 Electrical conductivity 

 pH 

 Flow rate of fluids from active 
features 

 Soil sampling 

 Gravity 

 Electrical resistivity 

 Magnetotelluric 

 Temperature gradient drilling 

 2D & 3D Seismics 

A decision to move to temperature gradient (or slim hole) drilling (defined and discussed later) may be 
recommended after the geological, geochemical and geophysical surveys have been completed.  The 
collaborative data set obtained by using these techniques reduces risk prior to committing to drilling. 

For most projects, the decision to mobilize and contract drilling equipment is a significant financial commitment.  
For this reason, as much information as possible is obtained about the resource prior to this decision by using the 
surface geoscience techniques to reduce risks prior to committing to drilling.  If the data obtained from the 
surface geoscience studies are extremely encouraging (with high confidence) then it may be justified to move 
directly to Phase 4 (Project Review).  However in most cases the surface geoscience studies will not provide 
sufficient confidence around potential temperature, depth, productivity, and sustainability to move to the review 
phase, and temperature gradient drilling can provide a cost-effective approach to risk mitigation by obtaining 
additional subsurface information.  

By the end of Phase 2, sufficient exploration data should have been collected and analyzed to select sites and 
targets for the first few deep exploration wells.  The developer should have a good understanding of the risks 
remaining around resource temperature and size, depth, permeability, productivity and sustainability, and these 
risks will have been reduced to a level to justify deep drilling.  A preliminary estimate of the magnitude of the 
resource (expressed in terms of the potentially recoverable thermal energy or thermal power) should also be 
possible at this stage.  Initial conceptual and numerical models can be developed. 

Figure 2.1 shows a relatively fast track preliminary survey and exploration timeline.  If however, any barriers are 
encountered during the program, if the geological setting is complex, or if the interpretation of geoscience results 
remains ambiguous, then the timeline might stretch to two years or longer. 
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Figure 2.1: Timeline for a well planned and effective surveying and exploration work program in a relatively 
straightforward geothermal project 

A minimum of one successful production well must have been drilled before preparing a pre-feasibility study for a 
geothermal investment.  This requirement is considered to be very important for understanding the system and 
for development of an acceptable resource model.  The private sector places significant importance on the 
existence of geothermal production wells to justify investments. 

2.3.1  Conceptual Modeling 

During the exploration phase, a conceptual model of the resource is prepared.  This model will be refined as 
more data is gathered.  A conceptual model is a representation of the current best understanding of a geothermal 
system, consistent with all known data and information.  The model needs to contain sufficient geological and 
tectonic information to allow a first pass estimate of resource distribution, temperature, and size.  It is used to 
target deep, full-diameter wells toward lithologic units and/or structures with the highest probability of delivering 
commercial rates of geothermal fluids.  While it is expected that the initial conceptual model may be crude or 
incomplete, it is important to have an initial model that can be refined and improved as drilling proceeds and more 
data becomes available.  Additional discussion on development of the conceptual model is presented in Section 
3 and Appendix A1. 

2.3.2  Numerical Modeling 

Once a conceptual model consistent with all available data has been constructed, it can form the framework of a 
numerical model for forecasting the future performance of the reservoir.  Once there are some production data to 
be matched, numerical modeling is used to test the validity of the conceptual model, to estimate the impact that 
geothermal exploitation will have on the resource, and hence possible degradation of the reservoir and power 
output. 
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Numerical modeling is undertaken in three phases:  

1. initial state modeling; 

2. history matching; and 

3. Forecasting future reservoir behavior. 

2.3.3  Non-Technical Data Compilation 

Having developed a conceptual model and undertaken some numerical modeling, the developer will have a 
preliminary assessment of the reservoir capacity and will be at a decision point – whether or not to proceed with 
the project.  This is the time to update or confirm current information relating to: 

 the power market and possible power purchase agreements 

 infrastructure issues (roads, water, communication, transmission) 

 resource ownership issues 

 environmental and social issues 

 institutional and regulatory frameworks 

 issues relating to political and financial stability 

2.3.4  Prefeasibility Study 

The final stage of the Exploration Phase is the assessment of all the technical and non-technical data prior to 
committing to test drilling.  This is a very significant milestone since proceeding to Phase 3 involves major 
financial commitments to the project.  This is a time when resource risk is still high and the expenditure curve is 
steep (see Chapter 4).  

2.4  PHASE 3 – TEST DRILLING 

The first full-diameter exploratory wells are drilled during this phase.  There is usually a delay while funding is 
obtained for drilling.  Drilling the first wells in any project represents the period of highest risk. 

Typically, at least two but more often three, deep wells are drilled to demonstrate the feasibility of commercial 
production and injection.  More wells may be required, depending on the size of the project to be developed and 
the success in finding a viable geothermal resource with the first series of wells.  Drilling, logging and testing 
significantly improve the understanding of the resource, enabling: 

 refinement of the estimate of the heat resource; 

 determination of the average well productivity (thus laying out the scope of future drilling); 

 selection of the well sites, targets, well path and design for the remaining production and injection wells; 
and 

 development of a preliminary design for the power plant and gathering system.  

Upon completion of the test drilling phase, the project moves towards full feasibility. 

Example: 

In Turkey, at the time of considering bids for geothermal concessions for electricity generation from geothermal 
fields by the General Directorate of Mineral Research and Exploration (MTA), geological, hydrogeological, 
geochemical, and geophysical studies must have been satisfactorily carried out as well as evidence of at least 
one geothermal production well confirming that the geothermal resource exists. 
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2.5  PHASE 4 – PROJECT REVIEW AND FEASIBILITY 

Once the resource has been discovered and confirmed by the first few deep wells, the project risks are 
substantially reduced and an accurate feasibility report can be prepared. 

The resource information permits the developer to update and refine its numerical reservoir model, size the 
planned development, and secure power purchase agreements on which financial models can be built.  Such 
models, including risk analysis, are required for the developer to be able to obtain the necessary finance to move 
the project through to development.  

The feasibility report is written to provide both the developer and potential financiers with confidence in the 
viability of the project.  The types of data collected, and the recommended method of presenting these data, are 
outlined in Chapter 3 and Appendix A2. 

The feasibility report typically contains the following elements: 

 location and design of drilling pads and other civil works (roads, preparation of power plant site, etc.); 

 design of development wells; 

 specification of drilling targets for remaining production and reinjection wells; 

 forecasts of performance from the numerical reservoir model; 

 the power plant design; 

 the transmission access plan; 

 construction budget and costs for all of the above; 

 the terms of the power purchase agreement; budget and revenue projections. 

Based on the feasibility study and funding availability, a decision is made to develop or not to develop the project.  
All aspects of a feasibility report need to be updated as the project progresses and more information on the 
resources characteristics becomes available. 

2.6  PHASE 5 – FIELD DEVELOPMENT 

The project now proceeds to the Field Development Phase with the drilling of a sufficient number of deep 
production and reinjection wells to support the proposed power production.  Good well targeting is critical to 
ensure successful wells.  Having a sound appreciation of the geological framework and the specific formations 
and/or structures that provide adequate permeability is critical to designing the wells, their targets, and therefore 
the drilling programs to be followed.  This requires input from the geoscience team, led by geologists and drilling 
engineers, who draw on information gained during previous phases of project development.  In parallel with the 
drilling, work starts on the steam gathering system to convey the resource from the wells to the power plant. 

For large projects, once the resource has been proven through several initial deep wells, it is common practice to 
have two or more drilling rigs operating in order to shorten the development time and bring revenue from 
generation as soon as possible.  It is rarely possible to predict with great confidence the outputs of wells prior to 
drilling.  The success rate of geothermal drilling varies around the world, but a recent analysis of global 
geothermal well success done by IFC suggests rates improve from 50% in the test wells, up to 70-80% for 
production wells.  Achieving these success rates depends strongly on the quality of prior exploratory work and 
the validity of the conceptual model.  In areas where many similar geothermal fields have already been 
developed the success rate may be higher. 

For an average well of 2 km depth, a drilling time of 40 to 50 days (24 hour operation) is not unusual.  The 
developer therefore has to define the number of production wells that will be required and the time needed to 
complete such drilling (including an allowance for some unsuccessful wells).  In addition, re-injection wells are 
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required to return the geothermal fluid to the reservoir, to reduce resource depletion.  The ratio of reinjection to 
production wells ranges from as low as 1:4 in high enthalpy resources to as high as 1:1 in lower enthalpy 
resources.  The actual number required will depend on the enthalpy of the production fluid, the fluid-steam ratio, 
and the power plant technology.  The location and depths of reinjection wells is another key decision based on 
the conceptual and numerical models, which are continuously updated as new well information becomes 
available. 

The well drilling program requires careful integration of a range of supplies (rigs, casing, drill rods, drilling 
chemicals, drilling mud etc) and any well completion should be followed by well testing and perhaps tracer testing 
to assess both production and subsurface conditions.  This enables the conceptual model to be continuously 
updated and refined, and any previous interpretations to be tested.  The numerical model also is updated.  Some 
excess production capacity should be included in the planning and allowed for in the operating costs.  A realistic 
decline rate for geothermal wells should be taken into account. 

While drilling is being carried out, the developer also needs to secure finance for power plant construction.  Once 
the resource is confirmed, the risks of the project are significantly reduced and debt financing becomes available 
on commercial terms.  Such finance is usually not available until a Power Purchase Agreement has been signed, 
and the design and contracting of the power plant construction has been committed. 

Any delays in drilling programs can seriously impact the timelines for completing the project.  Timing may be 
critical for meeting deadlines in Power Purchase Agreements and for generating revenue for investment returns.  

2.7  PHASE 6 – POWER PLANT CONSTRUCTION 

The completion of the steam gathering system is coordinated with any necessary civil works and infrastructure to 
allow the power plant to be constructed along with further testing of the wells.  Power plants are often constructed 
using EPC contracts. 

2.8  PHASE 7 – COMMISSIONING AND OPERATION 

At this point, the operational phase begins.  Since the fuel supply for the project has already been fully provided 
(by drilling), the main focus is to optimize the production and injection scheme to enable the most efficient energy 
recovery and utilization.  This helps to minimize operational costs, maximize investment returns, and ensure the 
reliable delivery of geothermal power.  New production and reinjection wells may be needed to make up for any 
decline in productivity or adjustment of the reinjection strategy as the resource responds to exploitation.  
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G U I D E L I N E S  F O R  P R E S E N T A T I O N  O F  
E X P L O R A T I O N  D A T A  T O  F U N D I N G  E N T I T I E S  

3.1   INTRODUCTION 

This chapter provides the geothermal developer with guidelines for what information and data should typically be 
assembled during geothermal exploration, and how this information should be presented to potential financiers.  
It  provides  examples  of   ‘good  outcomes’   for  each  data   type.     Note   that   these   ‘good  outcomes’  are  subjective.    
They may vary from one geothermal project to the next depending on the geological setting, type of reservoir and 
generation method, and should be considered as suggestions rather than rigid prescriptions.  Appendix A2 
contains details of how exploration data are typically acquired in geothermal projects.  

3.2   PRELIMINARY INFORMATION 

An early task for any developer is to determine what the land tenure and geothermal permitting regulations are in 
the jurisdiction of interest.  In addition, public awareness issues must be surveyed and addressed.  Different 
jurisdictions variously cover geothermal development under mining law, water law, specific geothermal 
legislation, or have no existing legal framework for geothermal exploration and development.  In some countries 
the granting of geothermal permits is handled by federal agencies, while elsewhere this is the domain of state or 
regional agencies.  Obtaining some form of secure tenure or options over prospective land is an essential first 
step in any geothermal program.  

The developer must determine the local perceptions towards geothermal development.  In some countries, 
indigenous people consider geothermal features to have religious significance.  For example, planned 
developments in Hawaii, Greece, and Peru received hostile responses to development proposals on religious 
grounds.  Identifying any such concerns is an essential component of early geothermal investigations.  Local 
people should be made aware of the impacts, positive and negative, of any geothermal development.  Public 
meetings and surveys should be undertaken to determine pre-existing public attitudes towards development and 
to provide information in response.  

This background information should be compiled and presented in such a manner as to illustrate that the 
developer understands local requirements and perceptions towards geothermal development.  An exploration 
license should be presented, along with evidence that development rights will be obtained for any geothermal 
resource that may subsequently be discovered.  

3.3   ENVIRONMENTAL IMPACT AND RESOURCE PROTECTION 

A thorough understanding of the local regulations for environmental protection is an essential early step for any 
geothermal development.  Although geothermal development is frequently acknowledged as an attractive option 
for power generation, it must be appreciated that a development of any kind has impacts on the environment and 
land use.  

  

3.0 
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Example: 

In New Zealand, all geothermal resources are classified under one of three categories: 

1.  Open for major development 

2.  Open for limited development 

3.  Protected  

New Zealand law does not permit the development of resources in the protected category.  

Resources are generally protected because their public value in their natural state is considered greater than the 
public value of geothermal power.  This public value might be due to cultural, environmental, historical or tourism 
attributes.  Resources in close proximity to urban areas may also be protected.  In Japan, the majority of known 
geothermal resources lie within or adjacent to National Parks and many have been fully protected until recently.  
In Indonesia, some reports indicate that up to 70% of known geothermal resources are in protected forests.  

Even where development is allowed, an Environmental Impact Statement (EIS) may be a pre-requisite to 
embarking on a surveying or exploration program.  Any such EIS should be presented in full to a potential 
financier.  

Example: 

In Turkey, geothermal power plants with capacity over 5 MWe must prepare an Environmental Impact 
Assessment (EIA) report.  For plants having less than 5 MWe capacity, there is no need to prepare 
Environmental Impact Assessments but investors have to apply to receive a certificate which confirms that they 
are exempted from this requirement. 

3.4   COLLECTION OF BASELINE DATA 

Baseline environmental data, which essentially defines the starting conditions of any development, should be 
collected as early as possible.  In many countries, resource consents impose strict conditions relating to any 
potential impact of a geothermal project.  For example, consents may specify minimal or no impact on other 
existing land uses.  This might cover such impacts as subsidence, air quality, surface geothermal features, 
groundwater quality, visual amenity, and seismic activity.  Collection of baseline data related to such 
requirements may take significant time.  For example, it might require many months of monitoring to define 
baseline seismicity characteristics or variability of discharge from active geothermal features.  It is important for 
the developer to identify environmental parameters that might be sensitive and address these early in the project.  

Baseline data can be presented as maps, charts, graphs, tables, databases, or in other formats as appropriate 
for reporting, consensus-building, and in pursuit of financing.  

3.5   LITERATURE REVIEW 

An early step in evaluating a geothermal resource is to find and assess any existing data and previous research 
pertaining to the project area.  In many cases, previous studies offer insights into the geological setting through 
hydrology, geochemistry, geophysics, or other surveys.   

A thorough literature review by experienced geothermal specialists can save the developer significant time, effort, 
and expense in the Exploration Phase of the project.  Such a review may uncover essential baseline 
environmental data.  Historical data can also provide a useful contrast to developer-generated data, enabling the 
developer to assess the quality and consistency of new data against previously collected information.  

A literature review can be performed partly on-line, but a thorough search should also include visits to local 
government agencies, universities and other institutions where public documents relevant to the project might be 
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held.  The literature review should focus on uncovering articles, reports, maps, databases and figures concerning 
the geology, geothermal setting, and cultural / environmental aspects of the project area.  

Where relevant prior data of useful quality exist, these data should be compiled and reviewed to identify gaps in 
coverage or quality.  This information should be used to formulate plans for additional surveying and exploration.  
Ongoing exploration efforts can then be focused on addressing the gaps or augmenting information where 
needed.   

A bibliography and library of relevant papers, reports, and data sets should be created.  Copies of the most 
important documents (those with direct relevance to the field) might be presented to potential financiers, but the 
developer should also prepare a summary document of any previous efforts in geothermal exploration and should 
use any available (and non-proprietary) previous data as part of the analytical process.  

Examples of data sources to be sought and collated include: 

 Academic publications from both local and foreign universities and research programs; 

 Data, results and/or reports from previous lease-holders including mining tenements or previous 
exploration campaigns for minerals or oil and gas; 

 Reports and documents from relevant agencies of the national government; 

 Provincial reports and documents from relevant agencies; 

 Municipal reports and documents from relevant agencies; 

 Data and information found through internet searches; and 

 Maps pertaining to geology, infrastructure, and lease boundaries. 

Example: 

In Turkey, background geological, hydrogeological, geochemical, and geophysical information about the known 
geothermal fields, can be searched and bought from the General Directorate of Mineral Research and 
Exploration and in Universities.   

Data compilation is an integral part of the project at any stage, including the initial literature search and review.  
Geo-referenced digital databases (e.g., locations and characteristics of geothermal manifestations, topography, 
roads, other infrastructure, geology, geochemistry, geophysics, etc.) should be created whenever possible for 
ease of analysis and presentation, with data compiled by means of summaries, databases, spreadsheets, maps 
and figures, depending on the nature of the data.  Short narratives (e. g., geologic setting, tectonic history, 
development history, etc.) suffice where tabular compilation is inappropriate.   

This process is greatly facilitated by geospatial programs that can generate maps and other graphics from 
underlying databases, allowing data from different sources to be overlain on a single map at the same scale.  
Collated maps should be clearly labeled with sufficient information (on the map itself, in the legend or key, in the 
form of the figure title, or other obvious location) for the map to stand alone without any further explanatory text.  
This comment applies to any maps or figures prepared at any phase of the project.  

Existing reports and databases in many parts of the world might be in a different language to that of the 
developer or potential financiers.  Where large databases exist, translation costs can be significant and time 
consuming.  However, translation of reports and data will generally provide sufficient value to warrant the 
additional cost.  Many of the international geothermal consultants and funding agencies, for example, require 
information to be provided in English.  

A good outcome upon completion of the literature and published data review is to have high confidence that all 
relevant data and maps have been identified, collated, and assessed for inclusion in the conceptual model of the 
resource.   
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This step is critical to avoid duplication of effort and therefore enabling the developer to apply surveying or 
exploration funds most judiciously.  It is best practice to have a geo-referenced database of information within the 
geothermal prospect and lease boundaries following this step.  

3.6   SATELLITE IMAGERY 

More and more data from satellite and airborne sensors are becoming readily available.  A range of these data 
can be applied to geothermal exploration.  Examples include satellite or aircraft-based infrared scans, and 
thermal data acquired by Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) sensors on-
board Landsat-5 and Landsat-7 satellites.  Data from the Advanced Spaceborne Thermal Emission and 
Reflection  Radiometer  (ASTER),  launched  in  1999  as  part  of  NASA’s  ‘Earth  Observing  System’,   is  increasingly 
being applied on a global scale to identify surface geothermal features.  

It may be appropriate to develop a Geographic Information System (GIS) database (or equivalent) of potential 
geothermal sites based on aerial photos and satellite data.  The technique may be especially useful in difficult 
terrain where ground access is difficult.  Note, however, that confirmation of thermal anomalies always requires 
on-ground verification and assessment of their potential.   

Relevant remote sensing data can be downloaded into GIS software for integration with data compiled from 
surface surveys to produce detailed maps for each project area.  

3.7   ACTIVE GEOTHERMAL FEATURES 

Active geothermal features are proof of an existing geothermal system on some scale, although not proof of a 
system suitable for power generation.  The first step in field exploration is to locate and characterize all existing 
geothermal features within the project area and within a relevant distance of the project area (Figure 3.1).  A 
conservative rule of thumb is to record hot (>50°C) features within 10 km and warm (>25°C) features within 5 km 
of the project area.  

Active geothermal features include any or all of the following:  

 hot/warm springs and seeps (hot = >50°C, warm = >25°C)  

 mineral springs (with conductivity exceeding one standard deviation or more above the background) 

 fumaroles 

 solfataras 

 hot/warm wells (including geothermal or groundwater wells) 

 gas seeps 

The location and names of all the geothermal features, as well as the mapped extents of surrounding geothermal 
deposits, should be compiled on a single map for each project area consistent with geological and tectonic 
settings.  The remaining data, including temperature, electrical conductivity, pH, and flow rate, should be 
compiled into tables that correspond directly to what is shown on the map.  These two sets of documents should 
encompass as much of the above listed information as can be obtained.  Ideally, all of these data would be geo-
referenced, allowing for easy integration with other project data.  Logs and testing results from hot/warm wells 
should be presented and discussed on a well-by-well basis, and down-hole summary plots should be created 
summarizing all the available information for each well.  

A good outcome following analysis of the active geothermal features would be an estimate of the rate of 
geothermal fluid movement through the system, and an idea of the extent and general geometry of the 
geothermal resource.  
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Figure 3.1: Field mapping at a hydrothermal eruption crater, New Zealand (GNS Science, New Zealand). 

3.8   GEOLOGY 

A thorough understanding of the geology of the project area and how it fits into the surrounding regional 
geological and tectonic setting is crucial to understanding a given geothermal system.  Once data has been 
gathered from available literature, geological studies (including field work) can be carried out both at a regional 
and a local level in the Exploration Phase.  Initial geological studies are focused on understanding the overall 
geology of the project area and identifying the most promising areas for more detailed exploration.  Later, efforts 
are focused on the most promising areas with the specific goal of understanding the permeability pathways that 
bring thermal fluids from their deep source to shallower parts of the system, where they can be economically 
exploited for geothermal power production.  

Geological data for the project area should be presented in the form of geological maps, structural maps, 
stratigraphic columns, and cross sections for the project areas.  Alternatively, a three-dimensional geological 
model can be developed using specialized modeling and visualization software.  However the data are collated, 
they should address lithology, stratigraphy, hydrothermal mineralization, geological structure, tectonics, and 
sense of movement on faults.  The geological history of the area should be summarized in a separate document, 
including a description of the local stratigraphy, the lithological units expected during drilling, and a summary of 
the types, locations, and nature of geological structures.  

A good outcome from the geological analysis is a clear picture of the regional and local geology, stratigraphy, and 
tectonic structure of the area, as well as identification of uncertainties and data gaps that need to be addressed in 
subsequent stages of exploration.  This information should indicate which units or structures could host a 
geothermal reservoir, and forms the basis for subsequent conceptual and numerical models.  

3.9   GEOCHEMISTRY 

Geochemistry can be an extremely useful tool in the exploration for high enthalpy geothermal resources.  
Sampling (Figure 3.2), analysis, and calculation of chemical geothermometry can provide estimates of potential 
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resource temperature.  Interpretation of geochemical data can be very useful during the Exploration Phase to 
develop an understanding of the temperatures and extent of the geothermal reservoir and to ascertain whether 
the resource is sufficiently well developed and hot enough to be utilized for geothermal electrical generation.  
Geochemical studies focus on understanding the geothermal fluid sources and flow paths and assessing 
potential operational issues that will come with development, such as wellbore scaling, corrosion, and 
concentrations of non-condensable gases.  Regional CO2 gas surveys, which are a recent advancement in 
geochemical evaluation to be done during the regional exploration stage, are becoming increasingly popular to 
supplement geothermometry techniques, because elevated CO2 at the surface may indicate the presence of 
permeable faults or the extent of an active geothermal system. 

 

Figure 3.2:  Geochemical sampling at a thermal pool, New Zealand (GNS Science, New Zealand). 

Fluid and gas geochemical data are presented on maps, tables, drawings, and plots for the project area.  
Accompanying reports should explain the inferences and conclusions drawn from the data.  Inferences and 
conclusions may include parameters such as: 

1. estimated resource temperature at depth;  

2. the genesis (origin) of the resource: 

3. the locations of different aquifers or reservoirs in two and three dimensions;  

4. mixing between aquifers; 

5. sources of recharge to the geothermal system; 

6. pathways of discharge from the geothermal system; and 

7. the potential for corrosion and/or scaling of the geothermal fluids.  

The following should be provided as a minimum for each project area, if appropriate data are available: 

 A map of sample locations showing the local or assigned names of the geothermal features from which 
the samples were taken.  
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 A table summarizing the fluid geochemistry of the sampled geothermal features, keyed to the map.  This 
table should include: 

 field parameters, including location, temperature, EC, pH, flow rate, gas bubbles, odors, precipitates 
(detailed in Appendix A2) 

 geochemical analyses of the following at minimum Na, K, Ca, Mg, Li, Cl, B, SO4
2-, NH3, TDS, pH, 

Alkalinity as HCO3 and CO3 and total alkalinity as HCO3, and SiO2 (measured in diluted sample, 
corrected to native concentration).  In addition Sr, Rb, Mn, F-, 18O, and D stable isotopes in water 
and 18O in dissolved SO4

2- are extremely useful.  The table should also include the ion balance of 
each sample and/or other evidence of quality control on the analyses undertaken.  

 A table summarizing the gas geochemistry of the sampled geothermal features, keyed to the map.  This 
table should include: 

 field parameters, including location, temperature, flow rate, odors 

 geochemical analyses of the following at minimum NH3, H2S, CO2, CH4, H2, N2, Ar, He, SO2, HCl, 
HF, O2.  In addition, 3He/4He, 40Ar/36Ar, noble gas ratios, and stable isotopes in steam condensate 
can be very valuable in assessing the geochemistry of the system.  The table should also include the 
standard deviation of each sample and/or other evidence of quality control on the analyses 
undertaken.   

 Total flux and makeup of non-condensable gases for any well in production.  

 A table showing the results of the geothermometry calculations.  This table should include all of the 
following geothermometers that can be calculated for a given sample: silica (Quartz, Chalcedony, and 
Amorphous Glass), cation (Na-K-Ca, Na-K-Ca-Mg, Na/K, K-Mg) and sulfate water isotope (18O).  

 In addition, graphs of the geochemical data should be provided, including, but not limited to: 

 Piper diagrams 

 Potassium concentration versus Sodium concentration: K(mg/L) vs. Na(mg/L)  

 Delta Deuterium versus Delta 18Oxygen  (δD  vs  δ18O) 

 A ternary plot of the major anions (SO4-HCO3-Cl) 

 A ternary plot of sodium, potassium and magnesium, including scales for the Na/K and K-Mg 
geothermometers 

 Sodium potassium calcium geothermometer temperature versus chloride concentration 

 Temperature of the sodium potassium calcium geothermometer versus temperature of the 
potassium over magnesium geothermometer: Temp NaKCa (°C) vs. Temp K/Mg (°C) 

 Discharge temperature versus chloride concentration, Temp (°C) vs. Cl (mg/L) 

 A ternary plot of nitrogen, carbon dioxide and argon (N2, CO2/100, 100*Ar) 

 Giggenbach Gas Ratio Grids (H2/Ar vs.  CO2/Ar, H2/Ar vs. T, CH4/ CO2 vs.  CO/ CO2, CO/ CO2 vs. 
H2/Ar) 

Contour maps showing the sample points and their values are appropriate to depict soil survey data, as well as 
tables including the locations, values, and characteristics of the sample points.  

A good outcome of the geochemistry studies would be an indication of temperature distribution within the 
geothermal system, a maximum temperature range for the resource, and a fluid-mixing model and, as with 
geologic studies, the identification of uncertainties and data gaps that need to be addressed in the following 
stages of exploration.   
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3.10   GEOPHYSICS 

Geophysical surveys are indispensable tools in geothermal exploration (Figure 3.3).  They help constrain our 
understanding of stratigraphy, structure and heat flow.  Identifying which geophysical technique might be most 
appropriate and cost effective in any specific exploration program requires input from experienced geothermal 
scientists.  

 

Figure 3.3: Electrical resistivity survey (Western GECO).  

There are many types of geophysical surveys that can be carried out.  They include gravity surveys, temperature 
gradient drilling (also referred to as heat flow surveys), electrical and electromagnetic resistivity surveys 
(particularly magneto-telluric (MT), but there are also several others), and 2D and 3D seismic techniques.  In 
some geological settings, seismic reflection surveys can provide valuable information about the depth to lithologic 
units, reservoir rocks and the faults that offset them, but the value of the additional data might not always justify 
the cost of running the survey and therefore geophysical surveys should be soundly planned and carried out. 

Example: 

In Turkey, over the past two to three years, magnetotelluric (MT) and seismic surveys have been recognized to 
be amongst the most useful geophysical studies, since greater emphasis has been placed on deep exploration 
for geothermal resources.  

Geophysical data collection points should be presented on maps with license boundaries and cross section lines 
clearly labeled.  Maps should be provided as geo-referenced digital files or have a grid overlain on them that 
allows for easy geo-referencing (including UTM coordinates or latitude-longitude, with appropriate projection and 
datum information).  In addition, cross section views should be provided as appropriate for the data sets, 
including orientations that are parallel and perpendicular to the regional geological structural trends.  



Geothermal Exploration Best Practices 21 

Gravity data should be presented as contour maps of complete Bouguer and residual gravity, with the 
appropriate reduction densities indicated.  Two- or three-dimensional models fitting the data should be provided 
in the form of maps and cross sections that show the measured and calculated results.  

Resistivity data should be presented in a similar way, with contour maps of resistivity or conductivity at a 
particular elevation/depth, or iso-resistivity contour maps showing the elevation of a particular resistivity or 
conductivity value.  Cross sections showing resistivity distributions are ideally presented along the same profiles 
as presented for gravity data.   

Before presentation, seismic data requires more detailed processing and interpretation than either resistivity or 
gravity data.  An important element of seismic interpretation is the development of a seismic velocity model 
based on known or inferred geological conditions.  This velocity model may be well or poorly constrained, 
depending primarily on the presence or absence of deep wells in the area to which the seismic  data  may  be  ‘tied’.    
The  interpreted  results  are  most  commonly  presented  as  cross  sections,  with  ‘two-way-travel-time’  converted  to  
depth using the seismic velocity model.  Interpreted sections typically show the most important seismic reflectors 
and faults as solid colored lines on top of the actual processed data.  Seismic cross sections should be presented 
both with and without these features highlighted, enabling the reviewer to assess the quality of the reflections and 
the interpretation provided.  The seismic contractor should provide a report giving the details of data acquisition, 
processing, and interpretation.  

Temperature gradient (or heat flow) drill holes are typically less than 500 meters (m) deep and have a relatively 
‘slim’  diameter   [up   to  6 inches (in), or 15 centimeters (cm)] as compared to production wells.  Such slim holes 
may be drilled with relatively small drill rigs, commonly truck mounted, as are typically used throughout the world 
for mineral exploration or groundwater drilling.  The use of a truck mounted drill rig for temperature gradient 
drilling is important from a cost perspective. 

Being able to mobilize small, locally available drill rigs may enable critically valuable subsurface data to be 
obtained at relatively low cost to justify moving to the review phase and continuing the project.  If such rigs are 
not available locally, then high mobilization costs and time may significantly impact the rate of progress. 

The primary objective of such drilling is to obtain temperature gradient information which will improve the 
confidence around temperature and depth predictions.  Secondary objectives might be to ground-truth 
geophysical survey data or to obtain additional geochemical data.  Slim-hole drilling may be especially useful to 
resolve ambiguities in the interpretations of geoscientific surveys, especially in areas where temperature data are 
missing due to the absence of sufficient exploration wells, e.g. from hydrocarbon exploration.  Subsurface data 
gathered from the drilling will assist in developing a more robust conceptual model (see Section 2.4.1). 

For temperature gradient drilling, at a minimum all temperature vs. depth data should be presented graphically, 
with a legend listing the dates that each profile (temperature log) was made.  These data are most typically 
presented on separate charts for each hole.  In all cases, the data should demonstrate that final, stabilized 
temperatures have been reached.  If temperature alone was recorded, then the temperature gradient in the 
deeper part of each hole can be estimated and used to predict temperatures at depths beyond the maximum well 
depth.  Best practice includes collecting thermal conductivity data for the intersected rocks.  Such data allow the 
temperature logs to be translated into conductive heat flow logs to: delineate conductive zones from zones of 
convection; identify zones that are transferring heat through convection; quantify the conductive flux of thermal 
energy through the area; and allow more accurate extrapolation of temperature to greater depth (so long as the 
bottom of the hole is in a conductive zone). 

Temperature data can be presented on maps at specific depths or elevations by contouring temperatures, 
temperature gradients, or heat flow values, and on cross sections that include the shallow geology and may show 
how temperature gradient and heat flow changes with depth (owing to the variation in the thermal conductivities 
or movement of heat through convection).  
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Each geophysical survey should be carried out soundly and the acquired data should be interpreted by an 
experienced operator with deep insight in the region´s tectonics and geology.   

The acquired and interpreted data should be summarized in a document setting out the survey parameters, 
analytical methods, results, and interpretations.  A separate summary document might compile the salient data 
and results for all geophysical surveys. 

Good outcomes of geophysical investigations include, but are not limited to; an indication of the temperature 
distribution both horizontally and vertically, improved knowledge of the geological structure and stratigraphy, and 
indications of fluid migration pathways and reservoir boundaries. 

3.11   CONCEPTUAL MODEL 

All exploration data should be integrated into a conceptual model of the geothermal system under investigation.  
This model must respect and be consistent with all known information.  The model needs to be of sufficient detail 
to allow a first pass estimate of resource temperature and size and, in later stages of development, is used to 
target deep, full-diameter wells toward particular lithological units and/or structures that are judged most likely to 
deliver commercial rates of geothermal fluid.  

A geo-referenced database is the most efficient way to integrate all of the geo-spatial data.  This facilitates the 
development of maps at uniform scales (changing that scale as needed) and overlaying different data to 
investigate inter-relationships.  If a GIS-based approach is not possible, then each data set should be presented 
at the same scale to facilitate a manual or visual overlay.  

In addition, the subsurface dimensions of the conceptual model should be illustrated with cross sections and 
drawings.  Cross sections should be created at the same scale as the maps, preferably with a 1:1 relationship 
between horizontal and vertical scales.  Drawings may be free form (particularly if a concept is illustrated rather 
than data presented).  All diagrams should include a preliminary estimate of the subsurface temperature 
distribution (estimated isotherms) and some indication of fluid flow directions, even if these are only approximate.  

Existing well site(s) and proposed drilling target(s) can be presented on diagrams of the conceptual model, but 
should be accompanied by a narrative description of the rationale for selecting the proposed target(s).  This 
rationale will naturally refer to the conceptual model, which forms the primary basis for well targeting.  However 
non-geological factors might also affect decisions about particular well sites.  For example, the number of sites 
that can be occupied by a large drilling rig may be limited by terrain or access restrictions, or certain areas may 
be off limits for environmental reasons.  Deviated (directional) drilling may be preferred.  Any non-geological 
rationale of this kind must be clearly discussed when presenting well sites and drilling targets.   

A good conceptual model provides clear evidence that the developer has considered and integrated all available 
data.  Nothing in the conceptual model should contradict data presented elsewhere, unless a clear rationale is 
provided.  The conceptual model will demonstrate a justifiable understanding of the geology, temperature, and 
fluid pathways within the geothermal system.  By utilizing the conceptual model, the developer can select drilling 
sites that maximize the chances for a successful well based on all current data.  Figures 3.4 to 3.6 illustrate 
various types of conceptual models, including a conceptual map, cross-section, and 3D visualization, 
respectively. 
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Figure 3.4: Example of a conceptual model map (GeothermEx, Inc.; redrawn by GNS Science, New 
Zealand). 

 

Figure 3.5: Example of a simple schematic cross-section through a geothermal system (GNS Science, 
New Zealand). 
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Figure 3.6:  Example of a 3D conceptual block-model (GeothermEx, Inc.). 

3.12   NUMERICAL MODELING 

Once a suitable conceptual model has been constructed, it can form the basis of a numerical model.  Numerical 
modeling is used to characterize in a quantitative way the physical processes at work within a geothermal 
system.  These are primarily fluid and heat flow processes, controlled by temperature and/or pressure gradients 
and permeability pathways.  A numerical model can test the validity of the conceptual model to explain the 
observed distribution of temperature and flow paths.  It can then forecast the future performance of the reservoir 
under conditions of exploitation (production and injection).  This is used to estimate the impact that geothermal 
exploitation will have on the resource, and hence possible degradation of the reservoir and power output.   

The development and use of a numerical model involves a number of stages, from initial state modeling to history 
matching and then forecasts under a number of selected scenarios to predict the future behavior of the reservoir 
under various levels of production.   

3.13   NON-TECHNICAL DATA COMPILATION 

Following development of a conceptual and numerical model, the developer will have a preliminary assessment 
of the reservoir capacity and will be at a decision point – whether or not to proceed with the project.  This is the 
time to update or confirm current information important to project success.  This may be particularly relevant if 
prices, costs, public attitudes, and/or institutional frameworks may have changed over the time interval since 
these topics were first studies, including: 

 the  power  market  and  possible  PPA’s;; 

 infrastructure issues (roads, water, communication, transmission); 

 resource ownership issues;  

 environmental and social issues;  

 institutional and regulatory frameworks; and 

 issues relating to political and financial stability. 
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All these topics should be discussed in a comprehensive document in which any potential barriers to 
development are identified and resolved.  

3.14   FINANCIAL JUSTIFICATION TO PROCEED TO PHASE 4 (TEST DRILLING) 

The aim of all preceding steps in the feasibility study is to evaluate the resource for the viability of power 
production, mitigate financial risk associated with development, and build a business case for funding support 
from private, public, or institutional bodies to proceed with the project.  The data assembled from the technical 
and non-technical studies and surveys are brought together and incorporated into a financial model to predict 
returns on investment and to justify the next phase—the high expense of deep drilling. 
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R I S K  

4.1 INTRODUCTION 

Geothermal exploration and development is an acknowledged high-risk investment.  The risk in geothermal 
development is the uncertainty associated with a natural resource that cannot readily be observed or 
characterized without relatively large expenditures for drilling.  The long time period typically required to move a 
project from preliminary exploration through to development is another factor to consider.  Historically, many 
large  (50  MWe  or  larger)  geothermal  projects  have  taken  close  to  10  years  to  develop.    This  is  a  long  time  to  ‘tie  
up’  capital  for  an  investment  with  modest  profit  potential,  with  the  added  disincentive of high resource risk in the 
early phases of the project.  

Many of the risks in geothermal projects are identical to those faced for any grid-connected power project.  But 
additional   factors,  as  discussed  below,   impact   investors’  willingness   to  accept the level of risk associated with 
geothermal projects and hence the availability of project funding.  

 

Figure 4.1:  Typical risk profile for a geothermal project vs. time (ESMAP World Bank Geothermal 
Handbook 2012). 

As can be seen from Figure 4.1, the risk profile is greatest during the Preliminary Surveying and Exploration 
Phases, but in that part of the project the expenditures are relatively low.  Moving forward to the test drilling 
phase requires an accelerated level of expenditure while there is still a high level of uncertainty (i.e. risk).  This 
step in expenditure is frequently the stumbling block or hurdle to the project progressing further.   

4.0 
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Numerous aid agencies and governments around the world have recognized this step as a barrier to 
development.  Risk mitigation funds have been established in some jurisdictions to assist projects through this 
phase.  

Funding is only committed to the test drilling phase of project development if the financier believes there is a 
reasonable  probability  of  making  an  adequate  financial  ‘return  on  investment’  (ROI).    The  expected  ROI  is  usually  
expressed in terms of a percentage of the committed capital per annum.  Risk mitigation funds improve the 
predicted ROI by either reducing the amount of capital invested by the financier (i.e., a grant scheme).  However, 
maximum ROI is only achieved if wells produce at or above their predicted outputs, and this result relies on high 
quality exploration methods and interpretation. 

4.2   EXPLORATION RISK 

The quality of exploration work prior to drilling is a critical factor for maximizing the probability of achieving the 
required ROI for a financier.  Geothermal exploration essentially involves the application of a number of 
geological, geochemical, and geophysical techniques.  The aim is to apply the most appropriate techniques to 
minimize risk associated with ascertaining resource temperature, depth, productivity, and sustainability in the 
specific circumstances of each project.  Selecting appropriate techniques at the correct phases of an exploration 
program is important for optimal efficiency.  Experienced interpretation of data collected with these geoscience 
techniques enables a geothermal geoscience team to develop an initial conceptual model of the geothermal 
system.  No single exploration technique provides the key to a successful conceptual model, and ultimately no 
conceptual model can be confirmed except by temperature gradient and test drilling.   

The best possible exploration risk mitigation is achieved through the correct sequential selection of a combination 
of various techniques followed by experienced interpretation, as discussed in Sections 2 Section 3, and Appendix 
A1.   

4.3   TEST DRILLING RISK 

The objective of test drilling is to confirm the viability (i.e., quality) of the resource, and therefore, of the 
conceptual model that has been developed during the preceding phases of exploration.  Key variables that test 
drilling aims to confirm include temperature, permeability, flow potential and fluid chemistry, as well as the 
location, areal extent and depth of the resource.  

There are significant risks associated with drilling activities.  These risks are a function of the drilling conditions, 
which range from logistical (e.g., location of the drill pad and timely availability of equipment and services) to 
technical (e.g., borehole rock type that must be drilled through to reach the reservoir, borehole competency and 
pressure conditions during drilling, and the experience and expertise of both the developer and the drilling 
contractor).  Intended drilling depth and the length of inclined or deviated wells are key parameters in determining 
the cost of a drilling program.  If target depths are shallow, then it may be possible to obtain information sufficient 
to prove the resource using a relatively small, truck mounted drill rig.  If the target is deep then a larger drilling rig 
will be needed as will better roads and support services; therefore, the levels of expenditure will be higher.  

The number of test wells will vary from project to project, with a minimum of two to three wells typical for both 
resource confirmation and financing purposes.  It is uncommon but possible that one well may be sufficiently 
successful to enable the project to move to the Project Review Phase.  Conversely, a project may require more 
than three wells (to confirm the extent of the resource) to justify moving to Project Review.   

Developers should outline the drilling program with illustrations such as a decision-logic diagram displaying the 
probabilities, to support choices of alternatives based on results obtained during the drilling and testing of each 
well.  
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4.4   RESOURCE SUSTAINABILITY 

Geothermal power plants are built as long-term infrastructure, typically with design lives of 30 years or more.  The 
geothermal resource must provide geothermal fluid consistently and reliably to the plant during this timeframe.  
Resource degradation risks, especially in two phase systems, during this period include: 

 higher-than-anticipated declines in production rates; 
 premature cooling (either from injection water breakthrough or from incursion of cool groundwater); and  
 adverse chemical effects such as increases in non-condensable (NCG) gas levels, or changes in 

reservoir conditions leading to scaling, etc.).   

Because  of  declines  in  well  productivity,  it  is  common  that  “make-up”  wells  will  be  needed  over  the  lifespan  of  a  
geothermal power project to maintain generation rates at or near pre-decline levels.  The cost of drilling make-up 
wells should be included in the project financial model.   

Degradation risks can occur at various times during the exploitation history, but early indications can typically be 
detected during exploration or the first few years of production.  Implementation of a proper reservoir monitoring 
program, combined with a properly calibrated numerical model, is essential tools for understanding and avoiding 
or remedying resource degradation.    
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F I N A N C I N G  G E O T H E R M A L  P R O J E C T S  

5.1   INTRODUCTION 

Chapters 1 and 2 described the various phases involved in geothermal projects.  Chapter 3 proposed minimum 
levels of reporting requirements.  Chapter 4 outlined the different elements of risk at the various phases of 
geothermal development.  This chapter presents a range of alternatives funding strategies for geothermal 
development,  which  are  largely  drawn  from  ESMAP’s  Geothermal  Handbook  (2012),  where  more  information  is  
available.  

Many governments and international funding agencies now offer some level of financial support or risk mitigation 
funding to encourage geothermal development.  Countries differ in their financial regulations and laws, however, 
so the proportions of public versus private financing that may be appropriate for one country may not be relevant 
for another.  The requirements for financing in developing countries may be very different to those in developed 
countries.  A range of financial models that have been successfully applied in different countries is discussed in 
Section 5.3.   

Historically, governments have undertaken the earliest phases of geothermal surveying and exploration in those 
countries that now have established geothermal industries.  These governments saw the benefits of geothermal 
as a valuable indigenous energy source.  Major developments therefore took place in developed countries that 
were sufficiently well governed and funded to commit public funds and manpower to the high-risk early phases of 
geothermal projects.  Examples include New Zealand, Japan, Mexico, Iceland, and Italy.  

Example: There are 2 models for the geothermal power plant investments in Turkey:  

Model 1: The geothermal fields and well(s) Licenses are leased (US$6.5 Million – US$109 Million) from MTA 
(General Directorate of Mineral Research and Exploration) for 30 years (+10 years).  Considerable geological, 
hydrogeological, geochemical, and geophysical studies have been done by MTA with up to four wells drilled by 
MTA in individual fields.  The Turkish private sector developer leases these geothermal fields and wells and 
develops the fields, drilling additional wells where and when appropriate to guarantee a return on the investment.  
In this model there is no investment cooperation between the Government and the private sector.  

Model 2: The Turkish private sector can apply to the local governments for a geothermal field exploration license 
(3 years + 1 year).  On receiving the exploration license, geological, hydrogeological, geochemical, and 
geophysical studies and well drilling have to be carried out by the private sector.  Once the geothermal field is 
proven, the private sector starts the development with the terms of the power plant operating license being for 30 
years + 10 years.  In this model the total risk belongs to the private sector.  Several geothermal plants in Turkey 
have been developed under this mode.  Also in this model, there is no investment cooperation between 
Government and the private sector. 

The rules of EMRA (T.R. Energy Market Regulation Authority), stipulate that after receiving the license until 
commissioning, there is maximum period of 60 months.  This duration could be extended under some conditions, 
but the Turkish private sector has shortened this duration to about 30 months.  During this time period, field 
development, well drilling, plant procurement, plant construction, and commissioning must occur.  The Turkish 
private sector is fast and successful in this regard. 

5.0 
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There are two ways to sell the geothermal electricity produced in Turkey.  The developer can sell the power on 
the open market or, the developer may benefit from the government incentives which apply to renewable 
energies in Turkey.  In such a case, the price is fixed.  While under the open market the price is floating. 

In developing countries which may lack the required financial and skilled human resources, a combination of 
public and private funding may be required along with significant support from both national and international 
funding agencies (includes bilateral and multilateral funding and climate investment funds).  This support and 
funding may come through grants, loans or risk mitigation strategies (Section 5.4).  Development in the 
Philippines, Indonesia, and Kenya are examples where such partnerships have been successful.  

In many countries, the financing of early surveying and exploration may be best achieved through private sector 
or equity partnerships).  Through these partnerships, risk can be spread and shared across a number of partners 
or  agencies.    Once  a  field  has  been  sufficiently  proven  (i.e.,   ‘de-risked’)  and  is  under  development,  project  and  
construction financing comes into play.  

The  World  Bank’s  ESMAP  ‘Geothermal  Handbook:  Planning  and  Financing  Power  Generation’  (2012)  provides  a  
useful overview of the various models and sources for geothermal financing.  Table 5.1, which is modified from 
the Handbook, is a useful summary of financing options that may be appropriate.  

Table 5.1 – Summary of funding options for the various stages of geothermal projects. 

EARLY STAGE 

Preliminary surveying, 
exploration and exploration 

drilling 

MIDDLE STAGE 

Resource Confirmation, production + 
reinjection drilling and feasibility 

studies 

DEVELOPMENT (LATE) STAGE 

Power Plant engineering and 
purchase, construction and 

commissioning 

High Risk Medium Risk Low Risk 

Balance sheet financing by 
developer 

Balance sheet financing by developer Construction debt or long term debt 
from commercial agencies 

Private equity but high 
premiums due to high risk 

Public equity issuance or loan 
guarantees by Government 

Long term debt from International 
Funding Institutions 

Government incentives 
(various options) 

Long term debt or guarantees by 
international funding agencies 

Partial risk guarantee instruments from 
commercial agencies 

Concessional funds 
(international donors) 

Export credit agency finance Export credit agency finance 

 
During the funding acquisition process, a developer must synthesize the results of exploratory efforts within a 
document or series of documents to support their application for funding from a government or funding agency.  
The information and data provided should be effectively communicated along with the interpretation of the data 
and a clear indication of data gaps in the conceptual model.  Well prepared funding applications are essential for 
the government or funding agencies to evaluate the potential of the project.  To assist the developer with 
preparing a funding application, this document contains: 

 a data checklist for geothermal well productivity insurance applications (Appendix A3); and  

 an example table of contents for a resource report (Appendix A4).   

These resources should be used as guidelines when preparing applications for funding.   
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5.2   PRIVATE SECTOR FUNDING 

Private sector financing at the Exploration Phase typically requires a high premium (ROI) to offset the exploration 
risks.  Due to the high risks associated with geothermal drilling, debt financing is not commercially available for 
exploration activities.  Therefore, equity investors are the primary source of private funding for geothermal 
exploration, beyond government subsidies.  Private equity investors are likely to require relatively high rates of 
return on their invested capital.  A required return on equity of 20 to 30 percent per year is not unusual.   

Equity investors may bring more than just money to the project.  Under a Joint Venture or Equity Partnership, a 
second firm may invest money and/or expertise in exploration and early-stage drilling in exchange for a certain 
level of equity in the project.  An equity partnership can spread risk, as well as create a broader financial base to 
fund exploration of the geothermal resource.  This can also provide an opportunity to leverage experience from 
different groups.  For example, a financial group could collaborate with an exploration group with each partner 
bringing a particular expertise to the project.  This type of equity partnership can potentially lower costs if it 
reduces the need for external auditors or consultants.  Later in a geothermal project, equity partnerships are less 
attractive financing options as the costs are high relative to other financing options, due to the higher returns 
required.  

5.3   PUBLIC SECTOR FUNDING 

Due to the high risks and costs associated with geothermal exploration, it is often difficult to attract sufficient 
funds from private sector equity investors.  Therefore, the public sector usually plays an important role in 
financing exploration.  This can take various forms, from exploration being entirely carried out by public 
institutions to grant subsidies.  

5.4   POSSIBLE SOURCES OF FUNDING SUPPORT TO REDUCE RISK 

At the completion of the Exploration Phase of the project, resource risk remains relatively high.  It is at this stage 
that funding support from governments or international agencies may provide the greatest value.  Without such 
support, it may be very difficult (or costly) to obtain funding elsewhere.  Government funding may encourage co-
investment from private or institutional funding agencies.  Risk sharing agreements between the public and 
private sectors can facilitate the funding of the test drilling phase by both sharing costs and limiting the financial 
losses that may be incurred if the resources are found to be inadequate for the target market.  Spreading risk 
over a portfolio of projects is another strategy for minimizing financial risk.  

5.5   SUCCESSFUL BUSINESS MODELS 

There are a number of possible business models for financing the sequence of phases for geothermal projects.  
The different models vary in the proportions of contributions from the public and private sectors at each phase.  
Some countries have favored funding early phases entirely from public funds.  Examples include Kenya, Ethiopia, 
and Costa Rica.  The maturity of the geothermal sector in other countries has allowed those countries to 
transition to entirely privately funded developments.   

For the majority of developments, however, the most common practice is to have a significant component of 
public funding for the early exploration activities and then to involve private sector funding, or public-private-
partnerships, once the exploration and test drilling has been completed successfully.  In some countries, the mix 
of public and private participation may change with changes in the political climate, maturity of the geothermal 
sector, or other factors.  For example, in Kenya the current move is towards more private sector involvement.  

Figures 5.1 and 5.2, taken from the ESMAP Geothermal Handbook (2012), summarize the range of public versus 
private funding models applied to geothermal projects over many years worldwide.  
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Figure 5.1:  The range of business models previously used in successful international geothermal 
developments (Extracted from the ESMAP Geothermal Handbook 2012). 
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Figure 5.2: Presents information on public/private partnerships, with the model numbers defined in Figure 
5.1 shown in pale blue (Extracted from the ESMAP Geothermal Handbook, 2012). 

  


