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Abstract 

In this thesis a correlation between wellhead pressure, well bottom pressure, wellhead mass 

flow and wellhead enthalpy is found. From that correlation wellhead pressure is estimated 

for six wells in Svartsengi. An equation to describe output curves from a two phase flow 

geothermal wells from Kjaran and Elíasson (1983) is improved by including wellhead 

enthalpy of the geothermal fluid in the equation. Svartsengi is a high enthalpy geothermal 

system where low permeability caprock isolates the reservoir from colder groundwater 

aquifers above. Local fracturing allows for some geothermal fluids to escape and form 

localized steam zones. The enthalpy of the Svartsengi system has been increasing since 

production began and the steam zone has been expanding. Thorough geological and 

geophysical studies have been made in the Svartsengi area and a conceptual model has 

been developed. Two types of wells have been drilled in Svartsengi: water wells and steam 

wells. The former have two phase flow of water and steam but the latter have one phase 

flow of steam. For the steam wells, only pressure in the steam cap was simulated. For the 

water wells, output curves and wellhead pressure were simulated. The wellbore simulator 

WellSim was used for the well simulations. Based on simulations of output curves and 

wellhead pressure from three of the water wells, constants in an equation proposed by 

Kjaran and Elíasson were found as a function of enthalpy and more advanced equations 

were introduced. A set of equations incorporating the wellhead enthalpy is introduced and 

tested on the three simulated wells and three additional wells in Svartsengi. 

Útdráttur 

Í ritgerðinni er fjallað um borholur í jarðhitasvæðum og samband fundið milli holutopps 

þrýstings, holubotn þrýstings, massaflæðis í holutoppi og vermi jarðhitavökvans í 

holutoppi. Út frá þessu sambandi er holutoppsþrýstingur fyrir sex borholur í Svartsengi 

metinn. Jafna sem lýsir aflferlum úr tvífasa jarðhitaborholum sett fram af Kjaran og 

Elíasson (1983), er endurbætt með því að taka tillit til vermis jarðhitavökvans í holutoppi. 

Svartsengi er hávermis jarðhitakerfi og yfir því liggur þakberg sem einangrar 

jarðhitavökvann frá kaldara grunnvatni sem liggur ofar. Staðbundnar sprungur í 

þakberginu hleypa jarðhitavökva í gegnum sig og myndast við það gufupúði ofan á 

kerfinu. Vermið í Svartsengi hefur verið að aukast síðan vinnsla úr kerfinu hófst og 

gufupúðinn hefur verið að þenjast út. Ítarlegar jarðfræði- og jarðeðlisfræðilegar rannsóknir 

hafa verið gerðar í Svartsengi og hugmyndalíkan af svæðinu hefur verið þróað. Tvær gerðir 

borhola hafa verið boraðar í Svartsengi: Vatnsholur og gufuholur. Þær fyrrnefndu hafa 

tvífasaflæði vatns og gufu en þær síðarnefndu einfasaflæði gufu. Í gufuholunum var 

einungis hermt fyrir þrýstingi í gufupúðanum. Í vatnsholunum voru aflferlar og 

holutoppsþrýstingur hermdir. Borholuhermirinn WellSim var notaður til að herma 

holurnar. Hermanir á aflferlum og holutoppsþrýstingi í þremur vatnsholum voru síðan 

notaðar til að finna fasta, sem fall af vermi, í jöfnu sem hafði verið þróuð út frá jöfnu 

Kjarans og Elíassonar og nýjar jöfnur settar fram. Að lokum var sett fram eitt sett af 

jöfnum sem inniheldur vermi jarðhitavökvans í holutoppi og var sú jafna reynd á holurnar 

þrjár sem voru notaðar til hermunar og þrjár aðrar borholur í Svartsengi. 
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1 Introduction 

The main objective of this thesis is to determine a correlation between wellhead pressure, 

well bottom pressure, wellhead mass flow and wellhead enthalpy in boreholes in 

geothermal areas. That correlation will give an equation for wellhead pressure that can be 

used as input into the TOUGH2 simulation code. With this same equation, wellhead 

pressure of six wells in the Svartsengi geothermal field is simulated until 2040. Pressure in 

the steam zone in Svartsengi will also be simulated as that could provide a correlation for 

numerical simulators. 

An equation to describe output curves from a two phase flow geothermal wells from 

Kjaran and Elíasson (1983) is improved and then used to estimate wellhead pressure. 

Output curves are used for estimation of power from geothermal wells, where the wellhead 

mass flow is plotted versus the wellhead pressure. The equation from Kjaran and Elíasson 

(1983) is that of an ellipse and is a function of the flow from the wellhead, the pressure at 

the well bottom and the wellhead pressure. The equation also has constants that have to be 

determined in order to fit to an output curve. Here, a modified solution of the ellipse 

equation is proposed. The modified solution is studied further and made more advanced by 

including the geothermal fluid wellhead enthalpy as input. Constants in the equation as a 

function of the enthalpy of the geothermal fluid in the wellhead are determined. The 

theoretical background of the ellipse equation and its expansion is presented in chapter 

two. 

The Svartsengi geothermal field will be used as a case study in this thesis. Svartsengi is a 

high enthalpy geothermal system. High enthalpy geothermal systems are defined as having 

enthalpy of the reservoir fluid over 800 kJ/kg (Axelsson, 2007). In the Svartsengi 

geothermal field, high vertical permeability allows for convective heat transfer from a deep 

rooted heat source. The geothermal fluid rises, cools and then descends again. By doing so, 

convective flow patterns are formed within the reservoir. Low permeability caprock 

delineates the upper boundary of the reservoir and isolates it from colder groundwater 

aquifers above. However, local fracturing allows for some geothermal fluids to escape and 

form localized steam zones (Franzson, 1990). The enthalpy of the Svartsengi area has been 

increasing since production began and the steam zone has been expanding (Björnsson and 

Steingrímsson 1991). The geological conditions present within and surrounding a 

geothermal reservoir play an important role in the physical characteristics of the reservoir. 

Thorough geological and geophysical studies have been made in the Svartsengi area and a 

conceptual model has been developed. The geology and previous studies in Svartsengi are 

described in chapter three. 

Data from TOUGH2 simulations and measured data from Svartsengi, provided by 

Vatnaskil and HS Orka, are used to simulate several wells in Svartsengi using the wellbore 

simulator WellSim (Gunn and Freeston, 1991 and Gunn, 1992). Two types of wells have 

been drilled in Svartsengi: water wells and steam wells. The former have two phase flow of 

water and steam but the latter have one phase flow of steam. For the steam wells, only 

pressure in the steam zone was simulated. For the water wells, output curves and the 

wellhead pressure were simulated. Measured pressure and temperature profiles are also 
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simulated for three wells. Based on simulations of output curves and wellhead pressure 

from the water wells, constants in a developed equation from Kjaran and Elíasson were 

found as a function of enthalpy and more advanced equations were introduced. In the end, 

one set of equations is introduced, found by simulating three wells and then used to 

estimate wellhead pressure in the same three wells and three additional wells in Svartsengi 

until the year 2040. Case studies are presented in chapter four. 
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2 Theoretical background 

A well delivers geothermal fluid from the reservoir to the power plant and is therefore part 

of the system exploited (see Figure 2-1). Therefore it is of significance to understand the 

interaction between the reservoir, the well and the geothermal fluid. The theoretical 

background of this thesis is described in this chapter. 

2.1 Governing steady state differential 

equations 

In well simulation, the governing steady state differential equations for flow within a 

wellbore are the following (Bjornsson 1987; Gunn, 1992; Kjaran and Elíasson 1983). 

Conservation of mass:    
  

  
= 0      (2.1) 

Conservation of momentum:  
  

  
− [(

  

  
)
 
+ (

  

  
)
 
+ (

  

  
)
   

] = 0   (2.2) 

Conservation of energy:   
   

  
± 𝑄 = 0     (2.3) 

Here, W is the total mass flow (kg/s), P is pressure (Pa), Et is the total energy flux (J/s), Q 

is the ambient heat loss over a unit distance (W/m) where the plus and minus signs refer to 

down- and up-flow respectively and z is the depth coordinate (m). For the momentum 

equation, the pressure gradient is composed of three terms: gravitation load, friction from 

the walls of the wellbore and acceleration of the fluid over depth interval dz. 

2.2 Pressure discharge relation 

As mentioned before, the aim of this work is to determine a correlation between the flow 

of the well, W, the wellhead pressure, P0 and the bottom hole pressure, Pw. In Figure 2-1 a 

diagram of a flowing well is presented. 
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Figure 2-1 Diagram of a flowing well (modified from Kjaran and Elíasson, 1983). 

Pressure-discharge relation for one phase flow steam well was proposed by Kjaran and 

Elíasson (1983): 

(
 

   
)
 

+ (
  

  
)
 

=       (2.4) 

where P0 is the wellhead pressure, Pw is the bottom hole pressure, W is the mass flow rate 

and b is defined as: 

 = √
    

         
      (2.5) 

where D is the well diameter (m), f is the dimensionless friction factor, L is the well length 

(m), Z is the gas deviation factor, R is the universal gas constant (8.314 J/mole K) and T is 

temperature (K). 
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To find equation (2.4) isothermal flow was assumed inside the wellbore and gravity forces 

were ignored in the momentum equation, i.e. the weight of the steam column was assumed 

to be negligible. Also the acceleration term in the momentum equation was ignored for 

equation (2.4). The Mach number is defined as: 

 =
 

 
      (2.6) 

And the assumption is made that M << 1, then the acceleration term becomes negligible. 

Last but not least, the diameter in the well is assumed constant. After those assumptions 

and integrating from the feed point up to the wellhead of the length L and some algebra, 

the result is equation (2.4). 

Equation (2.4) is the equation of an ellipse and a schematic plot of the equation is given in 

Figure 2-2. 

 

 

Figure 2-2 Schematic picture of equation (2.4) 

In Figure 2-2 Pw1 is the initial pressure in the reservoir and Pw2 is the pressure in the 

reservoir after the well has been discharging and the pressure in the reservoir has dropped. 
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2.3 Pressure discharge relation for two phase 

flow 

In cooperation with Vatnaskil Consulting Engineers an equation to describe the 

relationship between the flow in the well, W, the wellhead pressure, P0, and the bottom 

hole pressure, Pw, has been developed (Vatnaskil, 2012b). 

The following equation was introduced by Kjaran and Elíasson (1983), after having 

introduced equation (2.4) and then fitting to discharge measurements from well 4 in 

Svartsengi, which is a two phase flow well. 

(
 

       
)
 

+ (
  

       
)
 

=     (2.7) 

Then, derived from equation (2.7), an equation proposed by Vatnaskil (2012b) to link 

together the flow, the wellhead pressure and the bottom hole pressure is: 

(
 

  
)
 

+ (
  

  
)
 

=    −     
    (2.8) 

where Pw0 is introduced to correct the distances between the ellipses of different bottom 

hole pressures, Pw. Equation (2.8) is intended to be fitted using regression analysis that 

include data with different bottom hole pressures, Pw. The equation contains three 

parameters, b1, b2 and Pw0, which depend on the enthalpy of the geothermal fluid, the 

location of feed zones and the well geometry (Vatnaskil, 2012b). Here it will be attempted 

to make equation 2.8 more general by including the enthalpy of the geothermal fluid by 

having the parameters b1, b2 and Pw0 as a function of enthalpy. 

2.4 Flow calculations for multiple feedzone 

within the wellbore 

In the cases when having a well with more than one feed zone, the flow from the feed 

zones has to be estimated from a known enthalpy of each feed zone and the enthalpy of the 

geothermal fluid in the wellhead, h0, as well as the total flow from the well. Here only 

wells with maximum two feedzones were handled. The total flow Wt is: 

  =   +         (2.9) 

And the flow from the second feed zone is then: 

  =   −         (2.10) 

The energy from the well is the total flow times the enthalpy of the geothermal fluid in the 

wellhead: 

    =     +          (2.11) 

Then with algebraic manipulation the flow from the first feed zone is found with equation 

(2.13): 



7 

    =     +    −         (2.12) 

 

   =   (
     

     
)     (2.13) 

 

2.5 Estimation of two phase flow rate from 

wellhead 

To estimate flow from a single well, an equation which was derived in Vatnaskil (1987) 

was used: 

 =      (
  
     

  
     )       (2.14) 

This equation estimates two phase wellhead flow, as a function of wellhead pressure, P0 in 

bar, wellhead enthalpy, h0 in kJ/kg and the wellhead opening, d, i.e. the diameter of the 

wellhead in mm. The flow, W, is in kg/s. 
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3 Geology and previous studies of the 
Svartsengi geothermal field 

3.1 Introduction 

Iceland is located on the Mid-Atlantic Ridge, a divergent tectonic plate boundary which 

separates the North American plate and the Eurasian plate. These two tectonic plates are 

moving apart from each other at a rate of roughly 2.5 cm/year in a WNW-ESE direction 

(Figure 3-1). As a result, there is new crustal material that comes up as magma from the 

Earth’s mantle and fills in the gaps between the two plates. This makes Iceland unique, as 

the phenomenon of divergent plate boundaries that rise above sea level can only be located 

in a few places on Earth. On Figure 3-1 it can be observed how the Mid-Atlantic ridge cuts 

across Iceland, creating an active volcanic zone along its path. This gives rise to the 

formation of high temperature geothermal areas that exist within the volcanic zone and low 

temperature areas along the edges of the volcanic zone. As Figure 3-1 shows, the Mid-

Atlantic ridge extends onto Iceland at the western edge of the Reykjanes peninsula and 

extends through the peninsula before continuing in a northeasterly direction. Reykjanes 

peninsula is, therefore, a very tectonically active zone. 

As can be seen in Figure 3-1, Iceland is a sub aerial portion of the mid Atlantic ridge 

(MAR) system, which is highly segmented as it passes through Iceland. The Reykjanes 

peninsula on Figure 3-2 is a highly oblique rift zone segment (Jenness and Clifton 2009). 

The dominant tectonic features on the peninsula are a series of generally NE-striking, sub 

parallel eruptive fissures and normal faults (Clifton and Schlische 2003). Several volcanic 

systems are labeled on Figure 3-2. The volcanic systems are defined by areas of 

concentrated fissure swarms consisting of SW-NE striking eruptive fissures and normal 

faults (Jenness and Clifton, 2009). 
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Figure 3-1 Tectonic map of Iceland showing ridge segmentation (Jenness and Clifton 2009). Center of 

the mantle plume is indicated by green star. Shaded purple areas denote volcanic systems and ovals 

denote central volcanoes (Einarsson and Sæmundsson 1987). RR Reykjanes Ridge, RP Reykjanes 

Peninsula, SISZ South Iceland Seismic Zone, WVZ Western Volcanic Zone, EVZ Eastern Volcanic 

Zone, NVZ Northern Volcanic Zone, TFZ Tjörnes Fracture Zone. Dark blue arrows show direction of 

plate motion according to the NUVEL-1A model (DeMets et al., 1994). White areas are glaciers. 

 

 

Figure 3-2 Map of Reykjanes peninsula showing main tectonic features (modified from Jenness and 

Clifton 2009). Fissure swarms from Sæmundsson (1978) shown as yellow shaded areas. R Reykjanes, K 

Krísuvík, B Brennisteinsfjöll, He Hengill. 
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In the Reykjanes peninsula, three high temperature geothermal reservoirs have been 

described using a conceptual model. These are the Svartsengi, Eldvörp and Reykjanes 

geothermal fields, shown in Figure 3-3. The Svartsengi field has been utilized since 1976, 

Eldvörp only has one exploratory well that was drilled in 1983 and has never been a 

production field and Reykjanes has been utilized since 1970 but substantial production in 

Reykjanes only began in 2006. 

The study of these high temperature geothermal fields traces back, however, to the 1950’s, 

when local municipalities became interested in conducting feasibility studies for space 

heating purposes. Since then extensive geothermal research has been conducted in those 

fields in conjunction with the development and exploitation of the fields (Vatnaskil, 

2012a). 

 

 

Figure 3-3 Location of Svartsengi, Eldvörp and Reykjanes high temperature geothermal fields 

(Vatnaskil, 2012a). 

Exploratory drilling began in the Svartsengi field in 1971. The first research aimed at 

determining the temperature and chemistry of the geothermal fluid and also at estimating 

the volume of the geothermal reservoir. 

In 1976 the Svartsengi thermal power plant began distributing hot water for space heating 

and in 1978 electricity production started. The capacity of the Svartsengi plant has 
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gradually increased since 1978 and today it reaches 74.4 MWe and 150 MWt (Vatnaskil, 

2012a). 

The Svartsengi system is liquid dominated and consists of geothermal brine. The 

boundaries of the field are thought to follow the boundaries of the western-most fissure 

swarm on the Reykjanes peninsula and extend southwest with the Svartsengi geothermal 

reservoir in connection with the Eldvörp geothermal reservoir (Vatnaskil, 2012a). 

3.2 The first conceptual model and seismicity 

The first conceptual model of Svartsengi was developed by Kjaran et al. (1980). There, a 

Theis solution is used to show that Svartsengi is a reservoir with physical boundaries. 

Theoretically, Theis solution results in a linear relationship between drawdown and the log 

of time as the well is being discharged from an infinite aquifer. Figure 3-4 shows pressure 

drawdown versus time from well 5 in Svartsengi. After about 40 days of production the 

relationship deviates from the theoretical Theis solution, meaning that the drawdown effect 

reached physical boundaries. From those results an initial conceptual model of Svartsengi 

was developed, with three relatively impermeable boundaries, seen in Figure 3-5 (Kjaran et 

al., 1980 and Vatnaskil, 2012a). The tectonic features of the Svartsengi area were used to 

define the lateral boundary of the conceptual model and for that purpose the outline of the 

Reykjanes fissure swarm shown on Figure 3-2 was used (Vatnaskil, 2012a). 

 

 

Figure 3-4 Pressure drawdown versus time for well 5 at Svartsengi during initial production phase 

(Originally from Kjaran et al., 1980, modified by Vatnaskil, 2012a). 
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Figure 3-5 Schematic of the initial conceptual model of Svartsengi (Vatnaskil, 2012a). 

Location of earthquake epicenters (Figure 3-6) and the depth of these epicenters (Figure 

3-7 and Figure 3-8) were also used for making the conceptual model. The high 

concentration of earthquakes is likely to increase permeability of the bedrock within the 

reservoir. It is assumed that the permeability within the depth range decreases with depth 

due to compression of the rock from increased overburden (Vatnaskil, 2012a). More 

extensive seismic and tectonic interpretation and measurements have been done at the 

Reykjanes peninsula, for example Einarsson (1991). 

 

 

Figure 3-6 Location of earthquakes epicenters in the years 1971 to 1976 (Originally from Kjaran et al., 

1980, unpublished data from Sveinbjörn Björnsson, Science Institute, University Iceland, modified by 

Vatnaskil, 2012a). 



14 

 

Figure 3-7 Depth of earthquakes epicenters, cross section C in Figure 3-6 (Originally from Kjaran et 

al., 1980, unpublished data from Sveinbjörn Björnsson, Science Institute, University Iceland, modified 

by Vatnaskil, 2012a). 

 

 

Figure 3-8 Depth of earthquakes epicenters, cross section B in Figure 3-6 (Originally from Kjaran et 

al., 1980, unpublished data from Sveinbjörn Björnsson, Science Institute, University Iceland, modified 

by Vatnaskil, 2012a). 



15 

3.3 Resistivity surveying 

In 1969, the first successful resistivity measurements in the Reykjanes peninsula were 

made. The method used was the Schlumberger method and the resulting study indicated a 

connection between the Svartsengi and the Eldvörp fields (Georgsson, 1979). This was 

then confirmed after the first exploration well EG-2 was drilled at Eldvörp in 1983. It was 

then observed that water level measurements in that well showed response to production at 

Svartsengi. 

Extensive resistivity surveys have also been performed at other high-temperature 

geothermal fields in Iceland and they have all shown a common resistivity structure 

characterized by a low resistivity cap overlying a high resistivity inner core (Arnason, et 

al., 2008). 

On Figure 3-9 the resistivity structure at 500 m below sea level in the Reykjanes peninsula 

can be observed, starting from Reykjanes in the west and continuing to Hengill in the east. 

In all the high-temperature geothermal areas a low resistivity cap covers a higher resistivity 

core underneath. 

 

 

Figure 3-9 Resistivity at 500 m below sea level (Originally from Eysteinsson, 2001 and based on 

interpretations from Hjálmar Eysteinsson, Ragna Karlsdóttir, Ingvar Magnússon and Knútur 

Árnason, modified by Vatnaskil, 2012a,). 

Comparisons of resistivity structure to borehole data have provided good correlation 

between the resistivity and alteration mineralogy. The low resistivity in the low-resistivity 

cap is dominated by conductive minerals in the smectite-zeolite zone in the temperature 

range of 100-220ºC. At temperatures ranging from 220-240ºC zeolites disappear and the 

smectite is gradually replaced by the resistive chlorite. At temperatures exceeding 250ºC 

chlorite and epidote are the dominant minerals and the resistivity is probably dominated by 

the pore fluid conduction in the high-resistivity core. The main consequence of this is that 
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the observed resistivity structure can be interpreted in terms of temperature distribution 

(Arnason et al., 2008). When estimating reservoir temperature from resistivity structure 

one must proceed carefully. Due to the cooling of the reservoir that can occur post-

alteration, the reservoir temperature responsible for producing the geothermal alteration 

does not always reflect the current reservoir temperature (Arnason et al., 2008). 

Georgsson and Tulinius (1983) described resistivity measurements in the Reykjanes 

peninsula, made in the years 1981 and 1982. In Figure 3-10 estimated bedrock temperature 

from resistivity measurements is shown at 600 m below sea level. The figure shows 

Eldvörp and Svartsengi within the same temperature contour but a lower temperature exists 

between the Eldvörp and the Reykjanes fields. This indicates that the Reykjanes field is not 

connected to the other two mentioned high-temperature geothermal fields at this depth. In 

addition to this, water level measurements in the Reykjanes field showed no response to 

production from Svartsengi, indicating little or no hydrogeological connection between the 

two fields (Vatnaskil, 2012a). 

 

 

Figure 3-10 Estimated temperature in bedrock at 600 m below sea level (modified from Georgsson and 

Tulinius, 1983). 
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3.4 Land subsidence and gravity measurements 

It is important to monitor land subsidence in developed high-temperature areas. This is due 

to the damages that can occur on infrastructure because of compaction of the bedrock that 

originates when fluid is removed from a geothermal reservoir at a faster rate than it is 

replenished. 

Both leveling and gravity measurements have been utilized to monitor land subsidence at 

Svartsengi geothermal field since production started in 1976. Those measurements have 

shown significant land subsidence in the geothermal field but they have also provided 

valuable information on the physical dimension of the geothermal area. 

Figure 3-11 shows subsidence maps of the outer part of the Reykjanes peninsula for four 

time intervals in the years 1975 - 1999. The maps show a maximum subsidence rate of 

circa 10 mm/year centered on the Svartsengi field. Figure 3-12 shows subsidence maps of 

the outer part of the Reykjanes peninsula for two time intervals in the years 1999 - 2008. 

The shape of the contours reveals several physical properties of the geothermal reservoir. 

Two points can be highlighted from this. First, the surface area over which subsidence has 

occurred indicates the area at depth within the geothermal reservoir where geothermal fluid 

is being extracted. Therefore, the subsidence contours indicate the relative lateral extent of 

the geothermal reservoir. Second, the subsidence contours extend in a southwest direction 

from Svartsengi towards Eldvörp, indicating that the two geothermal fields are 

hydrologically connected as part of the same regional reservoir. The SW – NE direction of 

the subsidence is the same as the direction of the earthquake epicenters in Eldvörp – 

Svartsengi in Figure 3-6. The rapid decline of the subsidence around Svartsengi, except to 

the southwest, indicates impermeable boundary in those directions and permeable rock in 

the SW direction. This is coherent with the initial trough shaped model of Svartsengi in 

Figure 3-5 and the lateral extent of the reservoir indicated by the subsidence measurements 

corresponds with the shape derived from the resistivity measurements in Figure 3-10. 
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Figure 3-11 Subsidence rate at the outer part of the Reykjanes peninsula for four time intervals. Bench 

marks are shown by solid circles, roads are shown by thick lines, contour intervals are 1 mm/year 

(Eysteinsson, 2000). 
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Figure 3-12 Subsidence rate at the outer part of the Reykjanes peninsula. Figure a, from 1999 – 2004. 

Figure b, from 2004 – 2008. Figure c, from 1999 – 2008 (Magnússon, 2009). 
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Change in land elevation (subsidence and uplift) can be caused by natural tectonic forces 

and, therefore, cannot always be attributed to geothermal production. A strong linear 

correlation is produced by a plot of land subsidence at Svartsengi versus pressure measured 

at 900 meters depth within the Svartsengi reservoir (Figure 3-13). This indicates that the 

main cause for the land subsidence at Svartsengi is the compression of the rock matrix 

caused by extraction of geothermal fluid from the reservoir (Vatnaskil, 2012a). 

 

 

Figure 3-13 Elevation at a bench mark SN-H2 within the bore field at Svartsengi and pressure in 

boreholes at 900 m depth within the Svartsengi reservoir (Eysteinsson, 2000). 

In the last ten years, the most commonly used techniques for monitoring land subsidence 

has been InSAR (Interferometric Synthetic Aperture Radar). The main reason for this is the 

lower cost that these techniques imply, compared to traditional leveling and gravity 

measures and also because they provide measurements at a higher spatial resolution. 

In Figure 3-14 the measured subsidence rate during the period 1992 – 1999 is presented, 

with the highest subsidence rate (10 mm/year) observed in the vicinity of Svartsengi. The 

figure shows the subsidence bowl around Svartsengi elongated in the NE-SW direction 

indicating a connection with the Eldvörp field. 

 

 

Figure 3-14 Mean LOS (line of sight) velocity in mm/year for 1992-1999 showing the fastest LOS 

subsidence rate in Svartsengi (Originally from Jónsson, 2009, modified by Vatnaskil, 2012a,). 



21 

 

In Figure 3-15 mean gravity variation (µgal/year) from 1975 to 1999 is shown 

(Eysteinsson, 2000). Maximum gravity reduction is 5 µgal/year, located about 1 km west 

of the power plant, at the same place as the maximum subsidence in Figure 3-11. In Figure 

3-16 mean gravity variation (µgal/year) from 1999 to 2008 is shown (Magnússon, 2009). 

The gravity variation anomaly over Svartsengi, both from 1975 to 1999 and from 1999 to 

2008 has a SW – NE trend, like the subsidence, in the same direction as the earthquake 

epicenters in Eldvörp – Svartsengi in Figure 3-6. 

Eysteinsson (2000) estimated the total mass change in the Svartsengi reservoir due to the 

gravity changes, by applying Gauss law: 

  = (
 

 
  )∮      

where G is the gravitational constant (6.67*10
-11

 Nm
2
/kg

2
), Δg is the gravity change (m/s

2
) 

in a surface area ds (Hammer, 1945, quoted in Eysteinsson, 2000). When applying this 

formula to the mean annual gravity change in Figure 3-15 and restricting the area to a 5 km 

radius around the bore field (78 km
2
), it gives 2.6 Mt/year. Eysteinsson then compared this 

value to annual production of about 8 Mt/year and concluded that there is about 70 % 

annual recharge in the Svartsengi system. 

 

 

Figure 3-15 Mean gravity variation (µgal/year) from 1975 to 1999 (Eysteinsson, 2000). 
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Figure 3-16 Mean gravity variation (µgal/year) at the outer part of the Reykjanes peninsula. Figure a, 

from 1999 – 2004. Figure b, from 2004 – 2008. Figure c, from 1999 – 2008 (Magnússon, 2009). 
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3.5 Borehole data 

An extensive amount of information has been collected from boreholes at the Svartsengi 

geothermal field (Vatnaskil, 2012a), playing an important role in developing a conceptual 

model for the Svartsengi geothermal reservoir. 

Figure 3-17 details the geological cross section throughout Svartsengi, made by Franzson 

(1990), where sequences of lava flows are separated by hyaloclastite. In Iceland, this type 

of layering is typical within the volcanic zone. Generally, hyaloclastite layers have much 

lower permeability than lava layers and therefore hinder the flow of water through them. 

The vast amount of hyaloclastite between 300 – 600 meters depth is likely to act as a 

caprock, separating the geothermal reservoir from the shallow groundwater aquifer above. 

In the area under wells 2, 3 and 10, the caprock is fractured, allowing some of the 

geothermal fluid to escape through it and form a steam zone on top of the liquid-dominated 

main reservoir. An early estimation of the size of the steam zone by Franzson (1990) is 

shown in Figure 3-18 but in chapter four the pressure in the steam zone is simulated. A 

local decrease in reservoir pressure has been caused by production at Svartsengi, resulting 

in expansion of the natural steam zone at the top of the reservoir (Björnsson and 

Steingrímsson, 1991). 

Another important feature on Figure 3-17 is the presence of intrusive rock at the depth of 

approximately 1100 – 1300 meters. Intrusive rocks can increase the permeability in the 

surrounding rock and therefore play an important role in controlling the flow pattern in the 

geothermal reservoir (Franzson, 1990). A more detailed analysis by Franzson (1990) in 

Figure 3-19 shows a concentration of intrusives at a depth range of 1100 – 1300 meters. 

The intrusive rocks within this depth range lie nearly horizontal and, therefore, it is 

reasonable to expect the presence of relatively high permeability feed zones connecting the 

wells within this depth range (Franzson, 1990). Pressure measurements from wells 

producing from the liquid-dominated reservoir show a very uniform response to mass 

extraction and a local change in production within the reservoir affect pressure in all wells, 

indicating a very open, interconnected system (Vatnaskil, 2012a). 
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Figure 3-17 Geological cross section from Svartsengi showing sequence of lava and hyaloclastite layers, 

intrusive rock, faults and proposed flow patterns within the geothermal and groundwater aquifers 

(Originally from Franzson, 1990, modified by Vatnaskil, 2012a). 
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Figure 3-18 Simplified surface geology map of Svartsengi area showing estimated size of steam zone 

yellow area) at the start of production. In chapter four the pressure in the steam zone is simulated 

(Originally from Franzson, 1990, modified by Vatnaskil, 2012a). 
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Figure 3-19 Volcanic intrusions at Svartsengi (Franzson, 1990). 

The temperature profiles from Svartsengi on Figure 3-20 contain relevant information on 

some physical characteristics of the reservoir. There are two zones within the reservoir that 

can be observed on the figure: an upper zone with high temperature gradient, and a lower 

zone with a constant temperature with depth. The thickness of the upper zone is 

approximately 500 meters. 

The reservoir caprock, which consists of a low permeability layer that marks the boundary 

between the shallow groundwater aquifer and the geothermal reservoir, can be found in the 

upper zone. The top of the geothermal reservoir sets the boundary between the upper and 

the lower zones. The fact that the temperature within the reservoirs remains relatively 
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constant with depth indicates a well-mixed convection dominated reservoir with relatively 

high permeability (Vatnaskil, 2012a). 

As seen on Figure 3-20 the temperature profiles fall into two groups. Wells SV-2, 3 and 10 

are producing from the steam zone and have therefore higher temperature in the upper 

zone. The second group of wells is producing from the liquid dominated reservoir. This 

means that the caprock is working as an isolator between the hot geothermal reservoir and 

the overlying cooler aquifer. 

 

.  

Figure 3-20 Measured borehole temperature profiles at Svartsengi field (Vatnaskil, 2012a). 
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3.6 Response to production 

As can be seen in Figure 3-21, there is a strong correlation between the pressure drops in 

Eldvörp and Svartsengi, suggesting that production in the latter also affects the reservoir in 

the former. Significant production started at Reykjanes in 2006 and there seems to be no 

effect on the Svartsengi and Eldvörp reservoirs related to this. This fact gives strength to 

the conceptual model of Svartsengi and Eldvörp being hydrologically connected but 

Reykjanes being isolated from them. 

 

 

Figure 3-21 Water level drawdown from Svartsengi, Eldvörp and Reykjanes reservoirs in the years 

1976 – 2010 (Vatnaskil, 2012a). 

3.7 Geochemistry 

Since the start of production a factor that has been monitored at Svartsengi is the chemistry 

of the geothermal field. The fluid chemistry has remained rather constant during the 

production time (Bjarnason, 1988, 1996), indicating well-insulated outer boundaries, 

which work as an isolation between the reservoirs and the surrounding bedrock. This also 

implies that the reservoir is a closed system. An important point to note is that the gas 

content of the reservoir fluids has, however, decreased steadily due to degassing of the 

reservoir (Bjarnason, 1996). Due to the blending with seawater, which in turns increases 

the salinity, the geothermal fluid in the Svartsengi reservoir is considered brine comprising 

approximately 2/3 seawater and 1/3 freshwater (Kjaran et al., 1980). 
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4 Case study for Svartsengi 
geothermal wells 

4.1 Data review 

The data used were either measured data or calculated data from the TOUGH program. 

Measured data were wellhead pressure and opening since start of production until the year 

2010. Calculated data from TOUGH was pressure at the depth of 1000 meters in the wells. 

Time series of data were provided by Vatnaskil Consulting Engineers. The enthalpy of the 

geothermal fluid from feed zones in the wells was estimated from temperature logs. 

4.2 Location of wells 

In Figure 4-1 relative location of wells in Svartsengi is shown. Wells SV-7, 8 and 9 were 

simulated and used to find constants in the ellipse equation. Wellhead pressure in wells 

SV-11, 18 and 19 was then calculated with constants found by simulating wells SV-7, 8 

and 9. Finally, pressure in the steam zone was simulated in wells SV-10, 14, 16 and 20. 

 

 

Figure 4-1 Location of wells in the Svartsengi geothermal field (modified from Jónsson and Björnsson, 

2011). 
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4.3 Finding the constants in the ellipse equation 

The ellipse equation (equation (2.8)) has three constants; b1, b2 and Pw0, which have to be 

determined by fitting it to measurements or a simulation. As mentioned before, in chapter 

2.3, the constant Pw0 was introduced to correct the distances between the ellipses of 

different bottom-hole pressure, Pw. Here, constants b1 and b2 are found from output curves 

with only one bottom-hole pressure for each enthalpy period, as will be shown later. 

Therefore the constant Pw0 was always set to zero and not determined, which gave good 

results. Iteration with the least square method was used to determine, b1 and b2. First the 

two constants were found by fitting to an output curve, simulated from the well. This gave 

good results for the constant b1 but not for b2. As can be seen from equation (2.8) b1 

follows the flow, W, but b2, follows the wellhead pressure, P0. Normally the output curve 

does not have much difference in wellhead pressure compared to the flow. Therefore the 

measured wellhead pressure time series were used to determine b2. This gave good results 

for the constant b2. The flowchart in Figure 4-2 shows the process for finding the constants 

b1 and b2. 

 

 

Figure 4-2 Flowchart showing the process for finding constants b1 and b2. 
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4.4 Simulation for water wells  

For all well simulations in this thesis, the wellbore simulator WellSim was used. WellSim 

is an integrated geothermal wellbore simulator and analysis package designed to allow 

‘what-if’ scenarios to be performed on a geothermal well. 

An important factor when simulating the water wells in WellSim is the roughness of the 

walls in the wells which was set to 1 mm. This roughness proved to give good results when 

simulations were compared to measured data. 

Flow had to be estimated from the wells in Svartsengi. For calculating the flow from the 

wellhead, equation (2.14) was used. Wellhead pressure, wellhead enthalpy and wellhead 

opening are factors in equation (2.14). The size of the wellhead openings are listed in 

appendix A. As can be observed, the wellhead flow is somewhat fluctuating from 1981 

until 2011 in all the wells. From 2011 until 2040 the flow is taken as the average of the 

flow from 2000 until 2010 for all the wells. 

When measured wellhead pressure was simulated in WellSim, the bottom hole pressure, 

from TOUGH2 calculations from Vatnaskil was used, along with calculated well flow. 

Wellhead enthalpy was estimated until reasonable wellhead pressure was found. The 

estimated wellhead enthalpy can be seen in tables for each well. In the tables it can be 

observed how the enthalpy has been increasing with time in the simulations for the 

Svartsengi wells. Different constants b1 and b2 in equation (2.8) were found for different 

enthalpy and listed in the table with the enthalpy. To find the different constants, an output 

curve was simulated for the different enthalpy periods in WellSim and then equation (2.8) 

was fitted to the corresponding output curve and wellhead pressure time series by changing 

b1 and b2. The simulated output curves are shown in the chapters for wells SV-7, 8 and 9 as 

blue dots and fitted output curves are shown as red dots. Only one figure for each well has 

measured output curve shown as green dots, since measurements from each well only exist 

from one time. 

The increase in the Svartsengi wells enthalpy is thought to be due to the expansion of the 

steam cap and increased pressure and flow from the steam cap into the wells. This 

increased steam pressure occurs when pressure in the reservoir drops due to drawdown in 

the system and the water in the liquid dominated reservoir starts boiling. 
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4.4.1 Well SV-7 

The drilling of well SV-7 was completed in September 1979, see Figure 4-1 for location of 

this and other wells in the area. The well was drilled down to 1438 meters and has 13 3/8” 

casing down to 600 meters. It has no liner but an open hole from 600 to 1438 meters. 

When simulating well SV-7, it was simulated from the bottom up to the wellhead. The 

bottom was set at 1000 meters depth where water with enthalpy of 1040 kJ/kg came 

flowing into the well. Another feed zone was located at 650 meters which gave steam with 

enthalpy of 2800 kJ/kg. At the 20
th

 of September 1997, well SV-7 was measured as it was 

flowing (Björnsson et al. 1998). Temperature and pressure profiles were measured and an 

output test was made. The output test can be seen in Figure 4-3. Temperature and pressure 

profiles are in Figure 4-4 and Figure 4-5, respectively. The flashing point of the well is just 

below 675 meters depth at this time. According to Björnsson et al. (1998), steam enters the 

well from feed zone above 680 meters in the well. This is likely feed zone system which is 

probably more or less continuous between 620 and 800 meters depth (Franzson, 1990). At 

the time of the measurements the steam feed zone should have been giving at least 6% of 

the total flow from the well (Björnsson et al., 1998), which the simulation was found to be 

consistent with. 

 

 

Figure 4-3 Output curves from well SV-7, measurement done in September 1997. 
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Figure 4-4 Temperature measurements and 

simulation from well SV-7. 

 

Figure 4-5 Pressure measurements and 

simulation from well SV-7. 
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In Figure 4-6 calculated wellhead flow from well SV-7 can be seen. In Figure 4-7 pressure 

at 1000 meters depth from TOUGH simulation can be seen. These calculated data were 

used for simulating wellhead pressure seen in Figure 4-8. 

 

 

Figure 4-6 Calculated wellhead flow from well SV-7 using equation (2.14). 

 

 

Figure 4-7 Pressure at 1000 meters depth in well SV-7, simulated in TOUGH. 
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Figure 4-8 Measured and simulated wellhead pressure in well SV-7. 

In Figure 4-8 simulated wellhead pressure from WellSim is compared to measured 

wellhead pressure. The estimated enthalpy can be seen in Table 4-1. As can be observed in 

Figure 4-8 a relatively big gap is between the simulated wellhead pressure and the 

measured wellhead pressure in the period between 2001 until 2006. What might have 

caused the increase in the measured wellhead pressure in this period is a temporary 

increase in the wellhead enthalpy. Measurement and simulation accuracy should also be 

considered. 

For the different periods in Table 4-1, different constants b1 and b2 were found for different 

enthalpies. The simulated output curves can be seen in Figure 4-9 to Figure 4-15. 

Table 4-1 Wellhead enthalpy during different periods in well SV-7. 

Period Enthalpy (kJ/kg) b1 b2 

1981 1085 3,797 0,249 

1982 - 1985 1100 3,640 0,262 

1986 - 1989 1110 3,532 0,256 

1990 - 1994 1130 3,467 0,261 

1995 - 1997 1140 3,496 0,260 

1998 - 1999 1170 3,488 0,272 

2000 - 2040 1250 3,313 0,306 
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Figure 4-9 Output curves from well SV-7, 

enthalpy 1085. 

 

Figure 4-10 Output curves from well SV-7, 

enthalpy 1100. 

 

Figure 4-11 Output curves from well SV-7, 

enthalpy 1110. 

 

Figure 4-12 Output curves from well SV-7, 

enthalpy 1130. 

 

Figure 4-13 Output curves from well SV-7, 

enthalpy 1140. 

 

Figure 4-14 Output curves from well SV-7, 

enthalpy 1170. 

 

Figure 4-15 Output curves from well SV-7, 

enthalpy 1250. 
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Constants b1 and b2 are then plotted versus specific enthalpy (kJ/kg) as can be observed in 

Figure 4-16 and Figure 4-17 respectively. 

 

 

Figure 4-16 Constant b1 plotted versus specific enthalpy (kJ/kg), with a regression line. 

 

 

Figure 4-17 Constant b2 plotted versus specific enthalpy (kJ/kg), with a regression line. 
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Since Pw0 was always set to zero, with good results, equation (2.8) will now and onward be 

put forward as: 

(
 

  
)
 

+ (
  

  
)
 

=   
      (2.15) 

From Figure 4-16 we obtain: 

  = [−0 00  +    0 ]               (2.15a) 

And from Figure 4-17: 

  =    0   0   − 0 0      (2.15b) 

where h is specific enthalpy (kJ/kg). 

In Figure 4-18 and Figure 4-19 calculated wellhead pressure found from equation (2.15) is 

plotted. In Figure 4-18 the wellhead pressure is calculated by equation (2.15) so that the 

constants b1 and b2, as they appear in Table 4-1, are put directly into equation (2.15). In 

Figure 4-19 the wellhead pressure is calculated by equation (2.15) so that the constants b1 

and b2 are found as a function of enthalpy, using equations (2.15a) and (2.15b) 

respectively. The measured wellhead pressure and simulated wellhead pressure from 

WellSim are also shown on the figures. 

 

 

Figure 4-18 Wellhead pressure in well SV-7. The green line is found from equation (2.15) using 

constants b1 and b2 directly as they appear in Table 4-1. 
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Figure 4-19 Wellhead pressure in well SV-7. The blue line is found from equation (2.15) where 

constants b1 and b2 are found as a function of enthalpy from equation (2.15a) and (2.15b) respectively. 

4.4.2 Well SV-8 

The drilling of well SV-8 was completed in January 1980, see Figure 4-1 for location of 

this and other wells in the area. The well was drilled down to 1603 meters and has 13 3/8” 

casing down to 622 meters and a 9 5/8’’ liner from 585 meters to 1595 meters. When 

simulating well SV-8, it was simulated from the bottom up to the wellhead. The bottom 

was set at 1000 meters depth where water with enthalpy of 1040 kJ/kg came flowing into 

the well. Another feed zone was located at 650 meters which gave steam with enthalpy of 

2800 kJ/kg. At the 12
th

 of July 1997, well SV-8 was measured as it was flowing (Björnsson 

et al. 1998). Temperature and pressure profiles were measured and an output test was 

made. The output test can be seen in Figure 4-20. Temperature and pressure profiles are in 

Figure 4-21 and Figure 4-22. The flashing point of the well was at about 690 meters depth 

at this time. 

 

 

Figure 4-20 Output curves from well SV-8, the measurement was done in July 1997. 
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Figure 4-21 Temperature measurements from 

well SV-8. 

 

Figure 4-22 Pressure measurements from well 

SV-8. 

 

  



41 

In Figure 4-23 calculated wellhead flow from well SV-8 can be seen. In Figure 4-24 

pressure at 1000 meters depth from TOUGH simulation can be seen. These calculated data 

were used for simulating wellhead pressure seen in Figure 4-25. 

 

 

Figure 4-23 Calculated wellhead flow from well SV-8 using equation (2.14). 

 

 

Figure 4-24 Pressure at 1000 meters depth in well SV-8, simulated in TOUGH. 
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Figure 4-25 Measured and simulated wellhead pressure in well SV-8. 

In Figure 4-25 simulated wellhead pressure from WellSim is compared to measured 

wellhead pressure. The estimated enthalpy can be seen Table 4-2. As can be observed in 

Figure 4-25 a relatively big gap is between the simulated wellhead pressure and the 

measured wellhead pressure in the period between 2001 until 2006. What might have 

caused the increase in the measured wellhead pressure in this period is a temporary 

increased in the wellhead enthalpy. Measurement and simulation accuracy should also be 

considered. 

For the different periods in Table 4-2, different constants b1 and b2 were found for different 

enthalpies. The simulated output curves can be seen in Figure 4-26 to Figure 4-31. 

Table 4-2 Wellhead enthalpy during different periods in well SV-8. 

Period Enthalpy (kJ/kg) b1 b2 

1981 – 1982 1085 3,717 0,248 

1983 – 1991 1095 3,465 0,253 

1992 – 1994 1100 3,460 0,240 

1995 – 1997 1110 3,427 0,245 

1998 – 1999 1130 3,407 0,257 

2000 - 2040 1160 3,315 0,266 
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Figure 4-26 Output curves from well SV-8, 

enthalpy 1085. 

 

Figure 4-27 Output curves from well SV-8, 

enthalpy 1095. 

 

Figure 4-28 Output curves from well SV-8, 

enthalpy 1100. 

 

Figure 4-29 Output curves from well SV-8, 

enthalpy 1110. 

 

Figure 4-30 Output curves from well SV-8, 

enthalpy 1130. 

 

Figure 4-31 Output curves from well SV-8, 

enthalpy 1160. 
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Constants b1 and b2 are then plotted versus specific enthalpy (kJ/kg) as can be observed in 

Figure 4-32 and Figure 4-33 respectively. 

 

 

Figure 4-32 Constant b1 plotted versus specific enthalpy (kJ/kg), with a regression line. 

 

 

Figure 4-33 Constant b2 plotted versus specific enthalpy (kJ/kg), with a regression line. 
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From Figure 4-32 we obtain: 

  = [−0 00  +      ]               (2.15c) 

And from Figure 4-33: 

  =        0   − 0 0      (2.15d) 

where h is specific enthalpy (kJ/kg). 

In Figure 4-34 and Figure 4-35 calculated wellhead pressure found from equation (2.15) is 

plotted. In Figure 4-34 the wellhead pressure is calculated by equation (2.15) so that the 

constants b1 and b2, as they appear in Table 4-2, are put directly into equation (2.15). In 

Figure 4-35 the wellhead pressure is calculated by equation (2.15) so that the constants b1 

and b2 are found as a function of enthalpy, using equations (2.15a) and (2.15b) 

respectively. The measured wellhead pressure and simulated wellhead pressure from 

WellSim are also shown on the figures. 

 

 

Figure 4-34 Wellhead pressure in well SV-8. The green line is found from equation (2.15) using 

constants b1 and b2 directly as they appear in Table 4-2. 
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Figure 4-35 Wellhead pressure in well SV-8. The blue line is found from equation (2.15) where 

constants b1 and b2 are found as a function of enthalpy from equation (2.15c) and (2.15d) respectively. 

4.4.3 Well SV-9 

The drilling of well SV-9 was completed in June 1980, see Figure 4-1 for location of this 

and other wells in the area. The well was drilled down to 994 meters and has 13 3/8” 

casing down to 588 meters and a 9 5/8” liner from 557 meters to 976 meters. When 

simulating well SV-9, it was simulated from the bottom up to the wellhead. Even though 

the well does not reach 1000 meters, the bottom was set at 1000 meters depth, since the 

TOUGH calculation estimate the pressure at 1000 meters depth. At the bottom of the well, 

water with enthalpy of 1050 kJ/kg came flowing into the well. Another feed zone was 

located at 600 meters which gave steam with enthalpy of 2800 kJ/kg. At the 2
nd

 of June 

1997, well SV-9 was measured as it was flowing (Björnsson et al. 1998). Temperature and 

pressure profiles were measured and an output test was made. The output test can be seen 

in Figure 4-36. Temperature and pressure profiles are in Figure 4-37 and Figure 4-38. The 

flashing point of the well was at 680 to 690 meters at this time. 

 

Figure 4-36 Output curves from well SV-9, the measurement was done in June 1997. 
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Figure 4-37 Temperature measurements from 

well SV-9. 

 

Figure 4-38 Pressure measurements from well 

SV-9. 
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In Figure 4-39 calculated wellhead flow from well SV-9 can be seen. In Figure 4-40 

pressure at 1000 meters depth from TOUGH simulation can be seen. These calculated data 

were used for simulating wellhead pressure seen in Figure 4-41. 

 

 

Figure 4-39 Calculated wellhead flow from well SV-9 using equation (2.14). 

 

 

Figure 4-40 Pressure at 1000 meters depth in well SV-9, simulated in TOUGH. 
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Figure 4-41 Measured and simulated wellhead pressure in well SV-9. 

In Figure 4-41 the simulated wellhead pressure from WellSim is compared to measured 

wellhead pressure. For the simulation wellhead enthalpy was estimated until reasonable 

wellhead pressure was found. The estimated enthalpy can be seen in Table 4-3. 

For the different periods in Table 4-3, different constants b1 and b2 were found for different 

enthalpies. The simulated output curves can be seen in Figure 4-42 to Figure 4-45. 

Table 4-3 Wellhead enthalpy during different periods in well SV-9. 

Period Enthalpy (kJ/kg) b1 b2 

1981 – 1982 1090 3,534 0,251 

1983 – 1997 1120 3,298 0,256 

1998 – 1999 1150 3,357 0,259 

2000 – 2040 1180 3,262 0,274 
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Figure 4-42 Output curves from well SV-9, 

enthalpy 1090. 

 

Figure 4-43 Output curves from well SV-9, 

enthalpy 1120. 

 

 

 

 

 

 

 

 

Figure 4-44 Output curves from well SV-9, 

enthalpy 1150. 

 

Figure 4-45 Output curves from well SV-9, 

enthalpy 1180. 
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Constants b1 and b2 are then plotted versus specific enthalpy (kJ/kg) as can be observed in 

Figure 4-46 and Figure 4-47 respectively. 

 

 

Figure 4-46 Constant b1 plotted versus specific enthalpy (kJ/kg), with a regression line. 

 

 

Figure 4-47 Constant b2 plotted versus specific enthalpy (kJ/kg), with a regression line. 



52 

From Figure 4-46 we obtain: 

  = [−0 00  +      ]               (2.15e) 

And from Figure 4-47: 

  =        0   − 0 0       (2.15f) 

Where h is the specific enthalpy (kJ/kg). 

In Figure 4-48 and Figure 4-49 calculated wellhead pressure found from equation (2.15) is 

plotted. In Figure 4-48 the wellhead pressure is calculated by equation (2.15) so that the 

constants b1 and b2, as they appear in Table 4-3, are put directly into equation (2.15). In 

Figure 4-49 the wellhead pressure is calculated by equation (2.15) so that the constants b1 

and b2 are found as a function of enthalpy, using equations (2.15a) and (2.15b) 

respectively. The measured wellhead pressure and simulated wellhead pressure from 

WellSim are also shown on the figures. 

 

 

Figure 4-48 Wellhead pressure in well SV-9. The green line is found from equation (2.15) using 

constants b1 and b2 directly as they appear in Table 4-3. 
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Figure 4-49 Wellhead pressure in well SV-9. The blue line is found from equation (2.15) where 

constants b1 and b2 are found as a function of enthalpy from equation (2.15e) and (2.15f) respectively. 
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4.4.4 Construction of a general equation 

By plotting all the constants b1 and b2 from wells SV-7, SV-8 and SV-9 versus the specific 

enthalpy, an attempt is made to make more general equations for the constants b1 and b2 as 

a function of enthalpy for wells in Svartsengi. From Figure 4-50 it can be observed that for 

lower enthalpy the b1 values are relatively high. This indicates that the b1 values should 

rather be fitted nonlinear. However a liner fit was used but the inaccuracy seems to show in 

the wellhead pressure calculations in periods with lower enthalpy. 

 

 

Figure 4-50 Constant b1, from wells SV-7, SV-8 and SV-9, plotted versus specific enthalpy (kJ/kg), with 

regression line. 

 

 

Figure 4-51 Constant b2, from wells SV-7, SV-8 and SV-9, plotted versus specific enthalpy (kJ/kg), with 

regression line 
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From Figure 4-50 we obtain: 

  = [−0 00  +   0  ]               (2.15g) 

And from Figure 4-51: 

  =    0   0   − 0  0     (2.15h) 

Where h is the specific enthalpy (kJ/kg). 

In Figure 4-52 to Figure 4-54, calculated wellhead pressure found from equation (2.15) is 

plotted, as a function of enthalpy, using equations (2.15g) and (2.15h) for b1 and b2 

respectively. The measured wellhead pressure and simulated wellhead pressure from 

WellSim are also on the figures. As can be observed in the figures, the calculated wellhead 

pressure with equations (2.15g) and (2.15h), gives good results. 

 

 

Figure 4-52 Wellhead pressure in well SV-7. The red line is found from equation (2.15) where 

constants b1 and b2 are found as a function of enthalpy from equation (2.15g) and (2.15h) respectively. 
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Figure 4-53 Wellhead pressure in well SV-8. The red line is found from equation (2.15) where 

constants b1 and b2 are found as a function of enthalpy from equation (2.15g) and (2.15h) respectively. 

 

 

Figure 4-54 Wellhead pressure in well SV-9. The red line is found from equation (2.15) where 

constants b1 and b2 are found as a function of enthalpy from equation (2.15g) and (2.15h) respectively. 
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4.4.5 The general equation tested on more wells 

The general equation constructed in chapter 4.4.4 was tested on wells SV-11, SV-18 and 

SV-19. The results are as shown below. 

4.4.6 Well SV-11 

The drilling of well SV-11 was completed in July 1980, see Figure 4-1 for location of this 

and other wells in the area. The well was drilled down to 1141 meters and has 13 3/8” 

casing down to 582 meters. It has liner from 547 to 1130 meters. When simulating well 

SV-11, it was simulated from the bottom up to the wellhead. The bottom was set at 1000 

meters depth where water with enthalpy of 1040 kJ/kg came flowing into the well. Another 

feed zone was located at 650 meters which gave steam with enthalpy of 2800 kJ/kg. At the 

8
th

 of November 1996, well SV-11 was measured as it was flowing (Björnsson et al. 1998). 

Temperature and pressure profiles were measured and an output test was made. The results 

are not presented here. The flashing point of the well was at 650 to 700 meters depth at this 

time. According to Björnsson et al. (1998), well SV-11 has very similar character to well 

SV-7. 

In Figure 4-55 calculated wellhead flow from well SV-11 can be seen. In Figure 4-56 

pressure at 1000 meters depth from TOUGH simulation can be seen. These calculated data 

were used for simulating wellhead pressure seen in Figure 4-57. The estimated enthalpy is 

in Table 4-4. 

 

 

Figure 4-55 Calculated wellhead flow from well SV-11 using equation (2.14). 
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Figure 4-56 Pressure at 1000 meters depth in well SV-11, simulated in TOUGH. 

 

Table 4-4 Wellhead enthalpy during different periods in well SV-11. 

Period Enthalpy (kJ/kg) 

1981 1085 

1982 1100 

1983 – 1989 1105 

1990 – 1993 1135 

1994 – 1997 1140 

1998 – 1999 1155 

2000 – 2040 1450 

 

In Figure 4-57 calculated wellhead pressure found from equation (2.15) is plotted so that 

the constants b1 and b2 are found as a function of enthalpy, using equations (2.15g) and 

(2.15h) respectively. The measured wellhead pressure and simulated wellhead pressure 

from WellSim are also shown on the figures. As can be observed, the calculated wellhead 

pressure from equation (2.15), including (2.15g) and (2.15h), gives quite a good fit. 
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Figure 4-57 Wellhead pressure in well SV-11. The red line is found from equation (2.15) where 

constants b1 and b2 are found as a function of enthalpy from equation (2.15g) and (2.15h) respectively. 

4.4.7 Well SV-18 

The drilling of well SV-18 was completed in November 1998, see Figure 4-1 for location 

of this and other wells in the area. The well was drilled down to 1837 meters and has 13 

3/8” casing down to 770 meters and a 9 5/8’’ liner from 770 meters to 1830 meters. When 

simulating well SV-18, it was simulated from the bottom up to the wellhead. The bottom 

was set at 1000 meters depth where water with enthalpy of 1040 kJ/kg came flowing into 

the well. Another feed zone was located at 650 meters which gave steam with enthalpy of 

2800 kJ/kg. In August 2010, well SV-18 was measured as it was flowing (Jónsson and 

Björnsson, 2011). Temperature and pressure profiles were measured. The results from the 

measurements are not shown here but they were used to estimate the enthalpy from the 

feed zones in the well. 

In Figure 4-58 calculated wellhead flow from well SV-18 can be seen. In Figure 4-59 

pressure at 1000 meters depth from TOUGH simulation can be seen. These calculated data 

were used for simulating wellhead pressure seen in Figure 4-60. The estimated enthalpy is 

in Table 4-5. 
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Figure 4-58 Calculated wellhead flow from well SV-18 using equation (2.14). 

 

 

Figure 4-59 Pressure at 1000 meters depth in well SV-18, simulated in TOUGH. 

 

Table 4-5 Wellhead enthalpy during different periods in well SV-18. 

Period Enthalpy (kJ/kg) 

1999 1095 

2000 - 2040 1150 
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In Figure 4-60 calculated wellhead pressure found from equation (2.15) is plotted so that 

the constants b1 and b2 are found as a function of enthalpy, using equations (2.15g) and 

(2.15h) respectively. The measured wellhead pressure and simulated wellhead pressure 

from WellSim are also shown on the figures. As can be observed, the calculated wellhead 

pressure from equation (2.15), including (2.15g) and (2.15h), gives quite a good fit. 

 

 

Figure 4-60 Wellhead pressure in well SV-18. The red line is found from equation (2.15) where 

constants b1 and b2 are found as a function of enthalpy from equation (2.15g) and (2.15h) respectively. 

4.4.8 Well SV-19 

The drilling of well SV-19 was completed in August 1998, see Figure 4-1 for location of 

this and other wells in the area. The well was drilled down to 1600 meters and has 13 3/8” 

casing down to 715 meters and a 9 5/8” liner from 682 meters to 1575 meters. When 

simulating well SV-19, it was simulated from the bottom up to the wellhead. The bottom 

was set at 1000 meters depth where water with enthalpy of 1040 kJ/kg came flowing into 

the well. Another feed zone was located at 650 meters which gave steam with enthalpy of 

2800 kJ/kg. In August 2010, well SV-19 was measured as it was flowing (Jónsson and 

Björnsson, 2011). Temperature and pressure profiles were measured. The results from the 

measurements are not shown here but they were used to estimate the enthalpy from the 

feed zones in the well. 

In Figure 4-61 calculated wellhead flow from well SV-19 can be seen. In Figure 4-62 

pressure at 1000 meters depth from TOUGH simulation can be seen. These calculated data 

were used for simulating wellhead pressure seen in Figure 4-63. The estimated enthalpy is 

in Table 4-6. 
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Figure 4-61 Calculated wellhead flow from well SV-19 using equation (2.14). 

 

 

Figure 4-62 Pressure at 1000 meters depth in well SV-19, simulated in TOUGH. 
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Table 4-6 Wellhead enthalpy during different periods in well SV-19. 

Period Enthalpy (kJ/kg) 

1999 1055 

2000 1085 

2001 – 2004 1100 

2005 – 2008 1115 

2009 – 2040 1150 

 

In Figure 4-63 calculated wellhead pressure found from equation (2.15) is plotted so that 

the constants b1 and b2 are found as a function of enthalpy, using equations (2.15g) and 

(2.15h) respectively. The measured wellhead pressure and simulated wellhead pressure 

from WellSim are also shown on the figures. As can be observed, the calculated wellhead 

pressure from equation (2.15), including (2.15g) and (2.15h), does not give as good fit as 

for the other wells. This might be caused by the relatively low enthalpy in well SV-19, 

compared to the other water wells. 

 

 

Figure 4-63 Wellhead pressure in well SV-19. The red line is found from equation (2.15) where 

constants b1 and b2 are found as a function of enthalpy from equation (2.15g) and (2.15h) respectively. 

4.5 Steam wells 

Part of the purpose of this thesis was to simulate pressure in the steam cap of Svartsengi. 

WellSim was used to simulate down the steam wells for pressure in the steam zone so that 

numerical models, such as the TOUGH simulator, would be able to correlate with for its 

simulation of pressure in the steam zone of Svartsengi. To simulate the steam wells, the 

measured wellhead pressure, steam enthalpy and calculated flow were used in the WellSim 

simulator. Also, the roughness of the walls in the wells had to be known. The same 

roughness as for the water wells was used, i.e. 1 mm. The reason for using WellSim to 

calculate the pressure in the steam zone but not the ellipse equation developed in chapter 
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4.4.4 is because the ellipse equation does not handle the high enthalpy of the steam as 

should be obvious from Figure 4-50 and Figure 4-51, wherefrom the ellipse equation is 

developed.  

4.5.1 Well SV-10 

The drilling of well SV-10 was completed in February 1980, see Figure 4-1 for location of 

this and other wells in the area. The well was drilled down to 425 meters and has 13 3/8” 

casing down to 220 meters and a 9 5/8” liner from 192 meters to 408 meters. When 

simulating well SV-10, it was simulated from the wellhead to 425 meters depth. The 

enthalpy at the wellhead was set to 2800 kJ/kg. 

In Figure 4-64 calculated flow from the wellhead of well SV-10 can be observed. Equation 

(2.14) was used for calculating the flow. Wellhead pressure, wellhead enthalpy and 

wellhead opening are factors in equation (2.14). The size of the wellhead opening is listed 

in appendix A. Measured wellhead pressure and simulated pressure at 425 meter depth can 

be observed in Figure 4-65. 

 

 

Figure 4-64 Calculated wellhead flow from well SV-10 using equation (2.14). 
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Figure 4-65 Measured wellhead pressure and simulated pressure at 425 meters depth in well SV-10. 

 

4.5.2 Well SV-14 

The drilling of well SV-14 was completed in February 1994, see Figure 4-1 for location of 

this and other wells in the area. The well was drilled down to 612 meters and has 9 5/8” 

casing down to 195 meters and a 7” liner from 185 meters to 612 meters. When simulating 

well SV-14, it was simulated from the wellhead to 612 meters depth. The enthalpy at the 

wellhead was set to 2800 kJ/kg. 

In Figure 4-64 calculated flow from the wellhead of well SV-14 can be observed. Equation 

(2.14) was used for calculating the flow. Wellhead pressure, wellhead enthalpy and 

wellhead opening are factors in equation (2.14). The size of the wellhead opening is listed 

in appendix A. Measured wellhead pressure and simulated pressure at 612 meter depth can 

be observed in Figure 4-67. 
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Figure 4-66 Calculated wellhead flow from well SV-14 using equation (2.14). 

 

 

Figure 4-67 Measured wellhead pressure and simulated pressure at 612 meters depth in well SV-14. 

4.5.3 Well SV-16 

The drilling of well SV-16 was completed in June 1998, see Figure 4-1 for location of this 

and other wells in the area. The well was drilled down to 446 meters and has 13 3/8” 

casing down to 246 meters and a 9 5/8” liner from 211 meters to 430 meters. When 

simulating well SV-16, it was simulated from the wellhead to 430 meters depth. The 

enthalpy at the wellhead was set to 2800 kJ/kg. 

In Figure 4-68 calculated flow from the wellhead of well SV-16 can be observed. Equation 

(2.14) was used for calculating the flow. Wellhead pressure, wellhead enthalpy and 

wellhead opening are factors in equation (2.14). The size of the wellhead opening is listed 
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in appendix A. Measured wellhead pressure and simulated pressure at 430 meter depth can 

be observed in Figure 4-69. 

 

 

Figure 4-68 Calculated wellhead flow from well SV-16 using equation (2.14). 

 

 

Figure 4-69 Measured wellhead pressure and simulated pressure at 430 meters depth in well SV-16 

4.5.4 Well SV-20 

The drilling of well SV-20 was completed in December 2000, see Figure 4-1 for location 

of this and other wells in the area. The well was drilled down to 430 meters and has 13 

3/8” casing down to 245 meters but from there to 430 meters the well is an open hole. 
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When simulating well SV-20, it was simulated from the wellhead to 430 meters depth. The 

enthalpy at the wellhead was set to 2800 kJ/kg. 

In Figure 4-70 calculated flow from the wellhead of well SV-20 can be observed. Equation 

(2.14) was used for calculating the flow. Wellhead pressure, wellhead enthalpy and 

wellhead opening are factors in equation (2.14). The size of the wellhead opening is listed 

in appendix A. Measured wellhead pressure and simulated pressure at 430 meter depth can 

be observed in Figure 4-71. 

 

 

Figure 4-70 Calculated wellhead flow from well SV-14 using equation (2.14). 

 

 

Figure 4-71 Measured wellhead pressure and simulated pressure at 425 meters depth in well SV-20 
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5 Conclusions 

An equation has been developed that correlates wellhead pressure, mass flow, well bottom 

pressure and wellhead enthalpy. The equation was successful in calculating wellhead 

pressure in six wells in Svartsengi and has been used to predict the wellhead pressure of 

the same six wells until 2040. Those calculations are based on calculated wellhead flow 

and on results of TOUGH2 simulation from Vatnaskil on well bottom pressure. They are 

also based on estimated wellhead enthalpy, found during the wellbore simulation. The 

wellhead enthalpy was however kept constant in every well from 2010 until 2040. This is 

thought to be a rather inaccurate assumption but it is used here in the absence of any more 

reliable predictions of future wellhead enthalpy. These limitations need to be kept in mind 

when interpreting the predicted future wellhead pressure estimates. Also, the constant b1 

could probably have been fitted better by using a nonlinear fitting equation. This is most 

evident for lower enthalpies. 

An explanation for the increase in the enthalpy in the Svartsengi water wells over time 

since production began is suggested: The simulations for the water wells provide good fits 

if the flow from the steam cap into the wells is increased with time leading to enthalpy 

increase.  The measured wellhead pressure values were not obtained in the simulations 

without this enthalpy increase. This indicates increased pressure in the steam cap and 

supports the idea of steam cap expansion. To verify the enthalpy increase in the Svartsengi 

wells, output measurements would be needed in the Svartsengi wells. 

In simulations for pressure in the steam zone from the steam wells in Svartsengi, pressure 

decline during the simulation time is observed. The extent of the pressure decline is 

however different from one well to another. The steam wells are however not situated in 

the same area as the water wells. The simulated steam wells are in the north-east area but 

the simulated water wells are in the west and south-west area of the Svartsengi field. 

The wellbore simulator WellSim proved to be a good and a rather advanced tool in 

simulating geothermal wells. WellSim gives good results in simulating temperature and 

pressure profiles, as well as output curves. 

The Svartsengi geothermal reservoir is a liquid dominated, high enthalpy reservoir. It has 

been undergoing production since 1976. Since then the pressure in the reservoir has 

decreased by about 30 bars at 1000 meters depth but the temperature has been constant at 

about 240°C at the same depth. Re-injection into the Svartsengi geothermal reservoir 

seems to have slowed down pressure drop in the reservoir. 

The wellhead pressure equation introduced in this thesis could be implemented as an 

addition to the wellhead pressure correlations in the TOUGH2 simulator code so that it 

could give more insight into the production capacity of geothermal reservoirs. The 

TOUGH2 program would then initially run with constant flow rates and decreasing 

wellhead pressure. When the minimum wellhead pressure has been reached it is kept 

constant and the flow is decreased until it cannot support the minimum wellhead pressure 

any longer. 
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The method proposed in this thesis, of developing a wellhead pressure equation, can be 

tried in other geothermal areas and for wells, with characteristics different from those 

found at Svartsengi.  This would allow the parameter space for temperature and pressures, 

i.e. different enthalpies, to be explored further than done in this thesis. Finally, it should be 

noted that diameter is an important factor in the behaviour of geothermal wells but the 

wells used in this thesis are all of the same width.  Thus, the method should also be tested 

for geothermal wells with diameters different from those at Svartsengi.  
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Appendix A: Wellhead opening 

 

  Two phase wells 

  SV-7 SV-8 SV-9 SV-11 SV-18 SV-19 

Year 
Wellhead 
opening 

(mm) 

Wellhead 
opening 

(mm) 

Wellhead 
opening 

(mm) 

Wellhead 
opening 

(mm) 

Wellhead 
opening 

(mm) 

Wellhead 
opening 

(mm) 

1981 103 105 105 105     

1982 95 95 95 95     

1983 96 95 96 96     

1984 98 95 98 98     

1985 98 95 98 98     

1986 98 95 98 98     

1987 98 95 98 98     

1988 98 96 98 98     

1989 104 106 106 98     

1990 110 112 110 98     

1991 106 108 106 96     

1992 94 95 94 94     

1993 94 95 94 94     

1994 94 95 95 96     

1995 96 100 100 102     

1996 96 100 100 102     

1997 93 100 100 102     

1998 93 100 100 102     

1999 100 108 100 102 112 109 

2000 108 113 110 95 109 122 

2001 110 112 109 126 99 105 

2002 103 100 104 129 92 95 

2003 105 105 105 113 94 94 

2004 106 104 105 109 89 89 

2005 107 104 104 113 88 88 

2006 108 107 108 110 88 87 

2007 109 109 108 112 99 90 

2008 109 109 104 116 102 100 

2009 114 112 104 117 103 100 

2010 114 109 110 120 109 102 

 

  



76 

 

 

  Steam wells 

  SV-10 SV-14 SV-16 SV-20 

Year 
Wellhead 
opening 

(mm) 

Wellhead 
opening 

(mm) 

Wellhead 
opening 

(mm) 

Wellhead 
opening 

(mm) 

1997 87       

1998 101 81     

1999 104 62 120   

2000 120 63 148   

2001 105 63 135 77 

2002 103 63 137 91 

2003 110 63 140 73 

2004 110 63 141 73 

2005 110 63 137 78 

2006 110 63 128 80 

2007 111 63 112 87 

2008 140 63 138 120 

2009 123 60 112 120 

2010 116 53 106 119 

 


