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INTRODUCTION 
 

 
The Geothermal Training Programme of the United Nations University (UNU) has 
operated in Iceland since 1979 with six month annual courses for professionals from 
developing countries.  The aim is to assist developing countries with significant 
geothermal potential to build up groups of specialists that cover most aspects of 
geothermal exploration and development.  During 1979-2012, 515 scientists and 
engineers from 53 developing countries have completed the six month courses.  They 
have come from Asia (40%), Africa (32%), Central America (16%), Central and Eastern 
Europe (12%), and Oceania (0.4%)  There is a steady flow of requests from all over the 
world for the six month training and we can only meet a portion of the requests.  Most of 
the trainees are awarded UNU Fellowships financed by the UNU and the Government of 
Iceland. 
 
Candidates for the six month specialized training must have at least a BSc degree and a 
minimum of one year practical experience in geothermal work in their home countries 
prior to the training.  Many of our trainees have already completed their MSc or PhD 
degrees when they come to Iceland, but several excellent students who have only BSc 
degrees have made requests to come again to Iceland for a higher academic degree.  In 
1999, it was decided to start admitting UNU Fellows to continue their studies and study 
for MSc degrees in geothermal science or engineering in co-operation with the University 
of Iceland.  An agreement to this effect was signed with the University of Iceland.  The 
six month studies at the UNU Geothermal Training Programme form a part of the 
graduate programme. 

 
It is a pleasure to introduce the 30th UNU Fellow to complete the MSc studies at the 
University of Iceland under the co-operation agreement.  Uwera Rutagarama, BSc 
Metallurgy, of the Ministry of Infrastructure, Rwanda, completed the six month 
specialized training in Reservoir Engineering at the UNU Geothermal Training 
Programme in October 2009.  Her research report was entitled: “Assessing generating 
capacity of Rwanda geothermal fields from green field data only”.  After one year of 
geothermal research work in Rwanda, she came back to Iceland for MSc studies at the 
Faculty of Earth Sciences of the University of Iceland in August 2010.  In March 2012, 
she defended her MSc thesis presented here, entitled “The role of well testing in 
geothermal resource assessment”.  Her studies in Iceland were financed by the 
Government of Iceland through a UNU-GTP Fellowship from the UNU Geothermal 
Training Programme.  We congratulate her on her achievements and wish her all the best 
for the future.  We thank the Faculty of Earth Sciences at the School of Engineering and 
Natural Sciences of the University of Iceland for the co-operation, and her supervisors for 
the dedication. 
 
Finally, I would like to mention that Uwera’s MSc thesis with the figures in colour is 
available for downloading on our website www.unugtp.is under publications. 

 
 

  With warmest wishes from Iceland, 
 

  Ingvar B. Fridleifsson, director 
  United Nations University 
  Geothermal Training Programme 
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ABSTRACT 
 
 
In this thesis, different approaches and methods for analysing well test data to estimate the capacity of 
a geothermal field are evaluated. The thesis lays emphasis on well completion and flow tests data, and 
uses the Reykjanes geothermal field in southwest Iceland as an example for the application of the 
selected methods. Analyses of data from step-rate injection tests, temperature and pressure profiles as 
well as discharge tests conducted in the Reykjanes geothermal field are presented. Six wells, RN-12, 
RN-13b, RN-17b, RN-18, RN-23 and RN-29 were selected for the study. The computer numerical 
software, Well Tester, is used for the step-rate injection test analysis. Temperature and pressure 
profiles are analysed to estimate the formation temperature and the initial reservoir pressure. Flow 
characteristics are evaluated from the lip pressure method and the steam-water separator method, 
respectively. The wellbore simulator, HOLA, is used to evaluate the generating capacity and 
productivity indices of individual wells. The injectivity and productivity indices are compared with 
results from other similar high temperature geothermal fields. The volumetric method based on well 
test data is applied to predict the electrical generation capacity of the Reykjanes geothermal system.  
The estimated values of permeability-thickness from the injection tests range from 1 to 30 Dm, 
whereas the storativity ranges from 5·10-8   to 2·10-7 m/Pa.  
 
The reservoir temperature estimate is between 280 and 340°C. The average capacity for producing 
electricity is estimated around 10 MWe per well. The resource assessment is performed for two cases. 
Case I considers the surface alteration area of the Reykjanes field of 2 km2 while case II considers the 
low resistivity sheet at 1000 m depth b.s.l. of an area of 11 km2. The Monte Carlo simulation for case I 
predicts with 90% confidence interval a generating capacity between 34 and 102 MWe for a 
recoverable heat, with a most likely value of 65 MWe and between 20 and 61 MWe with a most likely 
value of 39 MWe for 30 and 50 years, respectively.  For case II, the simulation predicts with 90% 
confidence interval a generating capacity between 38 and 290 MWe with a most likely value of 132 
MWe and between 23 and 174 MWe with a most likely value of 79 MWe for 30 and 50 years, 
respectively.  
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1.  INTRODUCTION 
 
The exploration and development of a geothermal resource is divided into several phases starting with 
preliminary studies or surface exploration, drilling, reservoir evaluation and finally the resource 
utilisation involving the extraction of mass and heat from the geothermal reservoir. Reliable 
information about a given geothermal reservoir is important when deciding whether and how to 
exploit it in the best and most economical manner. To reach this decision, the deliverability (ability to 
produce) and the properties of the reservoir must be known.  
 
Understanding the status and properties of a geothermal reservoir is of major importance for its 
development and management. This is achieved by combining well testing results with information 
from different disciplines (geology, geochemistry geophysics and drilling) through a comprehensive 
conceptual model. In Rwanda, the author’s home country, the development of geothermal resources is 
in its early stages and it has reached a point where drilling needs to be carried out to prove the 
existence of a geothermal potential. For the Government of Rwanda, the exploitation of geothermal 
resources is currently a high priority. Drilling of the first three exploration wells is planned for the year 
2012. The future plan is to use well head generating units to immediately generate power if 
exploration wells are successful. This requires having a clear picture of the reservoir characteristics 
and properties. Testing of the wells will provide key reservoir parameters for field development 
decisions.  
 
Well testing is the first step in evaluating the energy that can be extracted from a given reservoir. Well 
tests or pressure transient tests after well completion and during discharge are performed in order to 
estimate wellbore and reservoir properties such as permeability, the initial reservoir pressure, the 
reservoir limits, the well productivity, etc. These estimates are important for field development 
decisions. During a well test, the temperature and the pressure response of a reservoir to changing 
production (or injection) conditions are monitored. The pressure can be measured in the well where 
the flow rate has been changed or in neighbouring wells (Horne, 1995). Downhole tools allow 
measurements of temperature and pressure in the wells at different depths to estimate the formation 
temperature and the initial reservoir pressure. Discharge tests after warm up of the well is key to 
estimate the deliverability of the well which determines the success of the well. During the energy 
production from a geothermal reservoir, monitoring data are collected to continuously upgrade the 
picture of the reservoir. All this information is essential for a successful reservoir assessment. 
 
Through the history of geothermal exploration and development, several techniques have been applied 
to assess and manage geothermal resources all over the world ranging from simple correlation to 
detailed modelling. The capacity of a geothermal field can be determined by its size, heat content or 
production response. The first assessment of a geothermal field capacity is usually done by a 
volumetric method (Muffler and Cataldi, 1978) which involves estimating the energy production 
potential of a geothermal system based on size and temperature conditions. Other methods like the 
lumped parameter modelling (Axelsson, 1989) can simulate the pressure response to production of a 
reservoir and give a better estimate based on available data during production. More complicated 
assessment such as numerical modelling requires large amounts of field data to understand the nature 
of the system.  
 
In this study, the following research questions were asked: What are the current approaches and 
methods used in well testing? What kind of information is expected at different stages of well testing 
and how can this information contribute to the development of a new geothermal field? How can the 
results of well testing be used to estimate the production capacity of a geothermal field? How can the 
results be used in guiding decision making for the development of a field? The purpose of this thesis is 
to answer some of these questions using data from wells in the Reykjanes geothermal field as an 
example. 
 
Chapter 2 of this thesis outlines the theoretical background of basics aspects of well testing. The main 
interpretation methods for well testing are presented in Chapter 3. Well data from step-rate injection 
tests are modelled using a numerical software Well Tester (Júlíusson et al., 2008) to estimate reservoir 
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and well properties as well as the injectivity indices (Chapter 4). Pressure and temperature profiles are 
analysed and interpreted to estimate the formation temperature and the initial reservoir pressure as 
well as to locate the feed zones (Chapter 5). Lip pressure and steam separator discharge tests are used 
to estimate the flow characteristics and the productivity indices of selected wells. The results from the 
discharge tests are simulated using the wellbore simulator HOLA (Björnsson et al., 1993) to evaluate 
the generating capacity and productivity indices of the feed zones of individual wells. Injectivity and 
productivity indices are then compared to estimate a relationship between the two (Chapter 6). A 
resource assessment is carried out to estimate the reserves of the Reykjanes geothermal field from well 
test data (Chapter 7). Chapter 8 presents the conclusion of the thesis. Appendix A presents detailed 
results and graphs for Chapters 4 to 7.  
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2.  RESOURCE CHARACTERISATION BY WELL TESTING 
 
The goal of the first chapter is to introduce various terminologies and give a theoretical background on 
aspects of well testing.  In Section 2.1 and 2.2, a general introduction to geothermal resources and 
reservoirs is given. Definition and different aspects of well testing are introduced in Section 2.3. 
Overview information of the data source, the Reykjanes geothermal field, used for the methodology in 
the thesis is given in Section 2.4. 
  
 
2.1  Generalities 
 
Geothermal energy is the natural heat contained within the Earth that can, or could, be recovered and 
exploited. Heat flows from the interior of the earth to the surface either by convection through hot 
water mass transfer or by heat conduction. The most obvious manifestations of the Earth‘s thermal 
energy are in areas of recent volcanism and tectonic activity. Therefore, the temperature increase with 
depth, the volcanoes, geysers, hot springs, etc., are in a sense the visible or tangible expression of the 
heat in the interior of the Earth, but this heat also engenders other phenomena that are less discernible 
by man.   Geothermal resources are distributed throughout the world and the greatest concentration of 
geothermal energy is in volcanic regions but may also be found as warm ground water in sedimentary 
rocks.  

 

 
FIGURE 1: McKelvey diagram (modified from Goldemberg et al., 2000) 

 
According to Muffler and Cataldi (1978), a geothermal resource is what should more precisely be 
called the accessible resource base; that is, all of the thermal energy stored between the Earth's surface 
and a specified depth in the crust, beneath a specified area and measured from local mean annual 
temperature. The accessible resource base includes the useful part (Resources) which could be 
produced at a price which will become competitive with other types of energy within a reasonable 
period of time. This category includes the identified economic resource (Reserves), part of the 
resources of a given area that can be extracted legally at a cost competitive with other commercial 
energy sources and that are known and characterised mostly by drilling. Those terminologies are 
easily illustrated through a modified McKelvey diagram (Figure 1) in which the degree of geological 
assurance regarding resources is set along the horizontal axis and the economic feasibility (effectively 
equivalent to depth) is set along the vertical axis (Muffler and Cataldi, 1978). 
 
 
2.2  Geothermal reservoir 
 
A geothermal reservoir or reserves is usually defined as the section of an area of geothermal activity 
that is hot and permeable so that it can be exploited economically for the production of fluid and heat 
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(Grant and Bixley, 2011). In other words, a geothermal reservoir needs a heat source, magma or 
geopressure; it needs to be confined in an aquifer and usually a caprock to hold the hot fluid in place. 
A schematic figure of a composite model of a geothermal reservoir is represented in Figure 2.  
 

 
FIGURE 2: Schematic representation of a composite model of a geothermal reservoir 

 (Gudmundsson, 1986) 
 
Geothermal reservoirs have been classified in different ways (Bödvarsson, 1964; Axelsson and 
Gunnlaugsson, 2000). It is therefore of importance to define here the terminology that is in use to 
classify reservoirs:  
 
• Low-temperature and high-temperature reservoirs: Low-temperature geothermal systems have 

a base reservoir temperature below 150°C, and high-temperature systems have reservoir base 
temperatures above 200°C. The intermediate system between these two systems has a base 
temperature between 150°C and 200°C. It is a medium temperature geothermal system.  

 
• Liquid-dominated and vapour-dominated reservoirs: Geothermal reservoirs are conveniently 

categorised as either vapour dominated or liquid dominated. In each case the name refers to the 
phase which controls the pressure in the reservoir in its undisturbed state. When one phase is 
dominant, the other phase may also be present and partly mobile. A reservoir where steam and 
water co-exist is called a two-phase geothermal reservoir. It has to be pointed out that in high-
temperature geothermal reservoirs, a decline in pressure caused by exploitation may initiate 
boiling in parts of the entire reservoir making a liquid dominated reservoir become a two-phase 
reservoir. 

 
Geothermal reservoirs are in general more complex than petroleum and groundwater reservoirs, often 
requiring complicated approach. Geothermal reservoir engineering or physics is the scientific 
discipline that deals with fluid flow and energy transfer in geothermal systems (Axelsson, 2010). The 
main aim of geothermal reservoir physics is to evaluate the magnitude of the resource and the size of 
electric or thermal power plant that can be supported by a field over a designated project life usually in 
the range of 20 to 30 years. In order to address this, the reservoir engineer must undertake different 
field tests and analyses including (Bödvarsson and Witherspoon, 1989):  
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• Conducting temperature and pressure surveys to obtain information on the reservoir rocks and 
the feed zones properties, 

• Interpreting well tests to evaluate the reservoir characteristics, 
• Evaluating flow rates and enthalpies of producing wells to determine the deliverability of the 

wells, 
• Evaluating performance of injection tests, 
• Estimating reserves. 

 
These steps are reviewed in Chapter 4 to Chapter 7. 
 
 
2.3  Basics of well testing 
 
The first step for a reservoir engineer is to estimate the relevant reservoir and wellbore parameters by a 
transient pressure test. This information is needed to confirm whether a well is satisfactorily drilled 
and to decide how to exploit the reservoir. The important reservoir and wellbore parameters are the 
permeability, the formation storage (or the storativity), the skin factor and the wellbore storage. The 
type of reservoir (porous or fractured) and the type and location of the reservoir boundaries are also 
important. Based on the well test objectives, several kinds of tests may be designed to determine these 
parameters and reservoir properties. 
 
The following sub-sections describe the procedure of well testing (2.3.1), the reservoir and well 
properties (2.3.2) and the type of tests (2.3.3). 
 
2.3.1  Well testing description 
 
A well test is a fluid flow test conducted in wells to obtain data and information on the properties of 
the reservoir and the well. Well tests are done before exploiting the reservoir, but also after a period of 
production, to see whether and how much the reservoir properties have changed.  
 
During a well test, the temperature and the pressure response of a reservoir to changing production (or 
injection) conditions are monitored. The pressure can be measured in the well where the flow rate has 
been changed or in neighbouring wells (Horne, 1995).  Since the pressure response depends on the 
properties of the reservoir, it is possible to deduce various reservoir properties from the pressure 
response.  
 
In practice, well testing (or pressure transient tests) consists essentially of changing the well’s flow 
rate by fluid production from or injection into the well and measuring the well’s response as a function 
of time. The shape of the reservoir response can then be matched against a library of type curves to 
identify a suitable reservoir model. Finally the model is fitted to the data and the reservoir and well 
parameters deduced from the model. To do so a mathematical model is built to describe the fluid flow 
in the reservoir/well system (Horne, 1995; Bourdarot, 1998). The procedure is illustrated in Figure 3. 
The foundation of this mathematical model is the pressure diffusion equation which describes 
isothermal single phase flow of a fluid through a homogeneous porous medium. To date, many 
methods have been proposed for the interpretation of transient tests and Chapter 3 is dedicated to the 
description of these methods. 
 
2.3.2  Relevant reservoir and well properties 
 
As already mentioned, the purpose of well tests is to determine reservoir and well properties. In this 
sub-section, the important reservoir and well properties are briefly defined and described. 
 
Permeability of reservoir rocks 
The permeability, k, controls the ability of the reservoir to transmit fluid. The higher the permeability, 
the easier it is for the fluid to flow through the rock matrix. In a geothermal reservoir, the fluid has to 
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FIGURE 3: Well testing procedure (Horne, 1995) 
 
flow through the reservoir and for that reason the permeability of the rock is an important 
characteristic. The pressure response of the reservoir is very sensitive to the permeability. The 
permeability is measured in the unit Darcy, D, or milliDarcy, mD, where 1Darcy is equivalent to 
0.987·10-12m2 ~10-12 m2.  
 
In case of a two phase geothermal reservoir, steam/water, each phase has its own relative permeability, 
krs and krw. These permeabilities are dependent on the fluid saturation. It is conventional to plot both 
permeabilities as a function of the water saturation, Sw, alone since the steam saturation, Ss, is related 
to the former through the simple relationship, Ss = 1−Sw (Dake, 1978). For fractured geothermal rock it 
is often assumed that the phases impede that krs+krw = 1 (Grant and Bixley, 2011). 
 
In most geothermal systems, well tests are influenced by fractures. Fracture permeability is much 
higher than the permeability of the rock matrix and it has to be encountered for during well testing. It 
is the transmissivity, T, which is the ability of an aquifer to transmit fluid, or the permeability-
thickness, kh, that is determined during a test. It is therefore necessary to know the thickness of the 
reservoir to determine the reservoir permeability (Bourdarot, 1998).  
 
According to Björnsson and Bödvarsson (1990), the permeability of most geothermal reservoirs 
ranges from 1 mD to 100 mD and the permeability- thickness, kh, from 1 Dm to 100 Dm (Darcy 
meter). Productive geothermal reservoirs have permeability-thickness, kh values of the order of 10 Dm 
or higher (Singhal & Gupta, 2010).  
 
Reservoir storage capacity 
The reservoir storage capacity or storativity, S, is another important characteristic of a reservoir since 
it is an indication of the fluid reserves in the geothermal reservoir. The reservoir storage capacity is 
defined as the volume of water released by unit volume of reservoir for unit drop in pressure (Kjaran 
and Elíasson, 1983). It controls the aquifer’s capacity to store fluid. The reservoir storage capacity 
depends on the porosity and compressibility of both the rock matrix and the fluid.  
 
In high-temperature geothermal reservoirs, the fluid is often in two phases, liquid and vapour (Singhal 
& Gupta, 2010). Therefore, the storativity value of the reservoir will also depend on the relative 
proportions of these two phases. Since the compressibility of vapour is very large compared to that of 
the liquid, the value of the storativity will be large in a high-temperature reservoir. Therefore, this does 
not necessarily mean a high porosity reservoir (Singhal & Gupta, 2010). However, the largest 
compressibilities occur in two phase reservoirs where the steam can be condensed into liquid water. 
 
Wellbore storage  
Well testing measurements are commonly done at two locations: downhole and at the wellhead. In the 
latter case, an additional parameter, the wellbore storage, has to be considered when evaluating the 
reservoir system. When the well is opened to flow, the fluid at the surface is initially dominated by the 
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expansion of the fluid stored in the wellbore and the reservoir contribution is initially negligible. 
Similarly, when a well is shut in, the flow rate will be zero at the top of the well, but not 
instantaneously at the bottom of the well, due to the compressibility of the fluid in the wellbore. In this 
case the wellbore storage effect is called after flow (Bourdet, 2002).  
 
It has to be emphasised that the wellbore storage cannot be interpreted literally to give a wellbore 
volume. It should be considered as a nuisance effect that affects the form of the pressure transient 
curves. The wellbore storage is quantified in terms of a coefficient, C, which represents the volume of 
fluid that the wellbore itself will produce due to a unit drop of pressure (Grant and Bixley, 2011). 
 
Skin effect and turbulence 
Drilling of a well and well treatment operations cause changes of the reservoir characteristics in the 
vicinity of the well as compared to those further away in the reservoir. This effect is known as the skin 
effect. Mathematically, in a reservoir model, skin is represented as a region of increased or decreased 
permeability surrounding the wellbore (Figure 4). The skin factor, s, can be positive or negative. 
Positive skin (damaged well) means an increase in pressure drop and negative skin (stimulated well) 
means a decrease in pressure drop at the interface between the reservoir and the wellbore (Agarwal et 
al., 1970, Ramey, 1970). Productive geothermal wells usually display a negative skin factor. 
According to Horne (1995), the skin effect can be described in terms of an effective wellbore radius 
which is the radius that the well appears to have due to the reduction or increase in flow caused by the 
skin effect.  

 
 

FIGURE 4: Pressure changes around a wellbore due to the skin effect (modified from Horne, 1995) 
 
At high flow rates, or in fractured reservoirs, fluid flow tends to be turbulent, and Darcy's law (more 
details about Darcy’s law can be found in Chapter 3) is no longer applicable. Skin due to turbulent 
flow or non-Darcy flow is the additional pressure drop caused by high fluid velocity near the wellbore.  
Depending on the rate this effect can be significant and must be accounted for. It has to be noted that 
skin due to turbulence is always positive and is a part of the total skin. Thus, a production test on a 
stimulated well can still yield a positive total skin, s, value due to the turbulent component even if no 
skin damage is present. 
 
Reservoir boundaries 
The size of the reservoir is important when estimating the amount of fluid recoverable from the 
reservoir. Therefore, the location and type of boundaries must be known. Two types of boundaries are 
most common, the closed and open boundaries.  
 
According to Dake (1978) and Horne (1995), the closed or no-flow boundaries imply that there is no 
flow through the reservoir boundaries, the pressure perturbation associated with production from a 
well will be transmitted outward until it reaches all sides of the boundary and enters a state known as 
pseudo-steady-state. The open boundaries mean that a constant pressure exists at the boundaries, that 
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is, the reservoir is pressure supported by either an aquifer or by fluid injection. The effect of the 
constant pressure is known as steady-state. Another intermediate state, transient state is usually 
observed before constant pressure or closed boundary effects are reached. In this case the reservoir 
behaves as if it was infinite for testing purposes. The more accurately the type and location of the 
boundaries can be predicted, the more accurately can the amount of recoverable fluid be calculated. 
The following schematic chart (Figure 5) shows the typical pressure responses for reservoir models 
with different boundaries. 
 

.  
 

 FIGURE 5: Typical pressure responses for different reservoir models 
(Bödvarsson and Witherspoon, 1989). 

 
2.3.3  Types of well tests 
 
During conventional well tests, fluid is extracted to the surface or injected into the well at controlled 
rates.  A program of flow and shut in periods is used to establish deliverability and completion 
efficiency of the well. Tests can involve a single well or many wells.  Depending on test objectives 
and operational considerations, a range of well tests can be carried out. The tests usually fall into the 
following categories (Horne, 1995; Bourdet, 2002): 
 

• Build-up test: This test is conducted in a well that has been producing for some time at a 
constant rate and is then shut in.  The build-up downhole pressure is then recorded for a given 
time. 

• Drawdown test: This test is conducted when a well is flowed at a constant rate. The flowing 
downhole pressure and the production rate are measured as functions of time and analysed to 
estimate the reservoir properties. The major difficulty of the drawdown is the inability to 
maintain a constant flow rate.  

• Injection test: This test is identical to a drawdown test, except that the flow is into the well 
rather than out of it. Fluid is injected into the well at a constant rate and the injection rate and 
the downhole pressure are measured as functions of time. 

• Falloff test: This test is analogous to a build-up test and it measures the pressure decline as a 
function of time subsequent to the shut in of an injection. 

 
The combined response can be interpreted in a number of ways to estimate the permeability-thickness 
and the skin factor. Tests with more than one well are called interference tests.  Interference tests 
investigate the reservoir properties and establish pressure connectivity between wells. Figure 6 
illustrates the types of well tests defined here. 
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FIGURE 6: Types of well tests: a) Drawdown test, b) Build-up test, c) Injection test and 
d) Falloff test (Horne, 1995) 

 
 
2.4  Geothermal well test data 
 
Data from well tests in the Reykjanes geothermal field are used as an example for the application of 
the methodology used in the thesis. The Reykjanes geothermal system is located in the southwest of 
the Reykjanes Peninsula in southwest Iceland.  
 
The exploration and development of the Reykjanes field dates back to several decades but the 
utilization was limited until 2006 when a 100 MWe power plant was commissioned. The first well was 
drilled in 1956 to a depth of 162 m with a temperature of 185°C (Gudmundsson et al., 1981). The fluid 
produced was a brine of seawater origin, different from rainwater commonly found in Icelandic 
hydrothermal systems (Sigurðsson, 2010). In the 1980’s, nine wells were drilled from which two wells 
were used for a sea chemical plant (salt production) that was operational for only a few years. Today 
about 30 wells have been drilled in the area. The reservoir temperatures below 1 km depth range from 
about 275°C to 310°C and the fluid is hydrothermally modified seawater with some addition of 
magmatic gases (Arnórsson, 1978). The areal extent of geothermal surface manifestations is of the 
order of 2 km2 (Pálmason et al., 1985). A resistivity survey carried out in the Reykjanes area shows a 
low resistivity anomaly with an aerial extension of 11 km2 at 800 m to 1000 m depth b.s.l. (Karlsdóttir, 
2005). Currently plans are made to expand the electrical power generation by adding a 50 MWe 
turbine unit and possibly yet another 30 to 50 MWe low pressure turbine unit (Sigurdsson, 2010). 
 
Six wells in the Reykjanes geothermal field, RN-12, RN-13b, RN-17b, RN-18, RN-23 and RN-29 
were selected for this study (see Table A.1). Figure 7 shows the location of the boreholes.  
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FIGURE 7: Reykjanes geothermal field and location of boreholes used in this study, shown in red. 
Low resistivity areas are from Karlsdóttir (2005) and craters, faults and alteration 

from Saemundsson et al. (2010) 
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3.  WELL TEST INTERPRETATION METHODS 
 
The well tests and pressure transient analysis are conducted to evaluate the conditions of the wellbore 
and the reservoir to determine the parameters that characterize the reservoir. Therefore, a model is 
needed to interpret the measurements and link them to the reservoir properties. The founding principle 
of well testing is given by a physical equation, the pressure diffusion equation. The diffusion equation 
describes the spatial and temporal variations of pressure due to production or injection which is a 
diffusive process. The solutions of this equation give the expected outcome of the measurements of the 
well test (Horne, 1995). 
 
Methods to analyse a well test are generally classified into two main groups:  conventional methods 
and methods using type curves. All these methods depend on the type of well and reservoir as well as 
reservoir boundaries and can provide information on the size and shape of the formation and its ability 
to produce fluids.  
 
In the following, the derivation of the pressure diffusion equation is discussed in Section 3.1 and some 
solutions of the diffusion equation are given in Section 3.2. Finally, the well test interpretation 
methods are reviewed in Sections 3.3 to 3.6. 
 
 
3.1  Derivation of the pressure diffusion equation 
 
The pressure diffusion equation is used to calculate the pressure, P, in the reservoir at a certain 
distance, r, from a production well producing fluid at a given volumetric flow rate, q, or mass flow 
rate Q equivalent to, ρ·q where ρ the fluid density, as a function of time, t (Horne, 1995; Grant and 
Bixley, 2011). It is important to emphasise here that q > 0 when producing from the well and q < 0 
when injecting into the well.  

 
FIGURE 8: Radial flow of a single phase fluid in the vicinity of a producing well (Dake, 1978) 

 
The pressure diffusion equation is derived using a simple model of a single phase fluid flow in a 
porous medium through a vertical well, circular in cross section that fully penetrates a uniform 
horizontal aquifer of infinite radial extent that is sealed above and below (Figure 8). The reservoir is 
considered homogeneous in all rock properties. The permeability of the reservoir is considered 
constant and isotropic (uniform physical properties in all directions). The fluid is uniform and of 
constant compressibility. The formation is completely saturated with a single phase fluid (Horne 
1995). Two governing laws and one equation of state are used in deriving the pressure diffusion 
equation (Earlougher, 1977; Dake, 1978; Horne, 1995; Grant and Bixley, 2011).  
 
Considering the flow through a cylindrical shell of an infinitesimal thickness, dr, situated at a distance, 
r, from the centre of the radial cell. Then applying the principle of mass conservation (1), the Darcy’s 
law (2), and the basic thermodynamic definition of isothermal compressibility (3) (Dake, 1978), we 
have:  
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1. Conservation law of mass inside a cylindrical shell around the well: 
Mass flow rate in – Mass flow rate out = mass rate of change 

           ( )|     −     ( )|                =  2 ℎ ( )
 

 
where 2 ℎ  is the volume of the cylindrical shell of thickness dr. The left hand side of this equation 
can be expanded as (Dake, 1978): 
      ( )| + ( ) − ( )|      = 2 ℎ ( )

 

 
This simplifies to:   ( )  = 2 ℎ ( )                                                              (3.1) 

 
where, q is the production (or injection), φ is the medium’s porosity, h is the reservoir thickness, ρ is 
the fluid density and r is the distance from the centre of the well. 
 
2. Darcy’s law: 
Darcy’s Law is an equation that describes the flow of a fluid through a porous medium. It is the most 
fundamental law used in well testing. In differential form it relates the flow rate, q, across a surface to 
the pressure gradient, ∂p/∂r, across its section.  
In the radial (axial) form, the flow rate is:   =  2 ℎ                                                                     (3.2) 

 
where, k is the reservoir permeability, µ the dynamic viscosity of the fluid and p is the pressure. 
By substituting the flow rate (3.2) into equation (3.1), we get: 
     2 ℎ = 2 ℎ ( ) 

 

 
This simplifies to:  
 1 = ( )                                                       (3.3) 

 
 
3. Equation of state for isothermal compressible fluids: 
In the diffusion equation, the pressure differences between two locations in the reservoir are essential. 
These differences would not be there without compressibility. All the information from well testing is 
obtained because the porous medium and the fluids are compressible (Dake, 1978). 
 
The basic thermodynamic definition of isothermal compressibility is given by:  
     = − 1

 

 
where, cw is the fluid compressibility and V is the fluid volume. Since  =   where m is the mass of 

fluid, the isothermal compressibility can be expressed as:  
 = 1                                                                 (3.4) 
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The right hand side of Equation 3.3 can then be written as: 
 ( ) = +                                                              (3.5) 

 
From Equation 3.4, it can be shown that (Bear, 1979): 
  =                                                                  (3.6) 

 
and,   = (1 − )                                                              (3.7) 

 
where, cr is the compressibility of the rock matrix. Inserting Equations 3.6 and 3.7 into 3.5 gives:  
 ( ) =                                                                   (3.8) 

 
where, ct is the total compressibility of the system defined as  = +  (1 − )  
 
By inserting Equation 3.8 into 3.3 and expanding the left hand side of Equation 3.3 assuming that the 
reservoir is homogeneous and therefore variations in ρ, k and µ are small, we can express the pressure 
diffusion equation as: 
 1  =                                                            (3.9) 

 
By introducing the parameters: = ℎ      and      = ℎ 

 
where T is the transmissivity and S is the storativity, Equation 3.9 can be rewritten as: 
 1  =                                                          (3.10) 

 
Equation 3.9 is the basic equation for well test analysis. In principle, an infinite number of solutions of 
Equation 3.9 can be obtained depending on the initial and boundary conditions imposed (Dake, 1978).  
 
In some liquid dominated reservoirs, the water table is measured instead of the pressure. In such cases, 
Equation 3.9 can be rewritten as follows: 
 1  =                                                      (3.11) 

 
with the water table = +  where, z is the elevation and g is the acceleration of gravity. In 
this case, the appropriate initial and boundary conditions must be formulated in elevation of the water 
table (Kjaran and Elíasson, 1983).  
 
 
3.2  Solutions of the diffusion equation 
 
An infinite number of solutions for the diffusion Equation 3.9 can be obtained for different regimes 
depending on the initial and boundary conditions imposed. These boundary conditions are 
assumptions based on a prior knowledge of the reservoir. These regimes are the transient, semi steady 
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(pseudo-steady) state and steady-state regimes (Dake, 1978; Kjaran and Elíasson, 1983). The transient 
flow occurs before the pressure response shows the presence of a boundary. The steady-state and 
pseudo-steady-state represent two types of boundary effects; constant pressure and closed boundary, 
respectively. 
 
3.2.1  Transient flowing regime   
 
This condition is only applicable for a relatively short period after some pressure disturbance has been 
created in the reservoir. For the period that the transient regime is applicable it is assumed that the 
pressure response of the reservoir at the top of the wellbore is not affected by the presence of a 
boundary (Figure 9). Thus the reservoir radius, re appears infinite in extent and the pressure at outer 
boundary, pe is equal to the initial pressure, pi (Dake, 1978).  
 

 
FIGURE 9: Pressure distribution under transient flow regime (modified from Dake, 1978) 

 
The transient regime can be split up in two sub-regimes: 
 

- Wellbore dominated regime. The wellbore dominated regime describes the very early part 
of the well test where the dynamics of the wellbore are dominating the reservoir dynamics in 
the pressure response. It is assumed that the pressure response in this regime does not contain 
any information about the reservoir, but only about the wellbore storage and skin. 
- Infinite flowing regime. The infinite flowing regime describes the pressure response of the 
reservoir when the dynamics of the reservoir are assumed to be dominating the wellbore 
dynamics and there is no significant influence of the boundaries in the pressure response.  

 
The most common solution of the diffusion equation for a transient flowing regime is described here. 
It is assumed that the wellbore is a line meaning that the wellbore radius, rw is zero and the solution is 
often called the Theis solution (Theis, 1935) or the line source solution. To solve the pressure 
diffusion equation, one initial and two boundary conditions are needed. The initial condition describes 
the pressure state in the reservoir at a certain time while the boundary conditions describe the effect of 
the environment on the flow process. These conditions involve several assumptions and are therefore 
only valid for specific time intervals. For the Theis solution, the following initial and boundary 
conditions are assumed (Earlougher, 1977; Dake, 1978; Horne, 1995): 
 
Initial condition: The pressure, p is the same all over the reservoir at time t = 0 and is equal to the 
initial pressure, pi 

p = pi   at t = 0, for all r  
 

Outer-boundary condition: The pressure is equal to the initial pressure at infinity 
 

       p = pi   for r → ∞, for all t  
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 Inner-boundary condition: Darcy’s law at the wellbore producing at constant rate q (Equation 3.2): 
 lim→ = 2 ℎ    for > 0   

 
In addition, the assumptions made in deriving the diffusion equation are the same as stated in the 
previous section. That is, the formation is homogeneous and isotropic, and drained by a fully 
penetrating well ensuring radial flow. The fluid properties are constant. Under these conditions, the 
line source solution of the diffusion equation known as the Theis solution (Theis, 1935) is given by: 
 ( , ) =  +  4 ℎ −4                                             (3.12) 

 
where Ei represents the exponential integral function defined by: 
 (− ) =  − ∞                                                            (3.13) 

 
For small values of x (x < 0.01) the exponential integral Ei can be approximated by: 
 (− ) ≅ + ln( )                                                             (3.14) 

 

where γ = 0.5772 is the Euler’s constant and ln is the natural logarithm. Therefore, for t > 100 , 

the Theis solution or line source solution is simplified and represented as: 
 ( , ) = + 2.303 4 ℎ 4 + 2.303                                    (3.15) 

 
where 2.303 ≈ ln10 and log is the logarithm with base 10.  
 
The Theis solution describes the pressure response with time, t, at location, r, from the wellbore given 
the inherent assumptions. The limitation of the Theis solution is for drawdown tests at the distance, r 
at time, t when producing at a constant rate, q and for unbounded boundaries. From this solution, it can 
be observed that by suitable observation of the pressure change, it may be possible to identify two 
important parameters: the permeability-thickness and the storativity (Earlougher, 1977; Horne, 1995).  
 
At the active well, the skin factor is introduced as an extra pressure change. At an observation point or 
a well where the skin does not apply, the pressure drawdown can be defined as: 
 ∆ = −  ( , )                                                      (3.16) 
 
The change in drawdown due to skin is defined by: 
 ∆ = 2 ℎ                                                              (3.17) 

 
Therefore, the total drawdown at the wellbore (r=rw) is then ∆ = ∆  + ∆   and Equation 3.15 
can be rewritten as: 
 ( , ) = + 2.303 4 ℎ 4 + − 22.303                           (3.18) 

 
3.2.2  Semi steady-state regime  
 
The semi steady-state or pseudo-steady-state flow is applicable to a reservoir which has been 
producing for a sufficient period so that the effect of the outer boundary has been noticed. This means 
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that the pressure decline has struck impermeable boundaries all around the producing well. In terms of 
the radial flow model, the situation is illustrated in Figure 10 (Dake, 1978).  
 

 
FIGURE 10: Pressure distribution under semi steady-state regime, where re is the distance 

from the well to the boundary (Dake, 1978) 
 

The first assumption is that at the outer boundary of the reservoir, in accordance with Darcy's law, the 
pressure gradient is zero meaning that there is no recharge in the system: 
 = 0    =  

 
The second assumption considers that, if the well is producing at a constant rate, the pressure will 
decline in such a way that the pressure derivative with respect to time is constant everywhere in the 
reservoir meaning that the system is closed. 
 = constant    for all r and t   
 
Using the definition of compressibility, the constant of the second assumption can easily be obtained 
as: =  −                                                                      (3.19) 

in which V is the pore volume of the radial cell; q is the constant production rate and t is the total 
flowing time.  
 
For a radial reservoir with radius re , the volume is V = πre

2h, and the second assumption can be 
rewritten as:  =  − ℎ                                                                (3.20) 

 
When substituting the Equation 3.20 into 3.9, the diffusion equation becomes: 
 1  = − ℎ                                                           (3.21) 

 
The solution of the diffusion Equation 3.21 for the semi steady-state regime is then given by (Dake, 
1978): ( , ) − (  , ) = 2 ℎ − 2 + 2                                     (3.22) 

 
Introducing the skin factor, we get: ( , ) − (  , ) = 2 ℎ − 2 + 2 +                                (3.23) 
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where p (r, t) is the pressure at a distance r from the centre of the wellbore and p (rw, t) is the pressure 

at the wellbore with radius rw at time t. The term  can be considered negligible since rw << re (Dake, 

1978). 
 
3.2.3  Steady-state regime 
  
The steady-state regime is used when the pressure response does not drop anymore for example due to 
some displacing fluid leading to a constant pressure with time at the boundary (Figure 11).  The 
steady-state condition applies, after the transient period, to a well draining a reservoir which has a 
completely open outer boundary. It is assumed that, for a constant rate of production, fluid withdrawal 
from the reservoir will be exactly balanced by fluid entry across the open boundary and therefore 
(Dake, 1978): 
  = = ,  =   
and  = 0      

 
The diffusion Equation 3.9 then reduces to: 
 1  = 0                                                          (3.24) 

 
The solution of the diffusion equation for the steady-state regime is known as the Theim solution 
(Theim, 1906) and is given by: ( ) − (  ) = 2 ℎ                                       (3.25) 

 
With the introduction of the skin factor, this gives: 
 ( ) − (  ) = 2 ℎ +                                   (3.26) 

 
Equation 3.25 determines a pressure difference as a function of the radius. The solution is independent 
of time (Dake, 1978). 
 

 
FIGURE 11: Pressure distribution under steady-state regime (Dake, 1978) 

 
It should be noted that the semi-steady-state or the steady-state conditions may never be fully realised 
in the reservoir during well tests. However, it is the solution of the transient flow regime (3.15) that is 
often used to interpret the well test data since it is the pressure  disturbance for a relatively short period 
that gives the information on the reservoir (Dake, 1978). 
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3.3  Semi logarithmic analysis 
 
During radial flow, the pressure change or drawdown is related to the logarithm of time. In other 
words, if the pressure is plotted against the log of time, infinite-acting radial flow (the intermediate 
time response between the wellbore storage and the boundary response) will give a straight line 
(Figure 12). The semi-logarithmic approach to well test interpretation is based upon plotting the 
pressure or the drawdown, p or ∆p, versus time t, in a semi-logarithmic graph and identifying a 
straight line portion of the drawdown or build-up data, from which the permeability-thickness product, 
the storativity  and the skin damage are obtained (Earlougher, 1977; Horne, 1995).  
 

 
FIGURE 12: Semi log representation (Horne, 1995) 

 
By rearranging Equation 3.15 into the form ∆ = +  log ( ), the pressure change or the drawdown, 
∆p can be plotted versus time on a semi logarithmic graph and a straight line portion of the graph with 
a slope, m is obtained as the pressure drop for one log-cycle (Horne, 1995):  
 = 2.3034 ℎ                                                                    (3.27) 

 
When the slope m is found according to Equation 3.27, the permeability-thickness can be evaluated as: 
 ℎ = 2.3034                                                                (3.28) 

 
The storativity is obtained by using the value of the drawdown ∆ =  – ( , ) at some particular 
time t and some value of r (usually rw) from Equation 3.15: 
 ℎ = 2.25 ℎ 10 ∆                                            (3.29) 

 
In order to calculate the skin factor s, Equation 3.18 can be used, isolating s from it. The value of p (rw, 
t) is read from the solid straight line with slope m. Often the time t equivalent to 1 hour is chosen but 
any point (t, p (rw, t)) on the straight line can be used. In the later case, the constants in the formulas 
will change depending on the time value selected: 
 = 1.151 ∆ −  4 ℎ 1ℎ + 0.251                                  (3.30) 
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Note that the direct interpretation method is an indirect estimation method, since the step response has 
to be plotted first (Earlougher, 1977; Horne, 1995). 
 
The best known and most commonly used semi-logarithmic analysis techniques or conventional 
methods are the Miller-Dyes- Hutchinson or MDH plot and the Horner plot. 
The Miller-Dyes-Hutchinson, MDH plot (Miller et al., 1950) is strictly valid only for the first 
drawdown in a well, but in exceptional circumstances it can be used for the analysis of a later 
drawdown or a build-up test.  It applies to wells that have reached pseudo-steady (semi-steady) state 
during injection. For the MDH plot, the pressure is plotted versus the logarithm of time, log (t).  
 
It is common to use the Horner plot to estimate the formation temperature (Horner, 1951; Dowdle and 
Cobb, 1975). The Horner plot is also the most used method and is more convenient for pressure build 
up tests (Horne, 1995). Pressure build-up tests require shutting in a production well. The effect of 
these two flow rates can be represented by a well which is produced for a time tp, at rate q, and then 
shut in for a running time Δt. The pressure response is plotted versus log ((tp+∆t)/ ∆t) on a semi-log 
plot. The superposition time ((tp+∆t)/ ∆t) is known as the Horner time (Earlougher, 1977; Horne, 
1995).  
 
 
3.4  Dimensionless variables and type curve analysis 
 
Another method for estimating the reservoir properties is to compare the plot of the measured pressure 
response with type curves. The type curve method (log-log method) was introduced in the petroleum 
literature by Ramey (1970) in an attempt to overcome the limitations of the semi-log straight line 
based analysis methods (Earlougher, 1977). To generalise the solution of the pressure diffusion 
equation, it is beneficial to transform the equation into a dimensionless form as it simplifies the 
reservoir models by representing the reservoir parameters independently of any particular unit system. 
Any variable can be made dimensionless by multiplying it by a group of constants with the opposite 
dimensions. These groups of constants depend on the reservoir parameters (Earlougher, 1977; Horne, 
1995). 
 
Dimensionless pressure pD (rD, tD),   

 =  2 ℎ ∆                                                                  (3.31) 

 
where  ∆ = −  and pw is the pressure measured in the well 
 
Dimensionless time tD  =                                                                    (3.32) 

 
Dimensionless radius rD  =                                                                      (3.33) 

 
By defining dimensionless pressure and dimensionless time in this way, it is possible to create an 
analytical model of the well and reservoir, or theoretical type-curve log (pD) versus log (tD), that 
provides a description of the pressure response that is independent of the flow rate or of the actual 
values of the well and reservoir parameters. The data from the well test are plotted and the plot is 
compared with plots derived from theory. The reservoir properties are estimated by finding the best 
match (Horne, 1995).  
 
The log-log type curve approach described here above is now somehow out of date in the industry 
compared to the semi-log approach, or the approach combining the log-log plot of Δp versus Δt with 
the pressure derivative where it is possible to make the entire analysis with a single plot. The pressure 
derivative approach is described in the following section.  
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The procedure for the type curve analysis (Figure 13) can be outlined as follows (Earlougher, 1977; 
Horne, 1995): 
 

• The data are plotted as log ∆p versus log (∆t) using the same scale as that of the type curve. 
• The curves are then moved one over the other by keeping the vertical and horizontal grid lines 

parallel until the best match is found. 
• The best match is chosen and the pressure and time values are read from some fixed point 

(match point) on both graphs, ∆pM, pDM, ∆tM and tDM. 
 
For infinite acting system, the permeability-thickness and the storativity are given by the expression: ℎ =  2 ∆                                                              (3.34) 

 ℎ =  ℎ ∆                                                           (3.35) 

 
FIGURE 13: Illustration of a type curve matching for an interference test (Earlougher, 1977) 

 
 
3.5  Pressure derivative plot 
 
The introduction of the pressure derivative in the 80’s by Bourdet and others (Bourdet et al., 1983; 
Bourdet et al., 1989) transformed the science of well test interpretation, which until that time had 
mostly been based on the semi-logarithmic plot and the type curve analysis. With the derivative 
approach, the time rate of change of pressure during a test period is considered for the analysis. In 
order to emphasise the radial flow regime, the partial derivative is taken with respect to the logarithm 

of time ( ) which equals   (Bourdet et al., 1983). The derivative plot (Figure 14) provides a 

simultaneous presentation of log (∆p) versus log (∆t) and log ( ) versus log (∆t). The advantage of 

the derivative plot is that it is possible to display in a single graph many different characteristics that 
would otherwise require different plots (Horne, 1995). 
 
Reservoir permeability, wellbore storage and skin can be determined directly using the measured 
curve and its derivative provided that the stabilization of the derivative has been reached. When the 
flow at early time corresponds to pure wellbore storage, pressure and pressure derivative curves will 
merge on a unit slope straight line on the log-log plot (Horne, 1995).  
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FIGURE 14: Illustration of a derivative plot (Horne, 1995) 

 
Until a few decades ago, the plotted data and the type curves were compared by hand. The use of 
computers and software developed for well testing, such as Well Tester used in Iceland (introduced in 
Chapter 4), make the calculation of the derivative much easier, and this has become one of the major 
tools in well test analysis methods (Bourdarot, 1998; Gringarten, 2008). 
 
 
3.6  Deconvolution 
 
Deconvolution has received much attention recently (Von Schroeter et al., 2001; Levitan, 2005; Ilk et 
al., 2005; Levitan et al., 2006). Deconvolution is not a new interpretation but a new tool to process 
pressure and flow rate data (Gringarten, 2008).  According to the general definition, the aim of 
deconvolution is to calculate the impulse response of the system, based on the pressure response and 
both constant and varying flow rates.  
 
The data used for deconvolution are better from built up data than drawdown data, because of their 
good quality compared to drawdown data. The deconvolution does not assume a reservoir model but it 
assumes a mathematical model. It is a direct method using non-linear regression compared to the 
conventional methods used for well testing. Changing skin, changing wellbore storage, missing or 
incorrect initial pressure and gaps in the data can have a significant effect on the shape of the 
deconvolved type curves (Gringarten, 2008).  
 
The steps for the deconvolution method can be described as follows: 

• The partial derivative    is assumed, 

• The starting point, Pi on the type curve is assumed, 
• The derivative is then integrated to obtain the type curve, 
• The type curve is  superposed with flow rates, 
• The calculated results are compared with the measured data, 
• The total error is quantified,  
• The derivative is modified and the procedure repeated until the minimum error in a least 

square sense is found. 
 
The deconvolution method removes the restriction for a shut in, but does not remove the need for type 
curves. The final result of this identification method is an estimate of a type curve. This type curve can 
be used in order to estimate the reservoir properties. Different deconvolution methods and 
mathematical formulas can be found in Von Schroeter et al., 2001; Levitan, 2005; Ilk et al., 2005; 
Levitan et al., 2006.   
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4. INJECTION TESTS 
 
4.1  Introduction 
 
A common procedure in Iceland and elsewhere is to perform a step-rate injection test soon after the 
drilling and completion of the borehole. The injection tests consist of injecting cold water into the 
borehole and simultaneously recording downhole pressure and temperature (pressure and temperature 
profiles are analysed in Chapter 5). The injection test, opposite to the production test, causes an 
increase of the pressure in the well.  
 
The twofold purpose of the injection test is to stimulate the well and to obtain data that can be 
analysed to calculate the transmissivity and storativity of the formation together with the skin 
(Bödvarsson et al., 1981; Axelsson et al., 2006).  
 
Another characteristic of the borehole that is evaluated during injection test is the injectivity index (II). 
The injectivity index predicts the performance of an injection well and is believed to reflect the 
success of the well, meaning that the bigger its value, the better the reservoir permeability. It is defined 
by the ratio of the change of injection flow rate to the change in reservoir pressure measured in the 
borehole:  = ∆∆                                                                    (4.1) 

 
The numerical software Well Tester V.1.0.0 (Juliusson et al., 2008) is used for modelling and 
calculation of the reservoir parameters. Well Tester is a computer software that was developed at the 
Iceland GeoSurvey (ISOR) to handle data manipulation and analysis of well tests (mainly multi-step 
injection tests) in Icelandic geothermal fields. The process is divided into six simple steps (Juliusson et 
al., 2008):  
 

• Parameters:  The estimation of the reservoir temperature and pressure, the wellbore radius, 
the viscosity of the fluid, the porosity and the total compressibility are fed into the program in 
this step; 

• Set steps: The number of  injection steps are defined;  
• Modify: This step is designed to clean, resample and correct the data for temperature 

variations within the wellbore during the course of the well test;  
• Model: In this step, the most appropriate model for the reservoir being investigated is selected. 

To achieve this, the derivative plot is used, along with the pressure data on a log-log scale 
graph. 

• Model all: This tab is designed to find the model parameters that give the best correspondence 
between a multi-step model and data set, modeling all steps together. 

• Report: The program prepares a report of results at the end of the modeling. 
 
In the following Section 4.2, Well Tester is used to estimate the transmissivity, the storativity and the 
injectivity indices for wells RN-17b, RN-18 and RN-23. Section 4.3 gives the summary of the results 
from Well Tester. 
 
 
4.2  Well Tester modelling 
 
4.2.1  RN-17b injection test 
  
Well RN-17b is a directional well and it was drilled in 2008 to a measured depth, MD of 3077 m (True 
vertical depth, TVD is 2804 m). The injection test in RN-17b started just after completion of drilling 
in December 2008. A three-step injection test was performed the same day and the injection rates were 
from 20.1 to 30.3 L/s; 30.3 to 44.9 L/s and 44.9 to 20.1 L/s, respectively. The total injection test was 
done in 9 hours with a pressure gauge being lowered to a depth of 2300 m. 
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FIGURE 15: Pressure changes during step rate injection test for RN-17b 
 
Figure 15 shows the steps of the injection test and the pressure response for each step. A small hump 
on the pressure response for step 1 is observed, which could be an indication of an error from the tool 
during measurement. Step 2 shows a pressure drop towards the end of the step and this could indicate 
a small opening in the reservoir. The last step, step 3 indicates a falloff test and it can be observed that 
the pressure did not reach equilibrium at the end of the test. For this reason, it was decided to disregard 
this step in the modelling. 
 
The well test model selected for RN-17b assumed a homogeneous reservoir, constant pressure 
boundary, constant skin and a wellbore storage. The pressure gauge depth was an input into the 
program and the data were cleaned. Using this model, a non-linear regression analysis was performed 
to find the parameters of the model that best fit the data. The best model was calculated by considering 
step 1 and 2, respectively and then, both steps together.  
 
The results from the regression analysis for step 1 and step 2 are shown graphically in Figure B.1 and 
B.2. Figure 16 shows the best model calculated for RN-17b. The estimation of the parameters obtained 
on the basis of the steps and model selected for both step 1 and 2 (Table 1) indicate a permeability-
thickness of 1 Dm, a storativity  of  7·10-8 m3/(Pa·m2) and an injectivity index of 1.3 (L/s)/bar. The 
values of the permeability-thickness and the injectivity index can be interpreted as a poor permeability 
in this part of the reservoir although the skin is negative.   
 

 
 

FIGURE 16: Fit between model and measured data for step 1 and 2 for well RN-17b 
 

TABLE 1: Summary of the results from non-linear regression parameter estimate  
using injection test data from well RN-17b 

 

Step 
 

Transmissivity 
(m3/(Pa·s)) 

Storativity 
(m3/(Pa·m2)) 

Permeability 
thickness 

(Dm) 
Skin 

Injectivity 
index 

(L/s)/bar 
1 1.08·10-8 4.5·10-8 0.9 -0.7 1.5 
2 1.4·10-8 3.03·10-8 1.24 -0.9 1.7 

1 and 2 1.14·10-8 7.04·10-8 1.02 -0.7 1.31 
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4.2.2  RN-18 injection test  
 
Borehole RN-18 was drilled vertically to a depth of 1815 m and completed in January 2005. Two 
injection tests were performed afterwards with a pressure gauge being lowered to a depth of 1740 m. 
The two step injection rates were from 30.1 L/s to 48.2 L/s and 48.2 L/s to 25 L/s, respectively (Figure 
17). The well test model selected for RN-18 assumed a dual porosity reservoir, constant pressure 
boundary, constant skin and a wellbore storage. The dual porosity behaviour is a pressure effect which 
is common in natural fractured reservoirs; it indicates the heterogeneity of the reservoir. This effect is 
noticeable in pressure transients in reservoir that have distinct and secondary porosity. The dual 
porosity effect is shown as a minimum on a derivative plot (Horne, 1995). The pressure gauge depth 
was an input into the program and the data were cleaned. The best model was calculated by 
considering step 1 and step 2, respectively and then, both steps together. 
 

 
 

FIGURE 17: Pressure changes during step rate injection test for RN-18 
 
Using this reservoir model and after calculations, the best fit indicate a permeability-thickness of 3.5 
Dm, a storativity of 5·10-8 m3/Pa·m2 and an injectivity index of  4.3 (L/s)/bar with a negative skin  
(Figure 18 and Table 2). The results from the regression analysis for step 1 and step 2 are shown 
graphically in Figure B.3 and B.4. 
 

The permeability-thickness and the injectivity index for RN-18 is higher than the one calculated for 
RN-17b showing a better permeability in this part of the reservoir. This could mean that either RN-18 
intersects more permeable features than RN-17b or that it is drilled into a steam cap. 
 

TABLE 2: Summary of the results from non-linear regression parameter estimate 
using injection test data from well RN-18 

 

Step 
Transmissivity 

(m3/(Pa·s)) 
Storativity 

(m3/(Pa·m2)) 

Permeability 
thickness 

(Dm) 
Skin 

Injectivity 
index 

(L/s)/bar 
1 2.5·10-8 4.9·10-8 2.2 -2.6 4.6 
2 1.5·10-8 2.8·10-8 1.3 -3.7 4.5 

1 and 2 3.4·10-8 4.7·10-8 3.5 -0.85 4.3 
 
 

 
FIGURE 18: Fit between model and measured data for step 1 and 2 for well RN-18 
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4.2.3  RN-23 injection test 
   
RN-23 is a directional well that was drilled in early 2006 and completed in late March at a depth of 
1924 m. A three step rate injection test was performed after drilling with a pressure gauge being 
lowered to a depth of 1330 m. The three step injection rates were from 65 to 30 L/s; 30 to 45 L/s and 
45 to 60 L/s, respectively The well test model selected for RN-23 assumed a dual porosity reservoir, 
infinite boundary, constant skin and a wellbore storage. 
  
Figure 19 shows the steps of the injection test and the pressure response for each step. It can be 
observed that data are missing in the pressure response for step 1.  For this reason, this step was not 
considered in the modelling. Therefore, the best model was calculated by considering only pressure 
build-up for step 2 and 3, respectively and then, both steps together. The pressure gauge depth was an 
input and the data were cleaned. The results from the regression analysis for the individual steps (step 
2 and step 3) are shown graphically in Figure B.5 and B.6. 
 
Figure 20 shows the best match calculated for RN-23 for both step 2 and step 3. The results in Table 3 
show a permeability-thickness of 29 Dm, a storativity of  2·10-7 m3/Pa·m2 and an injection index of 36 
(L/s)/bar. 
  

 
 

FIGURE 19: Pressure changes for step-rate injection test for RN-23 
 

 
 

FIGURE 20: Fit between model and measured data for step 2 and 3 for well RN-23 
 

TABLE 3: Summary of the results from non-linear regression parameter estimate  
using injection test data from well RN-23 

 

Step 
Transmissivity 

(m3/(Pa·s)) 
Storativity 

(m3/(Pa·m2)) 

Permeability 
thickness 

(Dm) 
Skin 

Injectivity 
index 

(L/s)/bar 
2 1.4·10-7 1.14·10-7 12.4 -4.3 33.2 
3 4.6·10-7 8.3·10-7 40.6 -1.02 39.9 

2 and 3 3.3·10-7 1.7·10-7 28.9 -2.5 36.2 
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The permeability-thickness and the injectivity index values for RN-23 are higher than for the other 
two wells, RN-17b and RN-18. The explanation of the results found here could be that well RN-23 is 
intersecting more permeable features or that, the well is intersecting a steam cap in this part of the 
reservoir. The good permeability is also confirmed by the high value of the negative skin. The 
storativity value is high meaning that RN-23 intersects a steam cap.  
 
 
4.3  Summary 
 
The results in Table 4 give a summary of different transmissivity, storativity and permeability values 
for RN-17b, RN-18 and RN-23, respectively. To calculate the permeability, a constant reservoir 
thickness of 2000 m was assumed.  
 

TABLE 4: Summary of the results for wells RN-17b, RN-18 and RN-23 
 

Well 
Transmissivity 

(m3/Pa·s) 
Storativity 
(m3/Pa· m2) 

Permeability 
thickness 

(Dm) 

Permeability
(mD) 

Skin 
Injectivity 

index 
(L/s)/bar 

RN-17b 1.14·10-8 4.5·10-8 0.9 0.5 -0.7 1.3 
RN-18 3.4·10-8 4.7·10-8 4.1 2.1 -0.8 4.3 
RN-23 3.3·10-7 1.7·10-7 28.9 14.5 -2.5 36.2 

 
The results indicate that RN-23 has the highest transmissivity, while RN-17b has the lowest 
transmissivity. The transmissivity of RN-23 is one order of magnitude higher than for RN-18 and RN-
17b. The permeability values show high permeability in RN-23. Considering that well RN-23 is not 
far away from well RN-18, the high value of the permeability could be that well RN-23 is drilled into 
a steam cap (relative permeabilities are considered) and/or that it intersects more permeable fractures 
than RN-18. The poor permeability of RN-17b in this part of the reservoir could be explained as a 
thermal expansion of the reservoir rocks due to the high temperature measured in this well (see sub 
section 5.2.2) increasing the number of closed voids in the rock matrix (Björnsson and Bödvarsson, 
1990). The poor permeability of RN-17b can also simply mean that the well does not intersect as many 
fractures or that the reservoir is less permeable at the outskirts than in the central part of the 
geothermal field.  
  
The storativity values for the three wells are of the same order of magnitude for RN-17b and RN-18 
and one order of magnitude higher for RN-23. The high storativity value for RN-23 could be as stated 
above because the well is drilled into a steam cap.  The skin factors for the injection test of wells RN-
17b, RN-18 and RN-23 are estimated -0.7, -0.8 and -2.5, respectively. This indicates stimulated wells 
and/or fractured zone in the reservoir. 
 
The injectivity index is used as a rough estimate of the connectivity between the well and the 
surrounding reservoir. The results show an injectivity index which is one order of magnitude higher 
for RN-23 as compared to RN-18 and RN-17b. The values of the injectivity indices for RN-23 and 
RN-18 are compared with the productivity indices for the same wells in Chapter 6.  
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5.  ANALYSES OF PRESSURE AND TEMPERATURE PROFILES 
 
5.1  Introduction 
 
The downhole profiles of temperature and pressure with depth are a valuable tool in gaining 
information on the physical conditions of the reservoir and well performance. In geophysics the term 
“log” indicates continuous measurement of a parameter with time or, in space carried out in boreholes 
(Stefánsson and Steingrímsson, 1990). The basic measurements made in geothermal wells are pressure 
and temperature logs or profiles. The logs are normally measured over the full depth of the wellbore. 
The well may be shut in, flowing or under injection (Grant and Bixley, 2011). 
 
The purpose of analysing downhole data is therefore to deduce from the logging made within the 
dynamic fluid inside the wellbore the properties of the reservoir around the well. However, caution 
must be taken when interpreting logs as measurements are not made directly in the reservoir but in the 
well where internal flows and boiling can cause disturbances and give misleading results even though 
the well is shut in (Stefánsson and Steingrímsson, 1990).  
 
Analyses of temperature and pressure profiles during warm up leads to an estimation of the formation 
temperature and the initial reservoir pressure as well as the location of the feed zones. Temperature 
measurements during fluid injection or production can indicate the feed or loss zones under the test 
conditions. The feed zones or permeable zones are the regions where hot and cold water flows in and 
out of a well and usually show up as temperature anomalies, either hot or cold. 
 
In this study, the formation temperature is estimated by using an analytical method, the Horner method 
(Dowdle and Cobb, 1975) through the BERGHITI program (Helgason, 1993) from the ICEBOX 
software package (Arason et al., 2004).  The Horner method is an analysis method based on the 
straight line relationship between the wellbore temperature, T and the logarithm of relative time, τ 

called the Horner time, where = ∆∆   and to is the circulation time that is the time that the well has 

been cooled by the drilling fluid, and ∆t is the time since the circulation of drilling fluid was stopped. 
The measured wellbore temperature at a given depth from several temperature logs is plotted against 
log (τ). This plot is a straight line that intersects the vertical line τ = 1, corresponding to ∆t → ∞, at the 
formation temperature.  
 
The boiling point curve was considered when estimating the formation temperature to determine if 
there is boiling in the borehole and at which depth. The boiling point curve for an individual borehole 
was calculated assuming initial water level and the program BOILCURV from ICEBOX was used for 
this purpose.  
 
The initial pressure condition of the wells is estimated by feeding the evaluated formation temperature 
into the program PREDYP (Björnsson, 1993), from the ICEBOX package. The program computes 
pressure in a static fluid column with known temperature. The water level (or wellhead pressure) is 
required for the calculation and is adjusted until the calculated profile matches the measured pressure 
at the pivot point. The pivot point shows the depth to and pressure at the best feed zone in the borehole 
and can be considered as the actual pressure value in the reservoir. 
 
In the following sections (5.2 to 5.3), the temperature and pressure profiles are analysed to locate the 
feed zones, pivot points and estimate the initial reservoir pressure and the formation temperatures for 
the Reykjanes wells RN-12, RN-17B, RN-18, RN-23 and RN-29. The temperature and pressure 
measurements in these wells were performed during injection, warm up and flowing of the wells.  
 
 
5.2  Temperature and pressure analyses 
 
In this section, the temperature and pressure profiles for wells RN-12, RN-17B, RN-18, RN-23 and 
RN-29 are interpreted to identify the main feed zones and locate the pivot point of each well where 
possible. 
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5.2.1  RN-12 
  
Borehole RN-12 was drilled in 2002 to a depth of 2506 m. No liner was put in the hole. The casing 
design is as follows (Table 5): 
 

TABLE 5:  Casing of borehole RN-12 
 

Hole diameter 
Hole depth 

(m) 
Casing size 

Casing depth 
(m) 

21” 293 18 5/8” 291 
17 ½” 
12 ¼” 

845 
2506 

13 3/8” 
no liner 

842 

 
Figure C.1 shows the temperature and pressure profiles for well RN-12 after drilling with and without 
injection, during warm up and during flowing of the well. The injection temperature profiles show 
three main feed zones. One located around 1000 m and the second at 1300 m showing fluid inflow 
identified as steps in the profile. Another feed zone is observed around 2200 m representing an 
outflow which is indicated by a change in the temperature gradient.  
 
Temperature profiles during warm up show the same pattern and indicate feed zones at 1000 m, 1300 
m and around 2200–2300 m.  Below 1000 m depth, cross flow between the two feed zones from 1300 
to 2200 m is observed characterized by a fairly constant temperature and consequently vertical 
connection between these levels. From September 2003 to October 2004, the temperature was 279°C 
from 1300 to 2200 m depth and it increased in the last logs to 298–299°C from 1500 to 2200 m depth. 
At the feed zone at around 2200–2300 m, a small temperature inversion was observed, lowering the 
temperature to 279°C and after complete recovering this temperature increased to 290°C. The well has 
a maximum recorded temperature of 310°C at the well bottom. The temperatures from 2007 to 2011 
indicate a constant profile indicating that the well has reached the formation temperature.  
 
Pressure profiles during warm up show a pivot point at around 1300 m with a pressure of 106 bar-g. 
The pivot point indicates the pressure control point and is represented as a single point at which the 
pressure in the well is the same as the reservoir pressure because of the connection of the well to the 
reservoir. It should be emphasised that for a single feed zone well, the feed zone and the pivot point 
should be at the same depth. However, for multiple feed zones, the pivot point will be between the top 
and bottom feed zone and its exact location will depend on the permeability of the feed zones 
(Stefánsson and Steingrímsson, 1990; Grant and Bixley, 2011). A drawdown, meaning a decrease of 
pressure, at the well bottom of about 8 bar is observed from 2007 to 2008 but from 2008 to 2011, the 
drawdown has been almost constant varying between 1 bar and 2 bar per year. Pressure profiles during 
discharge indicate a flashing level (boiling in the well) at about 1000 m depth. 
  
5.2.2  RN-17b  
 
This well is a directional well and it was drilled in 2008 to a measured depth of 3077 m. The casing 
design for well RN-17b is as follows (Table 6): 
 

TABLE 6:  Casing of borehole RN-17b 
 

Hole diameter 
Hole depth 

(m) 
Casing size 

Casing depth 
(m) 

21” 352 18 5/8” 340 
17 ½” 901 13 3/8” 892 
12 ¼” 3077 9 5/8” liner 3075 

 
Figure C.2 shows the temperature and pressure profiles for well RN-17b during injection, warm up 
and discharge testing. The profiles were plotted versus MD. The temperature profiles during injection 
show two main feed zones at around 1250-1300 m and around 1750-1800 m. Temperature profiles 
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during warm up indicate similar feed zones at 1250 m and around 1750-1800 m. In 2009, the 
bottomhole temperature recovered in two months from 299 to 330°C. The highest temperature 
measured in RN-17b is 348°C at the bottom. The temperature profiles suggest a heat transfer by 
conduction from the reservoir to the well. 
 
Pressure profiles show pressure instability in the well. In 2009, the wellhead pressure rose from 5.5 
bar-g to 43 bar-g in five months and suddenly dropped again to 5.8 bar-g when the well was opened to 
flow in the same month. The last flowing test in November 2010 indicates a wellhead pressure of 45 
bar-g and a bottomhole pressure of 182 bar-g. The previous test in March the same year indicates a 
wellhead pressure of 6 bar-g and bottomhole pressure of 152 bar-g. The pressure profiles indicate no 
pivot point indicating that there is a bad connection between the well and the reservoir. The pressure 
instability in RN-17b and the difficulty to determine a pivot point indicate the poor permeability of the 
reservoir in the area of drilling. Pressure profiles during warm up indicate a water level in the well at 
around 350 m depth. 
 
5.2.3  RN-18 
  
This borehole was drilled vertically and completed in January 2005 at a depth of 1815 m. The casing 
design is described as follows (Table 7): 
 

TABLE 7:  Casing of borehole RN-18 
  

Hole diameter 
Hole depth 

(m) 
Casing size 

Casing depth 
(m) 

21” 351 18 5/8” 349 
17 ½” 750 13 3/8” 749 
12 ¼” 1815 9 5/8” liner 1799 

 
Figure C.3 shows the temperature and pressure profiles for well RN-18 during injection, warm up and 
discharge testing. The temperature profiles during injection show a feed zone just under the production 
casing shoe at around 800 m depth. The temperature profiles from 2006 indicate similarly a feed zone 
at 800 m and small feed zones at 1100 and 1300 m depth, respectively.  From 1100 to 1300 m depth, 
the temperature is isothermal varying from 278 to 280°C, respectively, suggesting down flowing fluids 
indicating vertical movement of fluid. In 2008, the temperature profiles show a slight increase in 
temperature to 285°C at 1400 m depth. The temperatures from 2007 to 2011 indicate a constant profile 
from 1500 m down to the bottom showing that the well has reached the formation temperature. 
 
There were not enough warm up pressure profiles to determine the pivot point. A drawdown of 6 bars 
is observed for the years 2007 to 2008 and of 4 bars for the years 2008 to 2011 indicating a 
progressive stabilisation of the well bottom pressure. The last pressure profiles during discharge 
indicate a flashing level close to 950 m depth. 
 
5.2.4  RN-23 
 
RN-23 is a directional well and was drilled in early 2006 to a measured depth of 1924 m. The true 
vertical depth (TVD) is 1742 m. The casing design for well RN-23 is as follows (Table 8): 
 

TABLE 8:  Casing of borehole RN-23 
: 

Hole diameter 
Hole depth 

(m) 
Casing size 

Casing depth 
(m) 

21” 296 18 5/8” 295 
17 ½” 702 13 3/8” 701 
12 ¼” 1924 9 5/8” liner 1923 
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Figure C.4 shows the temperature and pressure profiles of well RN-23 during injection, warm up and 
discharge testing. The temperature and pressure profiles were plotted versus the measured depth. Feed 
zones at around 950 to 1000 m, 1100 and 1350 to 1400 m can be identified from the temperature 
profiles. The profile shows boiling during flowing of the well at around 1150 m depth. Cross flow 
characterized by a fairly constant temperature of 310°C between the two feed zones at 1100 and 1350 
m is evident suggesting a vertical fluid flow between those two feed zones. The temperature profiles 
from 2007 to 2011 indicate a stable profile meaning that the well has probably reached the formation 
temperature. 
 
There were not enough warm up pressure profiles to determine the pivot point. The pressure profiles 
show a drawdown of about 10 bar from 2006 to 2008 and 5 bar from 2008 to 2011 indicating a 
progressive stabilisation of the well bottom pressure. The pressure profiles indicate a flashing level at 
around 1150 m depth. 
 
5.2.5  RN-29 
 
The casing design for well RN-29 is as follows (Table 8): 
 

TABLE 8:  Casing of borehole RN-29 
 

Hole diameter 
Hole depth 

(m) 
Casing size 

Casing depth 
(m) 

21” 306 18 5/8” 305 
17 ½” 902 13 3/8” 901 
12 ¼” 2837 9 5/8” liner 2500 

 
This borehole is vertical and was drilled in 2010 to a depth of 2837 m. Figure C.5 shows the 
temperature and pressure profiles of well RN-29 during injection, warm up and discharge testing. The 
temperature profiles during injection show the main feed zone at 2150 m depth. Small feed zones can 
be observed at 1100, 1750 and 2500 m depth. Temperature profiles during warm up indicate a water 
level at around 300 m depth and reveal a temperature inversion to a minimum of 230°C from 1800 to 
2500 m depth which could be an indication that the outer boundary of the system has been reached. 
Feed zones are observed during warm up at around 1200, 1600, 1850 and 2500 m depth. RN-29 has a 
maximum recorded temperature of about 320°C at the well bottom.   
 
Pressure profiles show a pivot point between 1750 and 1800 m with 131 bar-g pressure.  The last logs 
performed in January 2011 were done down to a depth of 1200 m and could not be interpreted. The 
pressure profile from November 2010 during discharge, indicate a flashing level at a depth of about 
2200 m. 
 
 
5.3  Reservoir temperature and pressure 
 
In this section the formation temperature and the initial reservoir pressure for the Reykjanes wells RN-
12, RN-17b, RN-18, RN-23 and RN-29 are estimated (Figure C.1 -C.5) from the analyses of Section 
5.2. The reservoir temperature and initial pressure for each well are represented in Figure 21 and 22, 
respectively. The temperature profiles during warm up and flowing were considered for individual 
wells to estimate their formation temperature. 
 
The formation temperature for well RN-12 (Figure C.1) suggests pure gradient in the top 400 m. The 
formation temperature profile follows the boiling point curve in the zone from 500 m to 1000 m depth 
indicating supersaturated or steam dominated conditions in the well and reservoir at this level. Below 
1000 m depth, the formation temperature profile is below the boiling point curve indicating a liquid 
dominated reservoir at this depth. A slight temperature inversion is observed at around 2000-2200 m 
depth. The reservoir temperature for RN-12 is estimated around 300°C with a maximum of 310°C at 
the bottom.  
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FIGURE 21: Estimation of the formation temperature for wells RN-12, RN-17b, RN-18 and RN-29 
 

 
FIGURE 22: Estimation of the initial pressures for wells RN-12, RN-17b, RN-18 and RN-29 
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The formation temperature for RN-17b in Figure C.2 suggests that there is no boiling in the well. The 
reservoir temperature is estimated to be around 340°C at the bottom of the well. 
 
The formation temperature for RN-18 in Figure C.3 suggests a temperature corresponding to the 
boiling point curve of water at around 400-900 m depth. Below 900 m depth, the formation 
temperature profile is below the boiling point curve indicating a liquid dominated reservoir from this 
depth and downwards. The profile is vertical to the bottom of the well indicating a vertical flow. The 
reservoir temperature is estimated to be around 284°C. 
 
The formation temperature for RN-23 in Figure C.4 suggests a temperature corresponding to the 
boiling point curve of water from 500 down to 1100 m depth. The reservoir temperature is estimated 
to be around 302°C. Below 1100 m depth, the formation temperature profile is below the boiling point 
curve and constant indicating a vertical flow. 
 
The formation temperature for RN-29 in Figure C.5 shows conduction in the casing and a possible 
temperature inversion at 1800-2500 m depth. The formation temperature at the bottom is estimated to 
be around 320°C. 
 
The initial reservoir pressure down to 1000 m depth is high for RN-12 and low for  
RN-17b. Below 1000 m depth, the initial reservoir pressure is high for RN-23 and low for RN-17b. 
Between 1400 and 1550 m depth, the pressure for RN-12 and RN-23 are the same.  

 
 
  



33 

6.  DISCHARGE TESTS 
 
6.1  Introduction 
 
After a long warm up period (often for several months), the fluid temperature in the well increases. 
Eventually there is a build up of a wellhead pressure above the atmospheric pressure if the well is 
artesian, meaning that pressurised fluid naturally rises to the surface when the well is open to flow.  
The well can then be discharged through an orifice to estimate the production capacity of the well. In 
case the well does not spontaneously discharge, different methods are used to start off the discharge. 
More information about these methods can be found in Grant and Bixley (2011). 
 
During the production test, the fluid flow (total flow rate), its energy content (enthalpy) and chemical 
characteristics are measured. The pressure (and temperature) logger are usually placed at the bottom of 
the hole for pressure (and temperature) measurements. The lip pressure method (James, 1966) or the 
separator method can be used to determine the flow characteristics with a simple weir being used to 
measure the liquid flow. Where environmental conditions permit, a brief vertical discharge directly to 
the atmosphere can be used with the lip pressure method to get the first estimate of the longer-term 
production potential. In this case the fluid enthalpy can be estimated by observation of the discharge 
plume and downhole conditions at the feed zone prior to discharge (Grant and Bixley, 2011).  The 
well productivity as a function of wellhead pressure can be determined by repeating the flow test with 
different size orifices or by a step-rate test. The pressure and temperature logs together with 
information from the discharge tests can also be simulated to estimate the productivity indices of the 
wells. The wellbore simulator HOLA (Björnsson et al., 1993) is used for this purpose as discussed in 
Section 6.4. 
 
The lip pressure method, the separator method and the HOLA wellbore simulator are described in the 
following Sections (6.2 to 6.4) and used to calculate the flow characteristics and productivity indices 
for three wells; RN-13b, RN-18 and RN-23. Injectivity and productivity indices are then compared in 
Section 6.5. 
 
 
6.2  Lip pressure testing 
 
This method is based on an empirical formula developed by James (1966). The James lip pressure 
method is the most flexible and economical method for flow testing. This method consists of 
discharging the steam-water mixture produced by a test well through an appropriately sized pipe into a 
silencer or some other device for separating the steam and water phase at atmospheric pressure (Figure 
23). Sometimes the orifice pipe simply opens to the atmosphere. The lip pressure or critical pressure, 
which is the pressure at which the flow changes from subcritical to supercritical flow. This pressure is 
 

 
 

FIGURE 23: Flow measurement using the lip pressure method (Grant et al., 1982) 
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measured at the extreme end of the discharge pipeline as it enters the separator. The separated water 
flow rate exiting from the separator is measured using a sharp-edged weir near the silencer outlet 
while the steam is discharged to the atmosphere (Grant and Bixley, 2011).  The James formula is 
represented as follows: 
 .. = 184                                                                   (6.1) 

 
where Qt is the total mass flow rate in kg/s, Ht is the total enthalpy in kJ/kg, A is the cross-sectional 
area of the lip pipe in cm2, and Pc is the lip pressure in bar-a (absolute). 
 
For the discharged fluid that is separated at atmospheric pressure, the enthalpies of the two phases, 
steam and water, Hs (kJ/kg) and Hw (kJ/kg), are used in the formula together with the total enthalpy of 
the well fluid. Knowing the separated water flow rate Qw (kg/s), the total flow rate is given by: 
 =  −−                                                                    (6.2) 

 
Since the well is discharged at atmospheric pressure, the specific enthalpies of steam and water at 
atmospheric pressure should be used and Equation 6.2 can be rewritten as follows: 
 =  22562676 −                                                          (6.3) 

 
The enthalpy Ht can then be determined by combining Equations 6.1 and 6.3: 
  184 .. =   22562676 −                                                      (6.4) 
By measuring the lip pressure, the water flow rate and knowing the cross sectional area of the orifice, 
the total enthalpy can be calculated numerically. 
 
RN-13b, a directional well that was drilled down to a measured depth of 2530 m and a true vertical 
depth of 2200 m. RN-13b and RN-18 were discharged on October 11, 2007 and August 11, 2005, 
respectively, through a lip pressure pipe of 16 cm in diameter into a silencer that also acts as a 
steam/water separator at atmospheric pressure. The flow of the liquid phase was measured using a V-
notch weir box. RN-23 was discharged on May 23, 2006 directly to the atmosphere through a vertical 
discharge pipe of 21.2 cm in diameter. There was no measurement of the water flow rate and no 
separator. The measurements for the wells were done in five steps, four steps and six steps for RN-
13b, RN-18 and RN-23, respectively. Table 9 shows the average of the measurements and the 
calculated values for the parameters during the flow test of well RN-13b, RN-18 and RN-23. Enthalpy 
and mass flow rate parameters for RN-13b and RN-18 were calculated using the LIP program from 
ICEBOX. The LIP program requires the input of the pipe diameter, the lip pressure and the water 
height in the weir to calculate the flowing mass and enthalpy. The same parameters for RN-23 were 
calculated directly from Equation 6.1 using an estimated total enthalpy from the temperature and 
pressure profiles. The enthalpy at the wellhead for RN-23 was considered to be the same as the 
enthalpy at the bottom of the well and could be estimated knowing the downhole pressure and 
temperature. 

The productivity index was calculated by dividing the change in flow rate by the change in pressure at 
each step for individual wells. The average productivity indices for well RN-13b, RN-18 and RN-23, 
respectively are given in Table 9. 
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TABLE 9: Calculated flow characteristics for RN-13b,  
RN-18 and RN-23 using the lip pressure method 

 

Well 
WHP 

(bar-g) 
Lip Press 

(bar-g) 
Enthalpy H 

(kJ/kg) 
Qt 

(kg/s) 
Qw 

(kg/s) 
Qs 

(kg/s) 
PI 

(kg/s)/bar
RN-13b 
RN-18 
RN-23 

41 
32 
46 

2.5 
3 

2.7 

1570 
1420 
1406 

33 
41 
56 

16 
23 

 

17 
18 
 

3.4 
1.4 
66 

 
 
6.3  Steam-water separator testing 
 
The separator method (Figure 24) is the most accurate method for measuring two-phase flow from 
geothermal wells (Bangma, 1961). The water flow rate is measured using a sharp–edged weir after 
flashing to atmospheric pressure and the steam flow rate is measured at separator pressure (Grant and 
Bixley, 2011).  
 

 
 

FIGURE 24: Separator used in well testing (Grant et al., 1982) 
 
The general equation for the separated steam flow rate is given by: 
 = ∙ ∙ ∆                                                         (6.5) 

 
where C is an orifice constant, which depends on the pipe and orifice geometry and pressure tapping 
geometry; ε is the expansibility factor for compressible gases; ∆P the differential pressure across the 
orifice in millibar (mbar) and νfluid is the specific volume of the fluid passing through the orifice in 
cm3/gm (Grant and Bixley, 2011). 
 
The water flow rate, Qw can also be calculated from the water height W in the weir box by the 
following formula: 
 = ∙ ( −  )                                                      (6.6) 
 
where, C, Wo and b are constants (Linford, 1961). C depends on the geometry of the weir and the 
friction between the fluid and the weir sides. Wo is the water level at which the water flow rate is zero. 
The constant, b describes the geometry of the weir. 
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For the Reykjanes geothermal field, the separator is calibrated and the following equations are used for 
the calculations: 
 = 2.733 ∙ √∆P                                                          (6.7) 
 = 0.0146 .                                                       (6.8) 
 
where, the flow rates Qs and Qw are measured in kg/s, ∆P in mbar and W in cm. 
 
The steam and water flow rate parameters for RN-13b and RN-18 were calculated using Equations 6.7 
and 6.8 and the enthalpy was calculated, using the following equation: 
 = + (1 − )                                                    (6.9) 
 
where X is the mass ratio of steam, ⁄ , and Hs and Hw are the specific enthalpies of steam and 
water, respectively, at atmospheric pressure. Table 10 shows the measured and calculated parameters 
during the flow tests of wells RN-13b and RN-18. 
 
The steam and water flow rates for RN-23 could not be estimated since the well was discharged 
directly to the atmosphere. 
 

TABLE 10: Calculated flow characteristics for RN-13b and RN-18 using the separator method 
 

Well WHP 
(bar-g) 

Lip Press 
(bar-g) 

Enthalpy H 
(kJ/kg) 

Qt 
(kg/s) 

Qw 
(kg/s) 

Qs 
(kg/s) 

RN-13b 
RN-18 

41 
32 

3 
3 

1580 
1338 

33 
39 

16 
23 

17 
16 

 
The calculated parameters from the two methods show some similarities. By assuming that the 
conversion rate is 2 kg/s of steam per Megawatt electric, MWe (Grant et al., 1982), the power 
generation for wells RN-13b and RN-18 is about 8.5 MWe and between 8 and 9 MWe, respectively. 
 
 
6.4  Simulation of wellbore flow 
 
6.4.1  Theory 
 
The wellbore simulator HOLA (the Icelandic word for “well”) reproduces the measured pressure and 
temperature profiles in a flowing well and determines the thermodynamic properties of the water, 
relative flow rates at each feed zone for a given discharge condition at the wellhead. The simulator can 
handle both single and two-phases flow in vertical pipes (Björnsson et al., 1993). 
  
HOLA has two approaches (mode 1 and mode 2) for wellbore flow simulation that are mostly used out 
of the six modes offered by the simulator. For the first approach (mode 1), one needs to know the 
discharge condition at the wellhead (pressure, temperature and enthalpy), in addition to flow rates and 
enthalpies of all but the last feed zone. The simulator proceeds from the wellhead to the bottom of the 
hole, calculating the flowing temperature and pressure profiles down the well. In mode 2, the user 
specifies the required flowing wellhead pressure and the bottomhole pressure. For each feed zone, the 
productivity index, the thermodynamic properties of the reservoir fluid and the wellbore geometry 
must be known. The simulator then proceeds from bottomhole to wellhead to calculate the expected 
wellhead output (wellhead enthalpy, flow rate, temperature and phase composition) for the required 
wellhead pressure.  
 
The simulator solves numerically the differential equations that describe the steady-state mass, 
momentum and energy flow in a vertical pipeline as follows (Björnsson, 1987; Björnsson et al, 1993): 
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Mass balance  = 0                                                                        (6.10) 

 
Momentum balance − + + = 0                                    (6.11) 

 
Energy balance ± = 0                                                                    (6.12) 

 
where Qt is the total mass flow rate in kg/s, P the pressure in Pascal (Pa), Et the total energy flux in the 
well in J/s and z is the depth coordinate in m. Q denotes the ambient heat loss over a unit distance in 
W/m. The plus and minus sign indicates downflow and upflow, respectively. The pressure gradient   is composed of three terms: wall friction, acceleration of fluid and change in gravitational load 

over the depth interval, dz. 
 
The governing equation of mass flow rate between the well and the reservoir, through a given feed-
zone is given by: 
 = + ( − )                                          (6.13) 

 
where Qfeed is the feed zone flow rate in kg/s , PI is the productivity index of the feed zone in m3, kr is  
the relative permeability for water and steam, μ is the viscosity in Pa·s, ρ is the density in kg/m3, Pr is 
the reservoir pressure and Pw is the pressure in the well in bar-a. The subscripts, s and w refer to steam 
and water, respectively. 
 
The program calculates the productivity index at one feed zone by the following equation: 
 = −                                                           (6.14) 

 
where the subscript β indicates the feed zone phase, liquid or steam. 
 
The relative permeabilities are calculated by a linear relationship: krs= S and krw= 1-S, where S is the 
volumetric steam saturation of the reservoir. µ and ρ are calculated knowing the temperature at feed 
zone β (Björnsson, 1987). 
 
In general, wellbore simulators are very sensitive to the phase velocity relations used. They can only 
be obtained through empirical correlations. The formula for two-phase flow calculations are based on 
the empirical relations given by Chisholm (1973). Choices are provided to the user, to calculate these 
velocities, namely Armand (1959) correlation and Orkiszewski (1967) correlation. The reader is 
referred to Björnsson (1987) and Aunzo et al. (1991) for further details on input-output format of 
HOLA and the various correlations. 
 
In this sub section, measured pressure and temperature profiles in the flowing wells  
RN-13b, RN-18 and RN-23 are analysed and feed zone productivity that matches the measured results 
are calculated for each well using the simulator, HOLA. The wellhead pressure and the bottomhole 
pressure together with the wellbore geometry are specified and the calculation proceeds from bottom 
of the well to the wellhead. It has to be pointed out that RN-13b and RN-23 are directional wells and 
the temperature and pressure profiles were plotted versus the true vertical depth and not the measured 
depth (see Table A.1). 
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6.4.2  RN-13b 
 
The flowing temperature and pressure data measured on October 11, 2007 were selected for the 
HOLA simulation and plotted versus the true vertical depth. Figure 25 shows the calculated and 
measured temperature and pressure profiles for well RN-13b.  
 
RN-13b was considered down to a depth of 2000 m with three feed zones at 1120 m,  
1590 m and at the bottom (2000 m). A wellhead pressure of 41 bar-g was considered since it was the 
pressure measured during discharge with a bottomhole pressure of 127 bar-g. The production casing 
and liner diameters are 13 ⅜” and 9 ⅝”, respectively. Enthalpy of 1800, 1260 and 1280 kJ/kg were 
assumed for the feed zones at 1120, 1590 and 2000 m, respectively. 
 
A productivity index of 8·10-12, 1.5·10-12 and 2·10-12 m3 for the feed zones at  
1120, 1590 and 2000 m depth, respectively, matched reasonably well with the measured downhole 
profiles (Figure 25). The total productivity was calculated by adding all the productivity indices for the 
feed zones and was estimated at 11.5·10-12 m3 or about 5.8 (kg/s)/bar. The productivity index 
calculated from the simulator is in m3 units and it is converted to (kg/s)/bar units by using Equation 
6.13. 
 
The calculated wellhead enthalpy is 1780 kJ/kg which is higher than the one calculated during the 
discharge test. It could be due to the fact that the well had not fully recovered after the discharge test. 
 
The wellhead total flow is 25 kg/s compared to 33 kg/s from the discharge test. The steam flow rate is 
10 kg/s corresponding to about 5 MWe. The slight difference between the enthalpy and flow rate 
results from HOLA and the discharge tests, respectively, could be due to the fact that the feed zone at 
the well bottom was not considered in the HOLA simulation or that the well had not fully recovered 
after the discharge test. The specified and calculated parameters for the simulation are presented in 
Appendix A.5. 

 
 

FIGURE 25: Calculated and measured temperature and pressure profiles for well RN-13b 
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6.4.3  RN-18 
 
Figure 26 shows the measured and simulated flow profiles for the discharge test on August 11, 2005 
for borehole RN-18. Two major feed zones are present in the well, one at around 750-800 m, just 
below the production casing, and the other at the well bottom at 1800 m depth. The calculated pressure 
and temperature profiles in Figure 26 are obtained by assuming a wellhead pressure of 32 bar-g and a 
bottomhole pressure of 117 bar-g. Enthalpy of 1520 and 1220 kJ/kg were assumed for the feed zones 
at 800 and 1800 m depth, respectively.  
 
The simulation shows a good match for the pressure profile. For the temperature profile the match is 
close and the shift in the calculated temperature profile could be due to bad calibration of the 
instrument because there is boiling in the well. The simulation gives a total flow rate of 51 kg/s at the 
wellhead which is similar to the flow calculated during the discharge test (47 kg/s). The productivity 
index at 800 m depth and at the bottom is 1·10-12 and 1.3·10-11 m3, respectively, giving a total 
productivity index of 1.31·10-11 m3 or about 7.34 (kg/s)/bar. This value is much higher than the one 
calculated during the discharge test. It could be due to the fact that the well had not fully recovered 
after the discharge test. 
 
The calculated wellhead enthalpy is 1490 kJ/kg which is similar to the one calculated during discharge 
(1420 kJ/kg).  The steam flow rate is 13 kg/s corresponding to about 7 MWe. The specified and 
calculated parameters for the simulation are presented in Appendix A.5. 
 

.  
 

FIGURE 26: Calculated and measured temperature and pressure profiles for well RN-18 
 
6.4.4  RN-23 
 
Figure 27 shows measured and calculated temperature and pressure profiles for RN-23. Three feed 
zones are present in the well, at 750, 1200 and 1730 m depth (true vertical depth). The bottom depth 
was considered at 1730 m instead of 1742 m. A pressure of 46 bar-g was required at the wellhead and 
a bottomhole pressure of 128.4 bar-g. Enthalpies of 1470, 1280 and 1370 kJ/kg were assumed for the 
feed zones at 750, 1200 and 1730 m depth, respectively. 
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The results of the simulation indicate a total flow rate of 155 kg/s at the wellhead which is three times 
higher than the value calculated during vertical discharge of the well. This difference could be 
interpreted as the instability of the flow during vertical discharge. The productivity index at 750 m 
depth and at the bottom of the well is similar, 3·10-11 m3 but it is about 10-11 m3 at 1200 m depth. 
Therefore, the total productivity for RN-23 is about 7·10-12 m3 or around 45.3 (kg/s)/bar. 
 
The calculated wellhead enthalpy is 1452 kJ/kg which is in the same range as the  
1410 kJ/kg calculated during discharge. The steam flow rate is 30 kg/s corresponding to about 15 
MWe. The calculated parameters for the simulation are presented in Appendix A.5. 
 

 
FIGURE 27: Calculated and measured temperature and pressure profiles for well RN-23 

 
6.5  Comparison between productivity and injectivity indices 
 
Usually, well test data for both injection tests and production tests are evaluated and interpreted to 
determine the injectivity and productivity indices for a well. The productivity index, PI is the ability of 
the well to produce fluid while the injectivity index, II can be defined as the ease with which a fluid 
can be pumped into a borehole. The productivity and injectivity indices are key element in well 
analysis (Craft and Hawkins, 1959). They are defined as the absolute value of the ratio between the 
flow rate, Q and the difference between the static pressure, Ps and the flowing downhole pressure, Pf 
(Combs and Garg, 2000): 
 , = −                                                                (6.14) 
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The productivity and injectivity indices are, therefore, usually considered to be the same in liquid fed 
wells but it is not always the case for two-phase feed zones due to the variations in the enthalpy and 
the viscosity of the flowing steam and water phase mixture (Grant and Bixley, 2011). However, 
knowing the injectivity and productivity indices of a wellbore, it may be possible to devise rules to 
relate the two. 
 
In this section, injectivity indices from injection tests and productivity indices from discharge tests for 
several high-temperature geothermal fields worldwide are considered (Garg and Combs, 1997; 
Axelsson et al., 2006; Grant, 2008; Houssein & Axelsson, 2010). The data can be found in Table D.1 
in Appendix A.4. 
 
The injectivity index for each well is plotted versus its productivity index in Figure 28. The injectivity 
and productivity indices for RN-18 and RN-23 are both plotted in Figure 28. Two relationships from 
the literature (Garg and Combs, 1997; Grant and Bixley, 2011) were considered. Garg and Combs 
(1997) suggested that PI=II and Grant and Bixley suggested that PI=II/3 or PI= II/5. 
 
To compare the productivity and injectivity correlations for these high-temperature geothermal fields, 
two lines representing the selected PI versus II relationship are plotted to see where RN-18 and RN-23 
fit the best. Figure 28 shows a considerable scatter of the data. It can be seen that RN-18 falls into the 
relationship PI=II/3 while RN-23 shows a higher productivity index compared to its injectivity index. 
The low value of the productivity index for RN-18 could be explained by a bad calibration of the 
pressure gauges leading to errors on pressure measurements at the downhole.   
 
However, this is not the case for RN-23 which shows a higher productivity index. This could be due to 
the fact that RN-23 is drilled into a steam cap as pointed out in previous chapters. 
 
From the figure, it appears also that the productivity indices for the Reykjanes boreholes fall more or 
less into the same relationship PI=II/3 with a considerable scatter.  
 

 
 

FIGURE 28: Comparison of productivity and injectivity index for several high-temperature 
geothermal fields worldwide 
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7.  RESOURCE ESTIMATE  
 
 7.1  Volumetric assessment 
 
The most simple and preliminary assessment of a reservoir is the volumetric method.  It is used to 
estimate the stored heat and recoverable power reserves in the early life of geothermal reservoirs. It 
can only be considered as the first modeling method since it neglects the response of the reservoir to 
production. This method involves estimating the energy production potential of a geothermal system, 
based on the available data and present technology. 
 
The volumetric method assumes that the reservoir rocks are porous and permeable and that the water 
mass extracted from the reservoir extracts the heat from the overall volume of the reservoir. No 
recharge of reservoir fluids or flux of thermal energy to the reservoir volume is assumed. The 
following equation is used to calculate the power potential of a homogeneous reservoir by estimating 
the amount of energy that can be extracted and converted to electricity (Muffler and Cataldi, 1978): 
  = +  = (1 − ) ( − ) + ( − )                       (7.1) 
 
where Tr is the average reservoir temperature (oC) and To the reference temperature (oC) that is the 
endpoint of the thermodynamic process utilizing the fluid. V=Ah is the reservoir volume in m3, A is 
the surface area in m2 and h is the thickness of the reservoir in m. E is the heat energy (J); φ is the 
porosity of the rock (%), C is the specific heat (J/(°C kg)) and ρ is the density (kg/m3). The subscripts, 
r and w refer to rock and water, respectively. 
 
Et defined by Equation 7.1 is usually referred to as the accessible resource base and it can be converted 
to recoverable power in MWe by the following equation:  
 =                                                                            (7.2) 

 
where, P  = Power plant capacity (MWe)  

Rf = Recovery factor  
η = Conversion efficiency (%) 
L  = Power plant capacity factor (%); and 
t  = Power plant life (years). 

 
Here, t is the power plant life, represents the fraction of the total time in which the power generation is 
in operation and gives an average output capacity, P in MWe; η is the conversion efficiency to convert 
the recovered heat to electricity, Rf is the recovery factor used to determine the amount of heat that can 
be extracted and L is the power plant capacity factor that combines the plant availability and capacity. 
 
The volumetric method was applied to the Reykjanes field. The purpose was to estimate the electricity 
capacity assuming 30 years and 50 years power plant life, respectively. Since the reservoir parameters 
are uncertain, the Monte Carlo simulation was used. 
 
 
7.2  Monte Carlo simulation 
 
The Monte Carlo calculation is based on a generation of multiple trials to determine the expected 
value of a random variable. This method relies on a specified probability distribution of each of the 
input variables and generates an estimate of the overall uncertainty in the prediction due to all 
uncertainties in the variables (Kalos and Whitlock, 2008). The common distribution functions of 
poorly known parameters are the rectangular distribution, the triangular distribution, the uniform 
distribution and the normal distribution. Normal and triangular distributions are suitable when actual 
data are limited and it is known that they fall near the centre of the limits. In the absence of any other 
information, rectangular distribution is a reasonable default model.  By choosing one random value for 
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each variable out of their probability distributions one possible outcome of the volumetric method can 
be calculated. To estimate the electric production capacity of the reservoir, two different cases, case I 
and case II, described below, were considered. 
 
7.2.1  Surface area of the geothermal system 
 
The size of the area considered in this study is the prospect area of the Reykjanes geothermal field. 
The size of the Reykjanes geothermal system is not yet fully known. Therefore, defining the base of 
the reservoir can be difficult, even when many wells have been drilled (Grant and Bixley, 2011). 
Literature from different authors (Björnsson et al., 1970; Pálmason et al., 1985 and Sigurdsson, 2010) 
assumes different size of the system that can vary between 1 km2 and 11 km2. From the INSAR results 
for the Reykjanes peninsula, a subsidence in an area of more than 16 km2 is measured (Jónsson, 2009). 
This indicates that the size of the geothermal system may be larger than what earlier studies indicated 
(Sigurdsson, 2010).  
 
Information on the extent of a geothermal prospect is usually assumed from the resistivity 
measurements. For this study, two approaches to define the reservoir area are considered: The area 
around successful wells which correspond to the low resistivity sheet at 300 m depth b.s.l., an area of  
2 km2 and the area corresponding to the low resistivity sheet at 800 to 1000 m depth b.s.l., an area of 
about 11 km2. The two areas are referred to as case I and case II, respectively. Figure 29 shows the low 
resistivity sheets in Reykjanes. 
 

 
 

FIGURE 29: TEM resistivity measurements in the Reykjanes geothermal area (Karlsdóttir, 2005). 
The orange area shows the geothermal surface manifestation referred to as case I 
and the red dash contour area shows the low resistivity area referred to as case II 

 
The wells used in this study are within the two surface areas (Figure 7). RN-12, RN-13b, RN-18 and 
RN-23 are drilled in the small area of geothermal surface manifestations while, RN-17b and RN-29 
are drilled outside the alteration area but within the low resistivity sheet at 800 to 1000 m depth b.s.l.  
  
The area considered for the Monte Carlo simulation is therefore based on these two cases. For case I, it 
is assumed that the minimum area is 1 km2 (Björnsson, 1970) and the maximum area is 2 km2 

(Pálmason et al., 1985); and for case II, it is assumed that the minimum area is 1 km2 and the 
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maximum area is 11 km2 (Karlsdóttir, 2005). For both cases, the most probable value is taken as 2 
km2. 
 
7.2.2  Temperature 
 
The temperature parameter represents the reservoir temperature that was estimated from the 
temperature profiles for RN-12, RN-17b, RN-18, RN-23 and RN-29 (Figure 21). From the 
temperature profiles, a minimum temperature of 280°C, a most likely temperature of 300°C and a 
maximum temperature of 340°C were considered for both case I and case II. 
 
7.2.3  Reservoir thickness 
 
The thickness parameter was estimated from the temperature profiles. The minimum depth was 
considered at the level of the production casing and the maximum level was considered at the well 
bottom. For case I, the most likely value is assumed to be at 2000 m depth with a minimum of 800 m 
and a maximum of 2500 m. For case II, the most likely value is assumed to be at 2500 m depth with a 
minimum of 1000 m and a maximum of 3000 m. 
 
7.2.4  Recovery factor  
 
The thermal recovery factor determines the fraction of the energy that can be extracted from the 
reservoir rock. Historically, a constant recovery factor of 0.25 has been used for uniformly porous and 
permeable geothermal reservoirs. More recent analysis of data from fractured reservoirs indicates that 
the recovery factor is closer to 0.1, with a range of approximately 0.05 to 0.2. In general, this apparent 
discrepancy in the recovery factor reflects the contrast in thermal energy recovery from complex, 
fracture-dominated reservoirs compared to uniform, high-porosity reservoirs (Williams, 2007). 
 
For case I, a most likely recovery factor of 0.2 was assumed with a minimum of 0.1 and a maximum 
of 0.25. This is because for case I which corresponds to a surface area of 2 km2, the resource is fairly 
well known with similar reservoir characteristics (RN-12, RN-13b, RN-18 and RN-23). 
 
For case II, which corresponds to 
the low resistivity area of 11 km2, 
the recovery factor was assumed 
to be as low as 0.1 with a 
minimum of 0.05 and a 
maximum of 0.2. A low recovery 
factor was considered here 
because wells RN-17b and RN-
29, drilled outside the surface 
alteration area, did not show 
good permeability despite the 
high temperature at depth. 
 
7.2.5  Conversion efficiency 
 
Figure 30 was used to estimate 
the conversion efficiency value 
knowing the reservoir 
temperature range considered in 
sub section 7.2.2. Therefore, the 
most likely conversion efficiency 
value was estimated to be 14% 
varying from a minimum value 
of 13% and a maximum value of 
15%. 

FIGURE 30: Correlation between thermal conversion 
efficiency and reservoir temperatures 
(Nathenson, 1975; Bödvarsson, 1974) 
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7.2.6  Results 
 
In the calculation, a rejection temperature of 40°C was considered. The porosity of basalt was assumed 
to be 10% for both case I and case II. The fluid density was calculated by considering the reservoir 
temperatures and the salinity of the Reykjanes fluid. The parameters used to calculate the power 
potential and the probability distribution functions used to calculate them are summarized in Table 
F.1. 
  
In this study, two life time scenarios of 30 years and 50 years, respectively, were run using the Monte 
Carlo simulation @RISK spreadsheet-based software (Palisade Corp., 2004).  An estimate of the 
electrical power, which could be produced from the Reykjanes geothermal field is calculated 
according to Equations 7.1 and 7.2 by using the parameters in Table F.1. The simulation runs were 
10,000. Table 11 shows the statistical distribution for the two production periods for case I and case II, 
respectively. 
 

TABLE 11: Estimation of the power generation capacity for the Reykjanes geothermal field 
based on Monte Carlo simulation 

 

Size of the  geothermal area 
Estimated capacity MWe 

30 years 50 years 
A = 2 km2 A = 11 km2 A = 2 km2 A = 11 km2 

Median 64 110 39 68 
Mean 65 132 39 79 

Maximum 138 640 85 320 
90% confidence interval 34-102 38-290 20-61 23-174 

 
The calculated parameters (Figure F.1 and Figure F.2) for case I indicate that the power production for 
the Reykjanes geothermal field lies with 90% confidence interval between 34 and 102 MWe for a 
recoverable heat used with a most likely value of 65 MWe and between 20 and 61 MWe with a most 
likely value of 39 MWe for 30 years and 50 years, respectively.  
 
For case II, the model predicts with 90% confidence interval, a power production of 38 to 290 MWe 
with a most likely value of 132 MWe and between 23 and 174 MWe with a most likely value of 79 
MWe for 30 years and 50 years, respectively (Figure F.3 and Figure F.4). 
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8.  CONCLUSIONS 
 
The purpose of this study was to demonstrate the importance of well testing in the evaluation of 
geothermal resources with a particular emphasis on the methodology and the interpretation of 
temperature and pressure profiles at well completion and during discharge tests. Various methods were 
selected to estimate the well and reservoir properties as well as the characteristics of the Reykjanes 
geothermal field in southwest Iceland. The Reykjanes geothermal field was used as an example for the 
application of the methodology presented in the thesis. 
 
Step-rate injection tests reveal a permeability distribution of the Reykjanes reservoir. Temperature and 
pressure logs interpretation contributed to the estimation of the formation temperature and the initial 
reservoir pressure as well as the location of the feed zones or zones of permeability. The flow 
characteristics of selected wells are estimated from discharge tests and also simulated to evaluate the 
generating capacity of individual wells. Finally, a volumetric assessment based on well-test data is 
used to predict the electrical generation capacity of the Reykjanes geothermal system. It important to 
point out that the results presented in the thesis do not fully describe the Reykjanes geothermal 
reservoir since all wells were not considered. 
 
The summary of the results from this study is given in Section 8.1, the results are discussed in Section 
8.2 and the recommendations based on this are made in Section 8.3.  
 
 
8.1  Summary of results 
 
The step-rate injection tests were performed for wells RN-17b, RN-18 and RN-23. The estimated 
value of the permeability-thickness ranges from 1 to 30 Dm for the Reykjanes reservoir. The 
storativity for the system varies between 5·10-8 and 2·10-7 m/Pa. The skin factor is negative varying 
between -0.7 and -2.5 indicating stimulated wells and presumably fractured reservoir.  Injectivity 
indices are different for each well, ranging from 1 to 36 (L/s)/bar indicating heterogeneity in the 
permeability of the reservoir. 
 
Temperature and pressure profiles were analysed for RN-12, RN-17b, RN-18, RN-23 and RN-29 and 
the initial reservoir pressure and the formation temperature estimated. The formation temperatures 
vary between 280 and 320°C with the highest value of 340°C for RN-17b indicating a high-
temperature geothermal field. Boiling is observed at a depth of 500 - 1000 m for RN-12, RN-18 and 
RN-23 indicating a steam cap or two phase reservoir.  Below 1000 m depth, a single-phase liquid is 
dominating. This corresponds well with the literature (Arnórsson, 1995). RN-29 indicates a possible 
temperature inversion or slow temperature recovery below 1750 m depth which could indicate that the 
outer boundary of the system has been reached. RN-17b and RN-29 indicate a hot reservoir zone but 
rather impermeable rock. 
 
For Reykjanes, the initial reservoir pressures are quite different suggesting heterogeneity in the 
reservoir. The pressure in RN-17b was low as compared to the other wells while the pressure in RN-23 
was the highest one. 
 
Discharge tests were performed for RN-13b, RN-18 and RN-23 and the results for RN-13b, and RN-
18 indicate a power generating capacity of approximately 10 MWe  per well for the productive part of 
the Reykjanes reservoir. The capacity of RN-23 could not be estimated during the discharge tests since 
the well was discharged directly to the atmosphere without steam and water separation. 
 
Temperature and pressure logs for wells RN-13b, RN-18 and RN-23 measured during discharge tests 
were simulated using the HOLA wellbore simulator to estimate the capacity of the wells during 
discharge as well as their productivity indices. The simulation results compared reasonably well with 
the flow characteristics calculated from the discharge tests. The capacity of the wells varies between 5 
and 15 MWe. RN-23 shows a high capacity of 15 MWe. However, the comparison of the productivity 
indices with the ones calculated during discharge shows some variations. This can be due to the fact 
that the well had not fully recovered after the discharge test and/or bad calibration of the instrument 
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(pressure gauges). Another reason could be that more feed zones are affecting the behaviour of the 
wells. 
 
Different relationships between injectivity and productivity indices for different high-temperature 
geothermal fields worldwide were considered in order to estimate the II/PI correlation for the two 
wells RN-18 and RN-23 in the Reykjanes geothermal field. The relationships seem to indicate that 
PI=II/3 for RN-18 but RN-23 shows a higher productivity index than the injectivity index. Other wells 
from the Reykjanes field indicate a relation of PI=II/3 with a considerable scatter.  
 
The Monte Carlo simulation for case I, discussed in Chapter 7, predicts with 90% confidence interval 
a generating capacity between 34 and 102 MWe , with a most likely value of 65 MWe and between 20 
and 61 MWe, with a most likely value of 39 MWe for 30 and 50 years, respectively. For case II, also 
discussed in Chapter 7, the model predicts with 90% confidence interval a generating capacity of 38 
and 290 MWe , with a most likely value of 132 MWe and between 23 and 174 MWe , with a most 
likely value of 79 MWe for 30 and 50 years, respectively. 
  
Considering a generating capacity of 290 MWe , the maximum number of wells to be drilled in the 
area could be estimated at about 30 wells.  
 
 
8.2  Discussion 
 
The questions that were posed in the introduction of the thesis can be answered here. What are the 
current approaches and methods used in well testing? What kind of information is expected at 
different stages and well testing and how can this information contribute to the development of a new 
geothermal field? How can the results of well testing be used to estimate the production capacity of a 
geothermal field? How can the results be used in guiding decision making for the development of a 
field? 
 
The pressure is the most important parameter and it is its response to perturbation that gives 
information on the well and the reservoir properties through well testing. The reservoir pressure is an 
indication of how much the potential energy the reservoir contains.  
 
From the results of this study, it can be said that the permeability of a geothermal reservoir is not 
uniform; it varies for different parts of the reservoir. A well can be drilled into a high-temperature part 
of a reservoir but if the permeability is low, the well is not productive like in the case of wells RN-17b 
and RN-29. Therefore, the permeability is a direct indication of the well productivity and it is a 
parameter that is telling if a well is good or bad depending on the utilisation of the fluid. The 
permeability-thickness is telling how easily the reservoir fluid can flow to a well and help designing 
well spacing and deciding the number of wells to be drilled.  
 
The permeability can be estimated during the injection test since it depends on the injectivity index. 
When the injectivity index is low or high, the permeability is assumed to be low or high. However, the 
injectivity index of a well is not always the same as the productivity index as usually suggested, 
particularly for high-temperature geothermal fields as indicated in the thesis. The productivity index 
can be as low as one third the injectivity index for the same well as seen for RN-18. This shows that a 
well with high injectivity index cannot always be considered to have a high productivity index 
especially for high-temperature geothermal fields. However, exceptions can be found where the 
productivity index is higher than its injectivity index like for well RN-23. The injectivity and 
productivity indices must therefore, always be measured when testing a well. A conservative estimate 
assuming that PI=II/3 can be considered for the Reykjanes field. 
 
The simulation of the discharge data shows that the productivity index can be estimated from the 
results and that the results from the simulator represents better the productivity of the wells. For RN-
18, the discharge test shows a small productivity index 1.4 (kg/s)/bar while the HOLA simulator 
shows a productivity index of 7 (kg/s)/bar. The productivity index value from HOLA is a better 
indication since for HOLA, the pressure at the bottom of the well is a fixed input in the simulation, 
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allowing accurate calculations. However, the simulation process is long and this method cannot be 
used when information is needed fast.  
 
To know the storativity is important because it is an indication of the fluid reserves in the reservoir. If 
the storativity is small, the resource development will not sustain a long production period. Also, a 
high value of storativity can tell if a well is drilled into a steam cap or not. 
 
The temperature of the fluid or the corresponding enthalpy can assist in deciding how to utilise the 
resource (electricity production or some other utilisation), and/or if the power plant should use steam 
turbine or binary units. The reservoir fluid in the Reykjanes geothermal field has high temperature. 
Therefore, it is used for electricity production. Analyses of the formation temperature and information 
on the initial reservoir pressure can assist in determining the fluid flow directions in the reservoir. 
  
The output curves give an indication about the ability of a well to produce and about the well capacity 
in MWe. This can lead to decisions on the number of wells required to develop a field. But before a 
decision is made, the reservoir must be delineated by drilling wells to confirm the productive size of 
the reservoir. It was shown here that RN-17b and RN-29, drilled recently at the outskirts of the surface 
alteration zone are not productive and RN-29 indicates that the outer boundary has been reached. This 
shows that additional wells are needed to delineate the reservoir. A concentration of wells in the same 
area can lead to a pressure drawdown in the system as indicated in the Reykjanes field from the 
pressure profiles. 
 
The results of well testing, both at completion of the well and during discharge test, can be used to 
develop a conceptual model of the field by integrating geological, geochemical and geophysical data. 
Furthermore, those results can be used to monitor the energy output and the reservoir response during 
production. 
 
At the beginning of a field exploration, the power production capacity is roughly estimated by the 
volumetric method knowing a range of parameters for the reservoir. This estimate can be used for 
commercial purposes to interest private companies in developing a field. The volumetric method does 
not consider the recharge of the reservoir fluid. The Monte Carlo simulation involves an uncertainty in 
the results. However, the 90% confidence interval can give an indication of the lower limit of the 
capacity of the field. The results found for the two different cases indicate that possibly the Reykjanes 
field is larger. However, it might also be the other way around. Other simple modelling like the 
lumped parameter modelling can give a better estimate based on available data during production.  
 
 
8.3  Recommendations  
 
Recommendations can be made from the results and discussion above: 
• Additional tests have to be carried out, such as interference tests to understand the connection 

between the wells, and tracer tests to understand the pathways of the fluid flow in the reservoir.  
• Long term discharge tests are recommended for better analysis of the reservoir properties. 
• The volumetric assessment gives a rough estimate of the field capacity and does not reveal a clear 

overall capacity of the area. The results indicate that the extent of the reservoir must be defined 
more clearly. It has been observed that the wells considered outside the surface alteration area do 
not seem to be productive (RN-17b and RN-29). It is recommended that before expanding the 
Reykjanes power plant as planned, more wells should be drilled and tested to define the outer 
boundary of the reservoir.  

• If continuous well flow is limited because of time and other constraints, the wellbore simulation is 
a good tool to compute the performance of the well when reliable production data together with 
pressure and temperature profiles are available. 

• It is recommended to include wellbore direction to the wellbore geometry option in HOLA to 
better simulate directional wells.   

• Finally, it would be interesting to analyse the well test data using the new deconvolution analysis 
method and use it as a diagnostic tool to confirm the results from the conventional methods. 
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NOMENCLATURE 
 
A  = Cross-section area of the lip (cm2); 
C  = Wellbore storage coefficient (m3/Pa); 
c = Compressibility (Pa-1); 
E  = Heat energy (kJ); 
g  = Gravity (m/s2); 
H  = Fluid enthalpy (kJ/kg); 
h  = Thickness (m); 
II  = Injectivity index ((L/s)/bar); 
k  = Intrinsic permeability (m2); 
kr  = Relative permeability of the phases (m2); 
L  = Power plant capacity factor (%);  
m  = Slope of semi logarithmic straight line; 
p  = Pressure (bar-g); 
P = Power plant capacity (MWe); 
Pc  = Lip pressure (bar-a); 
pD  = Dimensionless Pressure;  
pe = Pressure at outer boundary(bar-a); 
PI  = Productivity index ((kg/s)/bar); 
q  = Volumetric flow rate (m3/s); 
q  = Production or injection flow rate (kg/s) 
Qfeed  = Mass flow rate at feedzone (kg/s); 
r  = Radial distance (m); 
rD  = Dimensionless radius (m); 
re  = external boundary radius (m); 
Rf  = Recovery factor; 
rw  = Wellbore radius (m); 
S = Steam saturation; 
S  = Storage coefficient or Storativity (m/Pa); 
s  = Skin factor; 
T  = Temperature (°C); 
T  = Transmissivity (m3/Pa s); 
t  = Time (s); 
tD  = Dimensionless time based on well bore radius; 
V  = Volume (m3); 
W = Water level (m); 
X  = Steam mass fraction ratio; 
z  = Vertical coordinate (m); 
 
φ  = Porosity; 
μ  = Dynamic viscosity (Pa s); 
ρ  = Fluid density (kg/m3); 
η  = Conversion efficiency (%). 
 
Subscripts 
s  = Steam 
t  = Total 
w  = Water 
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APPENDIX A:  WELLBORE CHARACTERISTICS 
 

TABLE A.1: Characteristics of Reykjanes wells 
 

Well 
Measured 

depth 
(m) 

True 
vertical 
depth 
(m) 

East 
(m) 

North 
(m) 

Elevation 
(m a.s.l.) 

Production 
casing 
depth 
(m) 

Remarks 

RN-12 2506  318815 374154 18.1 842 Vertical well 
RN-13B 2530 2200 318424 374503 18.2 818 Directional well
RN-17B 3077 2804 318072 373573 12.7 892 Directional well
RN-18 1815  319066 374412 23.1 750 Vertical well 
RN-23 1924 1742 318488 374177 16.8 701 Directional well
RN-29 2837  317446 374756 20.0 901 Vertical well 
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APPENDIX B:  INJECTION TEST 
 

 

 
 

FIGURE B.1: Fit between model and selected data on log -log scale and log-linear scale 
 for step 1 for well RN-17b 
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FIGURE B.2: Fit between model and data on log -log scale and log-linear scale 
for step 2 for well RN-17b 
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FIGURE B.3: Fit between model and data on a log- log scale and log-linear scale 
for step 1 for well RN-18 
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FIGURE B.4: Fit between model and data on a log- log scale and log-linear scale 
for step 2 for well RN-18 
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FIGURE B.5: Fit between model and data on log-log scale and log-linear scale 

for step 2 for well RN-23 
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FIGURE B.6: Fit between model and data on log -log scale and log-linear scale 
for step 3 for well RN-23 
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APPENDIX C:  TEMPERATURES AND PRESSURES PROFILES 
 

 
 

 
 

FIGURE C.1: Estimation of the reservoir temperature and pressure for well RN-12 
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FIGURE C.2: Estimation of the reservoir temperature and pressure for well RN-17b 
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FIGURE C.3: Estimation of the reservoir temperature and pressure for well RN-18 
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FIGURE C.4: Estimation of the reservoir temperature and pressure for well RN-23 
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FIGURE C.5: Estimation of the reservoir temperature and pressure for well RN-29 



66 

APPENDIX D:  INJECTIVITY AND PRODUCTIVITY INDICES 
 

TABLE D.1: Productivity and injectivity indices for high-temperature geothermal fields 
 

Name Well 
Temperature 

 (°C) 
II 

(L/s/bar) 
PI  

(kg/s/bar) 
Reykjanes, Iceland 
(Axelsson et al., 2006 ) 

RN-10 
RN-11 
RN-12 
RN-13 

RN-13B 
RN-14 
RN-15 
RN-16 

RN-17B 
RN-18 
RN-19 
RN-21 
RN-22 
RN-23 
RN-24 

310 
295 
290 
290 
285 
290 
280 
220 
342 
283 

250-260 
275 
305 
305 

>275 

6.6 
10 
9 
5 
8 
7 
4 
2 

1.3 
4.3 
5 

13 
10 
36 
15 

 

2.3 
10 
30 
1.5 
3.4 
- 
1 
- 
- 

1.5 
- 
6 
15 
68 
38 

Broadlands, New Zealand 
(Grant, 2008) 

BR-9 
BR-13 
BR-18 
BR-22 
BR-23 
BR-25 
BR-27 
BR-28 

245-300°C 5.6 
2.52 
2.24 
3.92 
7.28 
5.88 
2.52 
14 

0.42 
0.924 
0.896 
3.36 
3.08 
9.8 

1.54 
4.2 

Asal, Djibouti 
(Houssein and Axelsson, 2010) 

A-3 260°C 7 2.8 

Oguni, Japan 
(Garg and Combs, 1997) 

GH-10 
GH-11 
GH-12 
GH-20 
IH-2 

N2-KW-3 

Average 225°C 3.39 
1.53 
5.12 
7.82 
33 

5.85 

3.88 
5.65 
5.77 
15.2 
11.9 
3.85 

Sumikawa, Japan 
(Garg and Combs, 1997) 

S-2 
SC-1 

Average 250°C 
with a maximum 

320°C 

1.7 
5.2 

1.3 
5.7 
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APPENDIX E:  HOLA RESULTS 
 
Well RN-13b                                                                      
 
Wellhead pressure (bar-a)      :      41.04 
Wellhead temperature (oC)    :     251.85 
Wellhead dryness (%)            :       40.15 
Wellhead enthalpy (kJ/kg)     :   1779.38 
Wellhead total flow (kg/s)      :       25.05 
   
 Feedzone      Depth      Flow    Enthalpy   Resv.Press  Saturation  Prod.Index 
                        (m)      (kg/s)    (kJ/kg)         (bar-a)       (m3/m3)    (kg/s/m3) 
 ------------------------------------------------------------------------------ 
    1              1120.0       7.60    1800.00   62.90         .00       .800E-11 
    2              1590.0       7.42    1260.00   97.90         .00       .150E-11 
    3              2000.0     10.03    1280.40 127.80         .00       .200E-11 
 ------------------------------------------------------------------------------ 
  
 Depth  Press   Temp   Dryness  Hw   Hs   Ht    Vw     Vs      Dw    Ds   Rad Reg 
   (m)    (bar-a)  (oC)        (%)  ----(kJ/kg)--- ----(m/s)----  --(kg/m3)-- (mm) 
   

0 41.0  251.9 40.1 1095 2800 1779   1.91   6.91  796.4  20.6  160  Sl 
    50    41.7  252.8  40.0 1100 2800 1780   1.88   6.78  794.9  21.0  160  Sl 
   100   42.4   253.8 39.9 1105 2799 1780   1.86   6.67  793.4  21.4  160  Sl 
   150   43.1 254.8 39.7 1109 2799 1781   1.83   6.55  791.9  21.7  160  Sl 
   200   43.8 255.8 39.6 1114 2798 1781   1.80   6.43  790.4  22.1  160  Sl 
   250   44.6 256.8 39.5 1119 2798 1782   1.78   6.32  788.8  22.5  160  Sl 
   300   45.3 257.8 39.3 1124 2797 1782   1.75   6.21  787.3  22.9  160  Sl 
   350   46.1 258.9 39.2 1129 2797 1783   1.72   6.10  785.7  23.3  160  Sl 
   400   46.8 259.9 39.0 1134 2796 1783   1.70   5.99  784.1  23.7  160  Sl 
   450   47.6 260.9 38.9 1139 2796 1784   1.68   5.88  782.5  24.1  160  Sl 
   500   48.4 261.9 38.8 1144 2795 1784   1.65   5.78  780.9  24.5  160  Sl 
   550   49.2 262.9 38.6 1149 2795 1785   1.63   5.68  779.3  24.9  160  Sl 
   600   50.0 263.9 38.5 1155 2794 1785   1.61   5.58  777.7  25.4  160  Sl 
   650   50.9 265.0 38.3 1160 2793 1786   1.58   5.48  776.0  25.8  160  Sl 
   700   51.7 266.0  38.2 1165 2793 1786   1.56   5.38  774.3  26.3  160  Sl 
   750   52.6  267.0 38.0 1170 2792 1787   1.54   5.29  772.6  26.7  160  Sl 
   800   53.4 268.1 37.9 1176 2791 1787   1.52   5.19  770.9  27.2  160  Sl 
   850   54.3 269.1 37.7 1181 2791 1788   5.15 10.02  769.2  27.7  110  Sl 
   900   55.1 270.0 37.6 1185 2790 1788   5.07   9.85  767.7  28.1  110  Sl 
   950   55.8 270.9 37.4 1190 2789 1789   5.00   9.69  766.2  28.5  110  Sl 
  1000  56.6 271.8 37.3 1194 2788 1789   4.93   9.54  764.7  29.0  110  Sl 
  1050  57.4 272.7 37.2 1199 2788 1790   4.86   9.39  763.2  29.4  110  Sl 
  1100  58.2 273.6 37.1 1203 2787 1790   4.80   9.24  761.7  29.8  110  Sl 
  1150  60.1 275.7   3.2 1214 2785 1265    .95   1.26  758.1  30.9  110  Bu 
  1200  63.2 278.9   2.2 1231 2782 1266    .83   1.10  752.5  32.6  110  Bu 
  1250  66.7 282.6   1.0 1250 2777 1266    .71     .93  745.9  34.6   110  Bu 
  1300  70.6 285.6      0 1267    0    1267    .62     .00  740.4     .0   110  1p 
  1350  74.3 285.8       0 1267    0    1267    .62     .00  740.8     .0   110  1p 
  1400   77.9 285.9      .0   1268    0    1268    .62    .00  741.2    .0  110  1p 
  1450   81.6 286.1      .0   1268    0    1268    .62    .00  741.6    .0  110  1p 
  1500   85.2 286.2      .0   1269    0    1269    .62    .00  741.9    .0  110  1p 
  1550   88.8 286.3      .0   1269    0    1269    .62    .00  742.3    .0  110  1p 
  1600   92.5 287.8      .0   1276    0    1276    .36    .00  740.1    .0  110  1p 
  1650   96.1 287.9      .0   1277    0    1277    .36    .00  740.4    .0  110  1p 
  1700   99.8 288.1      .0   1277    0    1277    .36    .00  740.8    .0  110  1p 
  1750 103.4 288.2      .0   1278    0    1278    .36    .00  741.2    .0  110  1p 
  1800 107.0 288.3      .0   1278    0    1278    .36    .00  741.6    .0  110  1p 
  1850 110.7 288.5      .0   1279    0    1279    .36    .00  741.9    .0  110  1p 
  1900 114.3 288.6      .0   1279    0    1279    .36    .00  742.3    .0  110  1p 
  1950 118.0 288.7      .0   1280    0    1280    .36    .00  742.7    .0  110  1p 
  2000 121.6 288.9      .0   1280    0    1280    .36    .00  743.0    .0  110  1p 
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Well RN-18                                                                            
                                                                             
Wellhead pressure (bar-a)      :      31.58 
Wellhead temperature (oC)   :    236.70 
Wellhead dryness (%)            :      26.29 
Wellhead enthalpy (kJ/kg)     :  1489.96 
Wellhead total flow (kg/s)      :      51.03 
   
 Feedzone      Depth      Flow    Enthalpy   Resv.Press  Saturation  Prod.Index 
                        (m)      (kg/s)    (kJ/kg)     (bar-a)      (m3/m3)    (kg/s/m3) 
 ------------------------------------------------------------------------------ 
    1           800.0        .09      1520.00       48.90         .00       .100E-12 
    2                1800.0      50.94    1220.00     119.00         .00       .130E-10 
 ------------------------------------------------------------------------------ 
   
  Depth  Press   Temp Dryness Hw   Hs   Ht    Vw     Vs      Dw    Ds   Rad Reg 
   (m)   (bar-a)    (oC)   (%)     ----(kJ/kg)---  ----(m/s)----   --(kg/m3)-- (mm) 
   

0 31.6 236.7 26.3 1022 2802 1490   5.66  11.74  818.2  15.8  160  Sl 
    50 32.3 237.9 26.1 1028 2802 1490   5.52  11.43  816.5  16.2  160  Sl 
   100 33.0 239.2 25.9 1034 2802 1491   5.39  11.13  814.8  16.5  160  Sl 
   150 33.7 240.4 25.6 1039 2802 1491   5.26  10.83  813.1  16.9  160  Sl 
   200 34.4 241.6 25.4 1045 2802 1492   5.14  10.55  811.3  17.2  160  Sl 
   250 35.2 242.8 25.2 1051 2802 1492   5.02  10.27  809.6  17.6  160  Sl 
   300 35.9 244.0 25.0 1057 2802 1493   4.90  10.01  807.9  18.0  160  Sl 
   350 36.7 245.3 24.8 1063 2802 1493   4.79    9.75  806.1  18.4  160  Sl 
   400 37.5 246.5 24.5 1069 2801 1494   4.68    9.50  804.4  18.8  160  Sl 
   450 38.2 247.7 24.3 1075 2801 1494   4.57    9.25  802.6  19.2  160  Sl 
   500 39.0 248.9 24.1 1080 2801 1495   4.46    9.01  800.8  19.6  160  Sl 
   550 39.8 250.1 23.9 1086 2800 1495   4.36    8.78  799.0  20.0  160  Sl 
   600 40.7 251.3 23.6 1092 2800 1496   4.26    8.55  797.2  20.4  160  Sl 
   650 41.5 252.5 23.4 1098 2800 1496   4.16    8.33  795.4  20.9  160  Sl 
   700 42.4 253.8 23.2 1104 2799 1497   4.07    8.12  793.5  21.3  160  Sl 
   750 43.2  255.0 22.9 1110 2799 1497   3.97    7.91  791.7  21.8  160  Sl 
   800 44.4 256.6 22.6 1118 2798 1498  11.11 15.38  789.3  22.4  110  Sl 
   800 44.4 256.6   5.5 1118 2798 1210    4.10   5.40  789.3  22.4  110  Bu 
   850 46.4  259.2   4.8 1131 2797 1211    3.71   4.87  785.1  23.4  110  Sl 
   900 48.5 262.1   4.0 1145 2795 1211    3.31   4.33  780.6  24.6  110  Sl 
   950 51.0 265.2   3.1 1161 2793 1212    2.91   3.79  775.6  25.9  110  Sl 
  1000 54.0 268.7   2.1 1179 2791 1212    2.49   3.22  769.9  27.5  110  Sl 
  1050 57.5 272.8     .8 1200 2788 1213    2.03   2.62  763.0  29.5  110  Sl 
  1100 61.3 275.5     .0 1213    0    1213     1.77    .00  758.7      .0  110  1p 
  1150 65.0 275.6     .0 1214    0    1214     1.77    .00  759.1      .0  110  1p 
  1200 68.8 275.7     .0 1214    0    1214     1.76    .00  759.4      .0  110  1p 
  1250 72.5 275.8     .0 1215    0    1215     1.76    .00  759.8      .0  110  1p 
  1300 76.3 276.0     .0 1215    0    1215     1.76    .00  760.1      .0  110  1p 
  1350 80.1 276.1     .0 1216    0    1216     1.76    .00  760.5      .0  110  1p 
  1400 83.8 276.2     .0 1216    0    1216     1.76    .00  760.8      .0  110  1p 
  1450 87.6 276.3     .0 1217    0    1217     1.76    .00  761.2      .0  110  1p 
  1500 91.4 276.5     .0 1217    0    1217     1.76    .00  761.5      .0  110  1p 
  1550 95.2 276.6     .0 1218    0    1218     1.76    .00  761.9      .0  110  1p 
  1600 98.9 276.7     .0 1218    0    1218     1.76    .00  762.2      .0  110  1p 
  1650 102.7 276.8     .0 1219    0    1219     1.76    .00  762.6      .0  110  1p 
  1700 106.5 277.0     .0 1219    0    1219     1.76    .00  762.9      .0  110  1p 
  1750 110.3 277.1     .0 1220    0    1220     1.76    .00  763.3      .0  110  1p 
  1800 114.1 277.2     .0 1220    0    1220     1.75    .00  763.6      .0  110  1p 
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Well RN-23                                                                       
                                                                                
Wellhead pressure (bar-a)       :      46.04 
Wellhead temperature (oC)    :     258.81 
Wellhead dryness (%)           :      19.34 
Wellhead enthalpy (kJ/kg)     :   1451.64 
Wellhead total flow (kg/s)     :     154.84 
   
 Feedzone      Depth      Flow    Enthalpy   Resv.Press   Saturation  Prod.Index 
                        (m)      (kg/s)    (kJ/kg)     (bar-a)      (m3/m3)    (kg/s/m3) 
 ------------------------------------------------------------------------------ 
    1           750.0      30.76    1470.00       67.90         .00       .300E-10 
    2                1200.0      38.07    1280.00       97.20         .00       .100E-10 
    3                1730.0      86.01    1370.00     134.00         .00       .300E-10 
 ------------------------------------------------------------------------------ 
   
   Depth Press   Temp Dryness Hw   Hs   Ht    Vw     Vs      Dw    Ds   Rad Reg 
     (m)   (bar-a)  (oC)      (%)    ----(kJ/kg)---  ----(m/s)----   --(kg/m3)-- (mm) 
   
       0 46.0 258.8 19.3  1129 2797 1452  14.21  18.60  785.8  23.3  160  Sl 
     50  47.1 260.2 19.0  1136 2796 1452  13.77  18.00  783.6  23.8  160  Sl 
   100 48.1 261.5 18.8  1143 2796 1453  13.35  17.43  781.5  24.4  160  Sl 
   150 49.2 262.9 18.5  1149 2795 1453  12.95  16.88  779.3  24.9  160  Sl 
   200 50.3 264.3 18.2  1156 2794 1454  12.56  16.34  777.2  25.5  160  Sl 
   250 51.4 265.6 17.9  1163 2793 1454  12.19  15.83  775.0  26.1  160  Sl 
   300 52.5 266.9 17.6  1170 2792 1455  11.82  15.33  772.8  26.7  160  Sl 
   350 53.6 268.3 17.3  1177 2791 1455  11.47  14.85  770.6  27.3  160  Sl 
   400 54.7 269.6 16.9  1183 2790 1456  11.12  14.38  768.4  27.9  160  Sl 
   450 55.9 271.0 16.6  1190 2789 1456  10.79  13.92  766.2  28.6  160  Sl 
   500 57.1 272.3 16.3  1197 2788 1457  10.46  13.48  763.9  29.2  160  Sl 
   550 58.3 273.6 16.0  1204 2787 1457  10.14  13.05  761.6  29.9  160  Sl 
   600 59.5 275.0 15.7  1211 2786 1458    9.83  12.63  759.3  30.5  160  Sl 
   650 60.7 276.3 15.3  1218 2784 1458    9.53  12.22  757.0  31.2  160  Sl 
   700 62.0 277.7 15.0  1225 2783 1459    9.24  11.82  754.6  31.9  160  Sl 
   750 64.8 280.6 14.2  1240 2780 1459  20.27  22.46  749.5  33.5  110  Sl 
   750 64.8 280.6   6.1  1240 2780 1334    9.41  10.57  749.5  33.5  110  Bu 
   800 67.1 282.9   5.4  1252 2777 1335    8.68    9.73  745.3  34.8  110  Sl 
   850 69.5 285.3   4.7  1265 2774 1335    7.96    8.92  740.9  36.2  110  Sl 
   900 72.1 287.8   3.9  1278 2771 1336    7.26    8.11  736.3  37.8  110  Sl 
   950 74.9 290.4   3.0  1292 2767 1336    6.55    7.31  731.3  39.4  110  Sl 
  1000 78.0 293.2   2.0  1307 2763 1337    5.85    6.51  725.9  41.3  110  Sl 
  1050 81.4 296.2   1.0  1324 2758 1337    5.21    5.21  720.0  43.4  110  Bu 
  1100 85.0 298.7     .0  1338    0    1338    4.57      .00  715.0      .0  110  1p 
  1150 88.8 298.9     .0  1338    0    1338    4.56      .00  715.4      .0  110  1p 
  1200 92.5 299.0     .0  1339    0    1339    4.56      .00  715.9      .0  110  1p 
  1200 92.5 303.6     .0  1365    0    1365    3.21      .00  705.3      .0  110  1p 
  1250 96.1 303.7     .0  1365    0    1365    3.21      .00  705.7      .0  110  1p 
  1300 99.7 303.9     .0  1366    0    1366     3.20     .00  706.2      .0  110  1p 
  1350 103.3 304.1     .0  1366    0    1366     3.20     .00  706.7      .0  110  1p 
  1400 106.8 304.2     .0  1367    0    1367     3.20     .00  707.1      .0  110  1p 
  1450 110.4 304.4     .0  1367    0    1367     3.20     .00  707.6      .0  110  1p 
  1500 114.0 304.6     .0  1368    0    1368     3.20     .00  708.0      .0  110  1p 
  1550 117.6 304.7     .0  1368    0    1368     3.19     .00  708.5      .0  110  1p 
  1600 121.2 304.9     .0  1369    0    1369     3.19     .00  708.9      .0  110  1p 
  1650 124.8 305.0     .0  1369    0    1369     3.19     .00  709.3      .0  110  1p 
  1700 128.4 305.2     .0  1370    0    1370     3.19     .00  709.8      .0  110  1p 
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APPENDIX F:  MONTE CARLO SIMULATION 
 

TABLE F.1: Monte Carlo input data for Reykjanes geothermal field in Iceland 
 

Parameters Units 
Most 
likely 

Probability distribution 

Type of 
distribution 

Minimum Maximum 

Area for case I 
Area for case II 
Thickness for case I 
Thickness for case II 
Rock density 
Rock specific heat 
Porosity 
Temperature for case I & II 
Rejection temperature 
Fluid density for case I 
Fluid density for case II 
Fluid specific heat for case I 
Fluid specific heat for case II 
Recovery factor for case I 
Recovery factor for case II 
Conversion efficiency 
Plant life 
Load factor 

km2 
km2 
m 
m 

kg/m3 
kJ/(kg°C) 

% 
°C 
°C 

kg/m3 
kg/m3 

kJ/(kg°C) 
kJ/(kg°C) 

% 
% 
% 

Years 
% 

2 
2 

2000 
2500 
3000 
0.84 
10 

300 
40 

740 
724 
5.5 

5.75 
20 
10 
14 

30,50 
95 

Triangular 
Triangular 
Triangular 
Triangular 
Constant 
Constant 
Constant 

Triangular 
Constant 

f (temp., salinity) 
f (temp., salinity) 

f (temp.) 
f(temp.) 

Triangular 
Triangular 
Triangular 
Constant 
Constant 

1 
1 

800 
1000 

 
 
 

280 
 
 
 
 
 

10 
5 

13 

2 
11 

2500 
3000 

 
 
 

340 
 
 
 
 
 

25 
20 
15 

 
 

 
FIGURE F.1: Frequency distribution for electric power generation 

for Reykjanes geothermal field case I, 30 years 
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FIGURE F.2: Frequency distribution for electric power generation 

for Reykjanes geothermal field case I, 50 years 

 
FIGURE F.3: Frequency distribution for electric power generation 

for Reykjanes geothermal field case II, 30 years 

 
FIGURE F.4: Frequency distribution for electric power generation 

for Reykjanes geothermal field case II, 50 years 
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