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ABSTRACT

INVESTIGATION OF DISSOLVED CARBON DIOXIDE INJECTION
INTO PALEOZOIC AGED GEOTHERMAL RESERVOIR ROCK

Aydin, Hakki
Doctor of PhilosophyPetroleum and Natural G&ngineering
SupervisorProf. Dr. Serhat Akin

October 2023167 pages

The scientific consensusthatgreenhouse gas emissi@rgcausingglobal climate
change. Carbon dioxide (GOs themaingreenhouse gas, and it is produced by a
variety of chemical reactions and combustion processes. One potential method for
COq disposal is reinjection into watéearing reservoirs. Geothermal reservoirs have
been identified as promising candidater this purpose A number of studies have
been conducted on GQequestration in different types of formations. However,
more research is needed to understand the change&sQhatjection can cause to
geothermal fluid chemistry and reservoir rock properti®sceral smallscale
experimentswere conductedo investigate the effects d€Ox-dissolved brine
injectionusingc or e samples from the Kéezél dere
1900 m and 3000 m. The batch reactor experiments were conducted at different
temperatures and pressureBhe interaction betweelCO,-dissolved brine and
reservoir rock was simulated using the PHREEQC and TOUGHREACT, which are
based on equilibrium and kinetic modeling. Mineral precipitations and dissolutions

were determined using-Ky fluorescence (XRF), Xay diffraction (XRD), and

g ¢



scanning electron microscopy (SEM) measurements. Major anions and cations were
measured using ion chromatography (IC) and inductively coupled plasma (ICP)
spectroscopy.The results of the batch reactor ekments showed thatO;-
dissolved brine injection can cause significant changes to geothermal fluid chemistry
and reservoir rock properties. These changes include mineral precipitation,
dissolution, and alteratissuch as magnesite, kaolinite, feldspautite, siderite, and
dolomite This study provides valuable insights into the effect€©4 injection on
geothermal fluid chemistry and reservoir rock properties. The findings of this study
can be used to design and operatf@id-scale CO, sequestratiomprojectsin

geothermal reservoirs.

Keywords:Noncondensable Gases, Geothermal Energy, Reactive TraSguddn
Dioxide, Sequestration
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content can significantly impact the performance of geothermal wells, so reinjecting
CQO into the reservoir can help to compengatesure depletiomue toproduction

wells by creating a partial pressure in the wellbBrgor to the implementation of a
largescaleCO; sequestration project, it is essential to assess the potentialraciter
interactions Key considerationsare watefrock interactions, reactiveansport
simulations, and deciding on the gas injection method: supercritical or dissolved gas,
The potentialproblems thatmay arise from longerm CO; reinjection areground
deformation, gas leakage along the faults, mineralijpitation causing a decline in
reinjection capacity, and twphase fluid flow in the reservoir causing production
decline(Hou et al. 2012)A limited number of studies are available about these

topics.

This dissertation investigates €Q@equestration in Paleozeaged geothermal
reservoirsin westernAnatolia, Turkey.The study begins witfCO, dissolution
experiments using aovel experimental setup. Real reservoir gas and geothermal
brine were used in the experimerdaad validated witlempirical and geochemical
models using PHREEQC. The calibrated PHREEQC model was then employed to
understand the effects of saltiogt and gas impurity at higher reservoir

temperatures and pressure values representing reservoir conditions.

Following theCO; dissolution experiments, watevck interaction experiments were

conducted in a batch experimental seflipe experiments involved @ontinuous

COz supply at constant pressure and using crushed rock samples from 1900 m and

3000 m depth reservoir rockn Keéz él| der e Tihedach éxgerinmatd i el d.
were then simulated using PHREEQC codes to obtain mineral kinetic rates and
activation energy of minerals. Once the mosla$ calibrategthe matched data were

used to perform a 3D reactive transport datiors in TOUGHREACT. This

revealed thdong-term effects of C@injection in both reinjection and production

wells in the Kézéldere geother mal reservoir



The dissertation is organized as follows:

Chapter 2provides anoverview of recent carbon capture and storg@zCsS)
technologies and worldwide field applications, including enhanced oil recovery
(EOR), enhanced gas recovery (EGR), coal bed methane recovery, in gas hydrate
production, deep saline water, and geothermal resentbiatso discussedlCG
capture in geothermal power plaraad mineral trapping of C@in geothermal

reservoirswith a detailed description of typical rock alterations

Chapter 3dentifiesthe mainresearch questiorie beaddresseth thisdissertation.

Chapter 4decribesthe materials and methods used in this stullyis includes a
detailed description of the experimental setup and procedur€@rdissolution,
batchexperimentsand coreflood experimentsThe methodology of the modeling
approachessed for the batch experiments and 3D reactive transport simulation is

also discussed.

Chapter 5 presents results obtained from, @@solution, batch and cofod
experiments.The results of the experiments are discussed and compared to the
simulations The parameters obtained from the batch model calibration are then used
in the 3D reactive transport model to estimate the-teng effects ofCO» injection
in the Kézéldere geot h&Omaguestratiersartheoi r .

reinjection well ad the performance of production wells are delineated.

Chapter 6summarizes the findings of the study and presents the key conclusions in

bullet poin









2.1  Carbon Capture Technology

The three critical steps of CCS are capture, transportation, and storage. Carbon
captureis the most expensive stepQCS projectsTheoperational and investment
costsof CCS projectare still not competitive with carbon taxes and trading prices.
Thereforecarbon capture technology is still under developm&he costs of carbon
capture technologyave been reported to range fral8$35/t carbomo US$264/ton
carbonand from24to 52 EUR/ton of carbor{Bode and Jun@006)

Carbon capture technology canddassifiedinto three categories: peasbmbustion,
pre.combustion, and oxyfuel combustioRidure 2.2). Application of the Pre
combustion system has started in the last few years. Oxyfuel has nsciddd
application. The number of pesbmbustion capture cases has doubled since 2006.

Fossil Fuels; Air or
Biomass Oxygen

Power Plant : COo, CcO, CO, Storage

Capture & 2 =
or Industrial pture & Transport o)
Process Compress

1 - Post-combustion - Pipeline - Depleted oil/gas fields
USEFUL - Pre-combustion - - Deep saline formations
PRODUCTS

(e.g., electricity, fuels,
chemicals, hydrogen)

Figure2.2 Schematic view of a CCS system (Rubin et al. 2012)

Postcombustion process involves the separation of €@m the flue gas. It is
typically implemented in steam turbine power plants. It is a highly mature
technology applied at fubcale commercial phts. The products of gas combustion,
flue gases, are released into the atmosphere via the staghks C&ptured with

different systems, such as adsorption, absorption, and membrane separation. The



method is compatible with the existing power plants. eaguipment sizes create
high capital and operational costs. The capital cost ofqgmabustion is around 900
USD/kW for gasfired plants and about 2000 USD/kW for cdiedd plants (Theo et
al. 2016).

In the precombustion, C@is eliminated before theombustion process. A partially
combusted fuel produces @GO and H, which is then eliminated from CO
through chemical and physical processes.-d®@mbustion carbon capture is
favorable at high pressures and {temperature conditions. It is a lessergy
intensive CQ separation process. As a result of-poenbustion, hydrogen gas is
obtained as an alteative fuel. One of the disadvantages of the method is significant
energy loss due to sorbent regeneration, which is still less tharcguobustion
capture. The high capital cost of the Integrated Gasification Combined Cycle (IGCC)
makes the preombustim method unfavorable. The capital cost is around USD1200
per kW for gadired and USD1900 per kW for coalired plants (Theo et al. 2016).

The oxyfuel method uses oxygen instead of air for combustion. The oxyfuel
technology has not been fully developetl yehe application is limited to piletcale
operations. It is compatible with a variety of coal fuels. The method is easy to apply
and has high carbon capture efficiency. However, it requires developed air separation
technology. Energyntensive air sepgation units reduce the net power output. The
typical two issues in this method are possible corrosion problems and leakage
problems due to overpressure. The capital cost is around USD1600 per kW for gas
fired and USD2300 per kW for cefifed plants (Theet al. 2016).

2.2  Carbon Storage Technology

Carbon storaga geological formationgs a mature technology that has been under
development for over 40 yearEhis research has improved our understanding of
subsurface storage mechanisms, working principles naonitoring methodsThe

geological carbon storage can beachieved througha physical traping or



mineralization.Possible storage systenmclude deep salineaquifers depleted oil

and gas reservoirs, and geothermal reservoirs.c@®also be stored the form of
hydrate at the seafloobut this may have significant negative consequences for
marine life. Therefore, geological storage is considastie most suitable option
Long-termcarbonstorage projects involve risks, such as leakage throughucowel
faults, cement failure, and surface deformation. It is critical to select the appropriate
field and reservoir storage applicatioh.comprehensive characterization study is
required to understardO; storage, including seismic surveys, geologicallysis,

reservoir simulation, and monitoring systems.

Critical reservoir parameterthat influence geological carbon storageinclude
porosity, permeability, mineral conteof the reservoir rockfluid geochemistry,
reservoirpressure, and temperatu®creening thee reservoir parametersan be
usefulfor selecing suitable sites for CCS applicat®nRamirez et al. (2010) used
the Multi-Criteria Analysis (MCA) method to screen reservoir paraméberisng

term CQ storage.

2.2.1 CO:z2 Injection for Enhanced Coal Bed Methane (CBM)

Carbon dioxide ©Oz) can be used to displace metha@él{) from coal seams due
to their different adsorptiedesorption properties his process, known as carbon
dioxide enhanced methane recove$-ECBM), can enhanc&Ha recovery while
also permanently storingcO, underground Figure 2.3 shows the schematic
representation of CfOsequestration in CBM reservoirs. Vishal et @012
conducted a fiekécale study o€0,-ECBM in a coal block. They showed that it is
possible to injectt27.5million m® of CO; into the coal block and recové#dl.6m?

of CHa.



Figure2.3 Schematic represatton of Enhanced CBM process (Mazzotti et al.
2009)

Sénayu- and G¢ mr ahinjécof t® jhe Amasygpcoatbeddin C O
Zonguldak Turkey to enhance coalbed methane production. They used the
Computer Modeling Group6s thedilgets of GoalM mo d u
density, adsorptioncapacity permeability, porosity, and anisotropy @@BM

production.

2.2.2 Gas hydrate production by injecting CQe

Gas hydrates are a type of unconventional natural gas reservoir in which methane is
trapped within water wiecules at low temperatures and high pressures in sand pores
One hydrate production technique is to replace meth@hk) (with CO; in the
hydrate formationCQ: is injected and stored in the hydrate formation, while SH
released as a gas production technidims process can help to maintain formation
stability during methane production, which is one of the main challenges in gas
hydrate productioifFigure2.4). White et al.(2006) overviewedthis process with a

wide literaturesearchingOrs and Sinayuc (2014lemonstratethis procesin CO;



-CH4 swap experiments, suggesting that replacing ®@h CHs canincrease the

stabilization of unconsolidated sand packs.

(natural-gas|
separation tower
T—s \

Figure2.4 Schematic diagram of natural gas exploitation and i€@ation
process (Phale et al. 2006)

2.2.3 EGR and EOR Methods in Shale Gas Reservoirs

The huffn-puff method has been effectively applied in shale oil reserv@es is
injected into low permeadlity shale formations a cyclic mannewhere it diffuses

into the oil during the soaking periofifter soaking, the welk producedor a whie,

during thepuff period. CQ is one ofthe most widely used gases in hofpuff
processesHigure2.5). Duringthese processessmynificantportion of CQ is stored

as clay minerals inthe shale rocks. Sun et al. 2018vestigated the impact of
molecular diffusion ofCO; on the performance of huffpuff. The huffn-puff
method is more effective when the reservoir pressure is below the bubble point

pressureCQ; flooding is another crucial C&trapping applicationn enhanced oil
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recovery projectgFigure2.6). It is a common method used in heavy oil reservoirs
to redue the viscosity of the oil.

+~— Gas Soaking ., Produced
Injection Period Fluids
AT oLRent GRSt TeTes e 1 LS TR 0e Y (ot TeeTanees TEREETEIETEIIE LI (1 R L Nt L TR 'f_;(-
'E%'Zq T i#:z»z‘»z%zszp zszz%f. SIS Py SRR, oot R e e e e e
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33., 5 9} | u‘ez UL ‘ép "l%i’&'él&’ £ z;?i, p-‘lﬁ. celaiet ,: g‘gl@? i 'lz.IL.fz; Sz el B2 12% 5‘232,5?2 3,2, 3&‘ It

Figure2.5 Simplified Huff and Puff cyclic gas injection (Pankaj et al., 2018)

co, Production

Injection Well
Well

Figure2.6 CQOinjection for enhanced oil recovery (Shevalier et al. 2009)

Comprehensive understanding of the operational mechanism of enhanced gas
recovery (EGR) withCO, injection is essential for larggcale field applications
Nuttal et al. (2005) used drill cuttys from theKentucky Geological Survey Well
Sampleto investigateCO;, displacement methane. Similarlylerey and Sinayuc
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(2016) used experimental adsorption measurements to inve§liQasequestration
in the Dadas shale reservoir. Their findings sugiestCO; injection into shale
reservoirs is a promising option for both enhancing gas production performance and

permanently sequesteri@,.

2.2.4 CO2 Sequestration in Deep Salinéquifers

Depleted oil and gas reservoirs are geological formations that have the potential to
be used for carbon storaf@gure2.7). The black oil simulator is a numerical del

that can be used to simul&€» storage in saline aquiferBachu and Adams (2003)
estimated the ultimate GGequestration capacity in the Viking aquifer in the Alberta
basin in western Canada. Thagedempirical correctiongo the CQ content at
sauration in pure water to determine €€bntentin thereservoir brine. The CO
storage capacity of the Alberta basin at depths greater than 1000 m was reported to
be 4000 Gt C@ Ampomah et al. (201%)sed a compositional simulator to simulate
CO storage in depleted oil reservoifither simulations showed thatver 25 years

of water alternating gas\(AG) injection, 75 % of the C@was sequestered within

the Murrow formationln Salah project is &rgescalecarbon capture and storage
projecttha is being developed by joint venture of Statoil, BP, and Sonatrach. The
project hassuccessfully injeetd CO; into a deep saline formation near Algeria's
producing gas field. Morris et gR010 studied the mechanical deformation caused

by CO; injection in the Salah fieldZhang et al(2014) investigated the potential of
CO2 storage in the Jilin oilfieldThey showed that 60.2 % of C@ trapped in a
supercritical state, and the remainingG€dissolved in residual oil and water. The
North Seahas gynificant potential for CQ storage. Chamwudhiprecha and Blunt
(2012) studied C&injection into a large aquifer in the North Sea.

12



dugram not to ke l Injection pipe

Figure2.7 Injection of carbon dioxide into depleted oil and gaservoir (Scottish
Centre for Carbon Storage, 2023)

Sedimentary rocks are potential formations for,Gt@rage because of their high
capacity. Benson and Cole (2008) presented a map of sedimentary basins in the
world that might be suitable for GQtorage Figure2.8). They estimated the gas
storage capacity of the deep saline reservoirs changing between 1000 and 10000

Giga tons.

Storage prospectivity

@D Highly prospective sedimentary
basins

Prospective sedimentary basins

Non-prospective sedimentary

basins, metamorphic and

igneous rock

Data quality and avallability vary
among regions

Figure2.8 Sedimentary basins showing suitability as sequestration sites (Benson
and Cole, 2008)
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2.2.5 CO2 Dissolution and Sequestration into Geothermal Reservoirs

Experimental studies, empirical correlations, and statistical andigsebeen used
to estimate the solubilitgf CO; in waterover a range ofemperature and pressure
intervals. Most of these studibave focused on the dissolutionpefre CQ in fresh
water. Malinin (1959) published one of the first methodologies for So@bility in
water, based on experimental resulkdis study proposed a modified version of
He nr y 0 that Usasan exponential correction factor. Experimenrbased
correlations proposed in different studies are showigare 2.9 (Malinin, 1975;
Fournier, 1989; Crovetto, 1991; Moyend Iglesias, 1992; Battistelli et al., 1997).
The empirical correlations begin to diverge at temperatures atsdi& However,

all correlations agree well on the valuesG®, solubility at low temperatures.
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<© Battistelli et al. 1997 m Malinin, 1974 Moya e Iglesias, 1992
® Cramer, 1982 B Upton and Santoyo, 2003

Figure2.9 Henry's constant (KH) calculated for the®4dCO; using five different

empiricalcorrelations.

Thesolubility of COz in the geothermal brine &sfunction oftemperature, pressure,

andbrine salinity Gas dissolution experiments are essential prior to-ErgkeCO;
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sequestration projectResearchergaveinvestigated C@solubility in pure water

and sahe water atvarious temperatuse pressurg and salt types (NaCl)Table

2.1). Hennyo daw constant (KH) is one of the most widely useethodsfor
estimatingCO; solubility in water.However, thdack of the experimental data and

the use of different equationisave ledto significant discrepanciesAdditionally,

most studiedhave focused o O, solubility aloneand have notconsideed other

gases such asH. In this studyye investigateCO; solubility in geothermal brine
instead of fresh water using actual field gas and brine samples. A novel experimental
setupcontinuouslyheated with geothermal brine was used to medbkeigas phase

and brine separately and conductakalinity tests. Theresults ofthis study will

providevaluableinsightsfor CO; injection projects inthe geothermalndustry.

Table2.1 Studies about C&£xolubility in water

Solution Temperature®K) Pressure (Bar) | Reference

Water 323373 25710 (Wiebe and Gaddy, 1939)
Water 286348 1.021.40 (Morrison and Billett, 1952)
Water 383623 100-1500 (Takenouchi and Kennedy, 196
0-2 m NacCl 445610 15200 (Ellis and Golding, 1963)

0-6 m NacCl 298423 47.92 (Malinin and Kurorskaya, 1975)
1-4.3 m NaCl 408-800 30-2800 (Gehrig, 1980)

0-0.17 m NaCl 353473 20-100 (Nighswander et al. 1989)

4-6 m NaCl 313433 1-100 (Rumpf et al. 1994)

0-4.3 m NaCl 273533 0-2000 (Duan and Sun, 2003)

Water 298623 29.4298.1 (Upton and Santoyo, 2003)
0-4.5 m NaCl 273533 0-2000 (Duan et al. 2006)
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Table2.1¢ ont 6d)

0-5 m NaCl 323413 5-40 (Yan et al. 2011)

2m NaCl 120 0-35 (Savary et al. 2012)
Water 338373 3-200 (Caumon et al. 2016)
1.81-2.53m 353393 0-1 (Grimekis et al. 2019)
K2CGs

Upton and Santoyo (2003) proposed an empirical correlation fodiSéblutionthat
can be coupleavith a geothermal wellbore simulatty studyvertical twophase
flow in the wellbore. They performed statistical analysis experimental data
obtained from previous studigs developCO; solubility curve. The saltingut
effect is another critical parametiiat determinethe amount of C@dissolved in
water. Liu etal. (2011) studied the solubility of &i@aqueous solutions with N&C
KCI, and CaG. They found that the solubility of GQs directly proportionalto
pressure and inveryeproportionalto temperatureThe aldition of salt to the
mixture is unfavorable fo€O; dissolution due to the saltingut effect. The salting
out effect of KO was reported to be relatively smaller than those ofllda@ Ca®.
Yan et al. (2011) simulatgdO; solubility in NaQ brine using experimental data and
EOS models.

There are @itable geothermal reservoittsatcontainanhydrite (CaS@) as a matrix
mineral and plagioclasthat supplieslkalinity. The CO, storage capacity depends

on reservoir characteristic propertisach as porosity, area, thickness, and chemical
and mineralogical composition of the brine arabervoir rock. Mass balance
calculationsshowthat the storage capacity can be estimated from the abundance of
anhydrite in the reservoir. Due to the decreased solubility of anhydrite with
temperature, injecting cold water dissolves the mineral in aregipanding around

the well. The concentrations of calcium and sulfate increase in the water with the

dissolution of anhydritas given in Equatio(®.1):
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0 WY 6w "YU (2.1)

Before reinjection, the produced and cooled brines will be enriched with carbon

dioxide generating; as a result, carbonic &irmed as shown in Equati¢a?2).

60 00 ‘0060 0 0 (2.2

The overall reaction, the transfer of anhydrite into caldéscribes the favored
reaction pdt described in Equatiaf2.3):

0 wiY 0060 Ow® ¢O Y (2.3

Equation(2.3) showsthatthere isan excess of acid, which generally inhibits calcite
precipitation However, if the increase in Ca is large enoaghgiven in Equation
(2.2) or if alkalinity is available to buffer the reaction, the solubility product of calcite
is exceeded, and C@iill be trapped as calcite. Alkalinity can be provided by surface

water treatment with fly ashes or in situ by weathering feldspars.

CQO canbe dissolved in the brine in the form of carbonic acigd®k’), which then
dissociates into bicarbonate (HEQ, and carbonate (G ) ions that are more
stable species at the first step of the transformation of. C@e equilibrium
equations given belovEquationg2.4), (2.5), (2.6) show the transformation of GO
during the injection (Thomas et al., 2015). The release of H+ during the equilibria

lowers the pH of the aqueous solution.

80 80 (2.4)
80 00 0 08 (2.5)
08 0 80 (2.6)

17



CQO: injectioncan becarried out inwo ways: as dissolvedjasin the brineor asa

pure gas injeetdinto the well at supercritical conditionsigure2.10). Injecting CO»

at supercritical conditionss more challengingdue to the need for high gas
compressiomnd s@histicated infrastructur@igure2.11). Therefore, injecting CO

as dissolved gas in the brine is more practical andaftesttive. CQ dissolution can

be achievetby mixing CQ and brine along the surface lines or in the wellbore using
single or dual string systemBigure2.12). Theappropriate pressure, temperature,
and mixingratio must be used to achieve efficieBO, dissolution The main
advantage of Cgdissolution in the brine (mixing on the surface) is that low pressure
is required to dissolve the gas at a relatively low brine injection temperiatuhes
study, we foas on the experiments and simulations involving gas dissolution in

geothermal brine.

B — Water

Dissolved CO, CcO

Supercritical —
or liquid CO,

Cap rock flood basalt

Carbonate minerals

Carbonate
minerals

Basaltic rock Basaltic rock

Figure2.10 COinjection as a dissolved gas in water (a) and supercritical
condition (b)) (SnbPbj°rnsd-ttiret al
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Figure2.11 Phase diagram of CGQSaeedi, 2012)

Figure2.12 COzinjection by using a dual string system in Iceland (CarbFix
project, 2018)
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2.3  Worldwide Carbon Capture and Storage (CCS)Field Applications

CCS is a costly process typically implemented as complementary to EOR and EGR
projects. Some important GBequestration projects are listedTiable 2.2 and
shown in magrigure2.13

Table2.2 Database of largecale CCS projects operated or identified in recent
years (Raza et al. 2016; Kelemen et al. 2019)

Location Operation date | Primary storage
type/formation

Sleipner, Norway 1996 Present Saline formation/ sandstone/

Weyburn, Canada 2000 Present EOR/carbonates

ORC (K12B) phase 2, 2004 Present Depleted gas field Rotliegend

Netherlands (sandstone)

In Salah, Algeria 2004 Present Producing gas field Krechba
(carbonate)

Frio Project, USA Gulf Coast| 2004Present Deep Saline Aquifein

sandstone

SnBhvit Of f s h| 2008 Present Sandstone

CarbFix, Iceland 2007Present Basalt geothermal reservoir

Quest Alberta, Canada 2015 Present Basal Cambrian Sands
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Figure2.13 Map of CQ sequestration facilities, pilot projects, and ldagn

storage potential in geologic formations (Kelemen et al. 2019)

The Friel projecttestedthe injection of 1600 tons of Cfinto the Upper Frio

Formationat a depth 01500 mover11 days Figure2.14). The results showed that

the flow rates o€0O, and brine significantly influenceCO, dissolution in the brine

and the interactionbetween theCO, and therock minerals Carbon dissolution

moved to carbonate precipitation in days to weeks with the alkalinity of pH. Silicate

mineral dissolution reactions were initially fast in low pH fluids surrounding the CO

plume;but the reaction rate decreased 2y ordersof magnitude as the system

approached th#tnermodynamic equilibrium.
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Figure2.14 The Fricl injection experiments (Kampman et al. 2014)

EnCana Corporatiortonducteda largescale CQ injection project as part of
Enhanced Oil Recovery in the Weyburn oil field. The injection rate was
approximately 5000 tonnes per day. Emberley et al. (2004) monitored changes in the
fluid chemistry and isotope composition for a year. The fluid compositions sadgest
100 million tons of C@storing potential in the injection area. Zhang et al. (2009)
presented a loaterm case study of GQOrapped in deep saline formations in
Songliao Basin, China. They reported the Gfrage capacitpf 10 kg/n? for

mineral trapng.

The Sleipner CCS project was started in 1996, located 200 km from shore, injecting
CQO into the Utsira sandstone reservoir at a depth of 1012 B0 m thick shale
formation acts as caprock for the Sleipner project (Zhang et al. 2022). The latest CO
injection rate was reporteas1Mtpa (Eiken, 2019). The project will terminate when

the average reservoir pressure approaches shale fracturing pressure (Shukla et al.,
2010).

In Salah CQ storage project has been in operation since 2004 (Mathieson et al.
2011). CQis injected into a fractured Carboniferous sandstone reservoir with a 20
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m thickness at around 1850 m depth. The seal rock is mudstone overlain by
sandstone with 900 m thickne3$e injectors were drilled horizontally (150800

m) by using geosteering technologies to keep the well in the formation and
perpendicular to the dominant fracture orientation to achieve maximum injection
capacity (Mathieson et al. 2011). The total G@ection rate reaclteup to 50
mmscfd and is planned to store 17 million tons of2@Wer the project's life
(Mathieson et al. 2011).

CarbFix project involves Csequestration into lbasaltic geothermal reservoir in
Iceland The projectvasofficially established in 2007 (Matter et al., 2009). The field

is located at SE Iceland, near the Hellisheidi geothermal power\plaoh produces
30,000 tons of C&per year Figure2.15). The major gasaa theNCG were mainly

CO» (83 %) and HS (16 %). The NCG was mixed andingected with geothermal
water into the basalt aquifer. Prior to €i@jection, whichbeganin 2009, reservoir
characterization studies such as traests, geophysical measurements, and soil CO
flux measurementwere carried outThe CQ injection zone idocatedat a depth of

400 to 800 m. C®was injected at 25 bar and at a rate of 0.5 kg/sec to 0.7 kg/sec
accompanied by 205 I/sec of waterThis injection method is expected to result in

fasterCO, mineralization than injection in supercritical gas form.

400 kg/s of steam; gas, water

/ Hellisheidi geothermal power ‘plant

Figure2.15 CQinjection site in Iceland (Matter et al., 2009)
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2.4  Non-Condensable Gases ibeothermal Energy

Geothermal energy is a renewable, sustainable, and environmentally friendly energy
resource. The averageeenhousgas emission from geothermal resources is lower
than that of fossil fuebased power plant&igure2.16). Geothermal energyan be
usedfor different applicationsdependingon the resource temperatur&esource

with atemperaturef more than 150C can be usetbr electrigty generation while
low-temperature resources can be used for dusetapplications such as heating
greenhouses, thermal hotels, food drying, &eothermal energy is generally
abundant in tectonically active areas such as Indonesia, Turkey, the Units] Stat
the Philippines, New Zealand, El Salvador, Iceland, and Japan. Faults and fault
associated fractures are the primary fluid conduits in geothermal reservoirs. Porous
sedimentary rocksanalso serve as reservoir rocks for a geothermal system. The
main mrametershatinfluence geothermal systems are the depth of heat sotlree,
stratigraphic sequence of formatiotise tectonic mechanisms, arlde convective

and conductive heat flow mechanisnig. addition to conventional geothermal
systems, new techramjies such as Enhanced Geothermal Systems (EGS) are being
developed. EGS is a technology that uses hydraulic fracturing to create artificial
reservoirs for geothermal fluids. EGS is still in the pilot stage, but it has the potential

to increase the amouat geothermal energy that can be extracted.

Geothermal reservoirmaay contaira certain amountO,, which carhavedifferent

origins, such as magmatic rock, meteoric water, and sedimentary rock. Meteoric

origin CQOz is found in most of the geothermal reservoirs in western Turkey (Haizlip

et al., 2016). Aydin et al. (2020) reported that Palecaged Menderes

metamorphic host liquid dominated geothermal fiuith t he Wtha€@® der e,

content higherthantheavgr& v al ue of the worl|l dC&®&s geot hern
content of the Keézél deforeheintermddidte resermog ed f r om
rock, which is Igdecik formation, and the deep metamorphic conBasanging

from 3 % to 4 % (Satman et al. 2017However, a significant decline BO;

production has beenreported as the fieldeave beenput into production and
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injection. To illustrate, Aydin et al. (2020) presented a sharp declineéOn

production for Al akehir dgnd Kézél dere ge:

Figure 2.17) . More than 98 % of NCG inz the KE
remaining less than 2 % of NCG consists of hydrogen sulfide, amnmaga,

nitrogen, methane, and hydrogérherefore, it would not be an exaggeration to

consider NCG a€0Of or t he KEé&Izha Isd esrteu dfyi eflodc.uses on
geothermal fieldwhichis inthe Denizli province of TurkeyHigure2.18).
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Figure2.16 Gas emission from different energy sources (revised from Amponsah
et al., 2014)
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BlackSea

@ injection wells
@ production wells

Figure218 Kéz el dere geot hermal field and |l ocatic
from Hakledg et al. 2021)

TheK é z & pedtkermalitld hosts three geothermal power plants (GPB88&)RI
has beeim operatiorfor over 40 yearand has single flash system witmanstalled
capacity o0 MW. GPPIl was commissioned in 20E5d has a mamum capacity
of 80 MW, with atriple flash and a binary (combineslystem. Thehird plant was
commissioned in 2017 and 2018 in two unitgh a total capacity of 165 MW his
plant also useatriple flashing system and a binary unit (combinggstem All of

the units have a wet cooling towevhich releag noncondensable gaseSICGs)
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with waste steam to the atmosphedfig(re2.199 . NCG cont enteldof t he
is given inTable2.3. CO, constitutes more than 98 % of the dry gas volume.

NCG + Steam released i
to Atmosphere

o

Figure2.19 NCGreleasingtat mosphere in Kézél dere geo

Table23Composi tion of NCG in Kézélder

Gas Composition Volume % in dry gas
Carbon Dioxide (C@) 98.9

Nitrogen 0.577

Methane 0.426

Hydrogen SulfidgH2S) 0.052

Ammonia 0.0494

Argon 0.00129

Hydrogen 0.000693

TheNCG removal system is used to separate NCG from the geothermal power plant.
A schematic illustration of the NCG removal system in a flashjpg geothermal
power plant is shown ifrigure 2.20. The condenser of flashirigpe plants has
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significant parasitic load effects on the overall power generation of the geothermal
plants. Therefore, the cdenser should be operated under vactoimeduce the
backpressure on the turbinéne CQ and HS are withdrawn from the condenser by

the vacuum system and released into the atmosphere. To increase the turbine
working efficiency, vacuum systems consistofdiquid ring vacuum pumps, steam

jet ejectors, and a combination of vacuum pumps and ejector systems are effectively

employed.

= —
NCG ""

Removal
l System
— 1 Steam + NCG ppe—rme
* NCG, Air & Water Vapor

NCG, Air &
Water Vapor

Steam + NCG
it

e W = /
. x< L L \ Cooling Tower
— “

—

* 77 Air—y |,~—AIr

)

Production Well —

Figure2.20 Typical flash cycle power plant (Richardson et al. 2015)

2.5 Mineral Trapping of CO 2in Geothermal Reservoirs

Hydrothermal alteration is a complex proc#sstinvolveschemical, textural, and
mineralogical changes considered as evidence for fluid circulation patterns in the
formations. This indication is useful mineral exploration and understanding of
geothermal systems. Hydrothermal alteration occurs with -flno# interaction
processes such as recharge, upflow, and burial metamorphisentypes of
hydrothermal alteration that occur can vary depending on aeuwf factors,
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including the deposit type, environment temperature, pressure, fluid/rock ratio, and
fluid content The extent of the alteration zooanvary, from a few centimeters to

kilometers.

There are two main alteration divisions: hypogene altra@nd supergene
alteration. Hypogene alteration is typically caused by temperature increase, while
supergene alteration is associated with meteoric water reactions-&nhpgrature
environments(Brimhall and Ghiorso,1993 Important mineral alterationsre
potassic alteration, phyllic alteration, propylitic alteration, argillic alteration,
silicification, carbonization, greisenization, and hematitizaitallace and Maher,
2019; Seki, 1973; Parry et al. 2002; Di Tommaso and Rubinstein).2007

251 Potassic éteration

Potassic alteration occurs by replacement of plagioclase and mafic silicate at a
temperature between 450 and 6 (Battles and Barton, 1995K-Silicate is
characterized with Keldspar, biotite, minor quartz, and chlorite. Anhydrite is also

an associated mineral in potassic alteration. Glazner (1988) studied potassic
alteration of Miocene volcanic rocks in the Sleeping Beauty area in California. The
K20 contents in Peach Springs Tuff was reported as high as 13.3 wt %. Duan et al.

(2021) showedhat Narich fluids can trigger potassic alteration.

2.5.2 Propylitic alteration

Propylitic alteration occurs by adding®l, CQ, and local S, with no appreciablé H
metamorphism(Binglin et al. 2014) Chlorite and epidote mainly exist with less
calcite, albite, and zoisite in a propylitic alteration environment. It is found in low to
intermediate temperatures (2880 °C) and low fluidrock ratios. Gallardo et al.
(2018) reported an intense propyliéiteration at 320 m depth in Nevados de Chillan

geothermal system.
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2.5.3 Phyllic (sericitic) alteration

Destabilization of feldspars causes sericitic alteration by hydrolysis in the presence
of K, S, OH to form quartz, chlorite, pyrite, and seri¢kteunier anl Velde, 197h

The process involves leaching out of Mg, Fe, Na, Ti, anw/Kllaceet al. (2019)
noted the presence of G@ch, carbonate, and pH neutral as the responsible for

alteration.

2.5.4 Argillic alteration

The argillic alteration is categorized intotermediate and advanced argillic
depending on the intensity of the clay mineral. Intermediate argillic alteration is
characterized by smectite and kaolinite group formation at a temperature below 250
°C (Hikov, 2004. Advanced argillic alteration iactive in high fluid/rock ratio

environments. Alteration minerals are mainly kaolinite and alunite, with less quartz

255 Silicification

Silicification involves the formation of new quartz or amorphous silica minerals as
the result of isochemical hydrolysisactions in the local presence of Silica. Quartz
precipitation occurs in fractures where hydrothermal fluids travel thr@gmar

and Ghassemi, 20D5High level epithermal precious metal ore deposits influence
silicification alteration. Geothermal watiecludes a cocktail of species (cations and
anions) at equilibrium temperature in the reservoir. As hot water is utilized, dissolved
species like silica can precipitate. The silica precipitation can causlppand
turbine damage in geothermal prodaantisystems. Silica precipitation is more
problematic in flashingype systems where silica concentration in the brine becomes
supersaturated with steam generation. To illustrate, approximately 25% of flashing
in the Kézél der e g ereasehnesiticen@hcentratianifram38lauses an

ppm in the reservoir to 500 ppm in the rein
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et al. (2022) investigated the recovery of silica from geothermal brine at the
Yamagawa power plant by using batch and circulagsts. They used reagents and

cationic flocculant to change retention time and decrease silica concentration.

Watanabe et al. (2021) investigated the effect of the formation of amorphous silica
particles on the fractured granite reservoir at various teatyres (43600°C) and

pressures (280 MPa). The study reported a slight reduction of permeability.

Kumral et al. (2016) studied hydrothermal alteration in the Miocene magmatic
intrusion in TavkBol kaoda] oBelt hekeykgt ahwea
They noted silicified/iron carbonatized alteration and argdiicic alterations
(Figure2.21).

Figure2.21 Centimeterscale view of comitextured quartz crystals within wall

rock (sericitized, kaolinized and silicic) (Kumral et al. 2016)

256 Carbonatization

Carbonatization means the formation of carbonate minerals such as dolomite, calcite,
siderite, ananagnesite during rock alteration. Mineral carbonation requires metallic
cations such as Mg C&*, and Fé" (Equation(2.7)). The high partial pressure of
carbon diaide and neutral to alkaline pH promote carbonatization alteration. The
carbonization process is typically found in £@injection to store carbon gases in
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the geological formations permanently. Erol et al. (2022) evaluated the dynamic
fluid-rock interadbns during longterm CQ-charged fluid injection. They identified
secondary minerals developed as the results of the mineralization process in the
metamorphic reservoir consisting of quartzite, marble, and schist. The calcite
dissolution mechanism was mped because of the acidic property of&aturated

brine. Liu et al. (2019) studied reactive transport modeling of €&Questration in
basalts. They reported mineral carbonation in the serpentinite basalt. Matter et al.
(2009) reported carbon dioxidéosage in basalt in the Carbfix pilot project in

Iceland.

0whQ 060 00 6 @ Q6 O (2.7)

25.7 Greisenization

Greisenization represents the alteration of muscovite, quartz, and flessie

(Witt, 1988. It is a postmagmatic alteration changing the composition of granites
with several sequential stages. It is a metasomatic process related to high silica
leucocratic granitoids (Stemprok, 1987). Zhang et al. (2018) characterized
hydrothermal alteration at the Dahutang tungsten deposit in South China as phyllic,
biotite, greisenization, and silicification. The weak greisenization showed mass gains
in SIO,, FeOs, K20, POs, and W and reduced Ma, MgO, and CaO, whereas
Al20z and MnO emained unchanged® e t e rakdoDvod €201§) studied the
evolution of magmatihydrothermal alteration in the granjpegmatitegreisen
system of Eastern Krusne hory. The greisenization stage was reported at
temperatures between 600 and 3@0 Shanks Il (2012) presented the primary
alteration assemblages of alteration typed able 2.4. Hydrothermal alterations
observed in West of Anatolia are showrnTable2.5.
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Table2.4 Diagnostic minerals in hydrothermally altered volcanogenic massive

sulfide deposits at different metamorphic grade (Shanks Il1,;2812t al., 2012)

Alteration type

Diagnostics minerals:
unmetamorphosed deposits

Diagnostic minerals:

greenschist facies

Advanced argillic

Kaolinite, alunite, opal, smectit

Kaolinite,pyrophyllite,
andalusite,corundum, topaz

Argillic Sericite, illite, smectite| Sericite,illite, pyrophyllite
pyrophyllite, opal

Sericitic Sericite, illite, pyrophyllite Sericite, illite, quartz

Chloritic Chlorite, quartz, sericite Chlorite, quartz, sericite

Carbonate propylitic

Carbonate (Fe, Mg), epidot
chlorite, sericite, feldspar

Carbonate (Fe, Mg), epidot
chlorite, sericite, feldspar

Table2.5 Hydrothermal alterations in West Anatolia geothermal systems

Field ID Reservoir rock type Hydrothermal Alterations References
Ay d-én Menderes metamorphic Kaolinite, illite, (Karamanderesi
Sal av| reservoir rock (calschist, montmorillonite, calcite, and Helvaci,
Geothermal micaschist, quartzite, pyrite, dolomite, and hydro 2003
Field gneiss, marble) biotite
Al ake Menderes metamorphic | Chrolitization, sericitization| ( KI han a
Geothermal | reservoir rock (cakschist, | silicification, carbonification 2018)
Field micaschist, quartzite,
marble)
Kéezeéel Menderes metamorphic Phyllic, argillic, silicic, (¥zge¢r),
Geothermal | reservoir rock (calkschist, hematitized, and
Field micaschist, quartzite, carbonatized alteration zong
marble)
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2.6  Previous Studies about CQSequestration in Geothermal Reservoirs

Geological storage of carbon dioxide is a slow process dhattakeyearsto
complete The reaction time is influenced Isgveralcritical parameters, including
the mineral surface area, mineral types, thermodynamic conditions, and CO
saturation.Laboratory tests are typically applied psovid insightsabout the
initiation of CQ storage procesBatch experimentsyhich involve nixing CO

with rock particles, can be completed in weeks due to the high mineral surface area
of crushed samplesHowever, flowthrough experiments, which involve
continuously flowing C@through a rock sample, can take months to years to reach
equilibrium due to the limited contact surface arBaactive transport simulations
are generally applied to understand the effects of @jection on the reservoir
rock and fluid.

Secure storageof CO requires an impermeable caprocko trap the CQ
underground However, rmeable faults along the caprockuld cause gas to
escape to the atmosphere. Stress variation associated with injection may create
fractures along the caprock. Therefore, it is crucial to underdtanavorking
mechanisms and evaluate possibitks before longerm injection. Dalkhaa and
Okandan (2013) studied G@vatercaprock interactions for potential GGtorage

in Turkey. Thg usedTOUGHREACT program to investigate the influence of,€O

di ssol ved water on the Sayéndere-formati on
injection in a 2D radial modeling. The mineralogy of the caprock and geochemical
analysis of the reservoir watare shown inTable 2.6. The study reported the
dissolution of calcite in the reservoir rock and caprock. The variation of the porosity
and permeability was fourtd benegligible. As an example of G@scape from the
reservoir, may researcherbBavereported the travel of C&charged fluids through

Navajo sandstone to the surface (Assayag et al., 2009a and Han et al., 2013).
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Table2.6 Mineralogy of the caprock (Dalkhaa and Okandari,30

Primary Minerals Mass fraction
Sayindere caprock Calcite 0.76

Quartz 0.227

Kaolinite 0.013
Karabofj az r es]| Calcie 1.0

Secondary Minerals Mass fraction

Magnesite 0.0

Siderite 0.0

Dolomite 0.0

Hematite 0.0

Kinetic reaction rates and mineral surface drage a significant impact diuid-

rock interactios. However, it is difficult to estimate theservoir mineral surface
area in heterogeneous systems. Therefore, sensitivity analyses are tysiedtty
understandthe effect of mineral surface arean the results. Reaction rates
determined from laboratory testgy not be accurate representations of the reaction
ratesin natural field settings (White and Brantley, 2003). Kampman et al. (2014)
noted that thdimited samplesize complicates direct sampling of G@ch fluids,

which can lead toCO. degassing during sampling. Waldmann et al. (2014)
investigated the importance of mineral surface area onvia@errock interactions.
They studied the effects gpecific mineral surface area, mineral distribution, and
whole rock surface areas separately. The study showed that the initial amount of K
feldspar, hematite, kaolinite, and carbonate controls the clay mineral precipitation
during CQ storage in Rotliegeh sandstones. They employed PHREEQC
geochemical modeling software to show tthet aqueous phase was supersaturated

with respect t@ome carbonate and sulfide miner@lable2.7).
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Table2.7 Saturation index of minerals as the result of wabek interaction

Waldmann et al. (2014)

Mineral Formula Initial Precipitation Sl (after mineral
SI (mol/kgw) precipitation)

Ankerite CaMg sFen (COs), | 4.07 0 -0.56
Aragonite | CaCQ 1.79 0 -0.50

Barite BasSQ 0.05 0 -1.70

Calcite CaCQ 1.94 0 -0.36
Dolomite | CaMg(CQ)2 4.60 0.0046 0

Galena PbS 3.17 0.0001 0

Hematite | FeOs 4.03 0 -1.81
Magnesite | MgCQOs; 1.40 0 -0.91

Pyrite FeS 2.23 0.0010 0

Siderite FeCQ 1.39 0 -0.96
Sphalerite | ZnS 2.73 0.0001 0
Strontianite| SrICG 1.40 0 -0.90

Although the major cmponentof NCGs in gas sequestration projeds CQp,
impuritiessuch asSO,, O, and NQ may also be presenfthe impurity of gases may
cause different reactions with various kinetic rates. Pearce et al. (2015) performed
an experimental and simulatirased study to reveal the impacts o0 CO-
waterrock interactionsThey showed th&0; gas in the water gerated sulphuric

acid, increasing silicate and carbonate dissolution. The amount of mineral
dissolution was changed with the rock composition. The study showed that the more
cation concentrations in the solution, the higher potential fert@Pping. Wag et

al. (2016) performed an experimental study investigating@de-rock interaction
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for COz sequestration in deep coal seams. The experiments included powdered rock
samples representing caprock in the batch system &Cl&0d 15 MPa. Changes in

the mineralogical compositions were determined with XRD and SEM
measurements. It was reported that the content of quartz, illite, chlorite, and
plagioclase were increased while the content of biotite, kaolinite, and smectite

decreased.

Experiments are costeffective wayto understandhe reactions between GO
saturated brine and reservoir rock under reservoir conditions. Steel et al. (2018)
conducted hydrothermal experiments over 6 monthisviestigatethe potentiafor
mineral carbonatiory buffering brire with calcite. The experiments were then
simulated with PHREEQC to determine the equilibrium state. The study found that
calcitewas insufficient to enhance mineral carbonation. Liu et al. (2012) reviewed
reactive experiments between £ine-caprock usng theEau Claire formation as

a case study. A batch experiment was conducted aPQGhd 300 bars. Stable
isotope tests suggested that3Rists in the caprock's free and dissolved phases.
The study reported thergzipitation of clay and carbonate ramls andthe
dissolution of feldspars and carbonate mineials et al. (2018) investigated GO
brinerock interactions for C® sequestration in a deep saline aquifer. They
performed experiments on the minerals taken from the upper layer of the Shahejie
formation in China Figure 2.22). The e&periments observed¢hanges inion
concentration after 72 h of reaction. The concentrations of H&@ C3&" were
significantlyincreasedTheyusedTOUGHREACT and PHREEQC to simulate the
long-term geochemical behavior of the solution.
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Figure2.22 Photo of the sandstone sample and thin section image observed by
electron (Liu et al. 2018)
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CHAPTER 3

STATEMENT OF THE PROBLEM

Global warming is a major threat to the planet, wibtentially catastrophic
consequences such as floods;lseal rise, and widespread species loss. One of the
main causes of global warming is the increasing concentration of greenhouse gases
(GHGs) in the atmosphere, such as;(®S, and CH. Sequestratin of GHGs into
geological formations is a promising method to mitigate climate change. CO
reinjection has been successfully performed in many depleted oil and gas reservoirs,
and deep saline water reservoirs are also good candidates forstGage.
Geotiermal reservoirs could be one of the most promising geological formations for
CO; storage.

Turkey has a significant geothermal potential, and the total installed capacity of the
Turkish geothermal industry has increased by ten folds in the last two decade
However, the gas emission of geother mal
average value. For example, the £LOont ent of the Al akehir
Germencik geothermal fields was higher than 3 % during production startup and
shortterm flow tests. CQ capture and reinjection into the reservoir could generate

more environmentally friendly electricity.

The reinjection of C@into Paleozoieaged geothermal reservoirs is a promising
method to mitigate climate change and improve the efficienceathgrmal power

plants. However, it is important to understand the: @apping mechanism in the
reservoirs for permanent and safe storage. Otherwise, critical problems such as gas

leakage, ground deformation, and injectivity decline might occur.

This stug investigates the reinjection &0, into Paleozoieaged geothermal
reservoirs using experimental and simulat@sed approaches. Most of the

previous studiesn CQ storage in geothermal reservoirs are basedssamptions
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and simulations. This studydludes batch and coefood experiments using real
reservoir fluids and reservoir core samples. It was aimed to reveal-nveker
interactions during longerm CQ injection. Gas dissolution kinetics in the reservoir
brine was also investigated with reaservoir gases and brine. The experiments were
simulated by using PHREEQC geochemical modeling tool. The secondary minerals
that might develop during loAgrm gas reinjectionwere found by using
experiments and simulations. Kinetic reaction rates and activation energy of primary
and secondary minerals were obtained during matching simulation results with
experiments. Finally, the study was upscaled to a field application using
TOUGHREACT for 3D reactive transport simulation.

The results of this study provide a better understanding of the t@Pping
mechanism in geothermal reservoirs and can be used to design and optimize CO
storage projects. This study also provides a basisjmting dissolved C@into the

Kézél dere geot her s CQigester. voi r before
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CHAPTER 4

MATERIALS AND METHODS

4.1  Methodology of CQ; Dissolution Experiment

Understanding of gas dissolution mechanism in geothebmiaé is crucial for
carbon dioxide injection projects and twbase flow calculations in geothermal
systems. Gas dissolution experiments are reliable methods for mimicking the
dissolution mechanism in reservoir conditions. Thection investigates the
dissolution experiments @O; in geothermal brine at various temperatures®0

to 142°C) and pressures (1 barg to 13 barg). The NCG, with more than 98 % carbon
dioxide was captured from a geothermal well in Western Anatdlie s
dissolution experimdn were conducted in a novel experinasetupthat included

a batch reactor, mirseparator, brine sampling, and gas measurement system. The
total dissolved gas at various temperatures and pressure was calculated by
individually measuring free gas flowgrine volume, and alkalinity test®nlike

typical gas dissolution studies that consider only sodium chloride (NacCl) in the brine,
this study considered the major anions and cations in the brine during calculations.
The goodness of the experimaintesultswas tested againghe calculations of an
agueous geochemical software, PHREE@Q@ empirical correlations available in

the literature. To understand the kinetics of gas dissolution, the batch system was
continuously mixed while the gas injection was tkep constant pressure. The
pressure behavior of the gbsne mixture showed the importance of complete

mixing to reach the maximum gas dissolution in the brine.

The batch experiment setufsee Figure 4.1) was transported to different well
locations to obtain different temperaturésgure 4.2 shows the system of gas

flowmeter sed in the experiments.
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Figure4.2 A view of gas measurement system consistingafralenser and a gas
flowmeter.
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The NCG used in the experimenigere the original gases transferred from a
geothermal well at static conditions wékvellhead pressuref 89 barg(Figure4.3).

COz wasthe major gasaccounting fomore than 98 % of total dry gas voluriée
NCG accumulated &he wellhead due to density differences after being in static

condition in thegeothermal well for more than 16 months

Source of NCG used in the

experiments is a geothermal well
at static condition

Figure4.3 Transferring NCG from a geothermal well to a hglessure tube

The studyusedtwo types of experimental set@ batch reactor and coreflood
setup. Stainless steel componeméseused to eliminate reactiottsat couldchange
the composition of the geothermal brifi&de batch reactaonsisted of a mixer with

a power 00.75 kW, a 300 rpm reducer, Teflon packing, and a special sealing system
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that allowed forcontinuous mixing undeni gh t emper ature and
injection portsverelocatedat the top of the reactan allow for the injection ofjas

and brine. A pressure relief valve relechaay uncontrollegressuréuildup in the
reactor.The temperature and pressure loé system were continuously recorded
using a thermocouple and a pressure transnhiitatedat the bottom of the reactor.

The temperature and pressure conditions of the experiments were kept constant using
insulation materials and a douldtage gas regatlor. The reactor was heated using
geothermal brineontinously flowingfrom theproduction line. Brine samples were
collected from the sampling portthe bottom of the reactofhe sampling line was
connected to a mini separator at atmospheric conditibhe flashed brine sample

was decomposed into gas and liquid pha$ée. gas phase floyd into a steam
condenser tsemovesteam fromthe CQ . The pure and dr£O, was measured
usingagas flow meter. The illustration of the experiment setup is showigure

4.4.

Motor driving
Mixer shaft

T Pressure relief valve
Double-stage gas

pressure regulator
) S

€02 gas phase

C02dissolved brine . o 2 "
Capillary Tubing for heating the reactor using

geothermal temperature from a production wells'

5 line
Pressure Transmitter

Temperature Transmitter Gas flowmeter

Sampling port

Brine sampling
port

Figure4.4 lllustration of batch reactor
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4.2  Batch and Coreflood Experiments

The workflow of the study ishownin Figure 4.5. The study staed with CO,

dissolution experimentssingreal reservoir gas and geothermal brine collected from
injection line of the power planCCore samples taken frothe deep geothermal
reservoir in Kézeéeldere wer-mckateracsidned and
Then, batch and coifiood experiments were conducted to understand the
mechanism®f CO; injection in largescale field applications. Batch experiments

were smulated with PHREEQC to obtain mineral kinetic reaction rates and

activation energy of minerals. The data obtained from batch experiments were then

used to simulate a 3D reactive transport model of the field undgin{&Ction using
TOUGHREACT. Thus, theeffects of CQ injection on the reinjection and
production wellsvererevealed through this workflow.

3D reactive transport Simulations using

Simulations Using PHREEQC Coreflood experiments Batch Wf“te"’“k
TOUGHREACT experiments

Figure4.5 Workflow of the waterock interaction experiments
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The batch experiments started withe preparation of rock samples. Two core

samples were taken from 19@Dand 300&m depths of the studied well, located in

the western region oRFiguredbeTh&Kopre samplesweee f i el d, 7
crushed into small pieces asdrtedwith sidderent sizedgcreenersresulting in

particles with diametensanging from0.6to 0.7 mm Figure4.7).

a)

a)

Figure4.7 Crushing core samples into small particles (Screener (a), shaking
screeners (b}ortedparticles (c)
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The experimera setup is shown ifrigure4.8. Geothermal brine collected from the
reinjection line of the power plant was placed in the batch rea€@r.collected
from a geothermal well @restored in a higipressure tube. GQvas continuously
supplied to the geothermal brine at a constant presdueeeactor was continuously
mixed toensure that the gas and brine wiiéy mixed. The CQ-dissolved brine
was then transferred to a transfer ddlit couldwithstand high pressure. The batch
reactor and transfer cell were then disconnected, ardatinsfer cell was connected
to highpressure C®tube A doublestage gas regulator was used to provide a
constant pressure displacement of briflee exit pressure of the core holder was

also kept constant using a bgmessure valveHigure4.8).

Back J ==
pressure [
regulator

_§
7"/

Figure4.8 A view of coreflood experiment setup
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The core holderauld withstanda pressure of0 bar and was surroundeg heat
tapesto providea temperatureof 95 °C, which is the reservoir temperature in the
vicinity of reinjection wellsThe core samplezas60 mm in diameteland was split
to create a smooth and single fracture withagertureof 2 mm (Figure4.9). The
core samplewas very tight, and small fractures were identified with carbonate
fillings. Therefore it was assumed that the main fluid flow ocedrthrough the

syntheticfracture, andhere is no flow in thenatrix.

e

Single fracture
/ |

Figure4.9 Sythetically fracturedore sample and core holder used in the

experiments
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4.3  Methodology of Simulation Approaches

Batch experiments were simulated ushf REEQC, and experi ments
then used to enlarge the results to field scale with TOUGHREACT.

43.1 Simulation of Batch Experiments using PHREEQC

PHREEQC is a geochemical simulation softwiwa can perforna wide variety of
calculations including speciation and saturation index calculation, adveetive
transport simulation, inverse modeling, multicomponent diffusion transport, and
surface complexation reactioriRParkhurst and Appelo, 1999pPne of the most
critical advantages is that it can handlewide range of thermodynamic data,
including data for aqueous species, minerals, gases, and solid so{B@okisurst
andAppelo, 2013)

This study useéa PHREEQC code to simulatee reactions between CG&3aturated
geothermal brine and reservoir rock in tiach experiments. The critical parameters
that influence thenteractions are mineral surface area, kinetic reaction rate and
mineral activation energyfhe mineral surface aregas obtained using SEM, and
XRD analysis and image processof mineralparticles.The knetic reaction rate

and activation energy of minerals were the tuning parameters during simulation. The

governing equations are given in thguationg4.1), (4.2), (4.3) and(4.4)

- o p p (4.1)
Q E Az% it
i 8
ZAC)A% II— E p 32Miner al (42)
-1 1 AOAGAET A (4.3)
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computational resources. The software allows users to model species in the form of
gas, ilquid, and solid. The interaction between flowing phases is handled using
relative permeability and capillary pressure. Convective and conductive heat flow
and diffusion of norcondensable gases are also considered in the simulations.
Aqueous complexatiortation exchange, and redox processes are assumed to be at
local equilibrium. Mineral dissolution and precipitation can be modeled under
kinetic conditions, but they can also be determined by assuming local equilibrium.
The program uses a sequential iteratapproach, in which the chemical transport
equations are solved after the flow equations have been evaluated. The chemical
reaction equations are solved using NewRaphson iteration on grid blocks. The
dissolution and precipitation of minerals occurdar kinetic conditions. These
processes result in temporal variations in reservoir porosity and permeability.
Porosity changes are calculated based on variations in mineral volume fractions.

Permeability changes are calculated using the cubic law, wbigdiders porosity.

Reactive transport models are typically used as preliminary studies fosdelel
CO, storage projects. These models can help experts to understand the potential
problems that may arise during leteym gas injectionFor example Andr®et al.
(2007) used TOUGHREACT to simulate €fdjection in a carbonate reservoir in
Paris, France. The model considered two, @(ection scenarios: C&saturated
water and pure supercritic@lO; injection. The results of the model confirmed that
COp-saurated water is highly reactive, which could lead to a significant decline in
injectivity. On the other hand, supercriticaD, injection showed weakly reactive
behaviorIn another studyMaskell et al. (2015nvestigatedhe chemical esution

of groundvater flowing through a basalt aquifer Soda Springs, Idahorhey
determinedhe kinetics of C@fluid-rock reactiongn this systemThe primary fluid
minerak in the aquifer werglagioclase, gypsum, pyroxene, and orthoclase. The
developedsecondaryninerak weresilica, kaolinite, zeolite, calcite, and albite. The
kinetic rates obtained from the study were found to be simildrage observed in

other natural C@charged groundwater systems.
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TOUGHREACT is a nonisothermal reactive fluid flow and gehemical transport
program that includes comprehensive chemical interactions between different phases
such as liquid, solid, and gas phases. Different forms of process may develop during
carbon sequestration based on the existence of ions, mineralseamaddynamic
conditions. Mineral precipitation and dissolution occur at different rates and are
typically controlled by kinetic rate constant and mineral surface area. Kinetic rate
constant changes with specific parameters such as species, absolutettee) e
activation energy. The general rate expression used in TOUGHREACT is given in
Equation(4.5).

t (4.5)

Where A represents the kinetigmeansner al
dissolution, and the negative values precipitationjskthe rate constant which
depends on temperaturen /& the specific reactive surfaceea, and K is the
equilibrium constant. The parameters of

However, their values are typically considered as one.

For different minerals, the kinetic rate constant can be obtainedEgoiation(4.6)
(Palandri and Kharaka, 2004).

. % p p (4.6)
E E A®97—4 c )
% p p .
E AQ%Tqu UA
% p p .
ImY _
E AQUZ i UA

Where OH, H, and nu are subscripts that indicates base, acid, and neutral

mechanisms, respectivelys EEpresents activation energys ks the constant rate at



25°C, R is as constant, T is absolute temperature, a is activity of the species, and n

is power term

Mineral dissolution and precipitation cause changes in the porosity and permeability,
affecting fluid flow path characteristics. Variations in the mineral volume fractions
are used to calculate changes in the porosity. Equgdof), used in the
TOUGHREACT, was proposed by Kozef@arman

T N p N (4.7)
T 0 p N
Where%orepresents the porositki s t he per meabi lity, and

values of variables.

Palandri and Kharaka (2004) calculated the reaction constant of acid and base
mechanism for different minerg($able4.1).

Table4.1 Examples for acid and base mechanisms (Palandri and Kharaka, 2004)

Acid mechanism Neutral Base mechanism

Log k E n Log k E Log k E n
Kaolinite -11.31 | 65.9 0.777 | -13.18 | 22.2 -17.05 179 | -0.472
Montmorillonite | -12.71 | 48 0.220 | -14.41 | 48.0 -14.41 | 48.0 | -0.130
Smectite -10.98 | 23.6 0.340 | -12.78 | 35.0 -16.52 | 58.9 | -0.40

Reactive mineral surface area is a critical parameter influencing reaction rates

between fluidCO,-rock. Walls of fractures are considered surfaces filled with
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mineral grains. The fracture surface area is calculated based on fracture porosity and

interface ratio. TOUGHREACT usesfquation (4.8) for each mineral.
TOUGHREACT treats mineral grains as a plate.

B & 4.8)

The other software used for geochemical modeling is PHREEQC, writt€ém+n
programming language. It can be used to perform a wide variety of geochemical
calculations in aqueous syste(®arkhurset al.2013), including:

- Saturation index calculations

- Speciation

- lon exchange equilibria

- Surface complexation

- Mixing of solutions

- Inverse modeling

- Gas solubility calculations using the PeRgbinson equation of state

- Onedimensional transport calculations with reversible and irreversible reactions

PHREEQC uses the PeiiRpbinson equation of state and faija to model CQ
solubility in water (Peng & Robinson, 1976).

4.3.3 Geological Structure of the Reservoir

Numerical reservoir models typically start with the construction of a conceptual
model, which is a simplified representation of the reservoir based orfrdata
di fferent disciplines. The conceptual

built using data from geology, geophysics, reservoir engineering, drilling,
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geochemistry, and well logginf.he Keéez él dere geot her mal f i ¢
has keen producing geothermal energy for over 40 years. More than 100 existing

wells provide a wealth of data that can be used to construct a conceptual model of

the field. Hakl édeér et al . (2021) prese
Kéez el der palyding the geololgyyof tlae existing wells and alteration types
observed from cuttings during drillingigure4.10).

The geological formations can be listed fromtibye layer to deep reservoir sections

observed in existing wells as follofwigure4.10):

Tosunlar formation

- Kolonkaya formation

- Sazak formation (Reservely

- Kezeél burun formation (Caprock)
- Kideci k formHtion (Reservoir

- Menderes Metamorphics (Reservdl)

55



Age Formation D;"‘:;-" Lithology Alteration Type

Pliocene

e e e

Paleozoic

Figure410 A gener al geol ogical columnar sectio
alterationtype¢ Ha k|l édér. et al . 2021)
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A conceptual model of a geothermal field can be constructed by incorporating
information from predrilled wells, seismic data, outcrop analyses, and field
observations. Hakl eédér et al . (elo@éanperev

field by including new information obtained from deep geothermal wElgure
4.11).

‘ SR ”
R ‘ LTINS

Precipitation n o e

Legend
T | o
e rceny | o Kolorkays
WedeMoceos- Ty |sumem  — | 7, | 150 Reservoir
e —_ (LimaStons)
EadyMocons. |y Kedbwurun Fim, 2nd Reservoir
f Ve Mocee il (Marte)
. [ u 3¢d Reservoir
Scale &t | b= by .

\
7/ FEsw [- Mot \ % 4th Reservoir
1 km s I (Deep moctie)

Figure41l Thegeol ogi cal conceptual model of toF&

(Hakl edér. et al. 2021)

In this study, we constructedsanplified 3Dmo d e | of the studied a

field, including a production and an injection well. The spatial distribution of
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gedogical formations was based on the observed data in existing Rigils€4.12).

The studied area is 3.78 knwith a depth o km. For simplicity, we considered

Kdeci k and metamor phic r owe kaneddenderas si ngl e r
metamorphigeservoir

% /

Fraduction el
%

Digersion wilk
/)'

mmm INIHI

H’lmmuumuul

Alluvion

Tosunlar Fm.

I Kolonkaya Fm.
- Sazak Fm.

B «ziburun Fm.

I Vienderes metamorphic

696419.0, 4200762.0, -5000.0)

Figure4.12 Stratigraphic columns and distribution of formations of the studied

area i n Kézéeldere field
The Kézéldere geot her mal field produces ge
sections: the Sazak formation, the Kjdecik f

rocks. The Paleozoic metamorphic rocks have different compositions depending on
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their depth These formations are mainly produced from faskociated fractures.

The dominant faults in the field are descrile@ayraktar, 202 In this study, we

only considered fault, fault1A, and the Gebeler fault, which cut the two
geothermal wells inhie field. Faukl and fauklA are EW trending and south

di pping nor mal faults with a di pSWangl e
trending strikeslip fault that dominates the main fluid flow in the figldigure4.13).

Fault-1 Fault-1A Gebeler Fault

IGO0 A0 15 19 (W AR00162 0, +5000 04

Figure41l3 Faul ts used in the numerical- model
1, fault1A and Gebeler fault

4.3.4 Gridding of the Model

A total of 9360 threelimensional rectangular grids with varying sizes were used to
subdivide thesector doublet modehto smaller partsKigure 4.14). During the
gridding operation, smaller grid blocksere usednear well locations for more
accurate and precise resulighilerelatively large grid blocks were used at the model
extends for simulation rutime optimization (able4.2). The grid block size was

selected as 39 m in the well regiomdjich enables to accurately capture pressure
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and temperature transients near welllzoré it was increased to 200 m, whichtil s

lessthantheweb paci ng in Kezeéeldere (500 m).

Active Cel Count: 9360 / 9360 TOUGHREACT  EOS2

Figure4.14 A top view of grids of 3D model

Table4.2 Grid size distribution of the model

X Y
Number of Grids Grid Sizes, meter| Number of Grids Grid Sizes, meter
6 200 4 200
20 39 20 555
Total: 1980 meter 1910 meter
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435 Physical and Geochemical Boundary Conditions of the Model

The two most important steps in a numerical reservoir simulation are the definition
of boundary conditions and initial reservoir conditions. The reservoir extension can
be limited by neflow boundaries, which are caused by impermeable lithologies or
sealirg faults. A constant pressure can also be supplied by a strong water influx from
the bottom and outer of the system. Production and reinjection wells are considered

internal boundarie@~igure4.15).

(a) - External boundary
P=P, " Constant pressure (p=p,)

P=Pq

. Internal boundary
Pw Specified at the well

(b)

_» External boundary
No-flow boundary (pressure-gradient)

NOFLOW

Internal boundary
, Flow-rate specified at the well

NOFLOW

NO FLOW

Figured1l5 a) Constant pressure boundary b) No

We semno-flow boundaries from the bottom lay&wp, outedayers of the model. The
model has a heat souratthe bottom {5000 m depth), covering approximately 0.1
km?, with a water flux ofL kg/s at an enthalpy of 1000 kj/kand aCO, content4.5

% by weight. The conductive heat flux was 0.1 J?qffigure4.16). The outer and
bottom layers have no flow boundariesterms of pressureexceptfor the grid

blocks representing the heat sourée.production and a rajection well was

61



constucted at a depth of 3260and 2900 m. Production rate, and reinjection rate of

the wells were 100 kg/s and 70 kg/s.

Figure4.16 Heat source from the bottom of model

The toplayer of the model-L00 meter depth) was set as constant pressure and
temperature boundappnditionwith a10 barg pressure ardemperaturef 45 °C,
which represents static temperature gradient of the r€gignre4.17). This layer

was set as a fixed state, which meémst there will be no changes throughout

simulations at this layer.
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Figure4.17 Fixed stateof top layer of the model

It is essential to state geochemical boundaries in TOUGHREACT, specifying
chemical species and complexes that the program will use for reactions. Chemical
species and complexes were foubg using PHREEQC andwere introduced
TOUGHREACT, as shown inTable4.3, Table4.4, andTable4.5).
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Table4.3 Initial and boundaryfowvater chemistryat reservoir

Primary Species

CGUESS (molality)

CTOTAL (molality)

Alo2 1.71x10° 8.4x10%
Br 5.53&%10° 5.73&%10°
Ca’ 1.3%10% 3.3%107
Cr 0.002892 0.003892
= 0.001175 0.003175
Fe? 2.63%10° 6.64107
H* 7.94&10° 7.94%107
H.0 55.51 55.51
HCOs 0.06136 0.06636
K* 0.004627 0.005627
Mg 2.48X10° 4.48%10°
Na* 0.05166 0.05266
SO, (aq) 0.007445 0.009629
SO 0.00616 0.00816

64




Table4.4 Injection brine chemistry

Primary Species CGUESS (molality) CTOTAL (molality)
Alo2- 1.0x10° 3.2&10°
Br 3.0x10° 7.8x10°
Ca? 1.56x10* 2.56x10*
Cr 0.003377 0.003177
F 0.001388 0.001988
Fe'? 4.0x107 4.56x107
H* 1.2%10° 1.2%10°
H.0 55.51 55.51
HCOs 0.07136 0.08136
K* 0.005429 0.005929
Mg*? 2.4810° 2.9810°
Na* 0.06083 0.06183
SiO; (aq) 0.008775 0.009775
SQOy? 0.007226 0.008226
Table4.5 Aqueous complexes
Al(OH),* Al(OH)3(aq) AI(OH) 4
Al(SOs)y Al*S Al 1304(OH)24""
Al(OH);* Al3(OH),*® AIF*2
AlF,* AlF3(aq) AIF;
AIOH*2 AISO,* CaCF
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Table45cont 6d)

CaCbh(aq) CaCQ(aq) CaF
CaH:SiOs(aq) CaHsSios* CaHCQ"
CaOH COs(aq) COs2
Fe(OHX(aq) FeF FeHCQ*
FeO(aq) FeOH FeSQ(aq)
H.SQy(aq) HsSiOs HAIO2(aq)
HCl(aq) HF(aq) HF>
HFeQy HSIOs HSOy
KCl(aq) KHSO4(aq) KOH(aq)
Mga(OH)s MgCI* MgCOs(aq)
MgF* MgHCGs* MgOH*
MgSQu(aq) NaAlO»(aq) NacCl(aq)
NaCQy NaF(aq) NaHsSiOs(aq)
NaHCQ(aq) NaSQr OH

SiFs?

The mineral composition @rock must be specifieitd TOUGHREACTto prevent
unbalanced chemical reactions. Buoétware requirethe user to define the primary
minerals and their product minerals, also known as secondary mirfeniadary
minerals and their product minerals, called secondary minerals, are introduced to the
software, leading reaction types and possible product @rees. The secondary
mineral is a product of the reaction between-€Rarged water and primary mineral.

It can form as a result of mineral precipitation or dissolution. If the mineral
composition is not defined in TOUGHREACT appropriately, the progvah

prematurelyterminate with an error due @ chemical reactionTherefore, it is
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essential to definghe primary and secondary minerat®rrectly Rock mineral

analysissuch as XRD and SEMan be used to identify the primary and secondary

minerals.In this case, the primary minerals were calcite and quartzite, while the

secondary minerals were dolomite, magnesite, kaolinite, and @llaibde 4.6). In

TOUGHREACT, tke secondary minerals are defineddsgigning thena volume

f r act i orhis neeans thad they are not initially present in the rock sample, but

they can form as a result of the chemical reactitins.important to note that the

rock sample was takdrom a core in the field. This means that there was already a

certain amount of secondary mineral content in the mineral assembly. However, this

content was not included in the TOUGHREACT model.

Table4.6 Mineral composition

Grain Radius (cm) | Volume Fraction Surface area (ctfyr
Calcite 0.001 0.01 10
Quartzite 0.001 0.01 10
Kaolinite 0.001 0.01 10
Albite 0.001 04 10
Dolomite 0.001 0.01 10
Siderite 0.001 0.01 10
Magnesite 0.001 0.0 10
Rockproperties of t he model wer e

modi f i

pressure transient analysis of the existing wé&ls(e4.7). The thermal and physical

rockprpoperti es were

t a kTahted.8).r om K¢ - ¢ k, 2018
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Table4.7 Porosity and permeability values of the formations

Formation Name | Porosity Permeability in x| Permeability in y| Permeability in z

. direction (mD) direction (mD)
Direction (mD)

Sazak 0.1 10 10 2
Kjdeci k 0.05 10 10 2
Metamorphics 0.02 1 1 0.5

Table48Char acteristic of rock properties

Formation Name Rock Density| Rock Specificl Wet Heat Conductivity
(kg/m?) Heat (J/k§C) (W/m°C)

Sazak 2600 1000 1.0

Kideci k 2600 1000 1.0

Metamorphics 2600 1000 1.0

Permeability and porosity factors weaissigned to grid bloskto represent fault,

fracture, and caprock propertigadure4.18) and(Figure4.19). During the natural

state calibration of the model, the tuning parameters were porosity, permeability
factors, and the source rate heating the system with a convective and conductive heat
flow. The natural state model cal#tion was validated with static pressure and
temperature wel | sFigurgtlmHigurédes Figurads22, and o wn i n
Figure 4.23. There is a good match between simulated and actual field data for

natural state condition.
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Figure4.19 Permeability and porosity factors assigned to fauttgrids
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Figure4.20 Matching with static pressure profile of reinjection well
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Figure4.21 Matching with staticemperaturgrofile of reinjection well
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Figure4.22 Matching with static pressure profile of production well
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Figure4.23 Matching with static temperature profile of production well

71



72



CHAPTER 5

RESULTS AND DISCUSSIONS

51 CO2 Dissolution in Geothermal Brine

This study presents a novel experimental setup fodigaslution tests in geothermal

brine at varying temperatures, pressures, and mineral concentrations. The setup
consists of a 1-8ter reactor with geothermal heating, a mixer, a gas flow meter, a
gas source, a twstage regulator, sampling ports, and airmeparatorGeothermal
brine (9 |Iiters) was collected from an
in the reactor. NCGvas also collected from a geothermal well at static conditions
with a gas pressure of 40 barg at the wellhead. More 8fa08the NCG was C&)

thus the process can be considered asdX3olution in the brinelhe brine sample

was placed in the reactor and heated using the temperature of an actively producing
geothermal well. The higtemperature geothermal brine was dirdciato a
capillary tubing surrounding the reactor. The reactor was then isolated from the
atmosphere with insulating materials. The setup was transferred to different well
locations for different temperatures. Once the temperature stabilized wa©
suppled to the reactor at a constant pressure while the system was continuously
mixed. The continuous mixing of the fluids in the reactor maximized the contact

surface area between the geothermal brine and the CO

A batch reactor system was filled with 9 t&eof brine and 3 liters a0, at 8 barg
pressure. To investigate the dissolution behavioC©4 in geothermal brine, the
batch system was continuously mixed for 3.15 minutes while the gas supply was
maintained at a constant pressure of 8.4 barg. Thermias then stopped until the
initial pressure condition of 8 barg was reacliéidure5.1). The reactor pressure
decreased slightly, indicatir®O; dissolution. After the mixing process was stopped,

a pressure buildup was observed due to the pressure supply from the presslre vesse
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The stabilization pressure increased with increasing mixing times during mixing
because the brine approached its maximum gas dissolution cafaggriments

were conducted at different gasbrine (G/B) ratios to investigate the effect of
volumetricratio on gas dissolution kinetics. As the G/B ratio increased, the given
amount of brine reached its maximum gas dissolution capacity more g{kaklye

5.2). Thissuggests that it is critical to have a large surface contact area between brine
and NCG for complete mixing and solubility. The gas dissolution rates showed an
exponential decline with time for all G/B ratifigure5.4). The empirical equations

showing exponential decline are showT able5.1 for each volumetric ratio.

9.00

Mixing period —————— .
Pressure buildup #------ >

8.50

Sth 6th Tth 8th
T R e L e - » - -

AN

Pressure [Barg]

6.00

5.50

5.00

4.50

4.00
0 189 378 567 756 945 1134 1323 1512 1701 1890 2079

Time [Seconds]

Figure5.1 CO dissolution experiments for dissolution reaction kinetics
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Figure5.2 Dissolution kinetics of NCG in geothermal brine for different

gas/(gas+brine) volumetric ratio

Table5.1 Exponential behavior of NCG dissolution in the geothermal brine at

differentgas ratio (x represents time (seconds) and y is NCG dissolution rate

(kg/L/second))
Volumetric ratio of Gas/(Gas+Brine)| Exponential Decline
9/12 y = 0.0556&00x
8/12 y = 0.2301&-003x
7/12 y = 0.5108¢-003x
6/12 y = 0.6834&00x

Gas dissolution experiments were conducted at various temperatures and pressures
using the above procedure. The amour®@0$ that remained dissolved in the brine

and flashed out of the solution was explicitly meas\fiieable 5.2 and Table 5.3).
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As shown inTable5.2, a largefraction of CO; is presentas bicarbonate (HCH.
However, the majaty of the CO2 was flashed out when the system was opened to
atmospheric pressure in the brine sampling separator. The flash&é@e gas was
measured using a gas flow meter connected to the separator, as skayumad.2
andFigure4.4. The calculated gas content by weiglds compared with popular
empirical formulagrom the literature (Cramer, 1982; Fournier, 1989g@re5.3).

The experimental results areagreementvith empirical formulas for a wide range

of pressuresHigure5.4).

Table5.2 The amount of C&that remained in the geothermal brine based on

alkalinity tests

HCI HCI NaOH CO, from | CO;from CO; from CO; (mQ)
volume volume volume HCOs (m
@3)m | (8.2)ml " cormg | oo

(8.2) ml (mg)
10.60 3.70 14.08 16.28 30.36
13.10 4.20 57.64 18.48 76.12
13.10 5.00 57.64 22.00 79.64
14.80 6.00 65.12 26.40 91.52
13.00 3.80 57.20 16.72 73.92
13.10 4.00 57.64 17.60 75.24
14.20 4.80 62.48 21.12 83.60
15.30 6.00 67.32 26.40 93.72
15.50 6.00 68.20 26.40 94.60
13.10 3.60 57.64 15.84 73.48
13.70 4.00 60.28 17.60 77.88
12.80 3.60 56.32 15.84 72.16
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Table5.2¢ ont 6d)

13.10 4.20 57.64 18.48 76.12
13.10 5.00 57.64 22.00 79.64
14.80 6.00 65.12 26.40 91.52
14.70 6.00 64.68 26.40 91.08
15.20 6.40 66.88 28.16 95.04
16.00 7.00 70.40 30.80 101.20
16.80 8.00 73.92 35.20 109.12
17.80 9.00 78.32 39.60 117.92
16.10 7.20 70.84 31.68 102.52
16.20 7.50 71.28 33.00 104.28
16.70 8.00 73.48 35.20 108.68
19.10 10.00 84.04 44.00 128.04

Table5.3 The amount of C&that remained in the geothermal brine based on

alkalinity tests

CO: (L) | Gas Condensate | CO; CO; in| CO, Free| Total | CO,
Temperature (ml) (mol) | Brine Gas (mg) | CO, % wt
°C) (mg) (9

0.20 26.70 266.00 0.008 | 76.12 355.84 0.43 0.16

0.28 28.00 326.00 0.011 | 79.64 491.04 0.57 0.17

0.58 29.00 831.00 0.023 | 91.52 1022.73 1.11 0.13

0.82 17.80 458.00 0.034 | 73.92 1507.53 | 1.58 0.34
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Table5.3¢ont 6d)

0.55 17.90 363.00 0.023 | 75.24 1014.51 | 1.09 0.30
0.66 18.50 403.00 0.028 | 83.60 121491 | 1.30 0.32
0.78 18.80 458.00 0.033 | 93.72 1434.33 | 1.53 0.33
0.60 18.60 433.00 0.025 | 94.60 1098.56 | 1.19 0.27
0.38 13.20 353.00 0.016 | 73.48 704.95 0.78 0.22
0.40 14.00 323.00 0.017 | 77.88 753.46 0.83 0.26
0.54 14.50 378.00 0.023 | 72.16 998.52 1.07 0.28
0.20 26.70 243.00 0.008 | 76.12 355.75 0.43 0.18
0.28 28.00 303.00 0.011 | 79.64 490.95 0.57 0.19
0.58 29.00 808.00 0.023 | 91.52 1021.64 | 1.11 0.14
0.16 11.90 263.00 0.007 | 91.08 303.23 0.39 0.15
0.18 11.43 253.00 0.008 | 95.04 336.93 0.43 0.17
0.18 11.54 243.00 0.008 | 101.20 | 343.22 0.44 0.18
0.10 12.00 208.00 0.004 | 109.12 | 188.28 0.30 0.14
0.26 13.10 218.00 0.011 | 117.92 | 494.39 0.61 0.28
0.39 13.29 238.00 0.017 | 102.52 | 732.28 0.83 0.35
0.15 13.37 180.00 0.006 | 104.28 | 276.57 0.38 0.21
0.30 13.45 165.00 0.013 | 108.68 | 565.53 0.67 0.41
0.34 14.41 213.00 0.014 | 128.04 | 626.74 0.75 0.35
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Figure5.3 Comparison of gas dissolution experiments with empirical formulas
available in the literature
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Experimental results were also compared with simulated results obtained from
PHREEQCAKki n & Kargé (2019) used PHREEQC to s
evolution of fluids in geothermal wells west of Turkey. They compared the results

of two databases, PHFEQC.dat and LLNL.dat, against actual field data and found

that LLNL.dat provided a better match. Therefore, we used LLNL.dat as the

reference database for our simulation of2@@solution in geothermal fluids, which

have similar compositions.

PHREEQC prdicted a somewhat higher gas content than was observed
experimentally(Figure5.5). This discrepancy may be attributed to the assumption
of complete mixing of NCG anbrine under ideal conditions. It is possible that

complete mixing is not achieved in all experiments, regardless of duration.

0.60
0.50
0.40
0.30 T I

0.20 i

Gas content by weight % (PHREEQC Results)

0.10

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Gas Content by Weight (Experiment results)

Figure5.5 Comparison of gas dissolution experiments against PHREEQC

Due to the limitations of the experimental setup, it is challenging to conduct

continuous mixing batch experiments under high temperatures and pressures. The
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main limitation is the sealing of the mixing system, which requires a special design
for operationunder high pressure and temperature. The mechanical sealing method
used in pumps, which uses a carbon graphite bearing system to seal the batch reactor,
is limited to a working pressure of 15 barfherefore,we used acalibrated
PHREEQC modelto estimate CO, dissolution at temperatures and pressure
representie ofreservoir conditions. As shownkigure5.6, dissolved C@increases

linearly with pressureat low pressures {30 barg). However, @viation from

linearity beginsat pressures higher than 30 barg. Upton and Santoyo (2022) found
the Hanry constant by plotting solubility data at constant temperatures on a straight

line.
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Figure5.6 CO solubility under high temperature and pressure

The solubility of CQ in brineis alsoaffecteda phenomenon known as the salting
out effect CO, solubility decreases with increasing salt cont®&dClI is themost
abundansalt in geothermal fluids. Therefore, westigatedhe effect of NaCl on

CO; solubility at salt concentratianranging from0.05and 2 mol/kg Figure5.7).
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We found that increasinthe saltconcentratiorirom 0.05 M to 2 Myeducedb r i ne 6 s
COe solubility capacity by more than 30 %. Therefotés importantto considetthe

salt content of geothermal brinehen determiningCQO:; injection parameters. To
illustrate,Figure5.7 showsthat injecting CQ at 50 bar pressure and a rgteater

than 1.8 ton/hr (tphyvith 100 tph of brine containing 1 M NaCl wilesult in the
presence of free gas that remains undissaivdede mixture. The presence foée

can lead t@as escape and mechanical problems during injection in the wellbore.

0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00
NaCl Concentration (mol/kg H20)
® 20bar A 35bar 50 bar

Figure5.7 CO; solubility in the geothermal brine with varying NaCl
concentration at 100 using PHREEEQC

Geothermal gasasissolvein the liquid phase in the reservoir if reservoir pressure is
greaterthantheflashing pressure. In twphase reservoirs, gases maypbesenin
both the liquid and steam phas€aptured CQ@streams from power plantgpically
contain a certain amount of NCGs specidse ®paration of C@from the captured

streamis the major cost of carbon captuesd storageand impure CQinjectionis
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often used to reduce the overall cost of QCiSet al. 2018). Impure C&injection
has specific impacts on G@issolution in the brine, migration, and sequestration in
the formation. Fridriksson et al. (2016) presented a range of gas compdsdions
15 representative higtemperature geothermal systems in Europe, North America,
Central America, Africa, Asia, and Oceanieable 5.4). Based onTable 5.4, we
created three hypothetical mixtures of NCGeestigatehe effectsof gasimpurity

on CQ dissolution Table5.5). It is clearfrom Table5.5 that CQ is the major gas

in all three mixturesfollowed by hydrogen sulfide @$) and nitrogen (. The
presence of ne&0O, species in éimited volumereduceshe amount of C& which
decreasethe contact surface area between.@@d brine This leads a lowe€O;
dissolution capacityAs shown inFigure 5.8, mixture3 has the highest GO
dissolution capacity at varying temperatures and 20 bBngs indicatesthat
increasngthe CO, content of NCG enhances the gdissolution capability of brine
due tothe increasedontact surface ardsetweenCO, andbrine. Mahmoodpour et
al. (2020) showed that the presence of NCG impurities and inert impurities such as
N2, Ar, O, and CH would decrease the structural trapping capacity of. Glohas
lower solubility and viscosity than GOwhich may cause leakage problems during
NCG injection in poorly cemented wellborétowever N2 is not corrosive, and does
not damage wellbore integriti> also reduces the dew point of the gas mixture,
requiring higher compression power during the injectioss 4 corrosive andan
damage wellbore integrity over the long tetahmoodpour et al.2023) showed

N2 enhances CgX»olubility at reservoir conditionsecause of #lower viscositythan
CQOe. ThiscaugsN2 to moveaheadof the injected gas, spreading the geothermal
fluid over a wider area in the reservaird increasinghe COx-brine contatsurface
area. This is acceptable at reservoir conditibnsin experimentsywhere the overall
reactor volume is the samagreasing noytCO, impurity reduces the number of €O

molecules in the tank, and eventuatlgcrease€O; solubility.

83



Table5.4 Typical composition of Geothermal Gas (Fridriksson et al. 2016)

CQo H2S H2 CHs NH3 N2 AR
Median 95.4 3 0.012 | 0.15 0.29 0.84 | 0.02
Maximum | 99.8 212 |22 1.7 1.8 3.0 0.04

Minimum | 75.7 0.1 0.001 | 0.0045 0.005 | 0.17 | 0.004

Table5.5 Gas mixtures to account for gas purity affectingp@@solution.

Gas Composition | Mixture-1 | Mixture-2 | Mixture-3
CO, 76 90 98
N2 0.11 0.3 0.167
CH, 1 0.2 0.15
H>S 21 8.5 1.529
H» 1.885 0.5 0.15
NH3 0.005 0.5 0.004
1.00
0.90 ®
A ®
0.80 i ° Fy
_0.70 * A A Ld
g PA A
2060 + * .
Z
E 0.50
E 0.40
0.30
0.20
0.10
0.00
80 100 120 140 160 180 200

Temperature (> C)
# Mixture-1 & Mixture-2 @ Mixture-3

Figure5.8 CO dissolution results for mixtures of gases at 20 barg.
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Geothermal brine has a specific geochemical equilibrium under reservoir conditions.
However, dugo thermodynamic and physicochemical changes, some minerals tend
to precipitate during production. For example, steam and (NCG) flashing in the
wellbore increases the pH and element concentratiGakium carbonate and
silicate are typically precipitatedninerals in high and low temperatures,
respectively. Since reinjected brine has a low temperature, it is expected to
experience silica precipitation, which can significantly reduce well injection
capacity CO, dissolutioncanbe considered for inhibiting imeral precipitatiorby
adjusting the pH of brine. Topcu et al. (2019) investigated the effect aihj&tion

on metal silicates in the Tuzla geothermal field in Turkey. We used PHREEQC to
simulate the effects of C®@ dissolution on the mineral precipita for the
geothermal brine sampéhownin Figure5.9. The distribution of species before €O
dissolution is shown ifFigure5.9. Free ions of G4, SQZ, F, K*, Mg?*, and N&

are the dominant species before :Gissolution. Dissolved silicon is completely

composed of Sieuncharged complex.
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Dissolution of CO; in brine at varyingtemperatures and pressuesulted in a
decrease ipH valuefrom 9 (basic) tahe range o0bf 4.8- 6 (acidic) Figure5.10).

This is because the solubility €O, increases with decreasing temperature and
increasing pressure, leads to a decrease inDms$dution of CO; created a new
equilibrium in the brind-igure5.12, with a decrease in the number and bulk mass of
complexes and a significant increase in the bulk mass of free ionsedisisibution

of bulk mass betweerelated species of ions and compleakered thesaturation
indices of minerals. The LLNL database of PHREE®Q@Gtainsover 150 dissolution
reactions of mineral and gas phases (Akin and Kargi, 2019). PHREEQC model
showed thathe saturation indices ofaicite, dolomite, sepiolite, aragonite, and
chalcedony shifted from precipitation to the dissolution after @i€3olution(Figure

5.11). Howeverthe precipitation tedency ofquartzite and amorphous silica slightly
increasedThis is becausthe solubility of amorphous silica increases above a pH of
9 and below a pH of 5. The initial pH value of the brine was@morphous silica

was in a dissolution statelowever,the pH decreased to 5.5 after £dissolution,
increasing the precipitation tendency of amorphous silica. Utami et al. (2014) and
Bush et al. (2018) found similar effects of pH on the precipitation of amorphous
silica. Thissuggestghat ,for the given kine concentration, keeping the pH value
below 5 is essential to prevent the formation of amorphous silica. If the reinjection
temperature is assumed to be 2G0then the injecting pressure must be at least 30
barto keepthe pH below 5, corresponding to e@ssolution of 1.33 % by weight.
Otherwise, it is expectatiatthe injection weltapacity will be reducedue to silica

scaling.
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5.2  Water-Rock Interaction with Batch Experiments

Understanding the mechanisms of watmk interaction is essential fa€O,
sequestration project&xperiments using representative reservoir rock and fluid
samples are an effective way to min@O, injection into an actual reservoir
However, experimental conditions are typically limited to short time periods and
cannot replice reservoir conditions exactly. Therefore, simulation of reactions
using robust software programs is a powerful tool for estimating-tiemmg CO»
sequestration in geothermal reservoirsis study used PHREEQC code to simulate

a batch experimentconsideing rock surface area, the initial mslef minerals,
kinetic reaction rates, and activation enerflye £condary mineralformedfrom
waterrock interactionwerevalidated with XRD results. In simulating experiments,
the important variable parameters are the activation energy of minerals, mineral
kinetic reaction rate, and mineral surface arBlae key variable parameters in
simulating experiments are the activati@energy of minerals, mineral kinetic
reaction rate, and mineral surface area. Mineral surface area is a critical unknown
parameter in reservegcale reactive transport simulations. However, it is possible
to determine mineral surface area in experimesiag rock analysis and image

processing.

The geometry of theelected rock particles was analyzed usihmgimageJ software
whichis a Javebased program solving image process and analysis problems.-A high
resolution photograph of the rock particles vuaportedinto ImageJ for particle
analysesFigure5.13 shows themagescalesetting process in Imagedior particle

analysis.
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Figure5.13 Set scale for image process

Figure5.14 shows the statistical results of the image processing of the rock particles
The mean surface area was 0.398°mvith a standard deviation of 0.167 rAim
Mineral surface area is a critical paneterthatdetermires thereaction rate during
fluid-rock interaction.By crushing the rock body into small particléke total

surface area of the rock samples was increased, which increased the chances of

waterrock interaction between the mineral agebthermal brine.
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XRD analyses of core samples from 3000 m and 1900 m depth were conducted using
GNR APD 2000PRO brand-Ky diffractometeat Pamukkale University Research
Center.The samples were crushed to powder and placed on plates for XRD analysis.
XRD patterns were interpreted to identify the mineral content, and mineral contents
were calculated by matching peak measurements to the (@®@anic Crystal
Structure Database) 12++ datagégure 5.16 shows the XRD results of mineral
analysis before and after batch experiments for the-t®@d@pthcore sampleThe
COx-charged geothermal water reacted with rock minerals in two ways. First, it
consums hydrogen ions that neutraiiy the acidic gasharged water. This
increass the tendency of carbonate mineral precipitation with increasing pH.
Second the cations reastwith the dissolved C®form stable carbonate minerals.
The representative reaction for this process is shoviaguation(5.1) (Delerce et

al., 223). These cations promoted the mineralization of(G)Xas biotite, calcite,

and kaolinite.

The 1900m depthcore samplevas also exposed to G@dissolved water in the batch
experimentskFigure5.17 shows the XRD results of mineral analysis before and after
batch experimentsThe content of feldspar (albite) increased from 35% to 38.4%,
quartzite mineral content decreased from 19.4% to 15.3%, magnesite mineral conten
remained the same, kaolinite mineral content increased from 13.2% to 15.7%, biotite
mineral content increased from 3.6% to 4.3%, dolomite mineral content decreased
by half of its initial value, and siderite content decreased from 1.5% to 04&%6.
batchexperiments showed thite mineral composition of the samples remained the
same while the content of the mineral was slightly changed.
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SAVCILI-2 1900m
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Drill core rock samples

Figure5.15 a) Macroscopic view of core sample taken from 1900 m depth b)
thin-section scanQuartz filled lenses and bands were identified c) Lepidoblastic
biotite and granoblastic quartz and albite minerals, and the alteration products

magnesite (Mgs) and sidexi(Sd) and kaolinites
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Figure5.16 a) Macroscopic view core sample taken from 3000 m depth (b) i thin
section scans CalcHidled lenses and quariled bands, (c) Granoblastic textured
calcites andquartz, albite, muscovite and Optical microscope views of the levels

containing the opaque mineral (pyrite).
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Figure5.17 XRD measurements of the core sample taken from 1900 m depth before

(a) and afte(b) batch experiments
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Figure5.18 Core samples taken from 3000 m depth a) before watérinteraction

in the batch experiments b) after wateck interactions in the batch experiments
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Equations(5.2) and(5.3) describethe carbonation of the siderite mineral (Mendoza
et al. 2019), ané&quation(5.4) shows theeaction of pyrite with water and oxygen
to producesulphuric acid.Equations(5.5) and (5.6) describe the carbonation of
magnesiteMetals in mineralsan be exchanged with" , releasingmetal catios
(K*, C&*, Na+, etc) andorming new clay minerals such as smectite, and kaolinite
from retained ions (&f, 0%, Si*"). Equationg5.7) and(5.8) describe the hydrolysis
of calcium plagioclase fefgbar and potassium feldspar, respectivEtyuation(5.9)

shows alteration of albite into muscovite.

2H" + H,0 + (Ca, Mg, FeAl) SiOs Y C'a Mg?", Fé*, Al3* + H,SiO; (5.1)
FeOu(s) +Fe(s) +4Cel g) VY 34sFeCO (5.2

FeOs(s) +Fe(s) +3Cel g) Y 38FeCO (5.3)

2FeS(s) +7Q+2H0 Y Z24#HSQu+ 2H" (5.4)

Mg?* (ag) +2HCO; (ag)t MgCO;s () + CO» (g) +H:z0 (5.5)

Mg (OH), + 2CG; Y Mg (HCOs), (5.6)

KAISisOg+ H* +4.5H0 Y 0,Sis(OK)s + K* +2HSiOs(aq) (5.7)
CaALSiOs+ H,CO3 +0.50 ¥ A9i,Os(OH)s + C&*+ COs> (5.8)
3NaAISEOs + K* + 2H'Y K #&8kO1o(OH), + 3Nd + 6Si0 (5.9

The PHREEQC code was used to simulate the batch experiowmrgidering rock
surface area, initial moles of minerals, kinetic reaction rates, and activation energy
of the minerals. Moles and rock surface area for each mineral were calculated using
an image process using ImageJ and XRD resulblé 5.6 and Table5.7). By

tuning the kinetic rates and activation energy of the mineralscoogentrations
(silica, calcium, aluminum, chloride, and iron) were matched with experiment results

(Table5.8). Major elements concentrations wexiso matched withexperimerdl
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results Figure 5.19, Figure 5.20, Figure 5.21, and Figure 5.22). The tuning
parameters for matching were kinetic reaction rates and activation energy of

minerals. Theetuning parameters weo®nsistentith USGS dataTable5.10).

Table5.6 Surface area and mole number of mineral assemblies for rock sample
taken from 1900 m depth

Minerals Mole number | Mineral surface area (cnf)
Feldspar | 0.226 1451.9

Quartzite | 0.581 804.8

Magnesite | 0.518 1008.0

Kaolinite 0.092 547.6

Biotite 0.0149 149.3

Dolomite | 0.029 124.5

Siderite 0.023 62.2

Table5.7 Surface area and mole number of mineral assemblies for rock sample

taken from 3000 m depth

Minerals Mole number Mineral surface area (cn¥)
Calcite 1.118 2578.5

Quartzite 0.570 786.0

Muscovite 0.068 507.2
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Table5.8 Activation energy and kinetic rate constant for matching PHREEQC

model with experiment results and USGS values

Activation Energy (kj/mol) Kinetic Rate (mol/m?/s)
PHREEQC USGS (Palandri PHREEQC USGS (Palandri and
Model and Kharaka, 2004 Model Kharaka, 2004)
Quartzite 77 87.7 9 19 1.029 10
Muscovite 22 22 1.404 10 2.81 10
Pyrite 57 56 8.81 10 2.8 1%
Albite 69 69 2.79 170 2.754 19
Kaolinite 22 38 6l 1% 1.1 170
Dolomite 36 52 6.49 10 295 10
Magnesite 20 23.5 4 170 459 170
Siderite 63 62.7 a 1% 1.26 10
Calcite 20 23.5 9x10° 1.55x10°

In the first batch experiment, a mineral assembly consisting of rock pdredern
core samplat 1900 m depth, was exposed to £aturatedgedhermal fluidfor 3
weeks at 95C and 10 bargl'he mncentration of major elements were matched with
simulations by tuninghe activation energy and kinetic reaction rate of minerals. As
shownin Figure5.19a, the antimony concentration increased from 0.3 ppm to 1.1
ppm. Antimonyis a constituent of hydrothermally formed mineessemblages,
often in the trivalent state as stibnite £S4) (Krupp, 1988). StibnitéShSs) is the

most abundant antimonyineralandthe primary control o the concentration of
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antimonyin hydrothermal fluig (Olsen vd., 2012). Antimony sulfur solubility is
highly sensitive to temperature and pH changes (Erten et al. 2021). In general,
stibnite is more soluble in acidic solutions than in basic solutions. This is because
the sulfideion (§) is more stable in acidic solutions. In basic solutions, the sulfide
ion can react with hydroxide ions (OHo form insoluble hydroxides. The following

reaction Equation(5.10) shows the oxidation of stibnite in acidic solution:

ShS: + 3H0 +3QY 2 Sb {+BHS$ (5.10)

The dissolution 0€0 in the geofluid decreadehepH from 9.5 to 7.2This shifted
the reaction inEquation(5.10) to right and resuilhg in an increasen antimony

concentration.

Aluminum concentration decreased from 0.43 ppm to 0.15 pjgare5.19%). The

source of Aluminum wathe kaolinite mineral in the rock sample. Precipitation of
kaolinite (increasing mineral content from 13.1 % to 15.7c&ised th@luminum
concentration to declin@=igure5.17). Kaolinite is a clay mineral that is relatively
insoluble in waterbutits solubility increasewith decreasing pH. This is because

the negative charges on the surface of the kaolinite particles are more easily balanced
by hydrogen ions (B in acidic solutions (Rao et al. 2011). Kaolinite is also more
reactive to acid at lower pH values. This icdgse the acid can break down the
bonds between the silicon and oxygen atoms in the kaolinite structure. In the
experiment, pH valuezasAlkaline property, which is unfavorable ftre solubility

of kaolinite.Therefore, the precipitation of kaolinite wiasored.
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Table5.9 Solubility of kaolinite with respect to pH (Created from Rao et al. 2011)

pH Solubility | Reactivity | Stability
Acidic (<4) High High Low
Neutral (47) | Low Low High

Alkaline (>7) | Verylow | Very low High

Iron concentration decreased from 0.1 pr.02 ppmand stabilized at this value
(Figure5.19c). The source of iron in this experimevassiderite and biotite minerals

in the rock sampleXRD results showed that siderite was dissolving and biotite was
in a precipitatng (Figure5.17). The solubility of siderite (FeCdpin water decreases
with increasing pH. This is because siderite is a slightly acidic compound, and its
solubility is favored by edic conditions (Silva et al. 2002). Th&yuation(5.11)

shows the dissolution of siderite in water:
FeCQ(s) + HO () + CO:(g) 2 Fe** (aq) + HCQ (aq) (5.12)

The solubility of siderite is also affected by the temperature and the ionic strength of
the solution (B®n®zeth et al . 2009) .
increasing temperature and increasing ionic strefigthl€5.10).

Table5.10 Solubility of siderite with respect to pH (Silve et al. 2002)

pH | Temperature®C) | Solubility (mgL*)
5 25 100

6 25 50

7 25 10

8 25 0.1

100
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Biotite is a phyllosilicate mineral that is common in igneous, metamorphic, and
sedimentary rocks. Its structure consists of alternating layers of silicon dioxide
(SiOz) and aluminum, iron, magnesium, and potasgiBamadi et al. 2021Riotite
dissolves more rapidly in acidic solutions than in basic solutions because the acidic
solutions can more easily break down the bonds that hold the mineral together (Bray
et al., 2015). The solubility of biotite in water decreases with increasing tenrgeratu
because the increased temperature provides more energy for water molecules to
break down these bonds ( Mdhe expariméhtntheand B a
initial temperature was 2%&, and increased to 98 before stabilizingThis increase

in temperéure decreased the solubility of biotite, resulting in its precipitation. The
precipitation of biotite caused the iron concentration to decrease, because iron is a

major constituent of biotite.

Calcium concentration decredseluring the experiment [igure 5.19d). The
solubility of calcium carbonate (CaGOin water increases as the pH decreases,
meaning that more CaGvill dissolve in acidic solutions (Hart et al. Z)1This is
because the carbonate ion (Dis more stable in acidic solutions. The solubility
C&*in water decreases with increasing temperature (Straub, 1932). This means that
lessCa* will dissolve in hot water than in cold watéfhe source of C# in the
experimentwas dolomite. As seen ilRigure5.17, the dolomite content decreased
from 3.0 % to 1.9 %Dolomite solubility is affected by several factors, inchgl
temperature, pH, and the presence of other ions. However, temperature is the most
significant factor.The solubility of dolomite in water increases with increasing pH,
meaning that more dolomites will dissolve in basic solutidilss is because the
carbonate ion (C&") which is the main form of dissolved dolomite in water, is more
stable in basic solutions. The solubility of dolomite in water decreases with
increasing temperature. This means that less dolomite will dissolve in hot water than
in cold water.The pH of the experiment decreased from 9.5 to Figure5.19d).
Therefore, it was expectatiat C&* would increaseHowever, temperature of the

system wasricreased from 2%C to 95°C, which cause&* to decrease.
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Figure5.19 Experiment and simulation results for rock samples taken from 1900

m a) Antimony b) Aluminum c) Iron d) Calcium

Silica concentration decreased from 120 ppm to 85 ppigufte 5.20a). The
solubility of silica increases with increasing temperature (Krauskopf, 1956). This is
because the vier molecules can more easily break apart the silica molecules at
higher temperatures. The solubility of silica is also affected by the presence of other
ions in the water. For example, the presence of calcium ions can reduce the solubility
of silica. Thisis because the calcium ions can form complexes with the silica

molecules, making them less soluble in water (Szymanek et al. 2021).
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Magnesium concentration increased from 0.8 ppm to 5 gpgure 5.200). The
source of magnesium was magnesite and dolomite minerals in the experiment.
Magnesite mineral content decreased from 24.3% to 24 % and dolomite mineral
content decreased from 3.0% to 1.9Fig(re5.17).

Chloride concentratioremained uchanged and stabilized around 145 ppigyre
5.20c). The solubility of chloride ions in water independenbf pH, as Ci are
negatively charged ior{81usa and Hamoshi, 2012yegatively charged ions are not
affected by the electrical charge of the water molecules, and therefore their solubility

is not afected by pH.
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Figure5.20 Experiment and simulation results for rock samples taken from 1900
m a) Silica b) Magnesium c) Chloride d) pH
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In the second batch experiment, a minesdemblage consisting afck powder
from a core sample at 3000 m depth was expos€Diesaturatedjeothermal fluid

at 95°C and 10 bardor 3 weeksThe mineral content of the rock sample is shown
in Figure5.18.

Mg?* showed an increase behaviigure5.21a). The solubility oMg?*increases
with increasingpH becauséhe hydroxide ion (OH, which is the main form dflig?*
in water, is more stable in basic solutions (Nishiki et al. 2023). As showigure
5.21d, the pH decreasedrom 9.5 to 7.1due toCO; dissolution and therslightly
increased to 7.5 slightlyThis increase in pH resulted in an increaseMig?®*

concentration

AlI®* concentration showed a decline behavibig(re 5.21b). The solubility of
aluminum hydroxide decreases with increasing temperature and increasing ionic
strength (Feng et al. 2008). The temperature of the system was increased ¥&m 25
to 95°C andthelack of the kaolinite in the systeaiso contributed to the decrease

in aluminum concentration.

The solubility of calcium carbonate (Cag)@n water increasesith decreasing pH
becausehe carbonate ion (Gf) is more stable in acidic solutions. The solubility

of C&* in water decreases with increasing temperature (Straub, 1932). In the
experiment, CH concentration increased significantlfigure 5.21c). This is
because of incesing acidity of the brineF{gure 5.21d). Based on the solubility
relationships, it was expected that the calcite mineral content of the assembly would
decrease at éhend of the experiment. However, XRD results show an increase in
calcite mineral conter{Figure5.18). This is most likely due to the flashing process
that occurredvhen the system pressure was opened to the atmosphere to collect
mineral samplesDuring flashing process, CaG@recipitation occurredvhich,

increased the abundanCaCQ.

SiOz concentration decreased from 105 ppm to 67 gagu(e5.22a). The solubility
of silica increases with increasing temperature (Krauskopf, 1956). This is because

the water molecules can more easily break apart the silica molecules at high
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temperatures. The solubility 8O- is also affected by the presence of other ions in
the water. For example, the presenc€af ions can reduce the solubility of silica.
This is because th@a* can form complexes with tH&iO, molecules, making time

less soluble in water (Szymanek et al. 2021). A significant increase in #fie Ca

concentration probably, decreased silica solubility.

Iron solubility depends on pH. In acidic solutions, iron is more soluble than in neutral
or alkaline solutions. This isecause iron atoms in acidic solutions are more likely
to lose electrons and form positively charged @& or F€*). These ions are more
soluble in water than the neutral or negatively charged iron atoms (Liu and Millero,
2002).In this experimentthe pH decreasedrom 9.5 to 7.1which increased iron
solubility from 0.165ppm to 0.205 pprRigure5.22b).
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Figure5.21 Experiment and simulation results for rock samples taken from 3000
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5.3  Water-Rock Interaction Core-flood Experiments

Reactive transport modeling is a powerful tool for estimatingraite of injected
fluid flow in a reservoir Reliable models are calibrated with experimental daia.
realistically represent fluidock interaction, it is essential to use core samples of

reservoir rock and geothermal fluid with similar geochentoahpositions

Il n this study, a core sample from the Keézél
continuous injection of COdgissolved fluid. The core sample was split into two

pieces to produce a smooth single fracture. The single fracture core samsple wa

subjected to confining pressure, which restricted fluid flow to the fracture. It was

also assumed that the core sample had negligible primary porosity.

Before coreflood experiments, rock analyses werperformed using
chromatography, thin section, SEMdaixRD measurementsChromatographic
measurements showed that the core contained a fracture filled with calcite mineral

precipitation(Figure5.24).
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A thin section ofthe fracture surface was required for rock analysis. Since thin
section analysis requires a rock slice, the analyses were performed after the core
flood experiments for both the backside and frontside of the fracture surface. The
frontside of the fractursurface was exposed to wateck interaction, while the
backside of the fracture surface was.tthin section of the fracture surface
(frontside and backside) witithicknessof 1 cmis shown inFigure5.23. The SEM
measurements are showrFigure5.25 at varyingmagnifications.XRD results are
shown inFigure5.26. XRD resultsfor thefrontside of the fracture showed that the
mineral composition in decreasing abundance by weightmiagnesite (34.9 %),
guartzite (26.7 %), kaolinite (23.3 %), feldspar (12.1 %), siderite (2.7 %), dolomite
(0.5 %), and hematite (0.2 %d)he backside of the fracture surface showed the same
mineral composition, but with different weights. This is not doewaterrock

interaction, but to heterogeneity in the rock sample

Coreflood experiments werperformed undeaconfined pressuref 45.5 bargThe
inlet and outlet pressws®f the core holder was kept constant, #melvariation of
injection rate was onitored throughout the test&igure 5.27). The test was
terminated aftefor 8.5 hours, due to tHenited volume of brine availabl@he flow
rate decreased from.8 ml/min to 1.5 ml/min, possibly due to plugging of the
capillary tubing used in the experimenfghen thetubing was disconnected, it was
found that fine particlesadplugged 1/8nch capillary tubing resulting in a decline

in flowrate at constant pregre differencecrosghe core holder.
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Figure5.23 a) Frontside of fracture surface where wateck interaction occurred
b) backside of the fracture surface where no wattek interaction occurrefr core

sample taken from 1900m depth
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Figure5.24 CT scanof the core sampl@ight hand image shows the slice location

and lateral view of the core plug)
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Figure5.25 SEM analysis of fracture surface area at different magnification
magnitudes for 1900m depth core sample
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