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The origin of CO; in fluids from Icelandic high-temperature geothermal systems is predomi-
nantly magmatic. Emissions from producing areas have risen with increased production.
Abnormal rises have been recorded due to magmatic activity associated with the Krafla fires
1975-1984 and the onset of boiling due to increase in production in the Svartsengi and
Reykjanes geothermal systems. Natural flow is predominantly through soil but to a small
extent via steam vents and steam heated pools. The extent of natural steam flow varies
considerably between areas apparently mainly due to the formation of carbonate deposits
(mainly calcite) in relatively cool liquid dominated aquifers at relatively shallow depths where
these are present.

In most areas where the source temperature is 200—-320°C the CO, concentration in the fluids
apparently follows the known solubility curves and increases with temperature. Theoretical
curves for temperatures in excess of 320-340°C however are not as well known but the CO,
concentration of fluids from aquifers at higher temperatures apparently decreases with
temperature and is for instance very low (<1000 ppm) in fluid from IDDP-1, Krafla where the
source temperature is 450°C.

Although the CO, fluid concentration is known to increase on the peripheries of high
temperature geothermal areas and in ancient geothermal areas that are cooling down this
does not apply to any areas that are likely to be utilized for power production in Iceland.

Thus increased geothermal production of energy is not likely to cause a major increase in total
greenhouse gas emissions especially if deep wells are drilled into systems where temperatures
are in excess of 320-340°C.
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Agrip

Uppruni CO: i vokva/gufu (renni) islenskra hahitakerfa er ad mestu leyti i kviku.
Utblastur fra virkjudum sveedum hefur aukist med aukinni vinnslu. Afbrigdileg aukning
hefur komid fram vegna kvikuvirkni i Kroflueldum 1975-1984 og vegna sudu i jarohita-
kerfunum i Svartsengi og a4 Reykjanesi. Grunnrennsli CO: & sér adallega stad um jaroveg
en i minni meeli um gufuaugu og gufuhitada polla. Magn grunnrennslis er mismunandi

4 hinum ymsu jardhitasveedum, adallega vegna karbonatutfellinga (einkum Kkalsit-
utfellinga) sem myndast i tiltolulega svolum vatnsgeymum i grynnri hlutum kerfanna.

A flestum jardhitasveedum par sem hiti vokva/gufu er & bilinu 200-320°C fylgir CO»-
styrkur pekktum leysniferlum og eykst med haekkandi hita. Freedilegir ferlar vid heerra
hitastig eru ekki eins vel pekktir en svo virdist sem COz-styrkur vokva/gufu minnki med
haekkandi hita vid >320-340°C og er t.d. <1000 ppm i gufu fra holu IDDP-1 i Kroflu par
sem hiti er 450°C.

P6 ad vitad sé ad a joorum hahitasveeda og 1 gobmlum kélnandi jarohitakerfum geti CO2-
styrkur verid mjog mikill eiga slikar adsteedur ekki vid um pau islensku hahitasveedi sem
alitlegt er ad virkja.

Pannig atti aukin orkuvinnsla r jardhita ekki ad valda verulegri aukningu & heildar-
ttbleestri grédurhusgasa fra Islandi, sér i lagi ef unnid er tr djupum, heitum 16gum.
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1 Introduction

The International Geothermal Association (2002) carried out a survey of CO: emissions from
geothermal power plants in order to demonstrate the environmental advantage of
geothermal energy in mitigating global warming. The results were presented in terms of
emitted CO: per energy unit (g kWh) in relation to production in MWe. (Table 1). The total
range for all plants was 4-740 g kWh' with a weighted average 122 g kWh-!. In the report it
was suggested that the natural emission rate pre-development be subtracted from that
released from the geothermal operation, citing Larderello as an example of a field where a
decrease in natural release of CO: has been recorded and suggested to be due to develop-
ment. Italy has accordingly not presented CO:2 emissions from geothermal production as a
part of emissions recorded annually in international protocols.

Geothermal systems are often located in volcanic areas or other areas of high CO: flux of
magmatic origin but COz may also be derived from depth where it is mainly produced by
metamorphism of marine carbonate rocks. There is often a large flux through soil but CO2
dissolves in groundwater, where this is present, usually reaching saturation where the flux
is sufficiently large. Processes of natural generation are independent of geothermal
production. The output is very variable but usually quite substantial. Estimated output from
several volcanic and geothermal areas and a total for the world are shown in Table 2.

A thorough investigation of the proportion of CO: emitted through various conduits in
Pantelleria Island was conducted by Favara et al. (2001), but estimates of fractions emitted
through groundwater on the one hand and soil and fumaroles on the other have been made
at Mammoth Mountain (Sorey et al., 1998; Evans et al., 2002; Gerlach et al., 2001) and Furnas
(Cruz et al., 1999). The results for these areas are listed in Table 3 along with results for
Reykjanes, Iceland discussed below.

Table 1. CO: emission and total running capacity of power plants divided into 9 emission categories
(International Geothermal Association, 2002)

Emission category Running capacity Average
(8/kwWh) (MWe) (8/kwWh)
>500 197 603
400-499 81 419
300-399 207 330
250-299 782 283
200-249 346 216
150-199 176 159
100-149 658 121
50-99 1867 71

<50 2334 24




Table 2. CO: output from some volcanic and geothermal areas.

Area

Megaton (10° g)yr*

Reference

Pantellera Island, Italy
Vulcano, ltaly

Solfatara, Italy

Ustica Island, Italy
Popocatepetl, Mexico
Yellowstone, USA
Mammoth Mountain, USA

White Island, New Zealand

Mt. Erebus, Antarctica

Taupo Volcanic Zone, New
Zealand

Furnas, Azores, Portugal
Mid-Ocean Volcanic System

Total

0.39
0.13
0.048
0.26
14.5-36.5
10-22!
0.055-0.2

0.95
0.66
0.44

0.01
30-100

200-1000

Favara et al. (2001)
Baubron et al. (1991)
Chiodini et al. (1998)

Etiope et al. (1999)

Delgado et al. (1998)
Werner and Brantley (2003)
Sorey et al. (1998), Evans et al.
(2002), Gerlach et al. (2001)
Wardell and Kyle (1998)
Wardell and Kyle (1998)
Seward and Kerrick (1996)

Cruz et al. (1999)

Gerlach (1991), Marty and
Tolstikhin (1998)

Morner and Etiope (2002),
Kerrick (2001), Delgado et al.
(1998), Marty and Tolstikhin
(1998)

! diffuse degassing only

Table 3. Relative CO:2emission through different conduits from four areas (Favara et al., 2001; Sorey
et al., 1998; Evans et al., 2002; Gerlach et al., 2001; Fridriksson et al., 2006).

Pantelleria Furnas Volcano Mammoth Reykjanes
Island Mountain
Soil % 81 49! 63-90* 97
Focussed degassing % 7
Fumarole % 0.0004 2
Bubbles % 3
Groundwater % 9 51 10-37 1

1Total flow directly to atmosphere



2 Origin of gas in Icelandic high-temperature geothermal
fluids

The gas in fourteen of the fifteen areas in which the carbon-13 isotope ratio has been studied
is apparently magmatic in origin whereas that in the Oxarfjérdur area could originate in
organic sediments (Armannsson, 2016).

3 Gas emissions from geothermal activity in Iceland

The CO: emission from Icelandic geothermal plants has been recorded since about 1970
(Fig.1). Gas concentrations in steam in Krafla were relatively high during the late seventies
and eighties due to magmatic gas. These have stabilised but the increase seen around 2000 is
due to increased production. As is frequently observed the gas concentrations decreased
gradually with steady production and seem to have reached stability. The gas concentrations
in Svartsengi rose in the early nineties due to the formation of a steam cap and increased
production from that cap. A steady value has been reached which may be expected to
decrease if production is not increased. As is expected the gas emissions from Hellisheidi
have increased during the power plant’s first years of production. A similar rise but not as
drastic is observed at Reykjanes.

250.000
=@==Reykjanesvirkjun (Power
Plant)
200.000
== Svartsengi (CHP Plant)
=== Hellisheidi (CHP Plant)
150.000
=== Nesjavellir (CHP Plant)
n
g
8
=>=Hveragerdi (Heat Plant)
100.000
== Bjarnarflag (CHP Plant)
=@-Krafla (Power Plant)
50.000
=== Samtals / Total
1960 1970 1980 1990 2000 2010 2020

Figure 1. Gas emissions from geothermal acrivity in Iceland 1970-2014
(Orkustofnun, 2016, from http://www.os.is/orkustofnun/gagnasofn/talnaefni).
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The emissions from Nesjavellir are low and relatively constant. A comparison between the
CO:z emissions per kWh from the major geothermal plants in Iceland shows that they can be
divided into two groups, i.e. Krafla and Svartsengi on the one hand but Hellisheidi, Reykjanes
and Nesjavellir on the other (Table 4). The table also shows that the emissions per kWh in
Krafla and Svartsengi have decreased since the year 2000. The effect of cascaded use, i.e.
simultaneous production of heat and electricity in the year 2000 in Svartsengi and Nesjavellir
is also shown.

Table 4. CO: emissions per kWh from major geothermal power plants in Iceland.
(Orkustofnun, 2016 (http://www.os.islorkustofnun/gagnasofn/talnaefni); Armannsson et

al., 2005).
Electricity generation only Heat and elgctricity
Power plant production
CO; (gkwh) 2012 CO; (gkWh') 2000 CO; (gkwh) 2000
Krafla 100 152
Svartsengi 150 181 74
Reykjanes 18
Hellisheidi 19
Nesjavellir 25 26 10

4 Results of gas flux studies in Iceland

Reykjanes: Fridriksson et al. (2006) studied the natural gas flow from the Reykjanes
geothermal area prior to the commissioning of the Reykjanes power plant and their findings
are summarized below.

Total discharge of CO: to the atmosphere at Reykjanes. Natural atmospheric emissions of CO: at
Reykjanes take place via three general pathways; soil diffuse degassing, steam vent discharge
and gas bubbling through steam heated pools. The combined CO: emission via these three
pathways at Reykjanes is equal to 13.9 td! or 5060 metric tyr. Most of this CO, by far (97.4
%), is emitted through soil diffuse degassing, while only 1.7 and 0.9 % are emitted through
steam vents and fractures, and steam heated pools, respectively. It must be noted that the
CO: flux by soil diffuse degassing was determined directly, whereas the CO:z emissions from
steam vents and steam heated pools were determined by indirect methods. The Reykjanes
volcanic system has been dormant during the last 800 years or so, whereas geologic evidence
indicates that episodes of volcanic activity occur with about 1000 year intervals
(Sigurgeirsson, 2004). The relatively long repose period since the last volcanic episode at
Reykjanes suggests that the present rate of CO: degassing may be at a minimum and it may
have been significantly higher immediately after volcanic episodes with associated dike
intrusions.

Several researchers (Favara et al., 2001; Werner et al., 2000; Sorey et al., 1998; Evans et al.,
2002; Gerlach et al., 2001), indicate that soil diffuse degassing is generally a major, if not the
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dominating pathway of CO: release from geothermal systems (See Table 3), as appears to be
the case at Reykjanes. Armannsson et al. (2005) estimated that the maximum CO: emissions
from all Icelandic geothermal systems were 1.3 10° t yr? based on geological observations.
Earlier estimates of total CO: discharge from Icelandic geothermal systems range between
0.1510°0t yr! (Armannsson, 1991) to 1 to 210° t yr! (Arnorsson, 1991; Arnérsson and Gislason,
1994; Oskarsson, 1996). The lower value (Armannsson, 1991) refers to steam vent discharge
only, whereas the higher values represent the estimated total release of CO: from Icelandic
geothermal systems, including atmospheric emissions (via soil diffuse degassing, steam
vents, and steam heated pools), as well as CO: discharge into groundwater.

Geologic controls of CO:z emissions at Reykjanes. The spatial distribution of soil diffuse degassing,
soil temperature and heat flow indicates a strong tectonic control of both diffuse CO:
emissions and heat loss. Two well defined linear diffuse degassing and heat loss structures
and two or possibly three smaller linear features are observed. The orientation of the diffuse
degassing structures (DDSs) is in all cases between N-S and NNE-SSW (between 000° and
020°). The most active parts of the DDSs define a NW-SE trend. The orientation of the DDSs
at Reykjanes geothermal area is consistent with the orientation of the right lateral strike-slip
faults reported by Clifton and Schlische (2003).

Different COz-emission/soil-temperature ratio of these two DDSs is probably a result of
extensive steam condensation under one, whereas very little condensation seems to occur
under the other.

This interpretation is supported by the large discrepancy between the observed heat flow
through the surface at Reykjanes, 16.9 MW, and the thermal energy released by condensing
the 4200 t d! of steam that must be associated with the CO: flux to the atmosphere observed,
which is equal to 130 MW. The difference between these values is most probably a result of
condensation of a large fraction of the steam (at least 87 %) in the subsurface. The thermal
energy from steam condensation at depth is likely transported laterally out of the system by
groundwater flow. A portion of the ascending CO: must also be dissolved in the
groundwater. The observed CO: emissions from the Reykjanes geothermal area must be
taken to represent a minimum value for the release of CO: from the geothermal reservoir.
The heat loss inferred from the observed CO: release, 130 MW, similarly represents a
minimum value for the natural heat loss of the Reykjanes geothermal reservoir.

The extent and modes of surface geothermal manifestations at Reykjanes are probably
sensitive to relatively small changes in the hydrological conditions in the groundwater
aquifer. Although such changes are not likely to affect the rate of CO: release from the deep
geothermal reservoir, they can change the relative proportions between discharge of COz into
the atmosphere and that into groundwater. Interactions between surface geothermal activity
and groundwater will, therefore, tend to amplify temporal variability of surface geothermal
activity and thus atmospheric CO: discharge from the Reykjanes geothermal system.

Oladéttir (2014) described a follow-up of the gas flux measurements at Reykjanes and her
conclusions are as follows: The ten years of annual measurements of soil temperature and
CO: flux in the Reykjanes geothermal area have shown an increased activity both in heat flow
and in CO2 flux. The CO: flux has increased from 13.5 + 1.7 td! in 2004 to 51.4 + 8.9 td-' in 2013
according to the results of the soil measurements and there are no clear signs of stabilization
in the CO: flux in Reykjanes yet. The distribution of CO: flux anomalies has changed greatly
since 2004 but appears to be very similar in 2011, 2012 and 2013. The temperature anomalies
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also appear to have changed greatly since 2004 and to be rather stable during the last few
years. The heat flow estimate indicates an almost tripled increase in heat flow between 2004
and 2012. The heat flow is derived from the soil temperature and the equation used is very
sensitive to high temperature values. It is now known that high temperature values in the
soil in Reykjanes vary, therefore diminishing the value of the total heat flow estimate as a
precise indicator of changes in the surface activity in the Reykjanes geothermal area. The
changes in surface activity are expected to approach a steady state and future measurements
are an essential contribution to the understanding of the geothermal system. The CO: flux
however increased from 51.4 + 8.9 t d* in 2013 to 78.5 + 13.9 t d! in 2014 and evidence of
stabilization has not been observed yet (Oladéttir et al., 2015).

Hengill: Hernandez et al. (2012) studied degassing from the Hengill area and their findings
are described below.

Tectonic control of the diffuse degassing structure

The spatial distributions of diffuse CO2 and H:S efflux soil temperature and heat flow suggest
a strong structural control of both CO2 and H-S diffuse emissions and heat loss, indicating
well-defined NS lineation diffuse degassing and heat loss structures. Diffuse CO: efflux and
heat flow anomalies were identified along a NS trend parallel to the NS lines inferred by the
seismic activity that occurred between 1994 and 2000 (Arnason and Magntisson, 2001;
Bjornsson et al., 2003).

Jousset et al. (2011) interpreted these earthquakes as resulting from stress changes within the
geothermal reservoir, where hot fluid rises in the crust above the heat source. According to
Arnason et al. (2010), much of this trend is correlated with a low-rigidity, low-permeability,
relatively shallow clay cap, with thermal manifestations occurring at gaps in this cap
connecting the thermal manifestations through the base of the clay cap to the immediately
underlying reservoir. Comparing the spatial distribution of diffuse CO: degassing and heat
flow, it was observed that to the north of the DDS, elevated heat flow through soil coincides
with DDS. However, the south and the center parts of the DDS do not coincide as clearly with
the most prominent heat flow anomaly. A complementary interpretation is that steam
condensation beneath DDS is not homogeneous, being weaker in the south, where the main
surface thermal anomaly occurs. Different CO: emission/soil temperature ratios have also
been observed at other active volcanic-geothermal areas in Iceland (e.g., Reykjanes,
Fridriksson et al. (2006)). The difference observed between heat flow through the surface at
Hengill (11.5 MW) and the average thermal energy released by condensation of 40,154 t d*
of steam to the atmosphere (1,237 MW), associated with the volcanic/ hydrothermal CO:
output of 453 t d, also supports the observed CO: emission/soil temperature ratios. The
difference between these values is most probably a result of condensation of a large fraction
of the steam in the subsurface, as hypothesized for Reykjanes (Fridriksson et al., 2006).
Thermal energy from steam condensation at depth might be transported laterally out of the
system by groundwater flow. This hypothesis is supported by TES resistivity and seismic
data, which strongly support the existence of a seismically active fault zone located between
the Hveragerdi and Hengill volcanic systems, acting as a fluid sink, probably due to lateral
discharge towards the south (Bjornsson et al., 2003).

Natural geothermal CO: emissions compared to emissions from power plants

A comparison of the natural gas emissions from the Hengill central volcano to the emissions
from the geothermal power plants Nesjavellir and Hellisheidi, both located in the study area
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has been made. In 2010, the Nesjavellir power plant released 30,727 t yr' of CO2 and 13,340 t
yr! of H2S into the atmosphere (Reykjavik Energy, 2011), whereas the Hellisheidi power plant
released 42,688 t yr! of COz2 and 9,384 t yr' of H2S. The installed capacity at Nesjavellir is 120
MWe and 300 MWt (Reykjavik Energy, 2011), whereas at the Hellisheidi power plant, at the
time of this study (phase 1), the installed capacity was 90 MWe, although this was increased
to the present production capacity of 303 MWe and 133 MWt by 2011
(https://www.or.is/en/projects/hellisheidi-geothermal-plant). The volcanic/hydrothermal

CO:z output of the Hengill volcanic system of 453 t d' amounts to an annual CO: output of
165,345 t yr'. The total CO2 emission from the Reykjavik Energy power plants in the area
amounts to 73,415 t yr or slightly less than half of the natural emission in 2006. A similar
ratio is observed at the Krafla geothermal field in NE Iceland where the natural emission of
CO: of geothermal origin through diffuse degassing amounts to 84,000 t yr' (Armannsson et
al., 2007). This compares to an annual CO: emission from the 60 MWe Krafla power plant,
which has emissions of about 40,000 t yr-'. The ratio between anthropogenic and natural CO2
emissions from the Hengill system is more or less the same as that for the Krafla system, i.e.,
natural emissions amount to slightly more than twice the amount released from the power
plants. The ratio of anthropogenic to natural gas emissions from the Reykjanes system is
different from that from the Hengill and Krafla areas. Fridriksson et al. (2006) reported
observed CO: emissions from the geothermal field of about 5,100 t yr' and they estimated
the emissions from the 100-MWe power plant that was under construction at the time at
31,000 t yr'. After the commissioning of the power plant, the geothermal surface activity
increased significantly (Fridriksson et al., 2010), and in 2010, the annual natural emission of
CO: via diffuse degassing at Reykjanes amounted to 12,660 t yr' (Oladéttir and
Sneebjornsdottir, 2011), while the CO:z emissions from the Reykjanes power plant amounted
to 26,940 t yr! (Oskarsson and Fridriksson, 2011). Thus, while the ratio of power plant
emissions to diffuse degassing in Hengill and Krafla are both approximately 1:2, the ratio for
Reykjanes is closer to 2:1. The estimated CO: output of 453 t d! is in the same order of
magnitude as estimations reported for other active volcanic areas (Brombach et al., 2001;
Chiodini et al., 1996, 2001, 2007; Frondini et al., 2004; Hernandez et al., 2001, 2003; Notsu et
al., 2005; Pérez et al., 2004; Salazar et al., 2001). However, it should be noted that this is an
underestimation of the total CO: discharge from the Hengill volcanic system because CO:
dissolved by groundwater and CO: discharged through fumaroles and steam-heated mud
pools have not been considered in this study. The absence of extensive surface manifestations
in large parts of the productive geothermal reservoirs in the Hengill system, e.g., around the
Hellisheidi power plant, suggests that considerable amounts of CO: from the reservoir may
be dissolved in groundwater before it reaches the surface. On the other hand, the experience
from Reykjanes (Fridriksson et al., 2006; 2010) suggests that emissions through steam vents
and steam-heated mud pools are probably not as significant as diffuse degassing. In 2004,
diffuse degassing constituted 97.5 % of the total natural emission, while steam vents and mud
pits emitted the remaining 2.5 % (Fridriksson et al., 2006). In 2007, after the commissioning
of the power plant had invigorated the surface activity at Reykjanes, diffuse degassing still
constituted 90 % of the total natural CO: emission from the field, whereas emission from
steam vents and pits amounted to 10 % of the total (Fridriksson et al., 2010). Diffuse degassing
surveys at regular intervals over a period of several years will be an important geochemical
tool to understand the system’s behavior, especially concerning the consistency of emission
rates and propagation or retreat of fumarolic areas. Such periodic studies are important to
evaluate the effect of geothermal production on the surface activity, as has been done in
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Reykjanes (Fridriksson et al., 2010). It may also be pointed out that estimation of CO:
emissions from fumaroles in Icelandic geothermal areas (Armannsson, 1991) showed them
to be about 10% of total CO: emissions from these areas estimated by others (Arnérsson 1991;
Arnérsson and Gislason, 1994; Oskarsson, 1996)) and a similar proportion may be expected
in most geothermal areas.

Krafla: Armannsson et al. (2007) have studied the natural gas flux in the Krafla area and their
results are summarized below.

The total CO2 flux from the areas studied in Leirhnjukur and Mt. Krafla were 12 and 8 kt
yr, respectively. Subsequent measurements have not revealed a significant change (Kristins-
son et al., 2014). The results illustrate a tectonic control over soil gas emissions in the slopes
of Mt. Krafla. Two main trends are apparent, a NNE-SSW trend, parallel to the local normal
faults and a WNW-ESE trend. The relationship between soil gas emissions and structural
geology is less obvious in Leirhnjakur, possibly due to the small area of the flux measurement
grid.

Using the graphical statistical method of Sinclair (1974) the mean flux of the geothermal
population was estimated to be about 115 g/m?/d and it emanates from about 10% of the total
area. Two background populations were identified, referred to as background and low
background, 6 and 1.6 g/m?d, respectively. They covered 80% and 10% of the total area,
respectively. The total CO2 flux from the eastern Krafla caldera is about 120 kt yr' and about
70% of that is of geothermal origin. This can be considered as an upper limit to the COz2 flux
from Krafla as sampling was skewed towards areas with visible geothermal manifestations.
As a result, the relative proportion of the geothermal population might be overestimated but
the mean flux from that population is considered realistic. Significant soil diffuse CO:
degassing was found in two fumarole fields around the Viti crater lake and one area of a very
limited extent in Leirbotnar, east of Hveragil outside the two areas above.

The CO: concentration of cuttings from boreholes in Krafla ranges from 0.0 to 430 kg/m3. The
CO: concentrations in the bedrock are high near the surface and decrease steadily towards
almost zero at a depth of about 1300 m below surface. The maximum CO: concentrations in
bedrock are in some wells at the surface but in others at about 200 m depth. As the
concentration of fixed CO: in the bedrock has reached zero at about 1300 m below surface it
is possible to compute the total amount of CO: fixed in the bedrock per unit surface area by
finite element integration over the CO: depth profile for each well. The fixed COzis about 90
t/m2in wells 25 and 32 but the average for the 10 wells is about 70 t/m?2. If this is representative
of the 20 km? eastern Krafla caldera, total CO: fixed in bedrock there is of the order 1400 Mt.
Significantly less CO: seems to be fixed in bedrock in the southern slopes of Mt. Krafla than
in the bedrock west of the Hveragil.

Namafjall: CO: flux through soil has been measured on profiles in 2004, 2010 and 2013. In
2013 the mean flux in places of significant geothermal activity was 15.4 g/m?/d'and negligible
changes had been found since 2004 (Kristinsson et al., 2013b)

Peistareykir: In 2012 CO: flux measurements were carried out in Peistareykir and a mean of
18.2 g/m?/d"! obtained for areas of significant geothermal activity. Earlier measurements had
also revealed low flux values (Kristinsson et al., 2013a). Results of modeling studies on the
area (Guomundsson et al., 2008) suggest that fairly cool aquifers are found at relatively
shallow levels across a large part of the area probably causing carbonate deposition and thus
weak CO:2 emissions through soil. A strong groundwater current close to the surface is also
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likely to dissolve the carbon dioxide and prevent its passage to the surface. An extensive
survey in 2015 suggested that the CO: flow to the surface is extremely patchy but very high
values were obtained locally or equivalent to about 110 kt yr! CO: from the whole area
(Kristinsson et al., 2015)

5 Carbon dioxide fixed in Icelandic geothermal systems

To highlight similarities and differences between Hellisheidi, Krafla and Reykjanes, the
average COz-depth profiles for the three systems are shown in Figure 2. Since the surfaces of
the areas are located at different altitudes, the CO:-depth profiles are shown in terms of m
below the surface. The graph shows that in Hellisheidi there is almost as much fixed CO:2 as
in Krafla while much less CO: is captured in the Reykjanes area. This is in agreement with
the values for the average CO: content (kg/m?®). The average CO2-load is 65.7, 73.1 and 28.2
t/m? for Hellisheidi, Krafla and Reykjanes, respectively.

Overview

CO, (kg/m?3)

0 20 40 60 80 100 120 140
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-1000 -
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Figure 2. Average CO:z-depth profile: comparison of the three areas (Wiese et al., 2008).

The total amount of CO: that is fixed in the crust of the geothermal systems can be roughly
estimated by multiplying the average CO»-load of the wells in given systems, by the areal
extent of the geothermal system. Palmason et al. (1985) estimated the extent of the Reykjanes
geothermal area to be 2 km? and Krafla 30 km?2. The determination of the extent of Hellisheidi
is not as straightforward because the Hellisheidi high-temperature field is a subfield of the
Hengill system, one of the most extensive geothermal areas in Iceland. A total area of around
110 km? is indicated by temperature distribution, surface and subsurface measurements
(Gunnlaugsson and Gislason, 2005). Since the samples originate from the Hellisheidi subfield
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the average value can only be applied to this area extending to about 25 km? (estimate based
on Bjornsson et al., 2006).

The resulting values for the total amount of CO: fixed at Hellisheidi, Krafla, and Reykjanes
are 1,650 Mt, 2,200 Mt, and 56 Mt, respectively. In Krafla alone the CO2 amounts to about
1000 times the annual anthropogenic CO: emissions of Iceland (2.2 Mt in 2003; UNFCCC,
2005. That year the total greenhouse gas emissions were 3.9 Mt but had increased to 4.6 Mt
in 2013 (Umhverfisstofnun, 2016: http://www.umhverfisstofnun.is/einstaklingar/loftslags-
breytingar/losun-islands/)). The three high-temperature areas investigated represent less
than one tenth of all high-temperature systems in Iceland regarding both surface area (533
km?; Palmason et al., 1985) and the number of these areas (33; Armannsson, 2016). Based on
the speculative assumption that the CO: content of the three investigated systems is

representative, the total carbon dioxide fixed in active high-temperature systems in Iceland
amounts to 30—40 Gt of CO:.. If geothermal systems related to extinct central volcanoes are
included in this estimate the total amount of CO fixed in the Icelandic crust may be 10 to 15
times higher than this number (assuming that about 30 to 40 geothermal systems have been
active in the volcanic zone throughout the geologic history of Iceland).

In order to evaluate the importance of calcite fixation in geothermal systems as a geochemical
sink of CO: it is necessary to estimate the time it has taken the calcite to accumulate.
Unfortunately, the ages of the geothermal systems considered in this study are poorly
constrained; age estimates for the Hellisheidi geothermal system range between 70,000 and
400,000 years (Franzson et al., 2005). For Krafla, K. Seemundsson gives a range of 110,000 to
290,000 years (Seemundsson, K. pers. comm. March 2016, Seemundsson, 1991; Seemundsson
et al., 2000, Bjornssson et al., 2007) and Reykjanes is estimated to be between 10,000 and
100,000 years old (Franzson, H. pers. comm. March 2016, Franzson (2007).

These age estimates, estimated areal extents of the systems, and the average CO:z-load of the
crust in the three geothermal systems (see Table 3) were used to evaluate the calcite fixation
rate in these systems. Accordingly, for Hellisheidi the estimated CO: fixation rate in calcite is
4,100 to 23,500 t/yr and for Krafla and Reykjanes the estimated CO: fixation rates are 7,500 to
20,000 and 560 to 5,600 t/yr, respectively. These values can be compared to natural
atmospheric CO:z emissions observed from these systems. In 2004 the atmospheric emissions
from Reykjanes were 5,000 tyr! (Fridriksson et al., 2006) and preliminary data analysis
indicate that geothermal soil diffuse degassing from Krafla is of the order of 100,000 to
150,000 t/yr (Armannsson et al. 2007). Comparison of the CO: fixation rate determined in this
study and the observed atmospheric emissions from Reykjanes and Krafla shows that the
magnitude of the CO: fixation is somewhere between 7.5% of the atmospheric emissions to
being equal to them. These results illustrate that calcite fixation plays a considerable role in
the COz-budget of geothermal systems, even if the lower estimates for the CO: fixation were
true. In Reykjanes Fridriksson et al. (2016) found that some gas samples seem to be depleted
in CO: relative to He, plot significantly below the atmospheric and geothermal CO: mixing
line, with a CO2 /He ratio of ~5000 compared to~25000 for well samples. Interpreting this as
an indication of CO», depletionit corresponds to 80% CO: loss from the geothermal gas.
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Table 4. Summary of results.

Area | Fixed CO, Age Fixation Rate CO; Emissions
(km?) | (kg/m?) (yr) (kg/m? yr™) (kg/m? yr™)
Hellisheidi 25 65700 70.000—-400.0003) 0.2-0.9
Krafla 300 73100 110.000-290.000¢s) 0.3-0.7 4.253
Reykjanes 2 28200 10.000-100.000¢) 0.3-2.8 2.5¢7)
100.000—-
* - -
Iceland 533(8) 55667(9) 1.000. 000(10) 0.1-0.6 0.2 3.8(11}

*total numbers for Iceland are speculated

(1) Bjornsson et al. (2006)

(2) Preliminary data analysis of COz2 flux measurements 2004 to 2006 (Armannsson et al. 2007)
(3) Franzson et al. (2005)

(4) Palmason et al. (1985)

(5) Seemundsson, K. personal communication March 2016, Seemundsson (1991) Seemundsson et al.
(2000) Bjornssson et al. (2007)

(6) Franzson, H., personal communication March 2016, Franzson (2007)
(7) Fridriksson et al. (2006)

(8) Wiese et al. (2008)

(9) Average of Hellisheidi, Krafla and Reykjanes

(10) Arndrsson (1995)

(11) Calculation based on data from Armannsson et al. (2005)

6 CO:inrecently drilled hot deep wells

Until recently the CO2 concentrations in fluids from most wells have followed the tempera-
ture as is to be expected (Arndrsson and Gunnlaugsson, 1985). Exceptions were very high
concentrations during volcanic activity in Krafla and occasionally upon drawdown, e.g. in
Svartsengi. Recently much lower CO: concentrations have been observed in fluids from deep
wells at temperatures in excess of 320-330°C in Krafla, Peistareykir and Namafjall. Examples
are shown in Table 5.
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Table 5. CO2 in steam at 1 bar in some wells at Krafla and Peistareykir.

Well Year Type d(lgillf?\(lvm) Temp(JfCr;\ture CO; (ppm)
KJ-15 1980 Affected by magmatic gas 1500 330 67836
KG-24 2006 Upper part ,,cool” well 700 210 978
KJ-34 2006 Conventional deep well 1500 320 15961
IDDP-1 2011 Recent ,hot” well 2000 450 760
THG-04 2007 Recent ,hot” well 1900 330 719

Thus it seems that if deeper and hotter wells will be more common in the future that the
problem of gas emissions may be reduced.

7 Greenhoue gas allowances

Iceland is a party to two international agreements regarding gas emissions, FCCC:
Framework Convention on Climatic Change and CLRTAP: Convention on Long-Range
Transboundary Air Pollution. Only businesses where operations mentioned in Appendix 1
to Act No. 70/2012 on climate issues are a part of the EU emissions trade system (ETS) as
regards greenhouse gas allowances. Icelandic geothermal power plants are not a part of the
system and emissions from them are not reported with respect to such allowances.
http://www.ust.is/atvinnulif/vidskiptakerfi-esb/stadbundinn-idnadur/

Emissions from geothermal power plants are given as a part of total emissions from each
country. In the IPCC guide there is not a great deal about geothermal energy as it is an
insignificant part of the energy production of most countries. The following clause is
however included: There can be anthropogenic emissions associated with the use of geothermal
power. At this stage no methodology to estimate these emissions is available. However these emissions
can be measured and should be reported in source category 1.B.3 “Other emissions from energy
production.” https://www.ipcc.ch/meetings/session25/doc4a4b/vol2.pdf

When comparing greenhouse gas emissions from different countries the general rule is to
calculate as precisely as possible the emissions from each individual power plant. Due to the
different nature of of geothermal areas and different energy efficiency of individual power
plants the CO: emissions per energy unit may differ greatly between countries and also

between individual power plants in one country (Porsteinn Johannsson, pers. comm. April
2016)
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8 Summary and conclusions

Results for the annual amount of the possible types of CO: emissions that have been
estimated for those geothermal areas in Iceland that could conceivably be produced are
presented in Table 6. The data on production are the mean for 2007-2014. The natural flow
results are those deemed closest to be representative. Arnorsson’s (1991) data are mostly
background values for the areas. His value for Krafla is possibly somewhat high as the effect
of magmatic gas from the Krafla eruption may be an influence. Armannsson (1991) estimated
the flow through steam vents in Icelandic high temperature geothermal areas and his values
constitute about one tenth of Arndrsson’s (1991) values which is a higher proportion than is
observed by direct determination at Reykjanes. The basic value for Reykjanes used for
Armannsson’s estimate was 190 tyr-, or somewhat higher than that obtained by Fridriksson
et al. (2006), 84 tyr-.
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Table 6. Estimated CO: emissions from potentially productive geothermal areas in Iceland.

CO, CO; through CO, through CO, through CO; total
Area produced soil steam vents water pools natural flow

tyr? tyr? tyr? tyr? tyr?
Reykjanes 24165Y 4931? 843 469 5680°/5061°
Svartsengi-
Eldvorp 52503" 1000” (7890)°
i:gflg‘ét;gja 41007 186190°
Hengill 56005Y 16334529 62007 224060°°)
Hveragerdi 160" 54997
Grimsnes 3000
Geysir 1807 4100
Hveravellir 90" 630°
Kerlingarfjoll 29007 18300°
Torfajokull 380007 429180
Hagongur 1640" 20200%
Vonarskard 14007 44180
Kverkfjoll 1830” 227210
Askja 27007 369220
Fremrinamur 17207 22570
Namafjall 1025Y 11240% 1990” 5050
Krafla 41267Y 126000? 231007 523860°)
Gjastykki 3212
beistareykir 39860? 1200” 31560

YMean for 2007-2014 (Orkustofnun, 2016, http://www.os.is/orkustofnun/gagnasofn/talnaefni/). ?Measured
(Fridriksson et al., 2006). 3'Steam flow and CO» concentrations determined/estimated (Fridriksson et al., 2006)
“Calculated from heat loss (Fridriksson et al., 2006) >Estimated from steam flow and CO; concentrations by
Arndrsson (1991) ®Sum of soil, steam vent and water pool emissions (Fridriksson et al. 2006). ”’Estimated in
1991 by Armannsson for his paper (Armannsson, 1991) ®Nesjavellir and Hellisheidi. Whole Hengill region; 1°S.
Thérhallsson, pers. comm. 1USteam flow from Arndrsson (1991) CO2 concentration from iSOR data bank.
12)5team flow and CO2 concentrations determined/estimated (Seemundsson and Olafsson, 2004).

From Table 6 it may be surmised that in Reykjanes and Svartsengi there has probably been a
considerable increase in CO: emissions after the start of production and that probably about
80% of the emissions would be counted as an addition. In Hengill, Namafjall and Krafla it
would however seem that the increase is very small and only a negligible amount would
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count as added emissions. This shows that it is extremely important to establish firmly the
background emissions from geothermal areas by measuring the gas emitted from soil, steam
vents and if possible water pools before production starts, and monitor these parameters as
well during production so that both possible increases in such emissions and emissions due
to production can be evaluated and reported.

The potentially productive high-temperature areas in Iceland are magmatic in origin, except
possibly Oxarfjérdur. The COz concentrations of their fluids depend on equilibrium between
carbonates in the rock and the fluid, except in special cases such as the Krafla fires 1975-1984
during which excess CO: invaded the geothermal system. The CO: concentration may also
rise upon increased boiling in a geothermal system usually as a result of increased produc-
tion, e.g. Svartsengi in the nineties and more recently Reykjanes. In such cases there is usually
a sharp concentration increase at the beginning which gradually slows down and eventually
decreases to former levels. CO: concentrations may be very high in peripheral fluids and in
fluids from old high-temperature systems that are cooling down such as Leira, Borgarfjordur,
and Grimsnes, but such areas are not likely to become utilized for power production although
Grimsnes is used for CO: production.

Recently results of deep drilling into relatively high temperature production zones indicate
that at temperatures in excess of 320-340°C the CO: concentration of the fluids is relatively
low and decreases with temperature, e.g. a very low CO:z concentration is observed in fluids
from IDDP-1, Krafla at a temperature of 450°C.

In treatment of greenhouse gas emissions there is not a great deal about geothermal energy
as it is an insignificant part of the energy production of most countries although emissions
from geothermal power plants are given as a part of total emissions from each country.
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