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Abstract: Carbon capture and storage (CCS) is considered to be an effective method to mitigate
anthropogenic carbon emissions that have been the major cause of global warming. One of the
possible sites to store CO, is in geothermal reservoirs. In this study, an attempt to simulate CO,-brine
reservoir rock interaction inside a geothermal reservoir is carried out using the PHREEQC program. The
study utilizes published rock mineralogy of the assumed reservoir lithology and chemistry of the hot
water in the Ungaran geothermal field, Java, Indonesia. The simulation is based on equilibrium and
kinetic modeling and assumes a single stage CO. injection kept at a constant temperature and
pressure. The amount of injected CO is determined by solubility modeling of CO, in hot water under
estimated reservoir conditions. The modeling predicted (i) the effect of solubility trapping at early
stages of CO,-brine rock interaction, (ii) dissolution of Ca-bearing silicates (plagioclases) coupled with
calcite precipitation as a potential chemical processes relevant to a possible CO, mineralization, (iii)
progressive transition from solubility to mineral trapping becoming significant after 30 days following
injection, (iv) minor porosity increase (~0.5%), and (v) achievement of equilibrium between
CO,-brine-rock in 10 years after injection. Sensitivity analysis associated with the uncertainties for
altering mineral proportion and rock porosity reveal no significant change in the ability of the modeled
reservoir to trap injected CO, into mineral phases. Concerning the CCS studies so far carried out in
geothermal fields in volcanic reservoirs, this modeling comprises one of the first performed for fields
with intermediate volcanics. The result from this study can be utilized as foreknowledge for possible
future CCS operations in Indonesian geothermal fields. © 2020 Society of Chemical Industry and John
Wiley & Sons, Ltd.
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Introduction

ne of the methods considered effective

to reduce CO, emission is CO, capture and

storage (CCS) which involves capturing CO,
produced at large industrial facilities and power plants,
and storing it in subsurface geologic formations.! The
possible storage sites include depleted oil/gas fields,>*
deep saline aquifers,”” unmineable coal seams,®® and
basaltic rocks.!?!2 One of the main concerns of CCS is
the long-term safety of CO, fixation which occurs via
two mechanisms: physical and geochemical trapping.'?
The first one consists of static (structural and
stratigraphic), hydrodynamic, and residual gas
trapping. The second, which is considered to be the
safest means of fixation, is separated into solubility and
mineral trapping'* in which the injected CO; is
converted into permanent aqueous and immobile
carbonates, respectively. Depleted oil/gas fields and
deep saline aquifers are generally characterized by
major dissolution and minor mineralization of injected
CO,,* while basaltic rocks in volcanic geothermal fields
demonstrate rapid mineralization of injected CO,."
An example of CO, capture and subsequent storage in
basaltic geothermal reservoirs is the Hellisheidi
geothermal field (CarbFix Project, Iceland).'®

Indonesia, as a major carbon emitter, has been

developing its CCS program in the past 11 years.
The first project which is still in progress is the Gundih
CCS pilot project.*>~?” Studies suggest that depleted
oil/gas field and saline aquifers are potential storage
sites in the country but face challenges due to their
remoteness from CO, sources.!®?? In addition to these
sites, the abundance of geothermal fields with
intermediate volcanic reservoir lithology?® as potential
CO, storage sites is yet to be investigated. Indonesia is
currently the second largest geothermal energy
producer in the world having a total installed capacity
of 1925 MW with most of these fields located close to
CO, sources in Java and Sumatra Islands.?’ The
development of CCS in geothermal fields'>!*1516
consequently makes Indonesia a potential leader in
testing and potentially demonstrating this technology.
Further, the reservoir rock in most geothermal fields in
Indonesia comprises volcanics with intermediate
composition® consisting of active silicate minerals
(source of Ca**, Mg”", and Fe’") required for
carbonate formation.”" Although successful CCS
operations have only been conducted in geothermal
fields with basaltic reservoirs,'>!>!¢ experimental
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studies of CO, storage in intermediate and felsic
reservoirs have also been attempted.*>>* Due to their
relatively short distance to CO, sources and
theoretically compatible lithology for CO, storage,
Indonesian geothermal fields have a potential to
become possible future CO, storage sites and thus a
preliminary study to support such an idea is required.

Considering the importance of solubility and mineral
trapping for long-term safety of CO, storage,'*!*
assessment of both mechanisms through geochemical
study is common prior to CCS operations. Such
assessments can be achieved through monitoring,
experimental laboratory studies, and geochemical
modeling of CO,-brine rock interaction. Noble gas
and stable isotope monitoring studies in natural gas
fields,” deep saline aquifers,*® depleted oil fields,*®-*”
and geothermal fields as natural analogues of CO,
storage sites®® identify solubility as the dominant
chemical trapping mechanism, and suggest a minor
role for mineral trapping. This observation is further
supported by experimental studies,* which also point
to the effect of pH and CO, pressure on the carbonate
formation.®” Other laboratory studies draw attention to
the usability of noble gases to track CO, migration.*!
Geochemical modeling to forecast long-term effect of
CO, storage using programs such as PHREEQC,** is
also conducted because laboratory studies are unable to
reconstruct CO, storage over geologic time scales.
Several researchers have demonstrated the ability of the
PHREEQC program in simulating: dissolution and
precipitation of minerals after CO, injection,****
calculation of CO, trapped as minerals,* interaction of
CO,-rich brine with calcite,*® CO,-brine rock
interaction in siltstone and sandstone dominated oil
reservoir.” In the case CO, storage in volcanic
geothermal reservoirs, previous geochemical modeling
study is limited to investigating the interaction of
CO,-saturated water with basaltic reservoir.*® Study
related to intermediate reservoir is yet to be observed
despite the fact that CO, fixation varies considerably
with the varying mineral assemblages in different rock
types.

Given, (i) the potential of geothermal fields in
Indonesia to be utilized as CO, storage sites and (ii) the
importance of geochemical studies related to
CO,-brine rock interaction prior to CO, injection, this
study aims to perform preliminary investigation of a
possible future CO, storage in the Ungaran geothermal
field near the industrial city of Semarang which is
predicted to annually emit 22 409 kt CO, by 2030.%

32,33
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Figure 1. Geographic setting of the Ungaran geothermal field.

This is achieved by modeling CO,-brine rock
interaction using published rock mineralogy of
assumed reservoir lithology and chemistry of hot
spring sample presumed to represent reservoir water.
These data are used as input for reaction with
(theoretically injected) CO, under reservoir pressure
and temperature condition using PHREEQC program,
and the effect of CO, injection is evaluated to assess
solubility and mineral trapping. In order to promote
immediate solubility of injected CO,,'*!* the amount
of injected CO, is taken as the maximum amount of
CO,; per liter brine that may dissolve under estimated
reservoir condition and is determined by solubility
modeling of CO,. The simulation is based on

equilibrium and kinetic modeling and assumes a single
stage CO; injection under a constant temperature and
pressure in a static environment. Ultimately, the
attempted modeling and its results will provide an
example for other preliminary CCS studies in
Indonesian geothermal fields.

Ungaran geothermal field
Geographic setting and geology

The Ungaran field comprises one of the several
geothermal fields in the Java island (Fig. 1) and is
situated in the southern flank of Ungaran volcano

(Fig. 2). This volcano has an elevation of 2050 m and is
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Figure 2. Geological map of the Ungaran Volcano, Java Island, Indonesia. Redrawn after Thanden et al.,>® Phuong

et al.,*" and Putranto and Rude.®®

located 30 km south of Semarang city in Central Java
province, Indonesia. Tertiary marine sediments
comprising of Banyak, Kapung, Damar, and Kalibeng
formations are present at the base of Ungaran volcano
(Fig. 2). These units are overlain by Kaligetas
formation formed during early Pleistocene which
consists of lava flows, breccia, claystone, and tuffaceous
sandstone.”>! The Ungaran volcano is characterized
by three stages of growth: oldest Ungaran, old Ungaran,
and young Ungaran. Oldest Ungaran was formed from
submarine activity during early Pleistocene. Erosion of
oldest Ungaran produced five remnants hills with
Munding hill (Fig. 2) being the most elevated. Old
Ungaran was formed during middle Pleistocene
comprising of basaltic, basaltic andesitic, and andesitic
lavas.”* Collapse of old Ungaran formed a caldera and
is followed by the growth of several parasitic cones
with Kendalisodo (Fig. 2) being the most noticable.™
Young Ungaran was formed during late

Pleistocene—early Holocene inside the caldera
produced from subsidence of old Ungaran. Young
Ungaran is characterized by andesitic lava, perlitic lava,
and volcanic breccia.” Structural analysis of this area
revealed that the Ungaran volcanic system is controlled
primarily by the occurrence of the Ungaran collapse
structure running from the northwest to the southeast.
Fault systems trending northwest to southeast and
northeast to southwest control the old volcanic rocks of
the precaldera formation.>*

Brine and reservoir rock properties

The Ungaran geothermal field is related with the recent
young Ungaran volcanism. Gedongsongo and
Kendalisodo are the main geothermal areas (Fig. 2)
located on the southern flank of the Ungaran
volcano.”® The composition of thermal spring waters at
Ungaran geothermal field reveals the presence of two
water types: the acid-sulfate water type which
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Table 1. Brine chemistry (in mg L~') of Ungaran geothermal field waters®'.

ID TeC)  pH K+ Na* Ca?*  Mg?*  SiO,  HCOs;~ S0, cl- DS
UW-2 40 5.4 8.6 25.3 32.6 10.3 109 59 136 1.2 383
UW-3 56 6.1 7.9 141 37.1 15.1 86 200 31.8 0.8 393.5
UW-8A 35.2 6.8 44.2 700 217.3 117.7 92 1732 0.2 998 3917.4
UW-8B 38.1 6.8 471 746 278.4 126 95 1824 0.1 1088 4224.4
UW-9 23.8 7.9 2.4 23.2 62.1 26.9 51 351 4.4 7.2 528.4
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Figure 3. Schoeller diagram of waters from the Ungaran geothermal field, Java
Island, Indonesia. Data source: Phuong et al.®!

originates from steam heated meteoric water located classified as trachyandesite to trachybasaltic andesite
near the volcano summit and neutral bicarbonate water ~ consisting mainly of plagioclase, sanidine and

type located at lower altitude.”® The chemical cristobalite.”*? Quartz, halloysite and alunite are the
compositions of water samples of Ungaran geothermal main secondary minerals reported in the hydrothermal
field denoted by UW>! are given in Table 1 and are alteration zones of the field, along with minor chlorite
depicted in terms of a Schoeller diagram in Fig. 3. The and calcite.”>** The geothermal reservoir is estimated

first two samples, UW-2 and UW-3, are from to be at 1000-3500 m depth.>*
Gedongsongo region in southern flank of Ungaran
volcano. The other three, UW-8A, UW-8B, and UW-9

are located in Kendalisodo region (See Fig. 2). UW-2 is Geochemical modeling

classified as alkali-calcium-sulphate (Na+K-Ca-SO,) Modeling has been done using PHREEQC program to
water, UW-3 and UW-9 are calcium-bicarbonate simulate CO,.-brine rock interaction under reservoir
(Ca-HCO3) water, UW-8A and UW-8B are condition and evaluate the composition changes in
alkali-chloride-bicarbonate (Na+K-HCOs-Cl) type brine and rock after CO, injection. PHREEQC is
water. Reservoir temperature estimates from silica freeware which performs a wide variety of aqueous
geothermometers range between 72-143°C.”! geochemical calculations and is used for modeling
Precaldera volcanics (oldest and old Ungaran reactions and processes, including (1) speciation and
volcanics) and the tertiary marine sedimentary rocks saturation-index calculations and (2) batch reaction.*?
are considered to be the main geothermal reservoir The modeling has been implemented by using, as
rocks of Ungaran geothermal field.*®>” The volcanic inputs, (i) chemistry and temperature of hot-spring
rocks are characterized by 48.90-60.80% SiO,, and sample presumed to be the most representative of

© 2020 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse Gas Sci Technol. 0:1-16 (2020); DOI: 10.1002/ghg.2037 6
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Figure 4. CO, dissolution in a 0.35 mol kg~" water NaCl solution at 40°C taken
from Klajmon et al.*” and the references therein.

reservoir water, (ii) depth, porosity and normative
mineralogy of the assumed reservoir rock lithology,
and (iii) the amount of injected CO, based on
solubility modeling of CO, in hot water under the
estimated reservoir conditions. The modeling assumes
a single stage CO, injection kept under a constant
temperature and pressure. Due to the limited study of
reservoir characteristics (permeability, flow regime),
and how previous modeling studies are
conducted,?"**7 the modeling has been done in a
static environment where there is no mass flow
occurring in the simulated reservoir. The constant
temperature assigned corresponds to the reservoir
temperature and constant pressure corresponds to the
hydrostatic pressure present at the reservoir depth.
The thermodynamic extended llnl.dat database has
been used in the PHREEQC program during
simulation. In a previous study; it is reported that the
phreeqc.dat, pitzer.dat, and llnl.dat are unable to
predict the solubility of CO; in a higher-pressure
environment (Fig. 4).*” Thus, redefinition of CO,
dissolution reaction was needed and additional
parameters from phreeqc.dat is extended into the
lInl.dat database to overcome this limitation. Modeling
has been performed in two separate batch namely
equilibrium and kinetic modeling. From both
modeling studies, the fate of injected CO, has been
evaluated by observing the compositional change in
the brine chemistry and the rock mineralogy.
CO,-brine rock interaction starts, following injection
of CO,, with dissolution (solubility trapping) which

6

leads to pH drop that produces variation in species
concentration of brine. This process promotes
dissolution of alkali earth metals, which then reacts
with dissolved C-bearing species to form carbonates
(mineral trapping).®® Once CO,-brine rock interaction
reached equilibrium state, the final composition of
brine and rock have been evaluated to assess solubility
and mineral trapping (equilibrium modeling). The
changes observed from the beginning of injection until
equilibrium state have been further studied to better
understand the process affecting the two trapping
mechanisms (kinetic modeling).

Modeling inputs

Given that (i) some of the waters are reported to be
products of mixing with cold groundwater’! and (ii)
mixing yields underestimated silica geothermometry
results, a further attempt to estimate reservoir
temperature has been made in this study using
silica-enthalpy mixing model (Fig. 5). This calculation
yielded an enthalpy range of 699-1000 k] kg ™!
corresponding to a temperature range of 166-233°C.
During simulation, temperature of reservoir has been
assigned a value of 200°C. The main reservoir unit has
been assigned to be the old Ungaran volcanics which is
reported to be within the depth of 1000 and 3500 m
below surface at the geothermal prospect area with an
average rock density of 2640 g cm?.>* Given that the
reservoir depth is between 1000-3500 m, reservoir

© 2020 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse Gas Sci Technol. 0:1-16 (2020); DOI: 10.1002/ghg.2037
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Figure 5. Silica-enthalpy mixing diagram of the Ungaran
waters. Maximum reservoir temperature (R high) is
estimated from the intersection of mixing line between cold
water and hot water with quartz solubility curve assuming
no steam separation. Minimum reservoir temperature (R low)
is predicted from the intersection of mixing line and boiling
enthalpy line with solubility curve for maximum steam loss.

pressure has been assigned as 249 atm corresponding
to hydrostatic pressure at depth of 2500 m.

Since no drilling has yet been performed in the field
that would provide opportunity to have access to the
rock samples (drill cores or cuttings) representative of
reservoir rock mineralogy, the published major
element chemistry of old Ungaran volcanics °* has
been converted to normative mineralogy which is
achieved by the use of CIPW norms. This normative
mineralogy is comprised, by volume, of 15.70% quartz,
24.47% anorthite, 21.04% albite, 20.61% orthoclase,
3.13% corundum, 13.35% enstatite, 0.77% ilmenite,
0.64 apatite, and 0.02% zircon. Taking into account the
observation of the previous researchers °! that there are
secondary minerals in the reservoir lithology, 10%
volume fraction of alteration minerals (halloysite,
alunite, and quartz) has been added to the normative
mineralogy obtained by CIPW Norm calculation, and
the data have been renormalized to 100% to represent
the reservoir rock mineralogy shown in Table 2. Taking
into account that the old Ungaran volcanics are located
in the same volcanic belt as Awibengkok field, which is
one of the major geothermal fields in Java (Fig. 1), the

porosity has been taken to be 0.10 similar to that of
Awibengkok reservoir.*

Given that the highest concentration levels are
recorded in sample UW-8B (Table 1), this sample has
been taken to represent the water composition of
Ungaran geothermal field. Injected CO, has been kept
in dissolved state to prevent potential leakage due to
CO, bouyancy.®” In order to maintain CO; in dissolved
state, the ratio of CO, to H,O should be kept less than
the solubility of CO, at reservoir condition.®! Solubility
of CO; in brine (UW-8B) is simulated using
PHREEQC at various pressure values and the assigned
temperature of 200°C (473.15 K). This simulation has
identified the approximate solubility of CO, in UW-8B
sample at 473.15 K and 249 atm as 1.5 mol kg~! water.
Consequently, 1.4 mol of CO; has been assigned
during modeling. Modeling assumes a single stage CO,
injection during simulation under a constant
temperature and pressure in a static environment.
Equilibrium and kinetic modeling assumes that 1 L of
brine fills the entire pore space of the reservoir and the
volume of reservoir rock is adjusted accordingly.
Volume fractions of minerals have been converted to
mol by using density of the rock and the molar weight
of minerals (Table 2).

Equilibrium modeling

Brine and reservoir rock have been equilibrated with
CO; to calculate expected final reservoir composition
after equilibrium phase is achieved in the system
CO,-brine rock. Since simulation has been done in
static environment, in which no mass transfer occurs
during simulation, total brine plus reservoir rock
volume is conserved. Porosity change has been
calculated by subtracting the final porosity from the
initial porosity assigned as 0.10. Final porosity of
reservoir rock has been calculated by subtracting the
final volume of rock from the conserved total brine
plus rock volume (10 000 cm?). Final volume of rock
can be obtained using Eqn (1):

Vfinal = Z Jw (1)
Where GFW; and My are the molar weigth (g mol™")
and final amount (mol) of a single mineral,
respectively. The symbol p is the rock density (g cm ™).
Secondary carbonates (calcite, dolomite, ankerite,
dawsonite, magnesite, siderite) have been included in
the simulation to evaluate possible mineral trapping
mechanism for CO, fixation in the reservoir. Given the

© 2020 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse Gas Sci Technol. 0:1-16 (2020); DOI: 10.1002/ghg.2037
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Table 2. Reservoir rock mineralogy used as input in geochemical modeling.

*Volume ®Renormalized
fraction volume fraction GFW °Amount ‘SSA
Mineral (Chemical formula) (%) (%) (g mol~") (mol) (m? g™
Quartz SiO, 15.70 17.47 60.08 69.09 0.8047
Anorthite CaAl,Si,Og 24.47 22.27 277.41 19.07 0.0247
Albite NaAlSizOg 21.04 18.94 263.02 17.11 0.0247
Orthoclase KAISi3Og 20.61 18.55 278.33 15.83 0.3147
Corundum Al,O4 3.13 2.82 101.96 6.56 3.70%4
Enstatite MgSiOs 13.35 12.02 100.39 28.44 9.3065
lImenite FeTiO3 0.77 0.69 151.71 1.09 0.20°6
Apatite Cag(PO,)sF 0.64 0.58 504.30 0.27 =
Zircon ZrSiOy 0.02 0.02 603.61 0.01 -
Halloysite Al»Si; O5(0H)4 = 3.33 258.16 3.06 20.0047
Alunite KAI305(SO4)2(OH)g - 3.33 414.21 1.91 26.0067
Calcite CaCOg3 - - 100.10 - 0.1547
Dolomite CaMg(CO3)» - - 184.4 - 0.1847
Ankerite CaMgg 3Feg.7(CO3)o - - 206.39 - -
Dawsonite NaAICO3(OH), - - 144 - -
Magnesite MgCOg3 - - 84.31 - -
Siderite FeCOg3 — — 115.86 — —
Anhydrite CaS0, - - 138.15 - 01247
Gypsum CaS04e2H,0 - - 138.15 - -

a
b

Mineral volume fraction obtained from CIPW Norm calculation.

Renormalized mineral volume fraction after 10% alteration mineral addition.

ZAmount of minerals converted from volume fraction in b.
Specific Surface Area (SSA).

presence of sulphate type waters in the field (UW-2),”!
anhydrite and gypsum have been also included in the
modeling studies.

Result of equilibrium modeling has been assessed
based on the changes in brine chemistry, mineral
composition, and porosity value of the reservoir rock.
Equilibrium modeling results (Table 3) showed
complete dissolution of halloysite and alunite, and a
partial dissolution of anorthite. Minor dissolution of
albite was also noted. Quartz, corundum, and
orthoclase, as well as secondary minerals (calcite and
anhydrite) appeared to precipitate. The amounts of
enstatite, ilmenite, apatite, and zircon remain
unchanged. There seemed to be a minor increase in
reservoir rock porosity from its initial value of
0.1-0.106. The introduction of CO, lead to the
precipitation of calcite which can be suggested as the
mineral trapping mechanism in the field. Regarding

the brine chemistry, pH seemed to increase from 6.80
to 7.17. There was also a significant increase in sulfate
(SO4*7) and decrease in magnesium and bicarbonate
(Mg?", HCO; ™) concentrations in the brine chemistry
(Fig. 6) .

Kinetic modeling

Kinetic modeling has been performed to evaluate the
change in mineral composition for an interval of time
as the interaction between CO,-brine reservoir rock
proceeds. The modeling has been based on dissolution
rate of minerals. The dissolution of minerals is defined
by Eqn (2).

Q<
ri = A,’ . GF"VZ . Mi . (1 - El : (ki(acid) + ki(neutml))

1

(+ki(base) + ki(carbanate)) (2)

8 © 2020 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse Gas Sci Technol. 0:1-16 (2020); DOI: 10.1002/ghg.2037
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Table 3. Results of equilibrium modeling showing

the change in the mineral composition of
reservoir rock after CO; injection.

Mineral amount (mol)

Mineral (Chemical formula) Initial  Final  Delta
Quartz SiO, 69.09 79.98 10.89
Anorthite CaAl,Si,Og 19.07 1382 —525
Albite NaAISizOg 1741 1710  —0.01
Orthoclase KAISi3Og 15.83 17.74 1.91
Corundum Al,O3 6.56 16.78 10.22
Enstatite MgSiO3 28.44 28.45 0.01
limenite FeTiO3 1.09 1.09 0.00
Apatite Cas(POy4)3F 0.27 0.27 0.00
Zircon ZrSiOy 0.01 0.01 0.00
Halloysite  Al,Si»O5(0OH)4 3.06 0.00 —3.06
Alunite KAI305(S04)2(OH)s 1.91 0.00 —1.91
Calcite CaCO3 0.00 1.43 1.43
Anhydrite CaSOq4 0.00 3.82 3.82

The symbol r; is the reaction rate (mol s71), A; is the
specific surface area (m? g~'), GFW; is the molecular
weight (g mol ') and M; is the amount (mol) relevant
to the mineral. The symbol Q; denotes activity product,
and K; is equilibrium constant of the mineral. The
character k; is the Arrhenius rate constant

(mol m~2 s~!) of a mineral. Arrhenius rate k; of

minerals is divided into several mechanisms: acid,
neutral, base, and carbonate mechanisms.®? Due to the
lack of published studies on precipitation rates of
minerals, reaction rates of mineral precipitation has
been assumed to be defined by the same formula as
mineral dissolution. Specific surface area of simulated
minerals has been compiled from various works in
Table 2. A code to let mineral precipitate with an initial
surface area of 0.00001 m? has been assigned to the
program.®® Simulation has been done for 100 years
period.

Result from kinetic modeling has been evaluated
based on the changes occurring in mineral
composition and brine chemistry over a period of time.
As for mineral composition, the dissolution and
precipitation of reactive minerals (quartz, anorthite,
albite, orthoclase, corundum, halloysite, alunite, calcite,
and anhydrite) have been examined and depicted as a
diagram in Fig. 7 where amount of minerals have been
plotted (in units of mol) against time after injection. It
appeared from Fig. 7 that dissolution of anorthite,
albite, and alunite, and precipitation of quartz,
orthoclase, and corundum, occurred immediately after
simulation started. Within the time interval 4-36 days
after injection (time interval III, 0.01-0.1 year) quartz
and corundum precipitation, and anorthite dissolution
were in progress, while orthoclase seemed to have

100
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Figure 6. Composition of initial and final brine chemistry. Orange bar indicates
the initial brine composition simulated (from the values in Table 1 and Fig. 3) to
the assigned reservoir condition, 200°C and 249 atm. Blue bar shows the final
composition of brine at equilibrium state among CO,-brine rock.
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reached equilibrium in the system and alunite dissolved
completely. Between 4-365 days after injection (time
interval III and IV, 0.01-1 year) dissolution of anorthite
paralleled the precipitation of corundum, anhydrite,
and calcite. During the same period, quartz continued
its precipitation. Halloysite started to dissolve about 36
days after injection (time interval IV, 0.1-1 year) and
became totally dissolved in about 10 years.

Regarding the brine chemistry, the modeling results
showed complete dissolution of 1.4 mol CO,/kg water
in the first hour of simulation leading to the maximum
dissolved CO, amount in the brine (Fig. 8). This value
decreased gradually to its minimum value after 1 year.
Dissolved CO, in brine lowered the pH during the first
10 hours, followed by a progressive pH increase until
the end of the first year (Fig. 8).

Discussion

Equilibrium and kinetic modeling predicted the
formation of calcite (as a secondary mineral) after CO,
injection (Table 3 and Fig. 7), indicating a reaction
between CO, and dissolved Ca®* released solely from
silicate minerals in reservoir rocks since no significant
drop in Ca®" of brine after equilibrium is observed
(Fig. 6). The profiles displayed by anorthite and calcite
in Fig. 7 supports this inference pointing to the
precipitation of the latter at the expense of the former.
This is in line with the conclusion of a previous study™
that Ca** can be easily released from silicates of
volcanic reservoir rocks and be removed as CaCO;
once it is reacted with hot water and CO,. On the other
hand, AI>* released from the silicate minerals, as well
as from the sulphate mineral alunite, appears to have

© 2020 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse Gas Sci Technol. 0:1-16 (2020); DOI: 10.1002/ghg.2037
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been used for the precipitation of corundum and
orthoclase, while the released SiO, seems to have
increased the amount of quartz. The dissolution of
alunite is probably the cause of SO,>~ increase in the
brine (Fig. 6), although part of this SO,>~ seems to
have been used already for the precipitation of
anhydrite (Fig. 7).

Regarding the brine chemistry, the evolutionary
trends of CO, and pH in Fig. 8 are aligned with
common sequential effect of CO, dissolution,*® that is,
dissolution of CO, in brine lowers the pH at early
stages, followed by a progressive pH increase in time.
The low pH in the early stage of CO,-water-rock
interaction seems to be responsible for the dissolution
of the Ca-bearing silicates (anorthite), as well as alunite
(Fig. 7). Kinetic modeling results suggest the
occurrence of solubility trapping at the first hour of
simulation as shown by the complete dissolution of
injected CO, in brine (Fig. 8). The contribution of
solubility trapping gradually decreases and is replaced
by mineral trapping starting from the first hour, but
especially significant after 36 days (~0.1 years) of
simulation (see Fig. 7). Transition from solubility to
mineral trapping is commonly acknowledged by
previous studies to take place in tens to thousands of
years.%® However, this timespan depends on the host
rock identity and the availability of metallic ions
required for precipitation of carbonate minerals, and
can be shortened if CO, is injected in soluble form
rather than gaseous.®! In this study, complete transition
from solubility to mineral trapping occur in the period
from 4 days to 1 year after injection. Equilibrium

© 2020 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse Gas Sci Technol. 0:1-16 (2020); DOI: 10.1002/ghg.2037

between CO,-brine reservoir rock is achieved 10 years
after injection (see Fig. 7).

Sensitivity analysis

The results of modeling performed in this study are
subject to uncertainties associated with the
assumptions regarding the (i) alteration mineral
proportion in the mineral assemblage and (ii) rock
porosity. The sensitivity analyses related to these
uncertainties are given below.

Alteration mineral proportions

The modeling performed in the third section is based
on the assumption that 10% of the mineralogic
composition is comprised by alteration minerals
(alunite, halloysite, quartz °1). In order to understand
the uncertainty associated with this assumption,
sensitivity analysis is performed by changing the
amount of alteration mineral percentage in modeling.
Five batches of equilibrium model are simulated, using
5,7.5,10, 12.5, and 15% alteration mineral
proportions. Each batch is simulated under the
constant pressure and temperature conditions applied,
and the same amount of CO; specified in the modeling
for the field. The result of each batch is analyzed in
terms of brine chemistry and rock mineralogy.

In terms of brine chemistry, the variation of alteration
mineral abundance has effect only on the final Ca**
and SO,4>~ concentrations. The decrease in the final
Ca’*t and the increase in the final SO4>~
concentrations seems to be enhanced as the proportion
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Figure 9. Change in (a) the amount of minerals, (b) in porosity, against the change in
the relative proportion of alteration minerals in the assemblage.

of the alteration minerals in the assemblage increases.
However, this enhancement does not exceed 0.39
mmol L! for Ca®*, and 0.018 mmol L™! for SO4>~ for
5% increase in the proportion of the alteration
minerals. The pH appears to slightly increase, not
exceeding 0.1 unit for 10% increase in the proportion
of alteration minerals in the assemblage.

In terms of rock mineralogy, the amount of calcite
precipitated is similar (1.4 mol) for all batches (5, 7.5,
10, 12.5, and 15%). Quartz, corundum, orthoclase, and
anhydrite precipitate more as the amount of alteration
minerals increases (Fig. 9a). Alunite, halloysite, and
anorthite seem to be dissolving more with increasing
proportion of alteration minerals while no significant
trend is observed in albite and calcite (Fig. 9a). In
terms of porosity, increase in alteration mineral
proportion leads to greater porosity increase (Fig. 9b).

Porosity value

Based on the fact that the Ungaran field has a reservoir
lithology comprising of volcanic rocks, and that it is
located in the same volcanic zone as Awibengkok field
where the measured porosity is 0.10,%° porosity used in

modeling is taken as 0.10. In order to understand the
uncertainty associated with this assumption, sensitivity
analysis is performed by changing the porosity value
between 0.05 and 0.15. Five batches of equilibrium
model are simulated, using 5, 7.5, 10, 12.5, and 15%
porosity, under the same conditions specified in the
previous section.

In terms of brine chemistry, the variation of porosity
has effect on the final Ca?>T and SO,>~ concentrations.
The decrease in the final Ca?* and the increase in the
final SO4>~ concentrations seems to get smaller as the
porosity increases. However, this reduction is just
about 0.28 mmol L™ for Ca’*, and 0.012 mmol L™! for
SO4*~ for 5% increase in porosity. pH value slightly
decreases with increasing porosity but does not exceed
0.1 unit for 10% increase in porosity.

In terms of rock mineralogy, the amount of calcite
precipitated is similar (1.4 mol) for all batches (5, 7.5,
10, 12.5, and 15%). Quartz, corundum, orthoclase, and
anhydrite precipitate less, while alunite, halloysite, and
anorthite dissolve less as the amount of porosity
increases (Fig. 10). Albite, and calcite do not display
any change with the change in porosity (Fig. 10).

© 2020 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse Gas Sci Technol. 0:1-16 (2020); DOI: 10.1002/ghg.2037
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Limitations and advantages

The simulation performed is limited to static
conditions and neglects the effect of mass flow inside a
real reservoir environment. This restricts the ability of
the simulation to predict spatial impacts of CO,
injection. Reactive transport modeling, which is
beyond the scope of the present study, would lead to a
better understanding of the fate of CO,, including its
spatial evolution at subsurface. Nevertheless, the
equilibrium and kinetic modeling carried out in this
study provides a useful approach to predict at least the
temporal evolution of CO; in the reservoir.
Additionally, because previous geochemical studies on
CO,-brine rock interaction are conducted mostly on
geothermal reservoirs with basaltic and sedimentary
host rocks, the present study is one of the first to focus
on intermediate volcanics. The modeling approach
outlined in this preliminary study can be used as a
guideline for geothermal fields in Indonesia to be
considered for future CCS operation.

Concluding remarks

The evolution of theoretically injected CO, inside the
geothermal reservoir of Ungaran field (Indonesia) is

simulated using PHREEQC program. The amount of
injected CO, is assigned a value of 1.4 mol kg~! water

as determined by solubility modeling of CO, in hot
water under estimated reservoir conditions, 200°C and
249 atm. The simulation utilizes published data
relevant to the reservoir lithology (Ungaran volcanics)
and hot water, and is based on equilibrium and kinetic
modeling which assumes that 1 L of brine fills the
entire pore space of a reservoir with a total volume of
10 L and a porosity of 10%. A further assumption in
the modeling is a single stage CO, injection kept at a
constant temperature (200°C) and pressure (249 atm)
in a static environment. The modeling results
identifies: (i) complete dissolution of CO, within hours
of injection, pointing to the effect of solubility trapping
at early stages of CO,-brine rock interaction, (ii)
dissolution of anorthite initiated by the dissolution of
CO; and the associated pH lowering in the brine, (iii)
precipitation of calcite, at the expense of anorthite
dissolution, leading to mineral trapping of CO, (iv)
progressive transition from solubility to mineral
trapping which becomes particularly significant in
about 30 days following injection, (v) favorable minor
porosity increase (~ 0.5%) in time, and (vi)
achievement of equilibrium between CO,-brine rock
in 10 years after injection.

Regarding the uncertainties associated with the
assumptions relevant to (i) alteration mineral
proportion in the mineral assemblage and (ii) rock

© 2020 Society of Chemical Industry and John Wiley & Sons, Ltd. | Greenhouse Gas Sci Technol. 0:1-16 (2020); DOI: 10.1002/ghg.2037
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porosity, sensitivity analyses reveal that the increase of
the first parameter is associated with an increase in the
dissolution or precipitation amount of some reactive
minerals while an increase in the second parameter is
related with lesser dissolution or precipitation amount
of these similar reactive minerals taking part in the
CO,-brine rock interaction. However, in terms of
carbonate minerals controlling the ability of the
geothermal reservoir to trap injected CO,, there is
almost no change in the precipitation amount of calcite
which is the sole carbonate mineral in the system. This
suggests that the variation in the proportion of
alteration minerals and/or porosity does not change
the ability of the field to convert CO, to mineral phase.
However, because the simulation done here is
restricted to static environment in which flow regime is
neglected, dynamic mass transport study is strongly
recommended for future work in order to refine the
conclusions obtained from the present study.

Given that the CCS projects in geothermal fields with
volcanic reservoirs are limited to basaltic ones, the
results from this study can be used for prediction of
CO; behavior during possible future CCS operations in
geothermal fields with intermediate volcanics such as
those in Indonesia.
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