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Abstract 

Some communities in Iceland which are not located near a high temperature geothermal 

areas have to pay a premium for heating. This paper will explore a method that involves 

creating an enhanced geothermal system (EGS) for district heating, this method has been 

used in places with much lower geothermal gradients than in Iceland. An EGS is typically 

used in areas where little natural fluid exists and the rock has low permeability, this rock has 

to be fractured to allow a medium to permeate through and extract heat. 

This paper aims to determine if using an EGS would be a feasible idea for district heating 

and hot water (DHHW) production for a small town of 341 people in Holmavik, Iceland. 

Data was gathered regarding; the geothermal resource, reservoir model, equipment, capital 

costs and economic aspects of an EGS plant; these values where used to make two 

comparative simulations for towns of different sizes. From this simulation data was obtained 

for production fluid temperature, total heat production and reservoir depletion over the 25 

years the project would run; the breakeven price per kWh was also determined. 

The results from the first simulation are based on data from heating and hot water demand 

obtained from the Westfjords Power Company, for Holmavik. Whereas, the second 

simulation projects the heating demand of Holmavik onto a town 7.5 times the size of it, in 

this case Isafjordur. Both simulations are able to sufficiently provide enough heat for 

DHHW; the depletion of the reservoir for Holmavik is only 3%, for Isafjordur it is 23%. The 

breakeven cost over the life of the project are 0.15 ($/kWh) and 0.0793 ($/kWh) for 

Holmavik and Isafjordur respectively. 

For such a small community like Holmavik it is not feasible to use an EGS for DHHW due 

to very high initial investment. For a larger community like Isafjordur using EGS for DHHW 

is still not feasible since the breakeven price is still greater than what residents are currently 

paying for electricity. 
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1 Background and Objectives 

Geothermal energy is an abundant and renewable energy source, it is estimated to possess 

200,000-fold of current global energy demands. On mainland USA, over 99% of the useable 

geothermal heat is within depths of 10 km, this heat is available in HDR (Hot Dry Rock) 

where little natural fluid exists and the rock has low permeability. One common 

characteristic with HDR is the geothermal gradient (°C/km), where the temperature of the 

rock increases with depth; in order to extract the heat, a section of rock must be fractured in 

a high geothermal gradient region. Usually fractures are created by way of hydro-fracturing, 

where large amounts of water combined with small amount of chemicals and sand are 

pumped under high pressure into a drilled well. Injection and production wells are drilled to 

connect the fractures, which allows liquid to circulate through the reservoir. Cold fluid 

(“geofluid”, usually water) is injected to this reservoir which is heated and brought back to 

the surface for electricity production and/or district heating [1] [2] [3]. Figure 1-1 shows how 

an EGS (Enhanced Geothermal System) power plant could operate after fracturing of rock 

and drilling injection/production wells. 

 

Figure 1-1. Schematic diagram of enhanced geothermal system. Injection wells feeds geofluids into the 

fractured HDR area, the production well extracts the heated geofluid where it is transported to the 

geothermal power plant [1]. 

 The first HDR project 

The concept of using EGS, which includes HDR originates from the Los Alamos National 

Laboratory (LANL), USA. The design was laid out in a patent filed in 1974, that describes 

the formation of a natural tank design where geothermal energy is able to be extracted [4]. 

This model consists of a block of hot rock located at depths between 4-5 km deep, containing 

geothermal energy suitable for electricity production. The initial site of this project was 

located 40 km west of Los Alamos, New Mexico; after the project had run for almost two 
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decades of experiments in 1986, the thermal capacity of the system was around 10 MW. The 

overall success of this project confirmed that there was a great potential in EGS and initiated 

further research in this form of clean and renewable energy [5]. 

 European HDR projects 

In the wake of good results from LANL in 1987, and whilst expectations where still high for 

producing energy from EGS methods. Several HDR research projects where pooled together 

under a single European Programme, based in Soultz-sous-Forêts, France. Several other 

partners in this project being: - France, Germany, Italy, Switzerland and the UK, the costs 

of this program where taken up by the European Commission [5]. 

 Objective and Methodology 

The aim of this project is to conduct a feasibility study to determine whether or not EGS 

methods can be utilised in Iceland for district heating purposes in a cost effective manner. 

This thesis is not intended to be about the following, although these topics may be mentioned 

briefly: - drilling techniques, fluid mechanics, reservoir engineering, geology or geophysics.  

The intended method that this thesis will follow, will mainly be a literature study in EGS, 

and more specifically if these methods can be employed in Iceland for district heating 

production, using articles where a similar problem has been addressed. Modelling of 

available data will be used from such companies as ÍSOR, Landsvirkjun and local energy 

providers to help determine if EGS is a suitable method to be used in Iceland. If the 

possibility arises, some experiments may be conducted to produce a model of a HDR area. 

And over view of the progression of this project can be seen in Figure 1-2. 
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Figure 1-2. Flow chart describing the workflow that will follow in this report. 

  

Background

• Gain relevant knowedge in EGS

Resource

• Determine what resources are at Holmavik

Demand

• Determine peak demand, so the system could be 
designed around that

Simulation

• With the data derived with resource and demand, a 
simulation will be performed



4 

 

  



5 

2 Overview 

 Introduction 

From the Earth’s core to its surface, the earth is a huge storehouse of thermal energy. This 

is due to the Earths molten metal core which is consistently transferring heat to the outer 

crust. As well as this, the earth also acts as a solar energy collector as it absorbs the sun‘s 

energy. Estimates have been drawn up to determine how much energy could be available to 

humans; although these numbers vary greatly by what method was used, they are all in 

agreement that the amount is enormous [5] [6] [7]. One study by the World Energy Council 

(WEC) estimated that the total heat in the crust of the earth is about 540x107 EJ 

(EJ=Exajoules=1018 J) [8]. In perspective, 1% of this could meet all global energy needs 

(around 500 EJ per annum) for the next 2800 years  at the current rate of consumption1,2,3 

[9]. 

Geothermal energy has been utilised since prehistoric times, for example; hot springs and 

thermal pools, for cooking, washing and therapeutic properties. Archaeological evidence has 

showed that the first human use of geothermal energy as a resource occurred more than 

10,000 years ago. However, it was not until the 14th century that the first geothermal heating 

system was installed in Chaudes-Aigues, France. Nowadays, the use of geothermal energy 

has become more common; where the resource is extracted from deep within the earth and 

is used for domestic, commercial and industrial uses4 [10]. Although electricity was first 

generated from geothermal steam in 1904 at a geyser in Italy. It was not until 1958 in New 

Zealand that electricity from steam turbines was produced on a commercial scale; this 

method of generating electricity has now become common in many countries where suitable 

geothermal resources are available [5] [9]. 

Most geothermal energy discussed to date is extracted from shallow depths, and needs to be 

pumped to the surface using a ground source heat pump (GSHP). A GSHP is a central 

heating and/or cooling system that transfers heat to or from the ground [11] [12] [13] [14] 

[15]. Another example of extracting electricity on a small to medium scale is s hydro-thermal 

resource [5]; a hydro-thermal resource naturally contains the permeability fluid, and a 

temperature over 150 °C, this makes up for the majority of current geothermal resources5. 

There is another form of geothermal energy that is able to produce electricity on a large 

scale. This occurs at great depths where temperatures are significantly higher; therefore, 

there is a greater potential for electricity production, thus more consistent over time [5]. 

Figure 2-1 shows how the different forms of geothermal energy and at what depth, and what 

uses this energy can be used for. The dashed line indicated intermediate depths where there 

is not sufficient geothermal resource for electricity production. 

                                                 

1 B. Anderson, Triple Play, Pittsburgh: TEDx, 2011. 
2 I. Johnston, Geothermal Energy, Melbourne: TEDx, 2012. 
3 J. M. Sneideman, A guide to the energy of the Earth, TED-Ed, 2014. 
4 U.S Department of Energy, “A History of geothermal Energy in America,” U.S Department of Energy, 

[Online]. Available: http://energy.gov/eere/geothermal/history-geothermal-energy-america. [Accessed 24 

January 2016]. 
5 U.S Department of Energy, “Hydrothermal Resources,” U.S Department of Energy, [Online]. Available: 

http://energy.gov/eere/geothermal/hydrothermal-resources. [Accessed 24 January 2016]. 
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Figure 2-1. Outline of geothermal energy extracted at different depth and its purpose [6]. 

In most areas of the earth subsurface, depths of 5km are usually hot enough for the 

production of electricity. However, at this depth rock formations usually have very low 

permeability and therefore hydraulic fracturing is necessary. EGS is technically possible [4] 

[5]; However, obstacles remain that have hindered EGS being used on a global scale. Where 

the two most important obstacles in the way of economic success are [16]:- 

 Inability to produce suitable flow rate due to insufficiently high formation 

permeability following stimulation. 

 Thermal short circuiting. 

Usually in EGS system will have doublets, triplets or patterns of injectors/producing wells 

(Figure 3-1) that form a closed loop system between the HDR and power plant at the surface. 

A thermal short circuit may occur when fluid from the injection well, leads down a fracture 

path to a producing well, thus leading the formation to cool down and lower temperature 

production fluids [17] [18]. Both poor permeability and thermal short-circuiting are related 

to the overall properties of the network of fracturing created during hydraulic stimulation. In 

an ideal situation an EGS reservoir network would have a large amount of high permeability 

fracture paths; however, such a system has never been discovered/created. For this reason 

more research and development needs to be done in EGS [9] [16]. 

The design of hydraulic stimulation relies on the overall conceptual model, which initially 

depends on surface exploration data, once the first wells are drilled subsurface data can be 

used to gain a better overall idea of the geothermal area, the most importantly are feed-zone, 

temperature-logging and well-test data [19]; Of the system where enhanced permeability is 

generated during the stimulation mechanism. When creating an EGS it is often assumed that 

stimulation occurs though induced slip on pre-existing fractures that in turn propagated new 

fractures, this is known as pure shear stimulation (PSS). However, in many cases the EGS 

stimulation creates a network of new and pre-existing fractures, mixed-mechanism 

stimulation (MSS). 
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One of the biggest problems with EGS is that up until recently there were only research EGS 

plants, this led to difficulties predicting future energy production. However, as of 2nd May, 

2013 the Geodynamics plant in Habanero, Australia came online; this is the first privately 

run commercial EGS plant, producing electricity in large scale production. Table 2-1 

displays predictions for possible world energy production for the future using geothermal 

resources [19] [20]. 

In terms of producing electricity, EGS is more efficient than other geothermal systems, and 

could supply a large portion of the low-temperature thermal energy used. Although EGS 

only makes up a minority compared to other geothermal systems, the capacity for generating 

electricity is greater [20]. 

Table 2-1. Summary of global commercial capacity and per annum use of geothermal energy for 2010 

and the predicted electricity production by geothermal energy by 2050 [21] [22]. 

Use Type Commercial 

capacity (GW) 

Use per annum 

(GWh p.a.) 

Estimated 

capacity (GW) 

Electricity 

Production  

EGS 0.0 0.0 140 

HTR 10.7 67.3 70 

Direct Use 

(heating) 

GSHP 35.2 59.7 800 

HTR 15.3 62.0 n/a 

 

 Geothermal Gradient 

Due to the heat within the earth the average thermal gradient is between 25-30 °C per 

kilometre of depth [23]; even in LTGAs of Iceland the average is still considered 50 (°C/km), 

however in HTGAs the value could be up to 200 (°C/km) [24] [25] [26] [27]. In some 

locations temperature gradients as low as 47.5 (°C/km) are thought to be suitable for HDR 

electricity production [28]. 

One study done in Southern Australia, determined it to be one of the most suitable places for 

an EGS plant [29], with a temperature gradient of more than 50 (°C/km) [30]. However, 

there are many other geographic locations with suitable and high thermal gradients for EGS; 

for example, both the Alsace region of eastern France and the Rhineland-Palatinate in 

western Germany, where the Soultz-sous-Forêts and Landau EGS are located respectively. 

These regions each have a thermal gradient of 100 (°C/km) for the first kilometre [31]. 

 Geology in Iceland 

Iceland is geologically very young, as the rocks where formed within the last 25 million 

years. If the age of the earth (4.5 billion years) is taken to be one year, then Iceland is only 

2 days old. Due to the volatile nature of Iceland geologically, over its brief existence it has 

changed considerably over this time period [24] [32]. And overview of Iceland and its 

geological zones can be seen on Figure 2-2. 
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Figure 2-2. The principal elements of the geology in Iceland, outlining the distribution of the major 

geological subdivisions, including the main fault structures and volcanic zones and belts. RR, 

Reykjanes Ridge; RVB, Reykjanes Volcanic Belt; WVZ, West Volcanic Zone; MIB, Mid-Iceland Belt; 

SISZ, South Iceland Seismic Zone; EVZ, East Volcanic Zone; NVZ, North Volcanic Zone; TFZ, 

Tjörnes Fracture Zone; KR, Kolbeinsey Ridge; ÖVB, Öræfi Volcanic Belt; and SVB, Snæfellsnes 

Volcanic Belt. Letters enclosed by filled black circles indicate axes of anticlines and synclunes refered 

to in the text, where B and H indicate the Borgarfjörður and Hreppar anticlines and S and H the 

Snæfellsnes and Víðidalur synclines [24]. 

2.3.1 Volcanism 

It is difficult to determine how many eruptions have occurred in Iceland throughout its 25 

million year history. However, recent volcanic activity in Iceland shows that there is about 

one eruption every 5 years or 200 over the last 1000 years. Although it is not clear to 

determine what volcanoes are still considered active; it is easy to determine what volcanoes 

have erupted in the recent geological past (Figure 2-3) [24]. 

A volcanic system is the principle geological structure of Iceland. Iceland is made up of 

fissure swarm and/or a central volcano, each are a surface expressions for two different type 
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of subsurface magma containing structures. A volcano is defined as a deep seated magma 

reservoir, and a fissure is a shallower crustal magma chamber, the difference between each 

system can be seen in Figure 2-4; each system has a life time between 0.5-1.5 million years. 

A fissure swarm are usually narrow and elongated strips (5-20 km wide and 50-100 km long) 

of tensional cracks, faults and fissures; a fissure swarm is simply a surface expression of the 

elongated magma reservoir >20 km below. Young volcanoes usually appear as a row of 

small volcanic cones; when present in a volcanic area, it is usually the focal point for 

volcanic activity. A volcano is a surface expression for the magma chamber 2-6 km below, 

it is usually the largest edifice within the system, and capped by a caldera. In Iceland there 

are a total of 30 active volcanic zones, which can be seen in Figure 2-3 [24] [32]. 

 

Figure 2-3. Distribution of active volcanic systems among volcanic zones and belts in Iceland: 1. 

Reykjanes, 2. Krýsuvík, 3. Brennisteinsfjöll, 4. Hengill, 5. Hróðmundartindur, 6. Grímsnes, 7. Geysir, 

8. Prestahnjúkur, 9. Hveravellir, 10. Hofsjökull, 11. Tungnafellsjökull, 12, Vestmannaeyjar, 13. 

Eyjafjallajökull, 14. Katla, 15. Tindfjöll, 16. Hekla-Vatnafjöll, 17. Torfajökull, 18. Bárðarbunga-

Veiðivötn, 19. Grímsvötn, 20. Kverkfjöll, 21. Askja, 22. Fremrinámur, 23. Krafla, 24. Þeistareykir, 25. 

Öræfajökull, 26. Esjufjöll, 27. Snæfell, 28. Ljósufjöll, 29. Helgrindur, 30. Snæfellsjökull. The large 

open circle indicates the approximate centre of the Iceland mantle plume. Dotted line shows the 

northern limits of the East Volcanic Zone, whereas the hachured line indicates the boundary between 

the active and propagating rift segments of the zone [24]. 
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Figure 2-4. Main structural elements of a volcanic system. Abbreviations: c, crustal magma chamber; 

ds, dyke swarm; cv, central volcano; fs, fissure swarm; fe, fissure eruption. (b) Injection and growth of 

a dyke feeding an eruption during a rifting episode. The numbers indicate the growth sequence of the 

dyke rising through the crust in a major eruption episode [24]. 

2.3.2 Geothermal Activity and Hot Springs 

Geothermal energy is important for the Icelandic economy, it is used for DH and electricity 

production; Over 80% of the Icelandic population are able to used GDH to heat their homes. 

District schools and swimming pools have been placed near to these areas to make use of 

the energy source for heating [24]. 

Groundwater that percolates through cracks and voids in the top 1-2 km of the crust is heated 

with the given temperature gradient of that area. As mentioned in section 2.2 the geothermal 

gradient in some areas can be as high as 200 (°C/km), this allows ground water to be heated 

rapidly and rise through subsurface cracks to emerge as geothermal water. These outlets for 

geothermal water are known as hot springs, the area in which they occur are known as 

geothermal areas, they can be classified as follows [24]: 

 Low temperature, geothermal water is below the boiling point. 

 High temperature, geothermal water is above the boiling point. 

LTGAs are usually in the regions bordering volcanic zones; whereas, HTGAs are usually 

located within a volcanic zone [24]. 

2.3.3 The Oldest Rocks – The Tertiary Basalt Formations 

The Tertiary area (Figure 2-2) is the classical plateau series typical of the fjord landscapes 

of Eastern, Northern and Western Iceland. These rocks cover half of the area of Iceland and 

are 25 million years old. The Tertiary lava layer has little variation in the way of lithologies, 

the stratigraphy is usually regular with 5-15 m thick layers separated by minor clastic 
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interbeds of volcanic origin. The uniformity of this layer is broken where central volcanoes 

occur with their buried paleotopography, acidic rocks and hydrothermal alterations. Around 

15 of those have been defined and mapped within the Tertiary area, but about 40 are 

suspected from occurrence of acidic rocks [24] [33]. 

2.3.4 The Middle Aged Rocks – The Plio-Pleistocene Formation 

The Plio-Pleistocene rocks cover about a quarter of the area of Iceland, the Plio-Pleistocene 

occupies a broad zone between Tertiary and the neovolcanic zones (Figure 2-2). The age of 

these rocks are around 3.1-0.7 million years old (Appendix 9). During the Plio-Pleistocene 

series volcanism continued as during the Tertiary with elongated volcanic systems. The main 

part of the Plio-Pleistocene series is conformable with the Tertiary, where there is no 

structural or stratigraphic break between them. The Plio-Pleistocene is characterised by 

alternating periods of hot and cold climates, where glaciers advanced to such a degree that 

most of Iceland was covered by ice [33]. 

2.3.5 The Young Rocks – The Upper Pleistocene Formation 

The Upper Pleistocene (Figure 2-2) comprises of rock from 0.7 million years ago (Appendix 

9), excluding the post glacial regions it covers about a quarter of Iceland. The volcanic rocks 

from the Upper Pleistocene can be divided into two types [33]: 

 Considerable subaerial lava flows erupted during interglacial periods. 

 Subglacial pillow lavas and hyaloclastites rocks, that have been preserved as ridges 

or table mountains. 

2.3.6 Post-Glacial 

The Post-Glacial series is made up from lava flows, pyroclastics, unconsolidated marine 

clays, fluvioglacial, fluvial outwash and soil formed after the deglaciation of Iceland. After 

the glacial period, volcanism continued along the same pattern. The active volcanic system 

seen in Figure 2-3 have been active since Post-Glacial times, which now covers 10% of 

Iceland. The Holocene sandur deposits (Figure 2-2) have also been adding to Iceland since 

the last glacial period [33]. 

 Stimulation Methods 

There are various models for stimulation mechanisms in EGS and oil/gas. Figure 2-5 shows 

some conceptual models for hydraulic fracturing. 

Pure opening mode (POM), which is the classical hydraulic fracturing concept, is the idea 

that only new propagating fractures add to the permeability enhancement, this model is the 

widely accepted by the oil/gas industry as a whole [34] [35]. POM shows multiple 

interconnecting propagating fractures that form during stimulation [36]. 

For EGS the generally assumed model is usually PSS, stimulation of the reservoir only 

occurs due to induced slip on pre-existing fractures, some natural fractures may open during 

injection, however very few or no new fractures are formed [16]. 
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PFSSL, is the idea that continuous new fractures are created away from the wellbore, but 

fluid is lost in natural fractures that slip and experience enhanced transmissivity; variations 

on this concept exist, such that there is a single fracture with smaller, newly forming 

hydraulic fractures surrounding it. PSSFL has often been used in modelling the stimulation 

on shale [37]. 

MMS is the idea that continuous pathways for flow are made up of both new and pre-existing 

fractures. Propagating a new fracture may terminate against a pre-existing fracture; this 

model could stop the formation of large and continuous fractures, thus forcing the fluid to 

pass through a complex reservoir of both new and existing fractures [38]. Some fractures 

oriented in such a way perpendicular to the minimum principal stress could be forced to 

partially open (or fully) by the increased fluid pressure and localised stress concentrations 

creating by opening/movement of fractures. These localised stresses could allow for 

fractures to open at a lower fluid pressure that would have been expected [16]. 

 

Figure 2-5. Diagrams of four conceptual models for hydraulically stimulating a reservoir. The black 

dot shows the drilled well, new fractures (from stimulation) are shown as a red line, and pre-existing 

fractures are shown as a blue line. Where the models are:- pure opening mode (POM), pure shear 

stimulation (PSS), primary fracturing with shear stimulation leak-off (PFSSL), and mixed-mechanism 

stimulation (MMS) [16]. 

2.4.1 Evolution of Stimulation Methods 

Originally when creating an EGS was to create a single, planar tensile fracture that is directed 

away from the wellbore, however it was found the flow of fluid from the wellbore occurred 

at pre-existing fractures [39]. After some research, the EGS community embraced the idea 

that injection of fluids was not causing new tensile fractures, but was simulating pre-existing 

fractures by induced slip, this is known as “shear stimulation” or “hydroshearing” [40] [41]. 

By the early 1990s the “sheer stimulation” model was largely accepted by the EGS 

community and literature, the idea that creation of new fractures caused by stimulation had 

become less favourable. The updated model was to generate a fracture network from pre-

existing network, then stimulate flow and induced stimulation in pre-existing fractures [42]. 
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3 Development of a Geothermal Plant 

 Finding a Suitable Location 

When creating an EGS reservoir, the first step is to find a suitable location. However, since 

EGS is a relatively new concept of electricity/heating production, there is a problem with 

determining what a “suitable” location is. The suitability of a location relies on pre-existing 

knowledge of the area and any available data, this could be such information as geological 

surveys or test drills. If the required information is not available then geological, 

geochemical and numerical studies must be done to gain a deeper understanding of the area. 

The ground must have a sufficient heat gradient for EGS electricity/heating production, the 

depth to which the wellbore is to be drilled depends heavily on financial reasons [43]. An 

exploratory well must be drilled to measure and/or confirm the properties of the heat 

reservoir. Test wells can be large or small diameter, where a smaller well is less expensive, 

however a larger well could be used in the EGS operation. The decision on what well will 

be drilled depends on a variety of reason such as: - funding, certainty in the area and available 

equipment [5] [43]. 

The test drill must be directed into the centre of the heat reservoir in question, so that data 

can be gathered on chemical and physical properties. Once the test drill has reached a suitable 

location a “mini-frac” is performed where small hydraulic fractures are created in the rock, 

to determine the surface tension on the spot. Other tests to determine the permeability and 

the potential productivity of the well is conducted. This data is pooled together to gain a 

deeper understanding of the area, and if it is suitable for EGS energy/heat production [5]. 

 Creating a Reservoir 

Once a decent conceptual model of the area has been formed, the next step is to drill an 

initial injection well. When planning a drilling operation it is essential that as much 

information on the rock formations in the reservoir is gathered (temperature, tension, 

structure, permeability, etc.); once the first well has been drilled then operation to stimulate 

the area can begin. From the “mini-frac” and other tests, a good conceptual model has 

already been generated for this area [44] [45]. 

The fluid used to stimulate the heat reservoir must be under high pressure and with a high 

flow rate; for this stage there must also be a seismic monitoring system in place to monitor 

the hydraulic stimulation. The stimulation of the reservoir is a crucial part of the operation, 

where the basic purpose is to create pathways for the geofluid to flow efficiently from 

injection wells to production wells. These pathways must allow the geofluid to pass through 

at a low pressure, to keep costs down of the EGS plant [44]. 

Once the rock has been stimulated by enlarging pre-existing fractures or creating new ones, 

a production well must be drilled to allow the circulation of fluids and to extract heat from 

the reservoir. The production well must be drilled a suitable distance from the injection well; 

therefore, a thorough knowledge of the fracture network must be developed. It must also be 

ensured that the fracture network are not overly permeable that geofluids are lost to the 

formation during circulation. The number of both production and injection wells depends 

entirely on the heat reservoir and how much heat needs to be extracted from the system [5] 

[44]. 
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 Operation of the Reservoir 

When operating an EGS plant, the aim is to maintain the hot fluid extraction over the lifetime 

of the plant. Therefore, many aspects of the plant must be optimised and maintained for the 

aim to be achieved, for example: - extraction of heat must be optimised, production rate 

maintained and prevention of fluid loss. To successfully manage an EGS plant careful 

monitoring by technicians is constantly required. Also, to ensure the financial viability of an 

EGS plant, the plant must be able to run continuously without the need to drill additional 

wells [46]. 

When heat is being extracted from the reservoir, there are multiple techniques that can be 

chosen to obtain the optimum from the EGS plant. The reservoir can be exploited in many 

different ways, however the most common are doublet (two well injection/withdrawal 

system [47]) or multi-well systems (network of injecting/withdrawal wells in a system [48]). 

Doublet is a simpler and cheaper technique (since fewer wells are drilled); however, a multi 

well system is far more flexible as a network of several injection and production wells are 

linked, which reduced the pressure and minimizes seismic hazards. When choosing a multi-

well system the placement of injection/production wells has a direct impact on the 

performance of the EGS plant; hence, it should be designed accordingly [46] [49]. An 

example of a doublet system can be seen in Figure 1-1, and a comparison between doublet 

and multi-well can be seen in Figure 3-1. 

As mentioned in section 2.1, until recently there have only been research power plants. As 

of May 2013 the first privately operated EGS plant for electricity production came online; 

because of this there is little experience of the operation of an EGS facility. In the coming 

years, as more data is gathered on the running of a commercial EGS facility, this will become 

key to predicting the future of EGS’s role in future energy outlooks [5]. 
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Figure 3-1. Schematics of four well layouts for EGS [50]. 
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4 Methods and Materials 

 Resource Assessment 

4.1.1 Temperature Gradient 

For the Holmavik area of Iceland, Using temperature gradient data from nearby wells6 GR-

08, Þv-01, HR-06, YÓ-04 and YÓ-05 [51] [52] (Appendix 1-5). Wells Þv-01, HR-06, YÓ-

04 and YÓ-05 which can be seen in Appendix 2 to Appendix 5 have a temperature gradient 

from 60-68 °C/km, however these wells only go as deep as 50 m. Well GR-08 (Appendix 1) 

goes 922 m deep, its temperature gradient as a function can be summed up in Table 4-1. 

Since this is the deepest well, with the highest temperature gradient, it gives the best 

indication on temperature gradient, this is the data that will be assumed for the area [20]. 

Table 4-1. Temperature function for well GR-08, split into individual and overall sections. 

Depth (m) Temperature function 

0-400 
(132.5 °

𝐶

𝑘𝑚
∗ 𝑑𝑒𝑝𝑡ℎ) 

400-550 
(200 

°𝐶

𝑘𝑚
∗ 𝑑𝑒𝑝𝑡ℎ) − 20°𝐶 

550-925 
(51.4 

°𝐶

𝑘𝑚
∗ 𝑑𝑒𝑝𝑡ℎ) + 69.1 °𝐶 

0-925 
(117 °

𝐶

𝑘𝑚
∗ 𝑑𝑒𝑝𝑡ℎ) 

 

4.1.2 HDR for Heat Extraction 

When evaluating a HDR resource the following must be considered [53]: 

 Available heat content (HC). 

 Optimum thermal extraction rate. 

 Total heat extracted (HE). 

The available heat content of a HDR resource is measured in Joules. This can be shown in 

the following equation [53] [54]: 

 𝐻𝐶 = (𝜌𝑉𝑟)𝐶𝑝(𝑇0 − 𝑇𝑎). (1) 

 

                                                 

6 National Energy Authority, [Online]. Available: os.is. [Accessed 15 April 2016]. 
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Where:- 

 ρ = rock density (kg/m3), 

 Vr = reservoir volume (m3), 

 Cp = rock specific heat (J/kg °C), 

 T0 = mean initial formation temperature (°C), 

 Ta = application abandonment temperature (°C), 

The overall thermal extraction rate for a given reservoir will depend on two characteristics 

of the reservoir. These are the heat transfer properties of the reservoir and the flow regime 

for heat transfer. The heat transfer properties are given by the rock-type and the fracture 

network, this in turn controls the rate of heat transfer from the formation to the geofluid. The 

flow regime is given by the connected fracture porosity and permeability distributions. The 

optimum flowrate for the system balances the need for maximum power output (large flow 

rate) with maximum thermal extraction efficiency (smaller flowrate) [53] [54]. 

The total amount of heat being extracted from the HDR is also measured in kJ, this can be 

seen in equation (2) [53]. 

 𝐻𝐸 = ∫ 𝑄(𝑡)∆𝐻 (𝑇𝑖, 𝑇0, 𝑡)
𝑡𝑎

𝑡0
𝑑𝑡. (2) 

 Where: 

 Q = Production flowrate (kg/s), 

 h = fluid enthalpy (kJ/kg), 

 Ti = injection fluid temperature (°C), 

 T0 = produced fluid temperature (°C), 

∆H is the increase in enthalpy of the circulating geofluid after it has been injected, and 

collected. Finally, the fraction of available heat that has been extracted from the HDR 

reservoir is given by equation (3) [53]. 

 𝐹𝑃 = 𝐻𝐸/𝐻𝐶. (3) 

4.1.3 Geological 

An overview of the drilling report can be seen in Appendix 6, this figure shows in some 

detail what sort of rock formations are thought to be at the well GR-08. Focusing on the 

section from 630-710 m which is where the intended heat extraction will take place, the sort 

of rock formations that can be expected to be found in this region are summed up in Table 

4-2. The description in Table 4-2 is assumed to be similar to that of the geology in the east 

of Iceland, the following article was used as a comparison [55]. 

  



19 

Table 4-2. An overview of the geology at well GR-08 from the interval 630-710 m [55]. 

Type Description 

Lava layer Lava layer has a petrographic composition 

approximate to basalt. It occurs most often 

in the colour range of grey to brownish and 

reddish. Their thickness varies from a few 

centre meters to a few dozen meters. 

Porosity is estimated between 10-40%, in 

this case it is expected to be about 25%. 

Redbed Known as “paleosols”, are interbasaltic 

sedimentary layers with thickness range 

from a few centimetres to about 2 m. They 

are fine to medium-fine grained 

volcanoclastic with a clayish texture and 

reddish colour. 

Porous lava 

layer 

Porous or fractured lava layer was 

distinguished only in by the change in 

porosity value, which is assumed to be 

about 40%. 

Basalt Tertiary aged olivine basalts are 

distinguished by: high density, slightly 

olivine phyric character and course granular 

texture. Their colour ranges from dark grey 

to black and they are usually impervious. 

 

Appendix 7 takes information from the full drilling report of well GR-08 [51] regarding 

rock formations and creates a weighted average for the heat capacity and density of rock 

for the interval 630-710 m (see   



20 

Table 4-3 for assumed values). The values of 1,079 (J/kg K) and 2,430 (kg/m3) where 

calculated for the heat capacity and density of the reservoir respectively. 
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Table 4-3. Assumed values of density and heat capacity used to determine a weighted average of the 

entire reservoir 

 Value Source 

Smectite (ρ) 2200 (kg/m3) 7 

Smectite (Cw) 1200 (J/kg K) [56] 

Goethite (ρ) 4200 (kg/m3) 8 

Goethite (Cw) 920 (J/kg K) [57] 

Basalt (ρ) 3300 (kg/m3) [58] 

Basalt (Cw) 1100 (J/kg K) [58] 

 

 

 Demand Assessment 

The yearly demand for electrical DH in Holmavik in 2015 was given by the Westfjords 

Power Company9. For the urban settlement it was given to be about 6,760 MWh; for rural 

settlements it was 0.4 MWh and for industry it was 2,990 MWh. This information can be 

summed up in Table 4-4 including the number of users. 

Table 4-4. Heating demand for Holmavik, Iceland for 2015. Including urban, rural settlements and 

industry. 

Type of user Number of users Heating demand (MWh) 

Urban settlement 173 6,760 

Rural settlement 28 0.410 

Industry N/A 2,990 

Overall 201 10,200 

 

The highest and lowest demand where estimated based on figures requested from the 

Westfjord Power Company. Data from 14 houses was given which included energy demand 

for the combined heating and electricity for each hour of the day over 2015; where 85% was 

for heating and 15% for general use. From this an average peak power and energy demand 

                                                 

7 "MINERAŁY ILASTE," [Online]. Available: http://karnet.up.wroc.pl/~weber/ilaste.htm. 
8 "TLENKI I WODOROTLENKI ŻELAZA," [Online]. Available: http://karnet.up.wroc.pl/~weber/fe.htm. 
9 “Westfjord Power Company,” Orkubú Vestfjarða ohf., [Online]. Available: ov.is. [Accessed 14 April 2016]. 



22 

for DHHW of the urban settlement was able to be calculated (Figure 4-1 and Figure 4-2). 

From this the highest heating power and energy demand was calculated to be 789 kW and 

19.2 MWh, respectively. This number was then used to estimate the maximum flow rate out 

of the EGS system to cope with peak power demand. Flow rate can be calculated by 

rearranging the following equation, and considering it in the time domain [59]. 

 ∆𝑄 = 𝑚𝐶𝑝∆𝑇, (4) 

 ∆𝑄

∆𝑡
=
∆𝑚

∆𝑡
𝐶𝑝∆𝑇, 

(5) 

 ∆𝑚

∆𝑡
=

𝑃

𝐶𝑝∆𝑇
. 

(6) 

Where: 

 P  = Power (W), 

 ∆m/∆t = is the mass flow of the fluid out of reservoir (kg/s), 

 Cp  = the specific heat capacity of water (kJ/kg K), 

 ∆T  = is the change of temperature of the geofluid (°C), 

Therefore an estimation of the exiting mass flow from the production well can be calculated 

using equation (6). Where the specific heat capacity was assumed to be 4.185 (kJ/kg K)10 

[60], and the change in temperature was chosen to be 40 °C. 

 
𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 =

∆𝑚

∆𝑡
=

789 𝑘𝑊

4.185 
𝑘𝐽
𝑘𝑔 𝐾

 40 𝐾
= 4.71 

𝑘𝑔

𝑠
≈ 5

𝑘𝑔

𝑠
. 

 

                                                 

10 “Water - Thermal Properties,” [Online]. Available: http://www.engineeringtoolbox.com/water-thermal-

properties-d_162.html. [Accessed 7 May 2016]. 
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Figure 4-1. Average daily heating energy demand for Holmavik calculated from data obtained from 

the Westfjords power company. 

 

Figure 4-2. Average daily heating power demand for Holmavik calculated from data obtained from the 

Westfjords power company. 

 Main Service Piping 

The length of piping and diameter needed to be estimated. According to Reber [20] it is 

common practice to use roads to estimate sizing and costs. To estimate the total length of 

the distribution system required to meet full demand at any given time, the total length of 

road was used (via google maps) for this. Reber assumes since in the USA most existing 

water, sewer and gas mains follows roads, it is safe to assume that DH would do the same 

[20]. 
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The diameter of the main service piping was determined based on the max flow rate which 

would happen during peak demand, �̇�𝑚𝑎𝑥. Din is the required pipe diameter in inches, which 

is the rounded to the nearest inch [61]. This relation can be seen in equation (7) [20] [61]. 

 𝐷𝑖𝑛 = 1.5197(�̇�𝑚𝑎𝑥)
0.427. (7) 

The max flow rate at peak demand was calculated in section 4.2 and was calculated to be 

4.71 kg/s. therefore the calculated pipe diameters is as follows; 

𝐷𝑖𝑛 = 1.5197 (4.71
𝑘𝑔

𝑠
)
0.427

≈ 3" = 7.62 𝑐𝑚. 

The location of well GR-08 can be seen in Appendix 8, and this distance from this well to 

Homavik has been estimated with google maps11 to be around 18km (Figure 4-3). The price 

of service piping was taken from “Selected Cost Considerations for Geothermal District 

Heating in Existing Single-Family Residential Areas” by K. Rafferty [62]. The capital cost 

of the distribution system includes piping, joints, thrust blocks, road cutting, repaving and 

labour; a breakdown of cost can be seen in Figure 4-5. The following relationship (equation 

(8)) displays the costs in 2012 USD per m of piping [61]; 

 𝑘𝑝𝑖𝑝𝑒 = 80.08𝐷𝑖𝑛 + 195.96. (8) 

For a 3” diameter pipe the total capital cost is calculated to be 473 ($/m). Therefore, using 

this the total cost of the 18km piping system from well GR-08 to Holmavik would be as 

follows, where prices are in 2012 USD; 

473
$

𝑚
∗ 18,000 𝑚 = 8,514,000 (𝑈𝑆𝐷). 

The heat losses for this piping selection are calculated from the following two equations 

[63]. 

 

𝑈 = [
𝐷3
𝐷1ℎ𝑖𝑛

+
𝐷3 ln (

𝐷2
𝐷1
)

2𝑘𝑝𝑖𝑝𝑒
+
𝐷3 ln (

𝐷3
𝐷2
)

2𝑘𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛
+

1

ℎ𝑜𝑢𝑡
]

−1

, 

(9) 

 𝑄

𝐿
= 𝜋𝐷3𝑈(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡). 

(10) 

 

Where: 

 U = Overall heat transfer co-efficient (W/m2 K), 

 D = Diameter of pipe sections see Figure 4-4 (m), 

 k = Thermal conductivity of piping or insulation (W/m K), 

 hin = Heat transfer coefficient of the pipes (W/m2 K), 

                                                 

11 “Google Maps,” [Online]. Available: https://www.google.is/maps/dir/65.6352013,-21.421503/65.7015161,-

21.6953465/@65.6715607,-21.5650702,11392m/data=!3m1!1e3?hl=en. [Accessed 14 May 2016]. 
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 hout = Heat transfer coefficient of outside insulation (W/m2 K), 

 Q = Heat loss (W), 

 L = Distance of piping (m), 

 Tin = Temperature of fluid within the pipe (K), 

 Tout = Ambient temperature outside of pipe (K), 

Using the equations (9) and (10) and the values set out in Table 4-5, the value for heat loss 

per unit length of the pipe was able to be estimated. The inner temperature (Tin) of the liquid 

was chosen to be that of the average production fluid which is around 86.3 °C, the outer 

temperature (Tout) was chosen to be that of the ground temperature close to the surface on 

Appendix 1. Using this the calculated heat loss per meter of piping was calculated to be 81.3 

(W/m) as can be seen in Table 4-5; over the 18 km of piping it can be estimated that the heat 

loss could be 1.46 MW, this value is three times that of production.  
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Table 4-5. Values used to estimate overall heat transfer coefficient and heat loss per meter of the main 

servicing pipe. 

 Value Source 

D1 (m) 0.08  

D2 (mm) 88.9 12 

D3 (mm) 240.0  

Kinsulation (kW/m 

K) 

222.0 13 

Kpipe (W/m K) 50.2 [64] 

hin (W/m2 K) 370 14 

hout (W/m2 K) 6.0 [65] 

Tin (°C) 80.0  

Tout (°C) 3.0  

U (W/m2 K) 1.40  

Q/L (W/m) 81.3  

                                                 

12 “Standard Pipe Sizes,” Saylor, [Online]. Available: http://www.saylor.org/site/wp-

content/uploads/2011/07/ME303-4.1.1.pdf. [Accessed 15 May 2016]. 
13 Logstor, “Pre-insulated Pipes for Industrial Applications,” [Online]. Available: 

https://www.logstor.com/media/1413/industry-general_en_p_in.pdf. [Accessed 15 May 2016]. 
14 The Engineering Toolbox, “Overall Heat Transfer Coefficients for some Fluids and Heat Exchanger 

Surfaces,” [Online]. Available: http://www.engineeringtoolbox.com/overall-heat-transfer-coefficients-

d_284.html. [Accessed 15 May 2016]. 
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Figure 4-3. Map showing the distance from well GR-08 to Holmavik (via google maps). 

 

Figure 4-4. Cross section of insulated pipe, where the blue region represents the insulating material 

[63]. 
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Figure 4-5. The breakdown of the capital cost of installing a pre-insulated 3” hot water supply system 

[62]. 

 Price of Electricity 

From the data from the Westfjords power company, an average energy usage over a year 

was calculated to about 30 MWh per household in the urban settlement of Holmavik. Thes 

price of energy was calculated to be 0.0565 (USD/kWh)15 in 2012 dollars. 

 GEOPHIRES V1.2 Beta 

GEOPHIRES stands for GEOthermal Energy for the Production of Heat and Electricity 

Economically Simulated. This software may be used to estimate the cost of direct use heat 

and/or electricity from EGS16. In GEOPHIRES the EGS resource, engineering, reservoir 

model, capital cost and economic conditions can be defined by 96 input parameters that are 

divided as follows [66]: 

 Resource parameters (geothermal gradient segments, rock thermal conductivity, 

rock density), 

 Engineering parameters (well depth, well diameter, end-use product), 

 Reservoir parameters (well separation, reservoir impedance, drawdown model), 

 Economic parameters (project lifetime, capacity factor, interest rate), 

 Capital cost parameters (drilling costs, reservoir stimulation costs), 

 O&M cost parameters (wellfield O&M costs, make-up water costs), 

 Optimization parameters (initial guess and lower and upper limit for a total set of 

9 parameters when GEOPHIRES is used in optimization mode), 

From these input parameters the software simulated the production wellhead temperature 

over the life time of the plant. Next, GEOPHIRES calculates the annual generation of end-

                                                 

15 “Comparison of Electricity Prices for Households,” Orkusetur, [Online]. Available: 

orkusetur.is/raforka/raforkuverd-samanburdur/. [Accessed 15 May 2016]. 
16 K. Beckers, “GEOPHIRES,” [Online]. Available: http://koenraadbeckers.net/geophires/index.php. 

[Accessed 20 April 2016]. 
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use heat and finally, combined with the capital and O&M costs, estimates the levelised cost 

of heat (LCOH) [66]. 

For direct-use heat, no heat to power conversion is taken into account at the surface plant 

and the levelised cost of energy is expressed as LCOH in $/MMBTU [66]. The following 

equation is used to calculate the LCOH. 

 

𝐿𝐶𝑂𝐻 =

∑
𝐶𝑡 + 𝑂𝑀𝑡 − 𝐼𝑡
(1 + 𝑟)𝑡

𝑛
𝑡=1

𝐸𝑡
(1 + 𝑟)𝑡

. 

(11) 

 

Where: Ct is the capital investment in year, t; OMt is the O&M costs in year, t; It is the extra 

income from heat sales in year, t; r, the discount rate and, n the lifetime of the plant [66]. 

4.5.1 GEOPHIRES Input Parameters for Holmavik 

When finding values to put into the GEOPHIRES simulation, values have been obtained by; 

peer reviewed documents, interviews from companies or conservative estimations. All 

values and their corresponding sources can be seen from Appendix 10 to Appendix 12. 

The temperature gradient input in GEOPHIRES is only able to go to 150 (°C/km). For this 

reason the depth was chosen to be 0.7 km, to get to the same temperature as shown in 

Appendix 1. 

The price of drilling 2 wells to around 600 m was taken from Table 4-6, where the overall 

cost was estimated to be 4.252 (MMUSD). 

Table 4-6. Breakdown of cost for a large diameter directional reference well to 2,235 m [67]. 

Item Time Material Total 

 ($) (%) ($) (%) ($) (%) 

Site and moving of rig equipment n/a n/a n/a n/a 490,000.0 11.3 

Section 0: 0-90m 219,0.48.0 69.2 97,648.0 30.8 316,696.0 7.3 

Section 1: 90-300m 634,031.0 79.5 163,417.0 20.5 797,448.0 18.5 

Section 2: 300-800m 633,154.0 60.7 410,379.0 39.3 1,043,533.0 24.2 

Section 3: 800-2,235m 1,202,106.0 72.0 468,628.0 28.0 1,670,734.0 38.7 

     4,318,411.0 100.0 

 

The price of reservoir stimulation was assumed to be 0.5 (MMUSD per well) in 2007 [68]. 

Therefore the price in 2012 USD was calculated to be 1.07 (MMUSD) per well. 



30 

The power plant and other surface equipment was assumed to be 1,800 (USD/kW) [68] in 

2007, adjusted for inflation it is 1,926 (USD/kW) in 2012. The overall capital cost of the 

powerplant and other surface equipment was 1.591 (MMUSD) in 2012. 

Well field overall O&M costs per year comes from the following equations (12) to (16) [66]: 

 𝐶𝑜&𝑀 = 𝐶𝑂&𝑀,𝑝𝑙𝑎𝑛𝑡 + 𝐶𝑂&𝑀,𝑤𝑒𝑙𝑙 𝑓𝑖𝑒𝑙𝑑 + 𝐶𝑂&𝑀,𝑤𝑎𝑡𝑒𝑟, (12) 

 𝐶𝑂&𝑀,𝑝𝑙𝑎𝑛𝑡 = 0.75𝐶𝑙𝑎𝑏𝑜𝑢𝑟 + 1.5%𝐶𝑐𝑎𝑝,𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡, (13) 

 𝐶𝑂&𝑀,𝑤𝑒𝑙𝑙 𝑓𝑖𝑒𝑙𝑑 = 0.25𝐶𝑙𝑎𝑏𝑜𝑢𝑟 + 1%𝐶𝑤𝑒𝑙𝑙, (14) 

 𝐶𝑂&𝑀,𝑤𝑎𝑡𝑒𝑟 = $2.5/1000, (15) 

 

𝐶𝑙𝑎𝑏𝑜𝑢𝑡 =

{
 
 

 
 
266 𝑘$,                                                𝑃 < 25𝑀𝑊ℎ
876 𝑘$,                          25𝑀𝑊ℎ ≤ 𝑃 < 50𝑀𝑊ℎ
1192 𝑘$,                          50𝑀𝑊ℎ ≤ 𝑃 < 100𝑀𝑊ℎ
1769 𝑘$,                       100𝑀𝑊ℎ ≤ 𝑃 < 200𝑀𝑊ℎ
2107 𝑘$,                                                𝑃 ≥ 200𝑀𝑊ℎ.

 

(16) 

 

The cost of O&M of the plant is calculated as follows using equation (13):- 

𝐶𝑂&𝑀,𝑝𝑙𝑎𝑛𝑡 = 0.75($266,000) + 0.015($1,591,000) = $223,365. 

The O&M of the well field is calculated using (14):- 

𝐶𝑂&𝑀,𝑤𝑒𝑙𝑙 𝑓𝑖𝑒𝑙𝑑 = 0.25($266,000) + 0.01($4,252,000) = $109,020. 

The cost of make-up water can be excluded since Holmavik is located next to the sea. It is 

intended that sea water can be used. Therefore, the total price of O&M per year is as follows:- 

𝐶𝑂&𝑀 = $223,365 + $109,020 = $332,385. 

Where the price for inflation/deflation was adjusted for the price of USD in 2012 using an 

online inflation calculator17. 

4.5.2 GEOPHIRES Input Parameters for a Scaled Holmavik 

A similar GEOPHIRES simulation was done to determine if using EGS for DHHW could 

be made more economical for a larger settlement. This was done by taking the same data 

given by the Westfjords Power Company regarding power and energy demand and scaling 

it up for a larger settlement. Holmavik has a population of 341, whereas Isafjordur has a 

population of 2,55918. The ratio between residents of Holmavik and Isafjordur is 1.00:7.50, 

                                                 

17 “US Inflation Calculator,” COINNEWS MEDIA GROUP LLC, [Online]. Available: 

www.usinflationcalculator.com/. [Accessed 28 April 2016]. 
18 “Population by Locality, Age and Sex 1 January 2011-2016,” Statistics Iceland, [Online]. Available: 

www.hagstofa.is/. [Accessed 19 May 2016]. 
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so it is assumed that there are 1,298 users in the urban settlement of Isafjordur. From this the 

peak heating demand was estimated to be 5.92 MW, and peak energy demand was 142 MWh. 

When discussing this simulation it will be referred to as “projected Isafjordur”. 

Using equation (6) the exiting mass flow from the production well can be estimated as 

follows; 

 
𝑚𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 =

∆𝑚

∆𝑡
=

5918 𝑘𝑊

4.185 
𝑘𝐽
𝑘𝑔 𝐾

 40 𝐾
= 35.4 

𝑘𝑔

𝑠
. 

 

Within the Engineering Parameters input section of GEOPHIRES, the flow rate out of the 

production well is changed to 35.4 (kg/s) and the well casing to 8”. The capital cost of the 

power plant would have also be changed to 5.1 (MMUSD) in 2012 according to [68]. 

Due to changing the amount of heat extracted O&M costs have changed, this is calculated 

using equations (12), (13), (14) and (16). This mean the total O&M costs per year is 1.89 

(MMUSD) in 2012. 

By doing a second simulation for a town nearly 8 times bigger than Holmavik, in this case 

Isafjordur, it is intended to show that using EGS for DHHW is more cost effective when it 

provides for a bigger population as many of the costs of installation remain similar. 
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5 Results 

 Initial Calculation 

Using the equations in section 4.1.2 the heat content (HC) can be calculated using the values 

for density and specific heat capacity in Appendix 7, and taking the difference in production 

temperature to be 40 °C, the volume of the reservoir is assumed to be 0.2 km3. The heat 

content is calculated to be 2.10 PJ. 

To calculate heat extracted (HE): the flow rate is 5 kg/s; ta is 80 °C; t0 is 40 is °C and ∆H is 

chosen to be 177.3 (kJ/kg) [69]. The heat extracted is calculated to be 35.5 MJ. The amount 

of available heat extracted is 1.67x10-6 %. 

 GEOPHIRES Power/Heat Extraction 

The results for the power generation profile for the reservoir can be seen in Appendix 19 and 

Appendix 22. This table gives data on the thermal drawdown (rate of temperature decrease 

in rock formation during production [70] [71]), geofluid temperature, pump power and the 

total heat production of the system over the project lifetime. 

In a similar manner, the results for the heat extraction for the reservoir can be seen in 

Appendix 20 and Appendix 23. This table gives data on the thermoelectric power, heat 

extracted, reservoir heat content and the percentage of heat mined over the 25 years the 

project lifetime. 

5.2.1 Heat Generation Profile Graphs 

This section will provide a graphical representation of the values obtained in Appendix 19 

and Appendix 22 over the lifetime of the plant. Graphs in this section will compare data 

created by GEOPHIRES for the Holmavik and projected Isafjordur simulation. Where the 

following graphs can be found over the lifetime of the plant:- 

 Thermal drawdown, Figure 5-1, 

 Production fluid temperature, Figure 5-2, 

 Pump power, Figure 5-3, 

 Total electrical production, Figure 5-4, 

 Total electrical production per resident, Figure 5-5, 
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Figure 5-1. Thermal drawdown of the reservoir over the runtime of the plant. 

 

Figure 5-2. The temperature production fluid over the lifetime of the plant. 
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Figure 5-3. Pump power over the lifetime of the plant. 

 

Figure 5-4. Total electrical production over the lifetime of the plant. 
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Figure 5-5. Total electrical production per resident over the lifetime of the plant. 

5.2.2 Heat Extraction Generation Profile Graphs 

This section will provide a graphical representation of the values in Appendix 20 and 

Appendix 23 over the lifetime of the plant. Graphs in this section will compare data created 

by GEOPHIRES for the Holmavik and projected Isafjordur simulation. Where the following 

graphs can be found over the lifetime of the plant:- 

 Heat extracted, Figure 5-6 

 Heat extracted per resident, Figure 5-7 

 Reservoir heat content, Figure 5-8 

 Percentage of heat mined, Figure 5-9 

 Cumulative percentage of heat mined, Figure 5-10 

 

Figure 5-6. Amount of heat extracted per year over the lifetime of the plant. 
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Figure 5-7. Heat extracted per resident over the lifetime of the plant. 

 

Figure 5-8. Heat content of the reservoir over the lifetime of the plant. 
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Figure 5-9. Percentage of heat mined each year for the lifetime of the plant. 

 

Figure 5-10. Cumulative percentage of heat mined over the lifetime of the plant. 

5.2.3 Case Report 

The case reports generated for this simulation by GEOPHIRES can be seen in Appendix 21 
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more information on the assumption made by GEOPHIRES regarding the reservoir 

including: - area of fracture, fracture separation, number of fractures per well, shape of 

fractures and pressure drops. 

The direct-use breakeven price for Holmavik is calculated to be 51.48 ($/MMBTU) which 

converts to 0.151 ($/kWh). Whereas, the breakeven price for projected Isafjordur is 27.09 

($/MMBTU) which converts to 0.0793 ($/kWh). 
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6 Discussion 

 Resource Assessment 

The temperature gradient is very reasonable at the well GR-08, a decent temperature 

exceeding 100 °C can be found as low as 600 m, with an overall gradient of 118 (°C/km). 

Whilst doing background research for this project, temperature gradients as low as 47.5 

(°C/km) are thought to be suitable for electricity production. Holmavik is not considered a 

HTGA in Iceland, compared to other places in the world it is suitable for electricity/heat 

production. 

 Main Service Piping 

The price of this particular piping (discussed in section 4.3) to transport the production fluid 

18km to Holmavik, along with the heat loss of almost 1.5MW, would make this option very 

unfeasible. To transport a low temperature fluid over this particular distance would not be 

feasible, using these assumed parameters regarding insulation. This sort of piping is more 

likely to only be intended to transport hot water over a short distance.  

 GEOPHIRES Simulation 

Many of the values in this simulation, particularly the cost of; reservoir stimulation, power 

plant, surface equipment and O&M, were taken from US sources. If the prices where to have 

been taken from Icelandic companies (Mannvit and Jardboranir), the prices may have been 

reduced and thus the breakeven price. 

6.3.1 Holmavik 

This section discusses the results obtained from the GEOPHIRES simulation of the direct 

use EGS system for Holmavik. 

Referring to the graphs in section 5.2.1 and data in Appendix 19: 

 The thermal drawdown is calculated to be just over 11% over the lifetime of the 

plant. 

 The geofluid temperature remains quite consistent over the lifetime of the plant at 

around 85 °C, with a drop of 4.5 °C over 25 years. 

 The average heat production is 0.94 MW per year, the biggest drop of heat production 

is 94 kW. 

Referring to the graphs in section 5.2.2 and data in Appendix 20: 

 The heat mined each year remains fairly constant with an average of 0.0126 (PJ/yr). 

 The reservoir heat content only depletes by 0.3 (PJ) over 25 years. 

 Each year about 0.13% of the total heat is mined from the reservoir, this equates to 

3.12% of the total heat mined from the reservoir over the lifetime of the plant. 
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The results obtained from this simulation points towards the conclusion that a very 

acceptable amount of heat is able to be extracted each year, whilst the geothermal resource 

is not depleted by a considerable amount. However, the cost at 0.151 ($/kWh) is high. 

6.3.2 Projected Isafjordur 

This section discusses the  results obtained for the GEOPHIRES simulation of the direct use 

EGS system for a projected Isafjordur, where the town and its heating demand is scaled up 

to that of Isafjordur. 

Referring to the graphs in section 5.2.1 and Appendix 22: 

 The thermal drawdown is calculated to be just over 11% over the lifetime of the plant 

(25 years). 

 The geofluid temperature remains quite consistent over the lifetime of the plant at 

around 85 °C, with a drop of 5.36 °C over 25 years. 

 The average heat production is 6.88 MW per year, the biggest drop in heat production 

is 788 kW. 

Referring to the graphs in section 5.2.2 and Appendix 23: 

 The average heat extraction is 91 (TJ/yr). 

 From the start to the end of the project 10.5 (TJ/yr) less are able to be extracted from 

the reservoir. 

 The reservoir heat content depletes by 2.2 PJ over 25 years. 

 Each year about 1% of the total heat is mined from the reservoir, this equates to 

22.7% of the total heat mined over the lifetime of the plant. 

This simulation is able to extract sufficient heat each year; however, the reservoir is depleted 

more considerable compared to the previous simulation. The breakeven price is 0.0793 

($/kWh), which is still higher that current prices (section 4.4). 

6.3.3 Comparisons between Simulations 

When comparing the simulation between Holmavik and projected Isafjordur, it is clear to 

see that much more heat is able to be mined in the projected Isafjordur simulation (Figure 

5-4). At the same time the resource is being depleted at a much faster rate (Figure 5-10). 

The temperature of the production fluid is higher in projected Isafjordur than in Holmavik 

(Figure 5-2). This is assumed to be due to the thicker diameter piping used, and faster flow 

rate that less heat is able to be lost within the production well whilst pumping to the surface. 

When comparing Holmavik to projected Isafjordur for heat production per resident (Figure 

5-5) and heat extraction per resident (Figure 5-7); each respective graph seems to be near 

identical. This is due to the second simulation being a scaled version of the first one. 

The breakeven price for each simulation has a payback period of 25 years. For Holmavik the 

breakeven price is 0.151($/kWh), and for projected Isafjordur it is 0.793 ($/kWh). The 

simulation that considers a population almost 8 times as big as Holmavik (Isafjordur) has a 

breakeven price of almost half that of Holmavik. This is due to the high cost of installation 
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in an EGS project where the price of drilling alone was estimated to be 4.252 Million, and 

only a very small production. When using EGS for DHHW there is an initial high capital 

cost, but if there is a high enough demand the system can be paid back in a reasonable price 

per kWh. 
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7 Conclusions 

For a very small town like Holmavik which only has a population of 341, using EGS for 

DHHW would not be feasible as can be seen by the breakeven price of 0.151 ($/kWh). There 

is such a high initial cost when creating an EGS reservoir with drilling taking up more than 

60% of that, and with such a small demand it is hard to pay back this initial investment at a 

reasonable price. 

Also, when considering a larger settlement like that of Isafjordur where the population is 

almost 8 times that of Holmavik, and thus the heating demand, The breakeven price is 0.0793 

($/kWh). In this simulation since more heat was being extracted the price of the power plant, 

surface equipment and O&M increased, but still the breakeven price was considerably less 

due to the high production. However, this is still higher than the assumed price in section 4.4 

of 0.0565 (USD/kWh) which resident already pay. 

Unless the prices of drilling could be reduced, using EGS for DHHW in Holmavik is a viable 

option.
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Appendix A. Drilling Data, Geological 
Data and Maps for Holmavik 

 

Appendix 1. Temperature gradient log as part of the drilling report for well GR-08 [51]. 
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Appendix 2. Temperature gradient log as part of the drilling report for well Þv-01 [52] 
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Appendix 3. Temperature gradient log as part of the drilling report for well HR-06 [52] 
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Appendix 4. Temperature gradient log as part of the drilling report for well YÓ-04 [52] 
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Appendix 5. Temperature gradient log as part of the drilling report for well YÓ-05 [52] 
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Appendix 6. Drilling profile showing rock formations of well GR-08 for the interval 330-800m [51] 
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Appendix 7. Weighted averages to determine specific heat capacity and density values of the reservoir 

for well GR-08. 
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Appendix 8. Map of Holmavik area displaying on what geological area boreholes are situated on 
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Appendix 9. Stratigraphic timetable for the geology in Iceland [33]. 
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Appendix B. GEOPHIRES input for 
Holmavik 

Appendix 10. Resource characterisation and engineering parameters inputs for GEOPHIRES. 

 Value Reference 

Resource Characterisation 

Maximum reservoir temperature (°C) 118 [51] 

Number of segments 1 [51] 

Gradient (°C/km) 150 [51] 

Thermal conductivity rock (W/m.K) 1.6 [72] 

Heat capacity rock (J/kg K) 1,079.2875  

Density rock (kg/m3) 2,428.19  

Engineering Parameters 

End use product Direct heat 

use 

 

Mode of operation Simulation  

Injection temper (°C) 40  

Water loss rate (fraction) 0.05 [73] 

System configuration Doublet  

Pump Efficiency (fraction) 0.8 [74] [75] 

Wellbore heat transmission calculation Ramsey’s 

model 

 

Water flow rate per production well 

(kg/s) 

5 Calculated for peak 

demand 

Injection well casing ID (inches) 6 [76] 

Production well casing ID (inches) 6 [76] 

Well deviation from vertical (degrees) 0  

Well depth (km) 0.7 [51] 
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Appendix 11. Reservoir model and Economic Parameters inputs for GEOPHIRES. 

 Value Reference 

Reservoir Model 

Drawdown Calculation Percentage thermal 

drawdown parameter 

 

Thermal drawdown 

(%/year) 

0.5 [77] 

Reservoir Impedance per 

well-pair (Gpa s/m3) 

0.2 [78] 

Economic Parameters 

Capacity Factor (fraction) 0.42 [79] 

Accrued financing during 

construction (fraction) 

0  

Project lifetime (years) 25 [80] [81] [82] [83] 

Fixed annual charge rate 

(fraction) 

0.04  
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Appendix 12. Capital costs and operations and maintenance cost inputs for GEOPHIRES. 

 Value Reference 

Drilling and completion 

total cost (millions of 2012 

USD) 

4.252 [67] 

Reservoir stimulation total 

costs (millions of 2012 

USD) 

1.107 [68] 

Power plant total costs in 

(millions of 2012 USD) 

1.591 [68] 

Fluid distribution total costs  

(millions of 2012 USD) 

0 [66] 

Exploration total costs 

(millions of 2012 USD) 

0  

 Value Reference 

Total O&M costs (millions 

of 2012 USD/year) 

0.332  

Electricity price for pump 

power for direct-use heat 

(USD/kWh) 

0.03 [84] 
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Appendix 13. Resource parameters as put into GEOPHIRES. 
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Appendix 14. Engineering parameters as put into GEOPHIRES. 
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Appendix 15. Reservoir Model parameters as put into GEOPHIRES. 
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Appendix 16. Economic parameters as put into GEOPHIRES. 
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Appendix 17. Capital cost parameters input into GEOPHIRES. 
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Appendix 18. Operation and maintenance parameters input to GEOPHIRES. 
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71 

Appendix C. GEOPHIES Results for 
Holmavik 

  
Appendix 19. Electric power generation profile for Holmavik, created in GEOPHIRES. 

Year Thermal 
drawdown 

Geofluid temp 
(°C) 

Pump power 
(MW) 

Total heat production 
(MWh) 

1 1 86.66 0.0053 0.9825 

2 0.995 87.06 0.0053 0.9908 

3 0.99 87 0.0053 0.9896 

4 0.9851 86.86 0.0053 0.9866 

5 0.9801 86.69 0.0053 0.983 

6 0.9752 86.5 0.0053 0.9791 

7 0.9704 86.3 0.0053 0.975 

8 0.9655 86.1 0.0053 0.9708 

9 0.9607 85.9 0.0053 0.9666 

10 0.9559 85.69 0.0053 0.9622 

11 0.9511 85.48 0.0053 0.9579 

12 0.9464 85.27 0.0053 0.9535 

13 0.9416 85.06 0.0053 0.9491 

14 0.9369 84.85 0.0053 0.9448 

15 0.9322 84.64 0.0053 0.9404 

16 0.9276 84.43 0.0053 0.936 

17 0.9229 84.21 0.0053 0.9316 

18 0.9183 84 0.0053 0.9272 

19 0.9137 83.79 0.0053 0.9229 

20 0.9092 83.59 0.0053 0.9185 

21 0.9046 83.38 0.0053 0.9142 

22 0.9001 83.17 0.0054 0.9098 

23 0.8956 82.96 0.0054 0.9055 

24 0.8911 82.75 0.0054 0.9012 

25 0.8867 82.55 0.0054 0.8969 
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Appendix 20. Heat extraction profile for Holmavik, created in GEOPHIRES. 

 

Year 
Thermo power 
(MJ/kg) 

Heat extracted 
(TJ/yr) 

Reservoir heat content 
(PJ) 

Total percent mined 
(%) 

1 0.197 13 9.68 0 

2 0.198 13.1 9.67 0.13 

3 0.198 13.1 9.65 0.27 

4 0.197 13.1 9.64 0.41 

5 0.197 13 9.63 0.54 

6 0.196 13 9.61 0.67 

7 0.195 12.9 9.6 0.81 

8 0.194 12.9 9.59 0.94 

9 0.193 12.8 9.58 1.08 

10 0.192 12.7 9.56 1.21 

11 0.192 12.7 9.55 1.34 

12 0.191 12.6 9.54 1.47 

13 0.19 12.6 9.52 1.6 

14 0.189 12.5 9.51 1.73 

15 0.188 12.5 9.5 1.86 

16 0.187 12.4 9.49 1.99 

17 0.186 12.3 9.47 2.12 

18 0.185 12.3 9.46 2.24 

19 0.185 12.2 9.45 2.37 

20 0.184 12.2 9.44 2.5 

21 0.183 12.1 9.43 2.62 

22 0.182 12.1 9.41 2.75 

23 0.181 12 9.4 2.87 

24 0.18 11.9 9.39 3 

25 0.179 11.9 9.38 3.12 
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Appendix 21. Case report for GEOPHIRES simulation for Holmavik. 
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Appendix D. GEOPHIRES Results for 
Projected Holmavik 

Appendix 22. Power generation profile for a scaled Holmavik, created in GEOPHIRES. 

Year 
Thermal 
drawdown 

Geofluid temp 
(°C) 

Pump power 
(MW) 

Total heat production 
(MWh) 

1 1 89.05 0.3279 7.307 

2 0.995 88.91 0.3279 7.2873 

3 0.99 88.7 0.328 7.2557 

4 0.9851 88.47 0.328 7.2221 

5 0.9801 88.24 0.328 7.188 

6 0.9752 88 0.3281 7.1536 

7 0.9704 87.77 0.3281 7.1191 

8 0.9655 87.54 0.3281 7.0847 

9 0.9607 87.3 0.3282 7.0503 

10 0.9559 87.07 0.3282 7.016 

11 0.9511 86.84 0.3282 6.9819 

12 0.9464 86.61 0.3283 6.9478 

13 0.9416 86.38 0.3283 6.9139 

14 0.9369 86.15 0.3284 6.8801 

15 0.9322 85.92 0.3284 6.8464 

16 0.9276 85.69 0.3284 6.8129 

17 0.9229 85.46 0.3284 6.7796 

18 0.9183 85.24 0.3285 6.7464 

19 0.9137 85.01 0.3285 6.7133 

20 0.9092 84.79 0.3285 6.6804 

21 0.9046 84.57 0.3286 6.6476 

22 0.9001 84.35 0.3286 6.615 

23 0.8956 84.12 0.3286 6.5825 

24 0.8911 83.91 0.3287 6.5502 

25 0.8867 83.69 0.3287 6.5181 
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Appendix 23. Heat extraction profile for a scaled Holmavik, created in GEOPHIRES. 

Year Thermo power 
(MJ/kg) 

Heat extracted 
(PJ/yr) 

Reservoir heat content 
(PJ) 

Total percent mined 
(%) 

1 0.206 0.0968 9.68 0 

2 0.206 0.0965 9.58 1 

3 0.205 0.0961 9.49 2 

4 0.204 0.0957 9.39 2.99 

5 0.203 0.0952 9.29 3.98 

6 0.202 0.0948 9.2 4.96 

7 0.201 0.0943 9.1 5.94 

8 0.2 0.0938 9.01 6.91 

9 0.199 0.0934 8.92 7.88 

10 0.198 0.0929 8.82 8.85 

11 0.197 0.0925 8.73 9.81 

12 0.196 0.092 8.64 10.76 

13 0.195 0.0916 8.55 11.72 

14 0.194 0.0911 8.45 12.66 

15 0.193 0.0907 8.36 13.6 

16 0.192 0.0902 8.27 14.54 

17 0.192 0.0898 8.18 15.47 

18 0.191 0.0894 8.09 16.4 

19 0.19 0.0889 8 17.32 

20 0.189 0.0885 7.91 18.24 

21 0.188 0.088 7.83 19.16 

22 0.187 0.0876 7.74 20.07 

23 0.186 0.0872 7.65 20.97 

24 0.185 0.0868 7.56 21.87 

25 0.184 0.0863 7.48 22.77 
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Appendix 24. Case report for GEOPHIRES simulation for projected Isafjordue. 

 


