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ABSTRACT

SIMULATION OF GEOTHERMAL RESERVOIRS WITH HIGH AMOUNT OF
CARBON DIOXIDE

Kicuk, Serhat
M.S., Department of Petroleum and Natural Gas Engineering

SupervisorProf. DrrSer hat Ak eén

SeptembeR018, 186 pages

Geothermal energy is always attributed as a sustainable and environmentally friendly
source of energyBut in some cases, amount of the greenhouse gas emissions from
geothermal fields é&come a big issueKk € z €l der e Geot her mal Fi el
important and large scale geothermal fields of the world, is a subjebesd issues,
experiencingexcessamount of CQ production rates andrapid decline in the reservoir
pressure Thi s study aims to construct a numer.
Field andpredict the consequences of potential/possible future operations. Petrasim
interface is usetbr the creation and the visualization of the model, as well as preparation

of the simulation input filesEeOS2fluid property moduleof TOUGH2 simulation codes

is used for the numerical simulatiofithe geothermal moderhe natural state model of

the field is obtained by runng the simulation for a long timentil the reservoir
parameters are reached to stabilized conditionstder to test the model, static pressure

and temperature data of 53 wells, as well as dynamic pressure data of 15 obsselkstion

are matched with the simulation results, within an error range of 10%, and the model is
validated with a great accuracBased on the validated model, different reinjection
scenarios under two different strategies are carried out. In the firggstraroduction

rates are kept constant in exchange for the wellhead pressures, while wellhead pressures



are kept constant by adjusting the production rates in the second stidtegesults of

different scenarios show that the current reinjection pfathe field restricts to have

higher impacts on the reservoir pressures by higher reinjection rates. Results also show

t hat Kézel dere Geother mal Field can be wused
C0O2), which have positive effects on the reservoanagement purposes beside the

environmental benefits.

Keywor ds: Kezeéel der e, geot her mal , carthomer i c al

dioxide
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Oz

Y, KSEK MKKTARLARDA KARBON DKOKSKT K¢EREN
SAHALARI N SKM] LASYONU

Kiguk, Serhat
Y¢é¢ksek Lisans, Petrol ve Doj al Gaz N
Tez YoneticisiProf. Dr.Ser hat Ak eén

Eylul 2018, 186sayfa

Jeoter mal enerji genel ol ar ak s¢rder el eb
bilinmektedir. Ancak Dbazréa jgeaoztlearrmeéa | b ¢syachka | b
ol ukturabil mektedir. D¢nyanén en begyeéek ve
Kezéeldere Jeoter mal Sahaséebénda da y¢ksek
rezervuar basén-|l aréndakl ahedée. dBu i, kKabaxki
Kezél dere Sahaséedédnén sayésal bir model i ni
tahminl eri vV e rezervuar ySagéesml S iam $&lkars

TOUGH2 sim¢gl asyon akédkaneéyggond ¢ E ©Muglelin ¢ r .

ol ukt urvalsmang é asyon girick d o Beyrasiin aaragliai(é n ol

kull anél arak yapél méexter. Doj al durum mod
mo d e | uzun bir s¢re -al éxktérelaraksirezeryv
sajl anméexktér . 53 kuyudan al énan statik ba
edil en di nami k basén- okumal ar é kul |l ané
Sim¢gl asyondan el de edilen sonu-1lar il e ger
kigc k ol masée il e, olukturulan modelin ge-er/l
tahmini -al ékxkmal aréna ge-il miktir. Bu ama
strateji altéenda incelenmixtir. Ketih st r a

vii



mi ktarl aré sabit tutul muktur. Kkinci stratejioc
dejiktirilerek kuyubaké Dbaseén-Busgena@yl@&n sabit 1
neticesinde el de edilen wverinjeeksgysotne rpriané nrd
y ¢ ksek mi ktarl arda reenjeksiyon yapél maséneén
et kil eri ol maseée i htimald:@ -ok késétndaéder . Ayn
uygulanacak muhtemetarbon dioksit reenjeksiyono per asy on lrezerviarén hem

basén-1laré a-éséndan hem de -evreye ol an kat k.

Anahtar KelimelerK € z € | d e r es,a yj éentdsyon, WRUGH?2, Petrasjikarbon
dioksit
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CHAPTER 1

INTRODUCTION

The rapid growth in human population and the advancements in the technology, result in

a considerable increase in the global energy demand. Although fossil fuels such as coal,
petroleum, and natural gas have beemtlhstdominantenergy sourcefor a longtime,

in 21% century the new trend is to meet the energy needs from cleaner and more sustainable

resources, like renewable energy sources.

Geothermal energy is one of the renewable energy sources. It can simply be defined as the
energy of heatthatisooi ng from the Earthdéds mantl e, 3
Simply, a hole is drilled to deeper partstbé Earttd srust, where the temperatures are

higher, and a heat carrier fluid brings this heat to the surface, and the heat is utilized.
Geothermaleer gy i s accepted as renewabl e, beca

geothermal systems.

Utilization of this natural, geological heat has a long history. For centuries, people used
hot springs for cooking, bathing, and heating purposes. Todayt dgeof geothermal

energy has a wide range of applications such as space heating (buildings and greenhouses),
food drying, industrial process heating, aquaculture water heating, snow melting,
chemical and mineral production, and maj€hatenay andJohannesson, 2014)
Generally, low to medium temperature geothermal resources (<150 °C) are utilized for

such direct use applications. On the other hand, high temperature geothermal resources



(>150 °Q are considered as the most suitable for electricity generation, since generating
electricity from the energy of Earth itself is attributed as the most important and
economically the most attractive form of geothermal energy utilization. Among other
renevable resources, the load factor of geothermal energy is much higher (i.e. electricity
generation is continuous rather than intermittent, unlike solar and wind) which makes it a

more reliable source of energy.

1.1 History of Geothermal Energy

The first successful electricity production from a geothermal energy source was
accomplished in 1904 by Prince Piero Ginori Conti in Larderello Field, northwestern Italy.
He installed the first geothermal power plant with a capacity oMIpdnough to light 5

bulbs (Lund, 2005). After that time, lots of experiments have been carried out and
inventions have been made to increase the electricity production from geothermal
resources. As of@L6, the total installed geothermal electricity capacity of the world is
more than 13.4 GW, where USA is the leading country with more than 3.5 GW installed
capacity(BP, 2017) Turkey, one of the most pmasing countries in terms of geothermal
energy resources, is rapidly developing its geothermal power capacity. In 2015, Turkey
contributed 50% of the total geothermal power increase in the {REN21, 2016)and

as of the end of 2017, total capacity reached 1,064 MW with 4topge geothermal
power plantgDirectorate of MineraResearch & Exploration, 2017)There are many

other plants under construction all over the world, and more power plants are planned to
be constructed in the future. At the same time, researchers and scientist are working on
new methods and netechnologies to enable more effective utilization of that natural
energy of Earth. So, it can be foreseen that geothermal energy will be one of the most

efficient and most widely used energy sources of the world in the near future.



1.2 Geothermal System Types

Temperature is the most important parameter in geothermal systems, buetbwm
high temperature geothermal reservoir classification can further be detailed based on the
controlling mechanism of the movement and concentration of heat; convective systems

and conductive systenfg/orld Energy Council, 2016)

In convective geothermal systemdheat is distributed along the reservoir by the flow of

a hot, buoyant, natally occurring liquid or steam. Fluid is heated up by a deeper heat
source, generally in tectonically active regions, and circulates through the reservoir,
moving along mostly vertical fractures. If the mobile phase is liquid, it is classified as
liquid-dominated, if vapor is the mobile phase, then it is classified as a vapor dominated
geothermal system. In liquid dominated systems, fractures are occupied by water and the
matrix is water saturated. On the other hand, in vdpaminated systems, fracture®a
occupied by steam, with a thin layer of water in the fracture walls, and the matrix is
partially or fully saturated with watefGrant & Bixley, 2011) Almost all of the
geothermal power stations operate on convective hydrothermal systems, and majority of
such systems are liquitbminated. A simplified@hematic of a convective heat flow in a

geothermal system is shown in Figuré&Shemundsson, 2015)

In conductive geothermal systemsin contrast to convective systems where the heat is
circulated by a geothermal fluid, the main heating mechanism is the natural thermal
gradient. Some deep sedimentary aquifers can be an example to conductive geothermal
systems. These aquifers are not a part of an active heat circulation, but their temperature
is higher due to the thermal gradient. Since they are generatplavedium tenperature
reservoirs (depending on the depth), they are more suitable for direct use applications of
geothermal energy, such as district or greenhouse heatisgmia cases, the pressure of
reservoir fluids in deep sedimentary formations may reach abitgimgh levels. Also,

the temperature of fluids in these formations may be raised due to conductive heat transfer
mechanisms. Such aquifers are called geopresg@@itiermal aquifers. In addition to

high pressure and temperature features, the wateopregsuredjeothermal reservoirs
generally contains significant amount of methane. Depending on the anionethane



content, geopressuraptothermal reservoirs are often considered as an unconventional
souce of natural gagGriggs, 2005) Since the three forms of energy; mechanical energy
(high pressure), thermal energy and significant amount of methantvedsgowater are
co-exist in geopressuregeothermal reservoirs, both geothermal energy utilization and
natural gas extraction can be achieved with a hytedluction approach. Another
example to conductive systems is hot dry rock reservoirs. In saragolos, reasonably

high temperature, but low permeability formations can be encountered at drillable levels
of the crust. Such a formation can be considered as a source of geothermal energy, but
absence of heat carrier fluid and low permeability of tluk require new development
approaches. For example, injecting a fluid with a high pressure, fracturing the rock,
circulating the fluid through these artificial openings in therbok, and then producing

the heated fluid from another well was experimemted successful application in Fenton
Hill, Los Alamos, USA(Brown, 1995) In literature, some other approaches to develop
hot dry rock systems can be found like using-@® a working fluid to extract the heat
from a ha-rock with a great efficienc{Brown, 2000) This novel approach also aims to
sequester greenhouse gasespéciallyCO,) to deep formations which also makes it an

environmentally friendly way of energy production.
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Figure 1.1 Convective heat circulation in a geothermal syst@aemundsson, 2015)

Although, it is not always technologically and economically feasible, high temperature
geothermal energy can be reached at any point on Earth, theoretically, if a hole is drilled
deep enough into the crust. Accordingarant & Bixley 011) temperature gradig in
shallowest depths of Earth crust is 30 °C/km, but in the thick crust the gradient can be as
low as 16 °C/kn{Lund & Zoback, 1999)In some regios, especially volcanically active
tectonic plate boundaries, thermal gradients can be really high. For example, in The
Phlegrean Fields area, located west of Naples, southern Italy, thermal gradégitseess

168 °C/km was observd@€orradoet al.,1998)



1.3 Geothermal Power Plant Types

Geothermal energy resources are widely used to produce electricity all over the world.
Geothermal power plants convert thermal energy to mechanical eaacygventually to
electrical energy. In its simplest form, geothermal hot fluids are brought to the surface,
where they are used to spin the blades of a turbine, which drives a generator to produce
electricity. There are 3 main types of geothermal pgMaents:

1.3.1 Dry-Steam Power Plants

They are the first type of geothermal power plants. In 1B0hce Piero Ginori Conti
used a small scale dsteam power plant with a capacity of 10 kW Larderello Field
(Lund, 2005) Geothermal fluid, primarily steam, is directly used to drive a turbine, which
runs an electricity generator. Generally, -dtgam (vapor dominated) fields are high
temperature resources, and-dtgam power plantsork at high temperatures.

Dry Steam Power Plant

Figure 1.2 Schematic of a Dry Steam Power Plant

(U.S. Department of Energyds Office of Energy



1.3.2 Flash Steam Power Plant

In these systems, high temperature geothermal fluids brought to the surface and pumped

into a flash tank, where the pressure is much lower. Since the high pressure hot water

enters a | ow pressure envir onme n trqducedt

steam turns a turbine, which runs a generator. The remaining liquid can even undergo a

secondary flash (doubRash systems), to produce more energy. After the heat extraction,

the steam condenses, and it is reinjected back to the reservoirtthemjgction wells, to

maintain the reservoir pressure, as well as to dispose the reservoir liquids.

Flash Steam Power Plant
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Figure 1.3 Schematic of a Flash Steam Power Plant
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1.3.3 Binary Cycle Power Plants

The main difference between the binary systems and dry or flash steam systems is that the

rapi

of Ene

geothermal fluid is circulated in a closed loop and never comes in contact with the turbine.

Instead, it is used to heat another fluid (generally an organic fluith, @8I isopentane)

which has a much lower boiling point and high vapor pressure at low temperatures, hence

these systems are called fAbinaryo.

Such

S



Organic Rankine Cycle (ORC), where geothermal fluid gives itsnthleenergy to a
secondary fluid (binary fluid, working fluid) in a heat exchanger. As the temperature of
the secondary fluid increases, it flashes to vapor, and then drives a turbine which turns a
generator to produce electricity. Since the secondary fitagorizes at lower
temperatures, binary cycle power plants are generally preferred itoimiermediate
temperature resources. While the lower temperature limit is generally determined by
economic analyses, the upper temperature limit of binary cystersg is restricted by

the type of the working fluid, since molecular stability issues may arise at high

temperatures.
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Figure 1.4 Schematic of a Binary Cycle Power Plant

(U.S. Department of Energybd6s Office of Energy

Since, the output water of flash steam power plants has intermediate tempexeiste
they can further be used to feed a binary cycle power plant, to extract more heat and
produce more electricity (flaghinary combined cycle). Double and Triple Flash Steam

Power plants are also widely used.



1.4 Geothermal Energy in Turkey

Turkey is located in eastern part of Alpirkémalayan orogenic belt. As a result of tectonic
activities, the region has many young grabens, great amount of faults and extensive
volcanism, which are some of the most important parameters for existencothergal

field. The geothermal potential of the region is manifested by many hot springs, fumaroles,
and hydrothermal alterations.

When uplifting occurs in tectonically active regions, grabens may form as a result of
tensional f or c ersstis tlrner angler grdbens, with rart dxiéting heat
source (e.g. rising of magma), geothermal fields may occur along these grabens, just like

the eastvest trending Blyik Menderes and Gediz Grabens in the Western Anatolia

( ki mid38%k), These grabens host the most important high and low enthalpy
geot hermal fields of TurdDenzli(243 EnGernencik mp | e s
iAydén (23271KCinir Bal4a Maica(150 °€xr Salat 1148 d é n

(171 °C), Seferihisaif Kz mi r (158 A@Qydéewelmaz2zkoAC) , Tek
Denizli (116 °C)( k . ki mkeerkd AI0¥adada (254 °CJAkin, 2017)

Turkey has a huge geothermal energy potential. The theoretical geothermal capacity of
Turkey is 31,500 MW(Directorate of Mineral Research & Exploration, 20173% of

this potential is situated in the Western Anatolia, 9% in Central Anatolia, 7% in Marmara
Region, 5% in Eastern Anatolia, and 1% in the other regions. &%e potential
geothermal fields have Ieto-moderate temperatures which are more suitable for direct
use. And the remaining 10% high temperature fields can be utilized electricity generation.
But, advancements in science and technology may increasalettecity utilization
temperature range (e.g. binary cycle power plants, which can use intermediate temperature
fluids to produce electricity)As of the end of 2017, total geothermal energy capacity of
Turkey reached 1,064 MW with 40 operating geotlanpower plants.



15 Kézél dere Geot her mal Fi el d

Kézeéel der e geot hgeotmenbéndrgyfield ofl Turkey. It tvds discdvereds t
by Directorate of Mineral Research & Exploration (MTA) after a broad range of
geological, geophysicalhydrogeologich and geochemical studies. KD well was
completed in 1968vith a depth of 540 m, resulting in the first geothermal discovery of
Turkey with a temperature of 198 °C. 16 more wells were drilled until 1973 at varying
depths, between 370m1240m. In 1974, &00 kW pilot turbine was installed on KB

to produce electricity. The produced electricity was given to the neighboring villages for

6 years, free of charge. After the initial evaluations, the first commercial scale geothermal

power plant of Turkeywasonstructed in Kézéeldere by governi

El ectricity Generation Co. Inc. (E} Ak) i
(KD-6, KD-7, KD-13, KD-14, KD-15, and KD16) were found to have appropriate
characteristics to generate electricity. As the amount of the produced steam became
insufficient in time, three new wells were drilled (KID, KD-21, and KDB22) in 1985

1986, to support the power plant. Later, ®Dwvas convded to an observation well
because of its poor production performance. THevirell was drilled to the depth of 2261

m, in 1998, for the purpose of reinjection, but it is found to be very productive with a
bottom hole temperature @42 °C and steam ratiaf 18%(k i mk e k 2089). Thee |
geothermal potential of deep formations was also investigated by the drillingy. oURtil

the R2 well starts to injection in 2002, there were no any permanent reinjection operations

in Kézéldere, resuhé i mgsemvairepduessoneiand

output.

1984

p C

After being operated for 24 years by Tur ki sh

Kezél dere Geother mal Field had wundergone

Energy had acquired theerational rights of the license ar®4.375 k), including the
power plant, for 30 years. The output of the plant was almost as low as 6 MW when Zorlu
Energy started to operate the field. This reduction was mainly due to the calcite scaling
problem, whech is very common in geothermal fields of Turkey. Firstly, Zorlu Energy

implemented inhibitor injection operations to the wells, to clean the calcite scaling. As a

resul t, power plantdés output was increased
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andre nj ection wells were drilled as a part
80 MW Kézéldere |II Geot her mal Power Pl ant
Kezéldere Il power plant is also wutngli zed
greenhouses and households, and heating the waters at thermal hotels. Sincg the CO
content of Kezeéel der e i 8% bytweight),n & usedin duyiicd i s |
production. Drilling activities, together with geophysical and geochemicdiest, have

shown that a deeper and hotter reservoir i
pl an was prepared, aiming to exploit the d
Plantis the biggest geothermal power plant of Turkey aredadrihe biggest in the world,

with a total capacityof65MW.The t ot al capacity of the Keéz
reached 260 M\Wmaking the field one of the most important geothermal energy places

of the world.

151 Geographical Settiellhg of the Kézél dere

Kezéel dere geothermal field is | ocated betw
part of the B¢yeéek Menderes Graben, bet weer
Is at the southern part of the Menderes Massifs, which is one of thd (@@@s200 km)
metamorphic massifs in TurkéBozkurt & Oberhéansli, 2001)rhe meandering Blyuk

Menderes River is in the vicinityofh e Kéz el dere Geot her mal Fi

11
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Figurel5Locati on of the Kézeéeldere Geothernm

152 Geol ogy of the Kézéeldere Geothermal Field

Kézel dere Geother mal Field is i nGrabehe eastern
Paleozoic metamorphics of Menderes Massifs and Pliocene and Quaternary sedimentary

rocks form the general stratigraphy the field (kK i mk ek et. Manderes 2009)
metamorphics form the basement rocks, which mainly consist of augen gneisses, schists,

quartzite, micaschists and marbl@saramanderesi, 2013)The upper Pliocene and

Quaternary sedimentary rocks have been divided into four lithological(kunitenk e k ,

1985a) These units, from bottom t cormationp , are Keé:
Kol ankaya Formati on, and Tosunlar Formation.

12



well-consolidated 200 m thick rdarownish conglomerates, sandstones, and claystones.

It behaves as a caprock due to its impermeability and forms the boundargéhee
Paleozoic metamorphics and Pliocene sediments. Sazak Formation is the shallow
reservoir section of the field and mainly consist of 2@b0 m thick limestones, but
gradations into marls and sandstones were observed, laterally and verticallynakesh

a restriction for a continuous reservoir a
(KD-1, KD-1A, KD-2, KD-3, KD-4, KD-8, KD-12) were producing from the Pliocene
limestones of the Sazak Formation. The BED0 m thick intercalated yellash green

marls, siltstones, and sandstones which overlie the Sazak Formation is named as
Kolankaya Formation. This impermeable formation forms the caprock of the shallow
reservoir section. The Tosunlar Formation forms the upper unit of the Pliocene and
Quaternary sedimentary rocks. It consists of poorly consolidated conglomerates,

mudstones, and sandstones and have a thickness of about 500 m.

The interbedded marbiguartziteschist section of the upper unit of the Menderes

met amor phi cs aormation,ahdlfoens th&ifitadneediatekdevedt reservoir of

the Kézéldere geot her mal f306rm.dhisfomatiohis a v ar
reached for the first time with the drilling of KD11 well, in 1969, and followed by the

drilling of KD-6, KD-7, KD-9, KD-13, KD-14, KD-15 and KD16 wells. Temperature

values as high as 212 °C were observed-@dp(k i mk ek ,. 19K5deci k For
has better reservoir characteristics compared to the Sazak Formation. Seponuzty

and permeability values are higher than that of the Sazak Formation. The water of the first
power plant of the Kéezeéeldere -&bB1 KEkIBmal fi
KD-14, KD-15, KD-16, KD-20, KD-21, and KD22 wells, all penetratestoh e Kj de ci k
For mati on. Al t hough they show different r

Formations are thought to be connected by faulting.

A deeper, third reservoir section, which mainly consists of metamorphic schist and
marble, was discoveretth the drilling of R1 well in 1998, with a depth of 2261 m. This
schistmarble formation is found to be a good production zone, but is not suitable for
reinjection purposeKaramanderesi, 2013) he wells which penetrates through the third

reservoir can supply the water to the pow

13



Formation) can be used as reinjection purposes, since it has enough permeability for
reinjectian.

The general str at ieaghermg Rigd isstiown bbla | Knekzeekl deetr ea | G
2009)

Qal ALUVYON, TRAVERTEN, TARACA

KUVATERNER Qal Alluvium, slope debris, terrace
QUATERNARY
— TOSUNLAR FORMASYONU
¥ Tosunlar Formation
:D%
S KOLANKAYA FORMASYONU
5 o Kolankaya Formation
> < PLIYOSEN | & —
o = PLIOCENE ;:J S Z
o T SAZAK FORMASYONU
= Sazak Formation S~

/______Y

KIZILBURUN FORMASYONU Kizilburun Formation

Figure 1.6Gener al Stratigraphy of(kitrhieelKéete!l aller e LRQ
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153 Previous Model i ngGedthaumshiFeeld of Keézeéel der e

Many modeling studies of the Kéezeéeldere Gec
(Ozkaya, 2007) used the SUTRA (Saturatéghsaturated TRAnsport) numerical

simulator whit uses a hybrid finite element method and integrated finite difference
methodwith two-dimensional (2Duadrilateral finite elementsr the discretization of

the continuous space. In that time, there were only 8 production wells and the areal extent

of the model was only limited compared to the current operational area. Since the model

was twedimensional, producing zone was fixed to a level equal to a representative depth

of Kjideci k Formation. Ther ef-loan@ R2) weveo d e e
corsidered as shallow wells with high productions by modifying their actual pressures

wi t h t he subtraction o f t he hydrostatic
Additionally, it wasconsideredn the studythat, both pressure responses and temperature
dedines of the reservoir would bmodeled separately throughdbe modelingstudies.
Similarly, t he areal e(Xdtekin, 200Igwas anlf lenited € z € | d
with Phasd wells, and the area was divided into only 480 grid blocks (8x12x5).
Production history of the field for the period of 1982000 was used for history matching.

In that time, there were only 8 production wells. A thpbase multicomponent thermal

and stem additive simulator, STARS of GMC (Computer Modeling Group) was used
throughout the study. Although, the software is capable of handlingsatirermal flow,

in most cases the reservoir was assumed as isothermal because of the numerical
instabilities occured during the simulations. The reservoir temperature was taken as 200

°C throughout the study. The main explanation for assuming an isothermal reservoir was

that the temperature decline was small enough within the production period, 2084.

The mosimportantdeficiencyof both of the abowenentioned studies is that G@as not
considered in their simulations. A recent
Geothermal FieldGarg et al., 2015Yeaches a bigger areal extent and uses the available
production and injection data for the period January 198¥arch 2013, including both

the PhaséandPhas¢ I wel | s i n that time. Leidosds S
was used to construct a 3D numerical model of the field. In their studya@DNaCl

were included in the simulation as 3% and 0.5%, respectively. The computed pressure and

15



temperature data were compared with the available actual data at several computational
times. It was decided to use the computed state at 100,000 yearstéoy matching.
However, it can be observed in the pressure vs. time plots that the simulation pressures
were still increasing at the beginning of the history matching, indicating that the natural
state conditions had not been reached, yet. So, it caredweced that although good
matches were obtained, 100,000 years were not enough for the model to reach the
stabilized conditions (natural state conditior@), another possible explanation for this
situation can be related with the amount of the waterdhtering to the model from the
bottom heat source. High amount of water flux into a limited area model might be

increasing the pressures even at the natural state conditions.

16



CHAPTER 2

STATEMENT OF THE PROBLEM

In geothermakeservoirs, varying quantities of GCH>S, NHs, Hz, N2, and CH may
present in the geothermal fluid. These gases are calledamatensable gases (NCG),
since they are at gaseous state at reservoir conditions and generally dissolved in the
geothermal wate Among others, carbon dioxide (s the most dominant NCG. It may

constitute as much as 99% of the all vvmmdensable gases.

Geothermal fields of Turkey contain high amount of,CGeothermal fluids of Blyuk
Menderes and Gediz grabens were repoddthtve 90G 1300 grams of C&per kWh of
electricity production, while the global average, in 2001, was 1228 (Callos et

al., 2015). Although binary cycle power plants work in a closed loop, flash steam plants
release the COinto the atmosphere, whicarises environmental concerns, and also

negatively effects the reservoir management taiggesms of the reservoir prases

I n Kézél dere Geot her mdissolvédiinetie dvater is areundal®o u n t
wt.% in shallow reservoirs, and around 3 wt.% in deep reservoirs. As high as 6 wt.% of
dissolved CQ values were observedAs of May 2018 34 wells are producing
approximately6900tonnes of geothermal fluid per hoto feed the power plants of the
Kezéel dere field. »&@proxsnately20d tonmas of arbert diofde S O
produced per hour i n KEéz é lothermakene@yialwalise r ma |
consideredas a clean and renewable source of endlgyhigh CQ emission rates of

17



geot hermal fields such as the Kézéldere field

To develop solutions to the reservoir management problems &féhe €| der e Geot her m:
Field, and predict the consequences of potdptasiblefuture operationsa computer

based modebf the entire geothermal fieldeeds to becreated.Deficiencies of the

previous studies arises the need of an accurate and morgaeailiserical model of the

Kézél der e GeTbis rhodel ma | Field.

- should include the effects of n@ondensable gases, especially the carbon dioxide,

- shouldhas a larger areal extent, covering all the current and potential future

operationareas,
- shouldbethreedimensional (3D)covering productive deep metamorphic racks
Beside these,
- Simulationshould becarried out nosisothermally,and

- History matcheshould bebased on a natural state model whaweinstabilities

are observed.

This study aims tareate a model where the abewentioned conditions are satisfied, and
to carry out future predicting studies to develop solutions to the excess amount of CO

production rates and also the rapid decline in the reservoir pressures.

18



CHAPTER 3

GENERAL OVERVIEW OF GEOTHERMAL RESERVOIR SIMULATION

Simulating a geothermal reservoir in a digital environment (e.g. computers) is a strong
technique to visualize and better understand the real world situation of the reservoir, which
also enables to aar out any desired operation and observe its consequences instantly

without even doing it in real world, which in turn saves time and money.

A geothermal system is composed of four main elements: a heat source, a carrier fluid, a
fracture system which prales the required flow paths for the carrier fluid, and a reservoir
which hosts the geothermal fluid. A successful simulation of a geothermal system should
include as accurate and reliable information as possible absetelEments

The first step in rgervoir simulation is to construct the conceptual model of the field.
Then, the conceptual model should be represented by mathematical equations which
describe all the processes and interactions given in the conceptual model. Thirdly, these
mathematical agations should be solved with a numerical solution technique, which also
requires the discretization of the model domain both in space and time. After obtaining
the numerical model of the field, simulations can be carried out. As a last step, results of
the numerical solution should be calibrated and validated by comparing the available field
data. In this step, model parameters and assumptions are reevaluated. After successfully
going through all these steps, the numerical simulation will be a good nefattese of

the geothermal system, and it can be used for implementation of scenarios of interest.
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3.1 Data Acquisition

Before constructing the conceptual model of a geothermal system, as many data as
possible should be collected by means of field (or wellbore) surveys. These surveys
provide information about the geological, geophysical, and geochemical properties of the
field, as well as fluid and rock interactions, and physical and chemical processes occurring
in the geothermal system. Their accuracy and reliability is oftqnestion mark for
scientist and engineers, bollecteddata is a good starting point for comnsting the

conceptual model. They can be reevaluated as the simulation proceeds.

Data acquisition methods in geothermal exploitation can be regarded as field surveys
(geophysical and geochemical surveys), measurements performed through a wellbore
(tracer tests, pressure transient tests, well logs, injectivity tests) and laboratory

experiments.

3.1.1 Geophysical Surveys

Geophysical surveying methods can be used for exploring potential geothermal energy
fields, as well as monitoring geothermrakervoirs under groitation (Mariita, 2011)
Geophysicalsurveying methods either use the natural energy of the earth or artificial
energy induced into the ground. Gravity, magnetics, and Magnetotelluric (MT) methods
make use of the natural energy of the earth, while direct current, ebeatoetic, and
seismc methods make use of artificially created energy to get information from the
subsurface. Using these methods in combination with another is much more practical than
trusting only one source of information. By doing so, if there is ambiguities or anomalies
arising from one of the geophysical surveying methods, the other method can be

considered for the corresponding zone.

Geophysical surveys can be grouped into four, according to the physical properties they

utilize while investigating the subsurface gesthal structures:

1 Gravity surveys (rock density)
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1 Magnetic surveys (magnetic susceptibility)
1 Seismic surveys (propagation velocity of elastic waves)

1 Electrical surveys MT and TEM (electrical conductivity)

3.1.1.1 Gravity Surveys

Il n gravity surveying, the variations in
investigategeothermal activity andubsurface geologyGravitational variations are
generated by lateral density differences between subsurface Rumiswith a diferent
density than the surroundings may be related to the magmatic history of thBRa@rka
densities are generally in betwees g/cn¥, and cystalline rocksgenerally have higher
densitieghan sedimentary rocks. Gravity surveys detects subsurfacéydengtions in

forms of gravity anomalies, which may be relatechtdeep magmatic body, or a heat
source Another important application of gravity surveys is to monitor the fluid removal
rate in the reservoir, which in turn, determines the reinjectites. By repeating gravity
surveys, differences between mass extraction and replacement by natural inflow can be

estimated, since fluid removal effects tlensity of the reservoir roqiManzella, 193).

The device which measures the variations
gravimeter. The acceleration unit is taken as mGal, where 1 Gal is equal to 1>cm/sec
Information about subsurface density can be obtained after making somlatamns to

the measured gravity values. After the correction of gravity anomalies, the Bouguer
anomalyis obtained, which is given iyantos & Rivag2009)
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where g(observed); the gravity readings of each gravimeter after the corrections for
instrument drift and earth tides, gf; normal reference gravity, 0.3086h; gravity variations
due to elevation differences between the locations of gravimeters, 0y04 T@8recion

for mass material between the gravimeter location and sea level, TC; Terrain correction

accounts for differences between obsergeavitationalvalues, h; thickness in meters,
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and} ; density in g/cm

Gravity surveying is an economic method since gnaers are portable and easy to use,

and also there is no need to use energy to create pulses on the ground. It also provides
results within a short term. Using with other means of geophysical surveys, gravity
technique is very useful to investigate geaothe activities beneath the surface.

3.1.1.2 Magnetic Surveys

Magnetic surveying is another widely used technique in geothermal exploration studies,

generally together with other surveying methods (such as gravity and seismic), to map

geological structures. Anotha es i n the eartho6és magnetic fiel
surveys. These anomalies are depending on the magnetic properties of subsurface rocks

and the surrounding environment. Generally, dykes, faults, and lava flows are the main

causes for magnetic amalies(Mariita, 2011)

Magnetic sureys are carried out by magnetometers. The two types of magnetization of

rocks; induced magnetization and permanent magnetization are measured. The strength of

the magnetic field is commonly presented 1in
temperature enkdnments, magnetization is reduced, which is a good indication of

geothermal activity.

3.1.1.3 Seismic Surveying

Seismic surveying relies on the fact that propagation velocity of elastic waves changes
when travelling through different rock types. The refracted or reflected signals are

corresponding to discontinuities in or between formations. The elastic body waves a

types:

1 P-waves (primary waves), the propagation of the elastic wave is in the travel

direction. They can travel through solids, liquids, and gases.
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1 Swaves (secondary waves), they move perpendicular (up and down, -to-side
side) to the propagatiodirection. They can only travel through solids, but not

fluids. Swaves are slower thanwaves.

Seismic surveys are divided into two: active seismic methods and passive seismic
methods. In active methods, an external source (such as hammer deviqgassioms) is

used to create seismic waves penetrating through the earth. In passive methods, the source
of seismicity is the earth itself, where the seismic activities are detected and analyzed.
Propagation times of seismic waves are converted into daptes; and the distribution

of subsurface interfaces is acquired.

It should be noted that geothermal activity is generally found within volcanic areas (or at
least area with a volcanic history), which are generally associated with crystalline rock
bodies.Thus, penetration depth is not high and data interpretation is quite complicated,

which makes seismic surveys not cost effective.

3.1.1.4 Electrical Methods

Resistivity is a very importantmeasure in geothermal exploration and monitoring
operations. Therés a god correlation between resistivity and subsurface material
properties such as temperature, pressure lithology, permeability, porosity of rocks, and
salinity, phases, and saturation$ pore fluids This correlation can provide valuable
information abouthe geothermal activity of the area of interest. Two most widely used
electrical methods in the geothermal exploration and monitoring studies are Transient

Electromagnetic method and Magnetotelluric method.

TEM method is an electromagnetic surveying methotlich uses artificially created
signals to be measured as the reflection of the resistivity structure of the subsurface. A
strong current is passed through a big ungrounded loop, and a constant magnetic field is
generated. Then, the current is turned Afsecondary field is formed as a result of the
induced current, decaying with time. The decay rate is then monitored by a receiver

located at the center of the loop on the surface. Decay rate and current distribution as a
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function of time gives informatioabout the subsurface resistivity structure.

TEM equipment is relatively expensive. To create a strong magnetic field, heavy currents
should be induced, which requires heavy generators and measuring coil and wires being
able to carry heavy currents. WitliEM surveys, subsurface resistivity structure down to

17 1.5 kmcan be studie@iGeorgsson, 2009)

Magnetotelluric is one of the most powerful and widely used geophysical surveying

met hods. It uses earthos natural electromagnet
without drilling any well. Magnetotellurics is simply measg the time variations of
naturally induced electric currents (telluric
resultant magnetic fields, B(t). As a result, information about electrical conductivity (or

resistivity) of the subsurface materialabtained. A region with a low resistivity can be

an indication of high temperature geothermal reservoir, since as the temperature increases

resistivity decreases (conductivity increases).

In geothermal exploration, the amount of depth of penetratioendispon the frequency
of the signal. Low frequency signals (0.0000110 Hz) penetrate deeper than high
frequency signal€l0i 1000 Hz)(Georgsson, 2009 he measurement equipment is quite
simple and portable. But measuring magnetic fiBldand naturally induced electrical
field, E, both as function of time, requires severalitsoat each measurement location.
Details about the analysis of MT data (includin® 3version using Bayesian statis)c
can be found irspichak et al.{999)

This method can be used in combination with TEM method, where TEM measurement
are used to map the uppermost levBlgthat way, interpretation of MT measurements is
enhanced, providing better understanding of deeper levels. A good resistivity distribution

information can be obtained from deeper parts of a geothermal systehd ¢gm).
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3.1.2 Tracer Tests

A geothermal treer test simply involves injecting a compound (tracer) into a geothermal
system and monitoring its recovery through time from predetermined observation points.
The most common utilization of tracer tests in conventional geothermal development is to
investgate flow paths between injection and production wells. The main purpose is to
predict the cooling effects of the reinjected fluid on the production wells (since reinjected
fluid is much cooler than the reservoir fluid). The selected tracer should meet som

important criteria:

a. Its concentration should not be higher than the expected tracer concentration so
that the tracer can easily be distinguished

b. It should be stable under the reservoir conditions

c. It should be relatively inexpensive, since high amouritasfers may need to be
used

d. Its analysis should be fast and inexpensive

e. It should be environmentally benign.

Tracers can be liquighase, gaseoyshase, or twephase(Axelsson, 2013 The most
widely used liquid tracers are halides (iodide, bromide), radioactive tracers {iithde
iodide-131), fluorescent dyes (fluorescein, rhodamine), aromatic acids (benzoic acid),
naphtlalene sulfonates. Sulphur hexafluoride and fluorinated hydrocarbons are examples
of gaseous tracers. Examples of ipltase tracers can be tritiatedter (HTO) and

alcohols (methanol, ethanokpmopanol).

Geothermal tracer tests can be conducted by ingetite selected tracer (i) from a single
injection well, and then produced back from the same well, (ii) one injection and one
production well, (iii) more than one injection and production wells. If single well
technique is used, only the peripheral @ tell is investigated. The duration of the tracer

test is specific for each geothermal system, and difficult to determine beforehand.
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3.1.3 Pressure TransientAnalysis (PTA)

Pressure Transient Analysis (PTA) is one of the main tools of geothermal subsurface
characterization. Some key parameters such as formation permeaixkiyess value,
formation storage coefficient, skin factor of the well, wellbore storage capacity, and
reservoir boundary conditions (if the test is long enough) can be obtained tlamough
pressure transient test. Such parameters form the basis of conceptual model of a

geothermal system.

Pressure transient analysis is generally performed based on the basic reservoir model,
Theis model, and its variants. Theis model describes a resasvailaterally permeable,
homogeneous, constant thickness layer which is bounded at the top and bottom. A two
dimensional horizontal flow occurs towards a production well. A basic Theis model and
different reservoir and wellboneservoir models are givebby Bodvarsson and
Whiterspoon 1989, (as cited imPAxelsson, 2013a

Different reservoir models (or boundaries), as well as resemadibore interactions will
yield different responses in pressure transient testing. A good representation of such
responses can be seenasemi log plot of pressure change vs. time.
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Figure 3.1 Sketches of basi€heis model and other variants

(by Bédvarsson and Whiterspoon 889, (as cited il\xelsson, 2013a)
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Pressure Change

Figure 3.2 Behavior of different reservoir and bwdary models on a Serug plot

There are different types of pressure transient test implementations. The most widely used

methodsare buildup tests, drawdown tests, injection tests;déftests, and interference

tests.
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(by Bodvarsson and Whiterspoon 889, (as cited iiAxelsson, 2013a)

In a buildup test, the production should be kept approximately constant for several
days, before closing the well. The pressure will start to increase (préssiare

up) with the shutn of the well. The rate of pressure build with respect to time
reflects the formation properties.
In drawdown tests, a well is flowed at a constant rate, and béttderpressure as

a function of time is measured. Then, the sugad values are analyzed to estimate
the reservoir properties. The biggest issue in a drawdown test is the inability to
ensure a constant flow rate.
In injection tests, the procedure is just reverse of the drawdown test. Instead of
producing, fluid is ingcted into to reservoir and the pressure responses vs. time is

measured. The injectivity index, among others, is a good parameter which is

27




obtained through injection tests. It reflects the performance of the well, meaning
that higher the injectivity indekigher the reservoir permeability. It is simply
defined as the ratio of the change in the injection rate and the change in the

measured pressure.
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1 In fall-off tests, instead of measuring the pressure fupléfterthe shutin of a
producing well, pressure fadiff is measured after the shintof an injection well.

1 Ininterference tests, a production well and observation wells are selected so that
the reservoir properties and connectivity between these wells aendetd.
Interference tests simply based on production from a well, and observing pressure

responsewith respect to timé&om offset wells.

Generally, injection and fabff tests are implemented alternately, because of the harmony
in the nature of theimethodology. But in the injection part of the test, reservoir fracturing
may occur. In this case, conventional pressure transient test analysis will fail, since they
do not account for fracture @k) mechanic¢Bakar & Zarrouk, 2016)Build-up tests are
generally more practical and preferable compared to corfantate tests (drawdown),

since maintaining a rlow condition is much easier than maintaining a constant flow

rate condition.

There are differentvays to analyze the pressure transient data, coming from any of the

above mentioned testing methods. These are: semi logarithmic analysis, dimensionless
variables and type curve analysis, pressure derivative method, and deconvolution method.
The details opressure transient analysis methods, as well as general overview of pressure

transient analysis in geothermal resource assessment are giRenagarama2012)

3.1.4 Well Logging

Well logging is a strong tool in geothermal reservoir investigations, which is conducted

through a drilled well. Measurement electronics and sensors are lowered into a well, on a
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wireline, to conduct intended measurements thrabghntended intervals. Objectives of
well logging (or wireline logging) can be (i) studying the borehole geometry and
determining the variations in the completed interval diameter, (ii) investigating the rock
properties and fractures intersected by teélvore, (iii) measuring reservoir pressure and
temperature values, (iv) locating the feed zones. The mimkly used geothermal

loggings ardAxelsson & $eingrimsson, 2012)

1 Caliper and cement bond logging (CBL), which measure variations in wellbore
diameter and integrity of casingement bond, respectively. Wellbore diameter is
generally needed to determine wamlt intervals through the wellbore.
Information about casingement bonding is very important for measuring the
success of cementing operations, which directly determines the life of the
wellbore.

1 Geophysical wireline logging (often includes resistivity logs, neutreumron
porosity logs, ad naturalgammaray logs) measures different physical properties
of the formation, intersected by the wellbore. Resistivity logging is an electrical
method which measures formation resistivity, a valuable parameter for reservoir
engineering studies. It paeither be used for qualitative description of the
measured interval, or can be used quantitative analysis such as porosity
calculations through Arcbi6 s e @Auchid, 1942) Results of resistivity logs
are generally evaluated with the results of TEM and MT surface geophysical
surveys. Neutromeutron porosity logging provides information about formation
porosity by measuring the tat hydrogen content, correlated as the amount of
water by formation volume, which depends on the formation porosity. Detailed
procedure can be found Bteingrimssor(2011) Natural gammaay logging
makes use of the natural decaying properties of natural radioactive isotopes
(Potassium, Thorium, Uraniun distinguish certain formation types.

1 Televiewer logging is an acoustic method, which is used to get images of the
wellbore, where fractures caasly be observed, with their dip angle and strike
direction. Steingrimssor{2011) gives details of the application of the televiewer

logging, as well as other uses of the method. The following figure is taken from
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his study, where output of a televiewer log, showing an open permeable fracture

(traced with a green line on the log), is given.

AVPL | TUDE

Figure 3.3 lllustration of an open permeable fracture on a televiewer log

1 PTS logging, which stands for pressteenperaturespinner measurements,
provides main physical properties of a geothermal reservoir. Spinner logging is

often conducted to measure flow rates in a wellbore, as well as inflow and outflow

through feed zones.
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The instrument used in geothermal wellbore (wireline) logging operations are generally
adapted from the oil&gas industry. But, the main feature of a geothermal reservoir, high
temperature, limits the usage of conventional logging tools. It requiredispé&cibuilt

devices and electrical cables to conduct logging operations in a high temperature

geothermal well (seklassiot et al.2010)

3.1.5 Laboratory Experiments

Wide variety of rock and fluid properties can be determined in laboratory using different
methods. But it should be taken into consideration that parameters measured in the
laboratories may not fit the actual field parameters, since there can be hugandidte
between the laboratory conditions and the field conditions. However, determining thermal
properties, compressibility, viscosity and density as function of time, solute concentration,
hydraulic conductivity, storage coefficient, and effective poygsibperties provide vital

information in a simulation study.

3.2 Conceptual Model

A conceptual, theoretical model should be developed before setting up a simulation model
of a geothermal field. In geothermal reservoir simulations, the conceptual model is an
idealized, descriptive and qualitative representation of the geothermal system. Many of
the requireddata may not be available prior to modeling and simulation studies, or may
contain high amount of inaccuracy. So, appropriate assumptions, correctiohs, an
modifications should be madbefore,during or afterthe construction of the conceptual
model. Most of the time, working with more than one conceptual model is more sufficient

and more practical.

Among other elements of a geothermal system, understaadohdescribing the flow in
porous and fractured media is especially of a great importance in reservoir simulation

studiessince most of the geathmal reservoirs are situatedfractured rocks The main
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issue for flow in fractured reservoirs is debarg the fracturanatrix interaction, under
various conditions (e.g. multiphase flovihere are many different approaches to describe
the flowin fractured mediagenerally depending on the geometry, amount and properties
of the fracturesndproperties bthe reservoir mediunThethreemain types of conceptual
models of fracture flow are: effective continuum method (ECM), digadtinuum
approach, and discrete fracture network (DFN) approach. Each approach has its own

advantages and disadvantages depgmalirthe purpose of the model and field properties.

3.2.1 Equivalent Continuum Method (ECM)

The equivalentontinuum methodan be attributed as the simplest approach for modeling
flow in fractured and porous media. This approach describes the model area as a single
porous medium. The properties of the model are chosen in a way that this single porous
medium approximately repsent the properties of the fractured reservoir. According to
Long et al.(1992 as cited inBundschuh & Suarez, 201@)ur criteria must be satisfie

for using equivalent porous medium approach for fractured rocks:

1. The density of the fractures must be hegtough

2. Fracture orientations must be randomly distributed

3. The apertures of fractures are assumed to have a constant width, rather than randomly
distributed widths

4. The extension of the model area must be large enough

The ECM approach is widely used due to its simplicity, but becomes unsuitable as the
fracture, rock, and flow characteristics become so complex that they cannot be represented

by a simgle porous medium.

3.2.2 Dual Continuum Approach

Dual continuum concept (where the matrix and the fractures are modeled as different but

interconnected continua) is the most widely used approach for the fractured rock flow
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models(Wu & Pruess, 2005)This concept includes dual porosity mo(®arenblat et
al., 196Q Warren & Root, 1963)multiple porosity model, dual permeability model
(which permits verticalflow between matrix blocks and more general multiple
interacting continua (MINC) model#®ruess & Narasimhan, 1982985)

Dual porosity approach is based on two concept$rddtued reservoirs have two types
of porosities: matrix porosity and fracture porosity. The fracture porosity is so small that
almost all the fluid is stored in the matrix porosif®) Fractures have much higher
permeability than the matrigo, the facturesare the main flow paths, and when the fluid
in the fractures have been drained, the stored fluid begins to flow from matrix to the

fractures.

. \\ -
VUGS MATRIX FRACTURE MATRIX FRACTURES
ACTUAL RESERVOIR MODEL RESERVOIR

Figure 3.4 The actual reservoir and its representation in dual continuum approach
(Warren & Root, 1963)

In the dual porosity approach, low permeability matrix blocks are interconnected by a
network of high permeability fractures. Lodlid and heat exchange may occur between

the rock matrix and fractures by means of interporosity flow, where the driving force is
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the pressure (or temperature) differences between them. Global flow occurs only through
the fracture system, which can besdribed as an effective porous continufifruess,
2002). Double porosity approach doest account for matrixo-matrix flow, and treats

matrix blocks as sinks and sources of fractures.

The main issue in double porosity model is that the pressure or heat changes in fractures
quickly penetrates into the matrix blocks. However, transitiom ffactures to matrix

occurs only slowly, especially for multiphase or coupled fluid and heat flows. So, an
interporosity approach is needed, which accounts for the mass, pressure, and temperature
transitions at the fractummatrix interface. Multiple intecting continua (MINgmethod
describes the interporosity flow accurately by subgridding the matrix blocks (as shown in
Figure 3.5, and resolves the pressure, temperature, and mass gradients at the fracture
matrix interface. In this concept, the changassed by production and injection wells
(sources/sinks) will be perceived rapidly in the fracture system, while penetrating the
matrix blocks slowly. The MINC method cannot be used in the systems where the

fractures are so sparse that they cannot beogppated as a continuum.

Fractures

Matrix Blocks

Figure 3.5 Matrix subgridding in the MINC approach (Pruess, 2002)
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3.2.3 Discrete Fracture Network (DFN) Approach

In discrete fracture network approach, fraetuare treated as the central features of flow

and transport, and the rock matrix is considered as impermeable. The main motivation of
DFN method is the fact that the flow in fractured rocks tends to be dominated by discrete
conduits created by faults,afttures, and fissures, unlike the continuum models where
heterogeneities and discrete properties are averaged and represented by a representative

elementary volume (REV).

Although it is very advantageous to describe every single fracture, the main iskise of
approach is the requirement of lots of information on every single fracture (orientation,
size, aperture, shape, location, hydraulic properties) in the model area, which is very
difficult and time consuming especially if the number of fracturesgh and fractures

have irregular surfaceB(ndschuh & Suarez, 201@yhich makes the application of this

method in field scale simulation studig@ghly computationally demanding.

3.3 Mathematical Model

After the conceptual model is created, the governing physical and chemical relations in a
geothermal system should be expressed mathematicakyflow equations in porous

media are based on conservation of mass, momentum, and energy equations, and some
other constitutive fluid and porous matepabpertiegcompressibility, density, viscosity,
porosity etc.\Kleppe, 2018)

3.3.1 Mass Balance

Conservation of mass or mass balance equation is of fundamental importance to fluid flow
studies in porous media. It simply states that, the difference between the mass flow into

and out of some reservoir volume represents the changeidnnilass in that volume.
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Rate of mass into the Rate of mass out Rate of change of

reservoir volume from the reservoir mass in the reservoir

3.3.2 Momentum Balance

The governing equations for conservation of momentum are the Netolees equations,
but generally Darcyds Equat i damindarfiowsuised t o de:
porous mediuniKleppe, 2018) The Dar cy 06 < pHlaselharizantal lowf or si ngl
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Where q is the flow rate, A is the cross sectional area of the given reservoir volume, k is
the permeability of the rock, € is the viscosi

and &P i sdiffelerce lpetwees tsvarends of the corresponding reservoir volume.

There are alternative equations to Darcyods EqL
describes high velocity flow) and Brinkman Equation (which describes both porous and

nornporous fow).

3.3.3 Energy Balance

Unlike hydrocarbon reservoirs, geothermal systems are highly temperature dependent and
cannot be attributed as isothermal systems. Temperature must be included in governing
mathematical equations and conservationenérgy must be satisfied in geothermal

reservoir studies. The first law of the thermodynamic, or energy balance,

YY 0 o
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where &U is the change in the internal e
system, and mechanical work W done bygkistem. This law states that the heat added

to the system does not fully contribute to the internal energy of the system, but some
portion of the heat is converted to mechanical work. In a finite reservoir volume, fluid
exchange with surroundings must lmasidered together with heat and work exchanges.

So, the general energy balance can be written as fo(Prgss, 2002)

Net energy Net energy Change in
Mechanical Net heat _ - .
transfer by e = s gain from [==| internal
work done transfer by _ .
flow of _ sinks and energy in
, to volume V conduction
fluid sources volume V

3.3.4 Fluid and Rock Properties

Geothermal fluids are generally a mixture of water and steam, with dissolved non
condensable gases (NCG) such as carbon dioxide),(@@d dissolved solids such as
sodium chloride (NaCl). The physical and chemical properties of the geotheuidal fl
properties of the porous material (rock), and their interactions must be expressed in

mathematical equations.

3.4 Numerical Solution

The mathematical model forms the basis of the geothermal reservoir simutxiamne
and time dependent problems are usually defined as partial differential equation (PDES).
For simplified systems, analytical solution these partial differential equations

possible. However, geothermal reservoir systems contain high amoumpolesdy due
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to the irregularities in thermodynamic conditions and fluid and formation properties. So,
the conservation of mass, momentum, and energy equations in geothermal conditions
must be solved numerical{fPruess, 2002 here are thremaindiscretization techniques
(other methods are also available such as boundary element metheshdess methods)

to solve the mathematical model (partial differential equations) of a geothermal system:

1. Finite Difference Method
2. Finite Element Method
3. Finite Volume Method (Integral Finite Difference Method)

It should be noted thdtefore implementinginy of themeshbasednumerical solution
techniqus, the space and time variables must be discretiBydthat way, the partial

differential equations can be approximated by algebraic equations for each grid block.

3.4.1 Discretization of theSpace and Time

Geologically, pace discretization is simply breaking down the entire volume of the

reservoir into smaller suolumes. The idea behind the discretization is that the variations

and heterogeneities within the geothermal system can be averaged locdilyatsues,

or figrid blockso, which provides a better rep
easier and faster solutions to the mathematical equaBanas the grid size gets smaller,

more computational power and time will be requit@dolve he equations by numerical

methods.

Although there are many different grid shapes, the regular hexahedral Cartesian grids
(Figure 4.3.1.a) are the most common and practical type of model grids. The three widely
used grid types; structured regular grid, stuwed irregular (stratigraphic) grid, and
unstructured irregularf@lly unstructured) gricare shown below (taken from Souche,
2003, as cited iMoog, 2013)
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Figure 3.6 (a) Structuredegular grid (b)Structured irregular (stratigraphic) grid

(c) Unstructured irregular (Fully unstructured) grid

(taken from Souche (2003), as citedMnog, (2013)

After the space discretization, if the numerisethulation is performedi.e. solving the

discretized mathematical equations for the each of the grid blocks) for a long period of
time, it would yield an erroneous simulation of the geothermal system. So, dividing the
period of time into smaller increments eat,
solution at each of these times steps, the amount of error would be greatigcréau

other words, knowing the thermodynamic conditions in each grid blocks in a given time

t, the mass and energy interactions between the cells can be obtained at the time aet
Performing this process repeatedly, the thermodynamic condition ofethibegmal

system corresponding to any time period of interest can be ohtamed if the
incremental timex is reasonably small, the amount of error at the end of the simulation

will be relatively smaller.

It should be noted that, numerical solutions magd to be carried out several times at a
given time step in order to check the convergence probléimsxist, because

thermodynamic conditionsre not constarduring a time stegPruess, 2002)

The workflow of a numerical simulation (e.g. TOUGH2 numerical simulator) includes

evaluation of thermophysical properties for all grid bloclssembly of the vector of
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residuals and the Jacobian matrix, and solution of the linear equation system for each
NewtonRaphson iteration steplhe most computational intensive part is the solution of

the linear equation system. Direct and iterative lieg@ation solvers are available. Direct
solvers are generally more robust than the iterative solution, but comes at the expense of
large computational power and time requirements. In contrast, iterative solvers need less
memory requirements. For large plains and especially-B problems with several
thousand grid blocks or more, iterative conjugate gradient (CG) type solvers are therefore
the method of choicéPruess, Oldenburg, & Moridis, 1999)he technical details of the

linear equation solvers can be foy@eorge J. Moridis & Pruess, 1998)

3.4.2 Initial and Boundary Conditions

Solving partial differential equations by numerical techniquesyasald infinite number

of solutions, if boundary and initial conditions are not speciffatuin, 2016). As stated
before, at the beginning of a numerical simulation, a proper distribution of parameters
(pressure, temperature, g@orosity, permeability, etc. distribution) must be set (initial
conditions). The numerical solution is started upon these values,isariportant to

determine the most realistic initial conditions.

Setting the boundary conditions are also of a great importance before starting a numerical
reservoir simulation. The limits of the modeled area represent the outer boundaries, and
the fauts, lithological change zones, productiojection wells are the internal
boundaries. There are two main types of boundary conditions: first order (Dirichlet) and
second order (Neumannlf. the magnitude of an independent variable is known at a
boundary,then this boundary is said to be Dirichlet type bound@ognstant pressure
external boundaries or constant operating sandface pressures fall into Dirichlet boundary
categoryOn the other hand, Neumann boundary conditions refer to the borders of known
fluxes.In other words, the magnitude of the gradient of an independent variable is known
at a boundary, this boundary is named as Neumann boumafjow boundaries and
sources/sinkge.g. production/injection wellsare examples of Neumann boundaries.

Dirichlet and Neumann boundary conditions in a-thmensional (2D) representative
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field is shown below

) B External boundary
P=Po __—" Constant pressure (p=p,)

. Internal boundary
" pwi Specified at the well

(b)

__~ External boundary
' No-flow boundary (pressure-gradient)

NO FLOW

Internal boundary
Flow-rate specified at the well

NO FLOW
NO FLOW

Figure 3.7 (a) Dirichlet Boundary C.(b) NeumanrBoundary C(Artun, 2016)

3.5 Model Calibration and Validation (History Matching)

The constructed model needs to be verified to determine whether it is a good
represention of the actual geothermal system or not, before it is used for reservoir
management purposes and future prediction scenarios. This verification is done usually
through a process called history matching, where variations between the data obtained by
thesimulator and the actual field data are compared. If these variations are smaller than a
predetermined level, the model is said to be a good representation of the actual geothermal
field. On the other hand, if the differences between the actual fieldidthe simulation

data are not small enough, the model input parameters needs to be adjusted.

The process of adjusting the model input parameters according to the simulation results is

called calibration. This is required to improve the simulation resultl to obtain a better
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representation of the actual field. Calibration is carried out until the simulation results
show a good match with the actual field data. The assumptions, made during the
construction of the model, need to be revised first. Thenlegast accurately known input
parameters are calibrated according to the significance of their impact on the simulation

results, in a predetermined confidence interval.

3.6 Performance Predictions

Once a validated model is obtained, future prediction sweEnean be carried out just by
simulating the model according to the desired scenario. Most of the time, effects of
different production/injection operations on the reservoir pressure and the flowing
enthalpy are investigate@ihe successfulness of theute predictions directly related with

the successfulness of the constructed natural state model.
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CHAPTER 4

NUMERICAL SIMULATION OF KIZILDERE GEOTHERMAL FIELD

Kézél dere geothermal field is | ocated in t
and one of the most important geothermal fields of Turkey. Initial studies conducted by
Directorate of Mineral Research & Exploratidaring 1960s showed the geothermal

potential of the area. First wells were drilled during 1970s and the first commercial scale
power plant was installed in 1984y gover nment 6s Hekctecityt ri ci t
Generation Co. In€. E | Awith g capacity of 17.8 M\\But acquisitionofth& é z é | der e
geothermal field by Zorlu Energy in 2009 was the real breakthrough for the development

of the field. The company conducted many data gathering and reassessment studies after
the acquisition. Phadé power plant (80 MW) and Phask power plant(99.5 MW)

became operational in 2013 and 2017, respectively.

Numerical simulation of the field is another important area of study for the development

of the field. Construction of the conceptual model is the first step in such a study. To do

so, gathering | | the accurate and reliable inform
carried out. Many geological, hydrogeological, geochemical, and geophysical studies on
the B¢g¢yéek Mender es Gr ab e randaefaundknéghe Bdratueer e g e
(Bozkurt & Oberhansli, 2001; Gokgoz, 1998; Karamandep&di3; Ozgiiler et al1983;
Serpen & Ujur, 1998k i nkki emkk eekt, all9.8,5 a2 0 019)8 5 b ;
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4.1 Numerical Simulation Codes: TOUGH2 V2.0

The TOUGH family codesllow the numerical simulation of nesothermal flows of
multiphase, multcomponent fluids in one, two, and three dimensional porous and
fracturedmedia (Pruess, 1991Pruess et al.,, 1999Yhe acronym TOUGH stands for
ATranGfpPposat urated Groundwater and Heat o. The
codes is a simulation program known as MULKOM. The codes were initially developed
at the Eah Sciences Division of the Lawrence Berkeley National Laboratory in Berkeley,
in the early 1980sSince then, the codes atentinually updatedo address a vast range

of subsurfac@roblems. For example, ECOZRruess, 20059nd ECO2MPruess, 2011
modules were developed in specificdlly theapplications ofjeological sequestration of
CO2 into saline aquifers. ITOUGH@nverse TOUGH2)providesinverse modeling
capabilities for the TOUGH2 codes, and performs sensitivity, uncertainty, and
optimization analysigFinsterle, 2007) TOUGHREACT couples TOUGH2 codes with
transport and reive geochemistry packag€su et al.,2012) In order to enhance the
computational performance of large scale numerical simulations TONEHZ hang et

al., 2008) was developed TOUGH+ (Moridis et al., 2008) focuses onadvance
applications, such as gaydrate simulationsMany different issues and developments
have been addressed in the new base version of TOU@iith is named aSOUGH3
(Jung en a).2017)

I n the numeri cal simul ati on o frsioKZkcédesder e Geot
have been used. There are many fluid property modules contained in the TOUGH2 codes.

They are represented as differequationof-state (EOS) modulesnd extensionsThe

following table summarizes the fluid property modutesitainedn the TOUGH2 v2.0

numerical simulation codes.
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MODULE

PURPOSE

basic fluid property module for water (ligljivapor, twephase),

205 & I nc | utvdoiwaters" for tracing fluid movement

EOS 2 waterCO, mixtures; originally developed 6 Su |l | i (1888)

EOS 3 waterair mixtures; an adaptatiaf the EOSmodule of the TOUGH
simulator(Pruess, 1987)

EOS 4 waterair mixtures, including vapor pressure lowering according to
Kelvin's equatior{Edlefsen & Anderson, 1943)

EOS 5 waterhydrogen mixtures

EOS 7 mixtures of wateibrine-air

EOS 7R waterbrine-air, plus two volatile and watesoluble radionuclides

EOS 8 fluid property module for threphase flow of water, necondensable
gas, and black oil

EOS 9 fluid property module for saturated/unsaturated flow according to
Richards' equation (gas phaspgassive bystander)
fluid property module for threeomponent twephase mixtures of

EWASG water, wateisoluble salt, and necondensable gas; includes salt
dissolution and precipitation, and associated porosity and permeg
change

TOVOC Three phase flow of water, air, and a volatile organic chemical,
adapted fronkalta et al. 1995)
fluid property module for threphase flow of water, necondensable

TMVOC gas, and noaqueous phase liquid (NAPL), where the NAR&y

consist of a multicomponent mixture of volatile organic chemicals

Table 4.1 Fluid property modules of TOUGH2 v2(BPruess, 2003)

TOUGHZ2 codes solves mass and energy balance equations that describe the fluid and heat

flow in the porous and fractured media. Fluid advection and diffusive traassgport in

all phases, as well as convective and conductive heat flows are all included in the codes.

The local equilibrium of all phases is assumed to describe the thermodynamic conditions.

45



To discretize the continwadoudFisnpdee Dardd etrieme ev 4
(also known as Finite Volume Method) is us@ddwards, 1972;Narasimhan &
Witherspoon, 1976) Space discretization is made directly from the integral form of the
basic conservation equations, without converting them into partial differential equations
By that way, it is avoided to reference any glolyatsm of coordinates, which offers the
advantage of being applicable to regular or irregular discretization in one, two, and three
dimensions. It also provides the flexibility to implement double/multi porosity methods
for fractured media, by means of anple processing of geometric data. Time is
discretized fully implicitly using first order backward finite difference method. The
discretization results in a set of strongly coupled nonlinear algebraic equations, with the
time-dependent primary thermodynanvariables of all grid blocks as unknowns. These
equations are solved simultaneously by NewRaphson iteration method. Different
methods are available to solve the linear equations arising at each iteration step, including
preconditioned conjugate giiadt solvers, as well as sparse direct matrix methods (see
While direct methods are more predictable and less pretégpandent in their
performance, it is only through the application of iterative conjugate gradient methods that
solutions for large gridystems (10,000 blocks or more) and thdemensional problems

can be accomplishg@eorge J. Moridis & Pruess, 1998)pr nore detailed description,

the TOUGH2 version 2.0 User Guide is refer(Bduess eal., 1999)

For the numerical simulation of Kézeéeldere Geo
is used, since the field contains significant amount of @kch has considerable effects

on the reservoir performance.

4.2 Graphical Interface: Petrasim

Petragm is a graphical interface of TOUGH2 numerical simulator, for pred post
processingdeveloped by Thunderhead Engineeriiige software enables to select the
appropriate EOS module and solver properties. Creating meshes, defining different
material proprties, setting up initial and boundary conditions, and adjusting output

options are made simpler with the visualization of the model. But it has found that other
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means of data analysis toadse required for thepostprocessingof the numerical
simulation For further information, the Petrasim User Manual is refeffédinderhead
Engineering, 2016)

4.3 Conceptual Model of he Kizildere Geothermal Field

Surface manifestations such as fumaroles and hot springs encouraged people to investigate
the geother mal potenti al of the Kézélder
Directorate of Mineral Research & Explorati@uring 1960s, including gravity and

resistivity surveys and drilling of more than liuned temperature gradient wells
(Demirérer, 1969) A previously constructed concept

Geothermal Fieldk i mk e k e showslthe mainZe@tQrés of the geothermal system.

EXPLANATIONS

[Qal | Alwim, taverine
(Permeable)

o Alluvium, travertine
G (Permeable)
T¢  TosmlarFrn.
(Tmpermesble)

IWEUIN

Precipitation %’L

Upper | Quaternary

CENOZOIC

Kolonkaya Fm.
(Impermezble)

| Sazak Fm.
| ALY (Permeable, Reservoir )

£ Kzl P
(Tmpermezble)

Marble, schist, quartzite
(Penmezble, Reservor II)

- Micaschist, impermeable

_— Fault Zone, Reservoir ITT

- Gneiss, impermeable,

permeable fault zones

LEGENDS

" Cold water flow direction

sy Geothermal water flow direction

ymp | Geothermal reservoir

= Thermal Spring

lan!  Natural Steam

®  KD-7Deepwell

A Settlement

L Geothermal power plant

Bt e T

{ Magmatic emanations contribution (weak) ‘lk)/\ ~ Contact

-

Tertiary
Pliocene

PALEOZOIC

Figure41Concept ual Model of thlei Meek!|l ater &1 .Ge
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The model states that rain water 1is collectert
Horsts, then recharged into the deeper sections of the field through the flowtg€ondu

provided by faults and fractures. Since the temperature is high at these depths, water is

heated up and rises toward upper sections due to buoyancy through these faults and

fractures, until its flow is restricted by an impermeable secticapprock. Aconceptual

heat source is placed at thattom of the field which provides the heat into the geothermal

system.

After the acquisitiorof the field by Zorlu Energy, previougtudies were reassessed and

repeated, including geophysical, geochemical, andmgeisurveys. Approximately

hundred new wells were drilled in the Kézél der
These studies and drilled wells (including tests conducted throughswehisas well logs

and pressure transient tggtsovided valuable ifiormation about thgeological structure

and thermal situation of the field, as well as hydrogeological conditions and caprock

properties. In the light of these informatican,more detailedonceptual model of the

K é z é GabtharnealField has been consitted and visualized by using the graphical

interface Petrasim, which is also a paad post processor of the TOUGH2 reservoir

simulation codes

4.3.1 Formation and Fault Distributions

Kezeéel der e dhldassimplyeconmpased oFPaleozoic metamorpbicslenderes

Massifs, overlain byliocene and Quaternary sedimentary rocks. Sedimentary rocks can

be divided into four: Tosunlar, Koank aya, Sazakkalkind Kiemiaeélb,urluhn85
Tosunlar Formation, just below the surface alluviums, forms the upper part of the field.

Relatively impermeable rocks of the Kolankaya Formation overlie the first reservoir
section of the field: Sazak For matsan. The ul
caprock and separates the Paleozoic metamorphics and the Pliocene sedimentary rocks.

The upper part of the metamorphics is called
reservoir. The underlying metamorphics are the third reservoir section and thiarget

for the recent and deeper production well s.
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basement metamorphics forms the caprock for the third reservoir section. Properties of
these formations were estimated mainly from resistivity surveys, magneteysuwell
logs andpressurdransient analysis, and-exaluated over the course of the simulation

studies.

Seismic showed that metamorphics (second and third reservoir sections) are getting
shallower in the western and noxtlestern sections of the fieldsathering all the
information from geophysical surveys and correlating them with the data obtained from
drill ed well s, a basic representation of

geothermal field has been constructed in the Petrasim interface.

/(15900 4, 12900.2, 1113.63)

Sazak Fm.

igdecik Fm.

Deep Metamorphics

Figure42For mati on Di stri bution of Kézeéel d:¢

Note that below the surface rodkgeen) only the reservoir formations are displayed on
t he model (S adeegrketamdfghidsgbm itoj tp botilom drespectively), and
caprocks are incorporated intbe corresponding reservoir formation. The caprock
features of the Kolankaya Formation (abo:
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Formation (above the KJj deRaleokoiclooks azoveithe n) , and
deep metamorphic rocks) are controlled by th

simulator, and adjusted locally according to data obtained from drilled wells.

Faults, fractures, and rock fissures provide the necessary cofafuite flow of the
geothermal fluid. Fluid is heated up at the deeper parts of the field, and rises towards upper
sections through these conduits, as a result of buoyancy. The fluid circulation is dominated
by NE-SW trending faults, especially the strikigp Gebeler Fault. There are also some
E-W trending normal faults, correlated with the drilled wells. Depth, direction, angle, and
hydraulic properties (permeability) of these faults have been reevaluated and tested during
the calibrationvalidation stuges (history matching) of the modéti.should be noted that

the faults, fractures, and fissures have not been represented as discrete, individual
formations in the simulation. So, properties of these formations should be approximated
until a verified flud circulation network is obtained (matching static and dynamic
pressure, temperature, and production/injection histories of wells, with an acceptable
accuracy).The figure below shows the distribution of the main faults and formation

borders.

Figure 4.3 Faults and Formation Borders
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4.3.2 Dimensions of the Model

The areal extent of the model is 15.9 km #\Edirection, and 12.9 km in4$ direction,
approximately 200 ki The highest point on the surface is 1,114 meters above the sea
level, and the total depth is taken to be 5,000 meters below the sea level. The coverage of
the model is much bigger than the areal extent of the drilled wells, since there are other
geothermal power plants run by some other energy companies in the vicinity of the Zorlu
Energyds | icense area, and it is intended
model. Having a bigger model area than the drilling area also enables to fmedict
consequences of potential future operations on the undrilled regions of the field.
Additionally, setting the boundaries of the model away from the study area is a good
choice for the sake of the success of the simulation results, which would othleewise

required to deal with the complicated effects of the outer boundaries.

4.3.3 Gridding of the Model

Before proceeding further and assigning formation and fault properties, the model should
be divided into smaller representative elementary volumes (grid blocks), so that variations
and heterogeneitiegithin the geothermal system can be averaged locadlylivolumes,

or figrid blockso, which provides a better
easier, faster, and more meaningful solutions to the mathematical equations. But, the
required computational power and the time issues are the linfaitngys in the grid size
selection. As the grids get finer, more computational power and time is required to perform

the numerical simulation.

The Kéezeéeldere model w-aisengional reathegdlar gridg, with s i mp |
varying sizes. The outé&oundary grids kept relatively bigger compared to inner sections,

since these cells are actually away from the main study area, and it was desired to
minimize the interactions between outer boundary cells and the cells in the main study
area. Converselyhe grid sizes kept as small as possible in the main study area (around

the wells and faults), in order to be able to better represent the variations and
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heterogeneities, and also to make necessary changes more elaborately, according to the

results of theimulation, throughout the study.

During the early times of the study, 11,000 grid blocks were used in the model, where the
computational time was short enough that performing many runs and evaluating their
results in a shorter period of time was possiBlé.in this case, there were more than one

well in a single grid block, which prevents the individual evaluation of each single well.
Since the average distance between adjacent
500 meters, the grid sizes shobbe less than that to represent each well individually. As

a result, the grid sizewsas downscaledndthe model waglivided into approximately

24,000 grid blocks. The following table shows the dimensions and distributions of the grid

blocks in xy diredions (x is in the BV direction; y is in the NS direction).

X, East to West Y, North to South
Number of GridgGrid Size, mNumber of GridgGrid Size, 1

2 750 2 970

30 354.7 30 265

2 750 1 1000

1 2250 1 2000

Total: 15890m Total: 12890m

Table 4.2 Grid size distribution along the model area

In the zdirection,the model was divided intwo major layers: The first layer covelrset

area between surface afid0 meters (according to the sea level), and the second layer
extents from100 meters to the bottom of the mod&, Q00 meters). The reason behind
this is to set an upper reference depth below the sea level, and avoid yrpfusa) or
minus €) sign related complication3he lower majorlayerwas further dividednto 18

more layers, where the first 16 layers (to the dept3@d0 meters) are relatively thinner
and the bottom 2 layers are relatively thicker. Since mositeoproduction wells reach

out to the depth of3000 meters, this sectiorlQ0 meters ta3000 meters) has been
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divided into more and thinner layers to get more detailed information from the simulation.
The figure bel ow s howsfterkhe mplénetratian ofqaleovet h e r m

mentioned grid system.

<

Figure 4.4 Grid system othe model

4.3.4 Formation and Fault Properties

Well tests provide good information about the permeakitigkness valug of the
formations, at the vicinity of the wells (investigation distance depends on the test
duration).Pressurebuild-up data of21 wellswere analyzedby using thePTA software
Saphir (Kappa Workstation, version 5.12.03, 20Di3tribution of permeabhilies along

the formations both qualitatively and quantitatively were obtained from these analyses.
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For most of the wells, PTA results showed that dual porosity reservoir model describes

the flow system of the Keézeéthe esewoirgnedelt her mal f
In the figure below, lod og pl ot of nAPressure Difad erence (L

production wellis shown.

Loglog plot

Pressure difference bar]
)

oo

1E-3

Figure 4.5 Pressure Transient Analysi§a representative productiovell

No boundary effects have been observed, since the measurement time is only around 6
hours. High temperature is the main factor for the short measurement duration, which
restricts the usage of measurement devicea limng time. The early time measurement

data reflects the wellbore storage effedtswas concluded that the irregular pressure
values during the early time are due to the presence gfa@@0not much attentiorhave

been paido match the early time effectfable4.3 shows the porosity and permeability
values which were assigned to the formations initially, but adjusted locally and globally
during the calibration of the model. Alsdable 4.4shows some other rock properties

which were used throughout the simulatmf the model.
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Permeability | Permeability | Permeability

Formation Name Porosity | in x-direction | in y-direction | in z-direction

(milli Darcy) | (milli Darcy) | (milli Darcy)
Sazak 0.10 50 50 5
Kjdeci k 0.05 50 50 5
Deep Metamorphics 0.02 60 60 6

Table 4.3 Porosity and permeability values of tlwerhations

. ROCl.( Rock Specific | Wet Heat Conductivit
Formation Name ([l)(zglr?%/ Heat (J/ﬁg °C) Wim °C) y
Sazak 2600 1000 1.0
Kj deci k 2600 1000 1.0
Deep Metamorphics 2600 1000 1.0

Table 4.4 Rock properties of the model

Figure 46 and 4.7show the initially assigned porosity and permeability distributions

along the formationgermeability inx-direction(E-W), same ag-direction(N-S)).

As mentioned before, permeability factor option has been used in order to assign the fault,

fracture, and caprock properties to the grid blocks, which are also adjusted during the

calibration of the model. As high as 10 times and as low as 1/1000 of itia in

permeability values were used in the model. Permeability factor of the faults were

generally assigned as 2, meaning that grid blocks which represent the fractured region

along the faults have permeabilities twice the initially assigned formationepéility .

On the other hand, caprocks have been represented with a permeability factor of 1/1000.

For example, the

caprock

w h i lateralperneabilityi e s

of 0.05 mD (50 mD x 1/100(nd vertical permeability of 0.005 mPigure 4.8shows

the distribution of the permeability factor values along the outer boundaries, but it should

be noted that locally assigned permeability factor values are widely present in the model.
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Figure 4.6 Porosity Distribution of the model
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Figure 4.7 Permeability distribution of thenodel
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10.0

0.00100

Figure 4.8 Distribution of the permeability factor values

4.3.5 Heat Sourcesand CO2 Content

In order to simulate the conductive and convective heat circulation, two heat sources have
been placed into the modéh.e o c he mi c a l anal ysis indicatec
fluid shares a common parent fluid, means that themnlig one upflow zone in the

system. Taking this information into account, a single heat source has been placed into the
bottom of the model. Water with a high €€ntent, and conductive heat flux have been
introduced to the system through this bottsouice. On the other hand, a shallow source

has been placed into the Kjdecik Formati c
metamorphic rocks get shallower below the Buldan Horst. This shallow source simulates

the cooling effects of the rain water, whidtharges to the system mainly from the highs

of the Buldan Horst. The rate of mass fluxes (water ang),Gkeir enthalpies, rate of
conductive heat fluxes, size, shape, and locations of these deep and shallow sources are

all found by triatand-error(calibration of the modeduring thehistory matchingpver the
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course of the simulation studies.

Salinity and norcondensable gas (NCG) contents of geothermal fluids are important

parameters, and their presence must be taken into account in a reservotrainfeda

Kezéel dere geot her mal flui dgcontenssipaFagreal | y t he cC
importance, since it has considerable effects on the reservoir parameters, and surface and
subsurface operations. Althoutitere is not continuous C&measuement well by well,

studies showed that 1.5wt% dissolved@Oo mpr i ses the water produce
Formation, and this value increases tio 35wt% for the water cominfyjom the deeper
metamorphicsCQ; is introduced into thenodel as dissolved in the&ater, through the

source at the bottom. Since €@ introduced only from the bottom source and its

distribution depends only on the natural flow pattern, satisfying the ahemnéoned CQ

levels in coresponding formations woulllso be a good measuwéthe flow network of

the model.

4.4 Numerical Smulation

After the construction of the conceptn@odel in Petrasim interface by using the available

data the next step is to define the initial conditions and properties of outer and inner
boundarieof the model After achieving thesethe modelwasrun for a long period of

time, until the natural state conditiowgre reached. The results were compared with the
measured static and dynamic pressure/temperature values. Required adjustments were

made throughhe calibration of the model.

4.4.1 Boundary Conditions

The first layer of the model has been excluded and the upperdgumas been set to
100 metersin this case, the center of the uppermost cell® m, which isconsidered
as quiteconvenient, since theery shallow depthare notthe focusof this study. The

uppermost layer of the model has besehadixed-state meaning thaho changes occur
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in the properties of this layer, and pressure/temperature values stays constant titrougho
the simulation. In other wosdthetop layer of the model acts as a constant presswie
constant temperatutmundary.The outer side layers are no flow boundaries. The bottom
layer is also a no flow boundary, except the heat source.

Figure 4.9 The fixedstate top layer

Pressure and temperature values at the fixed top layer are 40 bar°@hde&pectively.

Since the temperature of the top layer is always constant, cooling effects of the rain water
intrusion to the system are provided by this layer together with the low enthalpy shallow
heat source. It should be recall that the center of the grid blocks of thedojslay192

m, and also there is an average overburden of XD meters at theell locations. So,

40 bar and 82C are suitable pressure and temperature values for this layer.

There are two heat sources in the model, both of them provide meteoric water to the
system. The first source is at the bottom, covering an area of apprdyit@ier?, at a

depth of-5,000 meters. The water flux through this source is 27.5 kg/s, with an enthalpy
of 1000 kj/kg, andvith 4 wt.%dissolvedCOg. It means that approximately 1.1 kilogram
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of CQ; is entering to the system per second. The conductivieflogas 0.7 Joule/s/m

through an area of 9 Knnside the same source.

Anothersourcewasp| aced i nto the northern, shall ower
Buldan Horst), to simulate theooling effects of the raiwaters entering to the system

from the highs of the horst. It covers an area of 4.2, lata depth 0f740 meters. The

amount of water flux is 7.4 kg/s. The enthalpy of the rain wat&00 kj/kg. No CQis

associated with the watépom the source.

The production and injection wells are the inner sources and sinks. As of May 2018, there
are 34 production wells (10 of Phalsend 24 of Phasdl) with a total production rate

of 6900 tonnes per hour, and idjection wells with a totateinjection rateof only 5200
tonnes per hour. 6 production wells of Phagmwer plant ceased operating at the
beginning of 2018. Most of the production wells penetrate into deeper sections of the
metamorphics, while majority of the injection wells were completed inkhed e c i k
Formation. The injection wells are mainly located at the eastern andwesthrn regions

of the field. Production wells have been drilled mostly alongSVE direction, targeting

the fractured sections around the stskp Gebeler Fault.

Kézél dere Geot her mal Field \

420550014"' SN Kezeldere
&
4204500 |

4203500 |
4202500 |

4201500

Grid North

4198500 ¥

4197500 BTSRRI ; : : : e
656000 657000 658000 659000 660000 661000 662000 663000 664000 665000
Grid East

Figure 4.10Well locationsoiK e z €| der e and nefieldgghbori ng geot
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4.4.2 Initial C onditions (Natural State Modeling)

The first commerci al utilization of geot he

in 1984, and this date has been used as the startingfpoihie simulationin this study

The field is accepted as untouched before starting to the heat extraction through the wells
(natural state conditions}5o, the natural state conditions @preductionconditions
conditions before 198§4nust be obtained, and must be used as the initial conditions before
the field is put on production. It means that the distributions of temperature, pressire, CO
and fluid flow prior to human intervention should beeadstined. in order to create a
realistic representation of the field

During the initial studies conducted Byrectorate of Mineral Research & Exploratjon
more than 20shallow and intermediatgepth wells (Phash were completed in the
Kéz el de rcan bd saictthat the nhedisured parameters (temperature, pressure, CO
etc.) were reflecting the natural state conditions, since there was no any fluid removal
from the system. But compared to the areal extethisoshodel, those wells were covering

only a small area in the field, and these wells were not reaching deep metamorphic rocks.

After the acquisition, Zorlu Energy drilled many wells for the PH&a§2013) and Phase

[l (2017) power plants, many of them were reaching as deep as 3500 meterstiigelow
sea level). Although these new wells provide more information from a larger area,
parameters obtained from these wells could not be used directly as the initial state
conditions forthe simulation, since the field was under exploitation, and pertoriEt
caused by production and injection wells were affecting the pretsuperatureCO,
distributions and natural flow pattern. However, information coming fromrebent

wells, together with the previous wells, could lmenbined and beansidered as good

starting point to obtain the natural state caonds.

In order to reach the natural state conditions, the model should be run for a long period of
time, until the stabilization of the reservoir parameters is achieved. For our simulation,

700,000 yea were long enough to reach to the stabilized conditions.
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Initial pressures and temperatures are by far the most important parameters in a
geothermal reservoir simulation, and determining their distribution is of a great
i mportance. F o thermah stmuldtienz saticdpeessare ane@ temperature
profiles of nearly 70 wellsvere analyzedand their distribution throughout the fiehchs

determinedThe following initial condition equations were used.
7 'YQaNnQi ogawlQ 0OQMF mreoch
T 01 Qi i i 0OMF TWONPRI
The depth here is taken according to the sea level.

Local initial pressure and initial temperature changes have been made during the
calibration of the model, according to the comparisothefsimulation results and the
measured pressure and temperature valtles.initial (presimulation) temperature and

pressure distributions are given in the figures.

Pressure
bar

428

298

169

40.0

Figure 4.11 Initial pressure distribiin and well locations in the region
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Temperature
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Figure 4.12 Initial temperature distributioand well locations in the region

The temperature distribution can also be shown by isosurfaces, Figure 4.13. The

homogeneous distribution of the initial temperatures can be clearly seen.

(0.4, 0.2, -5000,0)

z
b
= X

Figure 4.13 Temperature isosurfaces at the beginning of the simulation
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As mentioned before, there is only a trace amount of (0Q%) present in the model
initially. COz is introduced into the model as dissolved in the water, through the source at
the bottom. Since COs introduced only from the bottom source and its distribution
depends only on the natural flow pattern, satisfangalCO; distributions wouldoe a

good measure of the flow network of the model.

OOR(L) M= Fraction

0.00100

0.00100

0.00100

0.00100

Figure 4.14 Initial CO> distribution

45 Cal i bration and Validation (History Matchin

The constructedmodel needs to be verified to determine whether it is a good
representation of the actual geothermal system or not, before it can be used for reservoir
management studies and future prediction scenarios. This verification is done usually
through a processalled history matching, where variations between the data obtained by
the simulator and the actual field data are compdegending on these comparisons,
input parameters are revised and adjusted accordingly, the process called calibration of

the model
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The model is calibratedo that the simulation results show a great consistence with the
values measured at the wells. But it should be noted that, most of the wells have been
drilled after 2010, where the field were under exploitation for around 3@,yaad this
duration is higher fothe most recenwells. So, making a comparison between the natural
state model and the measusgdticvalues would be erroneous, since the measurements

were performed after the perturbation of the natural state camglftoo about 30 years.

In order to avoid making such erroneous comparisons, the natural state model has been
tested with the actual field data at the measurement date while the field is under operation.
Calibrations and adjustments have been made acgotalithe differences between the

actual and the measured data.
The following four stepsre applied

1. Run the model for 700,000 years (until it reaches stabilized conditions).

2. Insert the production/injection histories of the wells between 1984 and 2018.

3. Compare the measured and simulation parameters at the measurement date.

4. If the differences between the simulation and measured parameters are higher than
a predetermined level, make necessary changes and adjustments and rerun the
model. If the differences arsmall enough, this model is a good representation of

the natural state conditions of the field.

The main history matching parameters whichrevased to validate the numerical
simulation of the Kézéldere geot hendmal f
temperature profiles of the wells, as well as,@fStributions. The confidence interval for

the validation of the natural state model was taken as kG%eans that the model was
calibrateduntil the pressure and temperature values obtained fromntldation are in

the range of 10% (or less) of the actual pressure and temperature measurements.

The most effortful studies have been made to determine the temperature profiles, both
vertically and laterally. Mostly, permeability and fault propertieséesly the angle and
extension) were calibrated, sinte heat distribution is achieved by the water circulation
Amount, enthalpy, and GQontent of the water flux, as well as location and size of the

65



sources were other important calibration parameherisg the history matching studies.

The natural state model gbéenvaldatedKyecangparidger e geot b
the pressure/temperature/€Qutput of the simulator, with the static pressure and static

temperature measurements of 53 weltswell as abovenentioned CQdistributions, at

the corresponding measurement dafectsof the production and injection operations

on the pressure behavior of the rest of the field have beervetideom 15 observation

wells and compared with théraulation output.

4.6 Results of the Natural State Modeling and History Matching

The numerical model hdaseen run 700,000 years, long enough to reach the natural state

conditions. Therefore, the obtained model was assumed to be representing the situation of

the Kézéldere geothermal field before the exp
model, prodction and injection operations between 1982018 have been simulated.

Pressure and temperature data and [é@els obtained from the numerical simulation,

and compared with the actual data at the corresponding measurement date. The 10%

difference targebetween the actual and measured parameters have been satisfied.

Pressure and temperature matches of Phapeoduction well KD25B, Phasdll
production well KD63, and injection wells KEBBA and KD41 are shown below. These

wells are selected in a wadlyat their locations widely cover the main study area of the
model. The date of static pressure/temperature measurements of these wells vary in
between 2010 and 2018 (field has been developed mainly in this time period, after the
acquisition by Zorlu Enesg. Thus, obtaining good matches of different wells, whose
static pressure and temperature profiles have been measured at different times throughout
the production history of the field, would show the successfulness of the model.

Note that pressure matchare given only along the completion interval (where the slotted
liner has been set), instead of from top to bottom of the wellbore. The main reason is that

only the completion interval has the access to the reservoir pressure of the vicinity of the
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wellbore. Above that level is due to the hydrostatic pressure of the geothermal fluid inside
the wellbore, since the wellbore is protected by casings which prevents the sandface
pressure measurements. On the other hand, temperature profiles are given along the
wellbore, since reservoir temperature is measurable through the casing wall (assuming
that temperature stabilization has occurred between the wellbore fluid and theireser

before the measurement).

February 13, 2018 KD-25B
Depth vs. Pressure

Pressure, bar
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3000 . .
® Measured Pressure === Simulation Pressure

Figure 4.15 Depth vs. Pressure profile of KE6B

KD-25B

February 13, 2018 Depth vs. Temperature

Temperature, °C
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0
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Figure 4.16 Depth vs. Temperature profile of KE6B
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KD-63

June 10, 2015
Depth vs. Pressure
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Figure 4.17 Depth vs. Pressure profile of KEB

KD-63
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Figure 4.18 Depth vs. Temperature profile of KEB
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January 18, 2012
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Figure 4.19 Depth vs. Pressure profile of KDL
KD-41
Depth vs. Temperature
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Figure 4.20 Depth vs. Temperature profile of kB1
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KD-38A

December 272010
Depth vs. Pressure
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Figure 4.21 Depth vs. Pressure profile of KBBA
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Figure 4.22 Depth vs. Temperature profile of KBBA
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At the natural state conditions, the MV trending distribution of the reservoir

temperatures show a consistency with the measured temperature data.

T (deg C)
-2200 meters 239

194

e = .@

61.0

Figure 4.23 Temperature distribidn at naturaktate conditions

The following isosurfaces show the distribution of the reservoir temperatures at the natural

state conditions.

Figure 4.24 Temperature isosurfaces at natural state conditions
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As thetemperature isosurfaces implies, there is a high temperature zone apprigxanate
the center of the field. A sudden temperature decrease at the flanks of this zone indicates

the cold water recharge from the highs of the horsts.

For the-600mi -3000m defh interval, the simulation pressure results are in the 7% range
of the measured pressure data of 53 wells, averagely. At the same interval, the average of

the temperature differences is 6.8%.

Considering only thel850mi -3000m depth interval, where niad the production wells

have been completed, the average of the pressure differences between the simulator output
and the actual pressure data of 53 wells is 3.8%, and average of the temperature differences
is 5.6%.

Grid Block Depth, meter (bsl) Averageof Pressure Errors, %
1846 m 2.2
2029 m 2.3
2213 m 2.2
2397 m 3.6
2581 m 4.5
2764 m 6.4
2948 m 5.3
TOTAL AVERAGE 3.8

Table 4.5 Average of the pressure differences betweeasured and simulation data

Grid Block Depth, meter (bsl) Average of Temperature Errors, %
1846 m 7.5
2029 m 7.1
2213 m 7.1
2397 m 5.1
2581 m 4.9
2764 m 4.8
2948 m 2.9
TOTAL AVERAGE: 5.6

Table 4.6 Average of the temperature differences betweaeasured and simulation data
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Errors have been calculated by the following formula, for each well, ateacsponding

grid block Tables above are showing averages of these errors with respect to depth.

e sb&bébc&bf&é“&"ﬁ)déd(&bdb"@és‘ﬂ
o1l 1l T ZIpMT
0 WO @@ 0 Q

Considering, for example, 2948 meter below the sea level, the highest pressure difference

is of the KD 61 production well, with 7.9%. The measured presatteat depth is nearly

260 bar, and the simulation pressure is nearly 280 bar. 20 bar difference is the worst case

at that depth, and majority of wells are in the pressure difference range b5 bar.

Pl otting fAactual p r e sgsaphrf@ thes tep. of tkei completrt i o n
interval of the corresponding well, clearly shows the accuracy between the simulation

pressures and the measured pressures.

Simulation Pressure vs. Measured Pressure

300
250 )
200
150

100

Simulation Pressure, bar

50

0 50 100 150 200 250 300

Measured Pressure, bar

Figure 4.25 Single point comparison of simulation and measured pressures
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The distribution of the dissolvedGO N t he geot her mal f 1 ui
Field is shown in the Figure 4.26. The dominant effects of th&SMEtrending Gebeler
Fault on the flud circulation can be clearly seefround 3% dissolved C£s present at

the deep metamorphics at the natural state conditions.

-2200 meters X 002 Cliq)

o0.oe14

0.0157

0.00TES

2.36e07

Figure 4.26 CO, distribution at the natural state conditions

The CQ isosurfaes implies that amount of the dissolved.@higher at the western and
southwestern sections of the field at the same depth.

Figure 4.27 COy isosurfaces at the natural state conditions
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Above-mentoned results verified that thmodel successfully represents the natural state
condi ti ons oGeotherma felK dut &l adddioneto makig singletime
(measurement dgtetatic pressure/temperatuwwemparisons between the actual data and
simulation data, behavior of tlitg/namicreservoir pessureshould also be compared with
the simulation data in order to validate the mo#ek that purpose, simulation pressure
and the pressure history of 15 observation wedlee been comparethe following table
summarizes the results, and shows the error margin between the adtsahalation
pressures. bte that some of the observation wells have been converted into

production/injection wells, and their observation duration is only limited.

Obs\?vr(\a/lzla\tlon Observation Depth, bsl Obs(e(:jr;//znlnt::)nr}yl;)e e |Error|
KD-7 304 m 17.02.2012 20.04.2018 &4 bar
KD-9 535 m 22.11.1988 31.12.1998 QL bar
KD-23A 1678 m 17.05.2014 20.04.2018 3-10 bar
KD-23C 889 m 23.10.2013 09.02.2015 3-7 bar
KD-27A 1980 m 07.11.2013 28.02.2015 &4 bar
KD-41 1000 m 04.11.2015 17.03.2017 Al bar
KD-42 2000 m 21.05.2014 04.01.2015 Al bar
KD-44 1294 m 17.06.2015 12.01.2016 2 - 4 bar
KD-46 1362 m 17.06.2015 16.03.2017 6- 8 bar
KD-50A 1635 m 09.08.2015 02.08.2016 2 bar
KD-55 2203 m 17.06.2015 13.03.2017 CR.5 bar
KD-56B 1713 m 09.05.2017% 20.04.2018 QL bar
KD-89 2187 m 09.06.2017% 29.09.2017 QL bar
KDE-8 1714 m 01.04.2017% 20.04.2018 QL0 bar
KDE-12 1739 m 27.04.2017 20.04.2018 Cb bar

Table 4.7 Observation wells angressureerror margins
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For most of the observation wells, the difference between the observation depth and the
center of the grid block depth is not negligibly small, and can be as high as 80 meters. To
overcome making any erroneous comparison, the simulation pressawvesbben
correlated to the corresponding observation depth by simply adding (or subtracting) the
hydrostatic pressure of the geothermal fluid to the grid block pressure. To make this
correlation as accurate as possible, density of the fluid has beemtzdawer time, and

taken into account.

After making abovementioned correlation, observation pressures and simulation
pressures of 15 wells have been compared. Measured static pressures have also been
included in the comparison. Following table shows tlade of the static pressure

measurements taken in the observation wells, and also the accuracy ahuladicn

pressures.

Obsvevrvation Sl\jlaetécssrfrisel;\rte M_easured Simulation IError]
ell Date Static Pressure | Pressure

KD-7 - - - -
KD-9 = = = =
KD-23A 16.05.2013 163.0 167.0 2.5%
KD-23C 03.01.2011 93.1 96.0 3.1%
KD-27A 28.10.2010 190.0 196.4 3.4%
KD-41 18.01.2012 106.4 106.2 0.2%
KD-42 20.01.2015 184.7 184.9 0.1%
KD-44 27.08.2014 125.4 129.4 3.2%
KD-46 07.03.2014 133.0 139.8 5.1%
KD-50A 15.05.2014 152.8 152.5 0.2%
KD-55 01.09.2014 201.9 204.2 1.2%
KD-56B 02.02.2017 1514 152.3 0.6%
KD-89 03.02.2017 195.2 194.3 0.5%
KDE-8 15.10.2016 154.4 155.7 0.8%
KDE-12 20.12.2016 155.5 157.3 1.2%

Table 4.8 Measured statipressures of observation Vgel
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Figure 4.28 Simulated and Observed Pressure Profiles of/KD
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Figure 4.29 Simulated and Observed Pressure Profiles ofKD
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Figure 4.30 Simulated and Observed Pressure Profiles of23B



08

Observation Depth: 889 m (bsl)

KD-23C
110 € Observation Pressure==== Simulation Pressure A Static Pressure (03.01.2011)
105
% 100 96.0 bar ERROR: <4 bar
0 B 4
E ,r// ﬂ
=E W
) A
U) ~~~~~~
W 90 * 93.1 bar
o
85 ERROR: 3.1%
80
75
13/03/2010 13/03/2011 12/03/2012 12/03/2013 12/03/2014 12/03/2015

DATE
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The pressure output of the numerical simulation has shown a great consistency with the
behavior of the observed pressures. Errors are much smaller than 10% for all of the 15
observation wells. Measured static pressures have also been compared withlgt®simu
output, and highly satisfied results have been obtained. Even though the shallower sections
of the field were not the main target of the model initially, simulation results almost
perfectly matched the pressure histories of KBnd KD9. Since thes wells have been
drilled before 1984 (starting date of the si mu
For some of the wells, such as Ki2 and KD46, the difference between the observed
pressures and the simulation pressures may seem higheththaest of the wells.
However, the error is still acceptably small, and the pattern of the pressure decline is very
identical for both of the wells. On the other hand, pressure behavior ofg<ddd KDE

12 differ from the simulation pressures at the beigig of 2018. KDE12 is at the south
western edge of the study area, which is very close to the injection and production wells
of a neighboring geothermal power plant. The increase in the observed pressure of KDE
12 may be due to an injection operatiorgristd at a neighboring injection well. The
inconsistency between the KBEE observed pressures and the simulation pressures is
reasonable, since KD&is at the westermost edge of the model and there is not enough

information about this area (only a feveNg have been drilled in this area).

All in all, static pressure/temperature profiles of the 53 wells dgdamic pressure

histories of 15 observation wells have been compared with the simulation output and
identical resul ts hderegeotheemalmodelhds heemvalidated The Ké z
that it is a good representation of the actual field and it can be used for future predicting

studies.
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CHAPTER 5

SCENARIOS

Predicting the futur@erformanceo f t he Keé z é | delel anel ev@eabng the r ma |
consequences of potential field operations long before their implementations are of a great
importance, and these are the main purposes to have a realistic computeofntiogle

actual field.Pressure antemperaturgrofiles, andCO levelsof production wells with

respect totime at different productionkéinjection scenarios have been simulated.
Consequences of varying carbon dioxide injection scenarios have been investigated.

Two mainstrategies can be implemented in terms of the management of the field:

1. Keeping the production rates as constant as possible in exchange for the wellhead

pressures.

2. Keeping the wellhead pressures as constant as possible by arranging the

production rates.

Both of these strategies have their own advantages and disadvantages. For example, in the
first strategy, energy extraction is maximized in the short term, but the reduction of the
reservoir pressures may reach critical levels in the mid and long terra opérations

due to high amount of withdrawal from the reservoir. On the other hand, the second
strategy provides moderate extraction rates compared to the first strategyrbuidies

amuch more balance@servoir managemeand surface operations.
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In this chapter3 different performance prediction scenar&e carried out considering
both of the strategies. These scenarios are mainly investigating the effects of different

reinjection operationsas well as the consequences of different @f@ction operations.
Simulated scenarios are:
Scenario 1:No-change in the current reinjection rates
Scenario 2:Reinjecting what is produced
Partl: Only water is reinjected, and G@ released into the atmosphere,
Partll: All of the produced C@and water are reinjected
Scenario 3:Carbon Dioxide Injection
Partl: 10% CQ injection with current reinjection rates

Partll: Reinjecting the produced Gan supercritical state

5.1 STRATEGY 1: Keeping Production Rates Constant

In this section,the above rantioned scenarios are applied, and the production and
reinjection rates are kept constant throughout the simulatanges in the pressure and

temperature profiles, and G@vels are investigated for the next 20 years.

5.1.1 Scenario 1: NeChange in the production/reinjection rates

In the first scenario, production and injection rates, as of May 2018, have been repeated
for 20 years in exchange of the well head pressures. Although it is not logical to have the
same values for the next 20 years, the maipgse of this scenario is to see the pressure

and temperature changes in the production wells, and make necessary actions accordingly.

Production rates of 34 production wellsable 51.) and injection rates of 27 wells (Table
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5.2.) have been repeated for 20 years. The difference between the production and
reinjection rates is considerably high (around 1700 tph), which causes rapid decline in the

reservoir pressure.

Well Production Rate, tph Well Production Rate, tph
KD-47 300 R-5 202
R-3A 295 KD-25B 200
KD-64 281 KD-61 190
KD-42 280 KD-90B 190
KD-2A 273 KD-43 185
KD-83 250 KD-66 180
KD-55 240 KD-23D 178
KD-68B 240 KD-29 175
KD-60 230 KD-45 175
KD-61A 228 KD-90A 170
KD-62 220 KD-54 163
KD-68A 220 KD-62A 150
KD-63 216 KD-89 150
KD-49 215 KD-59 140
KD-58 215 KD-58A 120
KD-9A 208 KD-54A 119
KD-23B 202 KD-50A 100
TOTAL PRODUCTION: 6900 tph

Table 5.1 Production rates of 34 production wells

Well Injection Rate, tph Well Injection Rate, tph
KDE-11 527 KD-46 86
KD-38C 506 KD-33 86
KD-20B 489 KD-28B 80
KD-20A 431 KD-38B 74
KD-44A 376 KD-32 59
KD-93B 368 KD-35 50
KD-50 363 KT-1 50
KD-44B 304 KD-28A 50
R-2 271 KD-41 44
KDE-2 269 KD-46A 36
KD-93A 248 KD-34 32
KD-36A 190 KD-38A 14
KD-27A 104 KDE-11A 10
KD-44 86 KD-25A 0
TOTAL INJECTION: 5204 tph

Table 5.2 Injection rates of 27 reinjection wells

95



Pressure changes of 3 wells (K2, KD-47, and KD50A) between 1984 2038 have

been plotted for the grid blocks at the top of the completion intervals4 KbBas the

highest production rate, while KBOA has the lowest. K32 is at the edge of the
producton and northwesternreinjection wells. The effects of Phaeand Phasdll

productionfeinjection operations can easily be observed by these wells.

For most of the production wells, pressure decline reaches critical Bvdlyears after
the begining of the nechange scenario. The critical level ssamed to be reached when
10% pressure reduction occurs according to the beginning of the scenario (May 2018),

which is approximatel{t51 20 bar reduction in the reservoir pressures.

The following talle shows the dates when%0eservoirpressure reduction occurs in the
production wells. It should be noted that effects of production well shut downs due to low
reservoir pressures have not been included in the scenario. Productions assumed to
continue een the critical pressure level has been reached. So, the dates should only be

considered as an indication of the rapidity of the pressure declines.

Well 10% Pressure Reduction Dat| Well 10% Pressure Reduction Dat
KD2A 12-01-2021 KD90A 06-02-2022
KD23B 12-04-2021 KD54A 06-02-2022
R-3A 12-04-2021 KD-89 06-02-2022
KD-50A 12-05-2021 KD90B 08-03-2022
KD-29 11-06-2021 KD43 23-03-2022
KD42 11-06-2021 KD-25B 07-04-2022
KD-23D 11-07-2021 R5 07-04-2022
KD-83 11-07-2021 KD58 07-04-2022
KD55 25-08-2021 KD61A 22-05-2022
KD-60 24-09-2021 KD61 22-05-2022
KD-63 08-11-2021 KD62 04-09-2022
KD-59 08-11-2021 KD58A 19-09-2022
KD-54 08-11-2021 KD-66A 03-11-2022
KD47 23-11-2021 KD-62A 02-01-2023
KD-49 08-12-2021 KD-68B 02-01-2023
KD-45 07-01-2022 KD-68A 01-02-2023
KD-64 22-01-2022 KD9A 08-10-2024

Table 5.3 Dateswhen 1@%6 pressure reduction occur
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I n Kézeéel der e geot hisrelemsed intotle atmosphpré a the sarface,C O
and only trace amount of G@mains in the reinjection fluid. Since carbon dioxide is not
reinjected into the reservoir, the partial pressure of carbon dioxide reduces with the
production. This further explains the rapid decline in the reservoir pressures of the

Kezeéel der efielgeot her mal

Decline in the dissolved C@atios can be seen for the production wells-&) KD-47,
and KD-50A. At the beginning of the scenario (May 2018), approximately 3wt% of the

geothermal water was comprised of dissolve@d.CO

------ Dissolved CO2 (1984 - 2018) "Dissolved CO2 (Scenario: 1)
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Figure 5.4 DissolvedCO:, profile of KD-42 (Scenario 1 Strategy )1
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Figure 5.5 Dissolved CQ profile of KD-47 (Scenario 1 Strategy 1)
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Figure 5.6 Dissolved CQ profile of KD-50A (Scenario I Strategy 1)
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Although the decrease in the €€ontent of the geothermal fluid is significant in the
vicinity of the reinjection wells at shallow depths, it is not significanteepr sections.
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i

Figure 5.7 CO. distribution at 1480 meters at the end of the ScenariSttategy 1
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Figure 5.8 CO;, distribution at 2200 meters at the end of the ScendriSttategy 1
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Al t hough the average injection temperature
(much lower than the reservoir temperature), the cooling effects have been found only
limited in the nechange scenario. For most of the production wedisgrvoitemperature

did not reduce to critical levels during the 20 years of simulation. The highest decline has
been observed in K22 with 14 °C reduction at the end of 20 years. For the rest of the

wells, temperature decline has been found to be less tharaBd@yen less than 1 °C for

some wells. This situation points out that reinjected geothermal fluid does not penetrate

into the production zone.

Temperature profiles of Kid2, KD-47, and KD50A are given below.
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Figure 5.9 Temperature profile of K42 (Scenario I Strategy 1)
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Figure 5.10 Temperature profile of K7 (Scenario I Strategy }
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The reservoir temperature distribution at 2200 meters and the temperature isosurfaces
show that there is not a significant decrease in the temperatures compared to the natural

state conditions in thgroduction zone.
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Figure 5.13 Temperature isosurfaces at the end of the Scenérittategy 1
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5.1.2 Scenario 2:Reinjecting what is produced

In the second scenario, production rates have been kept unchangesinetion of the
produced fluid have been simulated in two parts. In tts fiart, the produced Cs
assumed to continue to be released into the atmosphere and all of the produced water is
reinjected back to the reservoissuming a 3% dissolved G& present in the produced

water, the reinjection rates are:
Part I: 670Qph of water, no C®
Part 11: 6700 tph of water, and 200 tph of £0

Since the current (May 2018) injection rate is around 5200 tph, an additional 1500 tph
fluid has been added to the rates of 27 injection wells. In order to account for the
injectivities of the wells and situation of the surface infrastructure, 1500 tphewas
divided according to the injection shares of the wells. For example; KID&ecounts for
approximately 10% of the total injection, so 150 ipladded to its injectio rate in the
second scenario. It is also correct for the>2@€njection ratesThe reductionin the
pressure decline in both parts of the seccend be seen clearly on all of the production
wells. Comparison ahe pressure declines 8tenariel and Scenari@ has been shown
ontheipr essur e vs.KDtR KR4y, apdKB30A of t he

KD-42
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Figure 5.14 Pressure decline d€D-42in Scenario 4 Strategy 1
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