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Abstract 

Although geothermal energy is considered to be renewable energy, it still emits 
some amount of polluting gases to the atmosphere. CarbFix is a method where 
carbon dioxide and hydrogen sulfide are injected into the subsurface, where it has 
the potential of mineralizing within two years. CarbFix has been in operation since 
2014 and is located at Hellisheiði, a geothermal power plant in Iceland. By 
applying this method emissions to the atmosphere are reduced. This feasibility 
presented in this study maps out to which extent the CarbFix method could be 
applied to other geothermal power plants in the ten countries with the highest 
electricity production from geothermal energy. The feasibility depends on the rock 
type where the power plants are located, the amount of carbon dioxide emissions 
from the power plants, and the condenser design for the power plant. To determine 
potentially feasible locations, the CarbFix Mineral Storage Atlas was used. Carbon 
dioxide emissions data for geothermal power plants were very limited, and there 
was limited availability of information about the detailed design of the condenser 
in the power plant. Based on the results, most geothermal power plants were not 
feasible due to the power plant's location or because of the power plant using a 
direct contact condenser. There was no feasibility with the current method for the 
plants in the Philippines, Turkey, or Italy because the power plants were not located 
in geology with feasible rock types. However, there were geothermal power plants 
feasible in the United States, Indonesia, Iceland, Kenya, New Zealand, and Japan. 
Although there were limitations to the data gathered, this study now holds 
information on the CO2 emissions and condenser design for many geothermal 
power plants around the world. 
 
Keywords: CarbFix, carbon dioxide, carbon capture and storage, CCS, geothermal 
energy 
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Fýsileiki á að beita aðferðum CarbFix á 
jarðvarmavirkjanir á heimsvísu 

Agla Sól Pétursdóttir 

júní 2021 

 
Útdráttur 
Þrátt fyrir að jarðvarmaorka sé endurnýjanleg orka þá gefur hún samt frá sér 
nokkuð af mengandi lofttegundum í andrúmsloftið. CarbFix er aðferð þar sem 
koldíoxíð og brennisteinsvetni er leyst upp í vatni og dælt niður í berg þar sem það 
myndar steindir á innan við tveimur árum. CarbFix hefur verið starfrækt síðan 2014 
og er staðsett hjá jarðvarmavirkjuninni á Hellisheiði. Með því að beita þessari 
aðferð minnkar losunin í andrúmsloftið. Þessi rannsókn ákvarðar fýsileika út frá 
staðsetningu hvort hægt væri að beita CarbFix aðferðinni á aðrar 
jarðvarmavirkjanir í þeim tíu löndum sem framleiða mestu raforku úr jarðvarma. 
Fýsileikinn veltur á bergtegundinni þar sem virkjanirnar eru staðsettar, magn 
koldíoxíðs frá virkjunum og hönnun á eimsvala í virkjunum. Til að ákvarða 
mögulega staði var notast við CarbFix Mineral Storage Atlas. Upplýsingar um 
losun koldíoxíðs fyrir jarðvarmavirkjanir voru mjög takmarkaðar og takmarkað 
framboð af ítarlegum upplýsingum um hönnun eimsvala. Niðurstöður sýndu að 
ekki var hægt að beita aðferðum CarbFix á flestar jarðvarmavirkjanir sem skoðaðar 
voru vegna staðsetningar virkjunarinnar eða vegna þess að virkjanirnar notuðust 
við opinn eimsvala. Það var engin jarðvarmavirkjun staðsett á hentugri bergtegund 
í Filipseyjum, Tyrklandi og Ítalíu. Hins vegar væri möguleiki á að beita aðferðum 
CarbFix á jarðvarmavirkjanir í Bandaríkjunum, Indónesíu, Íslandi, Kenía, Nýja 
Sjálandi, Mexíkó og Japan. Þrátt fyrir takmarkanir á gagnasöfnun, þá veitir þessi 
rannsókn upplýsingar um losun koltvíoxíðs og hönnun eimsvala fyrir margar 
jarðvarmavirkjanir um allan heim. 
 
Lykilorð: CarbFix, CO2,  koldíoxíð, útblástur, förgun, jarðvarmaorka
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CHAPTER 1: BACKGROUND  1  

  

Chapter 1 

1Background 

 Introduction 
An increase in the carbon dioxide, CO2, content in the atmosphere is considered to be the 
cause of climate change [1]. Most energy productions techniques release harmful pollution 
to the atmosphere. Carbon capture and storage can minimize the amount of pollution released 
into the atmosphere by capturing it and storing it underground. CarbFix captures CO2 and 
other sour gases and injects them into the ground, where the gases mineralize into rock in 
less than two years [2]. 
 
This research aims to determine whether it is feasible to implement the methods of CarbFix 
to geothermal power plants globally to minimize harmful gas emissions to the atmosphere. 
The objectives are to find out and understand what is necessary for the method to work. One 
is the geology of the area where the power plant is located, another, the amount of CO2 
emissions, and lastly, the specific condenser design for the power plant. To determine 
whether the CarbFix method can be implemented, it is necessary to locate the power plant 
and gather data on the relevant parameters such as the amount of CO2 emissions from the 
power plant.  

 Geothermal Energy 
Geothermal energy is a type of renewable energy which originates from within the earth. 
Heat is derived within the subsurface, and water or steam carries the energy to the earth's 
surface. This energy can be used directly for heating and cooling purposes or be transformed 
into clean electricity. Unlike other renewable energies, geothermal energy production has a 
higher capacity factor. Therefore, it can supply baseload electricity and provide ancillary 
services for short- and long-term flexibility. One significant geothermal energy benefit is 
that its generation has lower life-cycle greenhouse gas emissions than fossil fuel-based. 
Geothermal energy can be sourced from nearly everywhere; however, medium- and high-
temperature geothermal systems are mainly located close to volcanic activity areas. Areas 
with volcanic activity are placed along plate boundaries, mid-oceanic ridges, rift valleys, or 
near hot spots [3]. Figure 1.1 illustrates where there are high- and low-temperature areas in 
Iceland. The red dots show the high-temperature regions, and the black dots show the low-
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temperature regions. 

 

Figure 1.1: Geothermal map of Iceland [4]. 

Figure 1.2 shows a simple illustration of a conventional geothermal system. Where there is 
a geothermal area which is a medium- or high-temperature one, a borehole is drilled into 
preferably fractured hot rock. To extract heat, there must be fluid extracted through the well, 
goes through the power plant, and is then delivered to the market for district heating or 
transformed into electricity [3].  

 

Figure 1.2: Conventional geothermal system [5]. 

The natural heat reserves are immense in the earth. In a report from 1978, the Electric Power 
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Research Institution estimated the accumulated thermal energy inside the continental crust 
down to 3 km to be about 43*106 EJ [6]. Nevertheless, geothermal energy accounts for just 
a tiny portion of global primary energy demand. Also, geothermal energy accounts for less 
than 1% of global capacity [7]. Figure 1.3 illustrates the growth of geothermal energy 
capacity globally since 2010, with the estimated capacity in 2025. 

 

Figure 1.3: Total geothermal installed capacity in the world [8]. 

1.2.1 Classification of Geothermal Systems 

Geothermal systems and reservoirs can be classified based on various properties such as 
temperature, enthalpy, and physical state. 
 
Temperature 
When a system is classified based on temperature, it is divided into low-, medium-, and high-
temperature systems. Low-temperature systems are often characterized by hot or boiling 
springs at the surface, and the reservoir temperature at 1 km depth is below 150 °C. Medium-
temperature systems have a reservoir temperature between 150-200 °C at one-kilometer 
depth. High-temperature systems are often characterized by highly altered ground, 
fumaroles, mud pools, and steam vents where the reservoir temperature is above 200 °C at 
one-kilometer depth [9].  
 
The various applications of geothermal systems are reflected in the temperature division for 
geothermal systems. Low-temperature systems are ideal for space heating, spa applications, 
cleaning, and so on [10]. Since the gas content of geothermal fluids is associated with 
reservoir temperature, using low-temperature systems does not usually result in substantial 
gas emissions. Water circulates in deep fractures in low-temperature structures, which are 
typically convective fracture-controlled systems. These fracture-controlled systems do not 
use a magmatic heat source but can reach medium to high temperatures in areas of high heat 
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flow [11]. Medium- and high-temperature systems can be suitable for power production. In 
medium-temperature systems, binary technology can be used for power production. Most 
high-temperature systems use conventional condensing turbines for power production but 
can also use back pressure turbines [10]. Volcanic geothermal systems are usually high-
temperature systems characterized by a volcanic heat source: magma or a hot intrusion. 
Volcanic geothermal systems are found in areas that have volcanic activity and are generally 
located along tectonic plate boundaries. Geothermal systems do not always evolve in all 
volcanic systems [11]. 
 
Enthalpy 
Enthalpy is a thermodynamic quantity describing the total heat content of a system. When 
classifying geothermal systems regarding enthalpy, they are divided into low- and high-
enthalpy systems. Low-enthalpy geothermal systems have temperatures less than 190 °C and 
reservoir fluid enthalpies less than 800 kJ/kg. In comparison, high-enthalpy geothermal 
systems have reservoir fluid enthalpies above 800 kJ/kg [9].  
 
Physical State 
Geothermal systems are classified on their physical state into two-phase, liquid- or vapor-
dominated. Liquid-dominated systems have water temperatures around or below boiling 
point, and the water phase controls the system's pressure. There may be some steam present, 
however. Vapor-dominated systems are the opposite, where the system has water 
temperatures at or above boiling point, and therefore the steam phase controls the reservoir's 
pressure. There might also be some liquid water present [9]. Although pure vapor-dominated 
systems are less common than liquid-dominated systems, vapor-dominated areas or "steam 
caps" within liquid-dominated reservoirs are not uncommon as a result of production. This 
has consequences for the presence of geothermal gases, which preferentially partition into 
the vapor phase [11]. 
 
In contrast to entirely liquid-dominated reservoirs, geothermal power plants generating from 
vapor-dominated systems or steam zones there no liquid phase removing impurities from the 
steam, this can have consequences for equipment down the line. Geothermal systems of low- 
and medium-temperatures are often liquid-dominated [11]. Most medium- to high-
temperature hydrothermal systems will discharge a two-phase geothermal fluid, for which 
single and/or double flash power plants are the most common technology. From these 
systems, there will be some content of non-condensable gases from the geothermal fluid 
released into the atmosphere, including CO2, which is the focus of this thesis work. 

 Geothermal Power Plant Design 
All geothermal power plants use vapor to drive large turbines that run electric generators 
[12]. There are different types of geothermal power plants. There are four main types of 
power plants used for geothermal power generation: flash plants, dry steam plants, binary 
plants, and combined-cycle or hybrid plants. The geothermal field’s heat content is the main 
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factor that decides which power plant technology fits best [3]. Table 1.1 compares basic 
power plant types and their temperature, utilization efficiency, cost and complexity, and 
current usage. Utilization efficiency measures the power plant's performance, the net power 
output divided by the rate at which the geofluid provides exergy [13]. 

Table 1.1: Comparison of geothermal power plant systems [14]. 

Type of 
plant 

Reservoir 
temperature [°C]  

Utilization 
efficiency 
[%] 

Plant cost and 
complexity  

Current 
Usage 

Single-flash 200 - 260 30 - 35 Moderate Widespread 
Double-flash 240 - 320 35 - 45 Moderate --> high Widespread 
Triple-flash 260 - 320 40 - 50 High Selected sites 
Dry-steam 180 - 300+ 50 - 65 Low --> moderate Special sites 
Basic binary 125 - 165 25 - 45 Moderate --> high Widespread 
 
There are several components in geothermal power plant operation cycles, but four are 
essential to most power plants. Steam is isolated from the two-phase geothermal fluid coming 
from a well into a separator, however, for dry-steam plants, there is no separator. The 
resulting moisture is collected with a demister, and high temperature and pressure steam are 
emitted in these cycles. Then the steam is expanded in a turbine, generating electricity by a 
generator attached to the turbine. In the condenser, the steam from the turbine is condensed 
back into the water. The water is then returned to the injection wells by the pump [15]. 
However, the back pressure power plant is similar to the condensing power plant in several 
respects, except there is no condenser and no cooling system for the condenser [16].  

1.3.1 Flash Plants 

Flash plants are the most common geothermal energy plants today to produce electricity [3]. 
Before 2015, single-flash (1F) plants accounted for 32% of all geothermal plants constituting 
about 43% of total installed geothermal capacity globally. Double-flash (2F) plants constitute 
9.4% of all geothermal plants, and triple-flash only 0.7%, only containing four units as of the 
end of 2014. Flash plants are often the first power plant built at a new liquid-dominated 
geothermal resource. A double-flash plant can produce 10-20% more power output for the 
same geothermal fluid conditions. Double-flash technology improves single-flash 
technology but is more complex, more costly, and requires more maintenance [14].  Flash 
plants use hydrothermal fluids usually above 180 °C to generate electricity. The fluid flows 
through the well up to the surface to the desired wellhead pressure, which is lower than the 
reservoir pressure. This will lead to that some of the fluid will vaporize instantly or “flash.” 
The vapor then powers a generator-driven turbine. The liquid that does not vaporize goes 
into another separator and flashes again to extract even more energy [12]. A flash plant’s 
size varies depending on whether they are single-flash with typical values 0.2-80 MW of 
installed capacity, double-flash with typical 2-110 MW, or triple-flash, 60-150 MW [3].  
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Figure 1.4 shows a diagram of a double-flash plant. 
 

 

Figure 1.4: A simple process diagram of a double flash plant [3].  

In comparison to traditional power plants using fossil energy sources, geothermal flash plants 
emit relatively little gas emissions. Single-flash plants have comparable environmental 
effects to double- and triple-flash plants. The waste brine from double- and triple-flash 
plants, on the other hand, would typically contain more intensely concentrated mineral gas 
emissions [14].  

1.3.2 Direct Dry Steam Plants 

The first geothermal power plant to achieve commercial status was a dry-steam (DS) plant, 
Lardarello, Italy. Because there is no geothermal brine to contend with and therefore no 
separator, dry-steam plants are typically simpler and less expensive than flash plants [14]. A 
direct dry steam plant uses steam of 150 °C or higher.  The steam that enters the turbine 
needs to be at least 99.995% dry, or the mass flow of the fluid entering can only contain 
0.005% of liquid, to avoid scaling and erosion in pipes or turbines [3]. The steam travels to 
the turbine, which drives a generator that produces energy. These plants release only excess 
steam and minimal gas quantities [12]. A dry-steam plant is essentially the same as a single-
flash plant once the steam reaches the powerhouse [14]. The size of a direct dry steam plant 
ranges typically from 8-140 MW [3]. Figure 1.5 displays a simple diagram of a direct steam 
power plant. 
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Figure 1.5: A simple process diagram of direct steam power plant [3]. 

Dry-steam geothermal power plants do not have a major environmental impact. Because the 
geofluid is made entirely of steam rather than liquid, there is no mineral-laden brine disposal. 
However, as there is no liquid phase to which impurities would partition, the steam may 
contain impurities that impact powerplant equipment. In the condenser, non-condensable 
gases in the steam are separated and removed using vacuum pumps or steam-jet ejectors [14]. 

1.3.3 Binary Plants 

Binary (B) plants are usually applied to low- or medium-enthalpy geothermal systems, or a 
low-temperature cogeneration unit for a flash powerplant [3]. The heat exchanger is filled 
with hot geothermal fluid and a secondary fluid with a boiling point lower than water, causing 
the secondary fluid to flash or vaporize due to the geothermal fluid's heat. This vapor then 
drives the turbine [12]. Binary plants are typically used for reservoir fluid temperatures 
between 100-170 °C but can be used for temperatures lower than 100 °C since it does not 
require the geothermal fluid to flash, so fluid with lower enthalpy can be used for this type. 
However, the efficiency of the electricity output decreases if lower temperatures are used. 
The size of binary plants ranges from less than 1 MW to 50 MW [3]. A diagram of a binary 
plant is presented in Figure 1.6. 
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Figure 1.6: A simple process diagram of binary plant [3]. 

In terms of environmental impact, binary geothermal plants are among the most 
environmentally friendly of all power plants. The main effect on the environment occurs at 
the heat rejection side of the plant. The geofluid never sees the light of day because it is 
pumped from the reservoir, and after passing through heat exchangers, it returns entirely to 
the reservoir. Furthermore, the working fluid for the cycle is wholly contained within the 
pipes, heat exchangers, and turbine, ensuring that it never comes into contact with the 
environment chemically or physically [14]. 

1.3.4 Combined-Cycle or Hybrid Plants 

Some geothermal plants use a combined cycle to generate energy using a binary cycle using 
what would otherwise be waste heat from a single flash process. Using two cycles together 
provides relatively high utilization efficiency. Some combinations include direct-
steam/binary plants, single-flash/binary plants, integrated single- and double-flash plants, 
and hybrid fossil-geothermal systems [17]. Figure 1.7 displays a layout of a geothermal 
combined-cycle plant. 
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Figure 1.7: A simple process diagram of a geothermal combined-cycle plant [3]. 

Hybrid geothermal power plants follow the same principles as stand-alone geothermal power 
plants, but they use a separate heat source, such as heat from a concentrated solar power 
facility. The geothermal brine receives this heat, which raises the temperature and power 
production [3].  

1.3.5 Condenser Design 

A condenser is a heat exchanger that converts vapors into liquids by extracting latent heat 
with a coolant aid, such as water. After partial evaporation in the presence of a flowing air 
stream, a cooling tower recirculates a portion of the condensed steam. This means that 
geothermal flash-steam plants do not need a large amount of cooling water, which benefits 
arid areas greatly. Virtually all geothermal plants usually use a condenser to maximize 
capacity by optimizing pressure drop through the turbine. Geothermal steam contains non-
condensable gases such as CO2, H2S CH4, and these gases are generally removed. The reason 
for removing the gases is that they will increase the condenser's pressure, which results in a 
decrease in turbine output efficiency [15]. 
 
Condensers are classified into two categories: direct contact and surface condenser (Figure 
1.8). Direct contact condensers bring coolant and the condensing vapor into direct contact. 
Surface condensers are indirect and keep the coolant and condensate stream separated [15]. 
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Figure 1.8: The classification of condensers [15]. 

 
Surface condensers are tubular exchangers, but their structure varies from the shell and tube 
equipment used to condensate process vapors. The condensing of saturated steam on the 
tubes’ exterior and the heating of the circulating water within the tubes are the two primary 
heat transfer processes in a surface condenser. Thus, the water inlet temperature within the 
tubes determines the condenser’s working pressure to the condenser for a given flowing rate. 
If the temperature drops, the condenser pressure drops, and the plant's output increases along 
with its efficiency. The most common surface condensers are shell-and-tube and air-cooled 
condensers. Although, plate and spiral-plate are growing in the industry as well [15]. Figure 
1.9 displays a shell and tube surface condenser. 

 

Figure 1.9: A surface condenser [18]. 

 
The direct contact condensation process is fast and efficient, but the coolant and condensed 
steam are mixed. Because of the mixing, direct contact condensers require less building 
space, are simpler in construction, and have lower capital costs [19]. Although the direct 
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contact condensers provide a high heat transfer rate with a low pressure drop and are a 
cheaper option, mixing the coolant and condensed steam makes the separation and removal 
process more complex [15]. Figure 1.10 illustrates the design of a diffuser or jet direct contact 
condenser. 

 

Figure 1.10: A direct contact condenser: diffuser or jet [18]. 

1.3.6 Back Pressure Power Plant 

Back pressure power plant is similar to the condensing power plants but is without a 
condenser or a cooling system. A two-phase flow, a combination of geothermal steam and 
liquid, is transferred from the production well to the separator similarly as if a condensing 
power plant. If it is not dry steam, the separator separates the liquid from the steam. A 
reinjection well is then used to pump the liquid into the reservoir. The steam goes from the 
separator to the turbine, generating electric power in a generator connected to the turbine. In 
the steam exhaust from the turbine, the steam is then released to the ambient atmosphere 
pressure. The condensate is pumped to the reinjection well and injected with the liquid from 
the separator [16]. As the power plant efficiency is lower for back pressure power plants, this 
setup is rare and primarily found in older and smaller installations. 

 Geothermal Fluids 
The water in geothermal systems is not pure but contains various dissolved substances, gases, 
and solids which the fluid has absorbed by chemical interactions with the rock it seeps 
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through. So the chemical content of the geothermal fluid is highly influenced by the rock 
type. Due to reduced pressure in the power production process, steam forms, and the gas 
mostly partitions from the liquid to the steam. The solids remain in the liquid and enrich. The 
gas concentration of the steam is essential and varies between geothermal areas and even 
from one borehole to another within the same area. It also depends on the ratio of steam and 
liquid in the stream. The lower the steam ratio, the higher the gas concentration. Usually, 
most of the gas is carbon dioxide, but it also contains hydrogen sulfide and sometimes a 
small amount of hydrogen, methane, and other gases. The gas that accompanies the steam is 
generally undesirable from a utilization point of view and is removed after the steam has 
evaporated, e.g., in electricity generation [20]. Table 1.2 displays the typical minimum, 
median, and maximum composition of gases in geothermal fluids based on 15 steam analyses 
from high-temperature systems in Europe, North America, Central America, Africa, and 
Asia. CO2 is usually the dominant geothermal gas, typically composing more than 95% of 
the total gas. However, there are geothermal power plants with a lower composition than 
Table 1.2 shows, such as Hellisheiði in Europe, which contains around 60% of CO2  [21].  

Table 1.2: Composition of geothermal gases [weight % dry gas] [11]. 

 CO2 H2S H2 CH4 NH3 N2 Ar 

Median 95.4 3.0 0.012 0.15 0.29 0.84 0.02 

Maximum 99.8 21.2 2.2 1.7 1.8 3.0 0.04 

Minimum 75.7 0.1 0.001 0.0045 0.005 0.17 0.004 
 
Geothermal gases are referred to as non-condensable gases (NCGs) in geothermal power 
production, as the gases remain in a gas phase as the water vapor condenses. NCGs degrade 
the energy conversion process' efficiency and must be extracted from the system. An accurate 
measurement of NCG content in the geothermal fluid is one of the most important design 
criteria for geothermal power plants [11]. The mineral content of the fluid and some of the 
gases are almost entirely reinjected back into the reservoir. The majority of NCGs are emitted 
into the atmosphere [22]. 
 
The temperature of the geothermal fluid largely determines how much dissolved material it 
contains. Low-temperature water is relatively low in solutes, so it can often be led directly 
into a heating system and used for washing and other direct uses. High-temperature water, 
on the other hand, is relatively rich in dissolved solids and gases. It cannot be used directly 
for district heating, so heat must be transferred to freshwater by heat exchange. The heated 
water can be used for space heating and other household purposes. The geothermal water in 
each high-temperature area has its characteristics determined by the geothermal reservoir's 
temperature and rock type. Therefore, because of different rock types and temperatures, the 
water’s chemical content varies considerably from one high-temperature area to another [20]. 
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 CO2 Emissions from Power Plants 
Gaseous emissions from flash- and dry-steam geothermal power plants stem from the non-
condensable gases transported in the geothermal fluid in the dissolved form [14]. However, 
the NCG emissions from geothermal plants typically make less than five percent of the total 
steam emitted. In contrast, gas emissions from plants using fossil fuels such as coal contain 
much higher percentages of emissions per unit of energy produced [23]. Table 1.3 displays 
the emissions for different power plant types. 

Table 1.3: Carbon dioxide emissions from different power plant types [24]. 

Plant Type CO2 emitted 
[kg/MWh] 

Geothermal   
  Binary 0 
  Steam 50-70 
Natural gas   
  Steam-cycle 450 
Oil/steam cycle 680 
Wood/steam cycle 910 
Coal/steam cycle 1130 
Bagasse/steam cycle 1180 

 
Figure 1.11 illustrates the relationship between the percentage of CO2 in the NCGs and the 
amount of CO2 per MWh. The higher the percentage of CO2 in NCG, the higher the amount 
of CO2 per MWh. 

 

Figure 1.11: Relationship between the percentage CO2 (wt) in NCG, the percentage 
NCG in steam, and kg of CO2 per MWh [14]. 



14  CHAPTER 1: BACKGROUND 

   

Bertani and Thain [22] researched the CO2 emissions from 85 geothermal power plants 
operating in eleven countries worldwide. Power output, steam flow rate per installed power 
MW, and percent weight of CO2 in the geothermal steam were the parameters collected. This 
data gave them the CO2 emission rate in grams per kWh of generation. The data was collected 
in August 2001, and the geothermal power plants that were researched had a total combined 
installed capacity of 6648 MWe. Their research represented 85% of geothermal power plant 
capacity globally. Bertani’s and Thain’s results are summarized in Table 1.4. 

Table 1.4: CO2 emissions for capacity and weighted average [22]. 

CO2 Emission for 
each category 

[g/kWh] 

Capacity for each 
category [MWe] 

Weighted 
Average 
[g/kWh] 

>500 197 603 
Between 400 and 499 81 419 
Between 300 and 399 207 330 
Between 250 and 299 782 283 
Between 200 and 249 346 216 
Between 150 and 199 176 159 
Between 100 and 149 658 121 
Between 50 and 99 1867 71 

<50 2334 24 
Total 6648 122 

 
The CO2 emissions results range from 4 g/kWh to 740 g/kWh, with the average being 122 
g/kWh. The average CO2 content in the NCG collected was 90.46% [22]. Most of the 
capacity MWe from this survey emit below 100 g/kWh of CO2, 4201 MWe out of 6648 MWe 
(63.19%), and only 197 MWe out of 6648 MWe (2.96%) emitted more than 500 g/kWh. 

 Carbon Capture 
The aim of CO2 capture is to prevent climate change due to the world’s reliance on fossil 
fuels for electricity production by removing CO2 from either air or a point source. The 
potential future challenge for stabilizing global warming is to reduce CO2 emissions. 
Separating CO2 from a gas mixture is now a profitable business in hydrogen, ammonia, and 
natural gas purification facilities. CO2 is mainly released into the atmosphere but can still be 
captured and used in certain situations. Enhanced oil recovery and the food industry 
(carbonated beverages) are two of CO2’s most popular applications. Solvent-based 
absorption is the standard method for CO2 capture for these applications [25]. Carbon capture 
and storage are currently thought to be technically feasible at a commercial scale using 
various technologies. As of 2007, in addition to ongoing CO2 injection operations in the oil 
and gas industry, about 20 theoretically feasible but first-of-a-kind carbon capture and 
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storage powered electricity generation projects with a capacity of 275 MW or more have 
been proposed around the world [26]. Several technologies for capturing and treating NCGs 
from geothermal power plants have been developed. The majority of technologies are 
designed to extract H2S from geothermal gas that has been released into the atmosphere. 
However, there are a handful of technologies that have been designed to capture CO2. Several 
factors influence the cost and economic viability of CO2 capture from geothermal NCGs. 
The composition of the NCGs, the pressure of the NCGs at the power plant outlet, and the 
optimal purity and pressure of the final product, and the size of the demand concerning the 
amount generated are all factors to consider [27].  

1.6.1 Capture Methods 

Methods for capturing CO2 are wet or solid dry scrubbing with solvents with physical or 
chemical adsorbents, as well as direct air capture. 
 
Wet scrubbing is a procedure carried out by a series of machines that can extract 
contaminants from flue gas or other gas streams. These procedures are classified into two 
categories: methods that include a chemical reaction between CO2 and the solvent and 
methods that chemically dissolve CO2 in the solvent. Chemical and physical solvents may 
be used, but several factors determine their effectiveness. When lower concentrations of CO2 
are found in gases, chemical solvents are favored, while physical solvents are preferred when 
high pressures and lower concentrations of inert gases are present. Chemical processes 
include the reaction of a chemical adsorbent with treated gas. One or more reversible 
chemical reactions between CO2 and an aqueous solution of an absorbent, such as an 
alkanolamine, are typically involved in these processes. This is a temperature swing 
adsorption process. When the liquid is heated, the bond between the absorbent and CO2 is 
broken, resulting in a CO2 stream. Monoethanolamine is a common solvent used in this 
procedure. In contrast, physical processes include inorganic or organic liquids that absorb 
gaseous phases from the mixture. The absorption liquids are then regenerated when the 
temperature or pressure is reduced. This system is commonly used to treat CO2-rich high-
pressure streams. The gas solubility in absorbent fluids is proportional to the partial pressure 
of the solubilized gases in the feed during physical processes. Furthermore, the amount of 
heat absorbed is less than that of chemical absorbed. A variety of factors influence the 
selection of appropriate processes for removing acid gases. These include partial pressure of 
acid gas impurities, feed gas total pressure, feed gas inlet temperature, the volume of 
removal, available utilities, energy, and initial costs, surrounding flora, size, weight, location, 
and environmental restrictions [28]. 
 
Dry scrubbing does not saturate the gas stream with water as wet scrubbing does. These 
systems extract corrosive gases from wastewater treatment plants or remove acid gases. This 
method uses a solid scrubbing medium rather than a solvent, and it requires and gas-solid 
interactions that might be able to regenerate. Depending on the interaction properties, CO2 
can be absorbed externally or chemically. Chemical adsorption usually entails heterogeneous 
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gas-solid chemical reactions in which CO2 reacts with an active compound already present 
on the solid. This promotes the formation of new products, including carbonates and 
bicarbonates. In contrast, physical adsorption entails the adsorption of CO2 into the solid’s 
surface without any chemical processes that will result in the formation of a new species. 
The adsorption abilities of the dry scrubbing process are considered to be influenced by many 
factors. Pore size and volume, surface area, and the solid’s affinity for CO2 bonding are all 
factors to consider [28]. 
 
Direct air capture with carbon storage facilities extracts CO2 directly from the atmosphere. 
There are some key advantages of this method. One is that capture plants can be co-located 
with storage locations which reduce transportation cost. Another is that plants may be in 
windy locations reducing the costs of operating fans. Lastly, plants can be located where 
there is access to renewable electricity. However, it is more difficult to capture CO2 from the 
atmosphere than other sources because atmospheric CO2 is highly dilute at around 400 parts 
per million. Climeworks of Switzerland and Global Thermostat of the U.S. have taken a 
different approach to direct air capture. Their technologies depend on proprietary solid 
adsorbent materials to adsorb CO2 from incoming air. The adsorbent is heated after it has 
been saturated with CO2 to induce CO2 desorption. This is a temperature swing adsorption 
process. Temperature swing adsorption has a long tradition of industrial use, but this is the 
first time it has been used for direct air capture applications. Their temperature swing 
adsorption process also captures a significant amount of water from the environment, 
resulting in a valuable co-product of clean water. Climeworks has opened several small-scale 
commercial CO2 capture facilities. One of those facilities is located at Hellisheidi geothermal 
power plant in Iceland. Some of those provide CO2 for a greenhouse, replacing fossil-fuel-
based CO2, the conservation with reinjected water from geothermal power plants, and the 
power transfer to synthetic zero-emissions methane [29]. 

 Carbon Storage 
Several large-scale studies are currently being conducted around the world to explain and 
research the impact and viability of CO2 injection into deep saline aquifers on an industrial 
scale. This is exemplified by the Sleipner, a natural gas field off the coast of Norway in the 
North Sea [28]. On the Gulf Coast of Texas, the Texas Bureau of Economic Geology is 
performing a pilot-scale CO2 injection study in which CO2 is injected into the Frio formation. 
The Frio formation is one of Mexico’s largest hydrocarbon producers from the Paleogene. 
This location has excellent geological formations for CO2 sequestration and is conveniently 
located near various CO2-emitting power plants [30].  

1.7.1 Trapping Mechanisms 

CO2 is usually injected as a single step into large subsurface rock formations. Carbon storage 
occurs through a series of four trapping mechanisms until pumped into these subsurface 
formations: structural and stratigraphic trapping, residual trapping, solubility trapping, and 
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mineral trapping [31]. Figure 1.12 compares the different trapping mechanisms as a function 
of time for storage and storage security. 

 

Figure 1.12: The time-dependent contribution of various trapping mechanisms to 
geological storage [32]. 

 
Structural and Stratigraphic Trapping: 
The presence of a dense and fine-textured rock that acts like a seal over the CO2 sequestration 
reservoir is the single most significant element in securing CO2. The seal can act as a 
capillary and permeability barrier to prevent upwards migration [31]. For at least the first 
10–100 years, structural/stratigraphic trapping dominates the trapping of gaseous or 
supercritical CO2. In order to retain buoyant gaseous and/or supercritical CO2 in the 
subsurface, this trapping process depends on an impermeable cap rock [32]. 
 
Residual Trapping: 

This mechanism traps CO2 after injection stops, and water starts to absorb into the CO2 
plume. The CO2 trailing edge is immobilized, which slows up-dip migration. In dipping 
aquifers with no systemic closing, residual trapping is essential for sequestration [31]. 
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Solubility Trapping: 
Solubility trapping can occur when CO2 and other flue-gas contaminants dissolve in pore 
water. Various factors influence the volume of gas that can dissolve in water, including the 
brine’s pressure, temperature, and salinity. CO2 solubility increases with rising pressure (i.e., 
depth). At the temperatures and salinities needed for most geological sequestration (ambient 
to 150°C and a few hundred bars total pressure), however, it decreases with increasing 
temperature and salinity. The magnitude of the contact region between the CO2 and the fluid 
phase can limit the rate of CO2 dissolution. The main advantage of solubility trapping is that 
if CO2 is absorbed, there is less CO2 exposed to the buoyant forces that cause it to rise [31]. 
 
Mineral Trapping: 
This mechanism happens as dissolved CO2 interacts directly or indirectly with minerals in 
the geologic structure, causing carbonate minerals to precipitate [33]. Mineral trapping is 
appealing because it can immobilize CO2 over long periods [34]. However, since the 
mechanism is believed to be relatively slow and relies on the dissolution of silicate minerals, 
the ultimate effect may take tens to hundreds of years or longer to manifest [31]. 

1.7.2 Geological Structure 

The geological structure is an essential factor for storing carbon. Sedimentary basins are 
generally known to be favorable hosts for CO2 storage. Most subsurface carbon storage 
projects have injected CO2 into large sedimentary basins. However, storing CO2 in 
sedimentary basins and transforming it into carbonate minerals takes tens of thousands of 
years, if it even occurs at all. The low reactivity of the silicate minerals and lack of calcium, 
magnesium, and iron in sedimentary rocks, needed to make carbonate minerals [35]. 
 
A solution to this limitation is to inject CO2 into reactive basaltic rock. Some advantages to 
that solution are that basalt contains about 25% (by weight) of calcium, magnesium, and iron 
oxides and also are far more reactive in water compared to sedimentary silicate rocks. 
Therefore, the metals in basalt are readily available to combine with the CO2 injected to form 
carbonate minerals [36]. A significant amount of the Earth‘s ocean floor is composed of 
basalt and around 10% of the Earth’s continents [37]. However, the buoyancy of CO2 may 
cause it to rise toward the Earth’s surface through pores and fractures, eventually escaping 
back into the atmosphere, making carbon storage in sedimentary and basaltic rocks 
challenging [35]. 

 The CarbFix Method 
CarbFix is a project in Iceland where CO2 and other sour gases are dissolved in water and 
injected into the ground, turning to minerals within two years (see Figure 1.13). CarbFix 
pilot plant is located at Hellisheiði geothermal power plant, located about 30 kilometers from 
Reykjavik, Iceland’s capital city. Because the power plant is so close to the city, H2S 
emissions must be minimal since it could travel by the wind into the city. The power plant 
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was commissioned in 2006 and has a capacity of 303 MWe. The geothermal power plant has 
produced approximately 417 000 tons of CO2 and 114 000 tons of H2S over its production 
history until 2018 [38]. As of August 1st, 2020, CarbFix had injected around 59 310 metric 
tons of CO2 since 2014 [39]. In the CarbFix project, methods and technologies for 
permanently storing CO2 and CO2-H2S gas mixtures in basalt were developed. CO2 injection 
into young basaltic rocks provides major benefits, including great storage capacity and 
permanent storage, by combining the injected CO2 with metallic oxides present in the basalts 
to form solid carbonate minerals [38]. In Hellisheiði, two pilot-scale injections were carried 
out in 2012.  175 tons of CO2 and 73 tons of a gas mixture containing 75 percent CO2 and 
25 percent H2S were injected from the power plant [32]. Extensive geochemical tests showed 
rapid mineralization of the injected gases prior to, after, and after both injections. About 95 
percent of the CO2 injected was mineralized in less than two years. [40]. The majority of the 
injected H2S was mineralized within four months of reinjection [41]. 
 

 

Figure 1.13: A geological cross-section of the CarbFix site. Blue shows lava flows and 
orange shows hyaloclastic (glassy) formations [41]. 

1.8.1 Pilot Phase 

At the beginning of the project, it was known that carbon storage in Iceland would be 
somewhat of a challenge due to its geology. Iceland's geology is entirely made up of basaltic 
rocks, with no sedimentary basins, which are generally considered ideal geologic storage 
sites for CO2. However, this did not stop the CarbFix team from proceeding with the project. 
The goal, which was realized in October 2006, was to build a demonstration project to 
demonstrate to the world that CO2 could be extracted from the atmosphere and deposited in 
basalt at a reasonable cost [21]. 
 
The initial aim was to capture pure CO2 directly from the Hellisheiði geothermal power 
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plant’s gas emissions. The composition of the gas emissions was 60% CO2, 20% H2S, 18% 
H2, 2% N2, and trace amounts of CH4 and Ar. One advantage was that there was a high 
percentage of CO2; however, a disadvantage was the H2S as it is highly corrosive and toxic. 
Therefore, the pilot station was built to isolate the CO2 by sequential extraction from all other 
geothermal gases coming from the power plant’s condensers. First, CO2 and H2S were to be 
washed with a water scrubber to separate from less soluble gases (H2, N2, Ar, and CH4). 
Then, a deaerator was to remove both gases from the scrubbing water. Finally, the CO2 and 
H2S were to be isolated by a distillation column from each other. The CO2 was then ready 
for the CarbFix pilot project, and the H2S was to be reinjected with spent geothermal water 
into a deep geothermal reservoir [21]. 
 
In March 2010, it was discovered that the gas from the condensers contained air, which is 
mainly composed of N2, O2, Ar, and CO2  [42]. Because of the oxygen, there had to be some 
changes to the design. This caused a delay in the project. In July, the pilot gas capture plant 
started operating and resulted in pure CO2 and H2S gases. However, after some time of 
operating, the device that condensed H2S broke down. Following that breakdown, more 
components and equipment broke down almost daily. The breakdowns were thought to be 
the corrosion of the distillation column by H2S interaction with steel components because of 
some water vapor present in the distiller. After the destruction of two distillation columns, 
which cost a total of EUR 250 000, this separation method was forsaken [21].  
 
The capture for the CarbFix pilot project ended with purchasing pure CO2 and inject a CO2-
H2S gas mixture following the pure CO2. CarbFix purchased all excess pure CO2 in Iceland 
which was only available in January and February when carbonated beverages demand was 
low. The purchase was 175 tons of beverage-grade CO2. A pilot carbon mineralization study 
with that amount of CO2 was completed in winter 2012 [21]. 
 
One of the most fundamental parts of the project was the design of the injection system. 
Injecting CO2-charged water into the basalts was the plan for two main reasons. The first 
reason being since CO2-charged water is denser than freshwater, the chance of the injected 
gas escaping to the surface was reduced. The second reason being since CO2-charged water 
is acidic, it promotes basalt dissolution, which releases divalent cations (Ca2+, Mg2+, and 
Fe2+) into the solution, allowing stable carbonate minerals to form [21]. These reactions are 
shown in Figure 1.14. 
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Figure 1.14: Potential dissolution and precipitation reactions occurring after 
injection of CO2-charged water into basaltic rocks at CarbFix pilot injection 

[21]. 

In contrast to basalt, permeable sedimentary basins lack the divalent metal cations needed 
for carbon mineralization since they are mainly quartz. According to Henry’s law, CO2 
solubility is roughly proportional to its partial pressure, so more CO2 dissolves into water at 
high pressures. It was determined to co-inject CO2 with enough local groundwater to fully 
dissolve the gas at a depth of its release into the target subsurface basalt aquifer to increase 
the efficiency of the dissolution process. The greater the depth, the higher the pressure, and 
therefore less water needed to dissolve the injected CO2 completely. The CO2 was pumped 
into a separate pipe to a depth of 350 meters, where it was emitted as tiny bubbles into the 
flowing groundwater [21]. 
 
A downhole injection system was designed, installed, and tested. There were still problems 
with the separation of CO2 and H2S. When injection tests began, the sparger, which created 
small CO2 bubbles for the complete dissolution of CO2, clogged. The design was improved, 
and the injection system successfully dissolved all of the 175 tons of the purchased CO2 in 
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January through March 2012. The next step was to inject the CO2-H2S mixture since the 
separation was not working well. After the CO2-H2S mixture was injected, the operations of 
the separation station were unstable, so injection was stopped. This resulted in decreased 
permeability, pH fluctuations, and iron-sulfite and iron-hydroxide minerals becoming 
supersaturated in the injection well. There were 73 tons injected of the mixture before the 
injection was discontinued. Then, the CarbFix pilot injection was stopped after a gas pipe 
exploded due to heavy machinery for road construction [21].  
 
Although the pilot project had been shut down, monitoring was continued. According to 
mass balance measurements, over 95% of the CO2 injected into the subsurface was 
mineralized within a year, and virtually all of the H2S was mineralized within four months. 
These measurements demonstrated that CO2 and H2S could be sequestered fast and 
permanently in basaltic bedrock, reducing greenhouse gas emissions [32][40][41]. 

1.8.2 Hellisheiði Power Plant 

Hellisheiði geothermal power plant has 61 boreholes, 44 used for production, and 17 used 
for injection [43], linked to three separation stations and two power stations, covering an area 
of over 8 km2. Six 45 MWe high-pressure turbine generator units and one 33 MWe low-
pressure turbine generator unit make up the power plant with a total installed electric capacity 
of 303 MWe. The power plant also has a thermal production capacity of 133 MWt [44]. 
 
The process of power generation can be segmented into various steps:  

• collection of geothermal fluids from wells 
• separation of steam and water 
• collection and heating of cold water 
• electricity production 
• disposal of fluids and pollutants, often by reinjection 
• access to the national power grid and the Reykjavik district heating system [45]. 

 
Steam and water mixture is transported from boreholes to separation stations through steam 
gathering pipes. The plant receives separated water and steam via pipeline. Insulated and 
aluminum-lined collection pipes and pipelines are above ground [45]. 
 
Hellisheiði geothermal power plant is a single-flash plant (6x45 MWe, high-pressure turbine) 
and a double-flash plant (33 MWe, low-pressure turbine). After the single-stage flash 
separation process, steam is supplied to Units 1 through 6, and separated water from the first 
stage flash separation process is sent to a second stage flash separation to provide lower 
pressure steam for Unit 11. Steam condensers are included for every turbine, allowing the 
steam’s utilization to be maximized. The steam condensers for Units 1 through 4 are cooled 
in two ways: by preheating cold freshwater for district heating or by circulating cooling water 
from cooling towers allowing for versatility in power and heat generation [45]. All of the 
condensers are shell and tube condensers (surface condensers). The exhaust steam from four 
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high-pressure turbines preheats fresh water in their condensers, while the separated water 
from the low-pressure steam separates heats the preheated water in heat exchangers to the 
appropriate temperature for the district heating system, which is usually about 90°C [44]. 
Cooling towers are used to cool and condense the steam from the remaining units (5, 6, and 
11) [45]. Figure 1.15 presents the process flow diagram of the geothermal power plant. 

 

Figure 1.15: Process diagram of Hellisheiði power plant [45]. 

1.8.3 CO2 and H2S Emissions from Hellisheiði 

The CO2 emissions from the power plant reached their maximum in 2013 at nearly 45000 
tons. Figure 1.16 presents the data for the CO2 and H2S emissions from 2007 to 2019. Figure 
1.17 shows the emissions in g/kWh to provide information on emissions regarding the 
amount of energy produced. The amount of emissions decrease with the years.  
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Figure 1.16: The CO2 and H2S emissions at Hellisheiði geothermal power plant from 
2007 to 2019 [46]. 

 

Figure 1.17: The CO2 and H2S emissions with regard to production at Hellisheiði 
geothermal power plant from 2007 to 2019 [46]. 

 
The CO2 and H2S emissions decreased significantly from 2014 to 2017 after the CarbFix 
method was applied to the power plant. Figure 1.18 shows the emissions from the Hellisheiði 
geothermal power station, which are calculated by subtracting the reinjected gas from the 
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determined gas flux in the geothermal turbines [38]. 

 

Figure 1.18: Emissions from Hellisheiði geothermal power plant from 2014 to 2017 
(green: CO2, red: H2S) [38]. 

From early 2014 to the end of 2017, the daily CO2 emissions decreased from 120 to 60 tons 
per day, and daily H2S emissions decreased from 29 to 5 tons per day. Figure 1.19 and Figure 
1.20 illustrate the CO2 and H2S emissions emitted and injected from 2013 to 2017. 

 

Figure 1.19: Percent of CO2 emissions injected and emitted [38]. 
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Figure 1.20: Percent of H2S emissions injected and emitted [38]. 

CarbFix is a developing project and is slowly and steadily reaching its goal of the percentage 
of CO2 injected. The goal is to increase injection to ~90% of the CO2 from the power plant 
before 2030 [47]. 

1.8.4 Capture Technology 

At Hellisheiði, gas is captured in two ways: dissolved in condensate at liquid ring vacuum 
pumps and via the CarbFix capture process. With the aid of a liquid ring vacuum pump, the 
NCGs are separated from the plant’s condensers. The majority of the gas from the turbines 
is transferred to a CarbFix-based capture and reinjection process [38]. The scrubbing tower 
captures the CO2 and other water-soluble gases, 12.5 meters high and 1 meter wide (see 
Figure 1.21). At 6 bars of pressure and 20 degrees Celsius, almost pure condensate water is 
pumped into the scrubber’s top. When going along a tortuous path around the filling material, 
with a total internal volume at 4.7 m3, this water flows downwards within the scrubber. It 
interacts with up-flowing exhaust gas at this pressure [48]. Gases that are not soluble in 
water, most notably H2, Ar, and N2 [38], are vented at the top of the device, and gas-charged 
water exits from the bottom of the scrubbing tower. Annually, the scrubbing tower dissolves 
15000 tons of CO2 and 8000 tons of H2S in water [49].  
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Figure 1.21: An illustration of the scrubbing tower in the gas capture plant [48]. 

Table 1.5 shows the composition of gases before and after the scrubbing tower and the gas 
flow. It also shows the percentage that is dissolved in the process. 55.8% of the CO2 is 
dissolved, and nearly all H2S is dissolved, or 96.6%. 

Table 1.5: The average composition of gases and flow before and after the scrubbing 
tower [48]. 

Gas composition [vol%]  CO2 H2S H2 N2 O2 CH4 

Before scrubbing tower 54.5 22.7 15.9 5.44 1.14 0.40 

After scrubbing tower 52.7 1.71 34.4 8.72 1.64 0.83 
              
Gas flow  [m3/s]             

Before scrubbing tower 0.813 0.0764 0.0535 0.0183 0.00383 0.00135 
After scrubbing tower 0.0811 0.0026 0.0530 0.0134 0.00252 0.00128 
              

Percentage dissolved 55.8% 96.6% 1.0% 26.7% 34.2% 5.1% 
  
The majority of the gas from the turbines is transferred to a CarbFix-based capture and 
reinjection process. CarbFix is available as a one-step or two-step solution:  

• CO2 in flue gas is directly dissolved in water in a pressurized capture plant and 
pumped for mineral storage in a one-step solution  

• CO2 is extracted using any other capture technology before being dissolved in water 
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and injected for mineral storage in a two-step solution 
As a general concept, direct carbon capture directly into water becomes more cost-effective 
when CO2 concentrations in the gas stream surpass 10-20%. At lower CO2 concentrations, a 
separate CO2 up-concentration process must be implemented. Additionally, CarbFix water 
capture has some advantages, including that no chemicals are used besides water or seawater, 
and pipe and casing materials have less rigorous specifications than purified CO2. Also, other 
contaminants, such as sulfur oxide (SOx), nitrogen oxides (NOx), H2S, and fluorine (F), can 
be captured as well. These polluting gases play a role in underground reactions, forming 
minerals of various forms [49]. Figure 1.22 is a simplified process diagram for CarbFix 
implementation in the industry. 

 

Figure 1.22: A process diagram of the CarbFix method [49]. 

CarbFix has been working with Climeworks, previously discussed in 1.6.1 Capture Methods, 
a company specializing in direct air capture technology, since 2017. At Hellisheiði 
geothermal power plant, Climeworks ran a small direct air capture pilot plant adjacent to the 
CarbFix CO2 mineral storage operations. The direct air capture process was powered by 
renewable energy from the power plant, while CarbFix offered a long-term and secure 
storage solution [50]. Figure 1.23 shows the process. 
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Figure 1.23: A simple process diagram of how Climeworks works with CarbFix at a 
geothermal power plant [50]. 

Climeworks’ direct air capture at Hellisheiði geothermal power plant is called “Orca.” It will 
move CO2 reduction to the next stage, combining Climeworks’ direct air capture 
technologies with CarbFix’s underground CO2 storage on a much broader scale. In a two-
step method, the CO2 collectors selectively trap CO2. A fan is used to draw air into the 
collector first. Inside the collectors, CO2 is captured on the surface of highly selective filter 
material. The collector is then closed until the filter content has been filled with CO2. Then, 
the temperature is raised to between 80 and 100 degrees Celsius, which causes CO2 to be 
released. Finally, this high-purity and high-concentration CO2 can be collected. It will be the 
world’s largest climate-positive power plant to date, trapping 4000 tons of CO2 each year 
[51]. 

1.8.5 CarbFix Storage Technology  

Carbon is generally deposited in large amounts of minerals. CarbFix mimics and accelerates 
natural processes in which CO2 is dissolved in water and reacts with reactive rock layers to 
create solid minerals that serve as a long-term carbon sink. CarbFix uses patented technology 
to dissolve CO2 in water, pump it into the subsurface and transform it into stone in less than 
two years. Three factors are needed for the CarbFix technology to work: favorable rocks, 
water, and a source of CO2 [2]. 
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Figure 1.24: With basalts or other reactive rock formation and CO2 dissolved in 
water, solid carbonates form [2]. 

Carbonated water is acidic, so the more carbon is put into water, the more acidic it becomes. 
The carbonated water from CarbFix mixes with underground rock, releasing calcium, 
magnesium, and iron ions into the water. These ions can react with the dissolved CO2 over 
time to form carbonates, which will occupy the hollow space in the underground rocks. 
Carbonates should be considered permanently stored, and they are assumed to be stable for 
thousands of years. At least 95% of the injected CO2 mineralizes within two years, far 
quicker than commonly believed. Since the pumped carbonated water is cooler and denser 
than the surrounding water in the geological setting, it has a propensity to sink after injection 
[2]. Also, since the water is denser than freshwater, solubility trapping happens almost 
instantly. Until mineral trapping occurs, geologic storage is controlled by solubility trapping. 
Solubility trapping limits potential leaking back to the surface [32]. This contrasts with other 
more traditional carbon capture and storage techniques, which rely on a layer of caprock to 
prevent gaseous CO2 injected into deep formations from escaping back into the atmosphere. 
The water flows quickly through the cracks and empty spaces underground because of how 
fractured and porous young basalt is [2]. 
 
CO2 dissolution before or after injection means that chemical reactions between the host rock 
and the injected fluid begin almost instantly. The basaltic host rock’s high reactivity and 
chemical composition play an even more significant part in the efficiency of permanent 
mineral storage in basalts [2]. 

1.8.6 Geological Structure for the CarbFix Method 

The rate of CO2 mineralization is highly influenced by the chemical and physical properties 
of various rock types. Fresh basalts, such as those found at the Hellisheiði field site are among 
the most feasible formations, but mineral carbonation can also occur in other rock forms 
[52]. Ultramafic and mafic rocks which contain high concentrations of divalent cations such 
as Ca2+, Mg2+, and Fe2+ could also work [47]. Since it is yet to be determined which 
formations are ideal for efficient CO2 mineralization, this could broaden the applicability of 
the CarbFix process, which has already been demonstrated to work in fresh basalt [52]. Other 
rock formations, including less reactive rock forms, have the potential for mineral 
carbonation. The discovery of suitable formations could broaden the scope of the technique, 
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which has already been shown in basalts and peridotites [47]. 
 
Basaltic rocks are highly reactive and contain the elements needed to form carbonate 
minerals, which permanently immobilize CO2. They are often fractured and porous, allowing 
mineralized CO2 to be stored. Furthermore, basalt is the most abundant rock formation on 
the planet’s surface, accounting for ~5% of continents and most of the ocean floor. The active 
rift zone in Iceland has been estimated to have storage potential for over 400 Gt CO2. The 
ocean ridges’ potential storage capacity is much greater than the projected 18500 Gt CO2 
generated by the combustion of all fossil fuel carbon on Earth. The concern persists as to 
how much of this theoretical storage capacity should be used for CO2 storage in minerals [2]. 
 
Basalts are an ideal candidate for developing the CarbFix method due to their pore space, 
chemical structure, and broad distribution. Reactive rocks such as andesites, peridotites, 
breccias, and sedimentary formations with calcium, magnesium, and iron-rich silicate 
minerals are also options for the CarbFix method [2]. Figure 1.25 presents the igneous rocks 
where there is an increase in concentrations of Ca2+, Mg2+, and Fe2+ to the right. 

 

Figure 1.25: Rock types that could be possible are the ones on the right side with 
increasing calcium, magnesium, and iron concentrations [53]. 

1.8.7 CarbFix2 

The CarbFix2 project aimed to make the CarbFix geological storage method economically 
feasible and transportable across Europe when combined with an entire CCS chain. This will 
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be accomplished by a comprehensive project that includes [54]: 
1) The capture and co-injection of CO2 into the subsurface and other water-soluble polluting 

gases 
2) The incorporation of the CarbFix method with innovative direct air capture technology, 
3) The advancement of technology for implementing the CarbFix geological carbon storage 

method for injecting seawater into submarine rocks, and 
4) Reducing the total cost of the CCS series. 
 
The CarbFix2 site, which is found in deeper and hotter rocks than the initial CarbFix site, 
allows for constant injection of greater amounts of CO2 and H2S than the initial site. The 
integrated process involves capturing soluble gas mixtures in water and then injecting the 
CO2-H2S-charged water directly into basaltic rock, where most dissolved carbon and sulfur 
are mineralized within months [48]. The technology used at the CarbFix2 site is centered on 
the performance of the initial CarbFix site’s rapid and safe subsurface mineralization [40]. 
Figure 1.26 illustrates the CarbFix2 site. 

 

 

Figure 1.26: CarbFix2 injection site cross section [48]. 

The CarbFix2 injection site’s subsurface rocks are olivine tholeiitic basalts with 
hyaloclastites that erupted subglacially. Hyaloclastites are heterogeneous, ranging from 
crystalline rocks with minor amounts of volcanic glass to nearly entirely composed of 
volcanic glass. The stratigraphy in the less mountainous areas of the system is made up of 
alternating hyaloclastite formations and lava sequences [40]. 

1.8.8 Cost of CarbFix 

One of the most significant obstacles to global CCS efforts is cost. The capture of pure or 
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nearly pure CO2 from exhaust streams accounts for up to 90% of this cost [48]. The cost for 
a ton of CO2 is estimated to be between US $38 and US $143 [55]. Capturing gas mixtures 
rather than pure CO2 will reduce this expense, but as mentioned before, this requires a 
minimum content of 10-20% CO2 in the gas stream. Compared to traditional technology, one 
of the key benefits of the CarbFix process applied to geothermal power generation is its low 
cost and security. Instead of separating a pure and dry CO2 phase from a mixture, it collects 
all water-soluble gases in a single step by dissolving them in water, then injected into the 
subsurface. As a consequence, all that is needed for capture is water and electricity. The total 
“on-site cost” of capturing, transporting, and storing this gas mixture at the CarbFix2 
Hellisheiði site is US $24.8 per ton, which is much lower than the previously discussed costs 
(see Figure 1.27) [48].  

 

Figure 1.27: A diagram showing the cost for CarbFix2 at Hellisheiði for each phase 
[48]. 

The costs in Figure 1.27 are provided in US dollars per ton of the mixture of CO2 and H2S 
based on “on-site” current facilities, energy costs, and a 1.5-kilometer transport radius.  
 
Three case studies have been implemented and are shown in Table 1.6. The cases differ 
slightly from one another. Case 1 is the cost at Hellisheiði for CarbFix2. Case 2 the same as 
Case 1 except with the addition of a well for injection. Case 3 the same as Case 2 with the 
addition of using average electricity price for the industry in 2014 (US $123.9/MWh) [56]. 
The average electricity wholesale price is lower than the ones used in this Case 3 in Iceland 
and globally, especially when a large amount of energy is being bought. Therefore, the cost 
in that case study is most likely overestimated [57]. These costs were calculated using “on-
site” capital and maintenance costs for capture, transportation, injection, and monitoring, 
leveled to the overall amount of gas injected during the study and estimating a 130 ISK/USD 
exchange rate. Both facilities and assets were given a 30-year life expectancy, with a related 
cash flow forecast for each year. The average cost per ton of mixed gas captures and injected 
over the 30-year lifetime cycle was calculated using the corresponding annual cost. The 
annual capture and injection rates were projected to remain constant at the current up-scaled 
capacity of 24 hours year-round operation. This was apart from annual maintenance lasting 
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two weeks [48]. The three cost estimates reported in Table 1.6 that range from US $25 per 
ton to US $50 per ton are lower than general cost estimates for traditional pure and dry CO2 
CCS, ranging from US $38 to US $143 per ton of CO2 [56]. 

Table 1.6: Three cases for the cost of the CarbFix2 site with mixed gas capture and 
storage [48]. 

 

 
The previously described costs and efficiency of the CCS approach from Gunnarsson et al. 
(2018) would vary based on the location, injection well depth, the composition of the exhaust 
gas to be handled, and the cost of the energy required to capture the acid gases from the 
exhaust stream. Because of the presence of a CO2-rich gas source, local permeable basalts, 
and plentiful freshwater, the CCS of mixed CO2-H2S gas at the Hellisheiði power plant using 
the CarbFix method could be especially advantageous compared to other locations. The 
efficiency of CO2 capture with other water-soluble gases in water decreases as the CO2 
content of the exhaust gas decreases. As a result, the exhaust stream with lower CO2 
concentrations needs higher scrubber pressure for effective CO2 and other water-soluble gas 
capture. This will increase capture costs, as the cost of pressurizing the exhaust gas-water 
stream dominates them. The optimization of scrubber pressure and water demand should be 
taken into account on a site-by-site basis since the cost of capture is directly proportional to 
the pressure needed in the scrubber [48]. 
 
The Icelandic parliament recently passed a bill that is critical for climate action. The 
legislation aims to ensure that CO2 is captured, transported, and stored safely in Iceland. As 
part of the regulation, the European Union’s CCS directive is fully implemented, as 
mandated by the European Economic Area (EEA) Agreement. On the other hand, the 
directive is unique in that it distinguishes between two CO2 storage strategies: mineral 
storage and more conventional supercritical storage. The CarbFix method, which involves 
trapping CO2 and dissolving it in water before injecting it underground into basaltic 
formations where it quickly converts to stone, is now explicitly enshrined in Icelandic 
legislation as a viable climate action solution [58]. 
 
Emitters, including those covered by the EU’s Carbon Trading System (ETS), can also use 
the CarbFix technology to reduce their emissions due to the recent regulations. As a result, 
the parliament has provided an opportunity for businesses to invest in new alternatives, such 
as CarbFix, rather than paying for emissions allowances, which have recently risen in price 
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and now cost about €42 (US $50.8) per ton. In contrast, applying the CarbFix technology to 
reduce emission at Iceland’s Hellisheiði geothermal power plant costs around €21 (US $25.4) 
per ton [58]. 

1.8.9 Other Factors for the Implementation of CarbFix 

One of the essential things needed for CarbFix to work, besides favorable rocks and a source 
of concentrated CO2, is access to water [2]. The CarbFix method necessitates a large volume 
of water to transport the dissolved CO2 and facilitate underground reactions [59]. In 
particular, to completely dissolve CO2, ~25 tonnes of water are needed for each tonne of CO2 
injected [47]. On the other hand, the water comes from the same reservoir as the injection 
and is circulated and reused to some degree, so even dry areas devoid of freshwater can be 
viable candidates. CarbFix has established the theoretical foundation for dissolving CO2 in 
seawater rather than freshwater, greatly expanding the technology’s application. In 2022, a 
demonstration of CO2 injection using seawater is planned [59].  

 Summary 
This background section covers general information on geothermal energy, different CCS 
methods, the history of CarbFix, and information on what is needed for the CarbFix method 
to be implemented. This now leads to a feasibility study based on most of the information 
provided in the background chapter.  
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Chapter 2 

2Methods 

This section describes the methods of analysis used for this feasibility study. This research 
included extensive data gathering on power plant locations, general information for power 
plants, CO2 emissions, and specific condenser design from conference papers, journal 
articles, reports, databases, and company websites. The data was a mix of qualitative and 
quantitative data. The data gathered was based on the background and literature review that 
existed. The main tools used for this study were maps. Figure 2.1 illustrates a flow chart of 
how the research results lead to the next thing and what led to a stop. The process is mostly 
an elimination process. 

 

Figure 2.1: A simple flow chart of the methods of this thesis. 
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First, to limit the scope of the study, the geothermal power plants were chosen for research 
based on the countries with the most geothermal energy production. Second, those power 
plants were located using a geothermal power plant map and then compared to a map with 
information on feasible rock types for the CarbFix method. Next, CO2 emissions data for 
geothermal power plants on feasible rock types were gathered from multiple sources. Finally, 
data was gathered on the geothermal power plant condenser design. The following sections 
will cover these methods used in this study. 

 Geothermal Energy Production 
Although researching all geothermal power plants in the world would have been ideal for 
this study, the top ten countries producing geothermal energy were used for this feasibility 
study. Those countries are, in the order of installed capacity: United States, Indonesia, 
Philippines, Turkey, Kenya, New Zealand, Mexico, Italy, Iceland, and Japan. As of 2020, 
the total installed capacity for geothermal energy globally was 15 950 MWe (95 098 
GWh/yr.). The top ten producing countries had an installed capacity of 14 940 MWe (89 294 
GWh/yr.) [8]. This is 93.7% of all installed capacity for geothermal energy in the world and 
is the reason for the scope of the study to be for the top ten producing countries. Below in 
Table 2.1, the installed capacity and production for these countries are displayed. 

Table 2.1: Geothermal energy generation in 2020 by country [8]. 

Country Installed 
MWe 2020 

Electricity 
Generation   

GWh/yr. 2020 
United States 3 700 18 366 
Indonesia 2 289 15 313 
Philippines 1 918 9 893 
Turkey 1 549 8 168 
Kenya 1 193 9 930 
New Zealand 1 064 7 728 
Mexico 1 006 5 375 
Italy 916 6 100 
Iceland 755 6 010 
Japan 550 2 409 
Total 14 940 89 292 
World Total 15 950 95 098 

 
The following sub-sections will discuss these ten countries and summarize geothermal 
energy production, utilization, and development in the order of most installed capacity. Each 
sub-section will also show a map of the geothermal power plants in the countries. 
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2.1.1 United States 

The U.S. leads in the geothermal power generation in the world. Geothermal energy accounts 
for about 2% of all renewable sources and 0.4% of overall national electricity generation. 
However, from 2015 to 2019, no new geothermal fields were developed, but the geothermal 
power generation grew by 7-10% in this period. The increase came from expanding existing 
fields and improving performance in hot climates with the combination of air- and water-
cooling systems. In the USA, geothermal installed capacity is primarily in California (2 683 
MWe) (72.5%) and Nevada (795 MWe) (21.5%) [8]. California and Nevada generate 94% 
of all the electricity production where geothermal energy is used in the United States. Figure 
2.2 displays the geothermal power plants in the U.S. 

 

Figure 2.2: Geothermal power plants in the United States of America where the 
green dots represent the geothermal power plants [58]. 

2.1.2 Indonesia 

With an estimated 29 GWe expected to come from more than 300 sites, Indonesia has the 
largest geothermal capacity globally. There were three new projects from 2015 through 2018, 
which increased the total installed capacity by 465 MWe to 1949 MWe. There were 187 
wells drilled at 23 distinct sites between 2015 to 2018 [8]. Table 2.2 shows the increases in 
specific sites. 
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Table 2.2: Increase in geothermal power plants in Indonesia over the period of 2016 
to 2019 [8]. 

Site 2016 [MWe] 2017 [MWe] 2018  
[MWe] 2019 [MWe] 

Lahendong 40      
Ulubelu 55 55    
Sarulla 110 110 110  
Karaha     30  
Lumut Balai    55 
Sorik Merapi Unit 1    20 
Sorik Merapi Unit 2    30 
Sokoria Unit 1    5 
Muara Laboh Unit 1    80 

 
By the end of 2018, 14.01 GWh/yr. were produced. The 2015 installed capacity goals were 
not met by 2020, and project development growth has slowed since 2017. By 2020, the 
installed capacity goal was 2289 MWe, and by 2025 the goal was set at 7000 MWe. It is 
unlikely that these goals will be reached due to unattractive rates of return, high perceived 
risks associated with Power Purchase Agreements, and major environmental and social 
issues [8]. Figure 2.3 shows the geographical location of the geothermal power plants in 
Indonesia. 

 

Figure 2.3: Geothermal power plants in Indonesia where the green dots represent the 
geothermal power plants [60]. 

2.1.3 Philippines 

The Philippines had an installed capacity of 1918 MWe (1779 GWh/yr.) in 2020. This is 
11% of national electricity requirements. Only a 12 MWe power plant at Maibarara Unit 2 
was commissioned in the Philippines from 2015 to 2019. There are seven operating 
geothermal areas in the nation. There are 18 sites in the exploration stages, with a total 
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capacity of nearly 91 MWe expected between 2021 and 2026. Currently, in 2020, the 
development potential of the Philippine geothermal resources is estimated at 4024 MWe [8]. 
Figure 2.4 displays the geothermal power plants in the Philippines. 

 

Figure 2.4: Geothermal power plants in the Philippines where the green dots 
represent the geothermal power plants [60]. 

2.1.4 Turkey 

By June 2019,  56 power plants had been installed in 27 fields. The geothermal power plants 
can be seen in Figure 2.5. At a US $0.10/kWh price and a 10-year purchase price guarantee, 
the nation’s geothermal capacity has been projected to be 4500 MWe. 200 production wells 
and 90 injection wells have been drilled were drilled from 2015 to 2020. This resulted in 
power production increasing from 721 MWe to 1549 MWe. Turkey has 48 MWe (~253 
GWh/yr.) under construction, and another ~332 MWe (~1751 GWh/yr.) have been funded 
but are not yet under construction [8]. 

 

Figure 2.5: Geothermal power plants in Turkey where the green dots represent the 
geothermal power plants [60]. 
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2.1.5 Kenya 

The growth in Kenya’s geothermal capacity from 2015 to 2019 has been the fastest globally. 
Installations during that period totaled 218 MWe. Currently, the total installed capacity 
comprises 29% of the national capacity at 865 MWe. There have been over 380 wells drilled. 
The 2019 capacity was 865 MWe with 188 MWe under construction, and another 140 MWe 
have been funded but are not yet under construction. Kenya’s government plans to have 5000 
MWe online by 2030 [8]. Figure 2.6 displays the geothermal power plants in Kenya. 
 

 

Figure 2.6: Geothermal power plants in Kenya where the green dots represent the 
geothermal power plants [60]. 

2.1.6 New Zealand 

Since 2015, New Zealand has seen a consolidation phase in the geothermal electricity 
market, following a period of rapid growth in the previous ten years. There are 129 known 
geothermal zones, with fourteen in the 70-140°C temperature range, seven in the 140-220°C 
temperature range, and fifteen in the >200°C temperature range. The Taupo Volcanic Zone 
is home to the majority of high-temperature systems. Just seven wells have been drilled for 
electric generation from 2015 to 2019: three production wells and four injection wells. There 
are 31.5 MWe under construction, bringing the overall installed capacity to 1064 MWe by 
2020, providing around 7728 GWh/yr. to the national grid [8]. Figure 2.7 shows the locations 
of the geothermal power plants in New Zealand. 
 



42  CHAPTER 2: METHODS 

   

 

Figure 2.7: Geothermal power plants in New Zealand where the green dots represent 
the geothermal power plants [60]. 

2.1.7 Mexico 

The five geothermal fields in Mexico (see Figure 2.8) had a combined installed capacity of 
1005 MWe in 2019. The installed capacity has decreased by 1.1% since 2015. However, 
owing to higher efficiencies in some newer units, the net production to the grid has risen by 
13%. From 2015 to 2019, five power plants came online. The addition of these power plants 
totaled 112 MWe [8]. The increase can be seen in Table 2.3. 

Table 2.3: Geothermal power plants added between 2015 and 2019 in Mexico [8]. 

Site 2015 [MWe] 2016 [MWe] 2019 [MWe] 

Los Azufres 50 (unit 17)   26.5 (unit 18) 

Domo de San Pedro 5 (unit 1) 
5 (unit 2) 25.5 (unit 3)  
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Figure 2.8: Geothermal power plants in Mexico where the green dots represent the 
geothermal power plants [60]. 

2.1.8 Italy 

In 1904, Lardarello became the first city to use geothermal energy for electricity production. 
The three major fields of Lardarello, Monte Amiata, and Travali-Radicondoli have 37 
generating plants as of 2018. Italy has a total installed capacity of 916 MWe, net production 
of 807 MWe from more than 500 wells, and gross power production to the grid of 6100 
GWh/yr. Geothermal energy accounts for just 2.1% of national power requirements, but it 
provides more than 30% of the electricity needed in Tuscany. Between 2015 and 2019, 28 
wells were drilled in the Lardarello and Travale-Radicondoli fields, including 14 make-up 
wells, two additional reinjection wells, and 16 workover wells. From 2015 to 2019, no new 
power plants were constructed [8]. The geothermal power plant locations can be seen in 
Figure 2.9. 
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Figure 2.9: Geothermal power plants in Italy where the green dots represent the 
geothermal power plants [60]. 

2.1.9 Iceland 

Iceland has steadily expanded the use of geothermal energy for district heating, agriculture,  
and a variety of other direct applications and power generation, since 1969.  The electric 
power segment has installed capacity was 663 MWe (5245 GWh/yr.) in 2019, and by 2020, 
it was 755 MWe (6010 GWh/yr.) produced at eight locations. The geothermal power plants 
operating are: Hellisheiði (330 MWe), Nesjavellir (120 MWe), Reykjanes (100 MWe), 
Theistareykir (90 MWe), Svartsengi (76.4 MWe), Krafla (60 MWe), Bjarnarflag (5 MWe) 
and Kopsvatn (0.6 MWe). They are shown on a map in Figure 2.10. Theistareykir is the 
newest addition and was built in 2016 and 2017. It comprises two 45 MWe single-flash units, 
bringing 738 GWh/yr. to the national grid [8]. 
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Figure 2.10: Geothermal power plants in Iceland where the green dots represent the 
geothermal power plants [60]. 

2.1.10  Japan 

Between 2000 and 2012, there was a minimal increase in geothermal production in Japan. A 
Feed-in-Tariff was introduced in 2012, and the pace of generating unit construction 
accelerated significantly, with 69 units built by 2018 compared to 20 units in 2000. The 
majority of these newer plants were tiny, varying in size from 100 kW to 5 MW, with an 
average of 500 kW. As a result, total power increased by just 24.4 MWe. Several units were 
decommissioned due to their age and inefficiency, resulting in a 68.2 MWe reduction in 
production. In 2019, work on two larger power plants, Wasabizawa (46.2 MWe) and Matsuo-
Hachimantai (7.5 MWe), began, bringing the total capacity to 53.7 MWe. By 2020, total 
installed capacity in Japan was projected to reach 550 MWe, gross demand would reach 2409 
GWh/yr., and net power output would be about 275 MWe [8]. Figure 2.11 displays where 
the geothermal power plants in Japan are located. 
 
The following are the three main reasons for the relatively slow pace of geothermal 
development in Japan [8]: 
1) Regulations restricting geothermal development in National Parks 
2) High costs and high risks of geothermal development 
3) “Not-in-my-backyard” mentality among people living near thermal areas, as well as a 

concern that fracking and power plant activities would adversely impact their onsens 
(geothermal baths). 
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Figure 2.11: Geothermal power plants in Japan where the green dots represent the 
geothermal power plants [60]. 

 Feasible Locations 
Once the geothermal power plants were located geographically, the next step was to see 
whether the power plants were located on or near a feasible rock type for the mineralization 
part of the CarbFix method to work. One of the most critical factors for the CarbFix method 
to work is the rock type. This task would require extensive research for each power plant or 
the areas they are located in. However, there are maps available online that show lithology 
or geology features for the entire world. The Cluster of Excellence “Integrated Climate 
System Analysis and Prediction” (CliSAP), an institution at the University of Hamburg and 
is funded by the German Research Foundation, has created “The Global Lithological Map” 
(GLiM) (see Figure 2.12). GLiM was developed as a tool for global modeling where the 
database contains about 1.2 million polygons and is a hundred times more detailed than 
previously existing global lithological maps a (Jens Hartmann & Moosdorf, 2012). It is not 
possible to zoom in very close into this map, so it is hard to get accurate locations. This map 
offers a low-resolution overview of the distribution of rock categories. 

 
a The map can be accessed through this link: https://www.clisap.de/fileadmin/B-Research/IA/IA5/LITHOMAP/  
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Figure 2.12: The Global Lithological Map with a legend of rock types [61] 

CarbFix has been working on a map that became accessible in late 2020 (see Figure 2.13). 
The map is called “Mineral Storage Atlas” and shows potentially feasible rock types for the 
CarbFix method to workb. The map is the first measure of the geological viability of the 
CarbFix technology. However, it does not consider other important considerations like water 
supply or bedrock permeability, which may differ significantly across areas. The global 
storage potential is considered greater than the emissions of the burning of all fossil fuels on 
Earth. Theoretically, Europe could store at least 4000 billion tons of CO2 in rocks, while the 
United States could store at least 7500 billion tons [59]. The map is an excellent way of 
eliminating areas that are not feasible for the CarbFix method, but more research needs to be 
done to see whether it is a feasible location.  

 
b The CarbFix Mineral Storage Atlas can be accessed here: https://www.carbfix.com/atlas  
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Figure 2.13: CarbFix Mineral Storage Atlas [59]. 

Figure 2.13 shows the favorable geology (brown/yellow) with large volumes of feasible rock 
types in the ocean. The ten countries were researched for CarbFix feasibility, and the 
geothermal power plants that were not located close to feasible rock types were disregarded.  
 
Using the ThinkGeoEnergy Global Geothermal Power Plant Map (see Figure 2.14) is a quick 
way of getting all geothermal power plant locations. However, after taking a closer look, it 
was found that the ThinkGeoEnergy map does not contain all geothermal power plants and 
sometimes not all units of a power plant either. Because of this, the 2020 Country Updates 
from World Geothermal Congress were used to make sure all the units and power plants 
were researched on potentially feasible locations. The papers can be accessed on the 
International Geothermal Association website under the geothermal paper database [62]. 
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Figure 2.14: A map showing geothermal power plants around the world (retrieved 
from ThinkGeoEnergy) [60]. 

In order to see whether a power plant has a potentially feasible location, the ThinkGeoEnergy 
map and the CarbFix Mineral Storage Atlas were overlapped, as shown in the following 
sections. This does not show precise locations but can quickly eliminate certain power plants. 
The power plants that seem to be in a potentially feasible location are then looked up on the 
CarbFix atlas for further detail. In order to find precise locations on the CarbFix atlas, the 
power plant coordinates can be found on Google and then put into the search bar in the 
CarbFix Mineral Storage Atlas. 

2.2.1 United States 

As mentioned previously in section 2.1.1, nearly 94% of all electricity produced using 
geothermal energy in the United States is in California and Nevada. Figure 2.15, Figure 2.16, 
and Figure 2.17 illustrate feasible locations for the CarbFix method based on rock type. The 
CarbFix Mineral Storage Atlas displays in Figure 2.15 that the United States has some 
potential feasible locations based on favorable geology. There is a great volume in the 
northwest as well as in the southeast part. 
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Figure 2.15: Feasible locations (blue) for CarbFix in the United States [59]. 

 

Figure 2.16: A close up of the feasible locations (left) and all geothermal power plants 
(right) in the United States [59][60]. 

 

Figure 2.17: An overlap of the two images in Figure 2.16. 
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After locating the power plants and comparing the location to the CarbFix Mineral Storage 
Atlas, the information was gathered into a table to work with. The focus was on power plants 
with a 5 MW capacity or larger, though the smaller power plants were also reported. Table 
2.4 holds the information for the geothermal power plants in the U.S. (state, name, size, and 
design) and whether their location is feasible according to the CarbFix Mineral Storage Atlas. 

Table 2.4: Geothermal power plants in the U.S. in the order from north to south. 
Power plants that are grey have less than 5 MW installed capacity. Green: 

feasible location, red: not feasible. 

State Power Plant a 
Installed 
Capacity 
[MW] a 

Power Plant 
design a 

Feasible 
Location b 

OR Neal Hot Springs 33  B  
OR Paisley 3.7  B  
OR OIT 1.8  B  
ID Raft River 18  B  
NV Tuscarora 32 B  
NV Blue Mountain 63.9  B  
NV Beowawe 20.6  2F  
CA Amadee 3  B  
NV San Emidio 11.8  B  
NV Jersey Valley 23.5  B  
NV Brady 21.5  2F  
NV Desert Peak 26  B  
NV Patua 48  B  
NV Soda Lake I 5.1  B  
NV Soda Lake II 18  B  
NV Soda Lake III 22  B  
NV  Stillwater 47.2  B  
NV Enel Salt Wells 23.6  B  
NV Tungsten Mountain 37  B  
NV Whitegrass No. 1 6.4  B  
NV Steamboat II 18.2  B  
NV Steamboat III 18.2  B  
NV Richard Burdette 30  B  
NV Galena 3 30  B  
NV Galena 2 13.5  B  
NV Steamboat Hills 21.8  B  
NV McGinnes Hills 100  B  
NV McGinnes Hills 3 74  B  
NV Don A. Campbell 47.5  B  
CA Aidlin 22.4  DS  
CA Bottle Rock 0  DS  
CA Eagle Rock 110  DS  
CA Lake View 118  DS  
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CA Ridgeline 110  DS  
CA McCabe 110  DS  
CA Sonoma 78  DS  
CA Calistoga 97  DS  
CA Sulphur Springs 113  DS  
CA Grant 118  DS  
CA Big Geysers 138  DS  
CA Socrates 118  DS  
CA Quicksilver 118  DS  
CA NCPA I 110  DS  
CA NCPA II 55  DS  
CA Mammoth Pacific I 10  B  
CA Mammoth Pacific II 15  B  
CA Ples 1 15  B  
UT Blundell 44.8  1F  
UT Enel Cove Fort 25  B  
UT Thermo No. 1 14  B  
CA Coso Navy 272.2  2F  
CA Hudson Ranch 55  TF  
CA Elmore 45.5  2F  
CA CE Leathers 45.5  2F  
CA Del Ranch 45.5  2F  
CA CE Turbo 11.5  1F  
CA Vulcan 39.6  2F  
CA Salton Sea II 20  2F  
CA Salton Sea IV 47.5  2F  
CA Salton Sea V 58.3  2F  
CA North Brawley 80  B  
CA Ormesa I expansion 24  B  
CA Ormesa IE (retired) 14.4  B  
CA Ormesa II 18  2F  
CA Geo East Mesa 51.2  2F  
CA Heber SIGC 80  B  
CA Heber I 62.5  2F  
CA Heber II 19  B  
NM Lightning 4  B  
WY RMOTC 0.3  B  

__________________ 
a Information retrieved from [60]. 
b CarbFix Mineral Storage Atlas used to determine feasible locations [59]. 
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2.2.2 Indonesia 

Indonesia has a decent number of feasible locations, according to the CarbFix Mineral 
Storage Atlas (see Figure 2.18). The southwest coast is nearly all feasible, and most 
geothermal power plants are located on that coast (see Figure 2.19). 

 

Figure 2.18: Feasible locations (blue) for CarbFix in the Indonesia [59]. 

 

Figure 2.19: An overlap of Figure 2.3 and Figure 2.18 to compare the feasible rock 
type locations and the geothermal power plant locations in Indonesia [59][60]. 

 

 

Table 2.5 holds the information for the geothermal power plants in Indonesia (power plant 
name, size, and design) and whether their location is feasible according to the CarbFix Mineral 
Storage Atlas. Based on just location, they could all be researched further for full feasibility 
for the CarbFix method. 
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Table 2.5: Geothermal power plants in Indonesia in the order from north to south. 

Power plants that are grey have less than 5 MW installed capacity. Green: 
feasible location, red: not feasible. 

Power Plant a 
Installed 
Capacity 
[MW] a 

Power 
Plant 

Design a 

Feasible 
Location b 

Lahendong-Binary 0.5  B  
Lahendong Unit 3 and 4 40  1F  
Lahendong Unit 1 and 2 40  1F  
Lahendong Unit 5 and 6 40  1F  
Sibayak 12  BP  
Sarulla 330  B  
Sorik Marapi Unit 2 45  B  
Muara Laboh 85.3  2F  
Lumut Balai 55  1F  
Ulubelu Unit 1 and 2 110  1F  
Ulubelu Unit 3 and 4 110  1F  
Salak 376.8  1F  
Patuha Unit 1 55  1F  
Wayang Windu Unit 1 110  1F  
Darajat 270  DS  
Kamojang Unit 3 55  DS  
Kamojang Unit 4 60  DS  
Kamojang  3  1F  
Karaha Bodas 30  DS  
Dieng Unit 1 60  1F  
Ulumbu Unit 3 and 4 
(APBN) 

5  1F  

Mataloko 2.5  1F  
__________________ 

a Information retrieved from [60]. 
b CarbFix Mineral Storage Atlas used to determine feasible locations [59]. 

2.2.3 Philippines 

The Philippines do not seem to have many feasible locations, as shown in Figure 2.20. Also, 
in Figure 2.21, no power plant seems to be in a feasible location compared to the geothermal 
power plant locations. 
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Figure 2.20: Feasible locations (blue) for CarbFix in the Philippines [59]. 

 

Figure 2.21: An overlap of Figure 2.4 and Figure 2.20 to compare the feasible rock 
type locations and the geothermal power plant locations in the Philippines 

[59][60]. 

After taking a closer look, the feasibility of applying the CarbFix method in the Philippines 
for geothermal power plants seems unlikely. Table 2.6 holds the information for the 
geothermal power plants in the Philippines (power plant name, size, and design) and whether 
their location is feasible according to the CarbFix Mineral Storage Atlas.  
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Table 2.6: Geothermal power plants in the Philippines in the order from north to 
south. Power plants that are grey have less than 5 MW installed capacity. 

Green: feasible location, red: not feasible. 

Power Plant a 
Installed 
Capacity 
[MW] a 

Power 
Plant 

Design a 

Feasible 
Location b 

Maibarara 32  1F  
Mak-Ban E 40  1F  
Mak-Ban A 126.4  2F  
Mak-Ban D 40  1F  
Mak-Ban B 126.4  B  
Mak-Ban C 110  2F  
Mak-Ban Binary 15.7  1F  
Tiwi A 120  1F  
Tiwi B 0  1F  
Tiwi C 114  1F  
Bacman I 120  1F  
Bacman II 20  1F  
Upper Mahiao – binary 5.5  B  
Tongonan I 132  2F  
Malitbog bottoming cycle 16.7  1F  
Mahandong B 66.5  1F  
Malitbog  232.5  1F  
Palinpinon 112.5  1F  
Palinpinon II 109  1F  
Mount Apo 108.48  1F  
Nothern Negros 0  1F  

__________________ 
a Information retrieved from [60]. 
b CarbFix Mineral Storage Atlas used to determine feasible locations [59]. 

2.2.4 Turkey 

Turkey has locations that are potentially feasible for the CarbFix method, as shown in Figure 
2.22. However, when looking at the location of the geothermal power plants, they fall right 
where there is no potentially feasible rock type (see Figure 2.23). 
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Figure 2.22: Feasible locations (blue) for CarbFix in Turkey [59]. 

 

 

Figure 2.23: An overlap of Figure 2.5 and Figure 2.22 to compare the feasible rock 
type locations and the geothermal power plant locations in Turkey [59][60]. 

 
After further detail on the geothermal power plants, Table 2.7 displays the information on 
the power plants. The table includes only two power plants with a capacity larger than 5 
MW, but even those power plants are very small. Other than that, there seemingly is not 
much feasibility for applying the CarbFix method on site of the power plants in Turkey. 
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Table 2.7: Geothermal power plants in Turkey in the order from north to south. 
Power plants that are grey have less than 5 MW installed capacity. Green: 

feasible location, red: not feasible. 

Power Plant a 
Installed 
Capacity 
[MW] a 

Power 
Plant 

Design a 

Feasible 
Location b 

Babadere 1 8  B  
Tuzla Unit 1 7.5  B  
Tuzla West 1  0  B  
Afjet 2.76  B  
Salihli 1 Sanko 15  B  
Maspo Ala 1 10  B  
Kemaliye 24  B  
Mis 1 12.3  B  
Maspo Ala 2 30  B  
Alasehir Zorlu 45  2F  
Mis 2 24  B  
Mis 3 48  B  
Özmen 3 18.6  B  
Baklaci 19.4  B  
Özmen 1 12  B  
RSC Seferihisar 12  B  
Mehmetan 24.8  B  
Melih 32  B  
Maren 1 (Irem) 20  B  
Galip Hoca 47.4  2F  
Efeler Unit 6 22.6  B  
Efeler Unit 1 47.5  2F  
Efeler Unit 3 22.5  B  
Efeler Unit 4 22  B  
Umurlu 2 12  B  
Maren 2 (Sinem) 24  B  
Deniz (Maren 2) 24  B  
Efeler Unit 2 22.5  B  
Efeler Unit 7 25  B  
Gümüsköy 1 and 2 13.2  B  
Kubilay 24  B  
Incirlova 25  B  
Ken Kipas 3 24.8  B  
Ken Kipas 1 24  B  
Sultanhisar 1 36.31  B  
Dora 1 Unit 1 7.95  B  
Dora 3 a 17  B  
Dora 2 Unit 1 9.5  B  
Dora 3 b and Dora 4 34  B  
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Kuyucak 18  B  
Pamukören 1-5 (7) 176.5  B  
Kiper Nazili 10  B  
Buharkent 13.77  B  
Tosunlar 1 3.8  B  
Kizildere Bereket 6.85  B  
Kizildere 3 245.01  2F  
Kizildere 2 15  2F  
Greeneco 1 and 2 25.6  B  
Greeneco 6 25  B  
Emirler 1 3.5  B  

__________________ 
   a Information retrieved from [60]. 

b CarbFix Mineral Storage Atlas used to determine feasible locations [59]. 

2.2.5 Kenya 

The west side of Kenya has prominent potentially feasible locations (see Figure 2.24). When 
looking at where the geothermal power plants in Kenya are located, they are all within the 
potentially feasible locations on the CarbFix Mineral Storage Atlas (Figure 2.25).  

 

Figure 2.24: Feasible locations (blue) for CarbFix in Kenya [59]. 
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Figure 2.25: An overlap of Figure 2.6 and Figure 2.24 to compare the feasible rock 
type locations and the geothermal power plant locations in Kenya [59][60]. 

Further detailed work is needed see whether the geothermal power plants were within the 
potentially feasible location. All the geothermal power plants lie within the potentially 
feasible location, according to the CarbFix Mineral Storage Atlas. Information on the 
geothermal power plants in Kenya is below in Table 2.8. 

Table 2.8: Geothermal power plants in Kenya in the order from north to south. 
Power plants that are grey have less than 5 MW installed capacity. Green: 

feasible location, red: not feasible. 

Power Plant a 
Installed 
Capacity 
[MW] a 

Power 
Plant 

Design a 

Feasible 
Location b 

Eburru 2.5  1F  
Olkaria II – Units 1-3 105  1F  
Oserian 306 2  BP  
Oserian 202 2  B  
OLK 02 and 03 12.8  1F  
Olkaria I AU 150.6  1F  
Olkaria III 150  B  
OLK 15 5  1F  
OLK 01 & 12, 13 15  1F  
Olkaria I Unit 1-3 45  1F  
OLK 11 5  1F  
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OLK 14 5  1F  
Olkaria V – Units 1 and 2 173.2  1F  
OLK 09 and 10 10  1F  
OLK 04-08 27.8  1F  
Olkaria IV – Units 1 and 2 149.8  1F  

__________________ 
a Information retrieved from [60]. 
b CarbFix Mineral Storage Atlas used to determine feasible locations [59]. 

2.2.6 New Zealand 

As shown in Figure 2.26, there are very few areas with a potentially feasible location for the 
CarbFix method in New Zealand. Figure 2.27 compares the potentially feasible locations and 
the geothermal power plants. There is not much feasibility in the areas where the geothermal 
power plants are located. More detailed figures can be viewed in Appendix A (A.1 New 
Zealand). 

 

Figure 2.26: Feasible locations (blue) for CarbFix in New Zealand [59]. 
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Figure 2.27: An overlap of Figure 2.7 and Figure 2.26 to compare the feasible rock 
type locations and the geothermal power plant locations in New Zealand 

[59][60]. 

Below in Table 2.9 is the information on the geothermal power plants in New Zealand. 
Initially, there was not much feasibility, but Ngawha geothermal power plants were close 
enough to potentially feasible locations. 

Table 2.9: Geothermal power plants in New Zealand in the order from north to 
south. Power plants that are grey have less than 5 MW installed capacity. 

Green: feasible location, red: not feasible. 

Power Plant a 
Installed 
Capacity 
[MW] a 

Power 
Plant 

Design a 

Feasible 
Location b 

Ngawha 3 31.5  B  
Ngawha 10  B  
Ngawha 2 15  B  
K24 8.3  B  
Te Ahi O Maui 25  B  
TG2 0  B  
Kawerau 100  2F  
TG1 0  B  
Topp2 23  B  
Tasman BP 5  BP  
Ohaaki 47  1F  
Mokai 39  1F  
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Ngatamariki 82  B  
Rotokawa 34  1F  
Nga Awa Purua 140  3F  
Te Mihi 166  2F  
Poihipi 55  1F  
Wairakei Binary 15  B  
Wairakei 115  2F  
Tauhara 26  B  

__________________ 
a Information retrieved from [60]. 
b CarbFix Mineral Storage Atlas used to determine feasible locations [59]. 

2.2.7 Mexico 

Mexico has some large areas that contain a potentially feasible location for CarbFix (see 
Figure 2.28). So, the next thing to look for is the geothermal power plant locations and 
compare the two (See Figure 2.29). More detailed figures of the geothermal power plants 
and feasible locations can be accessed in Appendix A (A.2 Mexico). 

 

Figure 2.28: Feasible locations (blue) for CarbFix in Mexico [59]. 
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Figure 2.29: An overlap of Figure 2.8 and Figure 2.28 to compare the feasible rock 
type locations and the geothermal power plant locations in Mexico [59][60]. 

As can be seen in Figure 2.29, there seem to be some geothermal power plants located in a 
potentially feasible location in order for the CarbFix method to work. Below in Table 2.10, 
there is information on the power plants in Mexico. 

 

Table 2.10: Geothermal power plants in Mexico in the order from north to south. 
Power plants that are grey have less than 5 MW installed capacity. Green: 

feasible location, red: not feasible. 

Power Plant a 
Installed 
Capacity 
[MW] a 

Power Plant 
Technology a 

Feasible 
Location b 

Cerro Prieto IV 218  2F  
Cerro Prieto I 30  1F  
Cerro Prieto II 220  2F  
Cerro Prieto III 220 2F  
Las Tres Virgenes 10  1F  
Domo de San Pedro 25.5  1F  
Los Azufres U-14 26.5  1F  
Los Azufres U-15 26.5  1F  
Los Azufres U-17 50  1F  
Los Azufres U-16 26.5  1F  
Los Azufres U-2** 5  BP  
Los Azufres U-6** 5 BP  
Los Azufres U-7 50 1F  
Los Azufres U-13 26.5 1F  
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Los Azufres U-10** 5 BP  
Los Azufres U-18 26.5 1F  
Los Humeros II & III 80  1F  
Los Humeros U-6 5  BP  
Los Humeros U-8 5  BP  
Los Humeros U-3 5  BP  

__________________ 
a Information retrieved from [60]. 
b CarbFix Mineral Storage Atlas used to determine feasible locations [59]. 
** These units were put out of operation in 2020 [63] 

2.2.8 Italy 

The CarbFix Mineral Storage Atlas does not show much potential feasibility in Italy. Figure 
2.30 illustrates those areas. When comparing the geothermal power plant map to the CarbFix 
atlas, Figure 2.31, there seems to be no feasibility for the geothermal power plants in Italy. 
A closer look at the geothermal power plants can be viewed in Appendix A (A.3 Italy). 

 

Figure 2.30: Feasible locations (blue) for CarbFix in Italy [59]. 
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Figure 2.31: An overlap of Figure 2.9 and Figure 2.30 to compare the feasible rock 
type locations and the geothermal power plant locations in Italy [59][60]. 

After a closer look, Table 2.11 presents the geothermal power plants their size, their power 
plant design, and whether the power plants are located in a potentially feasible location. 

Table 2.11: Geothermal power plants in Italy in the order from north to south. 
Power plants that are grey have less than 5 MW installed capacity. Green: 

feasible location, red: not feasible. 

Power Plant a 
Installed 
Capacity 
[MW] a 

Power 
Plant 

Design a 

Feasible 
Location b 

Nuova Gabbro 20  DS  
Farinello 60  DS  
Valle Secolo 3 60  DS  
Sesta 20  DS  
Nuova Castelnuovo 14.5  DS  
Nuova Molinetto 20  DS  
Nuova Serrazzano 60  DS  
Monteverdi 2 20  DS  
Monteverdi 1 20  DS  
La Prata 20  DS  
Selva 20  DS  
Nuova Sasso 20  DS  
Sasso 2 20  DS  
Nuova Lagoni Rossi 20  DS  
Cornia 2 20  DS  
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Nuova Lago 10  DS  
Nuova Monterotondo 10  DS  
Nuova San Martino 40  DS  
Carboli 1 20  DS  
Carboli 2 20  DS  
Rancia 20  DS  
Pianacce 20  DS  
Rancia 2 20  DS  
Nuova Radicondoli 40  DS  
Nuova Radicondoli GR2 20  DS  
Travale 3 20  DS  
Travale 4 40   DS  
Chiusdino 1 20  DS  
Piancastagnaio 4 20  1F  
Piancastagnaio 5 20  1F  
Bagnore binary 1  B  
Bagnore 3 20  1F  
Bagnore 4 40  1F  
Piancastagnaio 3 20  1F  

__________________ 
a Information retrieved from [60]. 
b CarbFix Mineral Storage Atlas used to determine feasible locations [59]. 

2.2.9 Iceland 

It can quickly be noticed that the rock types all over Iceland fit the criteria for feasible 
CarbFix method locations. Figure 2.32 shows where in Iceland those potential locations are, 
which is the whole country. 

 

Figure 2.32: Feasible locations (blue) for CarbFix in Iceland [59]. 

The eight geothermal power plants in Iceland can be viewed in Table 2.12, along with their 
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size, power plant design, and whether they are located in a potentially feasible location.  

Table 2.12: Geothermal power plants in Iceland in the order from north to south. 
Power plants that are grey have less than 5 MW installed capacity. Green: 

feasible location, red: not feasible. 

Power Plant a 
Installed 
Capacity 
[MW] a 

Power 
Plant 

Design a 

Feasible 
Location b 

Theistareykir 90  1F  
Krafla 60  2F  
Bjarnarflag 5  BP  
Kopsvatn 0.6  B  
Nesjavellir 120  1F  
Hellisheiði 303  1F  
Svartsengi 76.4  1F  
Reykjanes 100  1F  

__________________ 
a Information retrieved from [60]. 
b CarbFix Mineral Storage Atlas used to determine feasible locations [59]. 

2.2.10  Japan 

Japan has scattered areas of potential locations for CarbFix. Figure 2.33 and Figure 2.34 
display the scattered locations and the geothermal power plant locations. This overlap in 
Figure 2.34 cannot determine whether the power plants are in a feasible location or not, so 
further detailed research had to be done. As mentioned above in section 2.2, the geothermal 
power plant coordinates can be looked up on Google and inserted into the CarbFix atlas. 
Alternatively, it is also possible to look closer at the maps. A closeup of the maps can be 
viewed in Appendix A (A.4 Japan). 
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Figure 2.33: Feasible locations (blue) for CarbFix in Japan [59] 

 

Figure 2.34: An overlap of Figure 2.11 and Figure 2.33 to compare the feasible rock 
type locations and the geothermal power plant locations in Japan [59][60]. 

 
Table 2.13 has information on the geothermal power plants in Japan and whether they are 
located in a potentially feasible location for CarbFix. 
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Table 2.13: Geothermal power plants in Japan in the order from north to south. 
Power plants that are grey have less than 5 MW installed capacity. Green: 

feasible location, red: not feasible. 

Power Plant a 
Installed 
Capacity 
[MW] a 

Power 
Plant 

Design a 

Feasible 
Location b 

Kuju Kanko Hotel 0.99  1F  
Yanaizu-Nishiyama 65  1F  
Hatchobaru 2 56  2F  
Mori 25  2F  
Sumikawa 50  1F  
Wasabizawa 46  2F  
Uenotai 28.8  1F  
Kakkonda 2 30  1F  
Ogiri/Ohgiri 30  1F  
Yamagawa 30  1F  
Matsukawa 23.5  DS  
Takigami 25  1F  
Onikobe 12.5  1F  
Otake 12.5  1F  
Onuma/Ohnuma 9.5  1F  
Iwate Chinetsu 7.5  1F  
Suginoi Hotel 1.9  1F  
Goto-en 0.09  B  
Hachijo-jima 3.3  1F  
Oguni Matsuya 0.06  B  
Sugawara 5  B  
Tsuchiyu 0.4  B  
Yumura Spring 0.03  B  
Sichimi Spring 0.02  B  
Hagenoyu 2  B  
Waita 2  B  
Kirishima Kokusai Hotel 0.1  B  

__________________ 
a Information retrieved from [60]. 
b CarbFix Mineral Storage Atlas used to determine feasible locations [59]. 

 CO2 Emissions 
Although the location in the vicinity of the preferred rock type is one of the most critical 
factors for CarbFix, the amount of CO2 emissions is nearly as important. Without much CO2, 
applying the CarbFix method to the power plant would not be economically feasible as the 
environmental gain is small. The power plants that were on or close to a feasible rock type 
were researched. Information about CO2 emissions for geothermal power plants is not easy 
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to find in literature. 
 
The availability of CO2 emissions data varies between countries. The data for Iceland was 
the easiest to find. It can be accessed at Orkustofnun’s, National Energy Authority, website 
[46]. Japan’s information was hard to find due to the language barrier for the author, but the 
data was available in a report written in Japanese [88]. There was information on emissions 
from geothermal power plants in New Zealand [64]. SENER, Secretaria de Energia, provided 
information on the CO2 emissions for geothermal power plants in Mexico [113]. Most CO2 
emissions data that was found for geothermal power plants in Indonesia and Kenya came 
from Clean Development Mechanism (CDM) reportsc. The CDM has been operating since 
2006 and helps developing-country emission-reduction programs to receive certified 
emissions reduction credits, which are equal to one tonne of CO2 [65]. The CDM releases 
project design documents for the projects, and in those, the estimated amount of CO2 
emissions emitted and reduced is available. 
 
After researching the power plants in the U.S. better, it was noticed that most of the ones that 
were on a potential CarbFix location were pumped binary power plants. This means no 
emissions are coming from those power plants since the plant is in a closed system with total 
circulation, and therefore nothing was released to the atmosphere. There was information on 
Coso Navy geothermal power plant in a California Greenhouse Gas emissions report [75], 
but accessible information on the other power plants was not found. 

 Condenser Design 
The condenser design in the power plants is an essential factor when it comes to the CarbFix 
application. The two condenser types can be viewed as an open and closed system where a 
direct contact condenser is an open system and a surface condenser a closed system, as 
previously discussed in 1.3.5 Condenser Design. When the system is open, air enters and 
mixes with the NCGs. On the other hand, in a closed system, the NCGs stay separated and 
are not mixed in any way. When air enters the system and mixes with the NCGs, oxygen gets 
mixed, which is highly corrosive. If the oxygen concentration rises inside the condenser, the 
corrosiveness of the condensate rises as well [15]. For the CarbFix method to work, a surface 
condenser must be used where the NCGs have not been mixed. Consequently, the geothermal 
power plants located in potentially feasible locations must have a surface condenser; the ones 
with a direct contact condenser are not considered feasible. 

 Case Studies 
This section has two case studies: Ngawha in New Zealand and Coso Navy in California. 
These geothermal power plants were chosen because they emit the most tCO2e per MW 
produced out of the researched power plants. Mori geothermal power plant in Japan emits a 

 
c  CDM website where project‘s can be searched: https://cdm.unfccc.int/  



72  CHAPTER 2: METHODS 

   

little bit more per MW than Coso geothermal power plant, but because most information on 
geothermal power plants in Japan is in Japanese, a case study was not done. The case studies 
find what the geology is at or near the power plants and more detailed information on the 
power plants. 

2.5.1 Ngawha, New Zealand 

The Ngawha geothermal field is in Northland, New Zealand (see: Figure 2.35). It is the only 
high-temperature geothermal field in NZ outside the Taupo Volcanic Zone. Most geothermal 
power plants in New Zealand are in the Taupo Volcanic Zone field. The reservoir is 600 m 
below ground level and is estimated to be between 20 and 40 km2 in size [66]. Ngawha 
currently has three binary power plants. These are not pumped binary power plants, and 
therefore they emit CO2 into the atmosphere. The first was completed in 1998 and consisted 
of two units, each with a capacity of 5 MW. The second, with a capacity of 15 MW, was 
completed in 2008 [67]. Finally, the third and the largest, with a capacity of 31.5 MW, was 
completed in 2020 [68]. The total capacity for the power plant is now 56.5 MW. There is 
also another unit under construction that will be 31.5 MW resulting in a total capacity of 88 
MW. Currently, with a capacity of 56.5 MW, Ngawha supplies renewable energy to the Far 
North and can transport it to the national grid 95% of the time [67]. 

 

Figure 2.35: Ngawha and the Taupo Volcanic Zone [69]. 
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There is no public information on the CO2 emissions for the newest plant that went online in 
2020. There is, however, information on the first three units with a total capacity of 25 MW. 
For 2019, the emissions were 312 gCO2e/kWh(net) and the annual emissions were 60389 
tCO2e [64]. Table 2.14 displays the CO2 emissions for the geothermal power plants in New 
Zealand. Ngawha is one of the smaller geothermal power plants in New Zealand. However, 
it has the highest emissions intensity at 312 gCO2e/kWh(net), and only two other power plants 
have an intensity higher than 100 gCO2e/kWh(net). Also, only three geothermal power plants 
emit more than Ngawha. 

Table 2.14: CO2 emissions from geothermal power plants in New Zealand [64]. 

Power Plant 
Average 

Generation 
[MW] 

Emissions 
Intensity 

[gCO2e/kWh] 

Annual 
Emissions 
[tCO2e] 

Wairakei 105 24 22 084 
Te Mihi 157 38 52 367 
Poiphipi 42 41 15 043 
Ohaaki 37 299 97 472 
Te Huka 22 51 9 264 
Rotokawa 30 88 23 575 
Nga Awa Purua 128 59 66 138 
Mokai 92 30 24 500 
Ngatamariki 84 61 44 870 
Kawerau 102 130 116 158 
TOPP1 21 53 9 926 
TAOM 22 75 14 387 
GDL 6 70 3 587 
Ngawha 22 312 60 389 

 
Greywacke rocks, commonly found as low permeability basement rocks in Taupo Volcanic 
Zone, also make most of Ngawha’s reservoir [66]. Greywacke is a type of impure sandstones 
that contains poorly sorted grains of quartz, feldspar, and lithic fragments set in a compact 
fine clay and muddy matrix. It is also generally characterized by its hardness and dark color 
[70]. These rocks are extensively fractured at Ngawha, resulting in excellent permeability in 
the wells that intersect the fractures and low permeability in other wells [66]. Figure 2.36 
shows an overlap of the CarbFix Atlas and the GLiM map. 
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Figure 2.36: Left: overlap of the CarbFix Atlas and the GLiM map. Middle: GLiM 
map. Right: Legend of the GLiM map . 

From the GLiM map, Ngawha is located on a siliciclastic sedimentary rock. The CarbFix 
atlas shows that the geothermal power plant is not located on a feasible rock type. However, 
there are basic volcanic rocks around the power plants, as seen in the middle figure above. 
The location of the Ngawha geothermal power plant on the CarbFix atlas is shown below in 
Figure 2.37 and Figure 2.38. 

 

Figure 2.37: Ngawha geothermal power plant location showing that there are 2.69 
kilometers to the next potentially feasible rock type to the north. 



2.5 CASE STUDIES  75  

  

 

Figure 2.38: Ngawha geothermal power plant location showing that there are 2.45 
kilometers to the next potentially feasible rock type to the southwest. 

Although the power plant is not located on a feasible rock type, it is not far from potentially 
feasible rock types. This does, therefore, not eliminate the possibility of applying the CarbFix 
method to this power plant. 

 
Ngawha geothermal power plant uses binary technology where a combination of fluid steam 
and gas is extracted at 10000 tonnes per day from two production wells. For delivery to the 
reactor, the steam is isolated from the fluid, and both are then passed into a system of heat 
exchangers. The heat exchangers then transfer the heat to isopentane, which is used in the 
turbines. This fluid was chosen because of its temperature and pressure properties, making 
for the most effective heat transfer. After leaving the heat exchangers, the spent fluid moves 
about 3 km in a pipeline before being reinjected into the resource. The isopentane passes 
through turbines at high temperatures and pressures: one high pressure and one low pressure. 
Then the spent isopentane is cooled in air condensers [71]. 

2.5.2 Coso, California 

Coso geothermal field is located approximately 260 km north-northeast of Los Angeles, 
California, in a seismically active region along Sierra Nevada’s eastern margin (Figure 2.39). 
The main production area has four power plants with nine 30 MW turbine-generator sets 
using double-flash technology [72]. The site is one of the top three geothermal electrical 
power producers in the U.S. [73].  Navy-I and Navy-II each contain three 10 MW turbine-
generator units, BLM East contains two 30 MW turbine-generator units, and BLM West 
contains one 30 MW turbine-generator unit [74]. The construction of the power plants was 
between 1987 and 1990. The first unit’s completion was in 1987, and the last unit’s 
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completion was in early 1990. Since 1987, the field has provided more than 26 000 GWh of 
electricity, and the units have a 98% online availability [72]. Coso provides power to the 
southern California power grid and supplies approximately 8% of the entire geothermal 
power in the U.S. [73]. 

 

Figure 2.39: A map of western United States showing the Coso geothermal field [72]. 

 
Annual emissions at Coso are 326 007 tCO2e. The distribution of emissions for each power 
plant is displayed below in Table 2.15. 

Table 2.15: CO2 emissions for Coso geothermal [75].  

Power Plant Name 
CO2 Emissions 
[tCO2e/year] 

Size 
[MW] 

BLM E & W 112 402 90 
Navy-I 80 499 90 
Navy-II 133 106 90 
Total 326 007 270 

 
The Coso reservoir’s rock type is within Mesozoic plutonic and metamorphic rocks 
commonly found in the southern Sierra Nevada. Mesozoic plutonic and metamorphic rocks 
range in composition from leucogranite to gabbro. They include a rare petrologic occurrence 
known as the mixed complex, a close mixture of two seemingly incompatible melts, one 
felsic and another mafic. However, the geothermal reservoir does not associate with any 
specific rock type and is more of an accidental host for the hot fluids. Fracturing caused by 
modern tectonic forces seems to be the controlling factor [72]. The distribution of different 
rock types can be viewed in Figure 2.40. 
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Figure 2.40: Detailed figure of the rock types in the Coso geothermal field [76]. 

The GLiM map displays that the geothermal power plant is on acid plutonic rocks but is 
surrounded by basic volcanic rocks (see Figure 2.41). 

 

Figure 2.41: Left: overlap of the CarbFix Atlas and the GLiM map, Middle: GLiM 
map, right: Legend of the GLiM map. 
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The CarbFix Mineral Storage Atlas shows that Coso geothermal power plant lands between 
feasible rock types. This is shown in Figure 2.42. 

 

Figure 2.42: Coso geothermal power plant on the CarbFix Atlas. 

The geothermal power plans it not located far from feasible locations. Figure 2.43 displays 
that the geothermal power plant is only about three kilometers from a feasible rock type. 
Therefore, this leads to that the power plant is considered being feasible based on location. 

 

Figure 2.43: Coso geothermal power plant location showing that there are 2.87 
kilometers to the next potentially feasible rock type to the east. 
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Coso geothermal power plant uses double flash technology. The use of double-flash 
technology for steam extraction is possible due to the relatively high temperatures (200° - 
328°C) in the region [72]. Figure 2.44 presents a power plant process flow diagram, where 
the condenser used is a surface condenser [77]. Hot geothermal fluid travels up wells, 
thousands of meters below the surface, some as deep as 3300 m, under pressure from the 
reservoir and flashes into steam, which drives the turbines, which drive electrical power 
generators. Brine that does not flash to steam and condensed steam from the turbines are 
gathered and pumped back into the geothermal reservoir through injection wells [73]. 

 

Figure 2.44: A basic cycle for all the units at Coso [77].  
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Chapter 3 

3Results 

 Feasible Geothermal Power Plants for CarbFix 
Implementation 

The feasibility of the geothermal power plants was based on the location, CO2 emissions, 
and condenser design. The feasibility criteria used for the powerplants were that they 1) 
needed to be located on a potentially feasible rock type, 2) have a source of CO2 emissions, 
and 3) have a surface condenser. Table 3.1 contains the geothermal power plants at a 
potentially feasible location that have surface condensers. Not all power plants have data on 
the CO2 emissions, and therefore those contain the symbol *. Also, information for the power 
plants only includes the units or parts of the power plants with a surface condenser. Some 
geothermal power plants had a mix where some units had a direct contact condenser, and 
others had a surface condenser. The size of the geothermal power plant is in the first column, 
and the size of the feasible units is in the third column. 

Table 3.1: The geothermal power plants that are potentially feasible for the CarbFix 
method based on location, CO2 emissions, and condenser design. 

Power Plant a 
(total capacity) 

Unit a Capacity 
[MW] a 

CO2 Emissions 
[tCO2e/year] 

Condenser 
Condenser Type 

Lahendong 
Indonesia 
(120 MW) 

Unit 5 20 
31 409 [78] Surface 

Shell&tube [79] Unit 6 20 

Gunung Salak 
Indonesia 
(375 MW) 

Unit 4 65 
* Surface 

Shell&tube [80] 
Unit 5 65 
Unit 6 65 

Sarulla 
Indonesia 
(330 MW) 

 110 
* 

Surface 
Air-cooled [81] 

 110 
 110 

Muara Laboh 
Indonesia 

 80 * Surface 
Air-cooled [82] 
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Hellisheiði 
Iceland 

(303 MW) 

Unit 1 45 

27 600 [46] Surface 
Shell&tube [15] 

Unit 2 45 
Unit 3 33 
Unit 4 45 
Unit 5 45 
Unit 6 45 
Unit 7 45 

Nesjavellir 
Iceland 

(120 MW) 

Unit 1 30 

12 000 [46] 
Surface 

Shell&tube [83] 
Unit 2 30 
Unit 3 30 
Unit 4 30 

Reykjanes 
Iceland 

(100 MW) 

 50 
37 500 [46] 

Surface 
Shell&tube w/ Sea water 

[84] 
 50 

Theistareykir 
Iceland 

(90 MW) 

 45 
6 612 [46] Surface 

Shell&tube [85]  45 

Svartsengi  
Iceland 

(74.6 MW) 

Unit 3 6 

54 172 [46] 

* 
Unit 4 1.2 

Surface 
Water-cooled [86]  Unit 4 1.2 

Unit 4 1.2 
Unit 4E 1.2 

Surface 
Air-cooled [86] 

Unit 4E 1.2 
Unit 4E 1.2 
Unit 4E 1.2 

Unit 5 30 Surface 
Shell&tube [15] 

Unit 6 30 
Surface 

WCC - Shell&tube [15] 

Olkaria III 
Kenya 

(150 MW) 

 12 * * 

phase 2 35 7 158 [87] 
Surface 

Air-cooled [87] 
phase 3a 36 

* * 
phase 3b 26 

 29.6 
 11 

Hatchobaru 
Japan 

(110 MW) 

Unit I 55 15 343 [88] Surface 
Air-cooled [83] Unit II 55 12 919 [88] 

Ngawha, NZ      
(10 MW) 

Unit 1 5 
60 389 [64] 

Surface 
Air-cooled [66] Unit 2 5 

Ngawha 2, NZ  15 * 
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Ngawha 3, NZ  31.5 * Surface 
Air-cooled [89] 

Ngawha 4, NZ  Constr. * * 

Coso Navy, 
CA, USA 
270 MW) 

Navy-I 
30 

80 499 [75] 

Surface[77] 

30 
30 

Navy-II 
30 

133 106 [75] 30 
30 

BLM E & W 
30 

112 402 [75] 30 
30 

Dixie Valley, 
NV, USA 

 60.5 * Surface 
Air-cooled [90] 

Puna, HI, USA 10 units 30 * 
Surface 

Shell&tube [91] 
___________________ 
a General information for the power plants were taken from the 2020 WGC Country Updates. 
* Information not available. 

3.1.1 Case Study Results 

The case studies revealed that the two power plants selected for the case study are not located 
on a rock type that suits the CarbFix method. However, the power plants are within three 
kilometers of a feasible location according to the CarbFix Mineral Storage Atlas. These 
power plants have high emission intensities and, therefore, could be great candidates 
applying the CarbFix method. Table 3.2 summarizes the main results from the case studies. 

Table 3.2: Result summary from case studies. 

 Ngawha Coso 
Rock Type Mainly greywacke No specific rock type 
Feasible location 2-3 km away 3 km away 
CO2 Emissions 60 389 tCO2e 326 007 tCO2e 
Condenser Design Surface Air cooling Surface 
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 Non-Feasible Geothermal Power Plants 
The geothermal power plants in Table 3.3 are located on a potentially feasible rock type; 
however, they all have a direct contact condenser and are therefore non-feasible for the 
CarbFix method. The red geothermal power plants in section 2.2 were not researched further, 
only the ones with a feasible location. The power plants in the table below contain the units 
or parts with a direct contact condenser; some units or parts within the power plant might 
have a surface condenser and are then in the previous section for feasible power plants. 

Table 3.3: The geothermal power plants that are not feasible for the CarbFix method 
because of their direct contact condenser design. 

Power 
Plant a Unit a Capacity 

[MW] a 

CO2 
Emissions 

[tCO2e/year] 

Condenser 
Condenser Type 

Wayang 
Windu 

Indonesia 
(227 MW) 

Unit 1 110 63 725 [92] 
Direct 

Spray [14] [15] 

Unit 2 117 76 605 [93] Direct 
Low-level  

Unit 3 60 Construction * 

Kamojang 
Indonesia 
(235 MW) 

Unit 1 30 

127 143 [94] Direct 
Low-level [14] 

Unit 2 55 
Unit 3 55 
Unit 4 60 
Unit 5 35 18 355 [95] * 

Ulubelu  
Indonesia 
(220 MW) 

Unit 1 
110 36 979 [94] 

Direct [96][97]  
Unit 2 
Unit 3 

110 62 841 [98] 
Unit 4 

Darajat  
Indonesia 

 (266 MW) 

Unit 1 55 * 
Direct 

Low-level [14] 
Unit 2 90 * 
Unit 3 121 29 871 [99] 

Lahendong 
Indonesia 

 (120 MW) 

Unit 1 20 * * 

Unit 2 20 7 327 [100] Direct 
Spray [100] 

Unit 3 20 * Direct 
Spray, low-level [101] 

Unit 4 20 * * 
Gunung 
Salak 

Indonesia 
 (375 MW) 

Unit 1 60 * 
Direct 

Spray [102] 
Unit 2 60 * 

Unit 3 60 * 

Patuha 
Indonesia 

 55 34 805 [103] 
Direct 

Barometric leg [104] 
Lumut Unit 1 55 62 575 [105] Direct 
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Balai 
Indonesia  
(220 MW) 

Unit 2 55 Spray [106] 
Unit 3 55 

62 575 [107] * 
Unit 4 55 

Krafla 
Iceland 

(60 MW) 

 30 
23 554 [46] Direct 

Tray type [108]  30 

Bjarnarflag 
Iceland 

 5 1503 [46] No condenser 

Olkaria I 
Kenya 

(45 MW) 

Unit 1 15 
 
*  

Direct 
4-stage [109] 

Unit 2 15 
Unit 3 15 

Olkaria I 
Unit 4 & 5 

Kenya 
(140 MW) 

Unit 4 70 
74 644 [110] 

Direct 
Spray [110][109] Unit 5 70 

Olkaria II 
Kenya 

(105 MW) 

Unit 1 35 
  * Direct 

Spray [109] Unit 2 35 
Unit 3 35 6 816 [111] 

Olkaria IV 
Kenya 

(140 MW) 

Unit 1 70 
58 344 [112] *  

Unit 2 70 

Los 
Humeros 
Mexico 

(94.8 MW) 

U-3 5 

29 554 [113] 

* U-6 5 
U-8 5 

HUM II-A 26.6 
Direct  [114] 

HUM II-B 26.6 
HUM III-A 26.6 

* 
HUM III-B Constr. 

Los 
Azufres 
Mexico 

(221 MW) 

U-2 5 

33 2771 
[113] 

out of operation 2020 [63] 
U-6 5 out of operation 2020 [63] 

U-7 50 
Surface 

Double flow horizontal [115] 
U-10 5 out of operation 2020 [63] 
U-13 26.5 

Direct 
Low level, spray-jet [116] 

U-14 26.5 
U-15 26.5 
U-16 26.5 
U-17 50 

Beowawe, 
NV, USA 

 16 * Direct 
Spray jet [117] 

___________________ 
a General information for the power plants were taken from the 2020 WGC Country Updates. 
* Information not available. 
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 CO2 Emissions 
This section contains results on the CO2 emissions that were accessible. Accessible CO2 
emissions data was not found for all power plants in feasible locations. A large table with 
information on all the power plants in a feasible location is available in Appendix B. The 
data that was found is presented in Table 3.4 and Table 3.5. In the table below, what is 
feasible is in the third row (Surface Condenser). Out of the 95 power plant units with known 
CO2 emissions, 31 had a surface condenser, 31 a direct contact condenser, and 33 were 
unknown. As a result, 33% of the CO2 emissions and 36% of the installed capacity is feasible. 
Consequently, 66% of CO2 emissions and 47% of the installed capacity is not feasible, and 
there are 17% left of installed capacity where CO2 emission data was not available, or the 
condenser type was unknown. 

Table 3.4: Comparison of the feasibility and the non-feasibility for the CO2 emissions 
and installed capacity from the data that was found. 

Data Known # of 
Units 

CO2 
Emissions 

Total 
[tCO2e/year] 

CO2 
Emissions 

[%] 

Installed 
Capacity 

[MW] 

Installed 
Capacity 

[%] 

CO2 
Emissions 95 1 706 574 100% 3249 100% 

Surface 
Condenser 31 591 109 33% 1167 36% 

Direct 
Contact  

Condenser 
31 1 126 229 66% 1537 47% 

Unknown 
Condenser 33 - - 544 17% 

 
For Table 3.5, all CO2 emissions, no matter the condenser design, are in the second row, CO2 
emissions found for the power plants with a surface condenser are in the third row, and the 
final row has the power plants with a direct contact condenser. The second column has the 
total emissions for the categories. The third column shows the results for 34% of the CO2 
emissions injected, which is the current percentage that CarbFix is injecting at Hellisheiði 
power plant. The last column shows the results for 90% of the CO2 emissions injected, which 
is CarbFix’s goal by 2030 [47]. 
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Table 3.5: CO2 emissions data and reduction if the CarbFix method was used. 

Data Known 
CO2 Emissions 

Total 
[tCO2e/year] 

CO2 Emission 
Reduction 

(34% injected) * 

[tCO2e/year] 

CO2 Emission 
Reduction  

(90% injected) + 

[tCO2e/year] 
CO2 

Emissions 1 706 574 580 235 1 535 917 

Surface 
Condenser 591 109 200 977 531 998 

Direct Contact 
Condenser 1 126 229 382 918 1 013 606 

__________________ 
  * 34% injected [38]. 
  + 90% injected [47] 

 
As a result, if all the power plants using a surface condenser would apply the CarbFix method 
with 90% of CO2 injected, it would prevent 531 988 tCO2e from being released into the 
atmosphere annually. Moreover, if all the power plants in this study would have a surface 
condenser, it would prevent 1 535 917 tCO2e into the atmosphere annually. 
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Chapter 4  

Discussion 

This research shows that a number of geothermal power plants besides the Hellisheiði power 
plant could apply the CarbFix method to reduce emissions to the atmosphere. This study 
focused on the main factors for the CarbFix method to work: location, condenser design, and 
power plants where most CO2 emissions occur. 
  
Researching potential locations globally for the CarbFix method based on rock type was 
successfully enabled with the CarbFix Mineral Storage Atlas. That map is an excellent tool 
to use for anyone considering the CarbFix method concerning location. Out of the ten 
countries researched, the geothermal power plants in the Philippines, Turkey, and Italy were 
not located on potentially feasible locations for the CarbFix method. Most of the geothermal 
power plants in the U.S. that were located on a feasible rock type were pumped binary power 
plants with no emissions. More geothermal power plants have a direct contact condenser 
than a surface condenser in Indonesia, making CarbFix implementation less feasible. The 
same goes for Kenya; more geothermal power plants have a direct contact condenser than a 
surface condenser. Some recommendations for building a new geothermal power plant or 
updating an old one: 

1) The location of the power plant would be chosen based on favorable geology, 
2) The power plant having a surface condenser. 

  
The amount of CO2 emissions shows high variation between geothermal power plants. 
Overall, Japan's geothermal power plants that were in potentially feasible locations had 
relatively low emissions. Information for geothermal power plants in Japan was hard to find 
due to language barriers. However, once the information on CO2 emissions was found, it had 
lots of detailed data on all the geothermal power plants all in one place, unlike other 
countries, where the data had to be found scattered in reports or some databases. Not finding 
CO2 emissions for many geothermal power plants was a significant limitation to this study, 
so the estimate for possible emission reduction should be considered a minimum value; the 
actual potential is higher. 
  
Another limitation was finding information on condenser design. That information was 
scattered in reports, articles, and very rarely on company websites. It would be satisfactory 
if a database were available for geothermal power plants with all the information on the 
power plant's design and a database for the CO2 emissions for geothermal power plants 
globally. Since this study was an elimination process, it might have been better to investigate 
the condenser design before finding CO2 emissions data. However, having the CO2 emissions 
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data might be more valuable for others than the condenser design. 

 Conclusion 
From the results of this study, only a number of power plants are feasible for the CarbFix 
method. The CO2 emission data, a total of 1 706 574 tCO2e/year, is known for geothermal 
power plants with a combined installed capacity of 3249 MW. From this data, 33% of the 
CO2 emissions and 36% of the capacity are potentially feasible, 66% of the CO2 emissions 
and 47% of the capacity are not feasible, and 17% of installed is missing data to determine 
the feasibility. There is feasibility for applying the CarbFix method based on this research in 
the U.S., Indonesia, Kenya, New Zealand, Mexico, Iceland, and Japan. In contrast, there is 
no feasibility in the Philippines, Turkey, and Italy. Also, the total CO2 emissions found for 
these geothermal power plants are not high per of unit energy produced if compared to coal 
or fuel energy production. This underlines the fact that geothermal energy is renewable and 
that the real opportunities with the CarbFix method are associated with capturing CO2 
emissions from the industry. However, many geothermal power plants emit high amounts of  
CO2 emissions, and it would be ideal for preventing CO2 emissions from being released into 
the atmosphere. For this research’s data, the geothermal power plants with a direct contact 
condenser had higher CO2 emissions. 
 
Since extensive information is needed for implementing the CarbFix anywhere, there are 
vast possibilities for future work. This study has eliminated many power plants due to 
location and condenser design. The feasible geothermal power plants based on location and 
condenser design could be researched further in detailed case studies. Case studies can also 
be done for the implementation cost. The cost of the implementation of CarbFix anywhere 
requires detailed information on the geology, NCGs, CO2 emissions, water supply, cost of 
energy, and more. Capturing those emissions requires further research and development but 
is likely to be possible if it is deemed that the emission savings justified the effort. 
 
The emissions from geothermal power plants where information is available and fits the 
criteria are almost 600 000 tCO2e/year. If the power plants that would be feasible if solutions 
were developed for capture from direct contact condenser designs are added, the potential is 
at least 1.7 million tCO2e/year. These numbers represent a lower limit, as emission numbers 
were not available for many of the deemed technically feasible power plants. The goal of 
carbon neutrality infers that all sources of emissions are addressed. It can be claimed that 
eliminating CO2 emissions from, in particular, surface condenser geothermal powerplants 
with suitable geology are among the lowest hanging fruits around. Thus, implementing the 
CarbFix method in those instances should be greatly encouraged. 
 
Because not all of the information on CO2 emissions was found, further research could be 
done by finding that information and the condenser design information. A database could be 
conducted with detailed geothermal power plant design information or a database for CO2 
emissions from geothermal power plants, which can then be updated annually. Another idea 
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would be to design a tool or a guide that would determine whether a project would be feasible 
for the implementation of CarbFix. 
 
As previously mentioned in section 1.8, The CarbFix Method, as of August 1st, 2020, 
CarbFix had injected around 59 310 metric tons of CO2 since 2014, which was the starting 
date of this thesis. By the end of the thesis, May 24th , 2021, CarbFix had injected 68 110 
metric tons of CO2 since 2014 [39]. This results in a total amount of 8800 tons of CO2 being 
injected for the duration of this thesis. 
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Appendix A 

A.1 New Zealand 
Figures 6.1 and 6.2 give a more detailed view in New Zealand of the overlapped maps, the 
CarbFix Mineral Storage Atlas and the ThinkGeoEnergy map. 

 

Figure 6.1: An overlaps of a map of the geothermal power plants located in Taupo 
Volcanic Zone and the CarbFix Atlas where blue shows the favorable 

geology. 

 

Figure 6.2: An overlaps of a map of the geothermal power plants located in 
Northland New Zealand and the CarbFix Atlas where blue shows the 

favorable geology. 



 

  

A.2 Mexico 
This sub-section of the appendix contains close-up figures of overlapped maps. Figure 6.3 
displays the geothermal power plant Los Azufres. Figure 6.4 shows Los Humeros and Figure 
6.5 presents the location of the geothermal power plant Domo de San Pedro. 

 

Figure 6.3: An overlaps of a map of the Los Azufres geothermal power plants and 
the CarbFix Atlas where blue represents the potentially feasible geology. 



 

   

 

Figure 6.4: An overlaps of a map of the geothermal power plant Los Humeros and 
the CarbFix Atlas where blue represents favorable rock type. 

 

Figure 6.5: An overlaps of a map of Domo De San Pedro and the CarbFix Atlas. The 
blue shows the potentially feasible rock type. 



 

  

A.3 Italy 
Here in Figure 6.6 is a closer look at the location of the geothermal power plants in Italy and 
the CarbFix Mineral Storage Atlas. 

 

Figure 6.6: An overlaps of a map of the geothermal power plants located in Italy and 
the CarbFix Atlas where blue shows the favorable geology. 

A.4 Japan 
Figures 6.7 and 6.8 give a closer look at the geothermal power plants in Japan. 

 

Figure 6.7: An overlaps of a map of the geothermal power plants located in the south 
of Japan and the CarbFix Atlas where blue shows the favorable geology. 



 

   

 

Figure 6.8: An overlaps of a map of the geothermal power plants by Morioka in 
Japan and the CarbFix Atlas where blue shows the favorable geology. 

 

 
 

 
 
 
 



 

  

5Appendix B 

This section contains the raw data that was gathered in this research. 
 

Country Power Plant Capacity 
[MW] Year Unit Size [MW] Techno-

logy 
CO2 Emissions 
[tCO2e/year] 

Cond-
enser Condenser Type 

Indonesia 

Wayang 
Windu 227 

2000 Unit 1 110  1F 63725 Direct Spray 
2009 Unit 2 117  1F 76605 Direct Low-level 

? Unit 3 60 Construction -     

Kamojang 235 

1983 Unit 1 30 
DS 

127143 Direct Low-level  
1987 Unit 2 55 
1987 Unit 3 55 
2008 Unit 4 60 DS 
2015 Unit 5 35 DS 18355 [95]     

Ulubelu 220 

2012 Unit 1 
110  1F 36979 

Direct   
2016 Unit 2 Direct   
2016 Unit 3 

110  1F 62841 
Direct Spray 

2017 Unit 4 Direct   

Darajat 266 
1994 Unit 1 55 

DS 
? Direct Low-level 

2000 Unit 2 90 ? Direct Low-level 
2007 Unit 3 121 29871 Direct Low-level 



 

   

 

Lahendong 120 

2001 Unit 1 20 

 1F 

?     
2007 Unit 2 20 7327 Direct Spray 
2009 Unit 3 20 ? Direct Spray, low-level 
2011 Unit 4 20 ?     
2016 Unit 5 20 

31409 
Surface Shell&tube 

2016 Unit 6 20 Surface Shell&tube 
Karaha 30 2018 Unit 1 30  1F 18433     
Patuha 55 2014   55  1F 34805 Direct Barometric leg 

Lumut Balai 
110 

  Unit 1 55   
62575 

Direct Spray 
  Unit 2 55   Direct Spray 

110 
? Unit 3 55 

Construction 62575 
    

? Unit 4 55     

Iceland 

Hellisheidi 303 

2006 Unit 1 45 

 1F 27600 

Surface Shell&tube 
2006 Unit 2 45 Surface Shell&tube 
2007 Unit 3 33 Surface Shell&tube 
2008 Unit 4 45 Surface Shell&tube 
2008 Unit 5 45 Surface Shell&tube 
2011 Unit 6 45 Surface Shell&tube 
2011 Unit 7 45 Surface Shell&tube 

Nesjavellir 120 

1998 Unit 1 30 

 1F 12000 

Surface Shell&tube 
1998 Unit 2 30 Surface Shell&tube 
2001 Unit 3 30 Surface Shell&tube 
2005 Unit 4 30 Surface Shell&tube 

  



 

  

 

Reykjanes 100 
2006  50 

1F 37500 
Surface Shell&tube w/ Sea 

water 

2006  50 Surface Shell&tube w/ Sea 
water 

Theistareykir 90 
2017  45 

1F 6612 
Surface Shell&tube 

2018  45 Surface Shell&tube 

Krafla 60 
1978  30 

2F 23554 
Direct Tray type 

1997  30 Direct Tray type 
Bjarnarflag 5 1969  5 1F 1503   

Svartsengi 74.4 

1981 Unit 3 6 1F 

54172 

  
89-
'93 Unit 4 1 

B 

Surface Water-cooled 

89-
'93 Unit 4 1 Surface Water-cooled 

89-
'93 Unit 4 1 Surface Water-cooled 

89-
'93 Unit 4E 1 Surface Air-cooled 

89-
'93 Unit 4E 1 Surface Air-cooled 

89-
'93 Unit 4E 1 Surface Air-cooled 

89-
'93 Unit 4E 1 Surface Air-cooled 

1990 Unit 5 30 1F Surface Shell&tube 
2007 Unit 6 30 DS Surface WCC/Shell&tube 

  



 

   

Kenya 

Olkaria I 
Unit 4 & 5 140 

2014 Unit 4 70 
1F 74644 

Direct Spray 

2015 Unit 5 70 Direct Spray 

Olkaria II 105 
2003 Unit 1 35 

1F 

 Direct Spray 
2003 Unit 2 35  Direct Spray 
2010 Unit 3 35 6816 Direct Spray 

Olkaria III 150 

2000  12 B    

2009 phase 2 35  7158 Surface Air-cooled 
2013 phase 3a 36     

2014 phase 3b 26     

2016  30     

2018  11     

Olkaria IV 140 
 Unit 1 70 1F 

58344 
Direct Spray 

 Unit 2 70 1F Direct Spray 

Japan 

Hatchobaru 110 
1977 Unit I 55 

2F 
15343 Surface Air-cooled 

1990 Unit II 55 12919 Surface Air-cooled 
Mori 25 1982  25 2F 28784   

Sumikawa 50 1995  50 1F 3244   

Kakkonda 80 
1978 Unit I 50 

1F 
408   

1996 Unit II 30 473   

Ogiri 25.8 1996  26 1F 905   

Takigami 27.5 1996  28 1F 4406   

Matsukawa 23.5 1966  24 DS 9790   

Otake 12.5 1967  13 1F 2548   

Suginoi 1.9 1981  2 1F 1221   

Kuju 1 2000  1 1F 758   



 

  

Kirishima 
Kokusai 

Hotel 
0.1 1983  0 1F 67   

Mexico 

Los 
Humeros 94.8 

1991 U-3 5 BP 

29554 

  

1992 U-6 5 BP   

2008 U-8 5 BP   

2012 HUM II-A 27 1F Direct  

2013 HUM II-B 27 1F Direct  

2016 HUM III-
A 27 1F   

? HUM III-
B Construction 1F    

Las Tres 
Vírgenes 10 

2002 U-1 5 1F 
1509 

  

2002 U-2 5 1F   
Domo de 
San Pedro 25.5 2016 U-3 26 1F ?   

Los Azufres 221 

1982 U-2 5 BP 

332771 

out of operation 2020 
1986 U-6 5 BP out of operation 2020 

1988 U-7 50 1F Surface Double flow 
horizontal 

1992 U-10 5 BP out of operation 2020 
2003 U-13 27 1F 

Direct Low level - spray-jet 
2003 U-14 27 1F 
2003 U-15 27 1F 
2003 U-16 27 1F 
2015 U-17 50 1F 

  



 

   

New 
Zealand 

Ngawha 10 
1998 Unit 1 5 B 

60389 
Surface Air-cooled 

1998 Unit 2 5 B Surface Air-cooled 
Ngawha 2 15 2008  15 B   

Ngawha 3 31.5 2020  32 B  Surface Air-cooled 
Ngawha 4 31.5 ?  Construction B    

USA 

Coso Navy, 
CA 270 

1987 Navy-I 

30 

2F 

80499 
 
 

133106,3 
 
 

112402 

Surface Ecolaire Surface 
30 Surface Ecolaire Surface 

30 Surface Ecolaire Surface 

1989 Navy-II 
30 

147834 
Surface Ecolaire Surface 

30 Surface Ecolaire Surface 
30 Surface Ecolaire Surface 

1988 BLM E & 
W 

30 
111106 

Surface Ecolaire Surface 
30 Surface Ecolaire Surface 
30 Surface Ecolaire Surface 

Blundell, UT 
26 1984 Unit 1 26 1F    

11 2007 Unit 2 11 B 0 - - 
Patua, NV 15 2013  15 B 0 - - 

Neal Hot 
Spring, OR 22 2012 

Unit 1 7.33 
B 

0  - 
Unit 2 7.33 0 - - 
Unit 3 7.33 0 - - 

  



 

  

 

Galena 1 
(Richard 

Burdette), 
NV 

26 2006 
Unit 1 13 

B 
0 - - 

Unit 2 13 0 - - 

Galena 2, 
NV 13.5 2007  13 B 0 - - 

Galena 3, 
NV 26 2008 

Unit 1 13 B 0 - - 
Unit 2 13 B 0 - - 

Paisley, OR 2.5 2014  2.5 B 0 - - 

OIT, OR 1.8 
2014 Unit 1  

B 
0 - - 

 Unit 2  0 - - 
Enel Salt 

Wells, NV 13.4 
2009 Unit 1  

B 
0 - - 

2009 Unit 2  0 - - 
Steamboat 
Hills 2, NV 6 2007  6 B 0 - - 

Steamboat 
II, NV 14 

1992 Unit 1 7 
B 

0 - - 
1992 Unit 2 7 0 - - 

Steamboat 
III, NV 14 

1992 Unit 1 7 
B 

0 - - 
1992 Unit 2 7 0 - - 

San Emidio, 
NV 11.5 2012  11.5 B 0 - - 

Whitegrass 
No. 1, NV 6.5   6.5 B 0 - - 

Stillwater 2, 
NV 48 2009 

Unit 1 12 

B 

0 - - 
Unit 2 12 0 - - 
Unit 3 12 0 - - 
Unit 4 12 0 - - 



 

   

Dixie Valley 
Bottoming, 

NV 
5 2012  5 B 0 - - 

Tuscarora, 
NV 32 

2012 Unit 1 16 
B 

0 - - 
2012 Unit 2 16 0 - - 

Don A 
Campbell 

Phase 1, NV 
22.5 2013  22.5 B 0 - - 

Don A 
Campbell 

Phase 2, NV 
19 2015  25 B 0 - - 

Amadee, CA 3 
1988 Unit 1 1.6 

B 
0 - - 

1988 Unit 2  0 - - 
Jersey 

Valley, NV 10 
2011 Unit 1  

B 
0 - - 

2011 Unit 2  0 - - 
Desert Peak, 

NV 26 
2007 Unit 1 15 

B 
0 - - 

2007 Unit 2 11 0 - - 
McGinnes 
Hills Phase 

1, NV 
51.9 2012 

3 unit 17.3 
B 

0 - - 
 17.3 0 - - 
 17.3 0 - - 

McGinnes 
Hills Phase 

2, NV 
45 2015 3 unit 45 B 0 - - 

McGinnes 
Hills Phase 

3, NV 
48 2018 3 unit 48 B 0 - - 

Cove Fort 3, 
UT 25 2013  25 B 0 - - 

Thermo HS 
2, UT 10 2013  10 B 0 - - 



 

  

Puna 
Extension, 

HI 
8 2011 Unit 1 8 B 0 - - 



 

   

 


