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ABSTRACT

Injection of CQ and HS emissions from thilellisheidi Geothermal Power Plant, SWeland, as part of the CarbFix projetasbeen

taking place in the Hismdli reinjection zosece 2014To study the fate of the dissolved €and HSin the geothermal reservoir, a
largescale threelimensional model centered on the Husmudli reinjection zone and the nearby Skardsmyrarfjall production zone is
currently being developed. This model will be used to investigate thepfidim of the injectedluid, the depth to which the injected fluid
circulates, and the geochemical reaction between the injected acidic fluid and the basaticknalsing the flow path.

Injection ofseparated watdrom the power planstarted at the Hasmli injection site2011 and @racer test was conductedthé site

in 20132015. Simple flow path models using tracer recovery data from that test indicate that production wells exhibiting sigrdécant
recovery could be seriously affected by the injection of cooler fluids (cooling of up30°25. However, moniting data collected since
largescal e reinjection started at HYas m¥%l i in |l ate 2011 whowlesnodt
contradicts the cooling predictions of these simple models. This indicates that a moexaep@sentation of the subsurface at Hasmali

is required to model the flow of the injected fluid.

The work here presents the preliminary efforts to constraint the pure water flow model against the 2013 tracer tetaluatasangi

the TOUGH2 norisothermal flow simulator. It was found that to match the tracer returns, strong anisotropy controlled by large
extensional and strikslip faults is necessary in the model, which act as preferential pathways for the fluid. In addition, it was found that
a dua porosity approach was required to replicate the fast and strong recovery of tracers found in wells at Skardsmyrarf@hotdihe

of Multiple Interacting Continua (MINC), a generalization of the ehmiosity concept used here, allows for a better nizaer
approximation of the flow in a fractured continuum and includes transient franaire interactions.

This work will be used as the basis fofuily coupledreactive transport model to capture the mineralization processes of the injected,
dissolvedCOz and HS along the flow path, and &stimatethe extent of the effective storage area of the basaltic host rock at Husmali.
The impact of longerm reinjection of separated water on the Skardsmyrarfjall production area is also of interest heredd@lhiglim

be used to estimate any potential adverse effects on the enthalpy of production at Skardsmyrarfjall as part of thearsgencentnof

the Hellisheidigeothermal resource.

1. INTRODUCTION

Carbon capture and storage (CCS) technolagies corhination of technologies which captures and storesu@@erground preventing
its release into the atmospheB€ Sis akey in the transition to a lowarbon future antloldsa large role in the global response to climate
change(IEA, 2016) Thetechnologydeveloped by the CarbFix project incasthe injection of dissolved COnto fractured rock$or
mineral sequestratiofMatter et al, 2016) The benefits aréwofold; once dissolved, the gases are no longer buoyans,reducing
potential leakage to éhsurfaceand the dissolvedgases are more reactive thusreasing thespeed of the C&H2S mineralization
processaswithin the fracturednedium(Matteret al, 2016) In 2014, following the success of the CarbFix pilot injecti(vatteret al,
2016) the project was scaled up, as part of the EU funded CarbFix2 project. Since then, injection of otherwise emandd¥3thas
been an integral part of the operations atb#isheidi Geothermal Power Plant in SWeland(Figurel). At current rate, about 10,000
tonnes of C@are injected annually along wittbout5,000 tonnes of ¥§, but this amounts to about 30% of the @&missions and about
70%of the HS emis®ns from the plan(Sigfussoret al, 2018) The injection takes place at the CarbFix2 injection site in Hasmudli, in
the northvesern part of thédellisheidigeothermal field, where the G®I2S-charged fluid is injected into the fractured basaltic reservoir
from well HN-16 (Figure?2).

Numerical modeling plays an important role in the CarbFix projectmsvides tools to predict and optimize letegm management of
the injectionof the dissolved gassandensure the safety difiis carbon storage technologihe ability to nodel the fate of the injected
CQOzas well as to quantify the amount of £at carbe mineralized islsobeneficialto increasehe overaliconfidence irthe effective
long-termsequestrationf COp.

The aim of this paper i® present the preliminary work on the development on aséale threelimensional model of the reactive
transport of dissolved mixture of G@nd HS atHUsmuli This include the development offaeedimensionalpure water flow model
centered on thelismuli reinjection zone and the nearby Skardsmyrarfjall produretina. Thisnodel is used tanderstand the influence
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of the tectonicstructuresfound in the subsurfacat Hismuli on theflow-path of the injected fluid and to estimate the hydrological
parameters of the modetquired to match the available field dafdne modelis calibrated againgtecovery curves from a tracer test
conductedn 2013 prior to the CQinjection Thefocuswill be on the tracer injection from well HW7 and recovery cues from wells
HE-31, HE48, HE44, HE33, HE46, and HEOS in theSkardsmyrarfjalarea This is becauseell HN-17 intersecs the same structures
asthe injection well currently used for the gas injection, wil-16, and the recovery return from HN are characteristic dhe flow
pattern aHUsmuli

The programemployedfor the numerical simulatiois the TOUGH2software packagedeveloped at the Lawrence Berkley National
Laboratory(Pruess, 1991)The program is widely used for geothermal applicatiand is used for the overall model of the Hengill
geothermal systerfGunnarssort al, 2011) The TOUGH2 simulatoas implemented iforward mode in the iTOUGH2 program, was
usedhere(Finsterle 2007)A range of softwaréLeapfrog Geothermalnd pythorscripting tools using the pythdibrary pyTOUGH
(Croucher, 2015andCroucher 2015 werealsocombinedto handle the preparation, running, graphical {pestessing and analysis of
the TOUGHZ2 model which allows minimal manual input editing.

2. GEOLOGICAL CONTEXT

2.1 Regionaland Tectonic Settings

TheHellisheidigeothermal field lies within the Hengill volcanic system of the western volcanic(¥dvig) in SW-Iceland (Figurel).
Hengill volcaniccenter idocated at a triple junction where two active rift zones meet a seismically active transforrit ®loezated
between th&Vestern Volcanic Zone (WVZ), tiReykjaneseninsula Rift (RPR and theSouth Ieland Seismic ZongsIS2) (Figurel).
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Figure 1. Geological map of Iceland showing the location of the active riftvolcanic, and transform zones(WVZ = Western
Volcanic Zone,RPR = Reykjanes Peninsula RidgeMNZ = Middle Volcanic Zone, EVZ = Eastern Volcanic Zone, NVZ =Northern
Volcanic Zone, SISZ = South Iceland Seismic ZondFZ = Tjérnes Fracture Zone). The black box shows the location fothe
Hellisheidi Geothermal Field.

The Hengillcentral volcands a complex of fissure swarms and volcanmesuilting fromrifting tensional forcesausingmagmaic
intrusiors and the formation of grabenstructureparallel to the riffHardarsoret al, 2010) It occupies the central part of a-600 km
long and 35 km wide volcanic NESW trending fissure swarifrranzsoret al, 2010) The rift spreads at an average speedhafut2
cm/year andNNE rift-parallel normal faults, eruptive fissuresid dyles develop within the fissure swarlRormal faulting is prominent
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throughout this systemnd he cumulative vertical displacement of the normal faults in the Hengilreaehe200 m (Khodayaet al,

2015)

TheHengill volcanic systeris at the intersetion of the rift fissure swarm and the transform zone of STB2 SISZ is oriented EWW, is
about 1015 km wide and 780 km long and takes up the transform motion betwleeiWVestern (WVZ) and the Eastern Rift (EVZhe
left strike slip faults of th&ISZ is compensated by ruptures mainly alor§ Nght strikeslip faults, a common phenomenkmown as

bookshelf faulting (Einarsson, 2008).

These tectonically different zones meet at the Hengill tiipbetionanddefinethe structural featurdeundat Hellisheidi which largely

influence the regional and local subsurface flow

2.2 Hellisheidi geothermalfield

The Hellisheidigeothermal field is locatedn the southern flanks of the Hengill central volcandis characterized by high heat flow
andextensive geothermal activigssociated with shallow level crustal magma chambers or dyke svildretdellisheidiPower planis

a combined thermal energy and electricity power plant consisting of six 45 MWe high pressure and one 33 Idi¢ssiow turlie
generator units and a 133 MWth thermal energy production unit. It was commissioned in 2006 with the installment of two 45 MWe
turbines,with additional turbines and thermal power pladtied in 2010 and 2011. Currently the power plaim @peration ahear full

capacity. 61 production wells and 17 reinjection wells have been drilled itethgheidigeothermal fieldo providesteam for the power

generationand forseparated water dispog&igure?2).
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Figure 2: Hellisheidi Geothermal Fieldand Hasmli reinjection site in the northwest sector of the field

The subsurfacestratigraphyat Hellisheidi consists of alternating successions of hyaloclastite formations from glacial periods and lava
sequences formed during interglacial periods. Intrusive rocks dissect the succession at a depth lower t380 aietets above sea

level (masl)and become domant part of the strata below-3+500 nasl(Franzsoret al, 2010) Two main reinjection zones are utilized

in theHellisheidifield: Grauhnukar and Hasmdali. The Grauhnudkar reinjection field was commissioned in 2006 and the Hasmuli field in
2011 (Kristjanssoret al, 2016) The Grauhnukar field is located SW of the production field and cemsgisix reinjection wellsand the
Husmuliarea is located on the nontfestern edge of the fielgFigure2). The Hasmuli site is the main injection site for the fiattt
accouns for roughly 60% of the total reinjectipwith annual reinjection of about 12 Mt of geothermal brine and condensat8Q=6)

(Snaebjonsdottiret al, 2018).
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2.3 The CarbFix2 I njection Site at Hasmuli

The Carbfix2 injection site is located at the Hasmuli site in the northern part dethgheidifield, at the western flanks of the Hengill
volcanic systemRigure2). The main injection well for dissolved gases,-H6| is located at the mouth of Sleggjubeinsdalir Valleys and
is in close communication with three produativells, HE31, HE48, and HE44 located at the SWart of theSkardsmyrarfjalMountain
(Figure2). The wells in the Skardsmyrarfjall production zone reach deptigsma from about 2202700 m and typically produce liquid
dominated fluids with enthalpies comprised between ~IHD kJ/kg $naebjornsdottiet al, 2018).

3. STRUCTURAL CONTROL A T HUSMULI

3.1 Origin of the permeability at Hellisheidi

The highest tempetares in the field and the largest producarsiellisheidiare majoritarily located along large rifting fasitrending
NNE and the two postglacial eruptive fissuEgyure2). Similarly, sharp boundaries in the formation temperapaeallel to the rifting
directionare found at HellisheigiGunnarssoret al, 2011) These suggest that the geothermal flow is dedrby structural features
affiliated with intrusive bodies and swiertical faultsfollowing an NNE orientation. Modelling studies have showed that a structural
control of the geothermal resource at Hellisheidi is consistent with the data av@@ablessonet al, 2011J).

Permeability at Hismuli shares the same characteristics adigeitt studies has shown tliaé tectonic control atdsmuliis more
complicatedhighlighted amongst other thingby theinduced seismicity evesin 201011 during which the start of injection triggered
ruptures along N6 and ENE faults (Junat al, 2018 andKristjansdottiret al, 2018)

Onthe surfacewo largeNNE trending normal faultsave been identifiedt Hismauli the Mdgil faultandthe Hasmuli faulivhich makes
up the western part of the Sleggubeinsdalir Val({@gure2). However the fracture system atismdliis more complex at deptiwvhere
a shear system linked the SISZ transform zone oriented in various directinfisencesthe flow pathgKhodayaret al, 2015) The
reinjection wells at the Hasmuli site tardgbis heavily fractured areédditional work iscurrentlybeing carriecbut to further identify
andcharacterize these tectonic features

3.2 2013 Tracer Test

A comprehensive tracer test was conducted duhi@g013 15 periodattheHasmulireinjection siteo define the hydrological flow paths
and toprovide datdo evaluae the risk of thermal breakthrough between injection and production (Kelitjanssoret al, 2016) The
tracer test involved the injection of different naphthalene sulfonic(Adi&) tracers into six different injection wellscated in bothhe
Hasmuliand Grauhnukareinjection areagKristjAnssoret al, 2016) This paper will focus on thg,3,6NTS tracer injection into well
HN-17 located aHusmuli However, conclusionsom the other tracer injection have been includdtiéendevelopmeruf the corceptual
model ofHusmuli The tracer injection into well HM7 occurred on 20 June 2013 and was followed dafydsampling of the 14 closest
monitoring wells startng the same day the first injection took place. Frequent analysis tracked first arrivhiffe@t tracers and
gradually additional wells were included to the monitoring program until all producing wells were inthkudgj@nssoret al, 2016.
Theamount of tracer recovered and the time of first arrival for each production well is suetdnarfablel and thetracer recovery
curves for well HN-17 are presented Figure3.

Table 1: Location of major and minor feedersin injection and production wellsfor tracer injection in HN-17

HN-17
Elevaton (masl) Tracer Elevation(masl) Arrival % of tracer
major minor de‘gected major feeders minor feeders time arrived
feeders feeders In
-815;-1100; -510 HE-31 -1044;-1413;-1577 - 14 days 26%
-1426 HE-48 -859;-1222 -465 18days 21%
HE-44 -1432 -332;-1609 53 days 8%
HE-33 -566 -384,-744 115days <1%
HE-46 -725;-790;-1181;-1946 -1810;-1873 222 days 1.7%
HE-05 -927 769;-1105;-1340 536 days <1%

Table1 andFigure3 show that the tracenrrival timein well HE-31 took only 14 days and shortly after (18 days) the tracer appeared in
well HE-48. After 53 days the 1,3/§TS tracer appeared in the third well, well 4E. These three wells combined yield a combined
recovey of 55 kg of the 100 kg of thel,3;HTS tracer injected, corresponding 36% recovery in this part of the production area
(Kristjanssoret al, 2016). After 138 days the tracer reached weH33£but only at a very low concentratidfigure3). Limited recovery
observed in the wells adjacent to the south-33&ndHE-46) indicates a strongly anisotropic permeability at Hismuli (Kristjansson
al., 2016).
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Figure 3: Recovery of 1,3,6 NTS injected into well HNL7 in Hasmuli through Hellisheidi production wells.

3.3 Flow paths atHUsmuli
Themultidisciplinarystudy presented by Khodayar et(@015)analyzed the results of the tracer tdstia with available subsurface data,

aerial photographs, and seismic egerithis workhas helped identifying the fracture syste(g) which appearto guidethe tracer flow
paths. Itcorrelatel the feedzones affieinjection and production welin HismuliandSkardsmyrarfjalvith subsurfacéectonic structures

in order to characterizéhe flow pathof the tracerand identifying carriers/barriers structures. This sthdgfound thatout of the two
fracture systemgentified atHUsmuli an NNE extensionatift-parallel structures blended with Riedel shears of the transform zone
striking mainly northerly, ENE andNW, the latter controls the tracer flow pathdHasmuli(Khodayar et al. 2015)

The analysis suggests that the following structures dRibeel shearsystem controls the tracer flow paths and tracer return from-the re

injection to the receiving wells (Khodayat al, 2015):

1 The ENE set (structure-3 in Figure4) seen among secondary fracturegela viewerimage logss the main carrier of tracer
andappeargo be the most favorable flow path for the traddre main feedersf the reinjection well (HNL7 included)all on

the hanging walls of the ENE faulEhese faults extent from the reinjection zone to the edge Skiduelsmyrarfjalproduction

zones and intersect wells HH, HE48, HE44, and HE33 facilitating a relative short travel time from HN to HE31

The NS faults (structures&in Figure4) are also good carriers and channel the flow to and from the ENE faults.

The NW faults (structures-91 in Figure4) southwestward dipping and lay perpendicular to the flow direction of tracers and
act as barriers for the tracers coming from the opposite direction, i.e., from the stufhess faults act as barrier/semi barrier

structures, delaying the tracers travel time across the fault.

This tectonic configuration will bancluded inthe modelling study of the flow #iie CarbFix2HGsmdlireinjection site NNE trending
faults identifed at the surface in the vicinity of Hisméginjection sitehave also been included the modelFigure6) to follow the

= =

overall structures of the area (Gunnaridénd Poux, 2016).
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Figure 4: Structural interpretation of possible tracer flow paths from individual injection well (modified from Khodayar et al,
2015)

3.3 Previous modelling work

3.3.1 Simple flowmchannel model

The first effort to model the tracer test datas done usingimple flowrchannel model connectimgspective feedones in the reinjection
and production wellshowing the largest tracer recovemhese resultare presented along with cooling predictidmisthe production
wells Kristjanssoret al, 2016.

The properties of each flow channel, along with injection and production rates, include flow channel length (fixed) nit@vazbas
sectional area (AlG) a n d The moderesalts ahow & dood darrespomdersce etween the dbsejved and
simulatedtracer recoveryThedispersion term in the model for the flow channel is relatively large which may indicate that the flow path
consists of a complefxacture networks rather than gte fracture flow pathdn addition, hermal predictions from thgow-channel
models predicted significant cooling in wells 3% and HE48. Monitoring data has, however, hardly shown any cooling after six years
of largescale reinjection of geothermabrine and condensate.

The modelling work reported ikristjanssonet al. (2016) concludes thatthough it was able to match the tracer recoveryctizding
predictionsaretoo pessimistic in some casasd a more complesepresentation of the subsurfateHlismulimay berequired to model

the flow of the injectedluid. The paper suggests the flow paths may consist of fracture netwbeke the fluids in contactwith much
greater rock surface arélae simple flowchannel models assume. It also indisdteat the distance and the temperature encountered
between the injection and production mayrifiienced by the injected fluid sinking to greater depth, due to higher densdycaptured
appropriately by a simple flow channel.
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3.32 Homogeneous, sgte, and mutlichannel model

A simplified threedimensional reservoir model of the tracer injection to investigate the flow paths at Hasmuli was developed in 2018 as
a requirement for a Master of Science degieer{asdottir 2018,Sneaebjornsdottiet al, 2018).

The first approach tested whether the tracer recovery curves could be reproduced by a homogeneous model. The secdnd appragathe
channel model 6 tested whether the i ndrdmireinjeaion wdll todh productian welle r me a b |
coudr esult in a more realistic<hapnelvvempdelbetebhted appysaem wm
directly connecting thewo individualfeedzones in the wells.

The results showed that the recoveaynot be simulatedvith a homogeneous approackood resultor boththe tracer arrival times
and concentration peaks were obtained using the single and multiple flow channel appfidacbest fis were obtained by assigning
high permeability and low posity values in different section of the flow channe([Bymasdottir 2018,Sneebjornsdottiet al, 2018).
Thelow porosity represents the active pore volume within the channel bounds, i.e. the volumaafiéihgermeable fractures. The
channels therefe represenof fractured zones within the medium.

4. DESCRIPTION OF THE NUMERICAL MODEL

A threedimensional model centered on the Hismdli reinjection zone and the nearby Skardsmyrarfjall producti@s ztevelopeds
part ofthe CarbFix2 projecfThe gal is to develop a field scalelly coupledreactive transport model of the reinjection of the mixture
of dissolved gaes (65% COz and35% H2S) and to simulate the fate of the injectgbchargedfluid. To identify and characterizbe
flow path atHUusmuli and estimatehydrological parameters such as permeability and porasitgnsport modelvas developedot
constraint the flow atlismuliand calibrated against the available data padheinclusion of thereactive chemistry.

4.1 Grid Structure

The model is set to covenarea of42 km? (6 km x 8 km) and the lateral extent of the model was set large entougihcompass the flow
pathsbetweenHusmuliand Skardsmyrarfjall whilavoidng boundary effec (Figure5). The grid used igregular with four levels of
refinement. Blocks range fromkim by 1km at the outskirts of the model to 260by 250m in the area of interesbetweenHUsmuli
reinjection siteand theSkardsmyrarfjall production zor{€igure5). Local refinemenof the grid was made improve the representation
of the geological structuresdto better hadle the dense spacing of the wells in the fleld.reduce the number of wellsd feedzones
located in the same bloxivhile limiting the number of blocks usd€end thusninimizing the computational cost of the simula)icFhe
model is made up of 6&yers ranging from 400 masl #8700 masl and with a thickness comprised between 100 m and [2%y/ens
with a high feedzone density were set to hi@mseeminimunthickness oR5 m (Figure5). The present model has a totalBdf600 active
blocks 242,808 connectionand is referred as model HU_81600

The grid was rotated and aligned al@agNNE direction parallel to theft and some of the large NNE faults

Figure 5: Grid structure , feedzones distribtion, and layer structure of the modelfor the Hismuli model HU_81600.









