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Abstract:

Vatnaskil has designed and utilized a numerical groundwater model of the Straumsvik watershed to
simulate the proposed production and injection from the Coda Terminal and predict potential impacts
on the groundwater system. The current operational design strategy calls for an operational build-up in
four phases beginning in 2027 and reaching a maximum production/injection rate of roughly 3000 kg/s
in 2032. Impacts on the groundwater system were assessed, with a focus on changes within the shallow
freshwater aquifer that could affect environmentally sensitive areas in the vicinity of the Coda Terminal
wellfield. The fate and transport of CO, from the injection wells was outside of the defined scope of the
assessment.

According to the model, the drawdown due to production is relatively small due to favorable hydro-
geological conditions in the freshwater aquifer and the pressure support provided by injection. Increased
pressure due to injection is substantial and causes a rise in groundwater levels. Changes in groundwater
levels are not likely to significantly affect the natural-state regional groundwater flow (direction and
magnitude) nor have significant environmental impacts.

Changes to groundwater salinity and temperature at the top of the freshwater aquifer (above -20 ma.s.l.)
are relatively small and therefore are not likely to cause significant environmental impacts. Changes to
groundwater salinity and temperature below -20 m a.s.l. are relatively large, however they do not
significantly impact environmentally sensitive areas.

The planned production/injection at the Coda Terminal is not likely to negatively affect current ground-
water producers in the area, although a slight increase in salinity and temperature are predicted at the
Rio Tinto production wells. Drought conditions are not likely to have a significant influence on the impacts
of production/injection from the Coda Terminal.

It is recommended that continued hydrogeological research focus on filling gaps in the current
conceptual model, especially with respect to the morphology of the fresh/saline interface and the degree
of hydrologic connection between the shallow freshwater aquifer and the deeper sections of the
groundwater system. Due to the scale and magnitude of the proposed production/injection at the Coda
Terminal, a robust groundwater and surface water monitoring program is needed to register the current
state of the groundwater system (pre-operational) and to detect potential changes to the system once
the first operational stages begin. Parallel updates to the groundwater model as new research and
monitoring data become available may provide further support in lowering uncertainties and revising the
initial impact assessment.
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islenskur utdrattur

Vegna mats @ umhverfisdhrifum uppbyggingar og reksturs Coda Terminal vid Straumsvik i Hafnarfirdi
Oskadi Carbfix hf. eftir pvi ad Vatnaskil meti hugsanleg ahrif af rekstri Coda Terminal &
grunnvatnskerfid. Reksturinn felur i sér upptoku af u.p.b. 3000 kg/s af grunnvatni og nidurdaelingu a
bvi vatni dypra i grunnvatnskerfid eftir blondun med koltvisyringi. [ pvi skyni var hannad privitt
reiknilikan af grunnvatnskerfinu a vatnasvidi Straumsvikur. Likaninu var sidan beitt til ad meta ahrif af
fyrirhugadri vatnstoku og nidurdeaelingu @ vegum Coda Terminal 4 grunnvatnskerfid.

Sérstaklega var horft til vidkvaemra svaeda sem gaetu ordid fyrir ahrifum vegna breytinga i grunnvatns-
kerfinu (mynd 1). Ma par nefna strandtjarnir vid Straumsvik sem Natturufraedistofnun islands leggur
sérstaka dherslu 4 vegna einstaks vistkerfis. Inn i strandtjarnirnar rennur ferskt grunnvatn sem leidir af
sér mjog laga seltu i tjornunum pratt fyrir naleegd peirra vid strandlengjuna (Ingdlfsson, 1998). Staerstar
pbessara strandtjarna eru Brunntjorn, Porbjarnarstadatjarnir (einnig pekktir sem Brunntjérnin), Gerdis-
tjarnir og Ottarsstadatjarnir. Nokkur stéduvétn og tjarnir inn til landsins (Astjérn, Hvaleyrarvatn og
Urridavatn), sem og nuverandi vatnsbél & vegum Rio Tinto (i Straumsvik) og Vatnsveitu Hafnarfjardar
(i Kaldarseli) voru einnig skodud sérstaklega.

Vatnajarofraedi vatnasvids Straumsvikur

Fyrirliggjandi vatnajardfraedilegum upplysingum fra fyrri rannséknum a svaedinu var safnad saman
asamt nyjum gégnum sem Carbfix og [SOR s6fnudu i tengslum vid uppbyggingu Coda Terminal, p.m.t.
med borun nyrra rannsdéknarhola. Nyju gdgnin voru notud til ad uppfeera hugmyndalikan Vatnaskila af
sudvesturlandi, sérstaklega m.t.t. dypri hluta grunnvatnskerfisins (~100-1000 m dypi) par sem gogn
hafa hingad til verid tiltélulega stopul og slitrétt. Uppfaerdu hugmyndalikani er lyst itarlega i kafla 3.3.
pratt fyrir markverda baetingu hugmyndalikansins, eru enn eydur i gagnasettunum og dvissupaettir til
stadar, sérstaklega fyrir dypri hluta grunnvatnskerfisins (t.d. vatnajardfraedilegir eiginleikar berglaga,
hversu langt lek berglog i tengslum vid vatnsaedar teygja sig, lega og halli blandlagsins par sem ferskt
og salt vatn maetast o.fl.).

Likangerd

Rennslislikan Vatnaskila af Sudvesturlandi var haft til grundvallar likanvinnunni fyrir Coda Terminal.
Likanid hefur verid i proun i yfir 40 ar og er uppfaert reglulega fyrir Samtok sveitarfélaga a héfudborgar-
sveedinu (SSH) og HS Orku (Vatnaskil, 2022a og 2023). Rennslislikanid samanstendur af tveimur
sampaettum vatnafraedilegum likonum, yfirbordsrennslislikani og grunnvatnslikani, sem hvort um sig
likir eftir mismunandi pattum vatnafraedilegrar hringrasar. Yfirbordsrennslislikanid reiknar magn vatns
sem siast i gegnum dmettad jardrakasveedi og nidur ad grunnvatnsbordi. Grunnvatnslikanid likir eftir
grunnvatnsrennsli um vatnsmettad sveedi. Grunnvatnslikanid er tvividdarlikan sem likir eftir grunn-
vatnsrennsli i efstu ~100 m grunnvatnskerfisins.

Til pess ad gera grein fyrir jardsjé undir ferskvatnsleidaranum & strandsvaedinu sem og dypri hluta
grunnvatnskerfisins par sem koltvisyrdu vatni fra Coda Terminal verdur dzelt nidur var likanid dypkad
nidur 4 1100 m u.s. og uppfert i privitt likan med lagskiptingu sem byggir a tiltaekum
jardfraediupplysingum. iTOUGH2 likanhugbinadurinn var notadur fyrir prividdarlikanid par sem hann
bydur m.a. upp a sveigjanleika i gegnum ymsar astandsjofnur (e. equation of state, EOS) til ad likja eftir
flaedi vokva med breytilegum edlismassa par sem tekid er tillit til ahrifa uppleystra efna, t.d. salts og
gasa, p.m.t. andramslofts.
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Nidurstodur ar grunnvatnslikani Sudvesturlands voru notadar til ad afmarka, skilgreina og Uthluta
videigandi jadarskilyréum fyrir prividdarlikanid, par sem yfirbords- og grunnvatnsskil umhverfis
Straumsvik voru ad fullu tekin inn (mynd 11). Ad lokinni uppfaerslu grunnvatnslikansins var gerd itarleg
uttekt a nyja prividdarlikaninu til ad tryggja ad vidunandi mynd af vatnasvidi Straumsvikur hefdi nadst.
Naudsynlegt var ad stilla og finstilla inntaksbreytur til ad utbuda grunntilfelli sem likir 4 fullnaegjandi hatt
eftir nattdrulegum adstaedum i grunnvatnskerfinu.

Mat a ahrifum starfseminnar

Grunnvatnslikaninu var beitt til ad likja eftir fyrirhugadri vatnstoku og nidurdaelingu fyrir Coda Terminal
og meta hugsanleg ahrif 8 grunnvatnskerfid, m.a. breytingar a seltu og hitastigi grunnvatns, sem og
breytingar & grunnvatnsstodu. Afdrif og flutningur koltvisyrings fra nidurdaelingarholunum var metid
sérstaklega hja Carbfix og var pvi utan mats Vatnaskila.

Rekstrartilfelli

Honnun vinnslusvaedisins sem Carbfix lagdi til er synd @ mynd 18 og samanstendur af 10 borteigum
sem dreift er yfir u.p.b. 5,5 km? svaedi. Lédréttar vinnsluholur fra borteigum 1-7 munu na nidur 4 u.p.b.
50 m dypi par sem markmidid er ad vinna ur grunna ferskvatnsleidaranum. Lodréttar vinnsluholur fra
borteigum 8-10 munu hins vegar teygja sig dypra (>100 m) og er markmidid par ad vinna jardsjoé nedan
vid blandlagid (skil fersk- og saltvatns). Nidurdaelingarholur verda stefnuboradar Ut fra borteigunum og
na paer nidur & 300-800 m dypi. Rekstrarhénnun Coda Terminal gerir rad fyrir uppbyggingu i fjérum
afongum (fosum) eins og lyst er i toflu 1. Fyrsti afanginn hefst arid 2027 med rekstri priggja borteiga
sem skila 665 kg/s af ferskvatni og deela nidur 688 kg/s af kolsyrdu vatni. Fleiri borteigar verda teknir i
gagnid i sidari afongum, sem lykur med 4. afanga par sem allir 10 borteigarnir eru i notkun og unnin
verda 2923 kg/s og daelt nidur 3018 kg/s. Likanid var keyrt yfir 30 ara rekstrartimabil, fra 2027 til 2057.

Nidurstodur likansins voru greindar og bornar saman vid grunntilfellid (ndverandi astand, adur en
kemur til grunnvatnstéku og nidurdaelingar vegna Coda Terminal) til ad meta breytingar fra ndverandi
astandi grunnvatns. Ahrif voru metin fyrir hvern hinna fjdgurra fyrirhugudu rekstrarfasa til ad greina
framvindu ahrifa med tima og aukinni vinnslu og nidurdeelingu. Greindar voru breytingar 4 grunnvatns-
kerfinu og nidurstédurnar m.a. dregnar fram i laréttu plani 8 mismunandi dypi og premur pversnidum
i gegnum borteigana (myndir 20-40). Helstu nidurstodur eru einnig dregnar saman i t6flu 2.

Haed grunnvatnsborads

Samkvaemt likanreikningum verdur nidurdrdttur grunnvatnsbords vegna starfsemi Coda Terminal
mestur innan vinnslusvaedis stodvarinnar, og reiknast rimlega 20 cm vid vinnsluholurnar ad loknum
fiérda fasa (mynd 23). Nidurdrattur reiknast allt ad 7 cm vid vinnsluholur Rio Tinto ad loknum fjérda
fasa samanborid vid ndverandi dstand. Reiknadur nidurdrattur vid vinnsluholur Rio Tinto er talinn
Oliklegur til ad valda neikveedum ahrifum 3 vinnslugetu peirra, en pé fer pad eftir ndverandi vinnslu-
fyrirkomulagi og astandi vinnsluholanna. Vid Brunntjorn, borbjarnarstadatjarnir og Gerdistjarnir
reiknast 2-4 cm nidurdrattur ad loknum fjorda fasa, borid saman vid naverandi astand. Nokkur dvissa
er gagnvart reiknudum nidurdraetti vid tjarnirnar vegna st6du og ndkveemni likansins 4 pessu stigi, en
nidurstodur benda poé til pess ad nidurdrattur sé moégulegur vid paer.

Haekkun grunnvatnsbords reiknast vid Astjérn (allt ad 30 cm), Hvaleyrarvatn (allt ad 40 cm) og
Urridavatn (allt ad 20 cm) vegna prystidhrifa fra nidurdaelingu. Talid er ad oll prja votnin hafi einhverja
tengingu vid grunnvatn og pvi er mogulegt ad hakkun grunnvatnsbords geti leitt til aukins innrennslis
(lindarennslis) { pau. Utrennsli Gr vétnunum stjérnast med natturulegu yfirfalli sem gerir pad ad verkum
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ad breytingar 4 vatnsstddu vatnanna takmarkast vid hamarksvatnshaed yfirfallanna. Oliklegt ma pvi
telja ad reiknud haekkun grunnvatnsbords valdi verulegum ahrifum a vatnsstodu i vétnunum pott
gegnumrennsli i peim gaeti aukist. Asteeda er engu ad sidur til pess ad fylgjast med vétnunum og
grunnvatnshad i nagrenni peirra @ uppbyggingartima Coda Terminal.

Selta grunnvatns

Likansnidurstédur syna einnig ad mesta seltubreyting vegna vinnslu og nidurdzlingar Coda Terminal
reiknast nedan vid u.p.b. 50 m undir medalsjé og nidur 4 um 600 m dypi. Breytingar ofar eru minni en
valda pd einhverri seltuaukningu vid grunnvatnsbordid, t.a.m. allt ad 0,4 g/kg aukningu vid
Straumsvikurtjarnirnar og allt ad 0,5 g/kg aukningu vid vinnsluholur Rio Tinto. Hafa ber pé i huga ad &
20 m dypi reiknast seltubreyting naerri 1 g/kg, 4 30 m dypi naerri 5 g/kg og @ 50 m dypi naerri 20 g/kg
(mynd 33). Fullsaltur sjér er u.p.b. 35 g/kg vid islandsstrendur. Til vidmidunar, gerir reglugerd um
neysluvatn rad fyrir hdamarksstyrk seltu i neysluvatni sem 0,4 g/kg. Ovist er pvi hvort framangreind
seltuaukning geti valdié neikveedum ahrifum 4 tjarnirnar, en ef gert er rad fyrir ad peer séu fullferskar i
dag, ba mun 0,4 g/kg aukning ekki breyta peirri flokkun innan ramma neysluvatnsreglugerdar. Ef midad
er hins vegar vid reiknada seltubreytingu adeins nedar er moguleiki & ad fravik geti ordid fra pessari
flokkun. Einnig er évist hvort seltuaukning af pessari steerdargradu geti valdid neikveedum ahrifum 3
notkun vinnsluvatns Rio Tinto. Nidurstédur benda til pess ad med fyrirliggjandi vinnslufyrirkomulagi
sem gert er rad fyrir i Coda Terminal geetu ordid vaegar seltubreytingar i efri hluta ferskvatnsgeymisins,
sem geeti pvi ad ébreyttu takmarkad vinnslu a fullfersku vatni hja 66rum hugsanlegum vinnsluadilum
a afmorkudum svaedum vestan og austan vid vinnslusvaedi Coda Terminal.

Hitastig grunnvatns

Likansnidurstédur syna somuleidis ad mesta hitabreyting vegna vinnslu og nidurdalingar Coda
Terminal reiknast i dypri hluta grunnvatnskerfisins, par sem hitinn er natturulega heerri. Hitastig nidur-
deelingarvatnsins er daetladur laegri en 10 °C. Breytingar i efri hluta ferskvatnsgeymisins eru minni en
valda pod litillegri hitaaukningu, t.a.m. allt ad 1 °C haekkun grunnvatns vid Straumsvikurtjarnirnar og allt
ad 1,3 °C haekkun vid vinnsluholur Rio Tinto. Ovist er hvort hitaaukning & pessari staerdargradu geti
valdid neikveedum ahrifum 4 tjarnirnar, en astaeda veeri til ad maela hitastig tjarnanna fyrst um sinn vid
voktun uppbyggingarinnar til ad kortleggja natturulegan breytileika i peim. Einnig er &vist hvort
hitastigsaukningin geti valdid neikvaeedum ahrifum & notkun vinnsluvatns Rio Tinto.

Adrennslissvaedi

Likaninu var beitt til ad meta adrennslissvaedi vinnsluholanna (mynd 40). Adrennslissveedid neer til
sudausturs, allt upp ad grunnvatnsskilunum. Légun og umfang svaedisins endurspeglar stefnu svaedis-
bundinna grunnvatnsrennslisleida par sem pad er fremur prongt vid vinnslusveedid en vikkar verulega
innan Krysuvikursprungusveimsins til sudausturs par sem grunnvatnsrennsli eykst i meginsprungu-
stefnuna (NE-SV).

Purrkatid og afstada nidurdzelingar gagnvart blandlagi

Grunnvatnslikaninu var beitt til ad greina hvort ahrif vegna starfsemi Coda Terminal vaeru med 6drum
haetti og jafnvel verrivid laga grunnvatnsstodu (p.e. i purrkatid) samanborid vid medalgrunnvatnsstédu
eins og gert var rad fyrir i grunntilfellinu. Nidurstadan af peirri greiningu var ad mjog litill munur
reyndist af reiknudum ahrifum vid pessar mismunandi grunnvatnsadstadur.

Likaninu var einnig beitt til ad meta namni stadsetningar nidurdaelingar m.t.t. blandlagsins (skilflot
fersk- og saltvatns). Fraedilegt tilfelli var skilgreint pannig ad vinnsla og nidurdeaeling eiga sér stad
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einungis i fersku grunnvatni sudaustan vid blandlagid. Nidurstddurnar syna ad toluverd naemni er fyrir
pvi hvar nidurdeeling fer fram innan fyrirhugads vinnslusvaedis og ma aetla ad ahrif minnki téluvert ef
nidurdeaeling fer fram sudaustast 4 svaedinu og er pda deelt nidur i ferskt vatn i stad isalts og salts vatns
pegar naer dregur strondu.

Stjorn vatnamala

Likansnidurstédur voru skodadar heildraent m.t.t. Vatnadaetlunar Islands 2022-2027. A heildina litid
eru azetlud ahrif fra vinnslu og nidurdzelingar vegna Coda Terminal 4 badi edliseiginleika og
efnafraedileg gaedi grunnvatnshlotsins i Straumsvikurstraumi talin litil. Ekki er gert rad fyrir ad pau hafi
ahrif 8 umhverfismarkmid grunnvatnshlotsins.

Rannsodknir og voktun

Meelt er med pvi ad aframhaldandi og auknar vatnajardfraedilegar rannséknir verdi stundadar med pad
ad markmidi ad fylla upp i eydur i ndverandi hugmyndalikani, sérstaklega m.t.t. legu og légunar
skilflatar milli fersk- og saltvatns (blandlagsins) og hversu mikil vatnafraedileg tengsl séu a8 milli grunna
ferskvatnsleidarans og dypri hluta grunnvatnskerfisins. Samkvaemt nidurstodum likansins gegna pessir
tveir peettir hugmyndalikansins meginhlutverki vid mat & hversu mikil ahrif munu verda 3
ferskvatnsleidarann med tilkomu Coda Terminal.

Vegna umfangs fyrirhugadrar vinnslu og nidurdealingar i tengslum vid rekstur Coda Terminal parf
yfirgripsmikla daetlun fyrir voktun a breytingum 4 grunnvatni og yfirbordsvatni til ad meta betur og skra
nuverandi dstand grunnvatnskerfisins (fyrir rekstur) og til ad greina hugsanlegar breytingar a kerfinu
eftir ad fyrstu rekstrarafangarnir hefjast. Med pvi ad uppfeera grunnvatnslikanid eftir pvi sem nyjar
rannséknir og voktunargogn verda adgengileg verdur enn frekar unnt ad draga Ur dvissu og endurmeta
ahrif vegna starfsemi Coda Terminal.
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1. Introduction

Carbfix hf. is currently in the design and planning phase of the Coda Terminal project, a carbon
sequestration facility located at Straumsvik in SW Iceland. Design specifications of the Coda Terminal
require approximately 3000 kg/s of freshwater which will be extracted from the local groundwater
aquifer through a network of production wells. The produced water will undergo a carbonation process
within Coda Terminal facilities and then be re-injected into deeper sections of the groundwater system
where sequestration will take place.

In order to fulfill requirements within the EIA process, Carbfix has requested that Vatnaskil assess
potential impacts from the planned groundwater production and injection at the Coda Terminal on the
local groundwater system. For that purpose, a three-dimensional numerical model of the groundwater
system within the Straumsvik watershed was designed based on Vatnaskil‘s regional watershed model
of southwest Iceland. The model was then utilized to simulate the proposed production and injection
from the Coda Terminal and predict potential impacts on the groundwater system. The following
report documents the modelling work performed with an emphasis on interpretation of simulation
results with respect to potential environmental impacts.

2. Geographical setting

Straumsvik is a coastal inlet at the eastern edge of the Hafnarfjordur municipality on the north side of
the Reykjanes peninsula. Environmentally sensitive areas which could potentially be affected by
changes to the local groundwater system were identified and are shown on Figure 1. Protected areas
(green) are defined by the Environment Agency of Iceland (Umhverfisstofnun). Proposed protection
areas (orange) are outlined in the Hafnarfjoréur municipal master plan (Adalskipulag Hafnarfjaréar
2013-2025) and within these areas are several sites registered as natural heritage sites by the Icelandic
Institute of Natural History (Natturufraedistofnun islands).

In their description of the natural heritage sites in the Straumsvik area, the Icelandic Institute of Natural
History places special emphasis on the unique ecosystems found within the intertidal zone and in
coastal ponds. These coastal ponds are fed by fresh groundwater flow, resulting in very low saline
water despite their proximity to the coastline (Ingélfsson, 1998). The largest of these coastal ponds are
Brunntjérn, borbjarnarstadatjarnir (also known as Brunntjérnin), Gerdistjarnir and Ottarsstadatjarnir.
They are highlighted on Figure 1 as well as several inland lakes and ponds (Astjérn, Hvaleyrarvatn and
Urridavatn) which also have some degree of hydrologic connection to the local groundwater system.

Existing freshwater production wellfields are also shown on Figure 1. The Rio Tinto aluminum smelter
in Straumsvik produces approximately 300 L/s of freshwater from seven wells just south of Reykjanes-
braut. The Hafnarfjordur municipal water supply wellfield is located roughly 8 km to the southeast at
Kaldarsel. Annual production from the wellfield is roughly 190 L/s.

A rough outline of the extent of the Coda Terminal wellfield area is shown on Figure 1. The area extends
from the highway (Reykjanesbraut) roughly 4 km inland towards the southwest and covers an area of
approximately 5.5 km2. Research commissioned by Carbfix, and initial groundwater modelling
performed by Vatnaskil during the planning phase was used by Carbfix as input into the wellfield
design.
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Figure 1. Overview of environmentally sensitive areas in the Straumsvik area and rough extent of Coda
Terminal wellfield area.

3. Hydrogeology of Straumsvik watershed

An understanding of the main geological and hydrological features of the regional watershed encom-
passing Straumsvik is necessary in order to develop a comprehensive conceptual model of the ground-
water system. Hydrogeological information is available from previous research in the area, the most
noteworthy being a comprehensive study performed by Freysteinn Sigurdsson (Orkustofnun, 1976).
Data collected from wells within the watershed are also available, including stratigraphical analyses
and measured time-series of groundwater levels. The majority of this data has already been incorpo-
rated into Vatnaskil’'s extensive model development (both conceptual and numerical) of SW Iceland
over the past 40 years. The main focus of this modelling to date has been on the shallow section of the

groundwater system (upper ~100 m).

For the purpose of this study, it was necessary to collect and analyze hydrogeological information from
deeper sections of the groundwater system (down to ~1000 m) in order to update the existing
conceptual model of the Straumsvik watershed. Available data from previous studies were used, but
the most valuable data was collected in the past two years by Carbfix and i[SOR during the planning
and design phase of the Coda Terminal. This recent research produced the first direct hydrogeological
samples/measurements from the deeper sections of the groundwater system at Straumsvik. Research
on the deep groundwater system at Straumsvik is, however, still considered in the early phases, and
more research is needed to fill in remaining data gaps, reduce uncertainties and strengthen the con-
ceptual model. A general overview of the current version of the conceptual model, highlighting the
main hydrogeological features of the Straumsvik area, is provided below.
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3.1. Geological setting

Iceland lies on the Mid-Atlantic Ridge, a divergent tectonic plate boundary separating the North
American continental plate to the west and the Eurasian continental plate to the east. The plate
boundary dissects Iceland, creating an active volcanic zone along its path. The Reykjanes peninsula is
a segmented section of the Mid-Atlantic Ridge consisting of several volcanic systems which are defined
by areas of concentrated fissure swarms with NE-SW striking eruptive fissures and normal faults
(Jenness and Clifton, 2009). The Straumsvik area is located on the northern edge of the peninsula just
west of the Krysuvik fissure swarm (Figure 2).
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Straumsvik / ﬁ/ﬁ ﬂ/,/‘ 4 / /

64°N

Eruptive fissures It
/ visible faults I e B
inferred faults km

Figure 2. Map of Reykjanes peninsula showing main tectonic features (modified from Jenness and
Clifton, 2009). Fissure swarms from Seemundsson (1978) shown as lighter shaded areas R (Reykjanes),
K (Krysuvik), B (Brennisteinsfjoll) and He (Hengill).

The surface geology in the Straumsvik watershed can be classified roughly into three main rock types.
Low elevations in the coastal area around Straumsvik are dominated by post-glacial lava flows, the
youngest being Kapelluhraun from the year 1151 (J6hannesson and Einarsson, 1998). Older inter-
glacial lava flows (gragryti) outcrop to east of Straumsvik in the vicinity of Astjérn and Hvaleyrarvatn
at elevations above roughly 30 m a.s.l. The NE-SW trending mountainous ridges in the higher elevations
south of Straumsvik (e.g., Undirhlidar) consist of hyaloclastic formations (mdberg) which formed
during sub-glacial eruptions. A surface geology map of the Straumsvik area (Seemundsson et al., 2016)
is shown on Figure 3. All three main rock types are basaltic, however their rock properties vary
significantly. Due to the fresh, porous nature of the post-glacial lava formations, their permeability is
very high, as much as 2-3 orders of magnitude higher than the gragryti and hyaloclastite formations
(Témasson and Témasson, 1966). Enhanced (secondary) permeability due to fracturing is significant in
the Straumsvik watershed, especially within the Krysuvik fissure swarm (Figure 2).
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Until recently, the local stratigraphy below 100 m depth in the coastal area around Straumsvik was
unknown. Although many wells had been drilled in the area, none extended to depths greater than
100 m. Deeper wells drilled in connection with geothermal investigations do exist within the
Straumsvik watershed, however, they are located further inland. Well KS-02 is 986 m deep and is
located roughly 9 km southeast of Straumsvik at Kaldarsel (Figure 1). Kaldarsel lies roughly at the
surface boundary between the hyaloclastite ridges within the Krysuvik fissure swarm and the coastal
lowlands to the west. Stratigraphic analysis from the well shows that below the post-glacial lava
formations at the surface, alternating layers of inter-glacial lava flows and hyaloclastites are the
dominant formations with intermittent sedimentary layers (Orkustofnun, 1977). Geothermal
alteration is evident in the formations below roughly 400 m depth. Further west in the highlands at
Trolladyngja, well TR-01 (2307 m deep) shows a similar stratigraphy of alternating lava flows and
hyaloclastites (Orkustofnun, 2002). However, geothermal alteration is evident throughout the entire
depth range of the well, indicating a higher temperature environment in the area.

Carbfix Coda Terminal Lava cap on hyaloclastite
Historical lava, younger than 870 AD 7 Andesite
Lava 3000-4500 years old &® Scoria or spatter cone
[ Lava 4500-7000 years old ® Rootless crates
Lava shield <7000 years old < Postglacial shield crater
- Subglacial hyaloclastite, Weichselian Older ® Spring

- Hyaloclastite 0.1-0.8 Ma

Figure 3. Surface geology map of the Straumsvik area (taken from [SOR, 2021). Post-glacial lavas are
shown in shades of pink and purple, inter-glacial lavas (gragryti) in light green and hyaloclastites
(moberg) in light brown.
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3.2. Recent research

In order to obtain information on the hydrogeology in the coastal area at Straumsvik, Carbfix
commissioned the drilling of several wells (locations shown on Figure 4). Their first research well, CSI-
01, was completed in the autumn of 2022 (ISOR, 2023b). It was drilled to a depth of 982 m with casing
extending from the surface to 328 m depth. {SOR performed a detailed lithological analysis of the well
cuttings (ISOR, 2023a) which revealed that post-glacial lava flows extend from the surface down to 68
m depth. Below those surface layers lies a 54 m thick layer of gragryti, the same formation that
outcrops at the surface in the area immediately east of Straumsvik. Underlying the gragryti is an 8 m
thick sedimentary rock, possibly a tillite formed by an advancing glacier. The depth range of 122-710
m is dominated by a series of alternating glassy basalt, breccia and lava flows, indicating that lava
flowed into the ocean at this location. The bottom of the well, from 710-982 m depth, is a rather
uniform series of lava flows.

A second research well, CSM-01, was commissioned by Carbfix in the summer of 2023 in an effort to
obtain hydrogeological data further inland and widen the scope of their research area (ISOR, 2024a).
The well is located approximately 1.4 km southeast of well CSI-01 (Figure 4) and was drilled to a depth
of 618 m. Lithological analysis of the well cuttings by iSOR show a similar stratigraphic sequence in the
upper 120 m as is found in well CSI-01. However, below this depth there was significantly less glassy
basalt and breccias observed in well CSM-01 compared to well CSI-01, indicating a difference in
paleoenvironmental conditions between the wells at the time the rocks were formed.
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Figure 4. Location of Carbfix wells from which hydrogeological data was collected.
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Drilling of a third research well, CSM-02, roughly 1 km east of well CSM-01, is currently underway
(Figure 4). Current plans are to drill to a similar depth as CSM-01, with the goal of providing further
information for understanding of the local hydrogeology. Initial information from the upper 200 m of
the well indicates a similar lithological sequence as observed in well CSM-01.

With the stratigraphic information gathered from the new Carbfix exploration wells, [SOR updated
their existing geological model of the greater Reykjavik area which is built on extensive data from the
Reykjavik low-temperature geothermal fields to the NE. The model characterizes the stratigraphy
down to a depth of 2 km and provides geological information on the main individual lithological units
(ISOR, 2023d). Two cross sections from the geological model are shown on Figure 5. A
paleoenvironmental shift is clearly evident in the upper 1000 m along the WNW-ESE section. The
eastern edge of the section is dominated by hyaloclastite formations indicating a sub-glacial eruptive
environment, whereas the western part of the section is dominated by glassy basalt formations
indicating a coastal, sub-aqueous depositional environment.
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Figure 5. Geological stratigraphy in the Straumsvik area. Cross sections are taken from {SOR’s
geological model (ISOR, 2023d) with basaltic lava flows represented with shades of blue, sedimentary
layers with grey, hyaloclastites with yellow and brown and glassy basalts with purple. Locations of feed

zones are indicated with yellow (main feed zones) and green (minor feed zones) arrows.

A comprehensive set of measurements and tests were carried out by ISOR in wells CSI-01 and CSM-01,
including geophysical logging, Televiewer analysis, salinity and temperature profiles and injectivity
testing. Analysis of this new data by {SOR (2023a, b, c, d, e; 20244, b) provided valuable information
on key characteristics of the groundwater system in the Straumsvik area. These analyses included
identification of feed zones in both wells, which provided important information on the relative
permeability of penetrated rock formations and in turn, where injection fluid is most likely to enter the
groundwater system. Injectivity tests indicate that the majority of feed zones in both wells lie within a

Vatnaskil report no. 24.01



SULTING ENGINEERS Coda Terminal
VATNASKIL @ cororix

Assessment of impacts on groundwater resources

depth range of roughly 320-370 m b.s.l., with the most productive feed zones at 364 m b.s.l. in CSI-01
and 338 m b.s.l. in CSM-01 (ISOR, 2024b). The tests suggest limited permeability below this depth range
in both wells, however temperature profiles in CSI-01 indicate the presence of minor feed zones down
to roughly 509 m b.s.l. Calculated injectivity index in well CSI-01 (5 L/s/bar) was considerably lower
than in CSM-01 (25 L/s/bar) suggesting higher permeability formations in well CSM-01 (iSOR, 2024b).
Although no fractures are visible at the surface in the immediate Straumsvik area, Televiewer analysis
confirmed that they are present in the subsurface formations and predominantly strike in the NE-SW
direction ({SOR, 2023c). According to [SOR, the data indicate that feed zones in wells CSI-01 and CSM-
01 are more likely controlled by lithological boundaries rather than by fractures. The main feed zones
in both exploration wells (depths indicated on Figure 5) appear to coincide roughly with lithological
boundaries in the vicinity of a 10-30 m thick sedimentary layer (,,Sed-Str3“ formation defined by ISOR).

Temperature and electrical conductivity logs recorded in wells CSI-01 and CSM-01 after drilling support
the conclusions drawn from the injectivity tests regarding location and productivity of feed zones. They
also provide valuable information on variability in groundwater characteristics at different depth
ranges within the groundwater system. Figure 6 compares temperature and electrical conductivity logs
measured shortly after drilling of each well (dashed lines) with the most recently measured logs (solid
lines). The temperature logs show that well CSI-01 was cooled during drilling and has heated up
significantly since then. The most recent log from November 2023 indicates that a relatively stable
temperature of approximately 80 °C has been reached at the bottom of the well. Both wells CSI-01 and
CSM-01 show a similar temperature gradient of around 80 °C/km which corresponds to the expected
regional gradient in the area (iSOR, 2023d).

Electrical conductivity logs typically provide valuable information on groundwater salinity and can help
identify the interface between the shallow freshwater aquifer and the underlying saline aquifer. Due
to technical issues, reliable measurements of electrical conductivity could not be performed in well
CSI-01 during drilling. The two electrical conductivity logs shown on Figure 6 for well CSI-01 were
performed after drilling, meaning that measurements above 318 m b.s.l. are within the well casing and
therefore do not reflect natural conditions. However, a rough estimation of the depth to the
fresh/saline interface was made by interpretation of water samples taken during drilling. These water
samples show a sharp increase in electrical conductivity at approximately 100-110 m b.s.l. indicating
that the top of the fresh/saline interface is most likely within this depth range at well CSI-01 (Figure 6).
The electrical conductivity logs from well CSM-01 provide strong evidence for the depth to the
fresh/saline interface. Measurements show a sharp rise in electrical conductivity at approximately 350
m b.s.l. which is below the bottom of the well casing (200 m b.s.l.). The top of the fresh/saline interface,
therefore, lies at approximately 350 m b.s.l. at well CSM-01. Both wells CSI-01 and CSM-01 show an
increase in conductivity below ~350 m a.s.l. after drilling, indicating that drilling fluids likely caused a
decrease in salinity below this depth and that the salinity is still recovering back to natural conditions.
The most recent electrical conductivity logs in both wells show a decrease in conductivity with
increased depth below ~350 m b.s.l. It is not known for certain whether this behavior represents the
natural conditions or if it is caused by disturbance from drilling and testing of the wells. Continued well
logging is necessary in order to confirm the natural-state conditions at the wells.

[SOR also performed profile measurements in well KS-02 at Kaldarsel at the beginning of 2023. The
results confirmed older measurements from the well, showing that freshwater extends from the
surface all the way to the bottom of the well (986 m depth). Temperature in the well is < 6 °C down to
a depth of 800 m, below which it steadily increases up to roughly 18 °C at the bottom of the well.
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Figure 6. Measured temperature (left) and electrical conductivity (right) logs taken in wells CSI-01 and
CSM-01. Electrical conductivity of water samples taken from well CSI-01 during drilling are also shown.

I[SOR performed four TEM (micro-TEM) survey campaigns in the Straumsvik area between October
2022 and April 2023 in an effort to gain a better understanding of saline intrusion in the coastal region
(ISOR, 2023e). Limitations on the TEM technique, including disturbances caused by electromagnetic
noise (e.g., power lines) prevent an accurate mapping of the fresh/saline interface. However, the
survey results can be useful in gaining an understanding of general patterns in the interface. Survey
locations are shown on Figure 7. Analysis performed by {SOR indicate that the top of the interface
increases in depth along the cross section “STVcross” from < 25 m b.s.l. at the coastline to roughly 50
m b.s.l. at a distance of roughly 2 - 2.5 km inland (Figure 8). Further inland beyond approximately 2.5
km, no interface was detected along the cross section, indicating that it lies very deep or does not exist.
However, soundings to the east of the “STVcross” cross section show a different behavior of the
interface. Sounding STV-20, located next to exploration well CSI-01, indicates an interface level of
about 120 m b.s.l. which corresponds roughly to the level (100-110 m b.s.l.) estimated from water
samples taken from CSI-01 during drilling (shown on Figure 6). Well CSM-01 lies roughly 1.4 km from
well CSI-01 on a line roughly parallel to cross section “STVcross”. As explained above and shown on
Figure 6, electrical conductivity logs show that the interface lies at approximately 350 m b.s.l. at CSM-
01. Therefore, the data indicate that a shift occurs in the fresh/saline interface within a relatively short
distance from cross section “STVcross” towards the east, with a significant deepening of the top of the
interface. It should be stressed that a high level of uncertainty is associated with interpretation of TEM
soundings. ISOR suggests that additional TEM surveys positioned at strategic locations are needed to
gain a clearer understanding of the behavior of the fresh/saline interface at Straumsvik.
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Figure 7. Location of TEM soundings performed by ISOR (map taken from [SOR, 2023e).
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Figure 8. Cross section ,STVcross” (location shown on Figure 7) taken from {SOR (2023e) showing
interpretation of TEM measurements. Yellow and blue areas reflect rocks above saline water, and the
green area represents saline water. The red mesh represents the top of the fresh/saline interface.
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3.3. Conceptual model of groundwater system

A shallow groundwater aquifer exists within the post-glacial lava formations in the coastal region
surrounding Straumsvik. The lava formations are roughly 40-70 m thick (Orkustofnun, 1976) and are
conducive to groundwater flow due to their high permeability. In addition to favorable geological
conditions, the hydrology of the Straumsvik watershed is also favorable for supporting a productive
groundwater aquifer. The watershed receives a relatively high amount of precipitation which provides
significant recharge to the groundwater system. Annual precipitation is around 1 m/year in the
Straumsvik area and increases with elevation up to over 3 m/year at the groundwater divide in the
Blafjoll mountain range (lcelandic Meteorological Office, 2007). Due to the fresh, permeable nature of
the surface geology, surface runoff is minimal and the majority of the precipitation infiltrates into the
groundwater system.

Observations in shallow wells in the vicinity of the Rio Tinto aluminum smelter, including
measurements from shallow Carbfix wells CSW-02 and CSW-03 (locations shown on Figure 4), show a
clear tidal influence on the groundwater aquifer, as the water table fluctuates with the ocean tides
(Témasson and Témasson, 1966). These tidal effects are greatest at the coastline and gradually
dissipate with increased distance inland. Semidiurnal fluctuations in groundwater levels due to tidal
effects are roughly two meters near the coastline at Straumsvik (ISOR, 2010), 65 cm at Carbfix well
CSW-02 (500 m inland) and less than 10 cm at Carbfix well CSW-03 (1.7 km inland). Tidal effects are
also observed in the freshwater coastal ponds in the area (Ingdlfsson, 1998). Despite this tidal influence
on water levels, the water itself at the water table and in the coastal ponds is fresh and not affected
by saline intrusion. This is attributed to the strong groundwater flow in the shallow aquifer. However,
intrusion of saline water from the ocean inland does occur below the freshwater. The groundwater
system in the coastal zone is therefore divided into two salinity zones, a shallow zone of freshwater
flowing seaward and an underlying saline zone which extends inland. The density difference between
the fresh and saline water causes the lighter freshwater to flow on top of the denser saline water. A
dynamic pressure equilibrium exists between the freshwater and the underlying saline water. Pressure
changes induced by external forces (e.g., variable infiltration, tidal fluctuations and production) disrupt
the equilibrium and create a mixing zone at the interface between the two zones with a range of
salinity between fresh and fully saline (brackish water).

A hydrogeological map of the Straumsvik area (Hjartarson et al., 1992) is shown on Figure 9. Dark green
shaded areas on the map are classified as having very permeable, anisotropic rock. These areas
indicate the most productive sections of the shallow groundwater aquifer within the post-glacial lavas.
Areas classified as having permeable and semipermeable rock correspond to less productive sections
of the aquifer within lower permeability geological formations such as gragryti and hyaloclastites.

Beside the new data collected in Carbfix wells CSI-01 and CSM-01 and well KS-02 in Kaldarsel (Chapter
3.2), few definitive measurements of depth to the fresh/saline interface exist in the Straumsvik area.
Electrical conductivity measurements in well HH-02 at Hvaleyri and well VL-08 at Vatnsleysuvik indicate
that the top of the mixing zone lies at a depth of roughly 30 m b.s.I. (Figure 10). Both wells are within
150 m from the shoreline. This data along with interpretation of TEM surveys by {SOR (Chapter 3.2)
provide a very limited picture of the regional characteristics of the fresh/saline interface. As explained
in Chapter 3.2 above, available data seem to suggest a distinct change in character of the interface in
the vicinity of Straumsvik (just west of wells CSI-01 and CSM-01). It has been suggested by [SOR (2023f)
that this change in character at Straumsvik corresponds to a shift from a mountain-dominated
hydrogeological setting with high groundwater gradients towards the southeast (i.e. Blafjoll) to a low-
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lying coastal-dominated hydrogeological setting with low groundwater gradients towards the
southwest (i.e., Reykjanes peninsula).

LEKTARFLOKKAR
HYDROGEOLOGICAL CLASSIFICATION
Lekt ( Permeability )
10* 104 10+ 10° 1 m/s

Figure 9. Hydrogeological map of the Straumsvik area (Hjartarson et al., 1992).

A relatively good distribution of groundwater level measurements is available within the Straumsvik
watershed, allowing for a reasonably accurate general characterization of the groundwater surface
and regional groundwater gradients (Figure 10). The groundwater divide forming the upper limit of the
Straumsvik watershed extends from Kleifarvatn towards the northeast through the higher elevations
of the Brennisteinsfjoll and Blafjoll mountain ranges. Regional groundwater flow direction is from the
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divide towards the coastline to the northwest, with the strongest flow concentrated within highly
permeable post-glacial lava formations (Figure 10). Estimates of groundwater flow from the shallow
aquifer have been made from observations of spring flow in intertidal zones in the area. Groundwater
outflow into the ocean at Straumsvik has been estimated at roughly 8-10 m3/s, making it the second
largest coastal groundwater outflow area in Iceland behind only Lén in Kelduhverfi in NE Iceland
(Sigurdsson, 1998). In Vatnsleysuvik bay to the west of Straumsvik, groundwater outflow at the
coastline is estimated at roughly 7 m3/s (Orkustofnun, 1976).
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---- Estimated groundwater level contours (m a.s.l.)
<«—Groundwater flow direction /(
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Figure 10. Measurement locations of groundwater level and fresh/saline interface level, estimated
groundwater level contours and main groundwater flow paths.

@)

4. Numerical model

A numerical modelling approach is required to assess the potential impacts from the planned
production and injection at the Coda Terminal on the local groundwater system. Vatnaskil‘s existing
regional watershed model of southwest Iceland was used as a foundation for the modelling work.
However, due to the spatial and temporal scales of the project, an update to the watershed model was
necessary to properly simulate the planned stages of production and injection at the Coda Terminal
and assess their impacts.

4.1. Model update

Vatnaskil‘s regional watershed model of southwest Iceland covers the entire Reykjanes peninsula as
well as the Capital area (Reykjavik and surrounding municipalities) and extends eastward to Olfusa and
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northward to Hvalfjérdur. The model has been in development for over 40 years and is updated on a
regular basis for the Association of municipalities in the Capital area (SSH) and HS Orka (Vatnaskil,
2022a and 2023). The watershed model consists of two integrated hydrological models, a surface-
runoff model and a groundwater model, each one simulating a different aspect of the hydrological
cycle. The surface-runoff model utilizes a variety of meteorological input (e.g., precipitation,
temperature, humidity) produced by regional weather models and solves energy exchange equations
to calculate snowmelt and surface runoff. The model takes into account land-use and soil-type
characteristics and calculates the amount of water that infiltrates through the unsaturated zone and
down to the groundwater table. The groundwater model receives infiltration input from the surface-
runoff model, takes into account geological conditions, and simulates groundwater flow through the
saturated zone. The groundwater model is a 2D model which simulates the shallow freshwater aquifer
within the upper ~100 m of the groundwater system.

In order to account for the saline aquifer in the coastal region around Straumsvik as well as the deeper
sections of the groundwater system at target injection depths, the model was extended down to a
depth of 1100 m b.s.l. and upgraded to 3D with layering based on available geological information. The
iTOUGH2 modelling software was utilized for the 3D model as it provides flexibility through various
EOS (equation of state) modules for simulating the flow of variable density liquid under variable
background conditions. Calculated infiltration from the surface-runoff model was applied as input at
the top boundary of the updated groundwater model. Results from the regional groundwater model
were used to delineate and assign appropriate boundary conditions for the 3D model, incorporating
completely the surface and groundwater watersheds surrounding Straumsvik (Figure 11).
Furthermore, the model was extended roughly 17 km out into the ocean in order to incorporate the
saline aquifer below the seabed and therefore adequately model the intrusion of saline groundwater
below the coastline towards the southeast. Measurements of ocean bathymetry were used to define
the seabed in the model.

The updated geological model from ISOR (Figure 5) was used as a guideline for assigning rock types to
model elements (Figure 12). Hydrogeological parameters (e.g., permeability, porosity, anisotropy)
were assigned to each rock type based on published values from research and testing performed in
the local Straumsvik area and other similar geological settings in Iceland (Hjartarson et al., 1992;
Orkustofnun, 1976; Orkustofnun, 1977; Témasson and Témasson, 1966). Additionally, [SOR provided
relative permeability values for the rock types within their geological model (ISOR, 2023d), and these
were also used as a guideline during model construction. In general, permeability and porosity
decrease with depth, especially below 400 m in the Straumsvik area where geothermal alteration
becomes more prevalent, filling void spaces in rocks and hindering the flow of groundwater.
Anisotropic conditions were applied to model elements within the main fissure swarms (Figure 2) in
order to simulate preferred groundwater pathways due to fracturing.

As explained above in Chapter 3.2, the main feed zones identified in both exploration wells are within
a depth range of 320-370 m b.s.l. and according to iSOR (2023d) they most likely coincide with
lithological boundaries. In order to represent this enhanced permeability zone in the numerical model,
vertical grid resolution was increased around this depth range and a unique rock type was defined with
hydrogeological parameters corresponding to a productive water-bearing formation. The sedimentary
unit was also represented in the model with a unique rock type with relatively low permeability as
expected by iSOR (2023d).
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Figure 11. Outer boundaries of the 3D Straumsvik groundwater model.
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Figure 12. Representation of geological layering along NW-SE cross section (shown on Figure 11) in the
[SOR geological model (left) and the numerical groundwater model (right).
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4.2. Baseline model

After updating the groundwater model, a thorough assessment of the new 3D model was made to
ensure that an acceptable representation of the Straumsvik watershed had been achieved.
Adjustments and fine-tuning of input parameters were needed to produce a baseline model which
adequately simulates the natural-state conditions in the groundwater system. In the context of this
assessment, the term natural-state is used to describe the current conditions in the groundwater
system prior to commencement of the Coda Terminal. These current conditions include existing
groundwater production (e.g., at Rio Tinto and Kaldarsel) which in reality have already altered the true
natural state of the groundwater system (albeit to a relatively minor extent).

Simulated groundwater level contours and groundwater flow paths in the shallow freshwater aquifer
are shown on Figure 13. Comparison with estimated groundwater levels contours based on
measurements (Figure 10) shows that the baseline model is able to reproduces the large-scale regional
groundwater table morphology and regional groundwater flow patterns. A cross section along the
main regional groundwater flow path from Blafjoll down to Straumsvik shows that the model simulates
the measured slope of the groundwater table relatively well (Figure 14).
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Figure 13. Simulated groundwater level contours and flow paths in the shallow freshwater aquifer.
Measured and simulated groundwater levels along the yellow cross section are plotted on Figure 14.
Simulated temperature and salinity along the orange cross section are shown in Figure 16.

Simulated groundwater temperature and salinity profiles in Carbfix wells CSI-01 and CSM-01 and well
KS-02 in Kaldarsel are shown on Figure 15. The model performs well in reproducing the measured
temperature gradients in both Carbfix wells. The simulated temperature in well CSM-01 compares very
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well with measurements, however the model slightly underestimates the temperature in well CSI-01
by roughly 2-5 °C. Comparison of measured and simulated temperature in well KS-02 shows that the
model slightly overestimates the temperature in the well, particularly between 450-850 m b.s.I.
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Figure 14. Cross section (location shown on Figure 13) along the regional groundwater flow direction
from BI&fjoll to Straumsvik showing measured and simulated groundwater levels.

As discussed in Chapter 3.2 above, a variety of technical issues during drilling and disturbances to the
natural-state conditions during well testing have resulted in uncertainties in the electrical conductivity
measurements in both Carbfix wells. This makes interpretation of the measurements difficult and
limits their applicability in model validation. However, together with the TEM analysis (described in
Chapter 3.2), an initial estimation of the fresh/saline interface could be formulated and used as a rough
guideline for the baseline model. This initial estimation positions the top of the fresh/saline interface
at a depth of approximately 100 m b.s.l. in well CSI-01 and 350 m b.s.l. in well CSM-01 (estimated
interface levels shown as dashed lines on Figure 15). As Figure 15 shows, the baseline model simulates
anincrease in salinity in well CSI-01 at approximately 100 m b.s.l. which corresponds to measurements,
however, full salinity is not reached until around 230 m b.s.l. in the well. The simulated salinity in well
CSM-01 begins to increase at roughly 150 m b.s.l. and reaches full salinity at 350 m b.s.l. which
corresponds to the depth at which full salinity is measured in the well. In both wells, the model
simulates a mixing zone at the fresh/saline interface which is thicker than interpretation of available
measurements suggest. This overestimation of the thickness of the mixing zone is potentially due to
limitations on numerical spatial resolution in the model. The model simulates a slight decrease in
salinity below about 800 m b.s.l. in well CSM-01. This type of salinity inversion is observed in
measurements from both wells, but as stated in Chapter 3.2 above, it is uncertain whether this
behavior is natural or if it is caused by disturbance from drilling and/or testing of the wells. Continued
well logging is necessary in order to confirm the natural-state conditions. The model simulates
freshwater extending all the way down to the bottom of the well KS-02 (roughly 900 m b.s.l.) which
agrees with measured data.
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Simulated natural-state groundwater temperature and salinity from the baseline model are shown
along a NE-SW cross section through wells CSI-01 and CSM-01 on Figure 16. The highest temperatures
occur within a 7 km wide zone under the Carbfix wells and extending northwest. The temperature
gradient within this zone is roughly 80-90 °C/km as confirmed by measurements in the Carbfix wells.
The temperature gradient declines significantly towards the southeast as fractures within the Krysuvik
fissure swarm presumably allow the downflow of colder groundwater from the shallow aquifer (ISOR,

2023d). The temperature gradient also decreases towards the northwest end of the cross section,
presumably due to increased distance from the active volcanic zone.

The salinity cross section on Figure 16 shows how saline groundwater from the northwest (under the
ocean) intrudes landward towards the southeast and extends below the Straumsvik area. Saline
intrusion reaches its maximum landward extent (roughly 4 km inland from the coastline at Straumsvik)
at around 600 m b.s.l. Below that depth, saline intrusion decreases slightly down to 1000 m b.s.l.
Simulated natural-state groundwater salinity is shown in plan-view at four depth intervals within the
groundwater system on Figure 17. At -20 m a.s.l., saline intrusion occurs everywhere along the
coastline except at the coastal inlet at Straumsvik where freshwater discharges into the ocean. As the
figure shows, saline intrusion extends further inland with increased depth down to -525 m a.s.l. The
fresh/saline interface trends in the NE-SW direction across the Straumsvik area.
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Figure 15. Simulated temperature (left) and salinity (right) profiles in Carbfix wells CSI-01 and CSM-01
and well KS-02 in Kaldarsel. Dashed lines on salinity plot indicate estimated fresh/saline interface level
in wells CSI-01 (red) and CSM-01 (blue).
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Figure 16. Cross section (location shown on Figure 13) through Carbfix research wells CSI-01 and CSM-
01 showing simulated natural-state groundwater temperature (left) and salinity (right).
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Figure 17. Simulated natural-state groundwater salinity at four depth intervals within the groundwater
system.
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Overall, the baseline model simulates the main characteristics of the natural-state conditions in the
groundwater system within the Straumsvik watershed, producing an adequate representation of the
conceptual model and the geological and hydrological data that it is built upon. It should be stressed,
however, that research on the groundwater system is still in early stages, especially with respect to
natural-state conditions below 100 m b.s.l. This is especially true for the fresh/saline interface, as
recent data collected by [SOR in the Straumsvik area (Chapter 3.2) indicate a complex interface
morphology. Gaining a clear picture of this morphology and an understanding of the factors controlling
it should be a focus of future research. Therefore, due to limited data, a relatively high degree of
uncertainty still remains regarding the natural-state conditions in the deeper groundwater system at
Straumsvik. This uncertainty must be taken into account when interpreting the modelling results
presented below in Chapter 5. Additional research is needed in the Straumsvik area in order to more
thoroughly characterize the groundwater system, eliminate as many uncertainties as possible and
increase the predictive capabilities of the model.

5. Impact assessment

The groundwater model was used to simulate the proposed production/injection at the Coda Terminal
and assess potential impacts on the local groundwater system. Carbfix provided Vatnaskil with a list of
specific impacts to be assessed, with a focus on changes within the shallow freshwater aquifer that
could affect the environmentally sensitive areas shown in Figure 1. These impacts included changes in
the salinity and temperature of groundwater and changes in groundwater level. The capture zone of
the production wells within the shallow freshwater aquifer was also estimated. Additionally, effects of
the proposed injection on natural-state conditions within the deeper groundwater system were
examined. The fate and transport of CO; from the injection wells was modelled separately by Carbfix
and was therefore outside of the defined scope of Vatnaskil’s assessment.

5.1. Operational scenario

Carbfix supplied Vatnaskil with design parameters for the wellfield and planned production/injection
rates for incremental operational stages of the facility. The wellfield design proposed by Carbfix is
shown on Figure 18 and consists of 10 well pads (humbered from 1 to 10) distributed over an area of
roughly 5.5 km?. Vertical production wells from well pads 1-7 will extend from the well pads to depths
of roughly 50 m with the aim of producing from the shallow freshwater aquifer. Vertical production
wells from well pads 8-10 will extend deeper (>100 m) with the aim of producing saline water from
below the fresh/saline interface. Injection wells will be drilled directionally from the well pads,
remaining within a 400 m radius from the well pads (injection radius shown on Figure 18). Current
design parameters assume that injection wells would be drilled to depths of between 300-800 m.
However, it is likely that the performance of the first injection wells drilled (largely based on injectivity
rates) will play a role in determining the depths of subsequent injection wells.

The operational design strategy for the Coda Terminal calls for an operational build-up in four phases
as outlined in Table 1. The first phase commences in 2027 with the operation of 3 well pads (numbered
1-3 on Figure 18) producing 665 kg/s of freshwater and injecting 688 kg/s of carbonized water.
Additional well pads are brought online with subsequent operational phases, culminating in the final
phase (Phase 4) in which all 10 well pads are in operation, producing 2923 kg/s and injecting 3018 kg/s.
Carbfix assumes that by the time Phase 4 is implemented in 2032, they will possess the technology to
utilize saline water in the carbonation process. Therefore, well pads 8-10 will produce and inject saline
water instead of fresh water.
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Figure 18. Location of proposed Coda Terminal production/injection well pads.

Table 1. Operational design strategy for the Coda Terminal.

Well Production Injection
Operational Start padsin Per well pad Per well pad
Total [kg/s Total [kg/s
phase date use [kg/s/pad] [ke/s] [kg/s/pad] [ke/s]
2027
Phase 1 Q4 #1-3 221.8 665 229.2 688
2029
Phase 2 Q2 #1-6 221.8 1331 229.2 1375
2030
Phase 3 Q4 #1-7 285.2 1996 294.7 2063
2032
Phase 4 Q2 #1-10 292.3 2923 301.8 3018

The model was run for a 30-year operational period, from 2027 to 2057, with operational phase 4
operating for approximately 25 years. Several modelling assumptions were made in defining run
parameters for the operational scenario. Based on the feed zone analysis by ISOR (Chapter 3.2), it was
assumed that the majority of the injection fluid (80%) will enter the groundwater system within the
main feed zone depth range (320-370 m b.s.l.), with the remaining injection fluid (20%) entering minor
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feed zones between approximately 375-550 m b.s.l. The injection water was assumed to be 8 °C as
specified by Carbfix design parameters.

5.2. Results

Model results from the operational scenario were analyzed and compared with the baseline model in
order to assess changes from the natural-state groundwater conditions caused by the proposed
production/injection from the Coda Terminal. Impacts were assessed for each of the four planned
operational phases in order to analyze the progression of impacts with time and increased
production/injection rates. Simulated changes to groundwater system were analyzed, and the results
were plotted in plan-view at three depth intervals and along three cross sections through the wellfield
(Figure 19).
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Figure 19. Extent of plan-view figures and location of cross sections used for displaying simulated
impacts on the groundwater system.

5.2.1. Groundwater levels

Simulated changes to the groundwater table are shown on Figure 20 - Figure 23. The model calculates
a decrease in groundwater levels (drawdown) due to production from the Coda Terminal wellfield. The
drawdown forms a cone of depression in the groundwater table centered within the wellfield which
increases in size with increased production. Maximum drawdown increases from just over 10 cm
during operational phase 1 to approximately 20 cm during operational phase 4. The model predicts a
maximum drawdown of around 5-7 cm at the nearby Rio Tinto freshwater production wells and
between 0-4 cm at the Straumsvik coastal ponds. As calculated values of drawdown approach small
values (less than 5 cm) at the outer edges of the main cone of depression, their degree of uncertainty
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increases due to numerical limitations of the model in its current development state. Therefore,
calculated drawdown less than 5 cm should be interpreted as a possibility that drawdown could occur.

It is clear that drawdown due to production is counter-balanced by the injection. Injection induces a
pressure increase in the deeper sections of the groundwater system, which is transmitted upward
towards the surface. It provides pressure support to the shallow freshwater aquifer, reducing the
amount of drawdown that would otherwise occur if there was no injection. Pressure increase due to
injection can be clearly seen on Figure 24 - Figure 26 along cross sections 1-3. Maximum calculated
pressure increase occurs at the injection depths and dissipates outward in all directions. A pressure
decrease is calculated at the production depth under well pads 8-10 (-130 m a.s.l.) due to production
from those wells. Calculated pressure decrease is significantly lower at the production depth under
well pads 1-7 (-20 m a.s.l.) due to significant differences in rock permeability between the production
depths.

The model was run without injection (only production) in order to analyze the calculated effect of
pressure support on drawdown. Results from the test run showed that a maximum drawdown of
roughly 1.2 m was predicted by the model within the wellfield during operational phase 4. This is
approximately 1 m more drawdown than the model predicts with injection included, confirming that
pressure support does have a significant effect on limiting drawdown according to the model.

This increased pressure caused by injection is evident to the northeast and southwest of the wellfield
where the model predicts an increase in groundwater levels (Figure 20 - Figure 23). To the northeast
of the wellfield in the Hafnarfjordur area, the model predicts a maximum increase in groundwater
levels of just over 10 cm during operational phase 1, increasing up to approximately 40 cm during
operational phase 4. To the southwest of the wellfield, the model predicts an increase in groundwater
levels of just over 30 cm during operational phase 1, increasing up to roughly 1.2 meters during
operational phase 4.

The shape and extent of the areas with calculated groundwater level changes are controlled by the
hydrological and geological conditions in the groundwater system. As shown on Figure 23, the cone of
depression due to drawdown extends outward from the wellfield in the NW-SE direction, parallel to
the groundwater flow direction in the shallow groundwater aquifer. This behavior is typical of
production from highly permeable aquifers. The areas with a calculated increase in groundwater levels
are located on either side of the cone of depression and are aligned in the NE-SW direction. As
discussed above, increased groundwater levels are caused by the transfer of injection-induced
pressure upward towards the surface. The vertical transfer of pressure is focused along this NE-SW
zone due to preferred vertical pressure pathways which are most likely caused by a combination of
several hydrogeological factors. These could include 1) enhanced vertical permeability due to
fracturing associated with the Krysuvik fissure swarm, 2) alignment with the relatively high
permeability transition zone in the geological stratigraphy between glassy basalt formations to the NW
and hyaloclastite formations to the SE (see discussion in Chapter 3.2) and 3) correspondence with the
landward (freshwater) side of the fresh/saline interface.

The design parameters of the Coda Terminal call for 100% re-injection of the extracted groundwater.
Water is therefore not lost from the groundwater system; it is rather transferred from the shallow
sections of the system to the deeper sections. As shown in Table 1, there is actually a slightly higher
mass of injected water compared to the amount extracted due to the addition of CO; to the water.
Therefore, the planned production and injection will produce a net positive mass balance in the
groundwater system as a whole. The degree of vertical hydrologic connection between the shallow
and deep systems will determine to what extent the pressure decrease (due to production) and the
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pressure increase (due to injection) will counter-balance each other. As the results of the operational
scenario show, the model predicts a significant degree of vertical hydrologic connection. However,
there is still a relatively large amount of uncertainty on whether this is the case in reality. No large-
scale field testing has been performed to verify the degree of vertical hydrologic connection, and the
main parameters controlling it (e.g., vertical permeability of geological formations between the
production and injection depths, horizontal extent of injection feed zones) have a high degree of
uncertainty. Therefore, the results presented here should be viewed as initial estimations subject to
updating after experience is gained from the first large-scale pilot testing of production/injection.
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Figure 20. Simulated changes to the groundwater table during operational phase 1.
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Figure 22. Simulated changes to the groundwater table during operational phase 3.
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Figure 23. Simulated changes to the groundwater table during operational phase 4.
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Figure 24. Simulated changes to groundwater pressure along NW-SE cross section 1.
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Figure 25. Simulated changes to groundwater pressure along SW-NE cross section 2.
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Figure 26. Simulated changes to groundwater pressure along SW-NE cross section 3.
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5.2.2. Groundwater salinity

Simulated changes to groundwater salinity were analyzed, and the results were plotted in plan-view
at three depth intervals within the groundwater system and along three cross sections through the
wellfield (Figure 19).

Figure 27 shows simulated salinity changes at 0 m a.s.l. which is near the top of the freshwater aquifer
in the coastal area at Straumsvik and is within the depth range at which groundwater is entering the
coastal ponds at Straumsvik and the Rio Tinto production wells. The model calculates salinity changes
in a relatively localized area along the coastline to the northeast of well pads 8 and 9. Both an increase
and decrease in salinity are predicted (less than 5 g/kg), and the area affected by the salinity change
increases with each successive operational stage. Predicted salinity changes are less than 0.5 g/kg at
the coastal ponds at Straumsvik and the Rio Tinto production wells (which are located in the vicinity of
well pad 10, see Figure 19).

Figure 28 shows simulated salinity changes at -20 m a.s.l. which is deeper in the freshwater aquifer
and within the depth range at which well pads 1-7 are producing water. The model calculates salinity
changes in the same area as at 0 m a.s.l. to the northeast of well pads 8 and 9, but also within well pad
10 and in a large area west of the wellfield. There is more overall area affected by salinity change than
at 0 m a.s.l. due to closer proximity to the fresh/saline interface (which is being altered by the effects
of production/injection), however maximum changes remain within 5 g/kg.
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Figure 27. Simulated changes to groundwater salinity at 0 m a.s.l. in the freshwater aquifer.
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Figure 28. Simulated changes to groundwater salinity at -20 m a.s.l. in the freshwater aquifer.

Figure 29 shows simulated salinity changes at -350 m a.s.l. which is within the depth range at which
the majority of the injection water is entering the groundwater system. Predicted salinity changes at
this depth are much greater and more widespread than at the shallower depths shown above,
indicating that injection has more impact on groundwater salinity than production. The area affected
by salinity changes lies within a roughly 1-5 km band cutting across the wellfield from northeast to
southwest. This band corresponds roughly to the lateral extent of the mixing zone at the fresh/saline
interface at this depth, with saline water on the northwest side of the band, and fresh water on the
southeast side (refer to Figure 17). A predicted decrease in salinity, with a maximum decrease
exceeding 20 g/kg in operational phase 4, is centered roughly around well pad 5 at the west side of the
wellfield. This salinity decrease is caused by the injection wells forcing injected fresh water into areas
(within and below the mixing zone) with brackish and saline natural-state conditions. A predicted
increase in salinity, with a maximum increase exceeding 20 g/kg in operational phase 4, extends out in
both directions from the area with decreased salinity. The salinity increase is due to displacement of
brackish and saline water from within and below the mixing zone upward into areas with fresher
natural-state conditions within and above the mixing zone. This displacement of water is caused by
injection-induced pressure increase around the injection depths.
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Figure 29. Simulated changes to groundwater salinity at -350 m a.s.l. at the main injection depth.

The simulated changes in groundwater salinity are shown along three cross sections (locations shown
on Figure 19) on Figure 30 - Figure 32. The depth and lateral extent of the production and injection
wells are shown with black and green dotted lines respectively. Cross section 1 (Figure 30) illustrates
well how the predicted salinity changes occur within a band corresponding to the mixing zone which
slopes from NW to SE (refer to salinity cross section in Figure 16). The predicted salinity decrease is
focused mainly around the injection depth range (320-550 m b.s.l.) while the predicted salinity increase
occurs above and below the injection area.

Cross section 2 (Figure 31) also shows how the predicted salinity decrease is focused mainly around
the injection depth range, but also how the injection-induced pressure increase causes an increase in
salinity in an area extending southwest from the wellfield.

Predicted salinity changes displayed on cross section 3 (Figure 32) show a different overall character
than in the other cross sections due to its location. Cross section 3 is parallel to the coastline and
extends through well pads 9 and 10, both of which are producing and injecting saline water (unlike
well pads 1-7). The effects of deeper production (> 100 m depth) and injection of saline water can be
seen clearly on the cross section for operational phase 4 (well pads 8-10 begin operating in phase 4).
A small area of decreased salinity is predicted just above the production wells which produce from
roughly 130 m b.s.l. This salinity decrease is caused by the production wells pulling fresher water down
from within and above the overlying mixing zone. Unlike the effects of fresh injection from well pads
1-7 (Figure 29 and Figure 30), the injection of saline water at well pads 8-10 cause very little salinity
change in the immediate vicinity of the injection zone since the natural-state conditions at those
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depths are saline. An increase in salinity is predicted, however, to the southwest and northeast of the
wellfield in this area, most likely due to displacement of water caused by injection-induced pressure.

The coastal ponds at Straumsvik are located just southwest of well pad 10 on cross section 3. As
mentioned above, predicted salinity changes at the coastal ponds (elevation roughly 0 m a.s.l.) are
relatively minor (less than 0.5 g/kg). However, as shown on Figure 32, a significant salinity increase is
predicted at relatively shallow depths below the ponds. This is highlighted on Figure 33 which shows a
close-up view of the upper 200 meters of the groundwater system. As the figure shows, a salinity
increase of nearly 1 g/kg is calculated at a depth of roughly 20 m below the ponds, an increase of
between 1-5 g/kg at about 30 m depth and an increase of 10-20 g/kg at 50 m depth. The vertical extent
of salinity changes towards the surface is dependent on several factors, including vertical permeability
values and pressure effects from injection, both of which have a relatively high degree of uncertainty
associated with them. Therefore, there is a possibility that salinity changes at the coastal ponds could
be greater than predicted in the current version of the model. This emphasizes the need for monitoring
salinity and temperature in the coastal ponds as well as in the groundwater in their vicinity.
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Figure 30. Simulated changes to groundwater salinity along NW-SE cross section 1.
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Figure 31. Simulated changes to groundwater salinity along SW-NE cross section 2.
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Figure 32. Simulated changes to groundwater salinity along SW-NE cross section 3.
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Figure 33. Simulated changes to groundwater salinity in the upper 200 m of the groundwater system
along SW-NE cross section 3 (Phase 4).

5.2.3. Groundwater temperature

Simulated changes to groundwater temperature were analyzed, and the results plotted in plan-view
at three depth intervals within the groundwater system and along three cross sections through the
wellfield (Figure 19).

Figure 34 shows simulated temperature changes at 0 m a.s.l. which is near the top of the freshwater
aquifer in the coastal area at Straumsvik and is within the depth range at which groundwater is
entering the coastal ponds at Straumsvik and the Rio Tinto production wells. At this depth, the model
calculates very minimal temperature changes (< 1 °C) during the first three operational phases, and
only a minor temperature increase (1-2.5 °C) in phase 4 at small, isolated areas just west of the
wellfield. Predicted temperature changes are < 1 °C at all the coastal ponds at Straumsvik except for
the two easternmost ponds, Porbjarnarstadartjarnir (Brunntjornin) and Gerdistjarnir, where the model
predicts a temperature increase of roughly 1 °C.

Figure 35 shows simulated temperature changes at -20 m a.s.l. which is deeper in the freshwater
aquifer and within the depth range at which well pads 1-7 are producing water. Similar to 0 m a.s.l,,
the model calculates very minimal temperature changes (< 1 °C) during the first three operational
phases at -20 m a.s.l. During phase 4, the model predicts a temperature increase of up to 5 °C along
the western boundary of the wellfield. There is more overall area affected by temperature change than
at 0 m a.s.l. due to closer proximity to the fresh/saline interface, which is being altered by the effects
of production/injection.

Figure 36 shows simulated temperature changes at -350 m a.s.l. which is within the depth range at
which the majority of the injection water is entering the groundwater system. Predicted temperature
changes at this depth are much greater and more widespread than at the shallower depths shown
above, indicating that injection has more impact on groundwater temperature than production. The
model results show clearly how the injection of 8 °C water cools the warmer natural-state groundwater
at this depth. Model results show very localized cooling effects within each well pad radius as well pads
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come online with each successive operational phase. Cooling effects extend slightly outside the
wellfield during operational phase 4, and an increase in temperature is also predicted to the northeast
and southwest of the wellfield, corresponding to the simulated salinity increase (see Phase 4 on Figure
29).

The simulated changes in groundwater temperature are shown along three cross sections (locations
shown on Figure 19) on Figure 37 - Figure 39. The depth and lateral extent of the production and
injection wells are shown with black and green dotted lines respectively. Cross section 1 (Figure 37)
illustrates well how the predicted cooling occurs in the immediate vicinity of the injection wells. The
model predicts an increase in temperature between the production and injection depths, most likely
due to displaced water from below.

Cross section 2 (Figure 38) also shows how the predicted cooling is focused mainly around the injection
depth range, but also how the injection-induced pressure increase causes an increase in temperature
in an area above and extending southwest from the wellfield.

Predicted temperature changes displayed on cross section 3 (Figure 39) show minimal (< 1 °C)
temperature changes during operational phases 1-3, as there is no production or injection along the
cross section during these phases. Well pads 8-10 come online in phase 4 as can be seen from the cross
section. As with the other well pads (1-7), injection causes localized cooling focused mainly around the
injection depth range, with an increase in temperature above and adjacent to the cooling zone caused
by displaced water from below.
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Figure 34. Simulated changes to groundwater temperature at 0 m a.s.l. in the freshwater aquifer.
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Figure 35. Simulated changes to groundwater temperature at -20 m a.s.l. in the freshwater aquifer.
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Figure 36. Simulated changes to groundwater temperature at -350 m a.s.l. at the main injection depth.
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Figure 37. Simulated changes to groundwater temperature along NW-SE cross section 1.
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Figure 38. Simulated changes to groundwater temperature along SW-NE cross section 2.
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Figure 39. Simulated changes to groundwater temperature along SW-NE cross section 3.

5.2.4. Capture zone

The model was used to estimate the capture zone of the Coda Terminal production wells. Capture
zones extend upgradient from production wells and indicate the region of the groundwater system
that contributes water to the wells. The results are shown in Figure 40. The capture zone extends
towards the southeast up to the model boundary at the groundwater divide. The shape and extent of
the capture zone reflects the direction of the regional groundwater flow paths (Figure 10). The capture
zone is rather narrow near the wellfield but widens sharply within the Krysuvik fissure swarm to the
southeast where groundwater flow is enhanced in the main fracture direction (NE-SW).
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5.3. Summary

A summary of the main results of the impact assessment with regards to changes in groundwater
levels, salinity and temperature are provided in Table 2.

The model predicts a maximum drawdown of 7 cm at the nearby Rio Tinto freshwater production wells
and between 0-4 cm at the Straumsvik coastal ponds. As stated previously, calculated drawdown
values less than 5 c¢cm have an increased degree of uncertainty and should therefore not be
overinterpreted. Nevertheless, they do indicate a possibility of drawdown near the ponds. A maximum
drawdown of 7 cm at the Rio Tinto production wells is considered relatively low and unlikely to have
significant effects on their production capacity, although this should be monitored during pilot testing
of production/injection.

An increase in groundwater levels of as much as 40 cm is predicted to the northeast of the wellfield.
Previous research indicates that Astjérn, Hvaleyrarvatn and Urridavatn all have some degree of
hydrological connection with the groundwater system (Orkustofnun, 2001). Therefore, it is possible
that the predicted increase in groundwater level at the lakes may lead to increased inflow (spring flow)
into them. However, local geological conditions control outflow/leakage from the lakes and act as a
natural buffer such that increased inflow will result in increased outflow (Orkustofnun, 2001). This
limits both the maximum water level in the lakes as well as the amount of fluctuation in water levels.
Therefore, it is considered unlikely that the predicted increase in the groundwater level in the vicinity
of the lakes will have a significant effect on the water level in them. Nevertheless, it is recommended
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to monitor lake levels and surrounding groundwater levels during the construction and operation of
the Coda Terminal. This monitoring is already underway at Astjérn and Hvaleyrarvatn. It is not known
whether monitoring is currently being performed at Urridavatn.

A maximum increase in groundwater levels of roughly 1.2 meters is predicted to the southwest of the
wellfield. Although this is a significant change, it is unlikely to have any direct environmental impact
due to the depth of the groundwater table. According to the groundwater model, the average depth
from the land surface down to the groundwater table is around 100 m in this area.

Although considerable increases in groundwater levels are predicted in the areas mentioned above,
they are considered unlikely to have a significant effect on the regional groundwater flow patterns, as
they occur in regions where the natural-state groundwater gradients are relatively high (Figure 13). It
is important to note, however, that there is still a relatively large amount of uncertainty regarding the
degree of vertical hydrologic connection in the groundwater system. Therefore, the groundwater level
changes predicted by the model should be viewed as initial estimations subject to updating after
experience is gained from pilot testing of production/injection. No changes in groundwater level are
predicted at the existing production wells at Kaldarsel.

Table 2. Predicted groundwater impacts of the operational scenario.

Groundwater
level change Salinity change Temperature change
Environmentally [cm] [g/kel [°c]
sensitive area
Maximum Maximum Mean Maximum Mean
Ottarstadar-
. 0 +0.3 <+0.1 <+0.1 <+0.1
tjarnir
Brunntjérn -2 +0.4 +0.2 +0.3 +0.1
Porbjarnarstadar-
tjarnir -4 +0.4 +0.2 +1.0 +0.4
(Brunntjérnin)
Gerdistjarnir -4 +0.3 +0.2 +1.0 +0.4
Rio Tinto
. -7 +0.5 +0.3 +1.3 +0.8
production wells
Astjorn +30 0 0 0 0
Hvaleyrarvatn +40 0 0 0 0
Urridavatn +20 0 0 0 0
Production wells
0 0 0 0 0

at Kaldarsel

Maximum predicted salinity changes are < 0.4 g/kg at the coastal ponds at Straumsvik. According to
Icelandic drinking water standards, the maximum salinity limit for drinking water is 0.4 g/kg. Therefore,
this amount of salinity increase in the freshwater ponds will not affect their water quality classification
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(i.e., the water will remain fresh). Maximum predicted salinity changes are 0.5 g/kg at the Rio Tinto
production wells. It is uncertain whether this amount of salinity change would affect their utilization
of the produced water. No salinity changes are predicted at Astjorn, Hvaleyrarvatn, Urridavatn nor the
existing production wells at Kaldarsel.

Maximum predicted groundwater temperature changes are as much as +1 °C at the coastal ponds at
Straumsvik. It is assumed that there are natural-state fluctuations in the water temperature in the
ponds, and the degree of those fluctuations will likely determine to some extent what type of
environmental impacts, if any, the predicted groundwater temperature increase could have on the
ponds. Maximum predicted temperature changes are +1.3 °C at the Rio Tinto production wells. It is
uncertain whether this amount of temperature increase would affect their utilization of the produced
water. No temperature changes are predicted at Astjorn, Hvaleyrarvatn, Urridavatn nor the existing
production wells at Kaldarsel.

It is important to understand the general behavior of the groundwater system (i.e., its response to the
production/injection) when assessing potential environmental impacts. The pressure increase induced
by injection is a key factor in this behavior, as it clearly plays a major role in causing changes in the
groundwater system. This injection-induced pressure increase provides significant pressure support to
the shallow freshwater aquifer, reducing drawdown due to production and causing a rise in
groundwater levels. The injection-induced pressure increase also has a significant effect on
groundwater salinity and temperature, mostly in the deeper sections of the groundwater system, but
also extending up into the shallow freshwater aquifer to some extent. The model calculates relatively
minor changes in the top section of the freshwater aquifer where environmentally sensitive areas are
located (e.g., where groundwater is entering the coastal ponds and Rio Tinto production wells).
However, calculated changes to salinity and temperature are greater in the lower sections of the
freshwater aquifer as can be seen on the cross section figures in Chapter 5.2.2 and Chapter 5.2.3. As
explained in detail earlier, the scale and magnitude of the injection-induced pressure increase is largely
determined by the degree of vertical hydrologic connection in the groundwater system, which is
controlled by several parameters which have a high degree of uncertainty. The vertical extent within
which groundwater salinity and temperature are affected significantly is therefore subject to a degree
of uncertainty, which needs to be addressed with future work. Additional research and field testing is
necessary to verify the degree of vertical hydrologic connection in the system. Also, a robust
monitoring program is needed in and around environmentally sensitive areas to determine baseline
conditions and track potential changes during operational phases.

5.4. Drought conditions

Groundwater levels fluctuate naturally due to variability in infiltration caused by short- and long-term
meteorological conditions. The magnitude and severity of impacts from groundwater production and
injection can be affected by the state of the groundwater system. Typically, a shallow groundwater
aquifer is considered more sensitive to impacts from production when regional groundwater levels are
low (e.g., during extended drought periods).

The model was used to simulate drought conditions in order to estimate the effects of low
groundwater levels on the impacts of the Coda Terminal. An analysis of historical groundwater levels
was performed to determine appropriate infiltration rates to specify in the new drought scenario. One
of the longest measured groundwater level time-series in southwest Iceland is in well | (formerly
vhm189) in Heidmork. The well contains over 50 years of continuous measurements (Figure 41). The
lowest recorded groundwater levels in the well occurred in consecutive years, 2010 and 2011, during
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an extended period of below average precipitation for the area. A 3-year average infiltration rate was
calculated using the 2-year extended drought period and the year leading up to it (2009). This 3-year
infiltration rate is roughly 12% less than the 50-year average rate which was used in the original
operational scenario (defined in Chapter 5.1). The 3-year average infiltration rate representing drought
conditions and low groundwater levels was utilized to re-run the operational scenario.
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Figure 41. Measured groundwater levels in well | (vhm189) in Heidmork.

Model results from the drought scenario were analyzed and compared with the original operational
scenario. Comparison of the model results showed relatively minor differences between the scenarios,
indicating that drought conditions do not have a significant influence on changes in the groundwater
system due to production/injection from the Coda Terminal.

An example is shown on Figure 42, which compares model results for simulated salinity change at O m
a.s.l. during operational phase 4. The figure shows the same maximum salinity changes and only a
slight increase in the area affected by those changes in the drought scenario.

Comparison of temperature changes at -20 m a.s.l. during operational phase 4 is shown on Figure 43.
As with salinity, there is no difference in the maximum changes, however the area affected by
temperature changes is slightly larger in the drought scenario.

Analysis of groundwater level changes and capture/advection zones show only slight variations
between the original operational scenario and the drought scenario, supporting the conclusion that
drought conditions do not significantly increase impacts on the groundwater system due to
production/injection from the Coda Terminal.
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Figure 42. Simulated changes to groundwater salinity at 0 m a.s.l. in the freshwater aquifer from
original operational scenario (left) and drought scenario (right).
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Figure 43. Simulated changes to groundwater salinity at -20 m a.s.l. in the freshwater aquifer from

original operational scenario (left) and drought scenario (right).

Although changes to the groundwater system are not drastic due to the simulated drought conditions,
there are slight changes to the impacts predicted at the environmentally sensitive areas as shown in
Table 3. Compared to the operational scenario, the model predicts a slightly higher increase in salinity
and temperature at Porbjarnarstadartjarnir (Brunntjoérnin), Gerdistjarnir and the Rio Tinto production

wells for the drought scenario.
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Table 3. Predicted groundwater impacts of the drought scenario.

Groundwater
level change Salinity change Temperature change
Environmentally [cm] [g/ke] [°c]
sensitive area
Maximum Maximum Mean Maximum Mean
Ottarstadar-
L 0 +0.2 <+0.1 <+0.1 <+0.1
tjarnir
Brunntjorn -2 +0.4 +0.2 +0.3 +0.1
Porbjarnarstadar-
tjarnir -4 +0.5 +0.2 +1.2 +0.4
(Brunntjornin)
Gerdistjarnir -4 +0.4 +0.2 +1.1 +0.4
Rio Tinto
. -7 +0.7 +0.5 +1.5 +0.9
production wells
Astjorn +30 0 0 0 0
Hvaleyrarvatn +40 0 0 0 0
Urridavatn +20 0 0 0 0
Production wells
0 0 0 0 0

at Kaldarsel

5.5. Sensitivity scenario

Although research commissioned by Carbfix (through borehole drilling/sampling and TEM/micro-TEM
surveys) provided valuable information on the morphology of the fresh/saline interface (Chapter 3.2
and 3.3), a comprehensive understanding of the interface has still not been achieved. There remains
uncertainty on the depth to the interface, especially below well pads 1-7. The current groundwater
model simulates the position of the interface at roughly -100 m a.s.l. to -600 m a.s.l. below well pads
1-7 (Figure 17). This results in the vast majority of the defined injection at well pads 1-7 occurring
within or below the interface (i.e., in brackish and saline groundwater) in the operational scenario.
Only well pad 4, which is furthest to the southeast, is injecting into completely fresh groundwater
according to the current baseline model.

Previous modelling work performed by Vatnaskil during early design stages of the Coda Terminal
indicated that the location of the wellfield in relation to the fresh/saline interface was an important
factor controlling the degree of impacts predicted by the model. Initial modelling results suggested
that impacts on the salinity and temperature of the shallow freshwater aquifer were less when
injection was focused in the freshwater sections of the groundwater system as opposed to the saline
sections. As described in Chapter 4.2, the model overestimates the groundwater salinity between
roughly -100 and -350 m a.s.l. at Carbfix well CSM-01, which is close to well pad 5. It is possible,
therefore, that the model also overestimates the groundwater salinity below other well pads to the
southeast of well pad 5 (i.e., well pads 1, 2, 3, 6 and 7). If this is indeed the case, then it is possible that
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the impacts on the salinity and temperature of the shallow freshwater aquifer predicted in the
operational scenario (Chapter 5.2) are overly pessimistic.

In order to investigate this possibility and assess the sensitivity of the location of injection with respect
to the fresh/saline interface, a hypothetical production/injection scenario (scenario WP-4) was
evaluated. The scenario was defined such that production and injection occur only at well pad 4 (no
other well pads were active). This ensured that injection occurs only into fresh groundwater to the
southeast of the fresh/saline interface (as the current Carbfix design plans call for at well pads 1-7). It
should be stressed that scenario WP-4 is only a hypothetical scenario. In reality, it is not feasible to
concentrate all production/injection at only one well pad. The purpose of scenario WP-4 was to
account for uncertainties in the location of the fresh/saline interface below the Carbfix wellfield and
to give an indication of the degree of impacts in the freshwater aquifer if the Carbfix design plans are
fulfilled. Figure 44 shows a comparison of calculated groundwater salinity at the main injection depth
(-343 m a.s.l.) between the operational scenario and scenario WP-4. With a majority of the injection
occurring within or below the fresh/saline interface at well pads 1-7 (operational scenario), a major
alteration to the morphology of the interface is predicted by the model at this depth. Calculated salinity
for scenario WP-4, however, is similar to the baseline (natural-state) conditions simulated by the model
(Figure 17), indicating that scenario WP-4 causes minimal disruption to the natural groundwater
conditions at this depth.

Operational Scenario Scenario WP-4

400

North [km]
Salinity [g/kg]

395

350 355
East [km] East [km]

Figure 44. Simulated groundwater salinity at -343 m a.s.l. for the operational scenario (left) and
scenario WP-4 (right). Active well pads for each scenario are highlighted in yellow.

The impacts of scenario WP-4 on groundwater salinity and temperature can be seen on Figure 45,
which shows the calculated change in salinity and temperature along NW-SE cross section 1.
Comparison with the operational Scenario shows that scenario WP-4 causes significantly less overall
impact on groundwater salinity and temperature, especially within the upper 100 m at the Rio Tinto
wellfield (and nearby coastal ponds).

In summary, results from the hypothetical scenario WP-4 indicate that the background conditions at
the injection depths play a key role in the salinity and temperature effects predicted by the model.
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Injecting freshwater into fresh background conditions causes less impact on the natural state of the
groundwater system than injecting freshwater into saline background conditions. Therefore, if the
baseline model overestimates the extent of saline intrusion inland (as available measurements
indicate), then the impacts on groundwater salinity and temperature predicted in the operational
scenario (Chapter 5.2) are most likely conservative. This highlights the importance of further research
to map with more certainty the fresh-saline interface in the vicinity of the proposed Coda Terminal
wellfield. Furthermore, the results of the hypothetical scenario provides a foundation for potential
mitigation measures in the final design of the wellfield.
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Figure 45. Simulated changes to groundwater salinity along NW-SE cross section 1 for the operational
scenario (upper left) and scenario WP-4 (upper right). Simulated changes to groundwater temperature
along NW-SE cross section 1 for the operational scenario (lower left) and scenario WP-4 (lower right).

6. Water Framework Directive

The planned Coda Terminal is located within the Straumsvikurstraumur groundwater body
(grunnvatnshlot) as shown on (Figure 46). The total area of the defined groundwater body is 332,1
km?. The environmental goals of this groundwater body are to ensure good quantity and quality of
water. Risks are not defined. Adjacent groundwater bodies are also within the influence area of the
Coda Terminal as predicted by the groundwater model, in particular Kleifarvatn no. 104-264-G to the
south and Stér-Reykjavik no. 104-261-2-G to the northeast. The assessment below focuses on
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Straumsvikurstraumur as the primary groundwater body impacted by the planned Coda Terminal
operations, but also applies to the adjacent groundwater bodies.
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Figure 46. Location Straumsvikurstraumur, no. 104-265-G. From vatnavefsja (vatnavefsja.vedur.is).

According to the Icelandic Water Plan (Vatnadaetlun Islands) 2022-2027, the following two
classification elements should be assessed when determining impacts on a groundwater body:

1) Physical quantity

Groundwater levels are defined in regulation no. 535/2011 as a measure of how much impact,
direct or indirect, water abstraction has on the physical quantity of groundwater bodies.
Groundwater levels are assessed to ensure that the height of the groundwater table must be such
that the average water withdrawal per year in the long term does not exceed the available
groundwater resource. Quantitative status is classified as either good or poor.

2) Chemical quality

When determining the chemical quality of groundwater bodies, both electrical conductivity and
concentration of pollutants should be assessed. Electrical conductivity values should not indicate
the intrusion of saline water into the groundwater body, and the concentration of pollutants shall
not exceed environmental limits. Qualitative status is classified as either good or poor.

The current assessment focuses on the area within the numerical groundwater model which covers
only a part of the Straumsvikurstraumur groundwater body but extends into other adjacent
groundwater bodies, as mentioned above. It is assumed that any impacts imposed by the Coda
Terminal production/injection on the groundwater body will not extend beyond the model boundaries.
This is in agreement with the model results presented above. The main physical and chemical
characteristics of the groundwater body within the model boundaries are described in Chapters 2 and
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3 above, and the current state of the groundwater body is represented by the baseline model
presented in Chapter 4.2.

6.1. Impacts on physical quantity

Estimated groundwater outflow into the ocean at Straumsvik from the shallow freshwater aquifer is
estimated at roughly 8-10 m3/s. The total planned production at the Coda Terminal is approximately 3
m3/s, with roughly 2 m3/s being produced from the freshwater aquifer and roughly 1 m3/s being
produced from the underlying saline aquifer from well pads 8-10 (Table 1). Results from the
operational scenario (Chapter 5.2) show that the planned production/injection causes relatively little
drawdown of the groundwater table. Both the extent and magnitude of estimated drawdown are small
relative to the overall size of the groundwater body and natural groundwater fluctuations within it.
This is due to several factors, one being the high permeability of the recent lava formations in which
the freshwater aquifer lies. The other factor is the substantial amount of pressure support induced by
the injection, which counterbalances the drawdown from production. Injection induces a pressure
increase in the deeper sections of the groundwater system, which is transmitted upward towards the
surface. It provides pressure support to the shallow freshwater aquifer, reducing the amount of
drawdown that would otherwise occur if there was no injection. Since 100% of the produced water
will be injected back into the groundwater body, there is essentially no net withdrawal from the
groundwater body as a whole. Groundwater is merely moved from the shallow section of the
groundwater system (upper ~200 m) to the deeper sections (> 300 m b.s.l.). Therefore, the planned
production/injection at the Coda Terminal is considered unlikely to have measurable effects on the
amount of groundwater outflow into the ocean at Straumsuvik.

Results from the operational scenario (Chapter 5.2) show that very little drawdown is predicted at the
coastal ponds at Straumsvik, indicating that groundwater flow into the ponds is unlikely to be impacted
by the production/injection from the Coda Terminal. Additionally, no impacts on groundwater levels
are predicted at the closest drinking water protection area at Kaldarsel. An increase in groundwater
levels is predicted at lakes east of the wellfield (Astjérn, Hvaleyrarvatn and Urridavatn) which could
potentially result in increased groundwater inflow but is unlikely to have a significant effect on the lake
levels.

Overall, estimated impacts from production/injection at the Coda Terminal on the physical quantity of
the Straumsvikurstraumur groundwater body are considered minimal and are not expected to affect
the environmental objectives of the groundwater body. Predicted changes to the groundwater table
(Chapter 5.2.1) are not likely to change natural-state groundwater flow paths nor the quantity of
groundwater.

6.2. Impacts on chemical quality

Potential groundwater pollution associated with the construction and operation of the Coda Terminal
was not within the scope of the current assessment, and therefore cannot be commented on here.
Saline intrusion, however, was considered as part of the assessment. Results from the operational
scenario (Chapter 5.2) show that the planned production/injection will affect groundwater salinity.
Significant changes to groundwater salinity are predicted in the deeper sections of the groundwater
system, however predicted salinity changes are relatively minor at the top of the freshwater aquifer
where environmentally sensitive areas are located. Maximum predicted salinity changes are < 0.4 g/kg
at the coastal ponds at Straumsvik. According to Icelandic drinking water standards, the maximum
salinity limit for drinking water is 0.4 g/kg. This amount of salinity increase in the freshwater ponds will
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not affect their water quality classification (i.e., the water will remain fresh). Maximum predicted
salinity changes are 0.5 g/kg at the Rio Tinto production wells. It is uncertain whether this amount of
salinity change would affect their utilization of the produced water. No salinity changes are predicted
at Astjorn, Hvaleyrarvatn, Urridavatn nor the existing production wells at Kaldarsel.

Overall, estimated impacts from production/injection at the Coda Terminal on the chemical quality
(with regard to salinity) of the Straumsvikurstraumur groundwater body are considered minor and are
not expected to affect the environmental objectives of the groundwater body.

7. Conclusions

The Straumsvik watershed is characterized by a set of relatively complex hydrogeological conditions.
Hydrogeological research in the coastal region at Straumsvik is still in the early stages, especially
investigations focused on the deeper sections of the groundwater system (> 100 m), as only two deep
wells (CSI-01 and CSM-01) have been completed to date. Therefore, significant gaps remain in the
conceptual model of the local groundwater system, creating uncertainties which impose limitations on
numerical modelling efforts. Despite these limitations, the model can still provide an initial estimate
of potential environmental impacts from the proposed production and injection of the Coda Terminal.
The following main conclusions can be drawn from the modelling results:

e The drawdown due to production is relatively small due to the hydrogeological conditions in
the freshwater aquifer (e.g., high permeability and high groundwater flow) and the pressure
support provided by injection.

e A rise in groundwater levels is predicted due to pressure support provided by injection.
Increased pressure due to injection is substantial due to the hydrogeological conditions in the
deeper sections of the groundwater system (e.g., low permeability and low groundwater flow).

e Changes in groundwater levels are not likely to significantly affect the natural-state regional
groundwater flow (direction and magnitude).

e Changes to groundwater salinity and temperature at the top of the freshwater aquifer (above
-20 m a.s.l.) are relatively small and therefore are not likely to cause significant environmental
impacts.

e Changes to groundwater salinity and temperature below -20 m a.s.l. are relatively large,
however they do not significantly impact environmentally sensitive areas.

e The planned production/injection at the Coda Terminal is not likely to negatively affect current
groundwater producers in the area, although a slight increase in salinity and temperature are
predicted at the Rio Tinto production wells.

e Drought conditions are not likely to have a significant influence on the impacts of
production/injection from the Coda Terminal.

o Although predicted changes to groundwater levels, salinity and temperature at the top of the
freshwater aquifer are relatively small, it is not possible to rule out the possibility of some
environmental impacts. Model limitations and lack of available data on the degree of
sensitivity of potentially affected natural (coastal ponds and inland lakes) and industrial (Rio
Tinto’s groundwater utilization) systems result in uncertainties in the model results. Therefore,
groundwater monitoring in the vicinity of environmentally sensitive areas (outlined in Chapter
2) is recommended.
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It is recommended that continued hydrogeological research focus on filling gaps in the current
conceptual model, especially with respect to the morphology of the fresh/saline interface and the
degree of hydrologic connection between the shallow freshwater aquifer and the deeper sections of
the groundwater system. According to the model results, these two aspects of the conceptual model
play a significant role in determining the degree of impacts on the freshwater aquifer.

Carbfix is currently in the process of drilling their third research well, CSM-02, which is located next to
well pad 1. It is assumed that a robust set of measurements and testing will be performed in the well,
providing valuable new hydrogeological information. Additional TEM surveys in the coastal area at
Straumsvik are suggested in order to gain a clearer understanding of the morphology of the
fresh/saline interface at Straumsvik. Carbfix plans on conducting pilot tests of production and injection,
which should provide the first direct measurements of impacts on the groundwater system as well as
an indication of the vertical hydrologic connection in the groundwater system.

Due to the scale and magnitude of the proposed production/injection at the Coda Terminal, a robust
groundwater and surface water monitoring program is needed to register the current state of the
groundwater system (pre-operational) and to detect potential changes to the system once the first
operational stages begin. Parallel updates to the groundwater model as new research and monitoring
data become available may provide further support in lowering uncertainties and revising the initial
impact assessment.
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Utdrattur

Coda Terminal er mottoku- og geymslustéd fyrir koldioxid (CO,) sem fyrirhugad er ad reisa
i Straumsvik. Vid full afkost er dsetlad ad stédin muni geta tekio vid allt ad 3 Mt af COq 4
ari sem leyst verour i vatni og deelt 1 geymslugeymi en pannig er leysnibindingu nad strax vio
nidurdaelingu. COs-hladni nidurdeelingarvokvinn hvarfast svo vid basaltberg geymslugeymisins
og leysir ir malma sem ganga { efnasamband vid CO, og mynda steindir. Pannig bindist CO,
varanlega 1 berggrunninum.

Geymslugeymirinn samanstendur af hraunlagasyrpum fra hlyskeidum, mébergi og glerjudu
basalti. Bergfraedileg einkenni og steindasamsetning bergsins syna ad um basalt er ad raeda sem
rikt er af frumsteindum & bord vid plagioklas, pyroxen og i minna meeli 6livin. Laghitaummyn-
dunarsteindir & bord vid smektit og zedlita eru til stadar nedan 400 m u.s. Engin skyr merki
eru um sprungur eda misgengi 4 Straumsvikursveedinu, hvorki & yfirbordi né i borholugégnum.
Lekt 1 efstu 1000 m jarolagastaflans er ad mestu bundin vio jardlagamoét milli hraunlaga og er
larétt lekt rikjandi & sveedinu. Adeelingarprof { rannsoknarborholum Carbfix CSI-01 og CSM-01
syna ad mesta lekt a4 sveedinu er & milli 300-400 m u.s. dypi og benda borholugdgn til pess ad
lektin tengist jarolagamotum. Bédar holurnar syna litla lekt nedan 500 m u.s.. Inn til landsins
er vokvinn 1 geymslugeyminum ferskt grunnvatn en neer stréondinni er einnig jardsjé ad finna.
Par sem jardsjor er til stadar er fsalt blandlag milli ferskvatns og jardsjavar. Hitameaelingar {
CSI-01 og CSM-01 benda til bess ad hitastigull i geymslugeyminum sé & bilinu 80-90°C /km.

Gogn um jarofreedilegar adstaedur 4 sveedinu voru notud til ad proa jarofreedi- og hugmyn-
dalikan fyrir geymslugeyminn. Pessi likon voru svo notud sem grunnur ad reiknilikani fyrir
geymslugeyminn. Reiknilikanid var 1atid herma nattirulegt dstand geymslugeymisins med tilliti
til prystings, hita, seltu, flaedis, COs-innihalds og edlispyngdar vokvans. Pegar nidurstodur her-
mana eru bornar saman vid fyrirliggjandi gogn af sveedinu synir pad ad reiknilikanid hermir
nattirulegt astand svaedisins 4 fullnsegjandi hatt og pvi var haegt ad nota nidurstodur pess til
ad herma ymsar svidsmyndir fyrir nidurdaelingu og vatnstoku & svaedinu.

Hermanir voru framkveemdar til ad &setla 1) hamarksdreifingu COs i geymslugeyminum,
2) stodugleika leysnibindingar COy { geymslugeyminum og 3) dreifingu edlishyngdar vokva a
sveedinu. Reiknilikon voru latin herma kerfio i 30 ar sem er fyrirhugadur liftima Coda Terminal
og var hermd nidurdeeling & COs & sveedinu aukinn i fjorum prepum upp i 3 Mt { samreemi
vid prepaskiptingu verkefnisins. Einnig voru reiknilikdnin latin herma stodu kerfisins 1 100
ar eftir a0 nidurdeelingu vegna verkefnisins er haett 4 svaedinu. Reiknilikonin voru ekki latin
herma &hrif efnahvarfa, s.s. steinnrenningu CO,, & dreifingu COs og syna pau pvi aetlada
hamarksdreifingu CO, 4 sveedinu byggt a4 peim forsendum b.e.a.s. ad ekkert COy steinrennist.
Reiknilikanid sem er notad til grundvallar fyrir likonin hermir varmafraedilega eiginleika HyO-
CO3-NaCl vokva, par & medal edlisbyngd hans og leysni COs { honum. Reiknilikanid hermir
adstreymis- og sveimisflaeedi HoO-CO4-NaCl vokva { margvioum, misleitum kerfum.

Niodurstodur reiknilikana fyrir hdmarksdreifingu COq 1 geymslugeyminum bendir til ad allt
nidurdeelt CO, haldist bundid innan geymslusveedisins 4 liftima verkefnisins og ad ekkert CO,
naer upp i efri 16g grunnvatnskerfisins (< 100 m u.s). Haetta 4 COq-leka vegna flaedis eda
afgosunar & uppleystu CO; er talin hverfandi og par af leidandi er ekki talid ad nidurdeelingin
muni hafa ahrif & syrustig grunnvatns a sveedinu. Nidurstéour reiknilikana syna ad hitastig {
geymslugeyminu naerri nidurdaelingarholum leekkar vegna nidurdeselingarinnar. Prystingur gaeti
aukist um allt ad 25 bor 1 geymslugeyminum & 300 - 1000 m u.s. dypi vegna nidurdeelingar
vatns. Litlar prystingsbreytingar verda i efri 16gum grunnvatns & sveedinu og likén syna ad
brystingsaukning i geymslugeymi hefur ekki i {6r med sér ad CO4 berist 1 efri 16g grunnvatns a
svaedinu. Likanareikningar benda til pess ad prystingsbreytingar gangi ad mestu til baka eftir



100 ar en breytingar & hita eru mun heegari vegna takmarkads nattarulegs hitaflaedis 4 sveedinu.

Nidurstodur hermana syna ad nidurdeeling hefur dhrif 4 seltumagn i geymslugeyminum en
mestu breytingar & seltumagni munu eiga sér stad i fjoroa afanga verkefnisins. Adeins minni-
hattar seltubreytingar sjast i efri 16gum grunnvatnskerfisins 4 svaedinu (< 100 m u.s). P4 benda
hermanir til pess ad selta breytist { att ad nattirulegu astandi en 6vist er hversu langan tima st
breyting tekur. Nidurstoour reiknilitkana syna ad geymslugeymirinn i Straumsvik er fysilegur
kostur fyrir nidurdeelingu & CO, leystu { vatni 4 storum skala (Mt). Hermanir syna einnig ad
umhverfisahrif & geymslugeyminn, geymslusveedid og neerliggjandi umhverfi eru takmorkud.

Nidurstodur hermana vegna verkefnisins eru hadar ymsum évissum s.s. vegna ovissu 1 steerd
jarofraedilegrar misleitni & svaedinu, dvissu { meeligdognum, 6vissu 1 tulkun og framreikningi meeli-
gagna sem og Ovissu vegna tolulegra nalgana i reiknilikonunum. Peir ¢vissupaettir sem taldir
eru hafa hvad mest ahrif & reiknilikénin af sveedinu eru dypi og pykkt blandlags milli ferskvatns
og jardsjos sem og steerdargrada vatnafreedilega tengsla, s.s. vatnsleidni, milli geymslugeymis
og yfirbords. Naudsynlegt er ad safna frekari gognum af sveedinu til ad minnka 6vissu & pes-
sum pattum en pad munu auka arsedanleika og forspargetu likana af sveedinu. Nidurstodur
reiknilikananna setti ad nytast vio ahsettumatsgerd og adstoda vid ad taka upplystar akvardanir
vid mat & umhverfisahrifum.



Abstract

The Coda Terminal is a mineral storage project located at Straumsvik in the Southwest of
Iceland which, at full capacity, will receive and store up to 3 MtCO, per year via mineral
trapping. Mineral storage of CO involves the injection of dissolved CO into a mafic reservoir
and relies on immediate solubility trapping of CO;y followed by rapid in-situ mineralization
of CO, via interaction with the host rock. The storage reservoir for the Coda Terminal is
composed of a succession of interglacial lava flows, hyaloclastites, and/or glassy basalts. The
lithology and mineralogy are consistent with basaltic rocks rich in primary minerals including
plagioclase, pyroxene, and to a lesser extent olivine. Small amounts of alteration minerals
such as smectites and zeolites are also present in the subsurface below -400 m a.s.l. No clear
evidence of faults or fissures has been found in the Straumsvik area although it is close to known
SW-NE fissure swarms. The permeability in the upper 1000 m of the subsurface is controlled
by lithological contacts between lava flows and is characterized by an anisotropic permeability
field, in which the horizontal permeability is dominant. Injectivity tests in wells indicate that
most of the permeability in the storage reservoir is between -300 m a.s.l. and - 450 m a.s.l., and
is linked to lithological contacts. The storage reservoir fluid ranges from fresh groundwater,
inland of the site, to saline water closer to the shore. The saline and fresh water in the area is
separated by a thin layer of brackish water known as the saltwater-freshwater interface. The
temperature within the storage reservoir is between 20 to 90°C.

A geological model (Helgadottir et al., 2023) and a conceptual model of the storage complex
were developed. These models were used to construct a natural state, or baseline, model of the
reservoir. The natural state model simulates the reservoir conditions, e.g. temperature, salinity,
COg content, and natural fluid flow prior to anthropogenic activity in the area. The results
of the natural state simulations were found to reproduce the available field data in the area
satisfactorily. Following the development of the natural state model, a forecast reservoir model
was created which simulated COs injection into the subsurface over a duration of 30 years. The
forecast model also simulated a 100 year post closure period after 30 years of CO5 injection. The
forecast reservoir model was used to simulate the behavior of the injected CO, and to predict
where it will interact with geologic structures and rocks in the reservoir. The forecast model
uses a conservative transport numerical scheme, i.e. no chemical interactions between the rock
and fluid were considered. This means that no CO5 mineralization is simulated. The numerical
framework used, however, simulates the thermodynamics and thermophysical properties of
HyO-NaCl-CO;, mixtures, which includes simulating the density and mutual solubility of CO,
and H,O in gas and brine phases. The framework provides capabilities for modeling advective
and diffusive flow and transport of HoO-NaCl-CO5 mixtures in multidimensional heterogeneous
systems. The results of the forecast model show that after 30 years of continuous injection, the
CO, remains dissolved within the storage complex without exsolving. The simulation results
indicate that the storage reservoir is a good candidate for large-scale injection of dissolved COq
and that environmental impacts on the storage reservoir, storage complex, and neighboring
formation are limited. These results are valid for a scenario in which no CO, mineralization
occurs, therefore it represents a maximum theoretical impact of the operations.

There are multiple uncertainties in the models and their results. These include uncertainties
in the geological heterogeneity, the data collection, the data interpretation and extrapolation,
the physical processes included in the simulations, as well the numerical approximations in
the models. Additional data from the Straumsvik area needs to be collected, in order to
further characterize the storage reservoir and storage complex. Currently, the key uncertainties
in models that need to be further explored include the location of the saltwater-freshwater



interface and the connectivity between the storage reservoir and the overlying formation. More
data on these factors, as well as others, will aid in reducing the uncertainties and increasing
the predictive capabilities of the reservoir models. At present the simulation results should
be treated as risk assessment tools that can be used to make informed decisions during an
environmental impact assessment.



1 Islensk samantekt

1.1 Inngangur

Coda Terminal er mottoku- og geymslustod fyrir koldioxid (COy) sem radgert er ad reisa i
Straumsvik & Sudvesturlandi. Yfirlit yfir stadsetningu verkefnisins ma sja & mynd 1.1. Vid full
afkost mun stodin geta tekid vio allt ad 3 Mt af CO, & ari sem leyst verdur i vatni og daelt
i geymslugeymi. Azetlad er ad Coda verkefnid muni purfa allt ad 3 m?/s af vatni fyrir slika
nidurdeelingu. Gert er rad fyrir ad nota adeins ferskvatn { fyrstu aféngum verkefnisins, en vid
full afkost er gert rad fyrir ad nidurdeelt vatn verdi 2/3 ferskvatn og 1/3 jardsjor. Radgert er
ad petta vatn verd tekid Gr grunnvatni & Straumsvikursveedinu med sérstoku vatnstokuholum.
Par til gerdar nidurdeelingarholur verda sidan notadar til ad deela vatni og uppleystu COq
nidur i geymslugeyminn. Gert er rad fyrir a0 pessar nidurdeaelingar- og vatnstokuholur verdi
stadsettar & tiu mismunandi borpollum sem verda stadsettir neerri Straumsvik. Til ad meta
ahrif niourdaelingar og vatnstoku & vatn nedanjardar vid Straumsvik og neerliggjandi sveedum
utbjo Carbfix nokkur likon af geymslugeyminum, framkveemdarsvaedinu 6llu sem og af naleegum
svaedum.

Geymslugeymirinn er sa hluti vatnsgeymisins 4 sveedinu sem tekur vid og geymir nidurdeelt
CO,. I Straumsvik er geymslugeymirinn skilgreindur sem s& hluti vatnsgeymisins milli 300 m
u.s. til 1200 m u.s.. Fyrir ofan geymslgeyminn eru efri 16g grunnvatnsins, fra yfirbordi nidur
f 100 m u.s., d&samt hinu eiginlega grunnvatnskerfi, sem er ad finna milli 100 m u.s. til 300 m
u.s.. Nedan geymslugeymisins er svo ad finna botn jardmyndunnar a svaedinu.
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Figure 1.1: Kort af fyrirhugudu framkveemdasveedi (greent sveedi), og geymslusvaedi (dokkgra
utlina) Coda Terminal. Nuverandi rannsoknarborholur Carbfix eru tédknadar med raudum
krossum. Gul stjarna synir stadsetningu alvers Rio Tinto/ISAL.
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1.2 Jardlagabinding i Coda Terminal verkefninu

Kolefnisfongunar og -geymslu verkefni, likt og Coda terminal, sntast um ad reyna tryggja
varanlega geymslu CO, nedanjardar. Slik verkefni nota almennt fjérar mismunandi adferdir til
a0 tryggja varanlega geymslu COs, en peer eru:

— Stemmingsbinding - CO, er geymt fyrir nedan pakberg sem kemur i veg fyrir ad COq
risi upp & yfirboroid.

— HAarpipubinding - Harpipukraftur sogar inn, einangrar og festir CO, { holrymunum f{
berginu.

— Leysnibinding - CO; er leyst upp { vatninu sem er nedanjardar og vid pad helst CO4 {
einum fasa og ris ekki upp a yfirbordio.

— Steindabinding - CO, steinrennist i karbonat steindir.

Carbfix adferdin notar leysni- og steindabindingu til ad tryggja varanlega geymslu COs en
aoferdin hermir eftir natturulegum ferlum. Carbfix tacknin hradar pessum ferlum og tryggir pan-
nig ad CO, steinnrennis nedanjardar & nokkrum arum, { stad pusunda ara. I Carbfix adferdinni
er CO, uppleyst { vatni deelt nidur i geymslugeymi med hagstaedri berg- og efnasametningu.
Pessi nidurdeelingarvokvi er mjog siur og leysir upp hluta bergsins i geymslugeyminum. Vid
pad laekkar syrustig vokvans og ymsar katjonir losna tr berginu sem blandast vio vokvann.
Petta leidir til pess ad brodurpartur CO4y { vokvanum fer ad mynda karbonat steindir i geym-
slugeyminum. Carbfix tecknin tryggir einnig leysnibindingu COy strax vid nidurdaelingu og pvi
parf ekki pakberg til ad vidhalda geymslu COs nedanjardar, og sker Carbfix taeknin pvi sig
fra 60rum kolefnisféngunar og -geymslu verkefnum sem purfa slikt pakberg. Slik leysnibinding
minnkar einnig mikid likurnar & pvi ad nidurdaelt CO, flaeedi upp a yfirboroid. Carbfix teeknin
hefur verio mikid rannsokud en um 100 visindagreinar hafa verid birtar um teeknina i samstarfi
vid um 30 mismunandi héskoéla og rannséknarstofnanir.

1.3 Eiginleikar framkvaemdarsvaedisins

Fyrirhugad framkvemdarsvaedi Coda Terminal er { Straumsvik, sudvestur af Hafnafirdi. Mikid
grunnvatnsflaedi er til stadar & sveedinu, sem lysir sér i pvi ad gridarlegt magn af ferskvatni
streymir 1t til sjavar hja Straumsvik. Asamt pessu mikla ferskvatnsflaedi er einnig ad finna
jarosjo undir a.m.k. hluta svaedisins sem streymir nedanjardar inn fra sjonum. Pessi atridi munu
hafa mikil ahrif & hugsanlega nidurdeelingu og geymslu COs & svaedinu og pvi er mikilveegt ad
kanna og skilgreina sveedid m.t.t. jarolaga, vatnafraedi eiginleika, jardefnafraedilegra eiginleika
og annarra eiginleika & sveedinu. Nidurdeeling vokva & sveedinu getur haft ahrif & nattarulegt
flaedi vatns nedanjardar dsamt pvi ad valda efnafraedilegum breytingum a fyrirliggjandi vokva
og bergi sem er ad finna a sveedinu. Einnig geta nattirulegar adsteedur & sveedinu hjalpad vio
a0 bera kennslu 4 moguleg ahaettu og erfidleika sem geetu skapast pegar nidurdeeling CO5 hefst
4 sveedinu. I pessum undirkafla er farid i gegnum pau gogn sem til eru af sveedinu til ad gefa
mynd af nattarulegu astandi og eiginleikum sveedisins. Pessi gbgn eru medal annars fenginn
fra rannsoknum Carbfix & sveedinu sem folst medal annars i borun rannséknaborholna CSI-01,
CSM-01 og CMS-02, sem og fra eldri rannsoknum & svaedinu.

Skipta ma jarologum { Straumsvik { fjéora megin flokka, hraunlagasyrpum fra hlyskeidum,
gragryti, glerjad basalt og moberg. Hraunlagasyrpur fra hlyskeidum eru yngstu jardlogin a
svaedinu og eru tengd eldgosum austan og sudaustan af sveedinu. Talid er ad meirihluta grunn-
vatnsflaedi & sveedinu fari { gegnum pessi hraunlog. Slik hraun hafa fundist { ranns6knarborholum

11



Carbfix, CSI-01, CSM-01 og CSM-02 og & yfirbordi vid Kaldérsel og Trolladyngju. Gragryti
& sveedinu er upprunid ur eldgosum sem attu sér stad & hlyskeioum par sem hraun streymdi
fré hélendinu og nidur til sjavar. Ummerki um slik hraun er ad finna i flest 6llum borholum &
sveedinu og 1 nagrenni pess. Glerjad basalt & sveedinu er talid hafa myndast pegar hraun ofan
af landi komst { snertingu vid sj6 vid strondina. Slik jardlég hafa adeins sést neerri strondinni
i tveim Carbfix borholum & svaedinu, CSI-01 og CSM-01. Moberg er ad finna inn til lands,
baedi neerri Trolladyngju sem og hja Kaldarseli og verour til vio eldgos undir jokli. Allir fjorir
jardlagaflokkarnir eru basalthraun og eru pau 0ll rik af frumsteindum & bord vid plagioklas,
pyroxen og { minna meeli 6livin. Laighitaummyndunarsteindir & bord vid smektit og zedlita eru
til stadar nedan 400 m w.s.. Asamt pessum fjorum jardlagaflokkum hefur set fundist { borholum
& svaedinu en paer tengjast hlétimabilum milli eldgosa & svaedinu. Talid er ad jardlog a svaedinu
henti vel til steinrenningar CO, vegna efnasamsetningu beirra.

Engin skyr ummerki eru um sprungur eda misgengi 4 Straumsvikursveedinu, hvorki & yfir-
bordi né i borholugégnum. Lekt i efstu 1000 m jarolagastaflans er ad mestu bundin vid
jardlagamoét milli hraunlaga og er larétt lekt rikjandi 4 sveedinu. Adeelingarprof i rannsok-
narborholum Carbfix CSI-01 og CSM-01 syna mestu lekt 4 300 m u.s. til 450 m u.s. dypi og
benda borholugtgn til pess ad hin tengist jardlagamoétum. Adeelingarprof hafa synt ad hola
CSI-01 hefur nidurdeelingarstudull upp & 5 (L/s)/bar og CSM-01 25 (L/s)/bar.

Hiti og prystingur hefur verid maeldur nokkrum holum & sveedinu, en meelingar fyrir holur
CSI-01, CSM-01 og KS-02 mé sja & myndum 1.2, 1.3 og 1.4. Meaelingar syna ad hiti { CSI-01 og
CSM-01 eru um 50°C vid 600 m, og hafa badar holurnar 80°C/km til 90°C /km hitastigull. Dyp-
sta holan vio Kaldarsel, KS-02, synir fastan hitaferill, 5°C, nidur i 750 m. Holan hitnar nedan
bessa dypis, og naer 15°C vid holubotn. Petta gefur til kynna a0 hiti nedanjardar laekkar inn til
lands. Tulkadir ferlar & myndunum syna ésetladan berghitaferill neerri holunum. Allir holur &
sveedinu syna stoduprysting, sem gefur til kynna ad vokvinn nedanjardar sé i prystingssambandi
vi0 yfirbordid undir 6llu svaedinu.
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Figure 1.2: Maldur hiti (a), prystingur (b), og selta (c) { holu CSI-01, d4samt asetludum ferli
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Figure 1.3: Meldur hiti (a), prystingur (b), og selta (c) i holu CSM-01, dsamt daetludum ferli
fyrir geyminn sjélfan.
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Figure 1.4: Mealdur hiti (a), prystingur (b), og selta (c) i holu KS-02, asamt asetludum ferli
fyrir geyminn sjélfan.
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Grunnvatnskerfid 4 Straumsvikursvaedinu er flokio, en sveedid er 4 moérkum strandumhverfis
sem er radandi & Reykjanesskaga og meginlandsumhverfis sem er rikjandi i Reykjavik. Gropin
og lek jardlog vid strondina hja Straumsvik leyfa sjo ad streyma inn & land nedanjardar. Vid
petta myndist lagskipting & vokvanum nedanjardar par sem edlisléttara ferskvatnio flytur ofan
& edlispyngri jardsjonum og myndar ferskvatnslinsu. Ferskvatnslinsan og jardsjorinn er adskilin
af is6ltu blandlagi sem getur verid allt frda 1 m pykkt upp 100 m pykkt. Skipta ma vatni {
Straumsvik i prja flokka eftir seltustigi (Selta sjavar er { kringum 34 - 35 %o):

— Ferskt vatn (< 0.5 %o af seltu).
— Isalt vatn (0.5 — 30 %o af seltu).
— Jardsjor (> 30 %o af seltu).

Magn seltu nedanjardar neerri Straumsvik kemur til med ad hafa mikil dhrif & nidurdeelingu
Carbfix par sem edlishbyngd vatns breytist mjog med seltu. Magn seltu hefur ahrif 4 leysnibindingu
COg3 nedanjardar, sem tryggir pad ad CO, haldist uppleyst, og parf pvi ad velja stadsetningu og
dypi nidurdaelingar med tilliti til hennar. Einnig hefur adeins verid synt fram & steinnrenning
COs 1 8j6 & rannsoknarskala en Carbfix stendur ni ad rannséknarverkefni i Helguvik til ad syna
fram & steinnrenningu { sj6 & steerri skala.

Til a0 kortleggja dreifingu seltu nedanjardar var notast vid tveer adferdir, maelingar 4 rafleioni
i borholum og maelingum & vidnami a yfirbordi. Leidnimeaelingar { CSI-01 syna ad stadsetning
blandlagsins milli ferskvatnslinsu og jardsjos er i kringum 100 m u.s. neerri peirri holu. I CSM-
01 syna leidnimaelingar ad blandlagid par s¢ 4 um 350 m u.s. dypi. I badum holunum virdist
bykkt isalts blandlagsins vera { kringum 20 m. Tulkud gogn 4 myndum 1.2, 1.3 og 1.4 syna
dactlada seltu neerri hverri holu, en gert er rad fyrir ad jardsjo sé ad finna nedan isalts lags {
Ollum holum sem sést ekki maelingum vegna holudhrifa. Vidnamsmeelingar a yfirbordi syna ad
bykkt ferskvatnslinsunnar eykst med fjarleegd fra strondinni og syndu meelingarnar enga seltu
lengra en 2 km fréa strondinni.

Tekin voru vatnssyni ar holu CSI-01 og efnasamsetning vatnsins greint. Efnagreininginn
syndi ad adeins 0.01 - 0.02 g/kg af CO; er til stadar i vatninu, sem er hverfandi midad vid
azetladan styrk CO,, 30 g/kg, i nidurdeelingarvokva Carbfix. Efnagreininginn syndi einnig
selta vatns ur CSI-01 er um 24.5 %o, sem er toluvert leegra en selta sjavar. Mogulegt er ad
vatnssynid ar CSI-01 sé blanda af ferskvatni og jardsjé tr mismunandi dypum { holunni og
ad selta 1 fyrirhugudum geymslugeymi ngerri CSI-01 sé 1 raun neerri full séltum sjo. Synid ar
CSI-01 synir einnig a0 styrkur klér, sem og natrium, { vatninu sé toluvert heerri en styrkur
annarra efna { syninu. Par sem styrkur kloér fylgir almennt seltumagni 1 vokva ma gera rad fyrir
a0 selta sé radandi fyrir edlisbyngd vokva & svaedinu.

1.4 Hugmyndalikan af Straumsvik

Gogn fra Straumsvik og nagrenni voru notud til ad dtbua hugmyndalikan af fyrirhugudu
framkveemdarsvaedi, en likanio sést & mynd 1.5. Slikt likan gefur einfaldada mynd af jardfracoi-
legum, vatnafraedilegum og edlisfreedilegum eiginleikum sveedisins, sem er grundvollur pess ad
skilja hegdun geymslugeymisins betur. Petta hugmyndalikan inniheldur asetlad flaedi grunn-
vatns 4 sveedinu p.4.m. fleedi og moét ferskvatns og jardsjos & sveedinu. Vert er pé ad benda
4 a0 petta hugmyndalikan er takmarkad vid gégn ur tveim rannséknarborholum Carbfix og
yfirborosmeelingum & sveedinu. Naudsynlegt er ad safna frekari gagna af sveedinu og uppfeera
hugmyndalikanid { samraemi vid pau gogn.
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Figure 1.5: Hugmyndalikan af fyrirhugudu framkveemdasvaedi Coda Terminal. Myndin synir
skil milli ferskvatns (blair litir) og jardsjavar (brunir litir) dsamt flaedi fra landi til sjavar.
Borholur & sveedinu eru merktar inn 4 myndina asamt fyrirhugadri afangaskiptingu verkefnisins.
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1.5 Likangerd og hermun

Hugmyndalikanid var nota til ad atbua reiknilikan af fyrirhugudum geymslugeymi Coda Ter-
minal, til ad herma fyrirhugada nidurdeelingu a sveedinu. Slikt reiknilikan parf ad geta hermt
prjar lykilsteerdir med assettanlegri ndkveemni. Peer lykilsteerdir eru hamarksdreifing CO, 1
geyminum vegna nidurdaelingar Carbfix, edlispyngd vokva i geymslugeyminum og stoduleika
COs-leysnibindingar 1 geymslugeyminum. Hamarksdreifing COs 1 geyminum er naudsynlegt ad
meta til ad dsetla hvort geymslugeymirinn getur haldio utan um nidurdeelt CO, og til ad meta
dhaettuna & CO, leka Gr geymslugeyminum. Vitneskja um dreifingu COs nedanjardar hjalpar
einnig vio honnun voktunarasetlunnar fyrir sveedio. Eolispyngd vokvans { geymslugeyminn er
mikilveegt ad vita svo heegt sé ad taka akvardanir um dypi nidurdaelingar 4 svaedinu og med
bvi tryggja ad nidurdeelt CO, leiti frekar dypra nidur i geyminn frekar en upp & yfirbordio.
Slikt hjalpar ad tryggja orugga leysnibindingu COs i geymslugeyminum. Loks er naudsynlegt
ad ganga ur skugga um ad nidurdeelt CO, haldist { leysnibindingu og ad ekki myndist gasbolur
af COy sem leita upp & yfirbordid. Reiknilikanid byggir & géognum sem safnad hefur verid um
sveedid, m.a. poruhluti, lekt, prystingur, hitastig og selta.

Reiknilikanio var atbtid { TOUGHREACT herminum sem er byggdur & TOUGH2 her-
minum. Hermirinn hermir privitt flaedi vokva i gropnum og lekum jardlogum. TOUGHREACT
getur hermt flaedi massa, sem og hita, { slikum jarologum, og getur einnig hermt efnahvorf milli
vokva og bergs. TOUGH2 og TOUGHREACT hafa verio notud til ad ttbua reiknilikén fyrir
t.d. grunnvatns-, jarohita- og kolefnisgeymsluverkefni baedi hérlendis og erlendis. Sem dsemi
ma nefna ad TOUGHREACT hefur verid notad til ad herma nidurdaelingu CO, nedanjardar 4
Islandi i 6drum verkefnum Carbfix. Notast var vid ECO2N éstandsjéfnuna, en htin getur hermt
ahrif seltu og CO, 4 massa- og hitaflaedi vatns nedanjardar. I reiknilikaninu fyrir Coda Terminal
voru efnahvorf s.s. steinnrenning CO,, ekki hermd, og spéir pvi likanid fyrir hamarksdreifingu
nidurdeelts CO5 um svaedid.

Tv6é mismunandi reiknilikon voru gerd fyrir verkefni, eitt sem hermir nattarulegt astand
sveedisins (kafli 1.6) og annad sem spair fyrir um ahrif nidurdeelingar CO, 4 geymslugeyminn
(kafli 1.7). Seinni reiknilikanio er byggt 4 nidurstodum tr likaninu sem lysir nattarulegu astandi.
Reiknilikénin voru latin na yfir sveedi sem samsvarar rimlega 576 km? og na pau yfir gjorvallan
geymslugeyminn dsamt mogulegu voktunarsvaedi fyrir nidurdeelinguna sem og nsegjanlega stort
sveedi til a0 ganga tr skugga um ad likannidurstéour verdi ekki fyrir jadarahrifum, p.e.a.s. ad
steerd prystingurbreytinga & nidurdeclingarsveedinu radist ekki af eiginleikum jadra likansins.
Sveedinu var skipt upp 1 misstora likanakubba bar sem minnstu likanakubbana er ad finna
vi0 fyrirhugud nidurdeelingarsveedi. Likonin na fra grunnvatnsbordi nidur i 3000 m u.s. og er
likbnunum skipt upp { 50 misstor 160rétt 16g sem eru & milli 10 til 250 m ad pykkt. Undir
sjonum markast efri atmork likananna vid dsetlad dypi sjavarbotns. Vid nedri jadar likansins
var sett inn fast flaedi hita inn i likanio, til ad herma eftir feerslu hita fra iorum jaroar.

Til ad herma eiginleika mismunandi jardlagamyndanna & sveedinu var hver likanakubbur
setur 1 akvedin jardlagaflokk. Slikir flokkar segja til um t.d. poruluta, lekt og edlisbyngd bergs
i hverjum kubb. Jardlagaflokkarnir sem skilgreindir voru { likénunum voru hraunlagasyrpur fra
hlyskeioum, gragryti, glerjad basalt, méberg, setlog og botn jardmyndunnar. Jarofraedilikan af
sveedinu, sja mynd 1.6, var notad til ad skipa likanskubba { jarolagaflokka. Fyrir spalikanid var
baett vio flokki fyrir jardlagamot vid eedar i borholum, til geta hermt betur flaedid sem sést {
rannsOknarborholum & sveedinu. Lekt og poruhluti fyrir mismunandi jardlagaflokka ma sja i
toflu 1.1. Gert er rad fyrir ad lekt og poruhluti gragrytis og sets breytist med dypi peirra, pvi
hafa peir jardlagaflokkar gildisbil fyrir peer breytur.
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Table 1.1: Lekt og poruhluti fyrir jarolagafiokka.

Poruhluti Lekt [md]

(%) Larétt | Lodrétt
Hraun fra hlyskeioum 20 200,000 400
Gragryti 10 250 - 2.5 ] 50 - 0.5
Glerjad basalt 10 - 15 500 100
Moberg 10 10 2
Setlog 10 =20 [ 500 - 250 | 100 — 50
Botn jardmyndunnar ) 1 0.2
Jarolagamot 15 2000 800
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Figure 1.6: Jaromyndanir { jardfreedi- (efri mynd) og reiknilikénum (nedri mynd). Geym-
slugeymir nedanjardar (grar flaki & yfirbordi) og stadsetning Rio Tinto/ISAL (gul stjarna) vid

Straumsvik eru merkt inn 4 myndirnar.
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1.6 Nattarulegt astand

Til ad meta ahrif nidurdeelingar og vatnstoku Carbfix vid Straumsvik var naudsynlegt ad fa
yfirlit yfir nattarulegt dstand sveedisins, p.e.a.s. hvernig flaedi & sveedinu er talid vera i dag. Til
a0 gera pad var notast vid reiknilikan fyrir nattarulegt astand. Slikt reiknilikan parf ad geta
hermt eftir nattiarulegu vatnsflaedi & sveedinu beedi fyrir ferskvatn og jardsjo, dsamt pvi ad geta
hermt dreifingu hitastigs og seltu i geymslugeyminum. Til ad pess er reiknilikanid 14tid herma
svaedid 1 nokkur hundrud milljén ar, eda i neegjanlegan tima fyrir st6dugt dstand ad myndast
& sveedinu. Til ad ganga tr skugga um ad reiknilikanid lysi raunverulegu astandi &4 sveedinu er
bad kvardad vid gogn af svaedinu, p.e.a.s. athugad er hversu vel nidurstéoum reiknilikansins og
raungégnunum koma saman. Nidurstéour hermana fyrir nattirulegt astand geymslugeymisins
m.t.t. prystings, hita og seltu ma sja & mynd 1.7.

Likanio synir ad geymslugeymirinn er i prystingssambandi vid yfirbord og ad hiti er & bil-
inu 20 - 100 °C, sem er { samraemi vid nidurstodur tr rannsoknarholum. Reiknilikanid synir
mikid grunnvatnsrennsli naleegt yfirbordi sem kemur innan tar landi og flaedir 1 att til sjavar
og ad innflaedi jardsjavar 1 dypri vatnslog er adeins nalegt strondinni, fyrst og fremst vestan
Straumsvikur. Innflaedi sjavar neer ekki lengra en 1-2 km inn { land, fyrst og fremst vid og
austan Straumsvikur, sja mynd 1.8. Gogn af sveedinu syna ad likanid virdist hermir nattarulegt
astand sveedisins & fullneegjandi hatt. Pvi ma nota nidurstédur pess til ad spa fyrir um ahrif
nidurdalingar og vatnstoku & geymslugeyminn.
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Figure 1.7: Asctlad natturlegt astand hitastigs (til vinstri), prystings, og seltu (til haegri) med
dypi i geymslusvaedinu og efri l6gum grunnvatns & sveedinu samkvaemt reiknilikani. Myndi til
vinstri synir ad hiti er heerri { fyrirhugudum geymslugeymi midad sveedin { kring. Mynd til heegri
synir a0 prystingur eykst med dypi og inn til landsins. Myndin synir innflaedi sjavar nalsegt og
vestur af Straumsvik. Jardsjo er ekki ad finna inn til landsins og 1 austuratt. Stjornur takna
fyrirhugada borteiga.
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Figure 1.8: Aztlad grunnvatnsrennsli vid vatnsbord (0 - 100 m u.s.) (vinstri) og rennsli
i geymslugeymi & -687,5 m y.s. (heegri) samkvemt reiknilikani. Lengd og litur érva syna
magn flaedis, p.e. lengri og dekkri o6rvar tdkna meira flaedi. Blaar 6rvar syna flaedi med rikjandi
grunnvatnsstraumi, p.e.a.s. fra landi til sjavar. Raudar orvar syna fleedi & moti pessum straumi.
Stjérnur takna fyrirhugada borteiga. Gul stjarna synir stadsetningu alvers Rio Tinto/ISAL.
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bPversnid af dsetladri seltudreifingu & sveedinu er ad finna 4 mynd 1.9. Pversnidid synir ad {
grennd peirra sveeda par sem fyrirhugad er ad deela nidur COy med ferskvatni er ferskvatn na
begar 1 geymslugeyminum samkveemt likaninu. FEinnig synir reiknilikanid ad jardsjor og isalt
vatn eru i peim hluta geymslugeymisins sem notadur verdur i fjorda afanga framkvemdarin-
nar par sem stendur til ad deela nidur COy med jardsjo. Geymslugeymirinn virdist pvi hafa
hagstaeda edlispyngdardreifingu fyrir leysnibindingu og steinrenningu CO5 midad vid aformada

nidurdaelingu.
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Figure 1.9: Pverskurdur af seltudreifingu geymslugeymis samkveemt reiknilikani.
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synir a0 ferskvatnslinsa pykknar eftir pvi sem innar dregur i land og ad jardsjo og isalt vatn er

ad finna hja rannsoknarholum Carbfix, CSI-01 og CSM-01.
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1.7 Ahrif nidurd=lingar og vatnstéku Carbfix

Proad var reiknilikan fyrir geymslugeyminn til ad spa fyrir um ahrif vatnstoku og nidurdeelingu
COy vid Straumsvik. Hermanir { pessu reiknilikani voru gerdar til ad asetla 1) hamarks-
dreifingu COg i geymslugeyminum, 2) stédugleika COs-leysnibindingar { geymslugeyminum og
3) dreifingu edlispyngdar vokva & sveedinu. Hermt var COq nidurdeelingu yfir 30 ara timabil og
einnig var hermt 100 ara lokunartimabil fyrir sveedid eftir ad nidurdaelingu er heett. Aform erum
um a0 byggja nidurdeelingu COq, sem og vatnstoku, & sveedinu { fjorum prepum, 700 ktCO, /ari
2027, 1400 ktCO,/ari 2029, 2100 ktCO,/ari 2030 og loks 3000 ktCOs/ari vid full afkost 2032.
Pessi dsetlun er tekin inn i reiknilikanid. Asetlad er ad nota ferskvatn til nidurdeelingar 1 fyrstu
prem aféngum verkefnisins en ad nota baedi jardsjor og ferskvatn 1 fjoroa afanga verkefnisins.
Asetlad er ad nyta tiu borpalla par sem hver borpallur mun hafa allt ad atta nidurdeelingarholur
og allt ad fjorar vatnstokuholur. Gert er rad fyrir ad nidurdeelingarholur verda 800 til 1000 m
djapar en vatnstokuholur verdi grynnri eda i kringum 50 m djtpar.

Reiknilikanid gerir rad fyrir pvi ad allt nidurdselt CO5 komi inn 1 geymslugeyminn uppleyst
vatni. I reiknilikaninu er 611 nidurdeeling 1 fostu vatns og CO hlutfalli, 30/1 fyrir nidurdaclingu
med fersku vatni og 32.5/1 fyrir nidurdeelingu med jardsjé. Einnig gerir likanid rad fyrir ad
nidurdeelt sé 8°C heitum vokva vid 40 kg/s 1 hverri nidurdeelingarholu. Likanid hermir ekki
efnahvorf & milli bergs og vokvans og hermir pvi einungis flaedi CO5 nedanjardar. Nidurstodur
spalikansins syna pvi hamarksdreifingu CO, 1 geymslugeyminum mida vid ad engin steinrenning
COq eigi sér stad.

Nidurstoour reiknilikans syna ad geymslugeymirinn { Straumsvik er fysilegur kostur fyrir
nidurdeaelingu & CO4 leystu 1 vatni & storum skala (Mt). Hermanir syna einnig ad umhverfisahrif
4 geymslugeyminn, geymslusveedio og neerliggjandi umhverfi eru takmorkud. Nidurstodur
reiknilikans fyrir hamarksdreifingu CO, 1 geymslugeyminum benda til ad allt nidurdeelt CO,
haldist innan geymslusveedisins 4 medan liftima verkefnisins stendur og ad ekkert CO4 neer upp
i efri 16g grunnvatnskerfisins (< 100 m u.s.) eins og sjd ma & myndum 1.10, 1.11 og 1.12.
Leysnibinding CO, er meld sem mismunur & milli prystings { geymslugeymi og afgésunnar
prystings COs 1 geymslugeyminum. Par af leidandi telst haetta vegna leka og/eda afgosunar &
CO2 overuleg & liftima verkefnisins.
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Figure 1.10: NV-SA bversnid sem synir magn CO, (vinstri) og leysnibindingu COs (heaegri)
eftir 10 ar (efsta mynd), 20 ar (mynd fyrir midju) og 30 ar (nedsta mynd) af starfsemi i Coda
Terminal ef gert er rad fyrir ad ekkert COy steinrennist. Mynd til vinstri synir ad ekkert CO-
berst upp 1 efri 16g grunnvatns & sveedinu. Mynd til haegri synir ad CO4 er uppleyst a sveedinu,
b.e.a.s. prystingur & sveedinu er neegjanlegur til ad ekkert CO, er i gasfasa. Legu pversnida ma
sja & mynd 1.1.
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Figure 1.11: Aztlud hamarksdreifing uppleysts COy (A) asamt leysnibindingu (B) { geym-
slugeyminum (300 - 1200 m u.s.) eftir nidurdeelingu i 10 ar (efsta mynd), 20 ar (mynd fyrir
midju) og 30 ar (nedsta mynd) ef gert er rad fyrir ad ekkert COs steinrennist. Mynd A synir ad
allt nidurdaelt CO4 helst innan geymslusveedis yfir 30 ara lifstima verkefnisins. Mynd B synir ad
COs helst uppleyst { vatni alls stadar { geymslugeyminum. Stjérnur takna fyrirhugada borteiga.
Gul stjarna synir stadsetningu alvers Rio Tinto/ISAL.
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Figure 1.12: Aztlud dreifing uppleysts CO, (A) dsamt leysnibindingu (B) med dypi 4 geym-
slusveedinu og efri 16gum grunnvatns a sveedinu eftir 30 ar af nidurdeelingu ef gert er rad fyrir
a0 ekkert CO; steinrennist. Mynd A synir ad allt nidurdeelt CO5 helst innan geymslusvaedis
yfir 30 ara lifstima verkefnisins. Einnig er ekkert COy 1 efri l6gum grunnvatnsins. Mynd B
synir ad COs helst uppleyst 1 vatni alls stadar { geymslugeyminum. Stjornur tdkna fyrirhugada
borteiga. Gul stjarna synir stadsetningu alvers Rio Tinto/ISAL.
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Nidurstodur reiknilikana syna ad framkveaemdin hefur éveruleg ahrif 4 hitastig 4 sveedinu,
sja mynd 1.13. Prystingur geeti aukist um allt ad 25 bor i geymslugeyminum & 300 til 1000 m
u.s. dypi vegna nidurdeelingar vatns. Litlar prystingsbreytingar verda i efri 16gum grunnvatns
& sveedinu og likon syna ad prystingsaukning { geymslugeymi hefur ekki i for med sér ad CO,
berist 1 efri 16g grunnvatns & sveedinu. Nidurstodur reiknilikana syna ad framkveemdin hefur
ahrif 4 seltumagn 1 geymslugeyminum, en adeins minnihattar seltubreytingar sjast 1 efri logum
grunnvatnskerfising & sveedinu, eins og synt er 4 mynd 1.14.
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Figure 1.13: Azxtlud breyting 4 hitastigi (A) og prystingi (B) med dypi 4 geymslusvaedinu
og efri 16gum grunnvatns & sveedinu midad vid natturulegt astand eftir 30 ar af nidurdeelingu.
Mynd A synir ad stadbundin keeling 4 sér stad i kringum nidurdeaelingarholur 1 geymslusveaedinu.
Einnig er minnihéattar (< 5°C) keeling 1 efri 16gum grunnvatns sudaustur af Straumsvik. Mynd
B synir 25 bara prystingsaukningu { geymslugeyminum. Enginn prystingsaukning kemur fram {
efri 16gum grunnvatnsins. Stjornur takna fyrirhugada borteiga. Gul stjarna synir stadsetningu
alvers Rio Tinto/ISAL.
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Figure 1.14: Azxtlud breyting & seltu (A) og seltudreifingu (B) & geymslusvaedinu og i efri
16gum grunnvatns & sveedinu eftir 30 ar af nidurdeelingu. Myndirnar syna ad selta minnkar til
vestur af nidurdeelingarholum og eykst til austurs. Takmarkadar seltubreytingar eru til stadar
& yfirbordi. Stjornur takna fyrirhugada borteiga. Gul stjarna synir stadsetningu alvers Rio
Tinto/ISAL.
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Reiknilikanid var einnig 14tid spa fyrir stoou kerfisins 1 100 ar eftir ad nidurdeeling er haett
& sveedinu. Sparnar syndu ad sveedio stefnir { att ad langtima stoduleika, sja mynd 1.15. Lengd
pess tima mun fara eftir nattirulegu vatns- og varmafieedi a sveedinu, en dvissa rikir um nakveem
gildi pess. Likanareikningar benda til pess ad prystingsbreytingar vegna nidurdeelingar Carbfix
gangi a0 mestu til baka eftir 100 ar en breytingar & hita eru munu taka lengri tima til ad ganga
til baka vegna takmarkads natttrulegs hitafleedis & sveedinu. Pa bendir reiknilitkanio til pess
ad selta breytist einnig i att ad nattirulegu astandi en ad pvi verdi ekki ndd 100 arum eftir
a0 niourdaelingu er haett. Reiknilikanid syndi einnig ad flaedi vatns med leystu COy & svaedinu
minnkar en heldur samt sem adur afram ad dreifast larétt og nidur a vid fra niourdeelingarholum.
Sambhlida pessu pynnist styrkur COs 1 vatninu. Vert er ad taka fram ad gogn um nidurdeelingu
COq 1 basalt syna a0 COs steinrennur hratt og pvi ma leida ad pvi likur ad meirihluti uppleysts
COy 1 geymslugeymi muni steinrennast og ad styrkur CO, leystu i vatni verdi mun laegri en
nidurstoour likanreikninga.
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Figure 1.15: (A) Medaldreifing COs-hladins vokva, (B) leysnibinding CO,, (C) hitabreyt-
ing, (D) brystingsbreyting, (E) medalseltu og (F) seltubreyting i geymslugeyminum 100 drum
eftir ad niourdaelingu Carbfix & sveedinu er haett, ef gert er rao fyrir ad ekkert CO, steinren-
nist. Breytingar eru syndar nalsegt nidurdeelingardypi { geymslugeyminum og mida vid stodu
kerfisins rétt eftir st6ovun nidurdeelingar. Myndir A og B syna a0 CO, helst innan geym-
slugeymis, og helst uppleyst i vatni, 100 arum eftir ad nidurdeelingu er heett. Myndir C, D,
E og F syna ad prystingur, hiti og selta a4 sveedinu stefnir { att ad nattarulegu astandi eftir
a0 nidurdeelingu er haett. Stjornur syna fyrirhugada borteiga. Gul stjarna synir stadsetningu

alvers Rio Tinto/ISAL. 20



1.8 Rymd geymslugeymis Coda Terminal

Heegt er a0 meta heildarrymd geymslugeymisins m.t.t. steinrenningar CO, Ut fra dsetludu
rammaéli poruhluta jardlaga a dhrifasveedi nidurdeelingarinnar. Groft mat & geymslugetu geym-
slugeymis er reiknad 4 pbann hatt ad steinrenning COs med myndun kalsits (CaCO3) fylli { allt ad
10% af peim porum sem eru til stadar i jardlogum geymslugeymis. Fyrirhugadur geymslugeymir
i Straumsvik neer yfir svaedi sem er u.p.b. 99 km? ad flatarmali og neer yfir dyptarbil sem
samsvarar um 900 m. Reikningar syna ad midad vio pessar forsendur veeri heegt ad steinrenna
allt a0 1.100 milljon tonn (Mt) af COs i geymslugeyminum. Midad vid pessar forsendur myndi
Coda Terminal nyta minna en 1% af geymslugetu geymslugeymisins 4 liftima verkefnisins.

Efnagreiningar og énnur jardfraedigdgn voru notud til ad gera efnavarmafraedilega tutreikninga
fyrir niourdaelingu 4 CO2 leystu { vatni i basaltberggrunninn { Straumsvik. Nidurstéour stadfesta
mikla bindigetu berggrunnsins { Straumsvik og syna fram 4 ad allt ad 100% af pvi COy sem
daelt er nidur steinrenni sem kalsit (CaCOg).

1.9 Nidurstodur
Helstu nidurstodur likana a4 geymslugeyminum eru eftirfarandi:
— Reiknilikan hermir assettanlega natturulegt astand svaedisins.

— Reiknilikanio synir mikid grunnvatnsrennsli néleegt yfirbordi, innan tr landi { att til sjavar.
Innrennsli jardsjos er adeins néalegt strondinni og fyrst og fremst vestan Straumsvikur og
ner ekki lengra en 1-2 km inn 1 land.

— Par sem fyrirhugad er ad deela nidur CO, med ferskvatni synir likanid ad ferskvatn er
begar til stadar i geymslugeyminum. Jardsjor og isalt vatn eru & moti til stadar i peim
hluta geymslugeymisins sem notadur verdur { fjorda afanga verkefnisins par sem stendur
til a0 deela nidour CO5 med jarosjo.

— Umbhverfisahrif & geymslugeyminn, geymslusvaedid og neaerliggjandi umhverfi vegna nidur-
deelingar CO4 { geymslugeymi i Straumsvik eru 6veruleg. Nidurstoour reiknilikana fyrir
hamarksdreifingu CO4 i geymslugeyminum benda til ad allt nidurdeelt CO4 haldist innan
geymslusveedisins yfir 30 ara liftima verkefnisins og 1 a.m.k. 100 ar eftir ad nidurdeelingu
& sveedinu er heett.

— Nidurstoour reiknilikans syna ad haetta vegna leka og/eda afgosunar 4 COy i geym-
slugeyminum er éveruleg.

— Litlar prystingsbreytingar verda i efri l6gum grunnvatns a sveedinu og likdn syna ad pryst-
ingsaukning 1 geymslugeymi, sem getur verid allt ad 25 bor, hefur ekki { for med sér ad
COg berist 1 efri 10g grunnvatns & sveedinu. Prystingsaukning & sveedinu gengur ad mestu
leyti til baka eftir ad nidurdeelingu er haett & svaedinu.

— Nidurdeeling COs hefur ahrif a4 seltumagn i geymslugeyminum en adeins minnihattar
seltubreytingar sjast { efri logum grunnvatnskerfisins a4 sveedinu. Hermanir syna ad selta
breytist 1 att ad natturulegu astandi eftir ad nidurdeelingu er haett. Hins vegar rikir 6vissa
um hversu lengi pad muni taka seltu ad na aftur nattirulegri stoou.

— Hermanir syna ad freedilega veeri haegt ad steinrenna allt ad 1.100 milljon tonn (Mt) af
COq 1 geymslugeyminum. Pad er midad vid ad kalsit (CaCO3) vegna steinrenningar CO,
geeti fyllt allt ad 10% af poruhluta jardlaga i geymslugeyminum.
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— Midad vid pessar forsendur myndi Coda Terminal nyta minna en 1% poruhluta { jardlogum
geymslugeymisins vegna steinrenningar CO, 4 liftima verkefnisins og allt bendir til ad pad
bindist varanlega eftir ad pvi likur.

— Reiknilikon syna a0 breytingar a4 prystingi, hita og seltu & sveedinu vegna ahrifa af nidur-
deelingu framkveemdaradila stefna i att ad nattirulegu astandi sveedisins en bod ovist er
hversu langan tima pad tekur.

Nidurstodur reiknilikana byggja & peim gégnum sem til eru af svaedinu og pvi er 6vissa innbyggd
i peer. Haegt er ad vega upp & moti pessari 6vissu med eftirfarandi adgerdum:

— Minnkun 6vissu & lykilsteerdum i geymslugeyminum med frekari rannséknum. Sambhlida
pvi eettu likdn af sveedinu uppfeerd med nyjustu upplysingum eftir pvi sem pau berast
til ad minnka 6vissu & nidurstodum hermana sem og til ad betrumbaeta dhsettumat af
geymslugeyminum vegna verkefnisins. FEinnig settu efnahvorf, s.s. steinrenning COo,
a0 vera hermd samhlida flaedi 1 likonum af sveedinu, sem mun enn frekar minnka 6évissu
& niourstooum hermana. Slikar upplysingar auk uppferoum likonum settu ad nytast
til ad styra nidurdeelingu & sveedinu. FKEinnig eetti ad vera farid i nsemnisgreiningu og
6vissugreiningu & likonum til ad afmarka betur hvar helstu 6vissupunktar i hermunum

liggja.

— Nékveem voktunardesetlun fyrir geymslusveedid og nagrenni setti ad vera utbuinn, par sem
medal annars eetti ad fylgjast med breytingum & prystingi, hitastigi, seltu og leysni CO,.
Slik voktun nytist til ad sannreyna nidurstodur likana af sveedinu og hjalpa pannig vid
uppfeerslur peirra.

— Byggja upp nidurdeelingu 1 jofnum skrefum med gédu millibili. Pannig mun gefast timi
til a0 safna gognum og meta vidbrogd geymslugeymisins vid nidurdeelingu asamt pvi ad
uppfeera likon adur en naestu afangar hefjast. Med pvi moti er haegt ad nyta reynsluna af
hermunum fyrri 4fanga inn 1 pa seinni.
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2 Introduction

The Coda Terminal is a mineral storage project located at Straumsvik in Southwest Iceland,
which will include a CO, offloading depot and a CO, injection site. At full scale the terminal
aims to receive and store, via permanent in-situ carbon mineralization, up to 3 Mt of COq
per year. For injection of CO, into the subsurface, the Coda Terminal, as currently designed,
will require 3 m3/s of water (freshwater initially and approximately 2/3 freshwater and 1/3
saline water at full capacity). The water will be extracted from the local groundwater aquifer
through a network of production wells. This produced water will then be used to dissolve the
COs. The COy-charged water will be re-injected deeper into the storage reservoir, via a network
of injection wells. The wells, both for injection and production, will be situated on ten distinct
well pads. As part of the Environmental Impact Assessment (EIA) for the Coda terminal,
Carbfix developed a series of models of the storage reservoir, storage complex, and neighboring
formations. These models were used to assess the potential impacts from the planned injection
and production on the area near Straumsvik.

The storage reservoir is defined as the subsurface reservoir or hydraulic unit that receives
and stores the injected CO,. In Straumsvik, the storage reservoir consists of a succession of
basalt lava flows interlaid by hyaloclastic and glassy basalt sequences (Chapter 4). It is overlain
by the shallow groundwater system, defined as the top of the water table down to -100 m a.s.l.,
the groundwater system, between -100 m a.s.l. to - 300 m a.s.l.. It is underlain, below - 1200
m a.s.l., by the basement (Figure 2.1).
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Figure 2.1: Subsurface water systems, including the shallow groundwater, groundwater, and
storage reservoir. Adapted from Stefansdottir et al., 2020.
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The storage site is comprised of:

— The storage reservoir, from -300 m a.s.l. down to - 1200 m a.s.l.

— The injection and monitoring wells, from the well heads down to the well bottoms.
— The surface facilities, including the control valve and well head instruments.

The storage complex refers to the storage site and the surrounding geological domain. These
surrounding formations, including secondary containment formations, can have an effect on the
overall storage integrity and security. The storage complex consists of:

— The storage site.

— The groundwater system, including geological formations, above the storage reservoir,
from - 100 m a.s.l. down to -300 m a.s.l.

— The geological formations below the storage reservoir, down to -3000 m a.s.l.

— Any water supply wells, as well as other existing wells that penetrate the groundwater
system, from the well heads down to the well bottoms.

The monitoring area consists of:

The storage complex.

The shallow groundwater system, from the surface down to -100 m a.s.l., including the
geological layers.

Any surface water features.
— The neighbouring geological formations.

— Any water supply wells, as well as other existing wells that penetrate the shallow ground-
water system, from the well heads down to the well bottoms.

Mineral storage of CO5 does not rely on a caprock, or a geologic seal, to contain the COs.
This is because the CO; is not in a free gaseous state, which is buoyant and highly mobile, but
rather dissolved in water. Mineral storage instead relies on the confining pressure provided by
the overlaying groundwater to keep COs in solution prior to mineralization. As a consequence,
to fully encapsulate the hydrodynamic system, any models of mineral storage must include the
entire saturated zone from the top of the water table, which provides the hydrostatic pressure
in the storage reservoir down to geological basement formations, where permeability is low and
fluid movement is limited.

The models developed to estimate the impact of the CO; injection, for the EIA, consist of
three-dimensional field-scale models representing the injection of dissolved CO, at the storage
site. The modeling work was done in two successive steps. First, a natural state model of
the storage complex prior to injection was created(Chapter 7). This natural state model was
then used to create a forecast model to simulate the flow of injected COy underground using
physical reservoir processes (Chapter 6). The models were developed according to best practices
in the geothermal industry (Nugraha et al., 2022) and in the CCS industry (2009/31/EC, 2009,
Carbfix Methodology, 2022, DNV-RP-J203, 2021). While the storage complex and neighboring

formations were included in the reservoir models, this work focuses primarily on the properties
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and response of the storage reservoir to the COy injection. The impact on the shallow ground-
and surface water (including protected ponds, lakes, etc.) has been assessed by Vatnaskil in a
separate specialist report (Myer et al., 2024).

The natural state model (Chapter 7) describes the reservoir prior to anthropogenic activity
and represents a baseline scenario for the site. The model inputs include, among others, the
surface of the water table, bathymetry of the ocean, subsurface fluid chemistry, basal heat
flux, and geology. The geology in the natural state model was based on the three-dimensional
geological model developed for the Coda Terminal detailed in Helgadottir et al., 2023. The
natural state model is used to constrain the initial condition of the reservoir and to identify the
main physical and thermodynamic controls in the reservoir. It also provides initial conditions
for the storage reservoir, such as pressure, temperature, and fluid saturation distributions, prior
to injection/production, for the forecast model. Specifically, the natural state model focused
on:

— The distribution of saline fluid in the subsurface at the storage site.
— The subsurface heat and mass flux at the site.
— The natural groundwater flow and recharge system.

The forecast reservoir transport model (Chapter 8) was used to simulate the behavior of
COs injected into the subsurface, and estimate the storage reservoirs response to the injection.
Such simulations help to determine the efficiency of the trapping mechanisms at the site and
to identify potential risks. The forecast model focused on:

— Defining the extent of the storage site by estimating the maximum migration of dissolved
CO4 and its evolution with time.

— Predicting the expected efficiency of CO, trapping in the storage reservoir, by estimating
the bubble point pressure of COy and comparing it against reservoir pressure, tempera-
ture, and salinity.

— Assessing the impact of the injection on the storage reservoir, and its surrounding envi-
ronments, in terms of changes to salinity, temperature, and pressure.

— Assessing whether favorable conditions for in situ carbon mineralization prevail within
the storage reservoir.

— Providing a preliminary estimate of the maximum storage capacity of the storage reservoir.
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3 Mineral Storage Operation at the Coda Terminal

Carbon capture and storage (CCS) projects consist of the capture and permanent sequestration
of COy in the subsurface, in order to fight climate change. To ensure the permanency of this
storage, CCS relies on four main COa-trapping mechanisms (Sneebjornsdottir et al., 2020),
shown in Figure 3.1. Each of these mechanisms work to decrease the mobility of CO; in the
subsurface, and range from highly mobile free phase COs to immobile mineralized COs:

— Structural trapping - COs is stored below a caprock or sealing formation (as in super-
critical or traditional CCS).

— Residual (or Capillary) trapping - CO, gets trapped in pores by capillary effects.

— Solubility trapping - CO, is dissolved in subsurface water, so it is less buoyant and
mobile.

— Mineral trapping - CO, gets mineralized due to carbonate mineral precipitation.
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Figure 3.1: Comparison of CO,-trapping mechanisms for supercritical (left) and
dissolved CO,; injections (right). The contribution of trapping mechanisms gradually
changes over time for both conventional and mineral storage. In mineralization storage, imme-
diate solubility trapping occurs. Over a month-year time scale the CO, is mineralized, leading
to storage security on geologic time scales via permanent mineralization. Taken from Snaeb-
jornsdottir et al., 2020.

The Carbfix method relies on the last two trapping mechanisms in a way that imitates
natural processes, namely the silicate weathering cycle, which regulate the Earth’s climate
on geologic timescales. These natural processes are accelerated through the application of
the Carbfix technology to permanently trap and mineralize CO, in the subsurface within a
timescales of years (Gunnarsson et al., 2018; Matter et al., 2016; Pogge von Strandmann et
al., 2019). The Carbfix technology promotes mineral carbonation via dissolution of CO; into
water prior to, or during, CO, injection. Since the injected COs-charged fluid is acidic, it is
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strongly under-saturated with respect to the primary and secondary minerals of the reservoir
rocks (Clark et al., 2018). This promotes the dissolution of the rocks, which releases cations
(Cay, Mgy, Fey) into the reservoir fluid, and gradually increase its pH and alkalinity. Sub-
sequently, this leads to precipitation of carbonate minerals which mineralizes the bulk of the
injected CO4 (Pogge von Strandmann et al., 2019). This method of CO, storage reduces sig-
nificantly the risk of leakage since the COs is not present as a highly buoyant and mobile free
gas phase. Under favorable conditions, mineral trapping can occur in just a few months, or
years, after COy injection. This effectively reduces the possibility of CO, leakage and ensures
the security, permanence, and sustainability of the CO, storage. This method significantly
differentiates the Carbfix technology from other CCS projects, that inject highly mobile and
buoyant supercritical CO,. Injection of supercritical CO5 requires a seal, or caprock, in the
storage reservoir, in order to achieve structural trapping of CO,. This difference has led to high
public acceptance of mineral storage projects that use the Carbfix method. The Carbfix storage
process has been studied extensively, in collaboration with over 30 universities and research in-
stitutes, since the founding of the Carbfix research project in 2007. About 100 scientific papers
(carbfix.com/scientific-papers) have also been published on the Carbfix method. Studies on the
Carbfix method have also been summarized in the Annual reports of Reykjavik Energy, the
parent company of Carbfix.

Carbfix conducted the first pilot injections of carbon dioxide (COj) and mixtures of COx
and hydrogen sulfide (H,S) in 2012, when gas charged injection was performed into the basaltic
subsurface formations at the Prengsli site in southwest Iceland (Sneebjornsdottir et al., 2017).
The site, Carbfixl, was located in the Hellisheidi Geothermal Field. Rapid mineralization
of the injected gases was confirmed via geochemical sampling (Matter et al., 2016, Pogge von
Strandmann et al., 2019, Snaebjornsdottir et al., 2017), geochemical modeling (Snaebjornsdottir
et al., 2018), as well as reservoir scale transport modeling (Aradottir et al., 2012). The results
proved the suitability of basalts for mineral storage of COy (Matter et al., 2016), resulting in the
upscaling of the project in 2014 with capture of CO5 and HyS from the Hellisheidi Geothermal
Power Plant and injection into a hotter geothermal reservoir at the Carbfix2 injection site
(Gunnarsson et al., 2018, Sigfusson et al., 2018). The injection of CO, and HsS has been an
integral part of the operations at the power plant since 2014, with over 80 kt of COs injected
to date. The operation has been scaled up step-wise since commissioning and, at current rates,
about 12 kt of CO5 and about 6 kt of HyS are injected annually in Hellisheidi (Sigfusson et al.,
2018).

Experiments with DAC (Direct air capture) of COs combined with its injection into the
subsurface for mineral storage started in 2017, in partnership with the Swiss company Clime-
works. In September 2021 a demonstration plant, Orca, was commissioned in the Geothermal
Park west of the Hellisheidi Power Plant. The plant’s capturing capacity is up to 4 kt/y of
CO,. The captured CO, is injected into a storage reservoir located between the groundwater
system and the deep geothermal system at Hellisheidi, at around 500 m depth. As a part of
Orca project the Carbfix methodology was also certified following ISO standard ISO 14064-2.

In 2023, project Seastone, funded by Eurostars and the Technology Development Fund,
was commissioned at the Helguvik site on the Reykjanes Peninsula. It is the first full cycle
COy capture project, with cross-border transportation of COy and permanent mineralization
storage. It is also the first project which utilizes the Carbfix method with saline water. A proof
of concept for the mineralization of CO4 in saline water was demonstrated through laboratory
and modeling work. These studies strongly indicated the feasibility of COs mineralization using
saline water (Marieni et al., 2021, Voigt et al., 2021). The aim of the Seastone project is thus
to demonstrate the validity of incorporating saline water into the Carbfix method by perform-
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ing in-situ pilot injection of dissolved CO, into saline water. This approach will significantly
extend the applicability of the Carbfix method, particularly in coastal areas and regions where
fresh water is scarce. Additionally, the full life cycle approach of the project, i.e. capturing
and transporting COs from mainland Europe to Iceland, is a proof of concept that will be
implemented at scale at the Carbfix Coda Terminal.
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4 Site Characterization

The Straumsvik area, which hosts the Coda Terminal project, is located southwest of the town
of Hafnarfjordour. Hafnarfjorour is located in the southwest of Iceland, and is the southernmost
town of the greater Reykjavik capital area (Figure 4.1). Straumsvik can be literally translated
to “Stream cove”, which alludes to the large groundwater flow in the area which flows out into
the bay. The hydrology of the site is complex, with a freshwater component which is amplified
by the strong groundwater flow and a saline component due to saltwater intrusions from the
coast. The characterization of the storage reservoir in terms of the distribution of saline water,
hydrological properties, and the dynamic equilibrium between fluids of different densities is
critical to the development of a mineral storage project in the area. A robust understanding
of the subsurface processes involved is necessary in order to accurately estimate the effects of
large scale COs injection on the storage reservoir and its surroundings.
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Figure 4.1: An overview of the Coda Terminal and storage complex.

A site characterization includes determining the lithology, hydrogeology, geochemistry, and
other relevant physical attributes of the site. The properties of subsurface geological formations,
as well as in-situ conditions, will impact carbon mineralization. Injection of water and COy
into the subsurface can cause migration of flow paths, changes in flow velocities, dilution, and
mixing of, resident fluid with injected fluid, heat transfer, CO4 solubility, and the feasibility
of mineral storage at the site. The site characterization further provides the necessary data
and information to assess the site’s suitability for long-term CO, storage. It also helps to
identify potential risks and challenges that may arise during the storage process, which includes
potential leakage pathways and adverse environmental impacts. Furthermore, it aids in the
design of monitoring programs that ensure the safety and effectiveness of the CO, storage.

39



Three main aspects relevant to fluid flow and fluid-rock interactions, and thus the potential
CO3 mineralization of the site, have been identified and are considered in this chapter, namely:

1. Lithology and mineralogy.
2. Structures and permeability controls.
3. In-situ pressure, temperature, and salinity distribution.

In order to study these three aspects, data acquisition and data review for the characteri-
zation of the Coda Terminal storage site was done. This data includes:

— Geological information, including stratigraphical analyses and data on hydrogeological
characteristics from previous research in the area (F. Sigurdsson, 1976).

— Downhole measurements, such as temperature and salinity from existing wells.

— Stratigraphical information on wells in Kaldarsel (KS-02) and Trolladyngja (TR-wells)
(Table 4.1).

— Recent research at the site, from newly drilled wells CSI-01 and CSM-01, along prelimi-
nary information from the drilling of well CSM-02.

A detailed report on the geology and development of a three-dimensional geological model of
the site is using the collected data is detailed in Helgadottir et al., 2023. Recent research at
the site includes a comprehensive set of measurements and tests that were carried out in wells
CSI-01 and CSM-01 in order to characterize the storage reservoir. These included:

— Drill cutting analysis.

— Geophysical logging.

— Injectivity tests.

— Televiewer measurements.

— Spinner measurements.

— Pressure and temperature measurements.
— Salinity profile measurements.

In addition to research at these wells, surface geophysical campaigns were also conducted to
help estimate the distribution of saline water in the subsurface. Details on the wells and surface
measurements are given in Vilhjalmsson et al., 2023 and Jo6nsson, 2024.
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Table 4.1: Summary of the main wells located in the area of interest. Drilling depth, surface
geology, dominant stratigraphical sequence, alteration, and presence of saline water in indicated.
Data from other wells was also used in the site characterization. *Final depth not reached.

Wellname | Depth (m) Location Surface geology Stratigraphical sequence Alteration Saline-fresh water interface (m)
5 3 Alternating layers of inter-glacial
CSI-01 982 N.Orthv?cstcrp ])c]/l.t Post glacial lava formation lava flows and glassy basalts Minor zeolites 100
of the injection site L . U
with intermittent sedimentary layers
Alternating layers of inter-glacial
CSM-01 618 Ccntm.l \.VCSE.CIH part Post glacial lava formation lava ﬂo.ws w1th.onc gl.assy basa!t 360
of the injection site formation and intermittent sedimentary
layers
Alternating layers of inter-glacial
; oMk Central part 3 . . . } o . C e
CSM-02 220 L . Post glacial lava formation lava flows and intermittent NA (fully fresh)
of the injection site .
sedimentary layers
- . 3 Alternating layers of inter-glacial lava . L
KS-02 986 K.aldax.se} lo.cated. southeast Post glacial lava formation flows and hyaloclastites with intermittent Minor zeolites NA (fully fresh)
of the injection site . s below 400m
' sedimentary layers
TR-01 2307 Trolladyngja located southwest Alternating layers of inter-glacial lava High temperature alteration NA (fully fresh)

of the injection site

flows and hyaloclastites
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4.1 Lithology and mineralogy

4.1.1 Stratigraphical sequence

The lithology at the Straumsvik site can be classified into four main rock types. Low elevations
in the coastal area around Straumsvik are dominated by post-glacial, or Holocene, lava flows
(Figure 4.2). Older inter-glacial lava flows (gragryti) outcrop to the East of Straumsvik. Close
to the shore, glassy basalts are present which formed when lava flows reach the sea. NE-
SW trending ridges in the higher elevations south of Straumsvik, e.g. Undirhlidar, consist of
hyaloclastic formations which formed during sub-glacial eruptions.

Stratigraphical analyses of the well cuttings were conducted and a detailed lithology of the
wells was produced. From this, a simplified lithology for all the wells was established, and four
main types of geological formations representing lithological units of similar properties and
characteristics were defined (Helgadottir et al., 2023):

— Holocene basaltic lava flows, related to post-glacial volcanic eruptions to the East
and Southeast of the area. They are mostly fine to medium-grained basalt. The Holocene
basalt lavas have been identified in wells CSI-01, CSM-01, and CSM-02. Holocene lavas
are also found at the surface at Kaldarsel (KS-02) and Trolladyngja (TR-wells).

— Interglacial lava flows, related to the interglacial periods where lavas erupted in the
highlands and flowed to the lowlands. Their thickness can vary between a few meters
to several hundreds of meters. They usually correspond to medium to coarse grained
basaltic lithologies. They have been identified in wells CSI-01, CSM-01, and CSM-02 and
in wells in Kaldarsel, Trolladyngja, and the capital area.

— Glassy basalt formations resulting from the interaction of basalt lavas with water.
From Straumsvik towards Kaldarsel in the Southeast, the glassy basalt is presumed to
be related to a coastal environment where lavas flowed into the sea and cooled quickly
(quenched). These rocks are therefore very glassy (foreset breccia or glassy basalt). They
have been identified in wells CSI-01 and CSM-01 but are absent from the other wells
located further inland (KS-02).

— Hyaloclastite formations resulting from sub-glacial volcanic activity. This geological
formation groups two sub-lithologies from the lithology logs, namely basaltic breccia and
basaltic tuff. Hyaloclastite formations are found inland, at both Kaldarsel and Trolla-
dyngja.

— Sediments related to hiatuses in volcanic activities and formation of sediments in lacus-
trine or oceanic depositional systems. These formations may include sandstone, mudstone,
or tuff-rich sediments, with or without shells.

The lithology shows that the storage reservoir, between -300 and -1200 m a.s.l., is expected
to be composed of a succession of interglacial lava flows, hyaloclastites, and glassy basalts

All four main rock types in the area are basaltic, however their rock properties vary signifi-
cantly. Due to the fresh and porous nature of the Holocene lava formations, their permeability
is very high, as much as two to three orders of magnitude higher than the other lithological
formations (H. Toémasson and Témasson, 1966). The majority of the shallow groundwater flow
is expected in the top Holocene lavas.
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Figure 4.2: Surface geology at Straumsvik. Pink and purple areas represent Holocene lavas,
green areas the interglacial lava flows, and brown areas the hyaloclastic ridges. Adapted from
“Geological map of Southwest Iceland 1:100 0007, 2016.
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4.1.2 Primary and alteration mineralogy

The bulk chemical composition and mineralogy of rock samples collected from CSI-01 and
CSM-01 were obtained using X-Ray fluorescence (XRF) and X-Ray diffraction (XRD) analyses
(Galeczka, 2023b). The results of these analyses are shown in Tables 4.2 and 4.3. The results
show that the samples contain approximately 8 wt.% MgO, 10 wt.% CaO, and 12 wt.% Fe,0O3
(total Fe). These are elements that can be mobilized for the mineralization process. The
composition is very similar to the composition of mid-ocean ridge basalts and Stapafell basaltic
glass used in studies of COs-water-basalt reactions (Galeczka, 2023b). The samples have a
mineralogical composition dominated by the primary minerals plagioclase 40 wt.%, pyroxene
35 wt.%, and olivine 6.2 wt.%.

Table 4.2: XRF analysis of the major elements in rock samples collected from CSI-01. The
depth of the samples is indicated in the sample name.

Sample Na20 MgO AI203 SiO2 P205 SO3 K20 CaO TiO2 Mn203 Fe203 BaO LOI
% % % %o % %o % %o % %o % %o %
CSI-0I~330 | 1.67 11.39 1142 44.00 0.17 <0.01 0.17 11.25 228 0.28 15.08  0.03 1.1
CSI-01~338 | 1.66 896 14.47 4519 0.15 0.03 0.18 1096 1.24 0.20 10.65  0.02 5.3
CSI-01~378 | 1.84 928 14.76 4597 0.10 <0.01 0.15 11.62 1.08 0.20 10.61  0.02 2.9
CSI-01~496 | 1.78 856  14.65 47.50 0.14 <0.01 0.11 12.00 1.32 0.22 11.63  0.03 1.5
CSI-01~580 | 1.92 932 14.62 4534 0.12 0.02 0.13 11.24 1.20 0.20 10.83 0.04 4.6
CSI-01~654 | 2.05  9.12  13.92 4431 0.21 0.01 0.18 998 182 0.23 12.37  0.02 9.5
CSI-01~784 [ 1.94 846 13.94 44.06 0.21 0.02 0.18 1059 1.76 0.22 1221 0.01 5.7
CSI-01~810 | 2.10 883 14.00 44.64 0.19 0.02 0.16 11.01 1.72 0.22 1211 <0.01 4.3
CSI-01~924 | 090 486 11.38 45.08 0.52 0.06 0.75 750 221 0.24 13.18  0.03 12.3
CSI-01~980 | 1.92 624 13.28 4511 030 0.17 035 10.16 2.09 0.24 1272 0.01 6.7

Table 4.3: XRD analysis of the mineralogy in rock samples collected from CSI-01. The depth
of the samples is indicated in the sample name.

Sample Smectite Quartz Plagioclase Pyroxene Olivine Analcime Zeolite Calcite Magnesite Hematite Total
CSI-01~330 | TR 1.5 374 42.5 144 0.0 0.0 0.0 1.6 2.6 100
CSI-01~338 | 8.4 1.5 42.6 40.2 2.9 0.0 44 0.0 0.0 0.0 100
CSI-01~378 | 1.8 0.7 45.1 40.1 6.6 TR 4.7 0.0 0.0 1.1 100
CSI-01~496 | 1.4 1.2 50.9 39.5 3.5 0.0 0.0 0.0 0.6 2.9 100
CSI-01~580 | 2.3 0.4 42.4 36.5 9.9 2.0 6.6 0.0 0.0 0.0 100
CSI-01~654 | 8.8 0.8 42.5 31.5 9.7 2.2 4.5 0.0 0.0 0.0 100
CSI-01~784 | 4.8 0.6 41.0 34.1 7.2 2.3 9.6 0.0 0.4 0.0 100
CSI-01~810 | 5.6 0.7 41.2 35.4 7.8 1.8 7.0 0.0 0.5 0.0 100
CSI-01~924 | 50.1 1.1 21.7 13.8 0.0 0.0 10.1 3.2 0.0 0.0 100
CSI-01~980 | 15.7 0.5 38.6 36.8 0.0 3.2 45 0.0 0.6 0.0 100

Over time, primary minerals tend to alter into secondary minerals in the presence of water.
The formation of these alteration minerals is usually dependent on the temperature, perme-
ability, pressure, fluid composition, rock composition, and duration of hydrothermal activity
(Lagat, 2009). As the fluid flows through the rock, it alters the composition of the rocks by
adding, removing, or redistributing chemical components. This alteration can, therefore, in-
fluence the release rate of cations and their availability for in situ mineralization. In addition,
studies on Icelandic bedrock show that porosity and permeability generally decrease with pro-
gressive alteration, gradual burial, and/or increasing rock age since these processes result in
the pore space being filled with secondary minerals (Neuhoff et al., 1999, O. Sigurdsson and
Stefansson, 1994).

The alteration state in the formations in Straumsvik is minor, as indicated by the presence
of smectites and zeolites in samples below 400 m. The sequence of the alteration minerals
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Figure 4.3: The alteration zones and the breakdown of the primary phases. Adapted from
Snaebjornsdottir et al., 2018.

indicates a progressive increase in temperature with depth, with the smectite-zeolite alteration
zone down to 800 — 1000 m depth, as can be seen from Figure 4.3 (Franzson et al., 2008, Krist-
mannsdottir and Toémasson, 1978, and Snaebjornsdottir et al., 2018). In terms of the bedrock,
the geochemical characteristics at Straumsvik are similar to other pilots, demonstrations, and
storage sites in Iceland, e.g. Hellisheidi, Prengsli, and Nesjavellir (Matter et al., 2016, Gunnars-
dottir et al., 2021). The majority of the reservoir consists of young and reactive basalts, which
are favorable for COy mineralization. Based on the composition of the reservoir a high CO,
mineralization potential exists within the storage reservoir (Galeczka, 2023b). Previous studies,
in similar basaltic reservoirs, show that mineralization is expected to occur within years from
injection (Matter et al., 2016).
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4.2 Structures and permeability controls

4.2.1 Hydrogeology and permeability control

Results and interpretations from televiewer logs suggest that NNE-SSW /NE-SW trending faults
are present in wells CSI-01 and CSM-01. There are also indications of minor N-S trending
faults in both wells and ENE-WSW and WNW-ESE trends in CSM-01 (Helgadottir et al.,
2023). However, from analysis of the televiewer data, it is not clear whether these fractures
are tectonic faults or represents cooling fractures. Analysis of the feedzones in wells CSI-01
and CSM-01 showed that while some may be linked to fractured areas, the main feedzones
were correlated to horizontal lithological boundaries or permeable rock formations. Therefore,
it is more likely that control of flow in the region is linked to lithological boundaries between
basaltic lavas, and to permeable, primarily glassy basalts, rather than faults (Helgadottir et al.,
2023). This is in agreement with studies on high-temperature areas in Iceland where aquifers
are, in the majority, linked to lithological boundaries down to 800 — 900 m (Franzson, 1988,
Gunnarsdottir et al., 2021).

4.2.2 Well testing

Step rate injection tests were performed in wells CSI-01 and CSM-01 after drilling, along with
pressure, temperature, and spinner (PTS) measurements, to determine the hydraulic properties
of the wells (Jonsson, 2024). They were also used to identify possible feed zones in the wells.
A list of estimated feed zones in wells CSI-01, CSM-01, and KS-02 is given in Table 4.4. In
addition to PTS measurements, other downhole measurements were done in the wells, such as
caliper, neutron-neutron (NN), and conductivity logs. These were compared with the lithology
profiles from the wells. The findings from these measurements are summarized in Jonsson, 2024
and Helgadottir et al., 2023.

Table 4.4: List of loss zones and their relative size, in wells CSI-01, CSM-01, and KS-02.
The well logs that indicate the loss zones are also listed. Data taken from Joénsson, 2024,
Sigurgeirsson et al., 2023, Sigurgeirsson et al., 2024, and J. Témasson et al., 1977.

Well Depth [m] Relative size Observed in

342 Medium Spinner, temperature, conductivity, lithology, loss of circulation fluid
365 Small Spinner, temperature, conductivity, lithology
CSL01 375 — 400 Medium/large Spinner, caliper, loss of circulation fluid
400 - 520 Small Temperature, conductivity, loss of circulation fluid
780 Small Loss of circulation fluid
915 Small Loss of circulation fluid
341 Small Spinner, temperature, caliper, lithology
CSM-01 348 Medium Spinner, temperature, caliper, lithology
360 Large Spinner, temperature, caliper, loss of circulation fluid
375 Small Temperature, conductivity, caliper, NN, lithology
80 NA Loss of circulation fluid
105 NA Loss of circulation fluid
225 NA Loss of circulation fluid
255 NA Loss of circulation fluid
KS-02 396 NA Loss of circulation fluid
462 NA Loss of circulation fluid
580 NA Loss of circulation fluid
750 NA Loss of circulation fluid
778 NA Loss of circulation fluid
800 NA Loss of circulation fluid
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Spinner logs in well CSI-01 show loss zones at 342 m, 365 m, and 375 m depth. There
are also loss zones in an interval from 375 m, down to roughly 400 m visible for the higher
injection rates. Most of the water flowed out at about 375 m. Anomalies in the spinner curves
were also correlated to anomalies in the temperature profiles and other logs from the well.
However, temperature logs show that there is a small amount of water, undetectable by the
spinner, flowing below the loss zone at 375 m, down to about 520 m. It can be argued that
there is minor seepage of water down to about 840 m. The entire permeable part of the well
is within a saline water system, which is consistent with the results of downhole conductivity
measurements (Jonsson, 2024).

Spinner logs in well CSM-01 show loss zones at 341 m, 348 m, and 360 m depth. Most of the
water flows out of the wellbore at a depth of about 360 m. The spinner data are correlated with
anomalies in the temperature profiles and other logs from the well. However, the temperature
profiles also show that there is a small amount of water, undetectable by the spinner, flowing
below the loss zone at 360 m, down to about 376 m depth. The permeable part of the well is
thought to be within the freshwater system, although the permeable part at 375 m seems to be
in a brackish water layer (Jonsson, 2024).

CSI-01 has an estimated injectivity index of about 5 (L./s) /bar and CSM-01 has an estimated
injectivity index of about 25 (L/s)/bar, shown in figure 4.4 (Jonsson, 2024).
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Figure 4.4: Injection rates versus the pressure during step rate injection tests in CSI-01 (a)
and CSM-01 (b). The injectivity indexes of the wells are derived from a linear regression line
through the datapoints. Adapted from Jénsson, 2024.
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4.3 Heat and mass distribution

Downhole pressure and temperature logs were taken in wells CSI-01 and CSM-01 during, and
after, drilling. Fluid samples were also collected from the wells at different times. These
measurements provide valuable information on the conditions and properties of the subsurface
fluids with depths. However, it should be noted that the measurements may be influenced by
drilling activities, which usually involve injection of large volumes of cold, fresh, water into the
well during drilling. The values from these measurements may, therefore, not represent baseline
conditions in the reservoir.

Downhole temperature measurements can be used to determine the temperature gradient in
an area and can indicate the existence of feedzones in a well. Temperature measurements were
taken regularly in both CSI-01 and CSM-01, and are shown in Figures 4.5 and 4.6. The newest
temperature measurements are thought to be the closest to the natural state of the reservoir
around the well and are marked as interpreted data in the figures. The well log shows that
both CSI-01 and CSM-01 reach temperatures of around 50 °C at 600 m depth. Furthermore,
CSM-01 reaches a bottom temperature of 80°C at around 900 m depth. Both wells exhibit the
same temperature gradient, which is estimated to be around 80 — 90°C/km (Helgadottir et al.,
2023). This temperature gradient is expected to dominate within the entire storage reservoir.
Both wells show a clear change in the temperature profiles at around 350 m depth, which
indicates the presence of feedzones near those depths. This is in agreement with the results
of the spinner test detailed in the previous chapter. Temperature well logs were also taken
in KS-02, and are shown in Figure 4.7. The measurements show that KS-02 has a constant
temperature of around 5°C from the surface down to 750 m. This is thought to be due to the
large amount of cold freshwater near Kaldarsel, which cools down the reservoir (J. Témasson
et al., 1977). The temperature in the well increases after 750 m, and the well has a bottom
temperature of 15 °C at 900 m. Below 750 this corresponds to a temperature gradient of around
65°C/km. This indicates that cold groundwater is present much deeper at Kaldarsel compared
to the proposed injection site.

Downhole pressure logs show the pressure gradient at the site and provide insight into the
structure of the system. Pressure well logs were taken in wells CSI-01 and CSM-01. Both wells
show a hydrostatic gradient from the surface of the water table down to the bottom of the
well. This means that, down to at least a 1000 m depth, the storage reservoir is in pressure
contact with the surface. This suggests that no significant aquitards are present in the storage
reservoir. The logs also show no evidence of the presence of a convective regime, like the ones
found in geothermal systems. The newest pressure measurements are thought to be the closest
to the natural state of the reservoir around the wells and are marked as interpreted data in the
figures.
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Figure 4.5: Downhole temperature (a), pressure (b), and salinity (c) measurements from well

CSI-01.
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Figure 4.6: Downhole temperature (a), pressure (b), and salinity (c) measurements from well
CSM-01.
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Figure 4.7: Downhole temperature (a), pressure (b), and salinity (¢) measurements from KS-
02.
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4.4 Saline intrusion and the saltwater-freshwater interface

In coastal regions, like Straumsvik, the presence of permeable and porous rock formations near
the coast can cause intrusion of saline water (seawater) into the otherwise fresh groundwater.
Since salinity increases the density of water, the presence of these intrusions forms a layered
structure in the groundwater aquifer. This structure is characterized by the lighter fresh water
floating on top of the denser saline water, forming a freshwater lens. In Iceland, a good example
of such saline intrusions is found in the Reykjanes Peninsula, where there is a layer of fully
saline water overlain by a lens of freshwater under the entire peninsula. In Reykjanes the depth
down to the saline water varies and, in general, it increases with distance from the coast (F.
Sigurdsson, 1985).

The saline and fresh water layers are often separated by a mixing layer, a layer of brackish water
known as the saltwater-freshwater interface. The salinity in the interface layer increases with
depth, with the salinity changing from more-or-less fresh water at the top, to saline water at
the bottom. The interface layer is the result of dispersion by the natural flow of saline water, as
well as the effects of tides and recharge on the system. The thickness of the saltwater-freshwater
layer can be anywhere from less than 1 m up to more than 100 m (Todd and Mays, 2005). In
Reykjanes, this interface layer is relatively thin near the coast, usually on the order of a few
tens of meters. Salinity in the water in the subsurface can roughly be divided into three groups:

— Fresh water (< 0.5 %o salinity).
— Brackish water (0.5 — 30 %o salinity), corresponding to the saltwater-freshwater interface.
— Saline water (> 30 %o salinity).

* Note that the salinity of seawater is in general around 34 - 35 %o.
The mapping of saline intrusion near Straumsvik is central to the site characterization efforts
and the associated modelling activities. This is due to several factors:

— Saline water has a density of 1024 kg/m?® at 20°C and is denser than freshwater, which
has a density of 998 kg/m?3 at 20°C. This leads to a delicate pressure-density balance in
the subsurface that influences subsurface flow regimes.

— The density difference between saline, brackish, and fresh water may also impact the
target areas and depth of the storage reservoir for in-situ mineralization.

— Injection into saline water has been demonstrated in the lab and there is currently a
pilot project for such injection in progress. However, this type of injection has not been
conducted at scale and further field demonstration may be required.

To facilitate the mapping of salinity in the subsurface two methods were used; electrical con-
ductivity well logging and surface resistivity, or TEM, measurements.

Electrical conductivity logs provide valuable information on the salinity of the subsurface fluid
and can help identify the depth of the saltwater-freshwater interface. Water samples collected
from CSI-01 show a sharp increase in electrical conductivity at approximately -100 m a.s.l.
The electrical conductivity logs from well CSM-01, Figure 4.6, show a similar sharp rise in
electrical conductivity at approximately -350 m a.s.l. Note that electrical conductivity logs are
not accurate inside well casings, so well logs in CSI-01, which is cased down to around 320
m, are not useful in locating the depth of the interface. This indicates that the depth of the
saltwater-freshwater interface is around -100 m a.s.l. in CSI-01 and -350 m a.s.l. in CSM-01.
The thickness of the interface in both locations is estimated to be around 20 m. Electrical
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conductivity logs in both CSI-01 and CSM-01 show a gradual increase in salinity below the
interface depth with time. The measurements also show a decrease in conductivity with depth
in the bottom sections of the wells. The working assumption is that this behavior is due to dis-
turbance from drilling and injection testing in the wells, which involves pumping a large amount
of fresh water into the wells. Therefore, it is likely that the well has not yet reached equilib-
rium with the natural state of the surrounding reservoir after these tests. The interpreted data
curves for salinity for both CSI-01 (Figure 4.5) and CSM-01 (Figure 4.6) show the currently
estimated natural state near both wells. Continued well logging in both CSI-01 and CSM-01 is
necessary to confirm the natural state conditions near the wells. Electrical conductivity mea-
surements were also conducted in well KS-02 at Kaldarsel in 2023. These showed that fresh
water extends from the surface down to the bottom of the well, at 986 m. This is consistent
with older measurements and shows that salinity disappears at a certain distance from the coast.
Resistivity measurements, namely 4 TEM and TEM soundings, were conducted in the Straumsvik
area in 2022 and 2023 (Vilhjalmsson et al., 2023). Such geophysical methods are well suited
for the purpose of mapping saline intrusions in the subsurface as they can detect subsurface
resistivity variations, especially where resistivity decreases with depth. This is expected in
reservoirs where dry rocks are underlain with rocks saturated with fresh water and saline wa-
ter. This can help map the thickness of the fresh water lens in the subsurface from the coast
inland. The bulk of the soundings were located along a NW-SE trending cross-section, inland
from the Straumsvik inlet, see Figure 4.8. A shallow brackish water layer, thought to be the
saltwater-freshwater interface, was traced from the coast along this cross-section. The depth
down to the interface in the cross-section increases gradually inland until it terminates abruptly
less than 2 km away from the inlet.
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Figure 4.8: Overview of TEM and pTEM sounding locations near Straumsvik (left). Resis-
tivity layers in a cross section STVcross (right). The yellow shading represents the unsaturated
zone (above the water table), the blue shading represents freshwater, and the green shading
shows saline water (right). From Vilhjalmsson et al., 2023.
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4.5 Reservoir fluid chemistry

The make-up of the fluid in the proposed storage reservoir has been studied as part of the
characterization of the Straumsvik site (Galeczka, 2023b). The fresh water reservoir fluid was
based on the chemical composition of the drinking water in Hafnafjérour. The saline water
reservoir fluid was based on water samples from well CSI-01. The estimated reservoir chemical
composition is shown in Table 4.5, along with the composition of seawater near Reykjanes. The
ambient mass fraction of CO in the reservoir fluid seems to around 10 — 20 mg/L, or around
0.01 — 0.02 g/kg, which is negligible compared to the estimated injected mass fraction of 3 —
4 g/kg. The estimated salinity of the saline reservoir is around 24.5 %o, which is quite low
compared to the salinity of seawater, which is around 34 — 35 %o. However, it should be noted
that the saline water chemistry is estimated from samples gathered during discharge testing
of CSI-01. It is therefore possible that the water sampled was a composite of fresh water and
saline water, and that the true salinity at depth will be closer to 34 %o. Newer measurements
of water from the well show an increasing Cl concentration in the well with time (Galeczka,
2023a). Thus, it might be more accurate to say that the saline water in the reservoir will have
a salinity in the range 24.5 — 35 %o. Finally, the chemistry shows that the Cl content, and to
a lesser extent the Na content, is quite a bit higher than other components in the saline water
sample. Therefore, since Cl is directly related to salinity of water, we expect that the evolution
in water density with chemical composition in the reservoir will be controlled by salinity.

Table 4.5: Estimated fluid chemistry of fresh and saline reservoir water in Straumsvik, along
with fluid chemistry of seawater near Reykjanes. Adapted from Galeczka, 2023b.

Fresh water - Reservoir Saline water - Reservoir Seawater

Temperature [°C|] 3.10 15.00 -
pH/*C 8.98/22.2 8.36/20.0 8.15/23.1
Si0, [mg/L] 15.20 6.22 0.7

B [mg/L| < 0.01 1.04 4.17
Na [mg/L] 10.4 6360 10560
K [mg,/L] 0.641 84.90 330
Ca [mg/L] 5.33 2200 377
Mg [mg/L]| 1.8 292 1230
Al [mg/L] 0.00148 0.01 0.001
Fe [mg/L] < 0.0004 0.18 0.002
COs [mg/L] 20.7 10.4 100
Cl [mg/L] 8.54 14202 18800
SO, [mg/L] 2.88 1629 2550
F [mg/L] < 0.2 < 0.2 0.81
Salinity [%o| 0.02 25.7 34.0
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5 Conceptual Model of the Storage Complex

The data and information obtained from the site characterization were used to create a qualita-
tive conceptual model of the storage site. This model provides a simplified representation of the
site’s geological, hydrological, and physical attributes, and serves as a basis for understanding
the behavior of the storage reservoir.

The groundwater regime in the Reykjanes Peninsula is a characteristic coastal environment
in which seawater is present at a relatively shallow depth over the entire peninsula (F. Sig-
urdsson, 1985). The saltwater-freshwater interface is primarily controlled by salinity gradients
between the seawater intrusion from the coast and the groundwater influx from the watershed,
which leads to the establishment of an overlying fresh water lens. The Straumsvik site is located
in a transition area between a coastal environment, as seen on the Reykjanes Peninsula, and a
more continental environment, as seen in Reykjavik proper. As such, the area has a complex
subsurface regime in which there is a sharp boundary between saline and fresh water, with only
fresh water present at depth inland, as evidenced by measurements in deep wells in Kaldéarsel
and TEM measurements. This may be further influenced by a very large flow of cold, fresh,
water recharge or influx from the Southeast. The additional pressure support provided by this
cold, fresh, water recharge influences the density balance in the subsurface and prevents the
saltwater intrusion from reaching far inland. The morphology of the saltwater-freshwater inter-
face may also be impacted locally by lithological units. The lithological and structural impact
on this interface and distribution of saline water at depth will however be further investigated
as new data is collected and analyzed.

The surface geology in the greater Straumsvik area consists of postglacial lavas, interglacial
lava flows (gragryti), and hyaloclastite mountains (moberg) further south and southeast towards
the Krysuvik fissure swarm. No evidence of faults or fissures on the surface has been found in the
Straumsvik area (Helgadottir et al., 2023). The stratigraphy of Straumsvik in the upper 1000
m of the subsurface is characterized by an anisotropic permeability field where the horizontal
permeability dominates the system. Injectivity tests in wells CSI-01 and CSM-02 indicate that
most of the permeable layers in the storage reservoir are found at depths between -300 m a.s.l.
and -450 m a.s.]l., and correspond to locations of lithological contacts (Jonsson, 2024).

Using data collected at the site (Chapter 4), a preliminary conceptual model of the Straumsvik
area was constructed and can be seen in Figure 5.1. This model encompasses the fluid behavior
in the area, including the balance between saline and fresh groundwater. It is important to
note that our current understanding of the area is limited to information from only two wells,
along with resistivity measurements performed in the area. While this provides us with some
valuable insights, it significantly restricts the scope of the analysis. Therefore, to enhance the
accuracy and reliability of our subsurface understanding, the collection of additional data is
essential. Doing so will not only refine our existing model but also provide a more robust and
comprehensive understanding of the subsurface structure and fluid behavior.
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Figure 5.1: Conceptual model - schematic three-dimensional diagram highlighting the
freshwater-seawater interface and the flow between wells CSI-01 and CSM-01 in Straumsvik
and well KS-02 in Kaldérsel (adapted from Helgadottir et al., 2023).
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6 Numerical Formulation and Approach

The conceptual model is further refined and quantified to develop a numerical reservoir model.
This model is a mathematical representation of the storage reservoir that can be used to simulate
the injection and storage of CO,. The focus of the numerical model was to accurately simulate
three key factors in the storage reservoir and the surrounding subsurface. The first of these
is the estimation of the maximum extent of CO, migration in the reservoir due to Carbfix’s
injection. This information is key in judging whether or not the storage reservoir can contain
the injected CO,, without leakage, and to estimate if carbon mineralization is feasible in the
storage reservoir. The estimated extent of CO, migration also helps in setting up effective
monitoring plans in the area, so any adverse environmental impact will be found quickly. The
second factor is the density of the resident reservoir water in the storage reservoir. Since Carbfix
aims to use solubility trapping to ensure the containment of CO, prior to mineralization, it is
important to have good estimates of the water density in the reservoir to judge if the injected
CO; charge water will sink or rise to the surface. The final factor is estimating the bubble point
pressure of COs in the reservoir, to ensure that there is no danger of the injected dissolved CO,
exsolving in the storage reservoir and rising to the surface as gas. In order to simulate these
three key factors the numerical reservoir model incorporates detailed data on the reservoir’s
porosity, permeability, pressure, temperature, salinity, and other properties.

6.1 Material and method

The numerical simulations are carried out with TOUGHREACT, a parallel simulator for three-
dimensional non-isothermal multiphase reactive transport in porous and fractured rock (Son-
nenthal et al., 2021). TOUGHREACT is based on the non-isothermal multi-component fluid
and heat flow simulator TOUGH2 (Pruess, 1991), and adds reactive transport into the frame-
work of TOUGH2. It has been used to simulate many geological, environmental, and subsurface
engineering problems, including geological carbon sequestration, subsurface nuclear waste em-
placement, geothermal reservoir management, contaminant transport, and groundwater quality.
It has also been used in the past in Iceland to estimate the effects of CO5 injection into basaltic
reservoirs (Aradottir et al., 2012, Ratouis et al., 2022, Liu et al., 2019, Gunnarsdottir et al.,
2021).

Currently, the reaction processes are not fully integrated in the reservoir models. The
transport models developed represent a non-reactive transport numerical scheme of the CO,-
charged fluid through the reservoir and hence, predict the maximum potential impact that the
injection may have in the system for a theoretical scenario in which no mineralization occurs.

The governing equations solved by TOUGH2 and TOUGHREACT describe the conservation
of mass and energy in the system. The change in mass/energy in a given subdomain V,, resulting
from fluxes across enclosing surface A, is represented as

d
— [ M%dv, = / FX xdA, + / q~dv, (1)
dt Vn An Vn

where M* represents the mass or energy per unit volume of the component K, FX x dA, is
the flux of component K through surface A, and ¢% denotes mass flow into/out of sinks and
sources. Equation 1 expresses that the rate of change of fluid mass in V), is equal to the net
inflow across the surface of V,, plus net gain from external fluid sources and sinks. Advective
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flux is defined for each component K as
F¥logo = Y X5F; (2)
B

with individual phase flux is given by Darcy’s law

Kr,gpﬁ
Hs

Fp = ppug = =K (VPs — psg) (3)
where Fj is the flux of phase 3, pg is the density of phase /3, ug is the Darcy velocity in
phase 3, K is the absolute permeability, K, 3 is the relative permeability of phase 3, 115 is the
dynamic viscosity of phase /3, P3 is the sum of the pressure of a reference phase and the capillary
pressure and ¢ is the vector of gravitational acceleration. Transport is controlled by advection,
and dispersion was not included in this modeling work. Molecular diffusion was included in the
modeling framework because while the transport is dominated by the high advection velocities
within the fracture network at the injection site, matrix diffusion may be an important process
in retarding the movement of solutes and attenuating their concentrations (Walter, 1982).
Diffusive flux f is written as being proportional to the gradient in the concentration of the
diffusing component (Fick’s law) as

f=—dvC (4)

where d is the effective diffusivity, which in general will depend on the properties of the diffusing
component, the pore fluid, and the porous medium and C the concentration. Heat transfer is
controlled conduction and convection as

FNKH = X T+ ) hsFp (5)
B

where A is the thermal conductivity, 1" is the temperature and hg is the specific enthalpy in
phase . Description of thermodynamic conditions assumes local equilibrium of all phases.
TOUGH uses an integral finite difference (IFD) method for space discretization, and first-order
fully implicit time differencing. The resulting strongly coupled, nonlinear algebraic equations
are solved simultaneously using Newton-Raphson iterations for each time step. Time steps
are automatically adjusted during a simulation run, based on the convergence rate of the
iteration process. The IFD method avoids any reference to a global system of coordinates
and is applicable to regular or irregular discretization in one, two, and three dimensions. The
IFD method also makes it possible to implement double- and multiple-porosity methods for
fractured media.

6.2 Reservoir modelling workflow

Reservoir modeling plays an important role in the reservoir management of the mineral storage
operations at the Coda Terminal. It provides tools to predict and optimize the long-term
management of the injection of dissolved COs and contributes to the safe application of the
Carbfix carbon storage method. Comparison between the observed and modeled behavior of
the subsurface COy transport and mineralization is an integral part of the verification process
during conformance monitoring of the site. The ability to model the fate of the injected CO,
as well as to quantify the amount of COy that can be mineralized also increases the overall
confidence in the effective permanent storage of CO,.
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Two successive reservoir models were developed, the first model was used to simulate the
natural state of the reservoir. This is followed by the second model, which was used to forecast
the effects of injection of CO, in the storage reservoir. In the following sections, the model
assumptions, characteristics, and results for both models are presented. The natural state
model results provide the initial conditions (temperature, pressure, salinity, and dissolved COq
distribution as well as heat and mass flow) for the forecast model. The modeling workflow
developed consists of:

1.
2.

A conceptual model of the system, describing the main physical processes (Chapter 5).

A numerical grid of the system. The grid used is irregular with different levels of
refinement, ranging from large blocks at the outskirts of the model to smaller blocks at
the injection site(s) (Figure 6.1). This configuration decreases the computational cost of
the simulation while preserving a high level of detail in the area of interest. The multi-
scale heterogeneity in the reservoir can be represented by assigning individual model
blocks with a specific permeability and porosity values. The different levels of refinement
in the grid enables the model to include the individual structural features such as faults,
which allows for the modeling of discrete flow paths for the fluid. Local refinement of
the grid is carried out by performing a Delaunay triangulation of the transition zone in
which blocks of intermediate sizes are created (Croucher and O “Sullivan, 2013). The
connections are usually not orthogonal and may introduce mass balance errors in the IFD
solution. This is addressed by optimizing the connection angle block geometry using a
non-linear least squares optimization formulation at the transition zone between blocks.

The Geological representation and permeability field as described in the geological
model (Chapter 4 and Helgadottir et al., 2023) is represented in the numerical model
by defining a rock-type for each geological unit, which populates the three-dimensional
array of blocks of the numerical grid of the system (Figures 6.2 and 6.4). The rock-type
parameters represent the properties of each geological unit. Distinct hydro-geological
parameters (permeability, porosity, density, conductivity, etc.) are then assigned to each
rock-type to represent the characteristics of each unit (Table 6.2).

. Equation of State (FoS) provides the thermodynamic and thermophysical properties

of the considered fluid mixture. For the present work, we use ECO2N (Pan et al., 2014),
which considers the fluid in the subsurface as a mixture of HoO, NaCl, and CO,. This
allows us to represent both the influence of salinity and of CO, on the reservoir. ECO2N
reproduces fluid properties of HoO - NaCl - COy mixtures within experimental errors
for reservoir fluid between 10 °C to 300 °C in temperature, with less than 600 bar in
pressure, and with salinity up to halite saturation. This includes estimating density,
viscosity, and specific enthalpy of fluid phases as functions of temperature, pressure, and
mass composition, as well as estimating the partitioning of mass components among the
different phases.

Boundary conditions that represent heat and mass influx and outflow into the system,
which control the regional heat and mass distribution.

Natural state simulations were performed and provide a baseline for the state of the
storage complex prior operations of the Coda Terminal.

Forecast simulations were performed to assess the reservoir response to injection and
determine the migration and fate of the injected fluids.
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— Initial conditions for the forecast models are extracted from the natural state
model. The forecast model covers the same area but the grid for the forecast model
is coarser than the grid developed for the natural state in this study (Table 6.1).
The values were interpolated onto the finer grid using a spatial three-dimensional
Delaunay triangulation.

— Injection/Production scenario are defined and provided.

— Simulation time is set for the duration of operation, closure, and post-closure of

the site.
Table 6.1: Natural state and forecast models specifications
Natural State Forecast
Grid extent
Number of grid blocks 100,777 195,456
Level of refinements 4 5

Top surface

Water level

Water level

Side boundary conditions

Open towards the ocean
Closed inland

Open towards the ocean
Closed inland

Influx

Basal heat

Basal heat, pure water, CO,
and brine

Outflux

None

Water production from CSW wells

Simulation time

320 million years

30 years operation, 1 years post closure,
and 100 years post closure
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6.3 Grid structure

The three-dimensional model covers an area of 576 km? (24 km x 24 km) and is large enough
to encompass the geological storage reservoir and monitoring areas (Figure 6.1), as well as to
ensure any changes due to the simulated production/injection in the field are not influenced by
boundary conditions. The grid used is irregular and has different levels of refinement between
the natural state and the forecast model:

e The grid for the natural state contains four levels of refinement from 1.6 km by 1.6 km
at the outskirts of the model to 200m by 200m in the storage complex.

e The grid for forecast simulations is further refined to 100 m by 100 m at the injection
site(s).

This configuration decreases the computational cost of the simulation while preserving a high
level of detail in the geological storage reservoir.

The model is made up of 50 layers ranging from -125 to -3000 m a.s.l. and with thicknesses
between 10 to 250 m. A minimum thickness of 10 m was assigned to layers close to sea level,
to better model the effects of the coastal boundary on the fluid flow between the groundwater
and the sea. The vertical refinement of the grid was also finer in the estimated depth range of
the proposed storage reservoir, between —300 and -700 m a.s.l. The top of the model was set to
follow the top of the water table on land (provided by Myer et al., 2024), and the bathymetry
of the oceanic floor offshore.
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Figure 6.1: Numerical grid used in the reservoir models. The figure is centered on the
main area of interest around Straumsvik and shows the sequential grid refinements around the
proposed storage reservoir.
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6.4 Geology and permeability field

The multi-scale heterogeneity in the reservoir is represented by assigning individual blocks with
a corresponding rock-type (Figures 6.2, 6.3, and 6.4). The distribution of these rock-types is
based on the geological model described in Chapter 4. The rock-type parameters represent
the properties of each geological unit, namely the porosity, permeability, density, specific heat,
and liquid-heat conductivity. The geological units considered are the Holocene lavas, basalt
lava flows, hyaloclastites, glassy basalts, sediments, and the crystalline basement. All rock-
types have a density of 2600 kg/m3, a specific heat of 900 kJ/kgK, and liquid-saturated heat
conductivity of 1.5 W/mK. The porosity and permeability of rock-types were based on site
estimates (F. Sigurdsson, 1985, Helgadottir et al., 2023) and the natural state calibration,
detailed in the Chapter 7. The estimated values are provided in Table 6.2. Contact zones
between lithological units in the storage reservoir were also treated as a distinct rock-type.
These contact zones are where the largest feed zones in the groundwater and storage reservoir
are expected to be found. For the basaltic lava flows, it was assumed that the permeability of
the lavas decreased with depth, as a function of age and alteration, with the relatively fresh lava
at the top of the model having the highest permeability. The sediments were given porosity and
permeability of neighboring rock-types since insufficient data exists on their extent to constrain
their properties.

Table 6.2: Permeability and porosity ranges for the rock-types defined in the model.

Porosity ~ Permeability [md|

(%) Horizontal | Vertical
Holocene Lavas 20 200,000 400
Basaltic Lava Flows 10 250-25 [ 50 -0.5
Glassy Basalts 10 - 15 500 100
Hyaloclastite 10 10 2
Sediment 10 — 20 | 500 - 250 | 100 — 50
Basaltic Basement 5 1 0.2
Lithological Contact Zones 15 2000 800
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Figure 6.2: Rock-type distribution in the 3D geological model (top) and in the numerical
model grid (bottom). The rock-type assignment was based on the 3D geological model of the
area (Helgadottir et al., 2023). The storage complex is shown by a grey polygon and the dashed
red lines represent the extent of the geological model.
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6.5 Equation of State - ECO2N

The numerical framework includes a fluid property module, the equation of state. The equation
of state used for the simulations is the 2" version of the ECO2N module, which was designed
for simulating geological sequestration of CO, in saline and geothermal aquifers. ECO2N
includes a comprehensive description of the thermodynamic and thermophysical properties of
the H,O - NaCl - CO, system for temperatures between 3.5°C to 300°C, pressure up to 600 bar,
and salinity up to halite saturation. The equation of state has been found to reproduce the
thermodynamic and thermophysical properties of these systems to within experimental errors
(Pan et al., 2014).

Three key properties that control flow and heat in subsurface reservoirs are density, viscosity,
and specific enthalpy. For multi-component systems, like HyO - NaCl - CO, fluid mixtures,
the solubility of the additional components in water is also a key factor in accurate reservoir
modeling. For the density of the HyO - NaCl - COy fluid, the density of brine (H,O - NaCl)
and the density of pure CO, are considered separately. Thus, the fluid density is estimated by

1 _ 1— X002 i XCOz (6)
paq(T7 P) pb<T7 P) PCOs (Ta P)
where T' is the temperature, P is the pressure, p.q, pp and pco, are the density of the fluid,
brine, and pure CO, respectively, and X¢o, is the mass fraction of COs in the fluid. The brine
density is calculated using the properties of pure water (Committee, 1967) with corrections
added to account for salinity (Haas, 1976, Andersen et al., 1992, Battistelli et al., 1997). The
aqueous density of pure CO, is calculated using

Meco, .
3751 + —9.585 % 10727 + 8.740e — 4« T? + —5.044e — 7T

pco, = 10° (7)
where Mco, is the molecular weight of CO,. This equation is based on the correlations of
the molar volume of CO, at infinite dilution (Garcia, 2001), since dissolved CO, is always
considered diluted at reservoir conditions.

The viscosity of the reservoir fluid is assumed to be the viscosity of brine at the same
temperature and pressure (Phillips et al., 1981), and any effects of CO5 concentration on the
fluid viscosity are ignored.

The specific enthalpy is calculated in a similar way to the density, by considering brine and
COg separately, i.e.

hao(T, P) = (1 — Xco,) (T, P) + X3(hco, (T, P) + hais g (T, P)) (8)

where hy, and hco, s are the specific enthalpies of brine and gaseous COq, and hgisg is the
enthalpy of dissolution of COs. These specific enthalpies of CO, and NaCl are estimated from
the correlations of Altunin (Altunin, 1975) and Lorenz (Lorenz et al., 2000), and the enthalpy
of dissolution of COs is estimated from equations by Himmelblau (Himmelblau, 1959).

The solubility of CO,, or the phase transition from dissolved CO5 to pure gas, is based on
correlations by Spycher and Pruess (Spycher and Pruess, 2005, Spycher and Pruess, 2010). The
solubility of NaCl, or the phase transition from dissolved NaCl to solid halite (Chou, 1987).

6.6 Boundary conditions

A Dirichlet boundary condition is applied to the top boundary of the grid, which allows fluid to
flow in and out of the system. The pressure, temperature, and salinity of the top blocks are fixed
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and represent the groundwater table and the ocean. As such, the open boundary conditions on
land were set to fresh water (no salinity) at a temperature of 8°C and an atmospheric pressure of
1 bar. Under the ocean, the boundary conditions were set to saline water (35 %o salinity) with
a temperature of 8°C and at a hydrostatic pressure resulting from the mass of the overlaying
seawater (based on the bathymetry) as follows:

Pboundary = pghsea (9)

where p is the density of seawater at 8°C, ¢ is the acceleration due to gravity, and hg., the
height of the seawater column.

Since the side boundaries located in the SE part are assumed to be sufficiently far from the
injection as to not cause boundary effects they were set as closed, i.e., no heat or mass can
come into or go out of the system through those blocks. The side boundaries located in the
NW part of the model, including all the blocks under the ocean, are open boundary conditions
that allow water to flow in or out of the model. These are used to represent the recharge from
the ocean into the system.

The bottom layer of the model was a closed mass boundary, with a constant conductive
heat-flow of 60 mW /m?. This model boundary represents the natural temperature gradient at
the site (Chapter 4).
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7 Natural State Model (Baseline Model)

In order to assess the effects of Carbfix’s proposed injection and production on the storage
reservoir and groundwater at the site; it is first necessary to establish a baseline for the region.
To estimate such a baseline we used a numerical model (Chapter 6) to simulate the state
of the system prior to anthropogenic activity in the area. This baseline model is generally
referred to as a natural state model of the system. It simulates the natural state of reservoir
fluid in the area, including reproducing the expected regional groundwater flow patterns and
temperature distributions in the watershed. This includes simulating the coastal component of
the Straumsvik site and thus the distribution of salt, or salinity, in the subsurface. A natural
state model can provide insights into the flow and subsurface processes at work in a reservoir and
increases our understanding of the storage reservoir. Also, once a natural state model has been
created it becomes possible to use it to quantify the effects of Carbfix’s injection/production
on the region.

Using the numerical approach, detailed in Chapter 6, as a base for the natural state model, a
simulation of the region was run until the model reached a steady state. The initial conditions
of the model were set to follow a hydrostatic gradient, with the reservoir starting at a cold
isothermal temperature, with an underlying heat flux of 60 mW /m? over the entire region.
Since the simulated steady state can take a larger time span to achieve compared to a natural
steady state, this generally means simulating the system for several hundred million years.
This simulated steady state was then compared with the available field data collected as part
of the site characterization, detailed in Chapter 4. The parameters of the numerical model were
adjusted to improve the fit between simulated and measured values. This included changing
permeability, porosity, and heat flow in the model. These steps were then repeated until a
numerical model was created that was judged to adequately reproduce the field data. The
results detailed in the following chapters represent the conditions simulated for the baseline, or
natural state, of the system.

7.1 Subsurface temperature, pressure, and salinity distribution

Simulated distributions of temperature, pressure, and salinity in the numerical model were
compared to measurements. For the temperature it has been estimated that the thermal
gradient in Straumsvik is around 80 — 90°C/km (Helgadottir et al., 2023). Further inland, near
the freshwater wells in Kaldarsel, the temperature is almost a constant 5°C down to 800 m, as
can be seen from measurements in well KS-02 (Figure 4.7). This means that the temperature
should decrease with distance from the coast. Known geothermal areas exist both to the South
(Trolladyngja) and Northeast (Reykjavik) of Straumsvik. However, these are thought to not
significantly influence the temperature distribution near Straumsvik (F. Sigurdsson, 1976) and
are not, explicitly modeled.

A comparison between the estimated temperature in three wells, CSI-01, CSM-01, and KS-
02, and the natural state model is shown in Figure 7.1. We can see that the model simulates
the temperature differences between the wells close to Straumsvik, namely CSI-01 and CSM-
01, and the Kaldarsel cold water well KS-02. The temperature gradient in CSM-01 is around
the expected value of 80°C/km. However, the gradient in CSI-01 is only 60°C/km, and the
temperature at depth in that region is underestimated by the model. For both CSI-01 and
CSM-02, the simulated temperature near 300 m is around 20 — 30 °C higher than the measured
temperature. This is due to a heat up-flow in the model near those wells, which we will discuss
in detail later. In the case of KS-02, the temperature is also 15 — 20°C hotter than expected.
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This difference can be explained in part by the choice of a higher surface temperature in the
model compared to measured values. The surface water temperature in the model was set to
be 8°C, which is higher than the value of 2.5°C measured in KS-02. This value was chosen to
be within the temperature range for the equation of state ECO2N, which is accurate down to
3.5°C (Pan et al., 2014). A decision was thus to set the surface temperature slightly higher than
the value indicated by measurements since a 5°C discrepancy is less relevant at the depth of
the storage reservoir, where the temperature is thought to be up to 100°C. This was judged to

be an acceptable compromise to avoid computational issues arising from hitting the minimum
temperature of 3.5°C.
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Figure 7.1: Comparison between measured and simulated temperature values for three wells.
Two of the wells, CSI-01 (a) and CSM-01 (b), are near Straumsvik, while KS-02 (c) is in

Kaldarsel. The interpreted data curves are based on several different temperature measurements
in the wells.

The simulated distribution of temperature in the natural state model is shown in Figures 7.5
and 7.2. We see that, in general, the temperature increases with depth over the entire region.
However, there is a zone of higher temperature centered near Straumsvik, which stretches to
the Southwest. This zone of higher relative temperature helps explain the large temperature
difference between the wells close to the coast of Straumsvik and the wells further inland, near
Kaldérsel. This temperature structure is also responsible for the misfit, between the measured
and simulated temperature values, at 300 m in CSI-01 and CSM-01, seen in Figure 7.1. The
temperature increase is, in part, explained by the influence of the saltwater-freshwater interface
between the freshwater and saline water found at the same location. The interface drives heat
from depth up towards the surface. The location of this interface near Straumsvik remains
uncertain, and it is expected that as more data is gathered on the salinity distribution around

Straumsvik, as well as temperature, the location of this temperature structure will be better
constrained.
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Figure 7.2: Two NW-SE cross sections of the model area, showing the temperature distribu-
tion in the natural state. The aerial extents of the cross-sections are shown in Figure 4.1.

The measured pressure in three wells in the region can be seen in Figure 7.3. The reservoir
exhibits a hydrostatic pressure curve down to 1000 m. This is consistent with the conceptual
model detailed in Chapter 5, i.e. that we assume that there are no explicit aquitards in the
reservoir. This means that fluid in the subsurface remains in pressure contact with the surface
over the entire model area. This hydrostatic regime can also be seen in Figures 7.5 and 7.4.
From the figures it can also be seen that the pressure increases inland. Since the surface of the
model was chosen to align with the water level surface, this simply means that the water level

rises with distance from the coast. This fits with water level data from the area (Myer et al.,
2024).
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The correlation between the distribution of salinity in the natural model and measured
data can be seen in Figure 7.6. Note that the interpreted data shown has been constructed
from measurements performed in the wells, see Chapter 4. The measurements show that the
thickness of the freshwater lens increases with distance from the shore, and there is no saline
water near Kaldarsel. The natural state model simulates this behaviour in all three wells. For
both CSI-01 and CSM-01 the depth of the measured saltwater-freshwater interface corresponds
to the depth in the model where salinity is greater than 5%o0. However, for both CSI-01 and
CSM-01 the simulated saltwater-freshwater interface layer is too thick. This is evident in that
salinity starts increasing at a very shallow depth, where there should only be fresh water, and
doesn’t reach full salinity until a depth greater than one expected by the measured data. This
is explained, in part, by the choice of grid for the model.
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Figure 7.6: Comparison between measured and modelled salinity for three wells. Two of the
wells, CSI-01 (a) and CSM-01 (b), are near Straumsvik, while KS-02 (c) is in Kaldéarsel. The
interpreted data curves are based on several different salinity measurements in the wells.

Errors arising from numerical approximations in non-linear solute transport equation can
behave like additional dispersion when treating solute transport, a phenomena known as nu-
merical dispersion. This is an important consideration when simulating coastal regions with
saltwater intrusions since these models depend on the simulation of the solute transport of salt
in water. The shape and thickness of the saltwater-freshwater interface is heavily dependent on
dispersion. Numerical dispersion leads to under- and overestimation of the simulated amount of
salinity on both sides of the interface, effectively "smoothing" out the sharp boundary between
fresh and saline water. The effects of numerical dispersion in a model are dependent on the
size of the longitudinal dispersivity in the system. In general the longitudinal dispersivity for
coastal reservoirs, especially for vertical flow, is on the order of meters. This means that, in
order to minimize the effects of numerical dispersion in such systems, the thickness of model
blocks should at most be a 1 — 10 m. (Oude Essink, 2001). Since the purpose of the current
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model is to simulate the effects on CO5 injection into the storage reservoir, which reaches down
to -1200 m a.s.l., the choice was made to extend the reservoir down into the theoretical, rel-
atively impermeable, basement formations in the region. This was done in order to eliminate
the possibility of any CO, charged water flow being influenced by the bottom boundary. This
means that in order to be able to simulate the system in acceptable computational time the
thickness of the layers in the top of the reservoir had to be larger than 10 m. This results in
increased uncertainty in the simulation of the saltwater-freshwater interface due to numerical
dispersion, as can be clearly seen in Figures 7.6. However, the need to accurately simulate the
effects of CO, injection was deemed important enough to sacrifice model fidelity in regards to
the saltwater-freshwater interface.

The distribution of salinity in the reservoir can be seen in Figures 7.7 and 7.8. From
the figures we can see that fully saline water intrudes further inland as we go deeper into the
subsurface. At the surface we see that the groundwater around the Straumsvik bay is not saline
water, even under the ocean. This can be explained by the high outflow in the area, and fits
with observed behaviour in the region (Fridleifsson, 1989). We also see that the saline intrusion
inland is more pronounced to the west and south-west, with only minimum saline intrusion
visible towards Reykjavik. This is consistent with the theory that Straumsvik is situated at the
transition between a coastal regime, which dominates on the Reykjanes peninsula, and a more
continental regime, such as the one found near Reykjavik (Vilhjalmsson et al., 2023). A steep
decline in salinity a few kilometres inland can also be seen from the figures. This steep decline
is consistent with the results of the TEM/uTEM measurement campaign, which showed that
the thickness of the freshwater lens increased very rapidly near CSM-01. The natural state
model adequately simulates the salinity distribution in Straumsvik compared to available data.
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7.2 Local and regional mass flow

It has been estimated that the outflow in Straumsvik is the second largest freshwater outflow in
Iceland (F. Sigurosson, 1998). The total outflow of freshwater into Straumsvik alone has been
estimated to be around 5 — 10 m3/s near the surface, with freshwater outflow decreasing, but
still remaining high, along the coast to the east and west. One of the goals of the natural state
model is to recreate this flow regime and to estimate the size and direction of the flow in the
subsurface. Figure 7.9 shows an outline of the flow at the surface of the natural state model,
in the shallow groundwater flow in the region. We see that the largest part of the flow goes
through the area of interest around the proposed well pad sites, and flows out into the sea near
Straumsvik. This is consistent with estimates that the flow of fresh water in the area tends to
follow the Holocene lava, see e.g. F. Sigurdsson, 1976.

Figure 7.10 shows the flow in the storage reservoir. Unlike in the shallow groundwater, the
flow is more spread out in the region. Flow can be seen coming in from the sea, which drives
the saline intrusion in the area. Note that the flow in the storage reservoir is slower than in the
groundwater.
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Figure 7.9: Schematic of the estimated surface fresh water flow in the natural state model.
Arrows are scaled relative to other flows at the same depth, with longer, and brighter, arrows
denoting larger flows. Blue arrows show flow along the prevailing groundwater current direction,
from land towards the sea. Red arrows show flow against this current.
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Figure 7.10: Schematic of the estimated storage reservoir fluid flow in the natural state
model. Arrows are scaled relative to other flows at the same depth, with longer, and darker,
arrows denoting larger flows. Blue arrows show flow along the prevailing groundwater current
direction, from land towards the sea. Red arrows show flow against this current.
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7.3 Density of water, CO,, and salinity

Density plays a key role in CO, sequestration in the form of solubility trapping. Since CO,
charged water is denser, and thus heavier, than water without dissolved CO,, it tends to sink
when injected into a reservoir. In fresh water reservoirs, the density of the resident water is
mainly controlled by temperature and pressure. In coastal regions like Straumsvik, however,
the presence of salinity has a large impact on the density of the reservoir water. As discussed in
Chapter 4, saline water is much denser than fresh water at the same temperature and pressure,
and thus will generally underlie fresh water in coastal aquifers. This means that injection
sites must be carefully chosen, with respect to temperature, pressure and salinity. A series
of one-block models were created, using TOUGHREACT and ECO2N, in order to estimate
the densities in the storage reservoir and the injected water at different temperature, pressure,
salinity and CO, content.

For the Coda terminal project the plan is to inject dissolved CO5 into the fresh water part
of the storage reservoir in the first three phases, and only inject into the saline water part of the
reservoir in the last phase. The injection depth of the dissolved COs into the storage reservoir
is expected to be between -300 and -600 m a.s.l. Measurements in the Straumsvik area, along
with the natural state model, show that the reservoir there is at a temperature of around 20 —
50°C. At this temperature range the fresh water storage reservoir has an estimated fluid density
of 992 — 1000 kg/m?, while the saline water storage reservoir has an estimated fluid density
of 1012 — 1024 kg/m?® (Figure 7.11). The distribution of salinity in the natural state model
(Figure 7.7) shows that at those depths only three well pads are inside the saline water part
of the reservoir. One of those pads is on the edge of the saltwater-freshwater interface, with a
salinity content of less than 2.5 %o. At this salinity the resident storage reservoir water has the
same density range as the fresh water.

Figure 7.11 also shows the expected change in water density with the inclusion of dissolved
COs. The estimated density change of the CO5 charged water that will be injected compared
to the fluid in the fresh water storage reservoir is around 4.8 — 5.0 kg/m?®. For the injection into
the saline water storage reservoir this density change is 4.4 — 4.6 kg/m?®. The density change
due to dissolved CO, at reservoir temperatures is between 5.6 — 6.6 kg/m? for the fresh water,
and between 5.2 — 6.2 kg/m? in saline water. So the injected water is denser than the resident
water in the storage reservoir at all temperatures. Thus, in the absence of pressure differential
with density as the controlling factor in reservoir flow, solubility trapping will be achieved, even
after the injected water has been heated up to reservoir temperatures.
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Figure 7.11: The evolution of water density with salinity and temperature (a) with no COq
present and (b) change at 3% CO; content. The shaded areas show the temperature and salinity
ranges where the water has the specific density (change) values for all pressures (where water
is still liquid). Only areas for the specified density values are shown, other density values will
lie between these curves. The red line shows the estimated injection temperature of 8C. The
blue box shows the expected range of the fresh water storage reservoir, while the red box shows
the range for the saline water storage reservoir. The dotted blue line box shows the expected

range of fresh water injection and the dotted red line box shows the expected range of saline
water injection
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7.4 Summary

The natural state model manages to simulate the state of the reservoir to an adequate degree of
certainty. This baseline should therefore allow for an estimation of the effects of CO, injection
on the region. It should be stressed that while there exist many measurements of the shallow
groundwater in the region, only a limited number of wells reach down into the depth of the
proposed storage reservoir. The reservoir data from the site was determined from two research
wells drilled by Carbfix and the exploration well KS-02. While Carbfix has performed several
TEM and uTEM measurements to try to supplement the data from wells in the area, the
distribution of salinity and the thickness of fresh water lens in the region remains uncertain.
The upper groundwater, or freshwater, part of the system is thus fairly well constrained at
the site, while the sparseness of data for the deeper parts of the reservoir serves to increase
the uncertainty of the calibration of the deeper parts of the natural state model. However, we
expect that this uncertainty will decrease with time, as more deep wells are drilled in the area.
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8 Impact Assessment

In order to assess the impact of the injection on the subsurface near Straumsvik a forecast reser-
voir model was developed using the numerical model described in Chapter 6. Using the results
of the natural state model detailed in Chapter 7 as initial conditions, this forecast model was
run with COs injection over a duration of 30 years. After this 30 years of injection/production,
a 100 year post-closure period was also simulated at the site.

8.1 Operational scenarios

The injection scenario for the Coda terminal project consists of four successive scale-up phases,
starting from 700 kt of CO, per year in 2027 up to 3 Mt of COy per year in 2032 (Figure 8.1).
An 18 month period between scale-up steps has been assumed. The target storage reservoir for
phases one through three is a fresh water reservoir located to the southeast of the Straumsvik
harbour. The fourth phase targets a saline water reservoir and saline water, rather than fresh
water, will be used as the injection fluid in this phase (Figure 8.2). The scale-up strategy,
injected CO, mass, and water requirements for the phases are summarised in table 8.1. During
the closure of the site, injection of water with no CO5 added to the stream is planned for one
year. The flowrate represents 10 % of the water injected annually during phase 4 and is used
to provide a pressure gradient for the CO, injected prior to the start of the closure period, and
to support the mixing and transport of this COs into the storage reservoir. This also serves to
mitigate the risk of accumulation of CO, in the immediate vicinity of the injection wells.
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Figure 8.1: Planned CO, injection strategy for the Coda Terminal project.
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Table 8.1: The scale-up strategy for the Coda Terminal

Start Date Injection Capacity =~ Water Requirement ~Number of
ktCOy/yr | kgCOy/s m? /yr /s | Pads in Use
Phase 1 2027 700 22 21,000,000 | 670 3
Phase 2 2029 1,400 44 42,000,000 | 1,350 6
Phase 3 2030 2,100 67 63,000,000 [ 2,000 7
Phase 4 2032 3,000 95 92,250,000 [ 2,900 10
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8.1.1 Injection and production wells

A series of injection and production wells are planned in Straumsvik as a part of the Coda
Terminal, as well as multiple monitoring wells. The injection wells will handle the injection of
the CO, and water into the storage reservoir, using water from production wells. Both injection
and production wells will be situated at ten different well pad locations, with a fixed number
of injection and production wells planned at each well pad. The placement of the well pads is
shown in Figure 8.3. The plan for the injection wells in the area is as follows:

e Up to eight injection wells per well pad, with:

— Phase 1: up to 24 injection wells from three well pads
— Phase 2: up to 48 injection wells from six well pads
— Phase 3: up to 56 injection wells from seven well pads
— Phase 4: up to 80 injection wells from ten well pads
Wells are expected to be drilled down to 800 — 1000 m and cased down to 250 — 350 m, or to

the depth of proposed the storage reservoir. The injection wells are expected to be directionally
drilled away from the well pads, as can be seen in Figure 8.3.
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Figure 8.3: The Coda terminal storage complex. Proposed well pads and the surface footprint
is shown.

Water production in the project is planned to be from the shallow groundwater for phases
one to three. This water production will provide the required water for the injection process,
in which COs is dissolved in the extracted water during injection. It is estimated that up to
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Table 8.2: Modelled feedzones for future injection (CSI) and production (CSW) wells in
Straumsvik.

Wells | Feedzones depth [m a.s1.] Contribution
CST wells | -350, -400, -600 60%, 25%, 15%
CSW wells | -5, -15 50%, 50%

four water production wells per well pad will be needed in order to satisfy the water need of
the COy injection. The production wells are expected to be less than 50 m deep, with a very
shallow casing. The water will consist of fresh water at a temperature of approximately 5 °C,
and during phase three up to 2,000 1/s will be extracted from the production wells (Figure 8.2).
During phase four, for wellpads eight, nine, and ten, the injection scenario assumes that saline
water will be used as the fluid carrier for the CO5. The water production wells in those well
pads will therefore target shallow saline groundwater. Approximately 900 1/s of saline water
will be used once the project is at full capacity, alongside 2,000 1/s of fresh water. The produced
saline water represents a third of the total amount of water required for the project, thereby
reducing the fresh water requirement of the project significantly. The possibility of using water
from the storage reservoir compared to using water from the shallow groundwater is discussed
at the end of the chapter.

8.1.2 Model assumptions

Simplifying assumptions were made in the forecast model when simulating the proposed injec-
tion/production in the Straumsvik area. One such assumption is that the injected CO, will
be fully dissolved prior to entry into the reservoir. Dissolution of COy can occur either on
the surface or in the wellbore. When it is dissolved in the wellbore gaseous CO5 is pumped
into the well alongside water, where it mixes and dissolves into the water. In both cases, i.e.
dissolution at the surface or in the wellbore, the CO4 exiting out of the wellbore should be in
a fully dissolved state. A constant water/COq ratio was set for all injections, with the ratio
for saline water injection being slightly higher than for fresh water due to the slightly lower
solubility of CO, in saline water. The ratios used were 30/1 for fresh water and 32.5/1 for
saline water. In all cases an injection temperature of 8 °C was assumed.

Using the results of well testing in CSI-01 and CSM-01, detailed in Chapter 4, a conservative
estimate of 50 kt of CO, per year per well was selected. This is approximately equivalent to an
overall injection rate of 40 kg/s. This constant injection rate was assumed in the model for all
injection wells over the entire duration of the project. Note that this represents a conservative
value since testing in both wells showed they have an injectivity sufficient to support injection
in excess of 70 kg/s. All simulated injection wells were assumed to have three feed-zones based
on data from CSI-01 and CSM-01, which was detailed in Chapter 4. The modeled feed-zones
for the injection wells and the distribution of injection fluid into each feed-zone is shown in
table 8.2. All production and injection wells in the area were simulated in the forecast model
as mass generators, with each well coming online following the scale-up strategy in table 8.1.

8.2 Simulation results

8.2.1 Key reservoir performance indicators

The Carbfix storage method involves injection of dissolved CO, into a subsurface storage reser-
voir. The dissolution of the CO, into water can take place either at the surface or in the injection
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wellbore. The CO, is fully dissolved in the fluid prior to entering the reservoir to ensure that
free phase CO; is not present and that the CO5; migrates in a water-dissolved state through
the storage reservoir. Furthermore, this allows the COs-charged water to interact immediately
with the host rock in the storage reservoir. In the reservoir, the dissolved CO, lowers the pH
of the reservoir fluid and promotes the release of divalent metal ions. This release of metal
ions gradually increases pH and alkalinity in the reservoir fluid and, under the right conditions,
allows the released ions to combine with the injected COy to form stable carbonate minerals.
These processes, along with the dilution of the COs-charged fluid in the storage reservoir fluid,
reduce the bubble point pressure of CO, in the fluid and further contain the CO; in the storage
site.

The bubble point pressure is the pressure at which bubbles of dissolved gas, in our case
COg, can start forming in the fluid. It is a function of dissolved CO, content, temperature, and
fluid chemistry (e.g. salinity and alkalinity):

Ppupbiepoint = f(Xcoy, Ty Xnact) (10)

where f is the Peng-Robinson equation of state for the solubility of gases and X¢o,, T' and
Xpnacr are the mass fraction of COs, temperature and salinity in the subsurface respectively.
To ensure that no highly mobile free phase COs is present in the storage reservoir during and
after the operations at the Coda Terminal, the COsy-charged fluid must be injected deep enough
in the storage reservoir to ensure that the ambient reservoir pressure, P, in the injection area
is substantially higher than the bubble point pressure of the fluid, Pguspepoint- The difference
between these two values represented as an indicator of solubility trapping in the reservoir, i.e.

Solubility Trapping = Pgupbicpoint — P (11)

Effective solubility trapping of COs in the storage reservoir is therefore achieved when
Solubility Trapping < 0 (12)

The reservoir model simulates non-reactive transport of the injected COs-charged fluid
through the reservoir (Chapter 6) and focuses on CO, migration and fluid phase changes.
It thus predicts the potential impact that dissolved CO; injection can have on the system,
for a theoretical scenario where no other water-rock interactions (including basalt dissolution,
alkalinity increase, or COy mineralization) occur. This is a conservative scenario in terms of
COg3 containment, as water-rock-COs reactions further lower the pressure required to keep the
COg dissolved in the reservoir fluid.

To predict the behavior of the injected CO,, the reservoir response, and the efficiency of
the trapping mechanism the following metrics are used:

e The CO, mass fraction (kgco,/kgn,0), which show the migration and maximum extent
of the dissolved COj in the storage reservoir. This also shows the mixing and dilution of
the injected CO, in the storage complex.

e The effectiveness of the solubility trapping in the reservoir, as described by the difference
between the calculated bubble point pressure of CO, and estimated reservoir pressure
(Equation 11). The reservoir pressure should be at least 5 bars higher than the bubble
point pressure to ensure solubility trapping.

e The temperature, pressure, and salinity changes due to the COs injection in the storage
reservoir, including potential hydraulic interference between wells.

These metrics reflect the effectiveness and permanency of the proposed injection in Straumsvik.
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8.2.2 Impact on the storage reservoir during scale up

The simulation results show that at the end of the scaleup, the extent of the dissolved CO, lies
in the vicinity of wellpads one through seven (Figure 8.4). The results show that the average
concentration in the storage reservoir reaches a maximum of 30 g/kg in the vicinity of the well
pads. Bubble point pressure of CO5 and reservoir conditions comply with solubility trapping
requirements, and the solubility metric (Equation 11) is below -35 bar, indicating an extremely
low risk of degassing. At the end of the scale-up phases, a limited amount of cooling is predicted
around wellpads one, two, and three (Figure 8.5). An increase in reservoir pressure is forecast
and appears in concentric circles around the active wellpads. A minor decrease in salinity is
expected reflecting minor mixing of the injected freshwater in existing brackish water (Figure

8.6).
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Figure 8.4: Aqueous COs migration (left) and solubility trapping (right) within the storage
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reservoir at the end of the scale up. The results are shown 5 years after the start of injection.
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Temperature difference at -312.5 m a.s.I. Pressure difference at -312.5 m a.s.I.
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Figure 8.5: Change in temperature (left) and pressure (right) within the storage reservoir at
the end of the scale up. The results are shown 5 years after the start of injection.

87



at -312.5 ma.s.l. difference at -312.5 m a.s.|.

398000
- = =
S = =
£ 3 3 396000
o Z 2
w2 2
- g
5 £ £
£ 35.0 £ 394000
Q
g 2 2
i
392000
390000
38800000 348000 350000 352000 354000 356000 358000 360000 28.0 388005000 348000 350000 352000 354000 356000 358000 360000
Easting (ISN93) [m] Easting (ISN93) [m]
Salinity at -387.5 m a.s.l. Salinity difference at -387.5 m a.s.|.
402000
400000
10 =
X
21.0 398000 -
— L5 V]
- S = =
o E X E c
F = 5 [}
c 2 3 396000 s
v
g 2 11752 2 o g
s g c 2 =
v £ = = ke
5 £ = £ 394000
5 © &
s = n ‘ l—5 2
E —_—
L [
14.0 392000 %
r—10wn
390000
348000 350000 352000 354000 356000 358000 360000 88005000 348000 350000 352000 354000 356000 358000 360000
Easting (ISN93) [m] Easting (ISN93) [m]
Salinity at -562.5 m a 7.0 Salinity difference at -562.5 m a.s.l.
402000
3.5 400000
398000
=
o = =
2 £ 0.0 B
s 3 3 396000
[ 2
= a2 2
5 ¢ g
£ £ £ 394000
5 5
o =z z
S
°
@ 392000
390000
38800P5000 348000 350000 352000 354000 356000 358000 360000 388000000 348000 350000 352000 354000 356000 358000 360000

Easting (ISN93) [m]

Easting (ISN93) [m]

Figure 8.6: Salinity (left) and salinity difference (right) within the storage reservoir at the
end of the scale up. The results are shown 5 years after the start of injection.
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8.2.3 Impact on the storage reservoir at the end of the operations

The values presented in this chapter, including dissolved CO,, temperature, pressure and salin-
ity differences, represent the average values of the parameters in the storage reservoir, which
lies between -300 and -1200 m a.s.] depth. For the solubility trapping the maximum values
for the storage reservoir are presented. These results show the effects of the migration of CO,
without mineralization and thus denote the maximum theoretical perturbation that injection
of dissolved CO5 could have on the region.

The simulation results show that after 30 years of continuous operations the extent of the
dissolved COj lies within the estimated extent of the storage complex (Figure 8.7). The results
also show that the average concentration in the storage reservoir ranges from approximately
30 g/kg in the vicinity of the well pads down to < 5 g/kg two to three km away from the
well pads. This indicates a gradual mixing or dilution of the injected COs-charged fluid with
the resident reservoir fluid. The dissolved CO, extends radially from the injection well pads,
with a slight bias towards the north and west. Simulation results also show that the dissolved
COs is expected to migrate to the north of Straumsvik, with the dissolved CO; residing several
hundreds of meters below the bottom of the sea floor (Figure 8.10). The COs in the storage
reservoir remains in solution via solubility trapping everywhere within the storage reservoir as
seen from Figure 8.8. Solubility trapping conditions remain largely below -20 bar in the storage
reservoir highlighting that the model predicts no phase change and that dissolved CO, remains
in solution at all times.

Finally Figures 8.9 and 8.10 show the evolution of the CO, migration and the solubility
trapping in storage reservoir after 10, 20, and 30 years of injection. The simulation shows that
the injected CO, preferentially flows laterally and the portion of the injected CO, that sinks
deeper into the subsurface increases with time. A small portion rises above the injection well
casing depth (indicated by a black dashed box in the Figure) due to the pressure increase in
the storage reservoir in the vicinity of the injection wells. However, no COs reaches the shallow
groundwater. In addition, the solubility trapping is satisfied at all depths during the opera-
tional lifetime of the project.
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Dissolved CO, mass fractionin the storage reservoir

35.0

402000
32.5
400000 30.0
27.5
=
398000 X
25.08
E S
= 2258
& 396000 E
G @
) 20.0 ©
= €
k= S
£ 394000 17.50
S °
= 2
1509
0
392000 o
12.5
10.0
390000
7.5
5.0

3880926000 348000 350000 352000 354000 356000 358000 360000
Easting (ISN93) [m]

Figure 8.7: Average aqueous COs migration in the storage reservoir after 30 years of injection.
The grey line represents the boundary of the storage complex.

Solubility Trapping at -387.5 m a.s.l.

10
402000

400000

398000

|
w
o

396000

A
o
Solubility Trapping [bar]

Northing (ISNY3) [m]

392000

390000

3880&?6000 348000 350000 352000 354000 356000 358000 360000
Easting (ISN93) [m]

Figure 8.8: Maximum solubility trapping in the storage reservoir after 30 years of injection.
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Dissolved CO, mass fractionin the storage reservoir Solubility Trapping at -387.5 m a.s.I.
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Figure 8.9: Average aqueous CO, migration and maximum solubility trapping in the storage
reservoir after 10, 20, and 30 years of injection.
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Figure 8.10: Cross-section of aqueous CO, migration and solubility trapping after 10, 20, and
30 years of injection.
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The effect on the temperature and pressure in the reservoir is shown in Figures 8.11 and
8.12. The Figures show the average change of these two properties in the storage reservoir after
30 years of injection. There is a very minor temperature change in the storage reservoir, less
than 20°C, fairly close to the injection wells. This is unsurprising, since the injected water, at
8°C, is much colder than 20 - 50°C temperature of the resident water in the storage reservoir.
In contrast to the small temperature change, the pressure difference from the baseline has
been estimated to be over 25 bar close to the injection wells. However, the model shows that
this pressure increase does not translate into CO, injected water flowing up into the shallow
groundwater. There is also no increase in pressure in the shallow groundwater. The cross-
section of the temperature and pressure changes in the storage reservoir, Figure 8.14, further
shows that the temperature decrease in the reservoir is largely localized near the injection wells
and increases with time as more cold water is injected into the subsurface.
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Figure 8.11: Average change in temperature in the storage reservoir after 30 years of injection.
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Pressure differencein the storage reservoir
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Figure 8.12: Average change in pressure in the storage reservoir after 30 years of injection.
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Figure 8.13: Change in temperature and pressure after 10, 20, and 30 years of injection
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Figure 8.14: Cross-section of temperature and pressure changes in the storage reservoir after
10, 20, and 30 years of injection.

94



The average salinity difference in Figure 8.15 shows that after 30 years the salinity in the
storage reservoir has increased near the coast east of the well pads eight, nine, and ten. This
indicates that saline water has migrated eastward into an area of the reservoir that originally
contained less salinity. Directly west of these three well pads, on the other hand, the opposite
trend is observed. The salinity of the reservoir fluid in this area decreases by a similar order of
magnitude as the salinity increases to the east. This salinity migration is the result of saline
water injection into the saline storage reservoir. This injection pushes the saline water into
areas of fresh or brackish water. The symmetry in the salinity differences between the East and
West is also related to the SW-NE transition from a coastal environment to a more continental
environment, as discussed in Chapter 4. This means that the baseline reservoir fluid is more
saline in the west and less saline in the east, which is reflected in the salinity changes. It should
be noted, that despite this change in salinity, and therefore density, in the saline storage reser-
voir, no change in the solubility trapping of CO5 was observed in those areas, as demonstrated
in Figure 8.8. The evolution of salinity changes can be seen in Figures 8.16 and 8.17. They
show the decrease in salinity in the storage reservoir to the west of well pads eight, nine and
ten. We see that there is some minor increase in salinity at the surface, which should be closely
monitored. It should be noted that since the model overestimates the thickness of the brackish
saltwater-freshwater interface (see Chapter 7), the salinity increase is likely overestimated.
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Figure 8.15: Average change in salinity in the storage reservoir after 30 years of injection.
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Figure 8.16: The average salinity and change in average salinity in the storage reservoir after
10, 20, and 30 years of injection.
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Figure 8.17: Cross-section of salinity and salinity change in the storage reservoir after 10, 20,
and 30 years of injection.
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8.2.4 Impact of the operations on the storage complex and surrounding formations

The forecast model results above, in, and below the storage complex after 30 years of injection
are shown and represent the potential impact on the storage complex. Figure 8.18 shows that
no CO, enters the shallow groundwater system and thus COs containment is fully achieved. It
further shows that a portion of CO, sinks within the storage reservoir due to density differences,
as was expected (Chapter 7). Figure 8.19 shows that the temperature impact outside of the
storage reservoir is minimal. The pressure impact is however much more present and overall
a pressure increase in the subsurface is visible. This is not expected to represent an adverse
impact of the region as, on the contrary, this could provide pressure support for water extraction
from the shallow groundwater in the area. Figure 8.20 shows that an increase in salinity above
the storage reservoir is possible. This change must be monitored, and Carbfix has proposed
drilling several monitoring wells in the area to explicitly monitor salinity changes. In layers
below the storage reservoir, a small decrease in salinity is noted.
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Figure 8.18: Aqueous CO, migration (a) and solubility trapping (b) at different depths in
the subsurface at the end of operations.
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8.2.5 Impact of the operations on the storage complex post closure

As in the previous section, and unless otherwise noted, the values presented here represent the
average values of the parameters in the storage reservoir, which lies at depths between -300 and
-1200 m a.s.l.

The forecast model was also used to check the status of the site 100 years after closure of
operations at the Coda Terminal during which all injection and production of fluid are stopped.
The model shows that the region trends toward long-term stability (Figure 8.21). COq contin-
ues to migrate downward and outward from the injection site but at a much slower rate. The
injected CO4 also gets more diluted with the resident fluid increases with time. It should be
noted that since the numerical scheme does not include chemical reactions between the water
and rock, the mass fraction of COy in the system will be further lower than is shown in the
results as the majority of the CO, in the subsurface will mineralize over time (Galeczka, 2023b)
In addition, even in the scenario in which no fluid-rock interaction is considered CO, remains
fully dissolved. After 100 years simulation results show that temperatures in the storage reser-
voir are trending toward baseline values but changes occur at a low rate due to small heat
recharge. Pressure changes, however, occur much faster and reservoir pressure equilibriates
rapidly. After 100 years, salinity changes are also trending toward baseline values but similar
to temperature, baseline values are not reached. Both temperature and salinity impact are re-
versible but the time frame may be longer than 100 years. This will be heavily impacted by the
natural recharge (heat and flow) of the system over a long timescale which is currently uncertain.
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storage reservoir at 100 years.
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8.2.6 Environmental impact of the operations
8.2.6.1 CO, migration and solubility trapping

The forecast model shows that solubility trapping of CO, is maintained over the entire subsur-
face for the duration of injection at the site, and for at least 100 years after end of injection
operations. During that time CO, also remains in solution. No CO5 bubbles form in the reser-
voir, so there is no risk of gaseous COs rising to the surface. The solubility trapping mechanism
is therefore effective at confining COs in a dissolved state, which will promote in-situ miner-
alization of COs in the storage reservoir. The simulations show that the migration of CO,
is limited to the storage complex during operation and post-closure. No dissolved COy flows
outside of the lateral and vertical boundary of the storage complex. In addition, COy does not,
at any depth, enter the Kaldarsel water protection zone, one of the main areas of concern in the
region. The simulation also shows that the injected COy does not migrate up to the shallow
groundwater, or the surface, and should therefore not enter protected surface features, like the
coastal ponds. Simulations show that the injection of CO, into the subsurface does not impact
other users of the shallow groundwater resource in Straumsvik.

Negligible risk of CO, leakage via migration, or degassing, of dissolved CO; is expected.
As a result, no impact on the acidity of the groundwater and shallow groundwater systems is
expected. This should however be verified through monitoring of the groundwater and shallow
groundwater.

8.2.6.2 Temperature and pressure impact

Temperature change is expected near the injection sites, where cooling is expected due to the
injection of cold fluid into the reservoir. The temperature impact, however, is very localized,
with a maximum decrease of 50°C near the injection wells, and is contained within the storage
reservoir. A widespread rise in reservoir pressure (up to 25 bar within the storage reservoir)
is modeled during the operation phase as a result of the proposed injection. This pressure
impact extends outside of the storage complex at reservoir depths and extends up to - 150 m
a.s.l. However, the pressure increase is not seen within the shallow groundwater (within a 1 bar
uncertainty), and does not result in CO, migration up into the shallow groundwater. While
both temperature and pressure impacts are reversible and trend toward natural state values
during post-closure, pressure equilibriates rapidly whereas the temperature recovery occurs
more slowly.

As there are no other planned usages for the subsurface resource a reservoir depths, the
temperature and pressure impacts are not of significant concern.

Due to the lack of significant drawdown in the shallow groundwater system and surface
constraints of the current configuration of the injection system (water produced from the well-
pads) the feasibility of using water from the storage reservoir, rather than from the shallow
groundwater, was not considered as it requires wells located away from the wellpads. However,
the possibility of extracting water from the storage reservoir rather than the shallow groundwa-
ter system, and thereby reducing the pressure increase in the storage reservoir, remains under
consideration. This would reduce the area impacted by the pressure increase in the storage
reservoir. It does, however, require changes to the injection parameters due to differences in
fluid chemistry and temperature between water from the storage reservoir and the shallow
groundwater.
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8.2.6.3 Salinity change and impact on the saltwater-freshwater interface

Changes in salinity in the storage reservoir are expected. The largest of these changes are
mainly linked with the injection of saline water from well pads eight, nine, and ten during
phase four. The injection of mass into the saline storage reservoir at the injection site displaces
the resident reservoir fluid and may increase salinity in areas with brackish and fresh water.
Minor changes in salinity may also occur at shallower depths in the shallow groundwater system.
A robust monitoring program including sampling of monitoring wells and surface water should
be implemented before operation to evaluate natural fluctuation in salinity (if any) and during
operation to monitor changes to the fluid salinity.

The impact on salinity on the subsurface (groundwater systems and storage reservoir) is
reversible the timescale of this change to natural state is uncertain.
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9 Storage Capacity at the Coda Terminal

Storage capacity at the Coda Terminal is primarily controlled by the availability of divalent
metal cations (Ca+, Mg?+, Fe?+), with porosity, permeability, partial pressure of CO,, and
temperature also playing a part in the overall success of mineralization (Snaebjornsdottir et
al., 2014). Volumetric methods have been developed to estimate the storage potential of COq
mineralization storage reservoirs based on injection strategies, lithological assumptions, and
physical constraints of carbon mineralization (Gislason et al., 2009, Goldberg et al., 2008,
Snaebjornsdottir et al., 2014). These methods form a basis for the storage capacity estimate,
or the storage capacity model, for the Coda Terminal site.

9.1 Static storage capacity

The geological model of the Straumsvik area (Helgadottir et al., 2023) was used as the base
model for the storage potential, with the physical boundaries of the storage area defined by the
reservoir extent and depth of injection. Storage capacity estimates for the modelled area are
confined to the bounds of the storage reservoir shown in Figure 4.1. The polygon shows the
maximum possible extent of the migration of the CO4 after 30 years of injection plus a buffer
area to incorporate the uncertainty of modelling. This polygon represents the aerial boundary
of the storage complex and serves as the basis for the static storage capacity estimates. The
minimum depth for injection of CO, using the Carbfix method is dictated by the bubble point
pressure of COs in the water during injection. The CO, must be fully dissolved at the injection
depth prior to entering the reservoir and the reservoir pressure at the injection site must be
sufficient to prevent CO5 bubbles from forming. Under the planned injection strategy the ideal
depth of injection in the Coda Terminal is below -300 m a.s.l., at which depth there is enough
reservoir pressure to ensure solubility trapping and eliminate the risk of the CO, degassing
(Snaebjornsdottir et al., 2014). This minimum injection depth serves as the upper boundary for
the storage capacity model. Any porous volume between this depth and the surface is excluded
from the calculations. In addition the bottom boundary of the storage reservoir is defined as
the maximum migration depth of CO, at the end of operations. This has been estimated by
reservoir models to be around -1200 m a.s.l. It should also be noted, however, that temperature
may also play a part in determining the bottom boundary of the storage reservoir.

Carbon mineralization has been demonstrated at ambient temperatures (around 35°C) at
Hellisheidi during pilot injections at Carbfix1 in 2012 (Matter et al., 2016) and temperatures
of greater than 250°C at the Carbfix2 site (Clark et al., 2020). Increased temperature has been
shown to enhance the dissolution and release of cations from glassy basalt, increasing the overall
mineralization rate. The thermodynamic stability of carbonates is limited at temperatures >
300°C but can vary in natural conditions. At the Coda Terminal the temperature gradient is 80
— 90 °C/km and the temperature remains largely within the thermal stability range of calcite
and thus should not play a big part in the storage capacity at the site.

9.2 Theoretical CO, storage capacity of the Coda Terminal

The CO, storage potential via mineralization is estimated by calculating the pore volume
available in the subsurface, and assuming that a fixed proportion of this pore volume is available
for carbonate mineralization. The static storage capacity of the storage reservoir is calculated
using the theoretical volumetric estimate of the storage reservoir and the approaches described
by Gislason et al., 2009 and Goldberg et al., 2008. Using the estimated aerial extent of the
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storage complex, of around 99 km? (Figure 4.1), and the estimated vertical extent of the storage
reservoir, 900 m (from -300 down to -1200 m a.sl.), the storage capacity has been estimated at:

— 1,100 Mt CO,, assuming that 10% of the available pore space is filled with calcite (Gislason
et al., 2009). This represents the lower bound of the storage capacity.

~ 10,600 Mt CO, assuming that 100% of the available pore volume is filled with calcite
(Goldberg et al., 2008). This represents the higher bound of the storage capacity.

It is estimated that after 30 years of operation around 90 Mt of CO, will be injected into the
storage reservoir. Considering the minimum storage capacity estimate of 1,100 Mt CO,, and
assuming all injected CO4 will be mineralized, around 8.1 % of the total storage capacity of the
site will be utilized. Considering the upper storage capacity estimates of 10,600 Mt CO,, 0.8
% of the total storage capacity of the site will be utilized. At the planned injection capacity
of 3 Mt COy/year, the above results indicate that it would take anywhere from approximately
360 to approximately 3,500 years to exhaust the storage capacity of the reservoir.

10 Summary

In this report reservoir models, developed by Carbfix, of the proposed storage reservoir of
the Coda Terminal project in Straumsvik were detailed. The simulation results presented
in this report provide estimates of the potential environmental impacts associated with the
proposed production and injection of the project. In particular, these models were created to
assess three key parameters, 1) the maximum migration of CO, in the subsurface assuming no
mineralization of COy takes place, 2) the efficiency of the CO5 solubility trapping mechanism
in the storage reservoir, and 3) the impact on the storage complex and surrounding formations
in terms of pressure, temperature, salinity, and CO,. A conceptual model of the region was
created based on data collected for the characterization of the proposed injection site. This
data included a three-dimensional geological model of the region, results of measurements and
tests in several wells, and surface resistivity measurements of the area. The region around
Straumsvik has a complex hydrological structure, including natural saline intrusion into the
groundwater from the coast and a very high fresh groundwater flow in the shallow subsurface
towards the coast. From the conceptual model, a numerical reservoir model of the subsurface
in the area of interest was developed to represent the storage reservoir and the main physical
processes of the hydrogeological system, from the top of the water table down to a depth of
three kilometers. This numerical reservoir model was calibrated to the natural state of the
region using field data collected in, and near, the proposed project site. This natural state
model was then used as a baseline for the simulation of a forecast model based on the planned
COs injection into the proposed storage reservoir. This forecast model incorporated currently
planned scale-up and well designs for injection and production, as well as proposed well pad
sites for the Coda Terminal project.

10.1 Results

The natural state model replicates the processes identified in the conceptual model and serves
as a good baseline for any injection forecast. The model reproduces the available field data
including natural groundwater flows, downhole pressure, temperature, and salinity measure-
ments. The model results show a large shallow groundwater flow at the surface from inland
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towards the sea and an inversion at reservoir depths where mass flows from under the sea in-
land. This leads to a portion of the targeted storage reservoir, in the area closest to the shore,
having saline or brackish reservoir fluid. The natural state model shows that the proposed stor-
age reservoir has a favorable density distribution for mineral storage and solubility trapping of
COs3. The main results of the natural state model are:

— The natural state model shows a large groundwater flow at the surface, from inland
towards the sea.

— The natural state model shows the presence of saline intrusions in the subsurface close to
the coast, primarily next to, and to the west of, Straumsvik.

— The natural state model shows that the saline intrusions disappear one to two kilometers
inland.

— The natural state model shows that the proposed storage reservoir has a temperature
gradient of 80 to 90°C/km.

— The natural state model shows that the fluid in the storage reservoir is in pressure contact
with the surface, as seen by the hydrostatic pressure profiles.

— The natural state model shows that the storage reservoir, at the depth and the location
of the proposed fresh water injection well pads, have fresh water.

— The natural state model shows that the storage reservoir, at the depth and the location
of the proposed saline water injection well pads, has saline or brackish water.

The results of the forecast model, with no geochemical water-rock interactions simulated, i.e. no
CO3 mineralization, show that the proposed storage reservoir is a good candidate for large-scale
injection of dissolved COy. The model results suggest that the environmental impact on the
storage reservoir, storage complex, and neighboring formation is limited. The migration of CO,
is fully confined to the lateral and vertical boundaries of the storage complex during operation
and post-closure. No CO, enters neighboring formations or the shallow groundwater system.
COg remains fully dissolved and CO, trapping is fully maintained via solubility trapping during
operation and post-closure. The risk of leakage or degassing is not expected to be significant.

Assuming full dissolution of gaseous COsy during injection, no COy reaches the shallow
groundwater and no impact on the chemistry of the shallow groundwater is expected. Further-
more, the proposed operation does not impact the temperature and has a limited impact on
the salinity of the shallow groundwater system.

Considering the minimum storage capacity estimate of 1,100 Mt CO,, and assuming all
injected CO, will be mineralized, around 8.1 % of the total storage capacity of the site will
be utilized. Considering the upper storage capacity estimates of 10,600 Mt COs, 0.8 % of the
total storage capacity of the site will be utilized. At the planned injection capacity of 3 Mt
COgy/year, the above results indicate that it would take anywhere from approximately 360 to
approximately 3,500 years to exhaust the storage capacity of the reservoir.

The main results of the forecast models are:

— After 30 years of injection the dissolved COs remains within the lateral and vertical
boundary of the storage complex.

— After 30 years of injection the dissolved CO, reaches, at most, a distance of 2-3 km from
the injection wells.
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— The injected COs-charged fluid mixes with the reservoir water and gets diluted, as it flows
in the storage reservoir.

— The CO, will flow mainly laterally in the storage reservoir, with a portion of the COq
sinking deeper into the subsurface.

— After 30 years of injection no CO, migrates into the shallow groundwater.

— After 30 years of injection the CO5 migrates under the ocean off the coast of Straumsvik,
several hundred meters below the seafloor.

— After 30 years of injection the CO5 remains in solution via solubility trapping everywhere
in the subsurface.

— The temperature of the reservoir will decrease by 50 °C or less close to the injection wells.

— The pressure might increase by an average of 25 bars near the injection wells. However,
this does not translate into CO, injected water flowing into the shallow groundwater.
There is also no increase in pressure in the shallow groundwater.

— The distribution of salinity will be impacted by the proposed injection, with local in-
creases/decreases in salinity.

— The salinity will increase in the storage complex east of Straumsvik, and decrease to the
west.

— Once injection has stopped the reservoir stabilizes rapidly and trends toward long term
stability.

It should be noted that above the storage reservoir and below the shallow groundwater
system the bubble point pressure of CO, falls within 20 bars of the reservoir pressure during
operation and 10 bars during post closure. Additional work should be conducted to better
constrain temperatures and salinity distribution in that part of the storage reservoir, to reduce
uncertainty in the model to better constrain reservoir pressure and bubble point pressure.

The preliminary modeling results highlight that the storage reservoir is a good candidate
for large-scale injection of dissolved CQOs. The environmental impacts of such an injection
on the storage reservoir, storage complex, and neighboring formation are limited, even for a
scenario where no CO, mineralization takes place; i.e. solubility trapping is the main COs
trapping mechanism. Further work is required to reduce uncertainties in the simulation and
better constrain the model (see below).

10.2 Mitigation measures

The report’s findings, based on modeling studies, underscore that the anticipated environmental
effects of the Coda Terminal on the storage reservoir, storage complex, and adjacent formation
are minimal. However, it’s important to note that these model outcomes inherently carry
uncertainties. Therefore, they should be integrated into a comprehensive risk evaluation of the
subsurface.

Reservoir models are instrumental in combining our current understanding of the system
with mathematical representations of governing equations and physical processes. These models
offer predictions of how the reservoir might react to injection. Given that these models are built
on incomplete data, their results should be viewed as potential scenarios for the system, aiding
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in the establishment of precautionary measures. Furthermore, as we acquire new data and
develop new tools, it’s crucial to regularly update these model results. Mitigation measures to
prevent, reduce, or control adverse environmental effects of a project for the Coda Terminal
include:

— Uncertainty reduction via continued site characterization and updates to the model-
ing framework and risk assessment. Collecting more data on subsurface properties will
enhance the design of safe injection operations.

— Implementation of a robust monitoring system in the project and surrounding area.
Regular data collection allows for real-time tracking of changes in pressure, temperature,
salinity, and dissolved COy and helps identify any deviations from expected values. This
data can effectively manage risks and initiate timely mitigation measures if necessary.

— A gradual scale-up injection strategy to adapt the injection strategy and reservoir
management based on observed storage performance.

10.2.1 Uncertainty reduction

Uncertainties can arise from various sources and are highlighted in the list below:

— Geological heterogeneity: The complexity and variability of geological formations can
lead to significant uncertainties in volumetric estimation and fluid flow behavior within
the reservoir.

— Hydrogeologial and geochemical reservoir properties: The data gathered during
site characterization can be uncertain due to limitations in sampling techniques and the
hidden nature of the subsurface. The interpretation and extrapolation of collected data
can further introduce uncertainties, especially when data only covers part of the reservoir
interval.

— Physical processes: The physical processes that are either simulated or not simulated
in the models can contribute to uncertainty. This includes factors like petrophysical
complexity, matrix-fracture interaction, and geochemical reactions.

— Numerical approximations: Numerical approximations made within the models can
also introduce uncertainty.

These uncertainties can influence decisions related to the subsurface, from assessing the
impact on the subsurface to designing reservoir development plans and well placement. While
uncertainties are inherent in any subsurface system due to their complex and dynamic nature,
they can be effectively managed through comprehensive site characterization and advanced
modeling techniques.

Two significant factors that determine the extent and magnitude of dissolved CO, injection-
induced effects are the density of the resident reservoir fluid and the hydrogeologic character-
istics of the storage reservoir.

Simulations suggest that mapping the reservoir density, which is correlated with salinity, is
crucial for containing CO,. This will also affect the chosen injection strategy and the properties
of the selected injection fluid.

The maximum migration extent of the injection fluid and the extent of its mixing with the
reservoir fluid is sensitive to hydrological properties including the magnitude and distribution
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of porosity, permeability, and permeable pathways in the reservoir. Therefore, it’s necessary to
characterize in detail the formations intersected by the wells through well logging and dynamic
testing. This includes injection tests of individual wells, inter-well characteristic testing through
interference, and tracer tests.

Alongside this data collection, it is recommended to update the modeling approach to
reduce uncertainties. This could involve incorporating new site-collected data, quantifying
the uncertainty of simulation results, and including reactive transport modeling. The cur-
rent approach simulates the thermodynamics and thermophysical properties of HoO-NaCl-CO,
mixtures. While the framework can model the advective and diffusive flow and transport of
H>O-NaCl-COy mixtures it does not include water-rock interactions and mineralization pro-
cesses. Additionally, while a deterministic approach was chosen here, a stochastic approach
that incorporates randomness and uncertainty may be relevant to further quantify uncertainty.

Therefore, it’s recommended to collect further data from the site to better constrain the
distribution of saline water in the storage reservoir. This includes understanding the morphol-
ogy of the saline-freshwater interface and the hydrogeological properties of the storage complex,
such as permeability, porosity, and preferential migration flow paths. It’s also recommended to
execute updates to the modeling framework. A summary of the recommendations for future
data acquisition is presented below

The uncertainty on the geological heterogeneity of geological formations and subsurface
distribution of the reservoir fluid can be addressed by:

1. Electromagnetic characterization of the saltwater-freshwater interface.
2. Drilling of additional wells.
3. Downhole logging of the conductivity in existing and additional wells.

4. Stratigraphical analysis of additional wells to determine the disposition of rock forma-
tions and inter-well interpolation.

The uncertainty on the Hydrogeologial and geochemical reservoir properties of ge-
ological formations can be addressed by:

1. Hydrogeological properties of the rock formation.

— Downbhole logging of additional wells to characterize porosity.
— Televiewer of additional wells to characterize porosity.

— Downhole temperature and pressure measurement in additional wells to deter-
mine feedzone depths.

— Injectivity test and spinner to identify feedzones and constrain the injectivity
potential of the site.

2. Storage reservoir properties and inter-well characteristics.

— Interference test between wells to characterize porosity.
— Tracer tests between wells to characterize flow paths in the storage reservoir.

— Conductivity logging in new and existing wells to further constrain the distribu-
tion of salinity in the storage reservoir.

— Temperature and pressure logging in new wells.
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3. Rate of in situ mineralization in the targeted rock formations.

— Dissolution experiments on well cuttings to confirm under a controlled environ-
ment representing the conditions at the site the dissolution rate.

— Pilot CO; injection into proposed storage reservoir to validate in-situ mineraliza-
tion at the site.

The numerical framework developed in this report will be subject to:

1. Regular updates to include the latest data and revisions done on the environmental
risk assessment of the operation on the subsurface. This include data from the monitoring
plan as part of conformance monitoring.

2. Uncertainty quantification to assess the impact of uncertain parameters.
3. Sensitivity Analysis to help prioritize data collection efforts.
4. Scenario Testing to evaluate system behavior.

5. Reactive transport numerical scheme to simulate water-rock interactions and eval-
uate system behavior. Mineral storage relies on the interaction between rock formations
rich in divalent metal cations and dissolved CO,. Calcium, magnesium, and iron present
in the rock formations can combine with dissolved CO5 to form carbonate minerals such
as calcite (CaCOj), dolomite (CaMg(COs3)s), magnetite (MgCOs3), siderite (FeCO3), and
Ca-Mg and Mg-Fe carbonate solid solutions (Snaebjornsdottir et al., 2014). The stratig-
raphy at the Coda Terminal is dominated by basaltic lavas and glassy hyaloclastites with
abundant cation exchange capacity, thus the storage capacity estimation method assumes
favorable rock composition to supply cations and mineralize carbon (Galeczka, 2023b).
However, to further constraints, the reservoir behavior and response to injection, water-
rock interaction including dissolution and precipitation should be implemented. It is also
necessary to carry out these steps in order to monitor compliance and to compare the
results of the model to the data obtained from the field.

10.2.2 Monitoring of the subsurface

The simulation results discussed in this report are based on the assumption that COy is fully
dissolved prior to or during injection. Therefore, these results are applicable only if no buoyant
gaseous COs is injected into the storage reservoir. Consequently, the monitoring plan neces-
sitates instruments capable of measuring the temperature, pressure, salinity of the injected
fluid, and the concentration and purity of the CO, stream. These measurements will be used
to calculate the bubble point pressure of CO5 and confirm that full dissolution of COs in the
injection fluid is achieved.

The current monitoring plan at the Coda Terminal involves regular monitoring of subsur-
face conditions in the storage reservoir using monitoring wells, in the storage complex using
interface wells, and in the shallow groundwater using groundwater monitoring wells. This is
complemented by regular water level measurements and sampling of surface water and/or gas
flux measurements at the injection site. The collected data will be compared against forecast
models to identify any deviations from expected values and initiate timely mitigation measures
if required.

In addition, the extent of dissolved COs and its migration suggests that the current place-
ment of monitoring wells shown in Figure 8.3 is adequate. However, simulation results indicate
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that additional monitoring wells further away from the well pads should be drilled to track the
migration of the CO2. This is necessary to verify modeling results, confirm the efficiency of the
storage process, and ensure the safety of the water protection area.

10.2.3 Gradual scale-up injection strategy

The Coda Terminal project aims to mitigate greenhouse gas emissions by sequestering CO, in
a subsurface storage reservoir at the Straumsvik site. As part of the risk management strategy,
a gradual scale-up approach will be employed during the injection phase. Key details include:

— Project Timeline: The project is scheduled to commence in 3 years (2027). During
this period, Carbfix’s efforts will focus on implementing uncertainty reduction measures
outlined in the project plan.

— Gradual Scale-Up: To minimize risks associated with large-scale injection, the project
will follow an 18-month scale-up cycle. This phased approach allows for continuous mon-
itoring, assessment, and informed decision-making. By incrementally increasing injection
volumes, Carbfix can closely evaluate reservoir behavior, pressure dynamics, and poten-
tial environmental impacts and make informed decisions on injection and management of
the storage reservoir.

The gradual scale-up not only ensures operational safety but also allows for the adjustment
of injection and reservoir management strategies based on real-time data. Monitoring protocols
will track subsurface conditions, fluid migration, and any adverse effects on local ecosystems.
Additionally, contingency plans will be in place to address unforeseen challenges.
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Agrip

[ pessari skyrslu er greint frd hermireikningum sem gerdir voru fyrir Coda-verkefnid.
Hermireikningar voru gerdir til ad spa fyrir um efnahvorf milli CO2-hladna nidurdeelingar-
vokvans og basaltberggrunnsins i geymslugeymi Coda-verkefnisins til a0 meta fysileika
svaedisins 1 Straumsvik fyrir steinrenningu CO.. Hermt var eftir leysingu basaltbergs i
nidurdeelingarvatninu og efnasamsetning vatnsins og bergs eftir efnahvérf var reiknud. I
likangerdinni var notast vid efnagreiningar a fersku vatni tr grunnvatnsstraumi i Straumsvik

sem aetlad er ad leysa CO:2 i og vatni sem er i geymslugeyminum sem safnad var ur
rannsOknarborholum dsamt efnagreiningum a bergsynum ur geymslugeyminum.

Notast var vi0 heildarefnagreiningu a svarfi af 378 m dypi ar nidurdelingarholu CSI-01 sem
borud var i Straumsvik. Gerd var XRF-greining (X-ray fluoroscene) og nidurstodurnar bornar
saman vi0 efnagreiningar 4 basaltgleri tr Stapafelli & Reykjanesi sem notast hefur verid vio i
fyrri hermunum 4 samspili basalts og CO: leystu i vatni hér 4 landi. Nidurstoour a
efnagreiningum syna ad bergid i Straumsvik er sambeerilegt basalti med efnasamsetninguna
SiroTioosAloszsFeo174Mgos01Cao271Nao.078Ko.00403.420, med steindasamsetninguna 46,1% plagioklas,
38,9% pyroxen, og 6,9% olivin. Smektit og zedlitar greindust jafnframt 1 litlu magni.

baer sidsteindir sem notast var vid i hermireikningunum voru valdar at fra rannsoknum a
laghitaummyndun basalts; adallega leirsteindir, kisilsteindir (kaolinit og kalsedon), kalsit,
zedlitar, og jarnhydroxio.

Vatnssyni ur vatnstokuholum tr Straumsvik voru notud fyrir hermanir 4 nidurdeelingar-
vokvanum. P4 voru tvenns konar vokvasyni notud til ad endurspegla geymslugeyminn,
annars vegar jardsjor ur holu CSI-01, sem safnad var vid deeluprofun ur holunni, og hinsvegar
ferskvatn ur vatnsboli Hafnarfjardar. Leioni i vatnssyni tr vatnstokuholunni i Straumsvik
meeldist um 100 puS/cm, pH 9,3, basavirkni meeldist 0,47 meq/kg og styrkur Cl um 10 mg/L.
Leidni sem meeld var i syni af jardsjé tr holu CSI-01 meeldist um 40.000 uS/cm, Cl styrkur um
14.200 mg/L, og basavirkni um 0,27 meq/kg. Likanareikningar fyrir geymslugeymi med jardsjo
voru gerdir vio 21°C, sem er pad hitastig sem meelt var 1 holu CSI-01. Likanreikningar fyrir
geymslugeymi med ferskvatni voru gerdir vid 4-14°C vegna dvissu um hitastig. Hitastig hafoi
litil 4hrif 4 nidurstodur likanreikninga, enda ekki notast vid hvarfthrada vid utreikningana.

Notast var vio PHREEQC 3.3.12 forritid (Parkhurst og Apello, 2013) og efnavarmafreedilega
gagnagrunninn carbfix.dat (Voigt o.fl,, 2018). Nidurstodurnar voru svo bornar saman vid
annars vegar nattaruleg kerfi, par sem steinrenning CO: a sér stad, og hins vegar vi0 fyrri
rannsoknir a steinrenningu CO:2 { basalti. Pessi samanburdur var gerdur til ad gefa frekari
innsyn { pau ferli sem eiga sér stad vid nidurdaelingu a CO2 i geymslugeyminn.

Ofugt vid fordafraedilikon, par sem reikningar fara fram i tima og rtmi, gefa efnavarma-
freedilegir hermireikningar innsyn i helstu efnaferli milli vatns og bergs sem geta att sér stad.
Pau eru minna vidkvem fyrir dvissu sem tengist vokvafledi (poruhluta og lekt) innan
geymslugeymisins og henta pvi betur pegar gogn um slika eiginleika eru takmorkud.

Hermireikningarnir voru gerdir til ad varpa ljosi a: 1) breytingar 4 efnasamsetningu nidur-
deelingarvokvans m.t.t. til leysingar bergs (framvinda efnahvarfa); 2) samsetningu steinda-
fylkis m.t.t. leysingar bergs (edli og umfang siosteinda); 3) skilvirkni steindabindingar CO:
m.t.t mismunandi blondunar nidurdelingarvokvans og vokvans sem fyrir er i geymslu-
geyminum (magn uppleysts bergs og magn pess CO:z sem steinrennur i hermireikningum).
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Nokkur likon efnahvarfa voru hermd 1 skrefum til ad varpa ljosi 4 framvindu efnahvarfa milli
vokvans og bergsins i geymslugeyminum (mynd 1). [ hverju skrefi var fyrirfram akvedid magn
af bergi leyst i vokvanum og i kjolfarid var dkvednum sidsteindum leyft ad falla ut. Til ad
skoda mismunandi svidsmyndir fyrir nidurdeelingu CO: i geymslugeymi Coda voru eftir-
farandi hermireikningar gerdir:

1) Leysing bergs ur geymslugeymi i nidurdeelingarvokvanum.

2) Leysing bergs i mismunandi blondum af nidurdelingarvokva og vatni sem fyrir er i
mynduninni (vatn ar geymslugeymi).

3) Blondun nidurdeelingarvokvans vid vatn tr geymslugeymi samhlida leysingu bergs i
geymslugeyminum.

4) Blondun nidurdeelingarvokvans vio vatn tr geymslugeymi an efnahvarfa.

[ fyrsta likaninu voru 4 mél/kgw (mél sem magn bergs a hvert kil af vatni) af bergi leyst upp
i nidurdeelingarvokvanum 1 20 jofnum skrefum. Framvinda efnahvarfa er skilgreind sem
magn bergs sem leyst er 1 1 kg af vatni. Nidurstoour syna ad pH heekkar smdm saman med
auknu magni bergs sem leysist i nidurdeelingarvokvanum, ur 3,4 1 11,8 vid 21°C, sem er i
samreemi vid efri mork pH-gildis i grunnvatnskerfum i basalti (gagnagrunnur ISOR).
Samhlida laekkar styrkur COz tir um 42.000 ppm { 4 ppm vegna ttfellingar kalsits. { pessu likani
var kalsit eina karbdnatsteindin sem leyft var ad falla at, i samreemi vid nattarulegar
hlidsteedur, en kalsit er langalgengasta karbonatsteindin i grunnvatnskerfum i basalti. Allt CO:
i nidurdeelingarvokvanum var steinrunnid pegar 3,4 mol/kgw af bergi hafdi verid leyst i
nidurdelingarvokvanum. Fyrstu sidsteindir til ad myndast vi0 leysingu bergs i hermireikn-
ingunum eru kalseddn, kalsit, leirsteindir (Fe- og Mg-saponit og Na-beidellit) auk hematits
sem var notad sem igildi jarnsteinda i likaninu. Eftir pvi sem leysingu bergs vindur fram i
hermireikningum og pH heekkar falla ut gibbsit og zeodlitar (analsim og kabasit). Pessi
steindafylki eru { samraemi vid laghitaummyndun 1 basalti.

[ 6dru likaninu var bléndun nidurdeelingarvokvans vid pad vatn tr geymslugeymi hermd og
i kjolfarid voru 4 mol/kgw af bergi leyst i mismunandi blondum. Blondun var hermd fimm
sinnum og voru mismunandi hlutfoll hermd hverju sinni milli CO2-hladna nidurdeelingar-
vokvans annars vegar og vatns tr geymslugeymi hinsvegar. Eftirfarandi hlutfoll voru hermd:
0,1/0,9, 0,3/0,7, 0,5/0,5, 0,7/0,3, 0,9/0,1. Hermireikningar voru gerdir baedi fyrir blondun vid
jardsjo og ferskvatn. Nidurstoour eru sambeerilegar og fyrir likan 1. Blondun nidurdeelingar-
vokvans vid vokvann sem fyrir er i mynduninni breytir nokkud magni sidsteinda sem
myndast vi0 leysingu bergsins og aukin blondun verdur til pess ad minna af bergi parf til ad
steinrenna CO: ur nidurdeelingarvokvanum. Nidurstoour syna sambeerilega samsetningu
steindafylkja sem falla at og i fyrsta likani og ennfremur var litill munur & milli likans pegar
vatn 1 geymslugeymi var ferskvatn eda jardsjor. Nidurstoour benda til pess ad efnasamsetning
vokvans 1 geymslugeyminum hafi litil dhrif vi0 steinrenningu eftir ad naegilegt magn af bergi
hefur verio leyst upp.

[ pridja likaninu var vatni ur geymslugeyminum blandad smatt og smatt vid CO»-hladna
nidurdeelingarvokvann. I fyrsta skrefinu var 0,01 mél/kgw af bergi leyst i nidurdeelingar-
vokvanum og 1 kilfarid blandad vid vatn tr geymslugeymi { hlutfollunum 0,9/0,1. I 68ru skrefi
var 0,05 mol/kgw af bergi leyst i blondunni ar fyrsta skrefi og 1 kjolfarido blandad vio vatn ar
geymslugeymi i hlutféllunum 0,9/0,1. Seinna skrefid var endurtekid par til 2 mol/kgw af bergi
hofou verid leyst og vokvinn var yfir >90% vatn ir geymslugeymi. Minna berg var leyst i fyrsta
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prepi til a0 fa betri syn & fyrstu efnahvorfin sem verda vid nidurdelingu CO:. Tilraunir par
sem CO: er hvarfad vid basalt syna ad hrodustu breytingarnar eru i upphafi. Blondun
nidurdeelingarvokvans vid vatn ur geymslugeymi gerist svo smam saman en 6vist er hvernig
hlutfall vatns ar geymslugeyminum eykst eftir pvi sem fjarleego fra nidurdeelingarholu eykst.
Pad ma po gera rad fyrir ad pH-gildi nidurdeelingarvokvans muni heekka vegna blondunar
vid vatn ur geymslugeymi og vegna leysingar & basaltbergi. Pessi pH-heekkun mun heegja a
uppleysingu bergs og pvi var adeins 2 mél/kgw leyft ad leysast i vokvanum i likaninu.
Niodurstodur likanareikninga fyrir pridja likanio, par sem blondun og uppleysing bergs gerist
smam saman, eru i samreemi vio likan 1 og likan 2. Likt og 1 fyrri likanareikningum fellur allt
CO2 ut i formi karbonatsteinda en 1 pessum ttreikningum gerast efnahvorfin fyrr en 1 likani 1.
Nidurstoour benda til ad blondun nidurdeelingarvokvans vid vokvann sem fyrir er i
geymslugeyminum heekki pH-gildi vokvans vegna laegri styrks CO: vid blondunina. Pessi
heekkun verdur til pess ad steindir hafa aukna tilhneigingu til ad myndast. Pessi blondun
verdur jafnframt til pess ad hlutprystingur CO2 { vokvanum leekkar sem minnkar likur 4 pvi
ad CO2 geti afgasast ur vokvanum og lekio til yfirbords, og eykur pvi 6ryggi leysnibindingar
CO: { geymslugeyminum. Utfelling zedlita eykst umtalsvert vid lok hermireikninga pegar
nanast allt berg er uppleyst, ndnast allt CO: fallid at sem karbonatsteindir, og pH-gildi
vokvans hefur heekkad. Petta er 1 samreemi vid nidurstodur leysnitilrauna par sem basalt er
leyst i CO2-hl60nu vatni og 1 samreemi vid nattarulegar hliosteedur. Petta bendir jafnframt til
pess ad myndun zeodlita, sem eru rummalsfrekar steindir, muni ekki taka plass i porum i
berggrunninum i ndmunda vid nidurdeelingarholur, og munu pvi ekki hafa umtalsverd ahrif
a nidurdeelingargetu.

Tilgangur fjorda likansins, n, er ad meta hvort heetta sé & pvi ad kalsit falli it i nidurdeelingar-
holum eda 1 naesta nagrenni peirra og hafi par med ahrif & nidurdeelingargetu. CO2-hl66nu
nidurdeelingarvatni var blandad vi0 jardsjo i mismunandi hlutfollum og var ekkert berg latio
leysast i hermununum. Nidurstodur syna ad engin heaetta er a utfellingu kalsits (kalsit er undir-
mettad) vid blondun nidurdeelingarvokvans og vatns i geymslugeyminum an efnahvarfa vio
berg geymslugeymisins.

Helstu askoranir hermireikninga fyrir nidurdeelingu 4 COo-leystu 1 vatni 1 basalt tengjast
takmarkadri pekkingu 4 efnavarmafraedilegum eiginleikum steinda og myndlausra fasa sem
berggrunnurinn samanstendur af, og takmoérkudum gognum um hvarfhrada. Lagur hvarf-
hradi veldur pvi ad yfirmettun einstakra steinda i vokvanum verdur ekki endilega til pess ad
steindin fellur ut, sér i lagi vid lagt hitastig. P4 er dvissa tengd yfirbordseiginleikum steinda,
t.d. myndun minna hvarfgjarnra utfellinga & yfirbordi, sem hefur ahrif 4 leysingu bergs og
utfellingu sidsteinda sem takmarka getu likanareikninga til ad herma a0 fullu slik kerfi.

Efnivarmafraedilegir hermireikningar gefa einfalda mynd af peim ferlum og efnahvorfum sem
eiga sér stad, baedi i natturulegum kerfum og manngerdum kerfum (e. engineered systems),
og geta pvi ekki gefid ndkveema mynd af skilvirkni steindabindingar. Likanareikningar af
slikum toga gefa hinsvegar gé0a mynd af peim efnahvorfum sem gera ma rao fyrir ad eigi sér
stad vid nidurdeelingu CO: { basalt i Straumsvik. Pau gefa jafnframt mynd af pvi hvada
sidsteindir geta myndast og haft ahrif 4 steinrenningu CO2 i geymslugeyminum. Hermi-
reikningar geta nyst & margan hatt og hafa ekki adeins verid notadir i tengslum vid rannsdknir
a steinrenningu CO: heldur jafnframt til ad rannsaka natturuleg ferli & bord vid samspil vatns
og bergs 1 nagrenni eldvirkni, uppsprettur og efnageyma sem hafa ahrif 4 uppleyst efni i
grunnvatni, og til ad skoda ferli sem valda tutfellingum og teeringu i kerfum. Jafnvel pétt



efnavarmafraedilegir likanreikningar séu a0 morgu leyti takmorkunum hadir eru peir oft fyrsta

rannsOknaradferdin sem beitt er pegar takmorkud gogn eru til stadar.

Nidurstodur hermireikninga syna ad geymslugeymir Coda i Straumsvik getur steinrunnio allt
CO:z sem deelt er nidur. Eiginleikar bergsins eru svipadir og basaltbergs par sem hroo stein-
renning CO: hefur verid stadfest. Pau steindafylki sem falla it og efnasamsetning vokvans eru
sambeerileg vid pad sem gerist i natturulegum kerfum vegna efnahvarfa vatns og basalts. ba
eru nidurstodur jafnframt sambeerilegar vid adra hermireikninga sem gerdir hafa verio fyrir
svipud kerfi. Hermireikningarnir varpa ekki ljosi & hrada eda ttbreidslu efnahvarfa sem fjallad
er um i pessari skyrslu.

Helstu nidurstodur pessarar skyrslu eru m.a. eftirfarandi:

1.

Likanreikningar stadfesta fysileika berggrunnsins i Straumsvik til ad steinrenna CO:
og syna steinrenningu allt ad 100% pess CO:2 sem deelt er nidur sem kalsit. Préun stein-
renningar i geymslugeymi i tima og rumi er hinsvegar 6pekkt.

Efnasamsetning vatns og peirra sidsteinda sem nidurstodur hermireikninga benda til
ad myndist vid nidurdeelingu CO2 i geymslugeymi i Straumsvik eru i takt vid pad sem
sést vid laghitaummyndun basalts. Pad stadfestir dreidanleika likanareikninga.

Nidurstodur likanreikninga eru jafnframt i samreemi viod fyrri likanareikninga fyrir
kerfi par sem samspil COz, basalts og vatns & sér stao.

Blondun COq-hladins nidurdeelingarvatns og pess vatns sem fyrir er i geymslu-
geyminum hefur ekki ahrif 4 efnafraediferli, helstu steindafylki og skilvirkni steinda-
bindingar CO:. Efnasamsetning vatns 1 geymslugeymi hefur heldur ekki teljandi dhrif.

Blondun nidurdeelingarvatnsins vid vatn 1 geymslugeymi getur hinsvegar hjalpad til
vid steinrenningu CO:z & pann hatt ad hdn 4 sér stad fyrr i ferlinu.

Efnasamsetning basaltsins i geymslugeyminum er sambeerileg basalti sem notast hefur
verid vid { tilraunum a samspili CO», basalts og vatns. Pessar tilraunir hafa synt fram a
mikla getu basaltsins til ad steinrenna CO2, sem aftur bendir til pess a0 basaltid sem
geymslugeymirinn samanstendur af hafi somu eiginleika.

Pad er ekki talin heetta 4 utfellingum kalsits i nidurdeelingarholum eda i neesta nagrenni
vi0 peer sem geta haft ahrif 4 nidurdeelingargetu.
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Likan 1: Leysing bergs ur geymslugeymi i nidurdaelingarvokva

CO5-hladinn

nidurdeelingarvékvi == H_’ H-’ m -

Likan 2: Bléndun nidurdaelingarvdkva vid vatn ar geymslugeymi og leysing bergs i beim vokva i kjolfarid
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Mynd 1. Pau fjogur likon sem hermd voru til ad varpa ljési d efnahvorf milli basaltbergs, CO2-hladna
nidurdeelingarvékvans og vatns sem fyrir er i mynduninni (vatn ur geymslugeymi).
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1 Introduction

The Carbfix methodology has been demonstrated to be a safe and cost-effective approach to
reduce the carbon dioxide (CO2) emission into the atmosphere. The 2012 pilot study proved
that 95% of the CO: that was initially injected mineralized mainly as calcium carbonate (calcite,
CaCO:s) in the shallow reservoir at 20-50°C in less than two years (Matter et al., 2016; Oelkers
etal.,, 2019a; Oelkers et al., 2019b; Snaebjornsdottir et al., 2017). Additional HsS that was injected
together with CO: precipitated as pyrite in four months. The industrial application of the
methodology through the CarbFix2 project started in June 2014 with capturing and injecting a
portion of the Hellisheidi geothermal plant emissions into the basaltic subsurface at tempera-
tures of about 260°C (Gunnarsson et al., 2018; Matter et al., 2016; Prikryl et al., 2018). Clark et
al. (2020) calculated that 60% of injected CO:z and over 85% of injected H:2S were mineralized
within four months after the gas-charged waters were continuously injected into CarbFix2 site.
Followed by its successful outcome, the Carbfix methodology has been a foundation for newly
developing CO: mineralization projects such as Silverstone, CO:-Seastone, and Coda
Terminal. Once operational in 2026, the first phase of the Coda project assumes an annual
injection of 500 kT of COz. The CO: will be dissolved in fresh water from water supply wells
and injected into the storage reservoir. Initial site characterization indicates that at the injection
target depth (350-800 m), the water chemical composition varies from seawater to freshwater
depending on the location. Using seawater as a CO2 medium for carbon mineralization has
only been studied at laboratory scales (e.g., Voigt et al., 2021; Wolff-Boenisch and Galeczka,
2018) and through geochemical modelling (Marieni et al., 2021). These studies showed that
calcite precipitates in CO2-charged fresh and seawater and mixtures thereof. However, up to
date, a field scale injection of freshwater dissolved CO: into a mixed seawater and freshwater
reservoir does not exist. Therefore, the Coda project and its development is the first of its kind.

This study aims to model the possible chemical reactions between the COz-charged injection
water (the CO: injection water) and basaltic subsurface within the Coda reservoir, ultimately
assessing its CO: mineralization efficiency. Although similar studies have been performed
earlier for the other CO: injection sites (CarbFix1, Sneaebjornsdoéttir et al., 2018; CarbFix2,
Marieni et al., 2021; GECO, Galeczka et al., 2022), here the in situ chemical compositions of
water and rocks within the Coda storage aquifer are considered. In addition, these model
calculations take into account mixing of the CO: injection water and the storage reservoir
water. The results of the model calculations are also compared with natural analogues and
previous studies on CO»-basalt interaction, providing insight into the Coda carbon mineraliz-
ation potential.
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2 Methodology

2.1 Reaction path model

Geochemical modelling was carried out using the PHREEQC 3.3.12 geochemical code
(Parkhurst and Apello, 2013) together with the carbfix.dat thermodynamic database (Voigt et
al.,, 2018). As opposed to a reactive transport modeling where time and place of the reactions
are predicted, the reaction path simulations provide insights into general trends in water-rock
interaction. They are less susceptive to errors related to an unknown fluid flow (porosity,
permeability) within the reservoir and are more suitable when only limited data on reservoir
properties exist.

The reaction path calculations were performed to assess 1) the composition of the injection
water as a function of the amount of dissolved host rock (reaction progress), 2) the secondary
mineral assemblages as a function of the amount of dissolved basalt, and 3) the efficiency of
CO2 mineralization considering various mixing scenarios of the COz injection water and the
reservoir water (in the targeted storage reservoir). The system was divided into reactive steps
to track the progress of the fluid-rock interaction within the host rock. In each reactive step a
fixed quantity of rock was dissolved stoichiometrically in the inlet solution followed by
precipitation of selected minerals. To account for different scenarios of water-rock interaction
during the COz injection into the aquifer, the following models were carried out (also depicted
in Figure 1):
1. The host rock (Coda basalt) dissolution in the CO2 injection water.
2. Mechanical mixing of the CO: injection water with the reservoir water followed by the
host rock dissolution.
3. Gradual mixing of the COz injection water and the reservoir water with simultaneous
dissolution of the host rock.
4. Mechanical mixing with no host rock dissolution.

In the first model, 4 mol:/kgw (mol as mass of rock per kilogram of water) of the host rock was
stoichiometrically dissolved in the CO: injection water in 20 steps. The resulting chemical
composition of the reactive solution and the mass of secondary minerals is presented as a
function of mass of the dissolved host rock. The reaction progress is defined as the mass of
rock dissolved into 1 kg of water.

In the second model, mixing of the CO:2 injection water with the reservoir water was followed
by the host rock dissolution. Mixing of both endmembers was simulated five times using
different volume fractions, 0.1/0.9, 0.3/0.7, 0.5/0.5, 0.7/0.3, and 0.9/0.1 of CO: injection water
and reservoir water, respectively. Each water mixture was then used for dissolution of 4
mol:/kgw of the host rock in 20 steps. The increasing fraction of the reservoir water in the final
mixture simulates the increasing dilution of the COz injection water with the reservoir water.
The ratio of the reservoir water in the final mixture increases with increasing distance from the
injection well. After mixing, the host rock is dissolved stoichiometrically as described above.

In the third model, the host rock dissolution and mixing of the CO: injection water with the
reservoir water was simultaneous. In the first step of this model, 0.01 mol:/kgw of host rock
was dissolved in the CO: injection water followed by its mixing with the reservoir water in
proportion of 0.9/0.1. In the second step 0.05 moli/kgw of the host rock was dissolved in the
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resulting mixture from the first step and the subsequent solution was mixed with the reservoir
water in proportion of 0.9/0.1. This calculation step was repeated until 2 mol:/kgw of basalt was
dissolved and the final solution was composed of >90% reservoir water.

The smaller quantity of the dissolving rock in the first step compared to the second step was
chosen to increase the resolution of the modelled chemical trends at the very initial stage of
the reaction progress. As observed during water-basalt interaction experiments, the fastest
changes in the chemical composition of the reactive outlet solutions are seen in the first hours
into the experimental duration (e.g., Clark et al., 2019; Galeczka et al., 2013; Olsson et al., 2013;
Wolff-Boenisch et al., 2004). It is anticipated that gradual mixing of the injection and the
reservoir water is likely to happen in the subsurface, however, the exact ratios of both
endmembers as a function of distance from the injection well are unknown at this stage
(Snaebjornsdottir et al., 2018). It is expected that a gradual mixing of the CO: injection water
with the reservoir water will additionally increase the pH of the injection water compared to
the pH increase caused by only the dissolution of the host rock (Sneebjornsdottir et al., 2018).
It is anticipated that this pH increase will slow down the kinetics of the host rock dissolution
(e.g., Gislason and Oelkers, 2003). Therefore, only 2 mol:/kgw of host rock was allowed to
dissolve in the gradual mix reaction path model.

Lastly, to assess whether there is a risk of calcite formation (calcite scaling) in the injection well
as the mixture of CO: injection water and the saline reservoir water, an additional simulation
was carried out where there was mechanical mixing at various mixing fractions of both
endmembers. This mechanical mixing was not followed by dissolution of the host rock.
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1. The host rock (Coda basalt) dissolution in the CO, injection water
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Figure 1. Conceptual illustration of the scenarios used in the reaction path models simulating
interaction between the CO: injection water and the host rock and its mixing with the reservoir
water. The RW represents the reservoir water; its chemical characteristics is described further
in the text. The numbers in the dark grey boxes represent the mol:/kgw of the host rock dissolved
in the reactive solutions. The numbers next to the reactive solutions (CO: injection water, RW)
represent the mixing fractions.
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2.2 Host rock composition and secondary mineral alteration

The main feed of the injection well (CSI-01) was identified at an approximate depth of 378 m.
Therefore, the bulk chemical composition of basalt from this depth was used as the primary
dissolving phase and represents the aquifer host rock (Coda basalt). The chemical composition
of the host rock obtained by XRF analysis (X-ray fluorescence) is similar to the composition of
mid-ocean ridge basalt (MORB) and Stapafell basaltic glass used in previous studies of COz-
water-basalt interaction both in the experiments and in the modelling (Table 1; e.g., Clark et
al., 2019; Galeczka et al., 2014b; Gislason and Oelkers, 2003; Stockmann et al., 2011; Wolff-
Boenisch et al., 2011). The Coda basalt is consistent with Sii.oTio.01sAloszsFeo174Mgoso1Cao.2ri-
Nao.078Ko0.0040z.420 with the mineralogical composition dominated by plagioclase 46.1 wt.%
pyroxene 38.9 wt.%, and olivine 6.9 wt.%. Minor amounts of smectite and zeolites were also
found.

Table 1. The results of the XRF chemical analysis of the Coda host rock used in the current reaction
path models. The Stapafell basalt from Gislason and Oelkers (2003) is presented for a

comparison.
Element Coda basalt Stapafell basalt
wit%
SiO, 46.0 48.1
Al,0s 14.8 14.6
Cao 11.6 11.8
Fe,0s: 10.6 n.a.
Fe,03 n.a. 1.11
FeO n.a. 9.82
K20 0.15 0.29
MgO 9.28 9.08
MnO 0.20 0.19
Na,O 1.84 1.97
TiO, 1.08 1.56
Total 95.6 98.6

n.a. not analyzed; Fe;0s; - according to the Mossbauer measurement of the Coda basalt, Fe*? accounts for 65%
and Fe*3 for 35% of Fey resulting in FeO and Fe,0s equal to 6.24 and 3.71 wt%, respectively.

The secondary mineralogy used for the reaction path modelling (Table 2) was constrained
based on the alteration mineralogy observed in low temperature basaltic formations. It
consists mainly of clays, SiO2 phases (kaolinite, chalcedony), calcite, zeolites, and Fe-oxy-
hydroxides (Alfredsson et al., 2013; Gislason et al, 1996; Gysi and Stefansson, 2012a;
Kristmannsdottir, 1979; Larsson et al., 2002; Stefansson and Gislason, 2001; Marieni et al.,
2021). A list of minerals included in the calculations and their reactions are provided in Table
2. Similar to previous studies, secondary minerals were allowed to form at local equilibrium.
This approach was taken rather than using an explicit account of mineral-fluid reaction rates
due to 1) uncertainties in mineral-fluid interfacial surface area in the subsurface system and 2)
the lack of mineral precipitation rate data (Oelkers et al., 2009). Two approaches in the
formation of secondary minerals can be used. If secondary minerals are not allowed to dissolve
after their precipitation, the models simulate reactions of the injected water front while
travelling through the rock reservoir. This is most likely happening in active flow paths. If
secondary minerals are allowed to dissolve after their precipitation, the models simulate
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mineral replacement reactions that happen in parts of the reservoir where flow is limited such
as closed pores.

Table 2. Primary and secondary phases used in the reaction path modelling. The mineral dissolution
reactions were taken from Voigt et al. (2018).

Phases Reaction

Si1.000Ti0.018Al0.378F€0.17aME0.301Ca0.271Na0.078K0.00403.4205 + 2.769H* + 0.6515H,0 = 2H,0 +
Host rock composition  0.378AI*3 + 0.271Ca*? + 0.113Fe*? + 0.061Fe*3 + 0.004K* + 0.301Mg*? + 0.078Na* + SiO, +

Silicate
Chalcedony
Carbonates
Calcite

Clay minerals
Kaolinite
Beidellite-Ca
Beidellite-Fe
Beidellite-K
Beidellite-Mg
Saponite-Fe-Fe
Saponite-Mg-Mg
Saponite-Mg-K
Saponite-Mg-Fe
Saponite-Mg-Na
Zeolites
Analcime
Laumontite
Mordenite-Ca
Chabazite-Ca
Chabazite-Na
Other minerals
Celadonite
Hematite

0.018Ti(OH),
SiO; = Si0,
CaCOs + H* = Ca* + HCO3

Al;Si;05(0OH)4 + 6H+ = 2AI*3 + 2Si0; + 5H,0

Cap.175Al2.355i3.65010(OH); + 7.4H* = 0.175Ca*2 + 2.35AI*3 + 3.655i0; + 4.7H,0
Feo.175Al2.35Si3.65010(0H), + 7.4H* = 0.175Fe*? + 2.35AI*3 + 3.65Si0; + 4.7H,0
Ko.35Al2.355i3.65010(OH); + 7.4H* = 0.35K* + 2.35Al*3 + 3.655i0; + 4.7H,0
Mgo.175Al2.35Si3.65010(0H); + 7.4H* = 0.175Mg*? + 2.35AI*3 + 3.65Si0; + 4.7H,0
Fes.175Al0.35Si3.65010(OH), + 7.4H* = 0.35AI*3 + 3.175Fe*? + 3.65Si0; + 4.7H,0
Mg3.175Al0.35Si3.65010(OH); + 7.4H* = 0.35AI*3 + 3.175Mg*? + 3.65Si0; + 4.7H,0
Ko.35MgaAlg 35Si3.65010(0H); + 7.4H* = 0.35K* + 0.35A1"3 + 3Mg*? + 3.65Si0; + 4.7H,0
Feo.17sMg3Alo 35Si3.65010(0H); + 7.4H* = 0.175Fe*? + 0.35AI*3 + 3Mg*? + 3.65Si0, + 4.7H,0
Nag.35Mg3Alo355i3.65010(0H); + 7.4H* = 0.35A1%* + 0.35 Na* + 3Mg?* + 3.65Si0; + 4.7H,0

Nao.96Al0.965i2.0406:H,0 + 3.84H* = 0.96AI*3 + 2.04Si0, + 0.96Na* + 2.92H,0
CaAl;Sis01,:4.5H,0 + 8H* = 2AI*3 + 4Si0, + Ca*? + 8.5H,0
CapsAlSi501,:4H,0 = Al(OH)4” + 0.5Ca*2 + 5Si0; + 2H,0

CaAl;Si401,:6H,0 = 2AI(OH),4 + Ca*? + 4Si0; + 2H,0

Na,Al;Si4012:6H,0 = 2Al(OH)4 + 2Na* + 4Si0; + 2H,0

KMgAISiq019(OH); + 6H* = AlI*> + K* + Mg*? + 4H,0 + 4Si0,
Fe,03 + 6H+ = 2Fe*3 + 3H,0

2.3 Reactive solutions

The reactive solutions used in the models are shown in Table 3. The CO: injection water
consists of freshwater from the supply well (CSW-02) in Straumsvik. In the model the chemical
composition of this water was modified by increasing its CO: concentration according to
maximum CO: solubility at conditions relevant for the injection aquifer (M. Voigt, Carbfix,
personal communication, 17.03.2023). Two types of reservoir waters were considered in the
model due to possible variability in the chemical composition of water in the storage aquifer.
The chemical composition of water discharged from the injection well (CSI-01) during the
pumping tests represents the saline aquifer and it is referred to here as the saline reservoir,
while the freshwater reservoir is represented by the chemical composition of the drinking
water in Hafnarfjordur (Vatnsveita Hafnarfjardar; Oskarsson, 2022). The reaction path models
involving the CO: injection water and the saline reservoir were carried out at a temperature of
21°C, which is the temperature measured in the injection well. The temperature in the
freshwater reservoir is less known, therefore the final temperature in models simulating
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reactions with the freshwater reservoir were performed at temperatures of 4 to 14°C, depend-
ing on the mixing fractions between the COz injection water and the freshwater. This tempera-
ture difference has little effect on the outcome of the models as the kinetics of dissolution and
precipitation were not included in the models. For comparison the chemical composition of
seawater collected in Reykjanes is also given in Table 4.

Table 3. The chemical composition of waters that were used in the reaction path models.
Concentrations are given in mg/L.

Freshwater Saline reservoir ~ Freshwater  Reykjanes

(cslI-01) reservoir?  seawater®
Temp. °C 4.20 15.00 3.10 -
pH/°C 9.3/4.2 8.36/20.0 8.98/22.2 8.15/23.1
SiO, 14.70 6.22 15.20 0.7
B <0.010 1.04 <0.01 4.17
Na 11.90 6860 104 10560
K 0.68 84.90 0.641 380
Ca 4.98 2220 5.33 377
Mg 1.88 212 1.8 1230
Al 0.02 0.01 0.00148 0.001
Fe 0.01 0.18 <0.0004 0.002
CO; 21.10 10.40 20.7 100
cl 10.12 14202 8.54 18800
SO4 2.92 1629 2.88 2550
F 0.09 <0.2 <0.2 0.81

! Freshwater from the supply well (CSW-02). Its chemical composition after increasing the CO: concentration to
0.9 mol/L represents the CO: injection water. The pH of this CO:z charged water is calculated to be 3.4 at 21°C.

2 Freshwater reservoir is represented by the chemical composition of the Hafnarfjorour drinking water.

3 Seawater collected in Reykjanes according to the ISOR database.

3 Results and discussion

3.1 Chemical characteristics of the water at the Coda injection site

The freshwater that was collected from the supply well in Straumsvik is dilute with a
conductivity of about 100 uS/cm and CI concentration of 10 mg/L. This water has a pH of 9.3
with a total alkalinity of 0.47 meq/kg. In contrast the saline aquifer water is concentrated with
a conductivity of about 40,000 uS/cm, Cl concentration of about 14,200 mg/L, and alkalinity of
0.27 meq/kg. This water has not reached full salinity even after long term well testing (Table
3). The chemical compositions of both waters are similar to the chemical composition of water
found in low temperature basaltic subsurface (Table 3; ISOR database). The relative mobility
(the water/rock concentration ratio, normalized to Na) of cations in the freshwater and the
saline aquifer shows typical surface and groundwater mobility with Al, Ti, Fe being the least
mobile and Na, K, Ca, and Si the most mobile (Gislason et al., 1996). The freshwater is lighter
compared to Reykjanes meteoric water (Figure 2; Pope et al., 2009) based on the oxygen and
hydrogen isotopes. This difference suggests that these waters originate from different
locations and is consistent with the study of Cypaité (2015) that the Straumsvik freshwater is
affected by groundwater coming from north, probably from Heidmork. The processes that
control the isotopic signature of the current CSI-01 reservoir water are not fully understood.
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However, it is likely that the reservoir water is a mixture of the Reykjanes seawater and the
Reykjanes meteoric water.
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Figure 2. The isotopic signature of the CSI-01 reservoir and the freshwater from the supply well in
Straumsvik. Modified from Pope et al. (2009).

3.2 Model 1 - The host rock dissolution in the CO:2 injection water

Similar to Alfredsson et al. (2013), in this model 4 mol:./kgw of basalt was dissolved in the CO:
injection water. Although it is uncertain what percentage of the storage reservoir this mass of
rock corresponds to, and therefore at what distance from the injection well it would fully
dissolve, the resulting modelled concentrations are comparable to groundwaters and low
temperature thermal waters in Iceland (e.g., [SOR database, Stefansson et al., 2017). The
agreement between the modelled and observed chemical compositions can serve as a
theoretical validation of the model outputs. At the final stage of the reaction progress, the
concentration of SiO2 was about 60 ppm, Na 170 ppm, Ca 3 ppm, and Mg, K, and Fe <1 ppm.
The pH equaled to 11.8, which is in the upper range of pH values observed in basalt-hosted
groundwater (ISOR database).

The results of the reaction path calculations show that with the increasing mass of the
dissolved host rock, the pH of the reactive solution gradually increases from the initial pH of
3.4 to 11.8 at 21°C (Figure 3). At the same time the CO: concentration decreases from about
42,000 ppm to 4 ppm, coinciding with precipitating calcite (Figure 3). In this model only calcite
was allowed to precipitate since it is the main carbonate mineral typically found in basaltic
subsurface. The SiO:z concentration is rather stable reflecting its release from the host rock and
instantaneous consumption due to the formation of chalcedony, clays, and zeolites (Figure 4).
The slight increase in dissolved SiO: at the end of the reaction progress was due to the
dissolution of clays followed by the precipitation of zeolites. The concentrations of the other
dissolved constituents increase and decrease at different stages of the reaction progress,
consistent with the dissolution of the host rock and precipitation of secondary minerals. For
example, the modelled Na concentration results from the dissolution of the host rock and its
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consumption by clays (Na-beidellite) and zeolites (analcime) at the earlier and later stages of
the reaction progress, respectively. Note that in this model the secondary minerals were
allowed to dissolve, opposite to that of the Marieni et al. (2021) model. This modification
resulted in a better fit of the modelled concentrations to the concentrations observed in low
temperature groundwater in Iceland.

Dissolved basalt (mol /kg,,)

10 1 Coz

pH

pH

-t
o
&
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1
N W A 0O N 0 ©

10° T T T
1 2 3 4

Dissolved basalt (mol /kg,,)

Figure 3. The evolution of the chemical composition and pH of the COz injection water as a function
of reaction progress.
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Figure 4. The results of the reaction path modelling showing the secondary mineral assemblage (a) and
mol% of the secondary minerals (b) as a function of reaction progress. The CO: mineralization
efficiency (% of CO2 mineralized) and the pH evolution is also shown.

The first minerals to form as the host rock dissolves are chalcedony, calcite, clays (saponite Fe-
Fe, saponite Mg-Mg, beidellite-Na), and hematite (Figure 4). Note that here hematite
represents the Fe-containing phase since the reactive solution had too high dissolved Fe
concentrations when other Fe-phases (e.g., Fe-hydroxide) were allowed to precipitate in the
model. Later into the reaction progress, gibbsite and zeolites (analcime, chabazite-Ca) formed.
Similar to the chemical composition, the resulting mineral assemblage is consistent with what
has been observed in basaltic low temperature systems (e.g., Alfredsson et al., 2013; Stefansson
and Gislason, 2001) and in the experiments on COz-water-basalt interaction (e.g., Gysi and
Stefansson, 2012a,b). Most calcite was predicted to form up to a pH 11.3 and CO: concentration
of about 500 ppm (fCO2 =27 atm, where f represents fugacity). With a further decrease in CO:
concentration, only a small amount of calcite formed and most of the dissolved Ca was
consumed by zeolites. This indicates that low concentrations of CO: (low fCO2) might limit
carbon mineralization, assuming a sufficient dissolution of a host rock and supply of divalent
cations. This dissolution, however, is often considered a limiting factor for carbon mineraliza-
tion due to the slow kinetics of basalt dissolution, especially at low temperature. As calculated
by Marieni et al. (2021), basaltic glass dissolution proceeds at rates almost two orders of
magnitude slower at 25°C compared to 260°C. As can be seen in Figure 3, all the initially
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dissolved CO: in the CO: injection water was mineralized after dissolution of 3.5 mol:/kgw of
the host rock. Similarly, substantial amount of basalt dissolution was needed for efficient CO2
mineralization in models carried out by Alfredsson et al. (2013) and Marieni et al. (2021).

3.3 Model 2 - Mechanical mixing followed by the host rock dissolution

This simulation involved mixing of the CO: injection water and the reservoir water at various
proportions as described in the method section. In the resulting mixture, 4 mol:/kgw of the host
rock was dissolved stoichiometrically. In the first scenario, saline water represented the
reservoir water. As can be seen in Figure 5, the general trends in secondary mineral assemblage
are similar to the results of model 1 where the host rock was dissolved in the CO: injection
water. Mixing of the CO: injection water with the saline reservoir water, however, changes
slightly the amount of secondary minerals and the mol% of the minerals in the secondary
alteration. At a mixing fraction of 0.1/0.9 of the CO: injection water and the saline water and
after dissolution of 4 mol/kgw of the host rock, 1.3 mol:/kgw of secondary minerals forms. In
contrast, 1.6 mol:/kgw and 2.2 mol:/kgw of secondary minerals precipitate at mixing proportions
of 0.5/0.5 and 0.9/0.1, respectively. As the proportion of the saline water in the mixture
decreases, the contribution of calcite in the secondary mineral assemblage increases.
Moreover, with the increasing proportion of the reservoir water, the mass of dissolved basalt
to reach 100% CO:2 mineralization decreases. Although the mineralization efficiency reaches
100% in all the scenarios, it decreases further into the reaction progress. This is because calcite
is allowed to dissolve in the simulation when the mixture is undersaturated with respect to
this mineral. If calcite was not allowed to dissolve, the CO2 mineralization efficiency would
have remained at 100%. Note that mineralization efficiency is calculated using the CO:
concentration after mixing with the reservoir water. The conditions at which the water-rock
interaction takes place will determine whether precipitation and dissolution of the secondary
minerals occurs. As mentioned before, in a closed system, with a finite supply of CO2 (e.g.,
closed pore space), it is likely that calcite would be replaced by another mineral (e.g., Gislason
et al,, 1996). At the injected waterfront, where water moves away from the precipitated
minerals — secondary minerals would probably not dissolve. It is most likely that both
scenarios happen at the same time. Modeling of such complex scenarios is beyond the scope
of this study.

-23-



~ Chalcedony

g
% CO, mineralized
% mol/kg,,

—pH|
—— % CO, mineralized|
Injection water /

saline reservoir
water fraction

% CO, mineralized
% mol kg,
% CO, mineralized

% CO, mineralized

% CO, mineralized

]

» JEEEROSE

1 2 3 Hal 1 2
Dissolved basalt (mol/kg,) Dissolved basalt (molykg)
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The results of the simulation where the host rock dissolution is preceded by mixing the CO2
injection water with the freshwater are shown in Figure 6. Similar mineral assemblages and
mineral mol% contributions compared to previous model are predicted. The slight differences
between both models (saline vs freshwater) are within the uncertainty of the model
calculations. This indicates that the chemical composition of water in the storage reservoir
plays a minor role in the mineralization process when sufficient amounts of host rock are
dissolved. As shown previously, the ionic strength can affect basalt dissolution kinetics and
carbon mineralization (Voigt et al., 2021; Wolff-Boenisch et al., 2011). Consequently, more
substantial differences in secondary mineral assemblages as a function of the reaction progress
compared to the model outcome might be observed during the CO: field injection depending
on the salinity of the storage aquifer.

3.4 Model 3 - Gradual mixing of the CO: injection water and the
reservoir water with simultaneous dissolution of the host rock

Results of the simulations where mixing of the CO: injection water and the reservoir water
(saline and freshwater) is shown in Figure 7 and 8, respectively. Both models predict similar
quantities and mineral assemblages compared to previous models. Similar mineralization
efficiencies reaching 100% of the initial CO: dissolved in the injection water are predicted by
the models. Note that this full mineralization is anticipated earlier in terms of the reaction
progress compared to model 1 where the host rock was dissolved in the CO2 injection water
(Figure 4). This faster mineralization applies also to the models where dissolution of the host
rock is followed by mixing the CO: injection water with the reservoir water (saline and
freshwater; Figure 5 and 6). This indicates that mixing with the reservoir water dilutes the CO:
concentration, which increases the pH of the reactive solution and therefore enhances the
mineralization at the earlier stages of the reaction progress. This further decreases the pCO: in
the reservoir water, making it less buoyant at the initial stage of the reaction progress resulting
in reduced risk of CO2 leakage, and consequently increasing the safety of the CO: injection.
The early stage of reaction progress represents with close proximity to the CO: injection well.
However, it is unknown what distance from the injection well a specific reaction progress stage
corresponds to.

The mol% of zeolites increases substantially at the end of reaction progress after most of
injected COz2 is mineralized. This is in accord with field and experimental observations (e.g.,
Gysi and Stefansson, 2012ab). This also indicates that formation of zeolites characterized by
high molar volume will not consume pore space during the early stage of reaction progress,
therefore their precipitation will have a limited effect on the injectivity in the vicinity of the
CO: injection well.
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3.5 Model 4 - Mechanical mixing with no host rock dissolution

The calcite saturation index (SI) of the saline reservoir water is equal to 0.6 indicating a
possibility of calcite precipitation as opposite to freshwater, which is slightly undersaturated
with respect to calcite (-0.1). Calcite formation in geothermal surface installations has been
observed when waters with distinct salinities/ionic strengths mix (e.g., Selfoss district heating;
Galeczka et al., 2020; Olafsson et al., 2005). Because the CO: injection water has more than two
orders of magnitude lower ionic strength compared to the saline storage aquifer (1.8 vs 490
mmol/kgw, respectively) the mechanical mixing of both endmembers was simulated to assess
the risk of calcite formation in the injection well as the CO: injection water and the saline
reservoir water mix. As can be seen in Figure 9, the final mixture of the CO: injection water
and the saline water is supersaturated with respect to calcite only when the contribution of the
latter is high, e.g., > 0.9999 volume fraction. This is because the CO: concentration in the CO:
injection water is high and the pH low, resulting in water being highly undersaturated with
respect to calcite. As the proportion of the CO2 injection water increases in the mixture, the pH
decreases rapidly to 5.6, 4.6, and 3.8 at CO:2 injection water fractions of 0.001, 0.01, and 0.1,
respectively. With higher amounts of CO: injection water, the pH decreases but not as rapidly.

The results of this model show that there is no risk of calcite precipitation during mixing of
the CO: injection water with the saline water without dissolution of the host rock. Moreover,
without dissolution, considerable pH increase happens only when the contribution of the
saline water in the final mixture is high, e.g., to rise the pH from 3.4 to 5.6, the fraction of the
saline water would have to be > 0.999 in the final mixture. This indicates that instant dilution
of the CO: injection water with the saline water that can take place inside/close to the injection
well will most likely keep the pH low and enhance the host rock dissolution, and therefore the
supply of divalent cations for carbon mineralization.
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Figure 9. The evolution of pH, logfCO: and Cl during mechanical mixing between the CO: injection
water and the saline reservoir water. The numbers on the x-axis represent the mixing fractions
of both endmembers.
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4 Concluding remarks

4.1 Limitations and capacities of the geochemical reaction path models

Poor understanding of the thermodynamic properties of minerals and amorphous phases that
represent the host rock and limited availability of their kinetic data (e.g., Hefmanska et al.,
2022; Oelkers et al., 2009) are the main challenges in modelling of the fate and consequences
of CO:z water injection into the subsurface. The secondary phases attaining local equilibrium
with the fluid control to a large extent the mobility of dissolved constituents that are further
affecting the dissolution of host rock (Gislason and Oelkers, 2003). The supersaturation of fluid
with respect to a given mineral does not necessarily result in its immediate precipitation due
to sluggish kinetics, especially at low temperatures (e.g., Saldi et al., 2009; Schott et al., 2012).
In addition, the presence of passivating layers on the primary minerals slows mineral dissolu-
tion rates, and due to complexity of this process are not included in this geochemical modelling
calculations (Daval et al., 2011). Furthermore, uncertainty related to mineral reactive surface
areas that controls dissolution and precipitation limits successful prediction of the reaction
progress (e.g., Navarre-Sitchler et al., 2013; White and Brantley, 2003; Zhu et al., 2006).

The geochemical simulation using reaction path modelling simplifies the processes and/or
reactions that happen in natural or engineered systems, and they cannot be used for definite
quantification of the mineralization efficiency. These models give, however, an idea of what
can be expected during CO: injection into the basaltic subsurface in (Straumsvik) Iceland. They
also identify competing secondary minerals formation that can impact the CO2 mineralization
in the injection aquifer. The applicability of these models is wide; they have not only been used
in CO:2 mineralization studies (e.g. Alfredsson et al., 2013; Clark et al., 2019; Galeczka et al.,
2014b; Gysi and Stefansson, 2011; Marieni et al., 2021; Paukert et al., 2012; Pfikryl et al., 2018),
but also to investigate natural processes like water-rock interaction in the presence of volcanic
products (Flaathen et al., 2009; Galeczka et al., 2014a; Kaasalainen and Stefansson, 2012),
sources and sinks of dissolved constituents in aquifers (Kleine et al., 2020), and assessment of
engineering processes such as scaling and corrosion (Bozau et al., 2015; Li et al., 2020). Even
though the limitations of reaction path models are substantial, they are often the first ones to
be carried out when only limited field data on water flow and mixing properties in the storage
reservoir exists.

4.2 The Coda storage reservoir

The results of the reaction path models of the Coda injection reservoir indicate that full
mineralization of the injected CO: is possible (100% of the injected CO: precipitates as calcite).
However, this modeling does not provide information about where and when in the reservoir
this will happen. The reaction path models that were carried out for the Carbfix1 and CarbFix2
injection reservoirs (Sneebjornsdottir et al., 2018; Marieni et al., 2021) were validated against
the chemical data acquired from the monitoring boreholes. The results of current models of
the CO: injection at the Coda storage site cannot be validated due to the unavailability of such
data. However, the general chemical trends and CO: mineralization efficiencies predicted by
the current models are similar to previous CO:-water-basalt interaction models, giving
credibility to the outcome of these models.
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The Coda host rock has similar characteristics to basaltic host rocks where formation of
carbonate minerals as a result of CO: injection has been proven. In addition, the low
temperature in the Coda storage reservoir is suitable for carbonate minerals formation.
Marieni et al. (2021) showed that at lower temperatures CO: mineralizes more efficiently as
there are fewer Ca-bearing non-carbonate minerals that compete for Ca. The slow reaction
rates at these low temperatures should, however, be compensated for by longer flow paths or
slower flow rates than at higher temperatures. The extent and direction of the flow paths in
Coda reservoir is, however, unknown at the time of writing this report. At the CarbFix1
injection site, calcite started to form at a relatively low pH in accordance with the pH ‘sweet
spot” estimated to be 5.2-6.5 at 20-50°C (Sneebjornsdottir et al., 2018). Similarly, in Coda models,
calcite is predicted to form at a relatively early stage of the reaction progress, limiting the risk
of CO:2 leakage in the vicinity of the injection site. Moreover, mixing of the CO: injection water
with the reservoir water will further accelerate (as a function of reaction progress)
mineralization, assuming that the kinetics of the host rock dissolution and calcite precipitation
will not be hindered. The relatively high initial CO2 concentration in the COz injection water
(0.9 mol/L) is similar to the CarbFix1 pilot injection (0.8 mol/L) (Sneebjornsdottir et al., 2017).
Such high CO: concentrations are beneficial as it delays the formation of zeolites and enhances
the host rock dissolution. This has been observed at the CarbFix2 injection site where the CO2
mineralization efficiency increased from 50% to 60% after increasing the initial concentration
of COz in the injection fluid from 31 mM to 51 mM (Clark et al., 2020).

5 Summary

Major conclusions of this study include:

1. The reaction path models confirm high CO: mineralization potential with up to 100% of
the injected CO: mineralized as calcite. The spatial and temporal evolution of this
process is, however, unknown.

2. The water chemical compositions and secondary mineralogies predicted during the CO2
injection into the Coda reservoir are similar to what has previously been observed
during basalt weathering and its low temperature alteration. This gives credibility to the
outcomes of the current models.

3. Results of the reaction path models are also consistent with the previous geochemical
models of COz-basalt-water interaction systems.

4. Mixing of the CO: injection water and the reservoir water does not affect the overall
chemical and mineralogical trends and mineralization efficiencies. These trends are also
independent of characteristics of the reservoir water (saline vs freshwater).

5. The mixing will, however, allow mineralization of the injected CO: at an earlier stage of
reaction progress, limiting the risks associated with a CO:z leakage in the vicinity of the
injection well.

6. The chemical composition of the Coda basalt is similar to the chemical composition of
rocks that were used during the CO:-basalt-water interaction experiments. These
experiments proved high CO: mineralization potential in such rocks indicating high
potential for CO: mineralization in the Coda basalt.

7. There is a limited risk of calcite scaling when the CO: injection water will mix with the
reservoir water within the injection well.
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Agrip

Coda Terminal er fyrirhugud moéttoku- og geymslustod koldioxids (CO2) & Straumsvikur-
sveedinu. Par verdur Carbfix-teekninni beitt til pess ad binda CO: varanlega 1 jorou med pvi ad
deela uppleystu CO: 1 vatni nidur 1 hentug jardlog 1 gegnum net grunnra nidurdeelingarholna.
Adur en til framkveemda kemur og nidurdeeling hefst parf Coda Terminal verkefnid ad fara i

mat & umhverfisahrifum, m.a. mat 4 jardskjalftaheettu. T pessari skyrslu eru kynntar nidur-
stodur frummats & jardskjalftaheettu & Straumsvikursveedinu.

Vid vinnslu frummatsins er studst vio eftirfarandi gogn og rannsoknir:

e Jarofreedi og jarohnik (e. tectonics) sveedisins (sja kafla 2).
e Ny gogn um rannsdknarboranir og fyrstu ddeelingarproéf 1 Straumsvik (sja kafla 2.1).

o Forkdnnun 4 jardskjélftahzettu & svaedinu unnin af ISOR fyrir Carbfix i samreemi vid
reglur Orkustofnunar (eldri skyrsla {[SOR).

e Greining 4 adgengilegum jardskjalftagognum ar SIL-jardskjalftameelanetinu fra arinu
1995 til dagsins i dag (sja kafla 4.1.1).

e Greining & nylegri gognum ur jardskjalftameelum CODA-jardskjalftamaelanetsins,
adsamt gdognum ur nalegum jardskjalftamaelum ar REYKJANET og SIL-jardskjalfta-
meelanetunum (sja kafla 4.1.2), nanar tiltekio fra arinu 2022 til dagsins i dag, m.a. &
medan rannsOknarboranir og adeelingarprof stodu yfir i Straumsvik.

Vid mat 4 dhrifum framkveemdarinnar & jardskjalftavirkni er studst vio eftirfarandi reglur:

e Reglur Orkustofnunar um vidbtinad og viobrogd vid jardskjalftava vegna losunar a
vokva 1jorou um borholur, nr. OS-2016-R01-01.

Fyrirhugad framkvemdasvaedi Coda Terminal 1 Straumsvik er 4 nordanverdoum Reykjanes-
skaga (sja greenan reit & mynd 5). Reykjanesskaginn er nattarulega virkt jardskjalfta- og
eldgosasvaedi og samanstendur hann af sex eldstodvakerfum sem rada sér skahallt eftir honum
1 NA-SV stefnu (mynd 1). Tvo peirra eru i nalaegd vid Straumsvik og framkvaemdasvaedi Coda
Terminal; annars vegar eldstodvakerfid sem kennt er vid Eldvorp-Svartsengi, en nyrsti hluti
pess teygir sig 1 att ad Straumsvik vestur af framkvaemdasvaedinu, og hins vegar Krysuvikur-
kerfid, sem neer fra sudurstrond Reykjanesskagans og teygir sig til nordausturs og liggur pvi
sudaustan vid framkveemdasveedio.

Jaroskjalftavirkni a Reykjanesskaga er fyrst og fremst bundin vid plotuskilin sem ganga 1
gegnum sudurhluta skagans (mynd 3). I sogulegu samhengi hefur jardskjélftavirkni { Straums-
vik og nagrenni verid litil sem engin ef skodud eru adgengileg gogn fra annars vegar landsneti
Vedurstofu Islands (SIL) fra arinu 1995, og hins vegar CODA-jardskjalftamaelanetinu sem
ISOR setti upp fyrir Carbfix vegna Coda Terminal verkefnisins { september 2022 (sja mynd 2
af jardskjalftameelanetum). Uppruna peirra jardskjalfta sem meelst hafa i grennd vid Straums-
vik ma fyrst og fremst rekja til sprungusveims Krysuvikurkerfisins (mynd 5). A framkvemda-
sveedinu eru engar sprungur kortlagdar & yfirbordi, og m.v. 6ll fyrirliggjandi gogn virdist
svaedid pvi tektdniskt ovirkt, jafnvel 1 yfirstandandi umbrotahrinu jardskjalfta og eldgosa a
Reykjanesskaga sem hofst sidla ars 2019. bvi er ljést ad framkveemdasveedi Coda Terminal 1
Straumsvik er utan virkra sprungu- og jardskjalftasveeda Reykjanesskagans.



Jardskjalftar eru nattiaruleg fyrirbeeri og verda pegar spenna myndast i bergi og neer ad lokum
brotpolum pess. I timans ras hledst upp spennuorka i berginu og pegar spennan nalgast
brotpol bergsins parf oft einungis lokahnykkinn til pess ad bergid bresti i jardskjalfta.
Nidurdeeling & vatni getur verid slikur lokahnykkur og pannig orsakad pad sem i daglegu tali
eru kalladir 6rvadir jardskjalftar (e. induced earthquakes) eins og deemi eru um baedi hérlendis
og erlendis. Pad er p6 had ymsum pattum og jardfreedilegum adsteedum 4 hverjum stad fyrir
sig, likt og dypi og magni nidurdeelingar, lekt bergsins og spennudstandi jardskorpunnar.

Almennt er ekki talid ad grunn nidurdeeling (< 1,5 km), likt og aformud er i Coda Terminal i
Straumsvik, valdi 6rvadri jardskjélftavirkni sokum pess ad jardskorpan i efstu ~2 km 4 Islandi
er talin of veik til pess ad brotna i jardskjalftum. Deemi pessu til stadfestingar eru um grunna
nidurdeelingu vids vegar 4 Islandi, beedi innan og utan virkra sprungu- og jardskjalftasvaeda,
t.d. 4 Nesjavollum, Peistareykjum, { Geldinganesi og Hveragerdi. [ mérgum pessara tilvika var
fylgst naid med mogulegri Orvadri jardskjalftavirkni med péttum jardskjalftameelanetum
samhlida nidurdeelingunni. Nidurstoour gefa einhlitt til kynna a0 litil sem engin 6rvud jaro-
skjalftavirkni hafi meelst 1 pessum tilvikum. Hins vegar syna rannsoknir ad 6rvud jardskjalfta-
virkni a fslandi hefur fyrst og fremst att sér stad pegar deelt hefur verid nidur { djipar borholur
(> 1,5 km) & virkum héhita- og sprungusveedum par sem bergspenna er ad jafnadi heerri en 1
efstu 1-2 km jardskorpunnar, t.d. { Hismula 4 Hengilssvaedinu.

Carbfix hefur pegar hafid rannsoknarboranir a framkvaemdasveedinu til pess ad meta grunn-
astand sveedisins. Fyrstu nidurstoour benda til pess ad lekt { borholum & svaedinu sé fyrst og
fremst bundin vio jardlagamot, og virdist lektin aukast eftir pvi sem sunnar dregur. Engar
visbendingar eru um undirliggjandi jarohitakerfi & Straumsvikursveedinu, og peer sprungur
sem greinst hafa i borholum benda ekki til pess ad hreyfing hafi ordid 4 peim i gegnum tidina,
p.e.a.s. ad peer hafi hreyfst 1 jardskjélfta. T kjolfar rannséknarborana i Straumsvik héfust bor-
holumelingar og adelingarprof. Engin orvud jardskjalftavirkni hefur meelst & medan
adeelingarprofum stod 1 borholum, né eftir ad peim lauk. Jardskjalftagogn voru rynd sérstak-
lega m.t.t. smaskjalftavirkni en adeins var mogulegt ad greina titring af voldum vatnspumpu
sem notud var vid ddeelingarpréfin. Tekid skal p6 fram ad 1 fullum afkdstum verdur nidur-
deeling 1 hverja borholu Coda Terminal ivid meiri en i deemigerdu ddeelingarprofi, eda allt ad
40 L/s fyrir hverja holu, og allt ad 3.000 L/s samtals. Teki0 er tillit til pessa vid mat a ahrifum
framkveemdarinnar 4 mogulega drvada jardskjalftavirkni & Straumsvikursveedinu.

Nidurstada frummatsins er ad fyrirhugud framkveemd falli undir lid 2 1 4. gr. reglna um vio-
bunad og vidobrogo vio jardskjalftava vegna losunar a vokva i jorou um borholur (OS-2016-
RO1-01), p.e. ad heetta i finnanlegri skjdlftavirkni sé 6veruleg. Ahrifin eru metin minnihattar med
tilliti til umfangs framkvaemdasvaedisins og eru talin timabundin og afturkreef. Radlagt er ad
fylgjast ndid med jardskjalftavirkni;

i) pegar boranir hefjast,

ii) pegar nidurdeeling hefst,

iii) pegar magn nidurdeelingar er aukio.

Somuleiodis er radlagt ad byggja upp geymslusvaedid og auka nidurdeelingu i litltum skrefum
og fylgjast med mogulegum landhadarbreytingum & svaedinu. Ahrifasveedi med tilliti til
upptaka jaroskjalfta er framkvaemdasveedi Coda Terminal, nanar tiltekio i og vid borteiga par
sem nidurdeeling fer fram, en ekki er gert rad fyrir ad 6rvud jaroskjalftavirkni geti ordid i meira
en 2 km fjarleegd fra nidurdeelingarholum.



[ skyrslunni er sett fram vidbragdsazetlun vegna mogulegrar 6rvadrar jardskjalftavirkni { formi
svokallads umferdarljdsakerfis (e. Traffic Light System, TLS) (mynd 10). Kerfio er til pess fallid
a0 takmarka heettu a 6rvadri jardskjalftavirkni og verdur tekio i gagnid adur en nidurdeeling
Coda Terminal hefst en alika kerfi hafa verid notud baedi hérlendis og erlendis med gédum
arangri.

Framkveemdaradili kemur til med ad fylgjast vel med mogulegri jardskjalftavirkni &4 Straums-
vikursvaedinu 4 medan 4 uppbyggingarfasa verkefnisins stendur til pess ad meta grunnastand
framkvemdasvedisins d0ur en nidurdeeling hefst. Til pess er studst vid rauntimagdgn ur
CODA-jardskjalftameelaneti Carbfix og [SOR i Straumsvik og nagrenni, auk rauntimagagna af
naleegum jardskjélftastodvum tr landsneti Vedurstofu Islands (SIL) og jardskjélftameelaneti
Tékknesku visindaakademiunnar og {SOR 4 Reykjanesskaga.
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1 Introduction

Coda Terminal is a planned carbon transport and storage hub in the industrial Straumsvik
area, SW Iceland (https://www.carbfix.com/codaterminal). CO: will be captured at industrial
sites in Northern Europe and shipped to the Terminal, where it will be uploaded into onshore
tanks for temporary storage. The CO», dissolved in water, will be pumped into the basaltic
bedrock in Straumsvik through a network of shallow injection wells, where it transforms

rapidly into solid minerals through a natural, but accelerated, reaction. Before a large-scale
injection of dissolved CO: can be initiated, the Coda Terminal project will go through an
environmental impact assessment (EIA), which includes e.g., a seismic assessment.

During the preparation phase for the injection activities of the Coda Terminal project, an
independent risk assessment of potential induced seismicity in Straumsvik was carried out
(Kristjansdottir and Agustsdottir, 2020). The assessment concluded, based on existing data,
that the probability of felt seismicity due to the proposed injection is low, especially due to the
shallow nature of the injection operations. For the independent risk assessment, no
information was available on either drilling or injection in the Straumsvik area.

In this report are presented results of a new seismic assessment in the greater Straumsvik area,
for the EIA of the Coda Terminal project of Carbfix. New data is available on e.g., research
drilling and initial injection tests in the area, as well as recent earthquake activity. The
probability and extent of possible earthquake activity in the area is discussed and evaluated,
and a response plan to any potential earthquake activity is discussed with regards to the
results of recent research drillings.

2 Geological and tectonic setting

The Reykjanes Peninsula (RP) in SW Iceland is the onshore continuation of the Mid-Atlantic
Ridge, which comes onshore at the SW tip of the Peninsula and extends from there as a 60 km
long N70°E striking oblique rift, until it joins the Western Volcanic Zone and the South Iceland
Seismic Zone at the Hengill Triple Junction in the east (Sigmundsson et al., 2020). As such, it
is part of the divergent plate boundary of the North American and Eurasian plates. The RP
oblique rift, or trans-tensional zone, is expressed by a 5-10 km wide seismic and volcanic zone,
highly oblique with the spreading direction of N120°E in this region (Keiding et al., 2009;
Sigmundsson et al., 2020; Seemundsson et al., 2020). The extensional component of the rifting
is accommodated by the intrusion of magma in NE-SW oriented dikes, oblique to the plate
boundary, while the remaining strike-slip component of the rifting is accommodated by N-S
oriented strike-slip faults, of which some are known to be capable of producing large
earthquakes (Einarsson, 1991; Bjornsson et al., 2020) (Fig. 1).

The divergence of the North American and Eurasian plates is expressed in six rift segments,
arranged en-echelon on the RP, which accommodate the rifting. These rift segments, often
referred to as either volcanic systems or fissure swarms, are areas with the highest density of
i) eruptive fissures and ii) tectonic faults and fractures, and they are from west to east;
Reykjanes, Eldvorp-Svartsengi, Fagradalsfjall, Krysuvik, Brennisteinsfjoll and Hengill (Fig. 1).
Their outlines or boundaries are rough estimates, drawn according to Seemundsson and
Sigurgeirsson (2013). The volcanic systems are centred on eruptive fissures producing lava
flows during ice-free periods, and hyaloclastite during glacial periods. Faults and fractures
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continue far beyond the eruptive sections of the volcanic systems, and apparently dikes
continue at depth even farther (Seemundsson et al., 2020) (Fig. 1).

The upper crustal structure of the RP consists of extrusive basaltic rocks, with a downward
increasing alteration and a greater proportion of intrusive rocks at depth. The upper crust is
roughly 4.5 km thick, while the lower crust, believed to consist of intrusive rocks down to
Moho, extends down to roughly 15 km depth on the RP (Flévenz, 1980; Weir et al., 2001). There
are indications from petrological and geochemical analyses of basaltic lava flows from the 800-
1240 AD Fires on the RP, that the Moho depth increases further to the east of the
Brennisteinsfjoll volcanic system (Caracciolo et al., 2023).

2.7°W
1

[ Faults and fractures

3 | — Eruptive fissures and crater rows

Volcanic systems

R A
- Grindavik

éiSUR 0 25 5 10 km
T T T T T

Figure 1. A geological map of the Reykjanes Peninsula, SW Iceland. Black and red fault lines denote
postglacial opening and eruptive fissures, respectively (Seemundsson et al., 2016). The volcanic
systems are shaded in light green, marked with a bold letter; R: Reykjanes, E-S: Eldvorp-
Svartsengi, F: Fagradalsfjall, K: Krysuvik, B: Brennisteinsfjoll, H: Hengill (Seemundsson and
Sigqurgeirsson, 2013). Main roads are in black and main landmarks referenced in the text are
shown on the map, with Straumsvik highlighted in red colour. The inset shows volcanic zones
of Iceland (orange) with blue arrows indicating the plate spreading rate in Iceland
(Sigmundsson et al., 2020). The red rectangle on the inset shows the location of the zoomed-in
area. Digital elevation model used for all maps in this report is from the National Land Survey
of Iceland.
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The active plate boundary of the RP is highlighted by earthquake epicentres, as further
discussed in chapter 4 (Fig. 3). In Iceland, earthquakes usually terminate sharply at a certain
depth, variable between different areas, defining the brittle-ductile transition of the crust. This
transition is defined as the surface above which 95% of earthquakes occur, and based on both
laboratory measurements and geothermal drilling, this transition is clearly temperature
dependent. In basaltic rocks, the estimated temperature at the brittle-ductile transition is
around 600°C (Agﬁstsson and Flovenz, 2005; Violay et al., 2012; Bali et al., 2020). In general,
the brittle-ductile transition beneath the RP is at roughly 6-8 km depth, doming up to roughly
3-5 km depth below the known high-temperature geothermal fields of Reykjanes, Svartsengi
and Krysuvik (Kristjansdoéttir, 2013; Blanck et al., 2020; Gudnason et al., 2021; Flévenz et al.,
2022).

2.1 The Straumsvik area

The Straumsvik area is located just west of the town of Hafnarfjordur, and the name refers to
“current bay”, as it is known for a large underground current of groundwater, entering the
ocean at Straumsvik (Sigurdsson, 1986). Straumsvik is located north of and outside the rift
segments, or volcanic systems, of the RP, and no faults or fractures have been mapped in the
area, mainly because of young Holocene lava flows covering the surface (Helgadottir et al.,
2023b) (Figs. 1 and 2). However, mapped faults and fractures in the vicinity of Straumsvik are
i) NE-SW striking ones that belong to the Krysuvik volcanic system to the east, and ii) ENE-
WSW striking ones that belong to the volcanic system of Eldvorp-Svartsengi to the southwest.

From late November 2022 to mid-January 2023, the first research well, CSI-01, was drilled
down to 982 m depth in Straumsvik, in preparation for the Coda Terminal project
(Sigurgeirsson et al., 2023a) (Fig. 2). The main feed points in well CSI-01 are observed at 330
and 375 m depth, while three minor feed points are observed at 500, 780 and 915 m depth
(Sigurgeirsson et al., 2023a; Helgadottir et al., 2023a). The second research well of the Coda
Terminal project, CSM-01, intended for monitoring, was drilled down to 618 m depth from
June to August 2023 (Sigurgeirsson et al., 2023b) (Fig. 2). The well is located further inland,
roughly 1.3 km SE of well CSI-01. Similar to well CSI-01, the main feed point in well CSM-01
is observed at 360 m depth, while three minor feed points are observed a bit deeper, i.e., at 389,
404 and 412 m depth (Sigurgeirsson et al., 2023b).

The data collected during drilling of the two wells, on e.g., the subsurface stratigraphy,
temperature and alteration, is essential for the characterization of the Straumsvik area, as there
are no other deep wells in the area. In both wells, a lithological change, or boundary, is
observed at a similar depth as all feed points. Acoustic Borehole Images (televiewer) from
within well CSI-01 suggest that there is some evidence of ENE-WSW striking fractures that
might belong to the Eldvorp-Svartsengi volcanic system, although the main fracture trends
observed are the dominant NNE-SSW/NE-SW striking fractures typical for the volcanic
systems on the RP, as well as the N-S striking transform, or strike-slip, faults (Helgaddttir et
al., 2023a).

Importantly, the fractures or lineaments observed in the televiewer images of well CSI-01 do
not give evidence of any movement, i.e., they do not look like proper tectonic faults capable of
producing earthquakes (Helgadottir et al., 2023b).
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While there is a possibility that some fracture-controlled permeability may be present in the
Straumsvik area, permeability is more likely related to lithological boundaries of some sort, as
seen in wells CSI-01 and CSM-01. A greater chance of permeability related to faults and
fractures is inland, e.g., within the Krysuvik volcanic system. Permeability relation to the
Eldvorp-Svartsengi system is not clear, as there does not seem to be a strong ENE-WSW trend
in the observed fractures of well CSI-01, as previously mentioned.

Seemundsson et al. (2020) suggest that the extent of the volcanic systems on the RP can be
traced beyond the visible surface manifestations. The suggestion is based on low-temperature
geothermal areas in the greater Reykjavik area, that are located beyond the extent of the
volcanic systems, but in line with their strike. These areas, e.g., Laugarnes, Seltjarnarnes and
Geldinganes, have high temperature gradients and have been utilised for geothermal
exploitation for decades.

Whether the Eldvorp-Svartsengi volcanic system can be traced beyond its visible surface
manifestations and into the Straumsvik area remains to be seen with further exploration
drilling in the area. However, there is no indication or evidence of an underlying geothermal
system in Straumsvik, as the temperature gradient in the static parts of wells CSI-01 and CSM-
01 (below ~400 m) is ~80°C/km, i.e., only close to the expected regional temperature gradient
in the area (Helgadottir et al., 2023b). Alteration of the formation in both wells is minor, also
indicating a low temperature environment. Maximum temperature measured in the wellbore
at the bottom of the two wells, CSI-01 and CSM-01, was only 49°C and 74°C, respectively
(Sigurgeirsson et al., 2023a, 2023b).

3 The seismic network and processing

The existing seismic network in the Straumsvik area consists of seismic stations from three
different seismic networks; i.e., the CODA seismic network of Carbfix and ISOR,
supplemented by continuous seismic data from nearby stations of long-time operating seismic
networks on the RP, i.e,, REYKJANET and SIL, further described in the following paragraphs
(Fig. 2):
e The CODA seismic network of Carbfix and [SOR was installed in early September
2022, and currently consists of three short-period seismic stations (green triangles on
Fig. 2). Eventually, the CODA network will consist of five seismic stations in total,
but the two remaining stations will be installed once the research and development
area for the Coda Terminal of Carbfix has been finalised and located in such a way as
to minimise the inevitable azimuthal gap in the seismic network.

e The REYKJANET seismic network was deployed on the RP in 2013, funded by the
Czech Academy of Science and supported by ISOR (Agustsdéttir et al., 2022). The
network consists of 17 broadband seismic stations deployed along the RP, roughly
between the Svartsengi and Hengill high-temperature geothermal fields (orange
triangles on Fig. 2). The maintenance of REYKJANET, data analysis and
interpretation are currently done within the NASPMON project, and a mutual data
sharing agreement between Carbfix and NASPMON sees NASPMON share
continuous seismic data from the north easternmost stations of REYKJANET; STH,
ASH, HRG and LHL, with the CODA seismic network (Fig. 2).
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e The SIL seismic network has since 1993 served as the regional seismic network in
Iceland, operated by the Icelandic Meteorological Office (IMO), with both short-
period and broadband seismic stations distributed along the active plate boundary of
Iceland (e.g., Jakobsdottir, 2008). A data sharing agreement between Carbfix and the
IMO sees the IMO share continuous seismic data from two seismic stations on the RP;
KAS and KRI, with the CODA seismic network (blue triangles on Fig. 2).

Hereafter, the combined set of seismic stations is referred to as the ‘extended CODA seismic
network’. All stations of the extended seismic network in the greater Straumsvik area transmit
data in real-time to ISOR, where the data is automatically processed using the SeisComP
software (https://www.seiscomp.de). Results of the automatic processing and subsequent

location of events are published on an external webpage (http://carbfix.isor.is/).

/\ REYKJANET

A siL

¢ Research wells
Faults and fractures|

Eruptive fissures

Volcanic systems

Figure 2. The extended CODA seismic network in the greater Straumsvik area consists of seismic
stations of the CODA, REYKJANET and SIL seismic networks, shown as green, orange and
blue triangles, respectively. The two research wells of Carbfix and the Coda Terminal, CSI-01
and CSM-01, are shown with red crosses. For further references to the map, see Fig. 1.
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4 Seismicity

Historical descriptions on seismicity on the RP exist from annals dating back to the 18 century
AD, e.g., reporting large magnitude events in 1929 on a 10 km long N-S oriented Hvalhntukur
fault within the Brennisteinsfjoll fissure swarm (Erlendsson and Einarsson, 1996) and in 1933
within the Fagradalsfjall fissure swarm (Hallddrsson, unpublished manuscript from 2011 on
historical earthquakes in Iceland). In the annals, seismicity is only reported from areas within
the active plate boundary of the RP, i.e., not on the northern part of the Peninsula, e.g., in the
greater Straumsvik area.

Microearthquake activity was first monitored on the RP during the summers of 1967 and 1968,
when analogue seismographs were operated for a few days near the Reykjanes and Krysuvik
geothermal areas (Ward and Bjornsson, 1971). In 1971 and 1972, a dense temporary network
of 23 seismic stations was installed on the western part of the RP, providing accurate
earthquake locations for the first time on the Peninsula, e.g., capturing an intense swarm of
microearthquakes NNW of the Reykjanes high-temperature geothermal field in 1972 (Klein et
al., 1973, 1977; Bjornsson et al., 2020). In general, the period from 1967 to 1975 represents an
active earthquake episode on the RP, with nine earthquake swarms illuminating a 50 km long
segment of the oblique plate boundary, cutting across the volcanic systems (Bjornsson et al.,
2020).

Continuous recordings of seismicity on the RP exist since the deployment of the regional SIL
seismic network in Iceland. The first development of the network started in 1989, and in 1997,
all but one of the eight seismic stations of the SIL network on the RP were up and running
(Agtstsson et al., 1998) (Fig. 3). Earthquake locations of the SIL network are publicly available
since 1995, shown in Fig. 3.

The presently active seismic zone on the RP is narrow, less than 2 km wide in some parts of
the Peninsula but up to 5-10 km wide in others and defines the plate boundary that enters
Iceland near the tip of Reykjanes, as shown by the epicentres in Fig. 3. Seismic activity on the
Peninsula is high and occurs episodically, with large earthquake swarms occurring every 20
to 40 years, separated by more quiet intervals (Bjornsson et al., 2020). The seismicity is caused
by deformation of a brittle crust above a deeper aseismic deformation zone (Einarsson, 1991).

Earthquakes on the RP are not located on any one particular fault, but small-scale structures
and seismic lineations can be resolved within the seismic zone. On the western part of the
Peninsula and the Reykjanes Ridge to the southwest, earthquake swarms are prominent and
mainshock-aftershock sequences are rare (Einarsson, 1991; Keiding et al., 2009; Bjornsson et
al., 2020; Einarsson et al., 2020). Towards east, the mainshock-aftershock character of the
activity increases gradually, while the central part of the Peninsula acts as a transition between
the two. The largest earthquakes occur on N-S trending strike-slip faults with magnitudes up
to ML 6 (Einarsson et al., 2020; Fischer et al., 2022).
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Figure 3. Earthquake locations of the SIL seismic network on the Reykjanes Peninsula from 1995 to
September 2023, shown as black dots. The seismic stations of the SIL network are shown as blue
triangles. For further references to the map, see Fig. 1.

As previously mentioned, the brittle-ductile transition beneath the RP is at roughly 6-8 km
depth, doming up to roughly 3-5 km depth below the known high-temperature geothermal
fields of Reykjanes, Svartsengi and Krysuvik (Kristjonsdottir, 2013; Blanck et al., 2020;
Gudnason et al., 2021; Flévenz et al., 2022). Importantly, seismicity within the uppermost crust
of the Peninsula, i.e., the top 1-2 km, is only minor compared to the deeper part of the brittle
crust down to 8 km, or around 10% of located earthquakes (Fig. 4). The shallowest activity is
mostly confined to the Svartsengi high-temperature geothermal area and the Fagradalsfjall
volcanic system, and mainly occurring after the current volcano-tectonic unrest started on the
RP in late 2019 (Fig. Al in Appendix A).

Seismic studies from several areas in Iceland, both within and outside the active plate
boundary, indicate that, in general, the uppermost 1-2 km of the crust is too weak for brittle
failure (e.g., Flovenz et al., 2015; Agﬁstsdéttir et al., 2016; Gudnason et al., 2022; Fischer et al.,
2022). Examples of the opposite, i.e., of seismicity within the uppermost 1-2 km, are in most
cases confined to high-temperature geothermal areas, where there is continuous stress build-
up and high natural background seismicity, further discussed in chapter 5. As previously
mentioned, there is no indication or evidence of an underlying geothermal system in the
Straumsvik area.
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Figure 4. Earthquake locations of the SIL seismic network on the Reykjanes Peninsula from 1995 to
September 2023, shown as latitude (top) and longitude (bottom), as a function of time.
Earthquakes are colour-coded according to depth (km), from surface down to 8 km. The data are
the same as shown in Fig. 3, i.e., the same extent (latitude and longitude).

4.1 Seismicity in the greater Straumsvik area

4.1.1 The SIL catalogue: 1995 to present

Since continuous recordings of seismicity on the RP started with the deployment of the SIL
seismic network (data available since 1995), the greater Straumsvik area has been seismically
quiet, even during times of intense volcano-tectonic unrest on the RP, affecting the nearby
volcanic systems of Reykjanes, Eldvorp-Svartsengi, Fagradalsfjall and Krysuvik (Figs. 5 and
6). Recorded events in the vicinity of Straumsvik are largely confined to the active plate
boundary and the nearby volcanic systems, with an increase in activity since late 2019 (Fig. 6).
During the current unrest, repeated inflation and deformation due to fluid and magma
migration in three areas; i.e., in Svartsengi, Fagradalsfjall and Krysuvik, has triggered intense
seismicity along the whole active plate boundary, releasing previously accumulated tectonic
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stress (e.g., Flovenz et al., 2022; Fischer et al., 2022; Sigmundsson et al., 2022; Parks et al., 2023).
To present, the greater Straumsvik area has been unaffected during these times, suggesting
that the area is tectonically inactive. This is further discussed in chapter 5.
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Figure 5. Seismicity in the greater Straumsvik area, from 1995 to present day as recorded by the SIL
seismic network (black dots), and from early September 2022 to late September 2023 as recorded
by the extended CODA seismic network (red dots). The research area of the Coda Terminal is
shown in green colour. For further references to the map, see Figs. 1 and 2.
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and extended CODA seismic networks (red), shown as a function of time. The cumulative
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Only a very few events are located within and to the east of the research area of the Coda
Terminal in Straumsvik since 1995 (Fig. 5). Although confirmed or suspected mining activities
are generally removed from the SIL catalogue, the distinction between a natural earthquake
and an explosion can in some cases be difficult. This is especially difficult if the seismic
network configuration is scattered, with large distances between seismic stations as in the
regional SIL seismic network. As a result, there are some events related to explosions left in
the SIL catalogue. The events in the SIL catalogue within and to the east of the research area
are all suspected explosions for two reasons, i) they are all located near-surface, i.e., at very
shallow depth (<1 km), and ii) they are located in an area of heavy construction and mining.

4.1.2 The CODA catalogue: 2022 to present

Since the deployment of the seismic stations of the CODA seismic network in September 2022,
seismicity has been thoroughly monitored in the greater Straumsvik area (Figs. 5 and 6).
During this period, the first two research wells of the Coda Terminal have been drilled, and
initial injection tests carried out.

As previously mentioned, drilling of the first research well, CSI-01, down to 982 m depth was
finished mid-January 2023 (Sigurgeirsson et al., 2023a). After drilling, several well testing
programs were applied. A three-step airlift test was performed on the 17 of January, after
cold-water had been injected on the wellhead for 13 hours. During the airlift, injection started
at 10 L/s and was increased to 25.8 L/s in three steps, with maximum wellhead pressure
reaching 22 bar. The well response during the injection indicates that the permeability was
stimulated during the airlift test.

The hydraulic stimulation of well CSI-01 was attempted from the 26 to the 29t of January,
with a total of 60 hours of cold-water injection on the wellhead. The injection rate started at 30
L/s and was increased to 44.5 L/s in three steps. During the stimulation, the wellhead pressure
remained constant at each step, indicating that the well was not stimulated. The maximum
wellhead pressure reached 16.8 bar.

Drilling of the second research well, CSM-01, down to 618 m depth was finished in August
2023 (Sigurgeirsson et al., 2023b). An injection test was carried out in the well on the 31t of
October, with a total of 5 hours of cold-water injection on the wellhead. The injection rate
started at 16 L/s and was increased to 30 L/s in one step. During the injection, the water level
in the wellbore never reached the wellhead, proving that well CSM-01 is considerably more
permeable than well CSI-01. The estimated injectivity index of the two wells, ~5 L/bar/s
compared to ~20 L/bar/s for CSI-01 and CSM-01, respectively, further indicates the higher
permeability of well CSM-01.

In short, no seismicity has been recorded in the greater Straumsvik area, both during and after
the drilling and initial injection tests in Straumsvik (Figs. 5 and 6), although the CODA
catalogue has been thoroughly examined for any possible micro seismic events. For example,
the seismic waveforms of the CODA seismic network stations were carefully inspected
manually and automatically during and after the injection test in well CSM-01 on the 31t of
October. The well is located very close to one of the stations, i.e., SELH (e.g., Fig. 5), and during
the injection test, only vibration from the pumps used for the injection of water was detected
in the corresponding waveform, with a noticeable increase in vibration once the injection rate
was increased (Fig. B1 in Appendix B).
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5 Discussion

When stresses yield a critical value, i.e., when the differential (deviatoric) stress in the Earth
exceeds the rock strength, rock breaks or pre-existing faults are re-activated in an earthquake,
in some cases generating pathways for fluid migration (Heidbach et al., 2023). Natural
earthquake activity is in most cases caused by tectonic movements, stress changes due to
surface deformation, or in some cases by geothermal processes. Changes in the natural stress
field, e.g., by a pressure drop in a geothermal reservoir due to production or injection
operations, can bring faults closer to rupture, and are a possible cause for induced seismicity.

Fluid induced seismicity is of concern because it poses a risk to safety, infrastructure and
acceptance of both energy production and injection operations (e.g., Zang et al., 2014). It can
either be caused directly by pore pressure changes due to injection or extraction of fluids, or
by stress changes induced by either injection or extraction. Common mechanisms attributed
to induced earthquakes are e.g., elevated pore pressure, poroelastic stress change, and fault
loading through aseismic slip (e.g., Roth et al., 2023).

Historically, the greater Straumsvik area has been seismically quiet. Seismicity will be
thoroughly monitored during the Coda Terminal project’s lifetime with the on-site extended
CODA seismic network set up for the Coda Terminal on the RP, in order to increase the
detection level and location accuracy in Straumsvik. The area has already been monitored
before and during the preparation phase of the Coda Terminal, where the first two wells have
been drilled, and initial injection tests carried out. During these operations, no seismicity has
been recorded. The storage site of the Coda Terminal will be developed incrementally, with
each increment considering any possible induced seismicity due to previous phases. This
approach furthermore minimises the risk for felt seismicity at the site.

5.1 Tectonic settings

The Straumsvik area is located north of and outside both the active plate boundary and the rift
segments of the RP. No faults and fractures have been mapped in the area, mainly because of
young Holocene lava flows covering the surface (Helgadottir et al., 2023b). Geodetic measure-
ments since the 1990s have shown stress and strain accumulation along the plate boundary, in
agreement with plate motion models (Keiding et al., 2008; Sigmundsson et al., 2022). Plate
motion across the RP, relative to a stable North-American plate, shows that velocities on the
northern part of the Peninsula are low, with increasing eastward motion as one moves south
across the plate boundary (Fig. 7) (Sigmundsson et al., 2020). This implies very little deforma-
tion in the greater Straumsvik area.

Periods of rifting and volcanism alternating with periods of earthquake episodes have
occurred episodically on the RP for the last 4000 years, at intervals of ~800-1000 years, with
most of the volcanic systems active, except Fagradalsfjall (Seemundsson et al., 2020). The last
eruption on the RP, within the Reykjanes volcanic system, culminated ~780 years ago, and the
current volcano-tectonic unrest, starting in December 2019, seems to signal the beginning of
the next active episode on the RP.

During the current unrest, accumulated stress and strain is being released during repeated
dike intrusions and surface uplift within different volcanic systems on the RP. Using
interferometric synthetic aperture radar (InNSAR) applied to TerraSAR-X data collected over
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2019-2021, Ducrocq et al. (2023) mapped fracture movements over the RP. Their study reveals
extensive fracture movements mapped across most of the Peninsula and across an area much
larger than seismic activity (~875 km? total), thus indicating significant aseismic fracture
movements. Strikingly, 85% of the mapped fractures were previously undetected. However,
the greater Straumsvik area was totally unaffected. Thus, it can be concluded from all available
data, e.g., geological mapping, geodetic measurements and well data, that the greater
Straumsvik area seems to be tectonically inactive. Therefore, the contemporary undisturbed
stress state in Straumsvik is a key parameter for assessing the stability of the subsurface, and
for quantifying whether stress changes induced by the proposed full-scale injection of the
Coda Terminal will lead to a critical state.
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Figure 7. Horizontal GPS velocities on the Reykjanes Peninsula during 2000-2008 (red arrows)
(figure taken from Sigmundsson et al., 2020). Velocities are rotated to show motion of the
Eurasian plate, relative to stable North-American plate. GPS stations are indicated with
triangles (campaign stations) and red squares (continuous stations). The green bar shows the
direction of the least compressive horizontal stress. For further references to the map, the reader
is referred to Sigmundsson et al. (2020).

Plate motion models indicate a locking depth of about 5-8 km on the RP, below which ductile
deformation dominates and the tectonic plates slide freely, perturbed by earthquake and
geothermal deformation (Sigmundsson et al., 2022). This locking depth is in good agreement
with the brittle-ductile transition on the RP at roughly 6-8 km depth, determined from
earthquake locations, doming up to roughly 3-5 km depth below the known high-temperature
geothermal fields of Reykjanes, Svartsengi and Krysuvik (Kristjansdottir, 2013; Blanck et al.,
2020; Gudnason et al., 2021; Flovenz et al., 2022).
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Importantly, only minor seismicity is located within the uppermost 1-2 km of the RP,
compared to the deeper part of the brittle crust down to 8 km. Seismic studies from several
areas in Iceland confirm this indication that, in general, the uppermost 1-2 km of the crust is
too weak for brittle failure (e.g., Flévenz et al., 2015; Agﬁstsdéttir et al., 2016; Gudnason et al.,
2022). This observation was further confirmed during the 2021 Fagradalsfjall dike intrusion,
where weaker crust near the surface most likely contributed to very little seismicity observed
within the uppermost 2 km of the crust, even as the depth of active magma emplacement
progressively shallowed and magma eventually reached the surface (Fischer et al., 2022;
Sigmundsson et al., 2022).

Examples of the opposite, i.e., of seismicity within the uppermost 1-2 km in Iceland, are in
many cases confined to known high-temperature geothermal areas. These areas are generally
associated with volcanism and fluid convection at the active plate boundary, and the heat
source is hot or even molten magmatic intrusions, either dikes or sills, residing at shallow
levels in the Earth’s crust (Hersir et al., 2022). Near continuous stress buildup and stress
change takes place within these geothermal systems due to e.g., tectonic movements, cooling
and degassing of magmatic intrusions, cooling of rock, changes in fluid flow and fluid
pressure within the geothermal system, and manmade effects like fluid extraction or injection
associated with geothermal utilization. In some cases, the geothermal utilization leads to
decompression boiling and steam cap formation at shallow depths (<2 km) (e.g., Scott, 2020).

Examples of shallow seismicity confined to high-temperature geothermal areas are e.g.,
Reykjanes (Gudnason et al., 2021), Svartsengi (Flovenz et al., 2022), Hengill (Jousset et al., 2011;
Obermann et al., 2022), Katla (Einarsson and Brandsdottir, 2000; Jonsdottir et al., 2009),
Grimsvotn (Klaasen et al., 2023) and Krafla (Schuler et al., 2016; Gudnason et al., 2021). Most of
these areas are associated with high levels of natural background seismicity, and some with
induced micro seismic activity. The continuous seismic activity opens up, and maintains open,
fractures that are pathways for the circulating geothermal fluid. In Straumsvik, however, there
is no indication of an underlying geothermal system.

5.2 Comparison to other areas

Shallow injection of fluid (< 1.5 km) has been conducted in several geothermal areas in Iceland,
both within and outside the active plate boundaries, some nearby Straumsvik (Fig. 8). Most of
these areas were monitored with dense local seismic networks during the injection operations,
while only two areas, Hofstadir and Eskifjordur, were only monitored with the regional SIL
seismic network, and thus, the seismic sensitivity in these two areas is low. An overview of
the individual shallow geothermal injection sites is given in the following paragraphs (Fig. 8)
and summarised in Table 1.
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Figure 8. A map of Iceland, showing the shallow injection areas of Geldinganes, Prengsli, Nesjavellir,
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Hueragerdi, Hofstadir, Laugaland, Peistareykir and Eskifjordur. The known geothermal areas
of Iceland are either shown as red stars (high-temperature), or blue dots (low-temperature).

Prengsli, SW-Iceland: The Prengsli area is on the western margin of the Hengill central
volcano and high-temperature geothermal field, SW-Iceland, located at the triple
junction of the Reykjanes Peninsula oblique rift zone, the Western Volcanic Zone and
the South Iceland Seismic Zone. From late autumn 2016 until mid-2018, an injection
experiment was conducted in four shallow wells in Prengsli, ranging in depth from
800-2000 m, with the largest feed zones at ~420-760 m depth. The injection rate varied
from 20 to 80 L/s, with the maximum injection rate applied at the initial stage of the
experiment. The local seismic network of the geothermal operator in the Hengill area,
Orka nétttirunnar, and ISOR, supplemented by nearby seismic stations of the regional
SIL network, was up and running in the Hengill area during and after the two-year
injection experiment. However, no microearthquakes were recorded (Gudnason et al.,
2022).

Nesjavellir, SW-Iceland: The high-temperature geothermal field of Nesjavellir is on
the northern margin of the Hengill central volcano, SW-Iceland. The geothermal field
has been utilised for hot water and electricity production since 1990, with an installed
capacity of 120 MW. and 300 MW: at present. Shallow injection into eight wells in
Nesjavellir, ranging in depth from 300-660 m, was started in 2002. The injection rate
was increased in 2006, and again in 2016, and since 2016, the average injection rate has
been ~450 L/s (Thomas Ratouis, Carbfix, personal communication, November 2023).
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iii.

iv.

Seismicity in this area has been closely monitored since 2016, with the local seismic
network in the Hengill area. However, no seismicity has been recorded at shallow
depths in Nesjavellir that could be related to the shallow injection (Gudnason et al.,
2022).

Hveragerodi, SW-Iceland: Hveragerdi is located just east of the Hengill central volcano,
SW-Iceland, on the westernmost part of the South Iceland Seismic Zone. Within the EU
funded GECO project, a test injection of CO: dissolved in water was conducted into
well HV-05 in Hveragerdi from March to early May 2023. Well HV-05 was drilled to a
depth of 1206 m in 1960, with feed zones at 246 m and 300 m depth (Steingrimsson,
1991; Jonsson et al., 2021). The maximum injection rate reached only ~10 L/s, with
maximum wellhead pressure of ~14 bar. Seismicity was monitored both prior to,
during and after the injection test with the local seismic network in the Hengill area,
and three additional seismic stations installed in the vicinity of well HV-05, as part of
the GECO project. However, no seismicity was recorded during this time period that
could be related to the shallow injection (Gudnason and Agﬁstsdéttir, 2022;
Gunnarsdottir et al., 2023).

Geldinganes, SW-Iceland: The undeveloped low-temperature geothermal field of
Geldinganes is located within the city limits of Reykjavik, SW-Iceland. A high
geothermal gradient of up to 450°C/km on Geldinganes triggered the drilling of the
deviated well RV-43 in 2001, to a true vertical depth of 1550 m and a total measured
depth of 1832 m. No large feed zones were identified in the well, but temperature
logging after drilling revealed that most of the injected water exited the well at ~700 m
depth, with only a small fraction of the water reaching a feed zone at 1250 m depth
(Richter et al., 2001). Because of low permeability encountered in the well, hydraulic
stimulation tests were performed in the well in October 2019 within the European
DESTRESS project (Hofmann et al., 2021). The well was stimulated using packers at
four different measured depths; 500 m, 1049-1195 m, 1484 m and 1640 m. The
maximum injection rate reached ~60 L/s and the injectivity of the well was increased
by a factor of 3.5, to 12.5 L/s/MPa at 2 MPa differential pressure. A dense local seismic
network was installed prior to the hydraulic stimulation, consisting of a total of 13
seismic stations, and thus, the seismic sensitivity in the Geldinganes area was very
high. Only very minor low magnitude seismicity was recorded during the deepest
stimulation stage at 1425 m true vertical depth (1640 m measured depth), with 70
induced events of magnitude Mw between -1.0 and -0.1 occurring in a small cluster at
a short distance (100-400 m) from the packer location towards the north, of which only
23 events are identified as stable solutions with magnitude and location determination.
Thus, it was concluded that the hydraulic performance of the well was improved
without inducing any felt seismicity.

Hofstadir, W-Iceland: The low-temperature geothermal field of Hofstadir is located on
the Sneefellsnes Peninsula, W-Iceland, in the Miocene basaltic crust (> 5.3 mill. years).
The geothermal field was only discovered by heat flow measurements, as there are no
geothermal manifestations at the surface (Axelsson et al., 2005). Utilisation started in
1999, with an average yearly production of ~20 L/s from one well, HO-01, drilled to a
depth of 855 m. To counteract a continuous observed pressure drawdown in the
geothermal reservoir, injection of ~10 L/s started in 2007 into one well, HO-02, drilled
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Vi.

Vii.

Viii.

to a depth of 413 m, with the main feed zone at 319 m depth (Gaoxuan et al., 2010). The
seismic sensitivity in this area is low, due to large distances to the next seismic stations
of the regional SIL network (> 70 km). However, no seismicity has been located in this
area since injection started (Flovenz et al., 2015).

Eskifjorour, E-Iceland: The low-temperature geothermal field of Eskifjordur is in E-
Iceland, in the Miocene basaltic crust (Flovenz et al., 2015). The geothermal field was
discovered by resistivity measurements in 1978 (Hersir and Flévenz, 1978) and shallow
gradient wells in the 90’s (Stapi - Jarofredistofa, 1999), and later confirmed by a
production well, drilled to a depth of 1372 m in 2002. Utilisation started in 2005, with
an average yearly production of ~20 L/s, and injection of ~8 L/s started in 2008 into
three 350-640 m deep wells, with the main feed zones at ~400 m depth (Halldérsdottir
and Gautason, 2013). The seismic sensitivity in this area is low, due to large distances
to the next seismic stations of the regional SIL network (>50 km). However, no
seismicity has been located in this area since injection started (Flévenz et al., 2015).

Laugaland, N-Iceland: Laugaland is a typical fracture controlled low-temperature
geothermal field in central N-Iceland. Production started in 1977 from a reservoir
reaching from 500 m depth to at least 2500 m, with temperatures in the range of 90-
100°C (Axelsson et al., 2000; Flévenz et al., 2010). Because of low overall permeability
and limited natural recharge, the modest production of ~150 L/s led to a great pressure
drawdown. Therefore, injection was considered to improve the productivity of the
system, starting with a successful small-scale experiment in 1991 (Axelsson et al., 2000).
Production was later decreased to 45 L/s in 1996, and a full-scale injection project was
conducted from 1997 to 1999. Injection of 6-22°C water was conducted into a 2820 m
deep well, with injection rates varying between 6-21 L/s and maximum wellhead
pressure reaching 28 bar. Temperature logs showed that about 50% of the injected
water exited the well at the largest feed zone at 320 m depth, 20% at a feed zone at 600
m depth, and the rest at two feed zones at 1335 m (20%) and 1875 m (10%) depth.
During the injection project, a local seismic network was designed and installed to
locate all microearthquakes of magnitude Mv > -1 which might be induced by the
injection (Axelsson et al., 2000; Flovenz et al., 2015). However, no microearthquakes
were recorded during the two-year period, not even during stages of the project when
wellhead pressures of up to 30 bar-g were realised. This is believed to result from the
fact that 70% of the injected water exits the well above 1000 m depth, where stresses
are relatively low (Axelsson et al., 2000).

Peistareykir, NE-Iceland: The Peistareykir high-temperature geothermal field is
located within the Peistareykir volcanic system, which is one of five active volcanic
systems of the Northern Volcanic Zone, NE-Iceland. The volcanic system has a 70-80
km long and 7-8 km wide N-S trending rifting fissure swarm extending through it,
intersecting with the WNW-ESE striking Husavik-Flatey transform fault. The high-
temperature geothermal field has been systematically explored over the past 50 years,
with around 20 exploration and production wells drilled. Utilisation started in 2017,
with an installed capacity of 90 MWe. at present, and future plans for a 45 MW-.
expansion already underway. In 2014, three shallow injection wells were drilled to a
depth of 400 m in Peistareykir. Injection into the three wells started in the autumn of
2018, with an average injection rate of ~150-200 L/s since then (e.g., Egilson, 2021).
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Seismicity in this area has been closely monitored since 2014, with the local seismic
network of the geothermal operator, Landsvirkjun, and {SOR, supplemented by nearby
seismic stations of the regional SIL network. However, no seismicity has been recorded
at shallow depths in Peistareykir (< 2 km) that could be related to the shallow injection
(e.g., Gudnason et al., 2023).

The above-mentioned examples of shallow injection (< 1.5 km) in Iceland are summarised in
Table 1. From the available data, it can be concluded that, in general, shallow injection in many
areas in Iceland, both within and outside the active plate boundary, has not induced any
seismicity, although large volumes of water have been injected (up to 450 L/s) (Gudnason et
al., 2022). The Geldinganes area is the only exception, where only very minor (< 0 M)
seismicity at ~1.5 km depth, not felt by the nearby population, was recorded (Hofmann et al.,
2021). However, a dense seismic network was needed to be able to detect these very small
events.

Table 1. Overview of shallow injection (< 1.5 km) sites in Iceland.

el dia e e Injection depth Average injection rate Seismicity
(m) (L/s)
brengsli 2016-2018 420-760 ~40 None
Nesjavellir 2002-present 300-660 450 None
Hveragerdi 2023 250-300 ~10 None
Geldinganes 2019 700-1250 60 Very minor
Hofstadir 2007-present 320 10 None
Eskifjordur 2008-present 400 8 None
Laugaland 1997-1999 320-1875 15 None
beistareykir 2017-present 400 150-200 None

5.3 Probability of possible earthquakes

The proposed full-scale injection of the Coda Terminal project of Carbfix in Straumsvik is ~95
ton/s of CO:2 (or 3 Mt COz/year) dissolved in ~3,000 L/s of water. The injection will be developed
incrementally, with the current plan consisting of four phases, starting at approximately 600
L/s.

The full-scale injection will take place in up to 80 shallow injection wells, ranging in depth
from 400 to 800 m, cased 200-350 m below the groundwater table in each well. The wells will
be drilled from a maximum of 10 drill pads. For comparison, the proposed volume of injected
water is almost an order of magnitude higher than currently injected e.g., into the shallow
wells in the Nesjavellir area, SW-Iceland (Gudnason et al., 2022).

The maximum injection rate ever reached during fluid injection in Iceland is at the Hasmuli
injection area of the Hellisheidi geothermal power plant, SW-Iceland. Five deep injection wells
were drilled in Hasmuli during 2007-2011, ranging in depth from 1950-3000 m. The injection
of geothermal wastewater at Husmuli started in September 2011, with an abrupt start and an
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initial injection rate of almost 600 L/s total in all five wells (Bessason et al., 2012). A strong
increase in seismicity occurred immediately just north of the injection wells, with the two
largest seismic events in the sequence reaching Mt 4 (Bessason et al., 2012; Flovenz et al., 2015;
Juncu et al., 2020; Gudnason et al., 2022). It is argued that the deep fluid injection at Husmuli
caused increase in pore pressure, which resulted in increased seismicity and fault slip, with
different faults activated at different times. The seismicity rate was highest at the initial phase
of the injection, but with time, the injection rate has been decreased (an average of 2-300 L/s
during the last few years), causing a significant reduction in seismicity (Bessason et al., 2012;
Hjorleifsdottir et al., 2021; Gudnason et al., 2022).

The proposed full-scale injection of the Coda Terminal of ~3,000 kg/s of water and dissolved
CO: is incomparable in volume to any injection operations that have taken place in Iceland
before. Therefore, Carbfix, the operators of the Coda Terminal, must be prepared for an
increase in seismicity due to the proposed injection. However, the greater Straumsvik area
seems to be tectonically inactive, as previously discussed, and injection will take place in
shallow wells, which further minimises the risk of induced seismicity, as examples have
shown. Therefore, we argue that the probability of felt seismicity is low, further discussed in
chapter 7.

5.3.1 Earthquake effects in the greater Straumsvik area

In general, the effects of earthquakes include e.g., ground shaking, surface faulting and ground
failure. Possible earthquake effects in the greater Straumsvik area are estimated to be only
ground shaking due to possible microearthquakes in the area, a term used to describe the
vibration of the ground during an earthquake. Ground shaking is caused by earthquake waves
propagating through the Earth, and as a generalisation, the severity of the ground shaking
increases as magnitude increases, and vice versa, decreases as distance from the causative fault
increases.

The effect of an earthquake on the Earth’s surface is called intensity. Numerous intensity scales
have been developed that consist of a number of key responses to earthquakes. The one most
widely used is the Modified Mercalli (MM) Intensity Scale (Fig. 9), developed in 1931 by
seismologists in the USA (https://www.usgs.gov/programs/earthquake-hazards/modified-
mercalli-intensity-scale). It is composed of increasing levels of intensity designated by Roman

numerals, and the intensity scale does not have a mathematical basis but is instead an arbitrary
ranking based on observed effects. For many, the MM intensity value (Fig. 9) has a more
meaningful measure of severity than earthquake magnitude, because it refers to the
experienced effects.
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Intensity  Shaking Description/Damage

Not felt Not felt except by a very few under especially favorable conditions.
Il Weak Felt only by a few persons at rest,especially on upper floors of buildings.
M Weak Felt quite noticeably by persons indoors, especially on upper floors of buildings. Many people do not recognize it as an earthquake.

Standing motor cars may rock slightly. Vibrations similar to the passing of a truck. Duration estimated.

Felt indoors by many, outdoors by few during the day. At night, some awakened. Dishes, windows, doors disturbed; walls make cracking

v Light sound. Sensation like heavy truck striking building. Standing motor cars rocked noticeably.

v Moderate  Felt by nearly everyone; many awakened. Some dishes, windows broken. Unstable objects overturned. Pendulum clocks may stop.

Vi Strong Felt by all, many frightened. Some heavy furniture moved; a few instances of fallen plaster. Damage slight.

vl Very Damage negligible in buildings of good design and construction; slight to moderate in well-built ordinary structures; considerable damage
strong in poorly built or badly designed structures; some chimneys broken.

Damage slight in specially designed structures; considerable damage in ordinary substantial buildings with partial collapse. Damage great

Severe
in poorly built structures. Fall of chimneys, factory stacks, columns, monuments, walls. Heavy furniture overturned.

Damage considerable in specially designed structures; well-designed frame structures thrown out of plumb. Damage great in substantial

Violent
olen buildings, with partial collapse. Buildings shifted off foundations.

Extreme Some well-built wooden structures destroyed; most masonry and frame structures destroyed with foundations. Rails bent.

Figure 9. The Modified Mercalli Intensity Scale (https://[www.usgs.gov/programs/earthquake-
hazards/modified-mercalli-intensity-scale).

Although the probability of felt seismicity in Straumsvik is estimated as low (see chapter 7),
micro seismicity can be expected due to the proposed large volume of injected water. Based
on the MM intensity scale and all available data, the estimated effects of possible micro-
earthquakes in the Straumsvik area are in the range of:

¢ Intensity levels I-IV

with estimated ground shaking ranging from “not felt”, to a worst-case scenario of “light”.
There is no empirical relationship between the Mercalli intensity and earthquake magnitude,
however, in the case of Straumsvik, an intensity of IV would most likely represent an earth-
quake with a magnitude in the range of M. 2-3.

5.4 Extent of possible earthquake activity

From known cases of induced seismic activity in Iceland, we can try to estimate how far
possible earthquake activity at Straumsvik could reach from the research area of the Coda
Terminal. A widely observed feature in the spatiotemporal distribution of induced seismicity
is a gradual migration from the largest feed zone, where circulation loss starts and the injected
fluid escapes the well, to distances farther from the well as fluid injection is progressing. In
many cases, as injection proceeds, seismicity continues throughout the volume and moves
laterally away from the feed zones with time, often interpreted as an activation of a fault on
which the injected fluid moves.

From the known cases of induced seismic activity in Iceland, e.g., Reykjanes (Gudnason et al.,
2021), Geldinganes (Hofmann et al., 2021), Hengill (Juncu et al., 2020; Gudnason et al., 2022)
and Krafla (Gudnason et al., 2023), experience shows that the maximum distance induced
seismicity has migrated from the respective injection well(s) is on the order of 2 km at the
Huismuli injection area of the Hellisheidi geothermal power plant, SW-Iceland, discussed in
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chapter 5.3. This is the extreme example, with injection rates at Husmuli reaching almost 600
L/s, inducing seismic events up to Mt 4 and surface deformation in a tectonically stressed high-
temperature geothermal environment (e.g., Bessason et al., 2012; Juncu et al., 2020). In other
areas, induced seismicity has migrated to far less distances than in Husmauli (< 2 km), in most
cases laterally away from the injection wells.

In Straumsvik, injected fluid could travel through permeable layers in the subsurface, most
likely lithological boundaries of some sort, and reactivate faults not visible on the surface.
However, based on the available data, the migration of possible induced seismicity is not
expected to reach outside the boundaries of the Coda Terminal research area (e.g., Fig. 5), i.e.,
to distances less than 2 km from the respective injection well(s). The ability to track details in
the spatiotemporal distribution of seismicity in Straumsvik depends primarily on the quality
and the configuration of the seismic network, on the quality of the velocity model and on the
applied algorithms to invert for event locations.

5.5 Response plan

The maximum allowable seismic magnitude must be determined for each injection site
individually, depending on e.g., peak ground velocity (PGV) at the surface, the local geology,
and surface fractures (Majer et al., 2012). For Straumsvik, the local geology is well known, and
no surface fractures have been mapped in the area, while PGV at the surface has not yet been
estimated.

Seismic traffic light systems (TLS) are standard procedures worldwide to manage seismic risks
for fluid injection activities. In Iceland, it is currently applied for injection activities at the
Hellisheidi high-temperature geothermal field (Thorsteinsson and Gunnarsson, 2014), and
was applied for the hydraulic stimulation tests performed in the Geldinganes low-temperature
geothermal field in 2019 (Hofmann et al., 2021).

For the Coda Terminal project of Carbfix in Straumsvik, the pre-defined TLS agreed between
operator and regulator is shown in Fig. 10, modified from Thorsteinsson and Gunnarsson
(2014) and Hofmann et al. (2021). The relevant area for the pre-defined TLS is the research area
of the Coda Terminal, shown in green colour in Fig. 5. We use a communication protocol that
is similar to the one used in the TLS of the Geldinganes geothermal field due to similar
conditions, e.g., proximity to nearby municipalities, while for the Coda Terminal, magnitude
levels, seismic protocols and field operations protocols have been specifically designed for this
application. Depending on the local magnitude (ML) of possibly induced seismic events, the
flow rates are adapted according to this TLS.

The pre-defined TLS for the Coda Terminal may be summarised as follows: Below MLt 1.5,
injection operations may continue as planned if no anomalous seismicity evolution is
identified. Above ML 1.5, flow rates and pressures are decreased until seismicity levels remain
below the green alert for at least 4 hours. Above M. 2.0, injection operations are stopped until
seismicity levels remain below the green alert for at least 12 hours. M 3.0 is the target
magnitude that should be avoided by applying this TLS. If a red traffic light is reached, the
injection operations are stopped and injection at the site will not resume without an additional
risk study.

-30 -



Action plans

Alert level Seismic analysis Field operations Communication

If anomalous seismicity patterns are
identified, report sent to the
monitoring and field operations task
leaders.

Continue as planned if no anomalous
seismicity patterns are identified

Revise the seismic catalogue on a daily
basis

-

T
S
AT
S
T

di Within 2 hours, a
manual location and magnitude
estimation available

Flow and pressure decrease until
seismicity levels remain below the
green alert for at least 4 hours

Status report sent to the Icelandic

1.5<M, 2.0 Meteorological Office (IMO)

am
oty
T
o
am
o

Orange

Jii1¢

Figure 10. Pre-defined traffic light system (TLS) for the Coda Terminal project of Carbfix in Straums-
vik (modified from Thorsteinsson and Gunnarsson, 2014; Hofmann et al., 2021). The relevant
area for the TLS is the research area of the Coda Terminal, shown in green colour in Fig. 5.

6 Summary

The Coda Terminal project of Carbfix in Straumsvik, SW Iceland, will go through an
environmental impact assessment (EIA), before large-scale injection of dissolved CO: of up to
2,850 L/s can be initiated. In this report, results of a new seismic assessment in the greater
Straumsvik area are presented, taking into account new data on research drilling, initial
injection tests and earthquake activity in the area. The main results are summarised here:

e The greater Straumsvik area, located outside the active plate boundary and rift
segments of the Reykjanes Peninsula (RP), seems to be tectonically inactive, taking into
account all available data, including stress release during the current volcano-tectonic
unrest on the Peninsula.

e The first two research wells of the Coda Terminal indicate that permeability in
Straumsvik is most likely related to lithological boundaries of some sort, with the main
feed points at ~330-375 m depth.

e Fractures or lineaments observed in the two wells do not give evidence of any move-
ment, and there is no evidence of an underlying geothermal system in Straumsvik.

e The extended CODA seismic network in the greater Straumsvik area consists of local
seismic stations of Carbfix and ISOR, supplemented by data from nearby stations of
long-time operating seismic networks on the RP. All data streaming is in real-time for
automatic processing.

e Historically, the greater Straumsvik area is seismically quiet, even during the initial
injection tests in the two wells of the Coda Terminal. In general, it seems that the
uppermost 1-2 km of the crust in Iceland is too weak for brittle failure.

e Shallow injection of fluid (< 1.5 km) in several geothermal areas in Iceland has not
induced any felt seismicity, although large volumes of water (up to 450 L/s) have been
injected for an extended amount of time.
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e For the EIA, the probability and extent of possible earthquake activity in the Straums-
vik area is discussed and evaluated, with estimated ground shaking ranging from “not
felt”, to a worst-case scenario of “light”, and the extent of possible induced seismicity
not expected to reach outside the boundaries of the Coda Terminal research area.

e A response plan to any potential earthquake activity is put forward in the form of a
seismic traffic light system and discussed with regards to the results of recent research
drillings. The relevant area for the pre-defined traffic light system is the research area
of the Coda Terminal.

7 Conclusion

Based on the available data, we conclude that the preliminary assessment of potential induced
seismicity during fluid injection from the Coda Terminal in Straumsvik would fall under part
2 of segment 4 in the regulations of the National Energy Authority for preparation and
mitigation of earthquake hazard due to fluid injection in injection wells (OS-2016-R01-01):
The probability of felt seismicity is low (in Icelandic: “Heetta d finnanlegri skjdlftavirkni er dveruleg”).

Due to the proximity of the injection wells of the Coda Terminal to the nearby municipalities,
we recommend that seismicity is closely monitored prior to and during the injection
operations, and that the injection rate is increased gradually.

8 Recommendations

i.  Although the probability of felt induced seismicity in Straumsvik is considered to be
low, it is important that possible seismicity is closely monitored prior to and during the
injection operations of Carbfix’s Coda Terminal, and that the injection rate is increased
gradually. It is also important that the storage site of the Coda Terminal will be
developed incrementally, with each increment considering any possible induced
seismicity due to previous phases. This approach will minimise the risk for felt
seismicity at and near the site.

ii. Itis important to follow the risk mitigation measures, including the application of the
pre-defined traffic light system (TLS) for the Coda Terminal, based on high resolution
real-time seismic monitoring.

iii. In Peistareykir, NE-Iceland, average injection of ~150-200 L/s into three shallow wells
(~400 m) since 2018 has generated subsidence on the order of 10-15 mm/year, localised
around the injection wells (e.g., Drouin, 2021). The deformation source is shallow (<1
km), most likely due to thermal contraction of the host rock by the colder re-injected
fluids at around 400 m depth. In Peistareykir, the deformation takes place seismically.
Similarly, shallow fluid injection in Straumsvik might generate localised deformation,
due to the possible contraction effect from cooling. We therefore recommend that
possible surface deformation within the Coda Terminal research area is monitored
using the InSAR (Interferometric Synthetic Aperture Radar) technology, as possible
deformation might reveal any effective stress changes in the subsurface.
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Appendix A: SIL earthquake locations
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Figure Al. Earthquake locations of the SIL seismic network on the Reykjanes Peninsula from 1995 to
2023, shown as black dots. Earthquake locations of the uppermost 2 km of the crust are
emphasised in yellow. The seismic stations of the SIL network are shown as blue triangles. For
further references to the map, please see Fig. 1.
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Appendix B: Injection test in well CSM-01
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Figure B1. A 30-minute time window from the 31% of October 2023, showing the horizontal compon-
ent of the CODA seismic network stations during the injection test in well CSM-01. Vibration
from the pumps used for the injection of water is the dominating signal at station SELH, closest
to well CSM-01, while a distant earthquake from the volcano-tectonic unrest at Svartsengi is
visible at all stations.
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Samantekt

Skilgreining markmida og umfangs

Vistferilsgreining var framkveemd & fyrsta forhdnnunarstigi Coda Terminal og gefin ut i febrdar
2023. Markmid vistferilsgreiningarinnar er ad greina helstu umhverfislegu ahrifapeetti og avinninga
pess ad steingera CO; i basalt vid Straumsvik sem innflutt er i vékvaformi fra idnadarstarfsemi i
Nordur-Evrépu. Greiningin er unnin i samreemi vid 1SO stadla 14040 og 14044, 4samt stadli EN
15978. Auk pess er studst vid leidbeiningar um gerd vistferilsgreininga fyrir umhverfisyfirlysingar
og voruflokkareglur (e. Product Category Rules, PCR) pegar a vid. Greiningin leggur gédan grunn
ao ytarlegri lifsferilsgreiningu sem asetlad er ad framkvaema a sidari stigum hoénnunar og er skipt
upp i fjéra meginhluta; skilgreining markmida og umfangs, gagnaéflun og magngreining (e. Life
Cycle Inventory, LCI), ahrifagreining (en. Life Cycle Impact Assessment, LCIA) og tulkun
nidurstadna. Adgerdareining er 1 tonn af steingerdu CO- og liftimi verkefnisins er daetladur 30 ar.
Mynd A synir virdiskedju Coda Terminal og kerfismork greiningarinnar.
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Mynd A Virdiskedja fongunar, flutninga og bindingar CO2 asamt kerfismdrkum vistferils-

greiningarinnar.

Innan kerfismarka eru sjéflutningar CO- & vokvaformi til islands, afferming, geymsla, gdsun, dzeling
og flutningar med |6gnum til nidurdeelingar. Mdgulegir lekar CO: i ferlinu hafa ekki verid metnir en
hér er gert rad fyrir 1% leka samtals fra allri virdiskedjunni, sem er talid vera nokkud varfeerid mat.
Kerfismorkin na ekki yfir fongun CO- i idnadi erlendis en pad orkufrekt ferli og pvi modgulega
mikilvaegt ferli i virdiskedjunni. S losun er hins vegar mjog breytileg eftir pvi hvar fongunin a sér
stad en Carbfix mun taka vid CO- fra ymsum adilum.

Undir kjarnastarfsemi falla byggingar, innvidir og starfsemi Coda Terminal stddvarinnar.
Kjarnastarfseminni er skipt i eftirfarandi vistferilsstig:

e Hraefnastig (A1-A3) og flutningar hraefna til byggingarstads (A4) - Innifalid



e Byggingar og uppsetning (A5)

o Innifalid: Byggingar, gotur, lagnir, tankar, borholur

o EKkiinnifalid: H6fn, byggingartrgangur og almenn orkunotkun bygginga
e Notkunarstig (B1-B7) — Innifalid
o Lok liftima (C) — Ekki innifalid a pessu stigi, er jafnan litid samanborid vid A
Avinningur utan vistferils (D) — Ekki innifali®, &vinningur utan virdiskedju

Gagnaoflun og magngreining

I toflu 1 eru tekin saman gégn um magn efna, orku og annars sem vid kemur vistferilsgreiningunni.
Gagnaofluninni skipt upp i samreemi vio kerfismork greiningar og virdiskedju asamt skyringum &
6llum nalgunum og forsendum sem gerdar voru i upplysingasoéfnun og reikningum. Alls er reiknad
med ad flutt verda inn 77.000 milljbn kg CO, yfir 30 &ara rekstrartima stodvarinnar sem gerist
stigmagnandi eftir rekstrarfésum.

e Fasi 1: Neer yfir 2 ar — 0,5 milljén tonn CO_ a ari med einu skipi

e Fasi 2: Neer yfir 4 &r — 1,0 milljén tonn CO_ a ari med tveimur skipum

e Fasi 3: Neer yfir 24 ar — 3,0 milljon tonn CO- & ari med fimm skipum

Nidurstédur — Ahrifagreining

Mynd B synir nidurstddur vistferilsgreiningarinnar, ahrif & hnattraena hlynun yfir 30 ara aaetladan
liftima i heild, sem og ahrif & adgerdareiningu, tonn CO, bundid i basalt.
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Mynd B Ahrif & hnattraena hlynun (e. Global Warming Potential, GWP) og umhverfislegur

avinningur bindingar samkvaemt vistferilsgreiningu. Myndin synir baedi heildarahrif
yfir 30 ara liftima og einnig ahrif & adgerdareiningu, a hvert tonn CO2 bundid. Innan
kerfismarka greiningarinnar er sjoflutningur CO2 til Islands, byggingar, innvidir,
teekjabunadur, orkunotkun i rekstri, lekar CO2 og binding i basalt.



Yfir 30 ara liftima stodvarinnar er asetlud losun 4.100 milljon kg CO; igildi en binding 76.200
milljon kg CO: igildi, pannig heildarnidurstada greiningarinnar er netté binding & 72.100 milljon kg
COz: igildi. Reiknad yfir & adgerdareiningu, pa er losun 54 kg CO: igildi & hver 1000 kg CO2 sem
eru bundin i basalt. pPad eru pvi netté 946 kg CO: igildi sem eru fjarlaegd Ur kolefnishringrasinni
fyrir hver 1000 kg CO, sem eru bundin i basalt.

Sé losunin skodud sérstaklega, pa er hun 77% tilkomin vegna skipaflutninga, 19% vegna CO: leka,
3% vegna orkunotkunar stédvar og 1% vegna mannvirkja og bunadar. Sidustu tveir paettirnir eru
kjarnastarfsemi Coda Terminal stodvarinnar. Gert er rad fyrir a pessu stigi ad nytt verdi heitt vatn
til ad hita upp CO, sem fluttur er til landsins kaeldur a vokvaformi. Mynd C synir nidurbrot ahrifa
vegna kjarnastarfsemi stéovarinnar.
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Mynd C Ahrif & hnattraena hlynun vegna kjarnastarfsemi Coda Terminal Orkunotkun fellur
alfarid undir vistferilsstig B, en adrir flokkar eru baedi a stigum A og B. Taekjabunadur
er endurnyjadur einu sinni a 30 ara liftima. A pessari mynd eru ekki synd jakvaed ahrif
vegna bindingar COz2, né heldur losun vegna skipaflutninga og pess CO: leka sem
gert var raad fyrir.

Talkun

| vistferilsgreiningunni er greint fra ahrifum & hnattraennar hlynun (kolefnisspori) fyrir skipaflutninga
COgo, affermingu, uppgufun, flutning um lagnir, nidurdeelingu og bindingu CO». Féngun CO- er utan
kerfismarka en pad eru orkukreeft ferli sem geeti haft mikil &hrif & nidurstédur greiningarinnar.
Vokvagerd og ferming skipa eru lika utan kerfismarka. Ahrif pessara ferla munu fara eftir pvi hvar
fongun er framkveemd og uppruna orkunnar sem nytt er i pessa ferla. Vid tdlkun & nidurstddum
greiningarinnar parf ad hafa petta i huga, ad heildarlosun kann ad vera vanmetin vegna pessa ferla
utan kerfismarka. | nanari greiningu & seinni stigum aetti ad kanna svidsmyndir fyrir pessa losun.

Midad vid framangreindar nidurstodur myndi taka Coda Terminal um 30 daga til pess ad hlutleysa
losun sem hefur att sér stad a peim tima, par & medal byggingu stdédvarinnar, skipaflutninga,
orkunotkun og mogulegra leka & pessum fyrstu 30 dégum. Pessir Utreikningar midast vid fasa 1,
par sem 500.000 tonn CO- eru flutt inn a ari til nidurdeelingar, og fullan rekstur fra fyrsta degi.
Liklega teeki pé adeins lengri tima ad na fullum rekstri og hlutleysi. Mynd D synir &vinning vid
bindingu i basalt a fyrstu atta arum reksturs stédvarinnar.
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Mynd D Timalina avinnings vegna bindingar COz fyrir fyrstu 8 arin fra byggingu stédvar.

Skipaflutningar eru stér hluti af pessari vistferilsgreiningu og telja 77% af heildarlosun pegar
binding er tekin Gt fyrir sviga, eda um 4-5% af pvi magni sem tankskipin eru ad flytja. bessir
reikningar eru byggadir & peirri forsendu ad um sé ad reeda disil skip sem notar 273 tonn af disil
eda gasoliu fyrir ferd adra leid frA meginlandi Evropu (2.173 km). Um er ad reeda ihaldsamt mat
sem pyrfti ad skoda betur a seinni stigum, par sem skipasteerdir, eldsneytistegundir og vegalengdir
eru allt breytur sem ekki eru meitladar i stein & pessum timapunkti. Losun geeti minnkad yfir liftima,
par sem aeetlad er ad skip munu & einhverju stigi nyta metanol eda adrar kolefnishlutlausar
eldsneytistegundir.

Orkunotkun i rekstri veldur 3% af heildarlosun en sé kjarnastarfsemi Coda Terminal skodud
sérstaklega pa veldur orkunotkun 76% af losun kjarnastarfseminnar. Losun vegna orkunotkunar
geeti mogulega laekkad a sidari honnunarstigum med leekkun a orkup6rf, 6orum adferdum  til
upphitunar og sidast en ekki sist, minni losunar vid vinnslu heits vatns pegar féngun og binding
CO; i jardhitavirkjunum verdur aukin.

COs: lekar i virdiskeodjunni allri eru aeetladir um 1% af 6llu sem flutt er til landsins. betta er talid
varfeerid mat en pvi til rokstudnings ma nefna ad 4eetlud losun vegna CO. leka ¥fir liftima
stodvarinnar jafnast & vid rammalid i 22 birgdatonkum. A sidari stigum er naudsynlegt éryggisatridi
ad meta mogulega leka & 6llum stigum, t.d. évaentir lekar vegna gata i Idgnum, rofnum I6gnum eda
jafnvel rofi & birgdatanki, en einnig leka sem tengjast venjulegum rekstri, t.d. vid vidhald.

| greiningunni eru einnig skodadar svidsmyndir fyrir adrar stadsetningar, Washington i
Bandarikjunum og Nagasaki i Japan, med tilheyrandi breytingum i uppruna hraefna, raforku og
flutningaleidum CO,. Stadsetningin hefur ahrif a heildarlosun en vegna pess hve mikill
avinningurinn er af bindingunni, pa eru heildarahrifin i 6llum tilfellum nett6 binding & bilinu 71.500
— 73.600 milljén kg CO; igildi. Hinar stadsetningarnar gera rad fyrir varmaorku fra jarévarma eda
lifgasi, en pad geeti haft tdluverd ahrif a heildarlosun rekstursins ef varmaorkan veeri af 68rum
uppruna.

Vi
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1 Introduction

1.1 Project Background

This is a Life Cycle Assessment (LCA) screening study made for CO, mineralization in basalt with
the Carbfix method at the Coda Terminal in Iceland. It is a part of a wider project, the first design
phase for the Coda Terminal (predesign) and will lay the foundation for a more detailed and in-
depth LCA study to be performed in later phases of the overall project.

In the LCA, materials, resources and energy consumed by the project throughout its life cycle are
considered in accordance with the 1ISO standards 14040 and 14044. In line with the standards, the
LCA is divided into four phases: Goal and Scope Definition, Inventory Analysis, Impact
Assessment and Interpretation. The LCA report follows the cycle phasing of standard EN 15978.

In wide terms, The Coda Terminal is a site in Iceland which will receive liquid CO; from industry
abroad to mineralize the CO- in basaltic bedrock and thus ensure permanent removal and of the
CO; from the atmosphere. The project will contribute to mitigating global warming and climate
change by sequestering and permanently mineralize CO; that would otherwise have been emitted
to the atmosphere. The Coda Terminal plant will offer a disposal option for CO2 through
mineralization that has not been commercially available.

The Coda terminal has been described as follows: ‘The Coda Terminal is a cross-border carbon
transport and storage hub in Iceland. CO; is captured at industrial sites in North Europe and
shipped to the Terminal where it is unloaded into onshore tanks for temporary storage. The CO2
is then pumped into a network of nearby injection wells where it is dissolved in water before being
injected into the fresh basaltic bedrock. There the CO, remains trapped in the carbonated fluid and
transforms into solid minerals in less than two years. Once the process is confirmed, further
monitoring is not required.”

1.2 The Carbfix technology

Mineral storage of CO, as a method for geological CO- storage was first proposed in the 1990’s?.
Within the natural carbon cycle, carbon has thousands to millions of years residence time in rocks,
which is by far largest carbon reservoir on Earth hosting over 99% of all carbon.

The process of mineral carbonation proceeds through the interaction of water dissolved CO- with
the bedrock. The dissolution of the CO- into water leads to the production of carbonic acid, which
can dissociate to bicarbonate, and carbonate, liberating protons that cause the pH of the water to
decrease. The protons promote the dissolution of cation-bearing silicate minerals, which promotes
CO:2 mineralisation in two ways: First it consumes protons, which raises the pH of the formation
fluids which facilitates carbonate mineral precipitation, and second it provides cations that can
react with the dissolved CO; to form stable carbonate minerals, such as calcite (CaCOg);
magnesite (MgCOs3), and siderite (FeCQO3), and solid solutions thereof. The degree to which the
released cations form minerals depends on the elements, the pH and the temperature, but

1 Carbfix. Coda Terminal. Accessed on 16.9.2022 at: https://www.carbfix.com/codaterminal
2 Seifritz, W., 1990. CO: disposal by means of silicates. Nature 345, 486-490; Lackner, K., Wendt, C. H., Butt, D.
P., Joyce, E. L., Sharp, D. H., 1995. Carbon dioxide disposal in carbonate minerals. Energy 20, 1153-1170.
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emphasis on mineral dissolution experiments leads to the commonly accepted view that mineral
dissolution is the rate-limiting step in the mineral-carbonation process®.

The Carbfix technology promotes mineral carbonation via dissolution of CO; into water before or
during its injection: The CO-charged fluid releases metals from the host rock, which combine with
the injected COy, resulting in the bulk of the CO2 being permanently transformed to carbonate
minerals*®. Risks of leakage is furthermore eradicated since the CO,-charged water is denser than
the surrounding groundwater and does therefore not have the tendency to migrate back to the
surface due to buoyancy: Solubility trapping is achieved immediately, and no cap rock is required
when injecting the water charged CO3, as it is denser than CO»-free water above the storage
formations. As such it does not have the tendency to migrate back to the surface. With the injected
CO: being rapidly transformed into minerals, it is permanently fixed and there is a negligible risk
of it ever returning to the atmosphere?®. Furthermore, once mineralisation has been confirmed, no
further monitoring of the storage site is required. The Carbfix technology has been applied on an
industrial scale since 2014 at the Hellisheidi Power plant with 85 thousand tonnes CO: injected to
date.
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Figure 1 Comparison of CO2-trapping mechanisms over time when injecting a) single-phase

CO:2 into sedimentary basins, and b) when injecting water- dissolved CO:2 for
mineralization based on data from field injection experiments. Modified from (Benson
et al., 2005 and Snaebjornsdaéttir et al., 2017)

3 Snezebjornsdattir, s.0., Sigfasson, B., Marieni, C. et al. Carbon dioxide storage through mineral carbonation. Nat
Rev Earth Environ 1, 90-102 (2020).

4 Snaebjornsdattir, S.0., Oelkers, E.H., Mesfin, K., Aradéttir, E.S., Dideriksen, K., Gunnarsson, |., et al. (2017). The
chemistry and saturation states of subsurface fluids during the in situ mineralisation of CO2 and H2S at the CarbFix
site in SW-Iceland. International Journal of GHG Control, 58, 87-102.

5 Clark, D.E., Oelkers, E.H., Gunnarsson, |., Sigfisson, B., Snaebjérnsdattir, S.0., Aradéttir, E.A., Gislason, S.R.
(2020). CarbFix2: CO2 and H2S mineralization during 3.5 years of continuous injection into basaltic rocks at more
than 250 °C. Geochimica et Cosmochimica Acta, 279, 45-66.

6 Matter J.M., Stute M., Snaebjornsdottir S.0., Oelkers E.H., Gislason S.R., Aradottir E.S., Sigfusson B.,
Gunnarsson |., Sigurdardottir H., Gunnlaugsson E., Axelsson G., Alfredsson H.A., Wolff-Boenisch D., Mesfin K.,
Fernandez de la Reguera Taya D., Hall J., Dideriksen K., Broecker W.S.. Rapid carbon mineralization for
permanent disposal of anthropogenic carbon dioxide emissions. Science. 2016 Jun 10;352(6291):1312-4. doi:
10.1126/science.aad8132. PMID: 27284192.



1.3 Risk assessment

A preliminary risk assessment was performed at the beginning of the project, covering all phases
of the project. A more detailed risk assessment of the Coda terminal has since then been
performed for the design stage, covering pre-design for operation, project design for operation,
and execution of contractors. The identified risks were split up into 11 categories, covering general
issues, occupational health, safety, building elements, organization and administration, project
management, technical, construction and commissioning, operation, financial, and external risks.
The risks were rated on the scale of 1-25. Out of the 164 risks, five were identified as high risk,
rated between 17 and 25. The risk assessment will be updated and monitored throughout the
project. The five top risks of the design phase along with their controls are listed in Appendix 1.

1.4 HSE

Safety, health and working environment issues are an integral part of all activities within the Coda
Terminal project. The project team endeavours to be exemplary in this field and strives to protect
and enhance the lives of its team members by creating an accident-free workplace where the
health of employees, contractors and the public is not jeopardised by project activities. No job is
important enough to sacrifice the safety of those performing it. Everyone who contributes to the
Coda Terminal project is responsible for their own safety and are spokesmen for the increased
safety of colleagues, while endeavouring to identify, evaluate and manage risk in the work
environment. To this end, all statutory and regulatory requirements will be complied with, and the
project team will constantly endeavour to increase the safety of its employees, co-operating parties
and customers. The project team is not permitted to take on work without complying with safety
regulations and using the appropriate protective equipment. If such safety equipment is not
available, work shall be stopped until the appropriate equipment has become available. If a
deviation is identified, reform ideas, accidents and incidents will be logged in the project's EHS
database (Environment, Health, Safety) with the objective of improving procedures and achieving
better results.

Carbfix is certified for the following management systems that will be used in the project:

e [SO 9001 — Quality Management (Dan-Unity CO2 owner Evergas also certified)

e [SO 14001 — Environmental Management (Dan-Unity CO2 owner Evergas also certified)
e [SO/IEC 27001 — Information Security Management

e [SO 45001 — Occupational Health and Safety Management

e ST 85— Equal Pay Standard



2 Goal and Scope Definition

2.1 Goal

The purpose of the LCA is to assess the environmental impacts and benefits of the Coda Terminal
project, i.e. transport of CO; from Europe to the Coda Terminal in Iceland for mineralization in
basalt for permanent removal from the atmosphere. The intended application of the LCA is to
determine whether the project is environmentally feasible with regards to climate impacts and
benefits, as well as to do a quantification of the magnitude of these impacts and benefits. The
intended audience is Carbfix and their financers, funds, and associates.

The results are expected to be illustrative of this particular type of CO, storage/disposal
technology, i.e. mineralization of CO- in basalt. The results are not used to make any comparative
assertions and the report will not be disclosed to the public.

2.2 Functional Unit and Service Life

The function of the system under study is the service of permanently disposing CO2 by mineralizing
it in basalt bedrock. The functional unit is the service of mineralizing 1 ton of CO..

The assumed service life of the project is 30 years.

2.3 System Boundary

The scope of the analysis will include facilities, equipment, and processes, which include ship
transport of CO2, CO, liquid offloading, gasification, pipeline transport and injection into basalt with
water.

Figure 2 shows how the system boundary is defined within the value chain of CO, capture,
transport, and mineralization in basalt with a simplified flowchart. The system boundary starts with
a loaded liquid CO, tanker ship at harbour in Europe. This LCA screening traces the CO; flow
through ship transport to the Straumsvik port in Iceland, offloading liquid CO2 from the tanker ship,
intermediate storage, pumping and gasification, pipeline transport to injection at an injection well
borehole. The LCA includes thermal heat from geothermal hot water for gasification and
groundwater for injection, as well as other infrastructure, such as roads, utilities, and a reception
building.

CO; capture, liguefaction and ship loading activities abroad are outside the scope of the analysis
at this stage. The CO; capture is potentially an energy intensive step in the value chain and its
impacts could be significant, but they are extremely variable depending on a variety of factors,
including where the CO; is captured, the CO; concentration, waste heat availability, electricity
sourcing etc. This step is, however, not controlled by Carbfix as the CO, mineralization provider.
Carbfix could potentially be receiving CO, from many sources with very different CO, capture
impacts.

All essential buildings, equipment, pipelines, and infrastructure are included, except for the
construction of the new quay and related land filling (land reclamation), breakwater and
infrastructure, such as fuel storage and shore power connections. This harbour will receive the
COg transporting ships, but it will also be utilized by nearby industry, so it is a shared infrastructure.

For clarity, the value chain of CO, capture, transport and mineralization has been categorized into
three modules:



e Upstream module: COz-emitting industry or energy (not included), CO, capture (not
included), pre-treatment (not included), and transport to CO, mineralization plant
e Core module: Construction and operation of CO2 mineralization plant, including buildings,
infrastructure, pipelines, and equipment
e Mineralization and leaks: Permanent disposal of CO, through in-situ mineralization and

leaks occurring throughout the supply chain
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Figure 2 Value chain of CO: capture, transport, and mineralization and the LCA system
boundary.

2.3.1 Core module: Mineralization plant

The core module (construction and operation of mineralization plant) is further divided into the
following building life cycle stages according to standards EN 15804 and EN 15978:



A1-A3 Product Stage

*Al: Raw material supply
*A2: Transport to manufacturing
¢ A3: Raw material processing and manufacturing

A4-AS5 Construction stage

¢ A4: Transport to construction site
¢ A5: Construction and installation

B1-B7 Use stage

*B1: Use

*B2: Maintenence

*B3: Repair

*B4: Replacement

*B5: Refurbishment

*B6: Operational energy use
*B7: Operational water

C1-C4 End of life stage

*C1: Demolition and deconstruction
©C2: Transport

* C3: Waste processing

¢ C4: Disposal

*Reuse
*Recovery
¢ Recycling potential

For the core module, the coverage of the building life cycle stages in this LCA is as follows:

e Product stage (A1-A3): Included.
e Transport to construction site (A4): Included.
e Construction and installation (A5):
o Buildings and roads: Included.
o Pipelines, tanks, boreholes: Excavation activities and drilling included.
Construction waste and other energy use during construction not included.
e Use stage (B1-B7): Included.
o End of life stage (C): Not included at this stage. Its small impact relative to stages A in
construction means that it is often excluded in earlier stages.
o Benefits beyond the life cycle stage (D): Stage D includes benefits outside the life cycle,
outside the value chain and are therefore omitted here.

2.4 Allocation
The system under study has a single output (disposal of CO) and thus requires no allocation.

Some input materials are outputs from multiple product systems or recycling systems. Description
of their allocation procedure can be found in documentation for the GaBi Professional database.

Thermal heat from geothermal hot water is one of the inputs into the system under study. High-
temperature geothermal power plants produce two products, electricity and hot water. Allocation
assumptions for thermal energy from geothermal hot water follow the LCA for the Icelandic
Reference Building (isl. viomidunarhus). Usable electricity and usable thermal heat are assumed
to be equally sought after, i.e. the environmental impacts of the geothermal power plant are divided
between the total usable energy of electricity (GWh) and thermal heat (GWh) over its lifetime. 73%
of the impacts are allocated to electricity and 27% of the impacts are allocated to hot water.



2.5 Environmental Impact Categories

This LCA screening study focuses on Global Warming Potential (GWP) impacts [kg CO:
equivalents], as the main purpose of the wider project is to sequester and permanently mineralize
CO; to mitigate global warming and climate change. The characterization factors for GWP follow
the methodology recommended in standard EN 15804, which corresponds to the CLM 2001 — April
2013 methodology. Interpretation will be made based on the GWP midpoint indicator results only,
i.e. no normalization and weighing will be applied. Calculation of endpoint indicators (impact on
human health, natural environment and natural resources) is not carried out.

2.6 Cut-off

This LCA screening study is carried out at an early phase of the project the materials have been
roughly quantified based on predesign. The aim of the assessment at this stage is to cover the
main materials for buildings, largest equipment, pipelines, fuel use of ships and energy use of the
plant. A material or impact cut-off threshold has not been determined at this stage.

2.7 Data and uncertainty

2.7.1 Data collection

Material and energy use data was collected from designers (engineers and architects) and the
developer (Carbfix) at this stage. As the project is in a relatively early phase, equipment
manufacturers are unknown and generic data is therefore used. A more detailed in-depth LCA
study will be carried out at later stages when more data will be available.

Data collection, assumptions, and data calculations are described for each process in the Life
Cycle Inventory analysis (LCI) in chapter 3.

2.7.2 Uncertainties

The uncertainty range of the results is directly related to uncertainties in design, for example if
research boreholes show that fewer boreholes are required than are currently designed, less
material and less earthwork is required, which result in lower environmental impacts. The
uncertainty range of the design at this stage is assumed to be -20% to +30%. The LCA introduces
additional uncertainties through various assumptions, for example by assuming a certain material
composition of equipment, which has not yet been thoroughly specified, and by assuming that the
equipment assembly has negligible impact in comparison to the production of the equipment’s
constituents. Another source of uncertainty can be when various small components are overlooked
in an LCA due to the small size but when accumulated, they might be important. The uncertainty
of this LCA screening study is therefore expected to be greater than that of the design.

2.7.3 Data quality

This Life Cycle Assessment is carried out in the GaBi software by Sphera and utilizes the GaBi
Professional 2022 database with the GaBi Construction Materials extension database XIV. These
databases are updated annually and the LCA background data is therefore always up to date. The
unit process data is subject to validation and review according to the GaBi Modelling Principles.



2.7.4 Data calculation

Most of the material quantity data comes directly from the designers of the Coda Terminal and is
therefore the best current estimate of the quantity. This quantity data should be validated in further
analysis and as design develops further. However, some of the collected data was reviewed and
validated by the LCA conductors, for example the material and energy data for injection wells.

The calculation procedure for relating collected data to unit processes in the LCA databases was
in broad terms as follows: Generic processes are favoured over manufacturer specific processes,
since no manufacturers are known at this stage. Country-specific unit processes are selected
where assumptions were made regarding country of origin, otherwise regional European
processes were selected (EU-28).

The calculation procedure for relating data to the reference flow of the functional unit was as
follows: The total impacts of the whole life cycle of the Coda Terminal plant were calculated, and
then divided by the total amount of mineralized CO; over its life cycle.

2.8 Limitations

Limitations of this LCA study regarding value chain coverage are that the CO; capture, liquefaction
and ship loading activities abroad are outside scope. As outlined in chapter 2.3, the CO» capture
is potentially an energy intensive step and could be significant. The magnitude of impacts depends
on a variety of factors, including where the CO- is captured, the CO, concentration, waste heat
availability, electricity sourcing etc.

Limitations regarding infrastructure coverage are that the construction of the new quay is outside
scope, as well as land filling (land reclamation), breakwater and other related infrastructure, such
as fuel storage and shore power connections. However, the harbour will be shared with other
industry nearby, as outlined in chapter 2.3.

Limitations regarding the early stage at which this LCA is conducted, are that equipment assembly
is not considered, generic processes are used, and material and energy amounts could change
when the design develops further, as outlined in chapter 2.7.

2.9 Critical review

The LCA report has been reviewed internally at EFLA, by the client (Carbfix) and by ERM,
sustainability consultancy. As the report will not be disclosed to the public and there are no
comparative assertions made in the report, then a formal critical review by interested parties is not
required as per 1SO 14040.



2.10 Scenario analysis

Two additional location scenarios are considered to analyse the scalability of the project, as well
as a preliminary sensitivity analysis. The scenarios are as follows:

Main scenario: CO, mineralization plant located in Straumsvik, Hafnarfjoérdur, Iceland
Location scenario 1: CO2 mineralization plant in Nagasaki, Japan
Location scenario 2: CO, mineralization plant in Wallula, Washington, United States

2.10.1 Location scenario 1: Nagasaki, Japan

Nagasaki in Japan is selected as one of the alternative location scenarios. The differences in
assumptions are as follows:

Steel emission factor based on producer average (Nippon steel Corporation) from 12 EPDs
of various steel products from a single producer and 6 various factories in Japan.

Steel transport to mineralization plant based on the location of the factories accounted for
in the 12 EPDs and their distance from Nagasaki. Road transport assumed.

1350 km maritime transport of CO; from Tokyo to Nagasaki.

Thermal energy from biogas and electric energy from Japanese grid (~67% fossil, 10%
hydroelectric)’

2.10.2 Location scenario 2: Wallula, Washington, United States

Wallula in Washington, United States, is the second alternative location scenarios. The differences
in assumptions are as follows:

Steel emission factor based on industry average from 13 EPDs of various steel products
from various producers, producer’s associations and factories.

Steel transport to mineralization plant based on average distance from Wallula to the ten
largest steel factories in the United States.

1200 km pipeline transport of CO», roughly equivalent to the distance to the nearest node
in the national CO» transportation pipeline network.

Thermal energy from biogas and electric energy from Washington grid (~30% fossil, 33%
hydroelectric)®

7 EnergyTrackerAsia. The Energy Mix review in Japan https://energytracker.asia/the-energy-mix-review-in-japan-
a-glimpse-of-the-future
8 E.ILA. U.S. Energy Atlas with Total Energy Layers https://www.eia.gov/state/?sid=WA



3 Inventory Analysis (LCI)

The inventory analysis and assumptions made are shown in table 1.

Table 1 Inventory analysis of the Coda Terminal project.

UPSTREAM
CO; capture

Quantity

Description

Out of LCA scope

Maritime transport

Amount of COz imported

Importing over the 30-year period
given the completion of each phase.
Phase 1: 2 years, 0.5 Mtons/year
Phase 2: 4 years, 1 Mtons/year
Phase 3: 24 years, 3 Mtons/year

LCA assessment performed based on

Imported CO2 over service life 77 000 000 | tons initial Coda Terminal capacity of 3.0
Mtpa, however capacity can
potentially be increased to 4.8 Mtpa
given planned harbour capacity. The
material and energy quantities in the
LCA model would have to be altered
accordingly.

Annual imported CO2 2 566 667 | tonsly S‘Zﬁg%ge B ST CESEEUES

Sea transport of CO2
The number of ships in operation is

L assumed to be:
Qvgrraaggnnumber of ships in 4.3 | ships Phase 1: 2 years, 1 ship
P Phase 2: 4 years, 2 ships
Phase 3: 24 years, 5 ships
Based on average maritime
transportation distance for Antwerp
. (Belgium), Dunkirk (France),
VAv\ée;age transport distance (one 2173 | km Stockholm (Sweden), Aalborg
y (Denmark), Teesport (United
Kingdom) and Petershead (United
Kingdom).
Maritime round trips per year at full . Assumption from the Coda Terminal
S 27.3 | trips . T

utilization Innovation fund application.
Methanol is being considered as a fuel
for the ships, but the implementation

Fuel use per trip for methanol has not been fully planned yet.

powered ship Methanol fuel is therefore not
assumed for maritime transport in this
LCA.

Assumption from the Coda Terminal
Methanol use per trip 503 to_nsl Innovatlo_n fund appl!c_atlon. Methanol
trip fuel required for maritime one-way

transportation trip and empty run.
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Gas oil use per trip

56

tons/
trip

Assumption from the Coda Terminal
Innovation fund application. Methanol
is burned in combination with LSMGO
(low sulphur marine gas oil).

Fuel use per trip for diesel powered

ship

As a conservative estimate, gas oil or
diesel fuel is assumed for maritime
transport in this LCA.

Diesel use per trip

273

tons/
trip

The diesel use is derived from the
assumed fuel use of methanol ships in
the Coda Terminal Innovation fund
application. It is assumed that the
amount of energy required is the
same. Note that methanol and diesel
(gas oil) have very different energy
densities. These assumptions should
be reviewed in further analysis.

CORE

Materials (A1-A3) and Construction (A5)

01

Contractor's site facilities

Contractor's staff

34 | staff

| Not assessed at this time

02 Roads and tracks

Assessed using LCA data for roads in

Paved roads 1| km Iceland, not the material in this given
road
Assessed using LCA data for roads in

Gravel roads 5| km Iceland, not the material in this given
road

‘ 03 Reception building
| 01 Earthworks
Transported filling material for
3
Gravel and sand e m reception building and parking lot
. Excavated material for reception
3

Excavation e m building and parking lot

Estimated based on average emission
02  Structures values per m2 for commercial

buildings.

Floor area net 2 003 | m?

Floor area aross 2203 | m? Gross area used in accordance with

9 average calculations
Concrete 990 | m3
Reinforcement steel 118 858 | kg

All other materials

Assessed by assuming average
impacts per m2 for commercial
buildings in Iceland
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Building rooms: Control room, storage
room, workshop, staff facilities,

04 Key building (operations building) vaporizing room. Scope of civil
contractor excludes control room and
vaporizing room.

01 Earthworks
Transported filling material for key
3
Gravel and sand ] ™ building and parking lot
Excavation 3486 | me Excavated material for key building
and parking lot
Estimated based on average emission
02  Structures values per m2 for commercial
buildings.
Floor area net 2 065 | m2
Floor area aross 2500 | mz Gross area used in accordance with
9 average calculations
Concrete 620 | m3
Reinforcement steel 74 340 | kg
Steel 103 250 | kg
Assessed by assuming average
All other materials - impacts per m2 for commercial
buildings in Iceland
’ 05 Road 41/Reykjanesbraut underpass
‘ 01 Earthworks Included in earthwork in other piping
Reykjanesbraut road is undisturbed,
only tunnelling for piping will be
Uz Sl required. Included in piping
elsewhere.
| 06 Site utilities
‘ 01 Electrical power
Weight 200kg/km (thereof copper
. 120kg/km), average cross-section
Electrical cables 3| km 78,5 mm2 (thereof copper 12,5 mm2
or 16%).
Total weight 3450 kg; oil 730 kg,
- copper 450 kg, aluminium 115 kg,
Transformer (for key building) 3450 | kg core (steel) 1000 kg. The rest is
assumed to be carbon steel.
| 02 Thermal power
Outside the scope of design (Veitur
Thermal piping for buildings km responsibility) and thus no quantities
available.
‘ 03 Communications
‘ 04 Sewerage
Outside the scope of design (Veitur
Wastewater piping for buildings km responsibility) and thus no quantities
available.
‘ 05 Potable water
Outside the scope of design (Veitur
Potable water piping for buildings km responsibility) and thus no quantities

available.
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Site security

Areas fencing and gates

Steel fence 1.5 km

Steel wire for 10 SWG fence with 3"
opening assumed; 188 g/sqft = 2,02
kg/mz - Distance unknown - assumed
to be 1,500 m

‘ 02 Access control
| 02 Reserve offloading
‘ 01 Supporting facilities
Included in earthwork for 03
ol s Offloading utilities
No structures assigned to 02 Reserve
07 SiiRdics offloading or included elsewhere.
02 Piping
Negligible mass. Bypass from ship to
01 Pibin reserve offloading pumps and from
ping pumps to main pipe. Any piping
included in 03 Offloading utilities
03 Power supply
Weight 200kg/km (thereof copper
. 120kg/km), average cross-section
Electrical cables 3| km 78,5 mm2 (thereof copper 12,5 mm2
or 16%).
Total mass 7000 kg; 1460 kg, copper
900 kg, aluminium 240 kg, core (steel)
Transformer 000} kg 2000 kg. The rest is assumed carbon
steel.
| 04 Communications
| 05 Reserve offloading pumps
. 3 pumps, each 1415 kg, assumed
Offloading pumps B kg carbon and stainless steel.
‘ 06 Reserve offloading heat exchangers Not included
‘ 03 Offloading utilities and piping
Connecting the ships to electricity and
01 On shore power supply for transport vessel hot water onshore. Outside the scope
of this analysis
| 02 Supporting facilities - Jetty building
‘ 01 Earthworks
Gravel and sand 211 | m3 Transported filling material for jetty
building and vessel offloading arm
. Jetty building and vessel offloading
3
Excavation 172 |m arm
Estimated based on average emission
02  Structures values per m? for commercial
buildings, except concrete and steel
modelled separately
Floor area net 65 ‘ m2
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Gross area used in accordance with

Floor area gross 72 | m2 .
average calculations
Concrete 19 | m3
Reinforcement steel 2 328 | kg
Steel 6 500 | kg
Assessed by assuming average
All other materials impacts per m2 for commercial
buildings in Iceland
| 03 Piping
l 01 Piping
. 96kg/m, 75% SS316L4, 25% PUR/PE.
Piping DN600 - Phase 1 0.3 | km Above ground.
. 33kg/m, 75% SS316L4, 25% PUR/PE.
Piping DN200 - Phase 1 0.3 | km Above ground.
. 96kg/m,75% SS316L4, 25% PUR/PE
Piping DN600 - Phase 2 0.4 | km Above ground.
0, 0,
Piping DN200 - Phase 2 0.4 |km 33kg/m, 75% SS316L4, 25% PUR/PE.
Above ground.
Valves for piping 21 000 | kg SS316
The offloading piping is above ground
and requires concrete foundations,
0z SIIEEs - Phese i both in phase 1 for the current harbour
site
Concrete 35 | me 60 pieces of 0,5 m3 supports plus one
larger support of 5 m3.
Reinforcement 4200 | K Reinforcement 120 kg per m?3 of
9 concrete.
02  Structures - Phase 2
Concrete 50 | me 90 pieces of 0,5 m3 supports plus one
larger support of 5 m3.
. Reinforcement 120 kg per m3 of
Reinforcement 6 000 | kg concrete.
03 Earthworks
Gravel and sand 243 | m3 Filling for temporary and more
permanent underlaying structures
Surplus material 18 | m3 Transported material off site
Excavation 140 | me Excavation for temporary and more
permanent underlaying structures
04 Power supply
Weight 200kg/km (thereof copper
Electrical cables 2| km 120kg/km), average cross-section
78,5 mm2 (thereof copper 12,5 mm2
or 16%).
‘ 05 Communication
‘ 06 Heaters
2 pieces, total 2600 kg. Shell side
Material Carbon steel / Tube side SS-
Heaters 2 600 | kg 304.
Assume 50/50 carbon steel /
stainless.
07 Vapor compressor
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Vapor compression of residual CO2
\Vapor compressor 3600 | k vapor, which must be done before the
P P 9 CO:z enters the tanks. Assumed
SS316
‘ 08 Offloading arms
Offloading arms 40 000 | kg Wel_ght assumed; different types
available.
’ 04 Storage tanks
‘ 01 Supporting facilities
‘ 01 Earthworks
Gravel and sand 12 680 | me Virgin material filling for 6 storage
tanks
Excess material 3600 | m3 Material transported from site
Excavation 16 280 | m3 Excavated material for 6 storage tanks
02  Structures Structures needed for the tanks
Concrete 2550 | m? 425 m3 for each of the 6 tanks.
Reinforcement steel 330 000 | kg 55.000 kg for each of the 6 tanks.
1.000 m2 per tank. Assumed to be
Concrete moulds 6 000 | m2 reused in other projects and wastage
assumed to be negligible.
: Stairs and platforms total weight
Stairs 0008 kg around tanks, SS304
‘ 02 Storage tanks
Steel plates 3000 000 ‘ kg ‘ 6 tanks, each 500 tons of carbon steel
‘ 03 Piping
. One DN600 pipe and two DN200
Piping B pipes, total 24,900 kg of SS316.
Valves 14 200 | kg Valves are SS316
04 Power supply
Weight 200kg/km (thereof copper
. 120kg/km), average cross-section
Electrical cables 8 < 78,5 mm2 (thereof copper 12,5 mm2
or 16%).
‘ 05 Communication
‘ 05 Pumping and vaporisation
‘ 01 Pumps
Injection pumps 9 600 | kg Total of 8 pumps, each 1,200 kg
Glycol pumps 7 200 | kg Total of 8 pumps, each 900 kg
Recovery compressor 3600 | kg SS316
2 identical compressors. Material not
Bog compressor 3000 kg confirmed, so SS316 assumed
‘ 02 Plate & frame exchanger
Plate & frame exchanger 70 000 | kg 4 Evaparalors, each 1./,500/kg;
Carbon steel
‘ 03 Vaporisers (heat exchangers)
. Shell side: CO2 — Material LTCS
Vaporisers (heat exchangers) B <o Tube side: water/glycol — Material CS




‘ 04 Superheater
Shell side: CO2 — Material LTCS
Superheater R <9 Tube side: water/glycol — Material CS
‘ 05 Power supply
Weight 200kg/km (thereof copper
. 120kg/km), average cross-section
Electrical cables 4 | km 78,5 mm2 (thereof copper 12,5 mm2
or 16%).
‘ 06 Communication
‘ 07 Other key equipment and materials
Purge tank 12 000 | kg 50 m3 SS316 tank
2 tanks, each 25m3 and 7,000 kg,
Glycol tank 14 000 | kg SS316
Glycol heater 5200 | kg 4 heaters, each 1,300 kg, SS316
Material in two 25m3 tanks and flowing
through pipes. Could be between 100-
3
Glycol . ™ 200 t. Approximated as ethylene
glycol production.
Piping 92 500 | kg All piping in key building, SS316L
Valves 55 400 | kg Valves inside key building, SS316L
. Stairs and platforms in and around the
Stairs and platforms 12 000 | kg key building, SS304
‘ 06 Pre-insulated gaseous pipeline
‘ 01 Piping
l 01 Earthworks
Gravel and sand 57790 | me Filling material f_or the pipelines
transported to site
Material loosening 132 016 | m3 Material loosening for excavation
Excess material 57 790 | m3 Excess material transported from site
Excavation 137 329 | m3 Excavated material for piping
Gaseous pipeline is underground and
02  Structures assumed to not require negligible
structures.
03 Piping
DN300 pipe 70kg/m; 81% SS316, 9%
Piping 8 | km PUR insulation and 10% PE plastic.
Underground
DN500 pipe 153kg/m; 81% SS316,
Piping 7.8 | km 9% PUR insulation and 10% PE
plastic. Underground.
‘ 04  Accessories
‘ 05 Pig launcher and receiver
Pig launcher and receiver ~ kg N_ot' assessed separately, included in
piping
‘ 02 Power supply
Weight 200kg/km (thereof copper
Electrical cables 1| km 120kg/km), average cross-section

78,5 mm2 (thereof copper 12,5 mm2
or 16%).
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Communication

Groundwater supply

‘ 01 Water wells drilling platform
Earthwork for all boreholes included in
ol s 08 Injection site
Same drill is used as for the injection
boreholes. Depth is assumed 50 m
and diameter around 16" (400 mm).
Steel casing is assumed to reach 20
02 Groundwater wells drilling & finalization tmhiglfrfgésllgomrpnmgﬁnrg?;zrggg ivsvall
assumed to reach to borehole bottom
(50 m), 350 mm thickness and wall
thickness 8 mm. Material is steel.
Pumps are capable of 150 L/s.
Groundwater wells 24 | wells Assume 2 per hub. Depth 50 m.
Water well volume 17 | md 26" diameter and 50 m depth
Total volume 411 | m3 Total volume of all groundwater wells
Same drill is used as for the injection
boreholes. Assume the same
. emissions per m3 of well volume as for
Emissions per groundwater well 8 [ tCOzeq injection bc?reholes i e the emissions
are scaled down based on the
borehole volume.
Transport of drill 0.3 | tCO2eq \?glilre:%down PSRl a TR TR
Portland cement 3.9 | tCO2eq \?glilricédown EEEEIO [EerEralE
Silicia flour 0.5 | tCOzeq \f’gli';dedown based on borehole
Wyoming bentonite 0.03 | tCO2eq \?glilri(ldown S IR
Perlite 0.03 | tCOzeq \?glilri%down based on borehole
Electricity use 3.4 | tCO2eq \?glilridedown based on borehole
Assume 20 m depth. Hole diameter
. 26", casing diameter 20" (500 mm),
Surface casing B kg assumed wall thickness 10 mm and
steel density 8000 kg/m3.
03 Piping
Earthwork for all boreholes included in
CON el 08 Injection site
No structures directly related to
 Silslics groundwater wells
03 Piping
‘ Piping 2 ‘ km ‘ PE100 plastic pipe, 67kg/m.
04  Accessories
‘ 04 Power supply
Weight 200kg/km (thereof copper
. 120kg/km), average cross-section
Electrical cables 3 [ km

78,5 mm2 (thereof copper 12,5 mm2
or 16%).
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Communication

‘ 06 Pumps
2 pumps by each of the 12 injection
Pumps 9760/ kg sites, each 240 kg, mostly SS
‘ 08 Injection site
‘ 01 Injection wells drilling platform
‘ 01 Earthworks

Gravel and sand 51 750 | m3 Filling material transported to site for
all injection sites

Filling material from cuts - roads 15 050 | m3 ;Itlggg TEETE o MRS (o7 [f=Een

Filling material from cuts - other 23 650 | m3 Filling material for injection sites

Filling material from cuts - total 38 700 | m3 Pl el e ineeiem Eles gl
roads

02 Injection wells drilling & finalization

Injection wells drilling & finalization 96 | wells 12 injection sites, each with 8 wells
Well depth assumed 800m with a
varying diameter with depth as

Injection well borehole volume 57 | m3 follows:
0-100m - D=17.5"
100-350m - D=12.25"
350-800m - D=9.87"

Total volume 5449 | m3 Total volume of all 96 injection wells
In the feasibility study, the emissions
from steel casings production were
assumed to be 157 tonnes CO: eq. for
a single well, based on a calculation
by Jardboranir. The calculation

Casing and gas pipe (per well) assumed dimensions of 350 m @ 13
1/2" section; casing thickness 10 mm;
assumed steel density 8000 kg/m3.
This is deemed to have been an
overestimate and is not used in this
assessment.

350 m deep casing with 10 3/4"
. . diameter (273 mm). Assume 273 mm
Production casing 20 900 | kgiwell diameter, 9,4 mm wall thickness and
steel density 8000 kg/m3
Depth 50-100 m and 14" (356 mm)
. diameter. Assume 100 m, 356 mm
Surface casing 9538 | kg/well diameter, 11 mm wall thickness and
steel density 8000 kg/m3
Assume 4,5" (110 mm) outer
Gas pipe 926 | ka/well diameter. Assume 300 m and wall
pIp 9 thickness 10,5 mm. Assume cross-
linked polyethylene (PEX).
Casing and gas pipe (total)
Production casing 2 006 437 | kg _Tc_JtaI _welght of production casings in
injection wells, carbon steel
Surface casing 915 636 | kg _Tc_JtaI _welght of surface casings in
injection wells, carbon steel
. Total weight of gas pipe in injection
Gas pipe 88 855 | kg wells, SS316
Other emissions per well 27 | tCO2eq | Source: Jaréboranir.
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Transport of drill 1.0 [ tCOz2eq | Source: Jardboranir.
Portland cement 13 | tCO2eq | Source: Jardboranir.
Silicia flour 1.6 [ tCOz2eq | Source: Jardboranir. For well casing.
Wyoming bentonite 0.1 | tCO2eq | Source: Jardboranir. For well casing.
Perlite 0.1 |tCO2eq | Source: Jardboranir. For well casing.
Source: Jardboranir. Drilled on
Electricity use 11 | tCO2eq | electricity which emits ~7% of
emissions from diesel driven drill rigs.
| 03 Piping
‘ 01 Earthworks Included in drilling platform, 08-01
No structures directly connected to
02  Structures piping included. Hub buildings in 04
Storage tanks.
03 Piping
T . Water pipeline to key building, PE
Piping - plastic R plastic, 2880 kg for each injection site
CO:z2 pipeline, ~90% CS, 10% PUR/PE
Piping - CS 36 000 | kg insulation, 3000 kg for each injection
site
CO:2 pipeline, ~90% CS, 10% PE, no
Piping and valves inside cellar 29 472 | kg insulation required inside, 2456 kg for
each injection site. DN65 and DN200
S Water pipeline, 3240 kg for each
Piping inside cellar 38 880 | kg injection site. SS316
‘ 04  Accessories
| 04 Underground injection hub building
‘ 01 Earthworks
Gravel and sand 1553 | m3 Filling material transported to site
Surplus material 2760 | m3 Material transported off site
Excavation 4313 | me Total excavation for 2+2+8 well
buildings
Estimated based on average emission
values per m? for commercial
02  Structures buildings, except concrete and steel
modelled separately. No insulation
required.
Number of hubs 12 | hubs
Floor area net 128 | m2
Floor area gross 141 | m2
Concrete (per hub) 250 | m3
Reinforcement steel (per hub) 30 000 | kg
Steel (per hub) 2 800 | kg
Assessed by assuming average
All other materials impacts per m2 for commercial
buildings in Iceland
05 Power supply
Weight 200kg/km (thereof copper
Electrical cables | km 120kg/km), average cross-section

78,5 mm2 (thereof copper 12,5 mm2
or 16%).
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Total weight 62000 kg (for 12 injection
hubs); oil 9000 kg, copper 7000 kg,

Transformers (hubs) R aluminium 1700 kg, core (steel) 13000
kg.
‘ 06 Communication
’ 09 Monitoring
‘ 01 Monitoring wells drilling platform
‘ 01 Earthworks Included in 08-01
‘ 02 Monitoring wells drilling & finalization
Monitoring wells drilling & 6 | wells 6 monitoring wells according to
finalization Feasibility study.
Well depth assumed 800m with a
varying diameter with depth as
Hole volume 25| m3 BOIl%V(\)/fn -D=12.25"
100-350m - D=8.5"
350-800m - D=6"
Total volume 150 | m3 Total volume of all monitoring wells
50-100 m, 13,5" (350 mm) diameter.
Casing (per well) 8 545 | kg/well | Assume 100m, 10 mm thick casing
and steel density 8000 kg/m3
Casing (total) 51 271 | kg
Same drill is used as for the injection
boreholes. Assume the same
o emissions per m?3 of well volume as for
Other emissions per well 12 1COzeq injection boreholes, i.e. the emissions
are scaled down based on the
borehole volume.
Transport of drill 0.4 [ tCO2eq \?glilri(ldown PSRl a TR TR
Portland cement 5.7 [ tCO2eq \?glilridedown DEEEEIOT [EEE e
Silicia flour 0.7 | tCOzeq \?gli';dedown based on borehole
Wyoming bentonite 0.04 | tCOzeq \?glilri(ldown based on borehole
Perlite 0.04 | tCOzeq \?glilri%down based on borehole
Electricity use 4.9 [ tCO2eq \?glilridedown based on borehole
There are no pipes coming to the
_ monitoring wells, this is probably
0e el negligible or only around the
monitoring wells.
‘ 01 Earthworks Included in 08-01
No structures directly connected to
02  Structures piping included. Hub buildings in 08-
04
‘ 03 Piping Assumed negligible.
‘ 04  Accessories Assumed negligible
‘ 05 Power supply
Electrical cables 1| km Weight 200kg/km (thereof copper

120kg/km), average cross-section
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78,5 mm2 (thereof copper 12,5 mm2
or 16%).

06 Communication
01 Piping
01 Earthworks
Gravel and sand 5200 | m? Assuming linear correlation from
3000m
. . Assuming linear correlation from
3
Material loosening 8840 | m 3000m
Excess material 5200 | m3 Material transported from site
. Assuming linear correlation from
3
Excavation 8840 | m 3000m
02  Structures Structures for pipeline are not
included.
03 Piping
For phase 3 the hot water pipe is
DN450. Total length 1500 m within
planned area, 1500 m to existing
Veitur network and 2200 m
Piping 5200 | km enlargement of the existing Veitur

network. The hot water pipe is a
normal insulated pipe with a plastic
sheathing, 93 kg/m DN450; steel 70
kg/m and the rest is 50/50 PUR and
PIE,

Transport (A4)

Gravel and sand 11 [ km Vatnsskard mine is assumed.
Steinsteypan in Hafnarfjorour is

Concrete 5| km assumed

Construction steel, reinforcement Mainland Europe assumed

steel, steel pipes, PE plastics, 3000 | km (GER/NED/POL)

pumps, other materials Truck 200 km + Ship 2800 km
Mainland Europe assumed (ITA)

Heat exchangers, superheaters 5300 | km Land 100 km + Sea 5200 km

. USA assumed
PVC, PP plastics 8000\ km | ek 4000 km + Ship 4000 km
. SE Asia (South Korea) is assumed
Electrical cables 24 000 | km Truck 400 km + Ship 20000 km

Excavated material

km

Excess material from excavation is
assumed to be utilized in another
construction work in the municipality,
3 km transport is assumed.

Construction (A5)
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Preparation of material for
excavation

Material is loosened in earlier phases
to prepare for excavation.
Approximate as 1 excavator

movement
Excavator movements 1 | movem.
Excavation, transport and use of AEDTDANELT €6 & EHEaElnr
material in ’roads gnd latforms THEET EUE e L b S 2t e
p average.
Transport km
Excavator movements 2 | movem.
Trenches for pipelines etc. are dug up
and the material is stored on the side.
Most of the material is shovelled back
Excavation into the trench but some excess
material is shovelled onto a truck and
used in another construction work
close by. Approximated as 2
excavator movements in both cases.
Excavator movements 2 | movem.
Production of material at mine,
shovelling onto truck, transport from
Virgin material mine (11 km) and shovelling on site.
Shovelling movements approximated
as 2 excavator movements.
Transport 11| km
Excavator movements 2 | movem.
Excess material from excavation is
Excess material assumed to be utilized in another
construction work in the municipality,
3 km transport is assumed.
Transport 3| km

Operation and maintenance (B)

Glycol

kgly

No losses can be assumed at this
stage

Other maintenance

No other maintenance is included in
assessment

Service life

30

years

Assessment period taken to be 30-
years, can be altered at later stages.
Equipment assumed to last around 15
years, meaning renewed once during
the assessment period.
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Service life of all equipment is
Equipment 15 | years assumed to be_15 years a_lnd has to be
replaced once in the service life of
project.
Water pipes 100 | years
. At least 50 years, probably closer to
Hot water pipes 50 | years 100 years.
Gas pipes 30 | years More uncertainty, at least 30 years.
Buildinas 50 | vears Service life of buildings is assumed to
g y be longer than of the project.

Electricity use

Assumed to scale linearly with the
amount of CO2 mineralized up to
Electricity use 7| MW 8,5MW in 3rd phase (3M tons COz2/y).
Assessed over the 30-year service
life.

Geothermal hot water use

In this assessment, the thermal
energy required for the key processes
is assumed to come from district
geothermal hot water in Iceland. Other
options for sources of thermal energy
should be considered in further
studies. Assumed to scale linearly
with the amount of CO2 mineralized
up to 400 GWh/y in 3rd phase (3M
tons CO2ly). Assessed over the 30-
year service life. Assume the average
emission factor for Reykjavik, based
on a weighted average of high-
temperature geothermal (from power
plant) and low-temperature
geothermal (from borehole). For high-
temperature geothermal, Hellisheidi
with current carbon capture and
mineralization is assumed, throughout
the service life.

Geothermal hot water use 342 222 222 | kWhly

On-site fuel use

Rough estimate of employee driving.

Diesel oil s Ly No other known fuel use in operation.

Rough estimate of employee driving.

Gasoline S Ly No other known fuel use in operation.

Water collection is on-site, energy use

Cold water use 100 000 000 | m/y is counted elsewhere

End of life (C) Egéjoﬁfnltlfe stage is not taken into

benefits outside system
boundary are not taken into account.

MINERALIZATION AND LEAKS

CO, mineralization
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Mineralization after assumed leakage

CO2 mineralization over service life 76 230 000 | tons (1%). See description for leakage
below.
Annual CO2 mineralization 2 541 000 | tonsly S\Zﬁg%ge EEr YA BRSS!

CO; leakage

Potential CO: leakage at various
stages in the supply chain has not
been estimated. A leakage of 1% is
arbitrarily assumed in this assessment
Assumed CO:2 leakage percentage 1.0 | % for illustrative purposes. To put into
context, it is equivalent of 22 storage
tanks completely emptying over the
service life. Must be considered in
more detail in further study.

Assumed COz leakage over

S 770 000 | tons 1% of imported CO2 assumed lost
service life

Assumed annual CO: leakage 25 667 | tons 1% of imported CO2 assumed lost
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4 |mpact assessment (LCIA)

4.1 Overall impacts and benefits

As shown in Figure 3, the total global warming impacts and benefits assessed over a service life
of 30 years are emissions of 4 100 million kg CO- equivalents and mineralization of 76 200 million
kg CO:2 eq., i.e. a net reduction of 72 100 million kg CO- eq. In terms of the functional unit, the
emissions are 54 kg CO: eq. per ton CO, mineralized, or a net reduction of 946 kg of CO; eq. in
the atmosphere per CO, mineralized. This includes everything within the system boundary, i.e.
ship transport of CO; to Iceland, buildings, equipment, pipelines and infrastructure at the Coda
Terminal, energy use of the plant, assumed CO: losses and mineralization of CO..

10000
0
-10000
-20000
=3
o)
N
S
o -30000 CO, leakage (1% assumed)
S m Core - Operational Energy
= m Core - Construction and Equipment
£ -40000 quip
a Upstream - Shipping CO,
% CO, mineralization
-50000
-60000
-70000
-80000
Figure 3 Total global warming impacts and benefits of assessed life cycle. This includes ship

transport of CO2 to Iceland, buildings, equipment, pipelines and infrastructure at the
Coda Terminal, energy use, assumed CO:zlosses and mineralization of CO..

The global warming impacts and benefits are dominated by the CO2 mineralization, followed by
ship transport, and then assumed CO; leakage. The global warming impacts of construction and
operation of the Coda Terminal plant are much lower.

For better visualization, figure 4 shows the same graph broken into separate columns.

25



10.000

-10.000
-20.000
-30.000
-40.000
-50.000
-60.000

-70.000

Overall GWP (million kg CO, eq)

-80.000

-90.000

Figure 4

3.150 159

770

Upstream - Shipping  Modules A1-A5 and

CO, B2-B7

-76.230

Assumed CO, leaks CO, mineralization

(1%)

Total global warming impacts and benefits of assessed life cycle. This includes ship
transport of COz2 to Iceland, buildings, equipment, pipelines and infrastructure at the
Coda Terminal, energy use, assumed COzlosses and mineralization of COs2.

Figure 5 shows the total global warming impacts, excluding the benefits of CO, mineralization.
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GWP per functional unit
(kg CO,-eq/ ton CO, mineralized)

u CO, leakage (1% assumed)

m Core - Operational Energy

m Core - Construction and Equipment
= Upstream - Shipping CO,

Total global warming impacts of assessed life cycle, excluding the benefits of

mineralizing COz. This includes CO2 ship transport, buildings, equipment, pipelines
and infrastructure at the Coda Terminal, energy use and assumed CO:zlosses.
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4.2 Core module impacts (Coda Terminal CO2 mineralization plant)

4.2.1 Construction (A) and operation (B) of the Coda Terminal plant

The global warming impacts of the core module, i.e. construction and operation of the Coda
Terminal CO2 mineralization plant, are 159 million kg of CO; eq. over its service life, or 2.1 kg CO2
eg. for every ton CO, mineralized. This includes the product stage, construction stage and use
stage but excludes ship transport of CO; to Iceland, assumed CO; losses and CO; mineralization.

Figure 6 shows how the core module impacts are divided between the building life cycle stages.
The majority belongs to the use stage, 121 million kg of CO, equivalents or 1.6 kg CO, per ton
CO2 mineralized. The global warming impacts of construction (building life cycle stages A1-A5) are
38 million kg CO»-eq. or 0.5 kg CO- eq. per ton CO, mineralized.
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Figure 6 Global warming impacts of the Coda Terminal CO2 mineralization plant (core module)

categorized into building life cycle stages. Maritime CO:2 transport, assumed CO:2
losses and CO2 mineralization are not shown in this figure.
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Processes were categorized into categories that they pertain to, that is boreholes, buildings,
equipment, piping, storage tanks, energy use and other (such as roads and fencing). Figure 7
shows the global warming impacts of the Coda Terminal plant divided into these categories.
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Storage Borehole Building Energy Equipment Other Piping
Tanks
Figure 7 Global warming impacts of the Coda Terminal COz mineralization plant (core module)

divided into categories. The energy category is entirely within life cycle stage B,
whereas others are divided between A and B. Everything within equipment is renewed
once in the 30-year analysis period. Maritime COz transport, assumed CO2 losses and
CO2 mineralization are not shown in this figure.
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Figure 8 shows a more detailed categorization where these processes are themselves divided into
building life cycle stages A1-A3, A4-A5 and B.

Portion of overall GWP (excluding B1)
0% 20% 40% 60% 80%
Recycling (D) 0%
C) 0%
Other (B) 0%
Storage Tanks (B) 0%
Piping (B) 0%
Equipment (B) 0,74%
Energy (B) 76%
Building (B) | 0,36%
Borehole (B) | 0%

Other (A4-A5)  0,001%

Storage Tanks (A4-

A5) | 0,45%

Piping (A4-A5) B 1,5%
D Recycling and reuse (Outside scope)

Equipment (A4-A5) = 0,04% C End of life (Outside scope)

Building (A4-A5) | 0,50% B Use stage

A4-A5 Construction Process Stage

ERCEN

- 0,
Borehole (A4-A5) W 1,8% A1-A3 Product stage

Other (A1-A3) M 1,8%

Storage Tanks (Al-
A3) . 49%

Piping (A1-A3) I 9%
Equipment (A1-A3) 1 0,71%
Building (A1-A3) 0 1,0%
Borehole (A1-A3) B 1,2%

0 0,5 1 1,5
GWP per functional unit (kg CO,-eq / ton CO, mineralized)

Figure 8 Detailed categorization of global warming impacts of Coda Terminal CO2
mineralization plant (core module) by both life cycle stage and the pertaining category.
Life cycle stages C and D are outside the scope of this analysis. Maritime CO:2
transport, assumed COz2 losses and CO2 mineralization are not shown in this figure.
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4.2.2 Construction (A) of the Coda Terminal plant

As energy use weighs heavily in the impacts of the core module, following are graphs for the
construction only, i.e. the material and equipment production (stages A1-A3), transport of materials
and the construction itself (A4-A5). Figure 9 shows how the impacts of construction of the Coda
Terminal are divided according to the project work breakdown structure, as shown in the LCl in
table 1. The plan with the greatest impact is 08 — Injection site, which includes earthwork, drilling
and steel for 96 injection wells and 12 injection hub buildings.
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Figure 9 Global warming impacts of construction of the Coda Terminal (stages A1-A5)
categorized by the project work breakdown structure as described in the LCI. Maritime
CO:2 transport, operation (life cycle stage B), assumed CO: losses and CO:2
mineralization are not shown in this figure.
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Figure 10 shows how the construction of the Coda Terminal plant (A5) is divided by both the life
cycle stages (A1-A3 and A4-A5) and the categories that the processes pertain to. Piping within
A1-A3 has the highest impact and includes all steel, plastics and insulation material for all piping
on site. Boreholes have the highest impact within A4-A5 as impacts of earthwork are more evident.

Portion of GWP for Life cycle stage A
0% 5% 10% 15% 20% 25% 30% 35% 40% 45%

Other (A4-A5) = 0,005%
Storage Tanks (A4-A5) [l 1.9%
Piping (A4-A5) I 6.4%
Equipment (A4-A5) | 0,2%
Building (A4-A5) [l 2.1%
Borehole (A4-A5) I 7.7%
other (A1-A3) GG 7.6%
storage Tanks (A1-A3) [IINEGTNNEGEGEGEGEEEEEEEEEE 1%
Piping (A1-A3) [ 1%

i - 0,
Equipment (A1-A3) - 3.0% . A4-A5 Construction Process Stage

Building (AL-A3) - 4.4% . A1-A3 Product stage

Borehole (A1-A3) [ 5.1%

0 0,05 0,1 0,15 0,2
GWP per functional unit (kg CO,-eq / ton CO, mineralized)

Figure 10 Detailed categorization of global warming impacts of construction of the Coda
Terminal plant (stages A1-A5) by both life cycle stage and the pertaining category.
Maritime COz transport, operation (life cycle stage B), assumed CO: losses and CO2
mineralization are not shown in this figure.
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4.3 Scenario analysis: Mineralization plant location

The main LCA model assumes that the CO; mineralization plant is located in Straumsvik,
Hafnarfjérour, Iceland. In a scenario analysis, two additional location scenarios were considered,
that is, Nagasaki, Japan and Wallula, Washington, USA. Figure 11 shows the total global warming
impact of each scenario, excluding the benefits of CO, mineralization (corresponding to what was
shown in figure 5). The modelled scenarios differ in the emission factor and transport of steel for
construction, in CO; transportation distances and method (maritime or pipeline), and in the source
of electric and thermal energy used in the CO. mineralization plant (geothermal hot water or
biogas). Description of the assumptions behind the scenarios can be found in chapter 2.10.
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Figure 11  Total global warming impacts of the assessed life cycle excluding the benefits of
mineralizing CO2, shown for the three location scenarios: Straumsvik (Iceland),
Nagasaki (Japan) and Wallula (Washington, USA). This includes CO:2 ship transport,
buildings, equipment, pipelines and infrastructure at the Coda Terminal, energy use
and assumed COzlosses.

As shown in figure 12, the total GHG emissions (excluding CO; mineralization) of each scenario
are 4080 million kg CO2-eq., 4770 million kg CO2-eq, and 2590 million kg CO2-eq., respectively,
for Straumsvik, Nagasaki and Wallula. When the benefits of CO, mineralization (-76 230 million kg
COy-eq.) are taken into account, there is a net reduction of 72 150 million kg CO2-eq., 71 460
million kg CO»-eq., and 73 640 million kg CO2-eq. in the atmosphere, respectively, for Straumsvik,
Nagasaki and Wallula.
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Figure 12

Net global warming impacts and benefits of the assessed life cycle, shown for the three
location scenarios: Straumsvik (Iceland), Nagasaki (Japan) and Wallula (Washington,
USA). This includes CO2 ship transport, buildings, equipment, pipelines and
infrastructure at the Coda Terminal, energy use, assumed CO:2 losses and CO:
mineralization benefits.
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5 Interpretation

This LCA study assesses the GWP impacts of a CO; transport and mineralization. More
specifically, it considers ship transport of CO,, CO,, liquid offloading, gasification, pipeline transport
and injection into basalt with water. CO, capture, liquefaction and ship loading activities abroad
were not considered in this LCA. The CO capture is potentially an energy and emission intensive
step and will depend on where the CO; is captured, the CO2 concentration, waste heat availability
etc. Interpretation of the results should therefore acknowledge that CO, capture, a potentially
important step in the value chain, was outside scope of the assessment.

As shown in figure 3 in chapter 4.1, the overall result of the LCA is a net reduction of CO; in the
atmosphere by 72 100 million kg CO eq. over the assumed service life of the project®. The
emissions arising from CO transport, construction and operation of the Coda Terminal plant and
from an assumed 1% CO- leakage, are 54 kg CO: eq. per ton CO, mineralized. This means that
there is a net reduction of 946 kg of CO; eq. in the atmosphere for every 1000 kg of CO;
mineralized®. Most of these emissions are due to ship transport and the assumed 1% leakage.

According to this LCA results, it would take 30 days of operation for the plant to fully neutralize the
emissions from constructing the plant, including the emissions from maritime CO, transport, from
the plant’s operation and the assumed leakage (for these first 30 days)®°. This is assuming that in
the first year 500.000 tons of CO; are imported to be mineralized. If, however, the terminal would
operate at full phase 3 capacity from the first day, the emissions would be neutralized within 5
days. Figure 13 shows the impacts of mineralization over the first eight years of operation.
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Figure 13 Global warming potential payback time for construction occurring at year 0.°

Shipping of carbon dioxide is a key process in this LCA assessment. Shipping emissions constitute
77% of the total global warming impacts when CO> mineralization is excluded (figure 5). The CO-
emissions from operating the tanker ships are in the range of 4-5% of the CO; that they are
transporting. These emissions are based on the assumption of diesel-powered tanker ships that
use 273 tons of diesel / gas oil for a 2173 km long trip (one-way), which is derived from assumptions
made in the Coda Terminal Innovation Fund application. This seems like a very conservative

9 The scope of the study did not include CO: capture and liquefaction, which are potentially important
steps in the value chain. This should be kept in mind when the results are interpreted.
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assumption because generic maritime tanker transport processes in GaBi assume a much lower
fuel use. This assumption for fuel use should be reviewed in further assessment. Ship sizes, fuel
types and shipping distances are all factors that play a big role in determining the impacts of
shipping. The emissions could be reduced in further development of the project by using methanol
as fuel or climate neutral fuels.

The construction and operation of the Coda Terminal (core module) was considered specifically in
chapter 4.2, where ship CO- transport, CO- losses and CO> mineralization have been excluded.
When considering the construction and operation of the plant only, the operational energy use of
the Coda terminal has the most global warming impact (76%). This could potentially decrease
during the analysis period, as footprint of energy production will decrease over these years,
especially with increased use of carbon capture and mineralization at the Hellisheidi geothermal
power plant. Utilization of waste heat, for example from nearby heavy industry could also cut down
the operation energy use impacts. When considering materials production, transport and
construction (A1-A5), then pipelines account for most of the impacts (47%), which include
earthwork required for these pipelines, material production and transportation to the site. Storage
tanks account for 23% of A1-A5 impacts, requiring a lot of steel, concrete and rebar for the
supporting structures. The impact of the buildings is 7% of A1-A5 impacts and include the key
building, the reception building, the jetty building and 12 well buildings. The equipment is 3% of
the Al1-A5 impacts. Most equipment is at this stage approximated as steel and omits the
manufacturing process of the equipment. This should be considered in more detail when more
information about the equipment will be available at later stages of the project.

Potential CO; leakage at various stages in the supply chain has not yet been estimated. But instead
of neglecting possible CO; leakage in the assessment, a leakage of 1% was arbitrarily assumed.
To put into context, that is equivalent of 22 storage tanks completely emptying over the service life
of the project. In later phases of this project, an assessment of carbon leakage during key
processes must be considered in further detail. This could include accidental releases such as
accidents at sea, holes or ruptures on piping and/or tanks as well as releases during regular
operation such as boil off of cryogenically stored liquid CO- or releases from boreholes.

The scenario analysis in Figure 11 shows that the location and thermal energy source of the
mineralization plant does have a large influence on the gross CO, emissions. The benefits of CO,
mineralization (CO2 emission removal) are, however, an order of magnitude larger than the gross
CO; emissions. Differences in emissions due to location and thermal energy source therefore
become insignificant when the benefits of CO2 mineralization are considered, that is when the net
CO;, emissions/removals are calculated. Figure 12 shows that when the benefits of CO;
mineralization are considered, the net reduction of CO; in the atmosphere for the scenarios is in
the range of 71 500 — 73 600 million kg CO2 eg®. The considered scenarios assume either
geothermal hot water or biogas as a source of thermal energy. Other sources of thermal energy
could influence the results. Different maritime CO- transport distances could also influence the
results. Emission factor of steel has a very minor influence.
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Appendix 1 — Five top risks

Risk category | Risk identification

General - Which major accident can occur?
Accident and .
) e Terrorism
disaster .
e Hazardous substances (toxic
control
substances)
e Fire
¢ Natural hazards, e.g.: eruptions,
lightning, weather, storms and
cold, lava flows, geothermal
hazards, earthquake, gases and
volcanic pollution, ash fall.
e Other major accidents
Occupational | How is it ensured that indoor air will
health - Work | be comfortable for all users of

environment | buildings, adequate ventilation,

Risk item

Extreme weather or natural
hazards. Activities that are optimal
in the summer (earthworks,
cladding, concrete...) occur in the
winter under conditions that further
delay the project. Can cause
additional cost and/or delays.

Ship not able to deliver CO2 due to
extreme weather

Equipment damaged due to
weather, frost.

o Performance temporarily
reduced.

Safety of staff

Potential capital cost to fix
equipment

Not sufficient ventilation, e.g. in
cellars.

Control

1)

2)

3)

4)

5)

6)

Operations relying on weather scheduled to not
occur over winter period.

In the unlikely event of natural hazards, project
management team to define an action plan
aimed at minimizing delays in timeline while
ensuring health and safety of staff and integrity
of assets.

Assess and plan for some margin in the system
(some over dimensioning or some margin in the
capacity of equipment) to compensate for
variation in CO2 supply

Equipment designed to stand extreme weather
conditions. Operation procedures to protect
equipment when needed.

In the unlikely event of natural hazards,
operators will define an action plan aimed at
minimizing effect on operations while ensuring
health and safety of staff.

Emergency shutdown system implemented in
process design.

Ventilators will be in all cellars and closed areas, shall

be used for some time before arrival of personnel.



Occupational
health - Work
environment

Safety -
Occupational
safety

Project
management

without drafts, clean fresh air and
location of air intake suitable?

Are indoor jobs expected to cause
unhealthy circumstances or pollution,
treatment of flammable or explosive
air mixtures?

Will project operation or construction
result in inter-relations between
construction activities and operation
activities?

e For example, if a part of a new
building is taken into operation
even though the building is not
finished.

Infrastructure not ready in time.

Human mistakes or equipment
failure.

Explosive atmospheres can be
caused by flammable gases, mists
or vapours or by combustible dusts.

Air pollution is a major cause of
premature death and disease and is
the single largest environmental
health risk in Europe.

Accident due to electricity

New harbour outside of Carbfix's
scope - lack of coordination or
project not a priority at the harbour’s
authorities.

* Project delayed until harbour is
ready

Have oxygen masks in those areas as a safety to be
able to save injured personnel.

Ventilators will be in all cellars and closed areas, shall
be used for some time before arrival of personnel.

Have oxygen masks in those areas as a safety to be
able to save injured personnel.

Spaces should be located only where the air can be
cleaned or ventilated and soiled off the air.

Lockout- Tagout-procedures
Work permit procedure.

Take into account the possibility for changes and
additions.

1) Engage into dialogue with the parties and clearly
communicate with them on the importance of
having infrastructure ready in time.

2) Ensure close cooperation between the parties
(Carbfix, Consultant, transport company, harbour
authorities).

3) Monitor progress.



VIDAUKI VI

256



Farin var vettvangsferd @ ahrifasveedi Coda Terminal i september 2022 og i dgust 2023 og ljosmyndar teknar af
vistgerdum.

MYND 1 Mosahraunavist. MYND 2 Mosahraunavist.
Hnit: 64°01'16.960" N -21°57'46.400" V Hnit: 64°01'16.900" N -21°57'46.329" V

MYND 3 Mosahraunavist.

Hnit: 64°01'16.990" N -21°57'46.479" V MYND 4 Mosahraunavist.

Hnit: 64°01'17.010" N -21°57'46.440" V



MYND 5 Mosahraunavist. MYND 6 Mosahraunavist.
Hnit: 64°01'17.010" N -21°57'46.440" V Hnit: 64°01'17.070" N - 21°57'46.419" V

MYND 8 Horft yfir kjarrskégavist.

MYND 7 Mosahraunavist. :
Hnit: 64°01'11.820" N -21°5810.620" V

Hnit: 64°01'17.040" N -21°57' 46.440" V



MYND 9 Kjarrskdgavist.

. MYND 10 Kjarrskogavist.
Hnit: 64°01'12.100" N -21°58'11.190" V

Hnit: 64°01'12.150" N -21°58'11.439" V

MYND 11 Kjarrskégavist

Hnit: 64°01'12.320" N -21°58'12.630" V MYND 12 Kjarrskogavist.

Hnit: 64°01'12.320" N -21°58'12.630" V



MYND 13 Kjarrskégavist. MYND 14 Kjarrskdgavist.
Hnit: 64°01'12.340" N -21°58°12.550" V Hnit: 64°01'12.320" -21°58'12.740" V

MYND 16 Kjarrskdgavist.
Hnit: 64°01'12.290" N -21°58'12.900" V

MYND 15 Kjarrskdgavist.
Hnit: 64°01'12.320" N -21°58'12.889" V



MYND 17 Kjarrskégavist. MYND 18 Kjarrskogavist.
Hnit: 64°01'02.130" N -21°58'07.190" V Hnit: 64°01'02.180" N -21°58'07.150" V

MYND 20 Kjarrskdgavist.

MYND 19 Kjarrskdgavist. :
Hnit: 64°01'15.590" N -21°59'15.780" V

Hnit: 64°01'15.420" N -21°59'15.820" V



MYND 21 Kjarrskégavist. MYND 22 Kjarrskogavist.
Hnit: 64°01'15.560" N -21°59'15.749" V Hnit: 64°01'15.450" N -21°59'15.500" V/

MYND 24 Kjarrskdgavist.
Hnit: 64°01'15.530" N -21°59'15.280" V

MYND 23 Kjarrskdgavist.
Hnit: 64°01'15.530" N -21°59'15.200" V



MYND 25 Kjarrskogavist. MYND 26 Kjarrskogavist.
Hnit: 64°01'15.500" N -21°59'15.309" V Hnit: 64°01'15.500" N -21°59'15.370" V/

MYND 28 Lynghraunavist.
Hnit: 64°01'13.310" N -21°59'39.850" V

MYND 27 Lynghraunavist.
Hnit: 64°01'12.840" N -21°59'38.990" V



MVYND 29 Lynghraunavist. MYND 30 Lynghraunavist.
Hnit: 64°01'13.360" N -21°59'39.999" V it 64°01113.360" N -21°59'41.439" \

MYND 32 Lynghraunavist.

MYND 31 Lynghraunavist. :
Hnit: 64°01'13.860" N -21°59'40.419" V

Hnit: 64°01'13.550" N -21°59'40.819" V



MYND 33 Kjarrskdgavist.

. MYND 34 Kjarrskogavist.
Hnit: 64°01'04.050" N -22°00'10.299" V

Hnit: 64°01'04.080" N -22°00'10.270" V

MYND 35 Kjarrskogavist.

Hnit: 64°01'04.020" N -22° 00" 10.26000000" W MYND 36 Kjarrskogavist.

Hnit: 64°01'04.080" N -22°00'10.209" V



MYND 37 Mosahraunavist. MYND 38 Mosahraunavist.
Hnit: 64°00'51.200" N -22°01'11.619" V Hnit: 64°00'51.220" N -22°01'11.269" V

MYND 40 Horft yfir mosahraunavist.
Hnit: 64°01'29.240" N -21°59'29.960" V

MYND 39 Horft yfir mosahraunavist.
Hnit: 64°01'29.240" N -21°59'29.990" V



MYND 41 Mosahraunavist. MYND 42 Lynghraunavist.
Hnit: 64°01'29.240" N -21°59'29.950" V Hnit: 64°02'01.950" N -22°01'55.470"

MYND 44 Lynghraunavist.

MYND 43 Lynghraunavist. :
Hnit: 64°02'01.920" N -22°01'55.639" V

Hnit: 64°02'01.920" N -22°01' 55.549" V



MYND 45 Lynghraunavist. MYND 46 Lynghraunavist.
Hnit: 64°02'01.150" N -22°01'55.819" V Hnit: 64°01'52.610" N -22°02'04.629" V

MYND 48 Kjarrskdgavist.

MYND 47 Lynghraunavist. :
Hnit: 64°01'44.479" N -22°02'08.880" V

Hnit: 64°01'52.610" N -22°02'04.629" V



MYND 49 Kjarrskégavist. MYND 50 Kjarrskogavist.
Hnit: 64°01'43.460" N-22°02'09.819" V Hnit: 64°01'43.460" N -22°02'09.809" V

MYND 52 Kjarrskdgavist.
Hnit: 64°01'43.439" N -22°02'10.510" V

MYND 51 Kjarrskdgavist.
Hnit: 64°01'43.84999920" N -22°02'10.939" V



MYND 53 Kjarrskdgavist. MYND 54 Kjarrskégavist.
Hnit 64 01'43.460" N -22°02'10.330" V Hnit: 64°01'43.460" N -22°02'10.629" V

MYND 56 Lynghraunavist.

MYND 55 Lynghraunavist. :
Hnit: 64°02'17.800" N -22°02'42.209" V

Hnit: 64°02'17.800" N -22°02'42.200" V



MYND 57 Lynghraunavist. MYND 58 Lynghraunavist.
Hnit: 64°02'07.630" N -22°02'50.240" V Hnit: 64°02'07.580" N -22°02'50.730" V

MYND 60 Lynghraunavist.

MYND 59 Lynghraunavist. :
Hnit: 64°01'52.420" N -22°03'08.700" V

Hnit: 64°01'52.450" N -22°03'08.750" V



MYND 61 Lynghraunavist. MYND 62 Lynghraunavist.
Hnit: 64°01'52.450" N -22°03'08.750" V Hnit: 64°01'50.190" N -22°03'15.300" V

MYND 64 Lynghraunavist.
Hnit: 64°01'43.520" N -22°03'30.290" V

MYND 63 Lynghraunavist.
Hnit: 64°01'51.680" N -22°03'09.479" V



MYND 65 Lynghraunavist. MYND 66 Lynghraunavist.
Hnit: 64°01'43.489" N -22°03'30.089" V Hnit: 64°01'43.489" N -22°03'30.070" V

MYND 68 Lynghraunavist.

MYND 67 Lynghraunavist. :
Hnit: 64°01'43.460" N -22°03'29.919" V

Hnit: 64°01'43.460" N -22°03'30.049" V



MYND 69 Lynghraunavist. MYND 70 Lynghraunavist.
Hnit: 64°01'49.149" N -22°03'46.509" V Hnit: 64°01'49.1800" N -22°03'46.519" V/

MYND 72 Lynghraunavist.

MYND 71 Lynghraunavist. :
Hnit: 64°01'49.400" N -22°03'46.869" V

Hnit: 64°01'49.310" N -22°03'46.540" V



MYND 73 Lynghraunavist. MYND 74 Lynghraunavist.
Hnit: 64°01'48.759" N -22°03'47.859" V Hnit: 64°01'49.400" Nn-22°03'46.919" V/

MYND 76 Lynghraunavist.
Hnit: 64°02 03.099" N -22°0327.460" V

MYND 75 Lynghraunavist.
Hnit: 64°01'48.849" N -22°03'47.720" V



MYND 77 Lynghraunavist. MYND 78 Lynghraunavist.
Hnit: 64°02'03.210" N -22°03'27.420" V Hnit: 64°02'03.239" N -22°03'27.140" V

MYND 80 Lynghraunavist.
Hnit: 64°02'03.210" N -22°03'27.090" V

MYND 79 Lynghraunavist.
Hnit: 64°02'03.239" N -22°03'27.159" V



MYND 81 Lynghraunavist. MYND 82 Lynghraunavist.
Hnit: 64°02'11.640" N -22°03'05.760" V Hnit: 64°02'11.810" N -22°03'05.870" V

MYND 84 Lynghraunavist.

MYND 83 Lynghraunavist. :
Hnit: 64°02'12.059" N -22°03'05.810" V

Hnit: 64°02'11.810" N -22°03'05.870" V



MYND 85 Lynghraunavist. MYND 86 Lynghraunavist.
Hnit: 64°02'12.220" N -22°03'05.150" V Hnit: 64°01'43.489" N -22°03'30.070" V

MYND 88 Lynghraunavist.

MYND 87 Lynghraunavist. :
Hnit: 64°01'43.460" N -22°03'29.91 V

Hnit: 64°01'43.460" N -22°03'30.049" V
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