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ABSTRACT

This study explores the potenti al of extract

basement i-hultdhebDreqvEeDPl) Basi mdvRecegnidziihdgitnl

technol ogies and innovative reservoir managem
of deep geothermal wells, this research only
various wel |l configureaeffoocseacdesheilp beatpex
center-B8dapeschlahped, -EhapededaNdePiome drilling ar
compl etion compared to the known Enhanced Geo

Empl oying numerdtciady mordwed dthiggattéhe t he t her ma

operational scenarios, such as wvariations 1in
Findings indliceapesydhtaems| psevdi de moder ate t emj
t hcer i ti cal influence of well architecture on t

configurations demonstr atteempae rsa tgwnri & i gceamtt h eprom ael
extraction

This research underscores the critical need
configurations in geothermal energy projects,

DJ Basin. By focusing on the compartatiisve tparyf

contributes valuable i nsights into the strate
resources. The advancements and knowledge gai
evolving |l andscape of geofbermatutecbhbrplogwntfi

optimizations in geother mal energy extraction
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CHAPTER 1
I NTRODUCTI ON

1. 1Research Background

Geot her mal energy, a sustainable energy reso
garnered significant attention due to i1ts | ow

continuous W&t alsech e ype@Epdiit)e its abundance, thi

poses speci al di fficulties for discovery, ext
geot her mal reservoirs that are hot and have I
A notable geological feature spanni-ng Col or a

Jul esburg (DJ) Basin has gained attention as
energy. Known historically for iatls ofydrmec &b 38
i's stildl | argely unelxgd eomesrs e rnthep aMatt it ewmlbamrigy fi
opportunities because of t h(eVirv as geht hela.t Z0d 23y
al . .2023)

Such difficult terrain-enmhgkesdritlnaegesseahnota
creative reservoir management techniques to e
deep geothermal wells in the DbAOsBasdnewpeétidp

temperatures of approxi mately 300AC (572AF),

technol ogi cal di fficulties. To achieve effect]
conditions, a thoroudhhcwenderodtogrydi meg sefr vioh e
characteristics iIs necessary.

A complex web of interconnected geological,

the nuances of the dynamics within these rese



rese

and

rese

rvoir rock's porosity and permeability, w
how easily these fluids can pass through

rvoir's potenti al prbBaogthnietyla@d)rate o
addition, the geothermal gradient and res
nt of heat energy that can be extracted,

n indicating moreYefdtechAds vev@ehi)rgyr e xX .rla,c

mal gradient has a direct i mpact on the t

ies with depth, as we can find conventiona

rvoir temper atrumeals, gri andii ecratt i (nme ra i igth d ehpet
h with | ow temperature, indicating a | owe
uced geot her mal resources because of the
eratur es. Finally, hiageeag fHhomgmatgieon © ewimlall
of enhanced geothermal systems (EGS), bec
sity/ permeability at very high depths. Us

reservoir andi gh eaurn fngc & hameaad sf avri tthhen f |

hedthe methods of heat storage and transfer fr

greatly infl uenc edmpboysitth eo nmiamedr alhoegintadl cchar ac

, such as its heat (cCdpaaucsietry 2a0nd6 )t her mal c
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A critical component in this complex environ
fluids. I n particular, the existence of disso
the effectiveness of heat transberthatd pbshap
reservdgdgAxeperseo®aaMRroelddyyer, preserving the ideal
bal ancing and is necessary to prevent ther mal
the reservoir and to m&Lhengi ett ae¢ . r ORMLYyoir ' s

One more crucial factor affecting the reseryv
arrangement of the production and injection w
regul ate reservoir pressnuirneg, offRrwaetlelnsh aahd HBhap

2021; Simmons et al. 2021)



Advanced reservoir engineering approaches, i
have been put to use in response to these com
on thorough data analysis amdaxprmadi mtgi vhee arho e
and guar ant-teerimagyvitankei lliohYuotetthe.raddedylohichen ¢
field of geothermal technology is developing,
and creative approaches to overcome the diffi

Massachusetts | n(s20Btéudt ei doefn tTiefcihendo | bghyanced G
(EGS) as a feasible method fopeumebbel ngyt hbo
rock formations such as the DJ Basin. EGS inv
t hrough hyldataiudn.c Aslttihmouugh promi si ng, EGS t ech
seismicity, environmental effect(sMajanrd eec oanom
2007)

The DJ Basin presents a promising opportunit
geot her mal gradient and geophysical features.
caused by the radioactive decay ®fatmiomer alhs ca
affect the bagqiAbh'deltrlahdmmal ete@ilme 2023; Zhang

Fi gsdRiel | uss heatgeot her mal gradient of the DJ B
the greatest potential for geother mal energy
depiction is to show the spatial didlfpggsences
identify potenti al | ocat(i ©milsofado géwd lheg imadl d

Department of Natur al Resources 2010)



Figa2el nterpretive Geother mgl UGmBadioermatdoM&Erobd
Survey, Department offeNaiotaeld BgShemamntsma dth O
Natural .Resources

Due to the influence of i1its geological past,
compl ex network of structural elements that a
systems.

These characteristics include a complex netw
that may facilitate i mproved circulation of g
temperature variations.

A crsesxss i onal representation of tlBe Wwasich' s

al so explains the different geological strata
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1. 2Research Objectives and Questions

The primary objective of this research proje

—

onvestilgatgeot her mal energy productihen poten:
gr arbiatsieanént he Wattenberg fi eltd tihre twird tDJ gB adi
t he Geot her mal Limitless Approacdclpltaonmtgdbr dr I i hg
t wo deg¢mmplirg@qh ure geothermal wells in this pa

each temperatuand déptbsgbfyup72AF20, 000 fee

]

Whil e the broader project context involves t

chall engi ntghricssredirtcihomws | I t horoughlvleylexamine a

o

onfiguration andtriatyjegidomudmperoiduhtiioinenvualat a oir

encompasses a t hor oughholeex aamhdo dcteli azsiyesdd fe miso r ke | @ v

these geothermal wells operating at high temp
Thegoal is to forecast the behavior of the re
comprehend its -dgpaami semuhaobughsinThis wil|l h

trajectories and productionipratudgest henst ma
met hods, parameters, and major conclusions wi

The study's objectives are to:

1.Conduct a thorough reservoir simulation in
understand resemredirctdyrdmivei ©ramacder vario

circumstances.

2.Compare and-hana&l| yvwatleo lcgh ogseeodt her mal system c

di scern their respective advantages and ch



3.l nvestigate a novel strategy obolpatandomhmihmeas

geot hermal systems with the goal of increa

4 Maxi mize the | ongevity, effectiveness, and

considerati on.

5.Establish the best configuration for the D

energy output and maintain system |l ongevit
To achieve these objectives, the research wil

1. How can geothermal systlembdegi Bdasim ke ope

the use of reservoir simul ation?

2. What fundament al reservoir properties i mpa

DJ Basin, and how can they be measured or

3.What are the benefits and dr awmampk & eafh niod to

into a hybrid geother mal system?

The foll owing tasks have been created in orde

the research

A Task 1: Perform a comprehensive reservoir si
formation dynamics in the Wattenberg field.
parameters to evaluate the reservoir's respo

A Task 2: Analyze the perfor mamd echodlsed he gr ani
geot hermal systems. This wil!/ entail compar.i

provides the best energy extraction.



A Task 3: An innovative hybrid geothermal syst
and cllooosspedt echnol ogies should be proposed an
the hybrid system's performance under the ci

A Task 4: Provide a thorough analysis of the s
techniques. This will entail a careful exami

of fering perceptions into theerbgeyti rprtalcea iRk s
1.3Significance of the Research

The exploration of geduhesmmal geft®JJy Bias i mh
transformative potential for the energy | ands
mul tiple el ements:

1. Meeting Energy Needs: Leveraging the geoth

in addressing the increasing demand for en
fuel s.

2.Environment al Benefits: Geothermal energy
Ssubstitute, resulting in a decrease in gre
3.Economic Growth: Successful geot her mal e xt
costs, the creation of jobs, and the growt
4 . Technol ogical Advancement: l nsights from t|
geot her mal extraction met hoesi,c hwhaircehaswoul d

1. 4Thesis Organization

This thesis is structured into six chapter

of geot her mal energy extracdubaeasbhodgi { ®BJdPpBam



particularly within the Wattenberg field"'s gr;

outl ined as foll ows:

T

ChaptPeoviides a foundation for the study by

delineating the research objectives and qu
the research. This chapter also includes a
Chaptbed v2s into the fundamentals of geothe
geot her mal power plants and their efficien
potential for expanding their wutilizati on.
cl oled anldompesnystems for geot her mal ener g
geot her mal reservoir simulation, and diffe

ChaptGat |l 3nes the comprehensive approach em
reservoir simulation techniques, definitio
examination of various geothermal well <con
extradtciiemcef f

ChaptPeesdnts the fi-m@dimgpeffrommamee | amagl ysi
geot hermal wel l -Shag¢geldis#® iPigebvedng-lbdclined
Shaped, and Enhanced Geot her mal Systems (E
of fers a ovcampsasrstobpchpsedms versus EGS co
summari zes the overall performance compar.i
Chapteecapsul ates the key findings, achieve
providing a conclusive summary of the rese

geot hermal energy.
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T ChaptSaggésts directions for future researc
study to propose areas for continued explo

extraction technol ogi es.
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CHAPTER 2
GEOTHERMAL ENERGY

2. 10vervi ew

Geot her mal energy, a form of renewabl e energ
certain countries, people have been using thi
t housands of years. 't 1 saltlkdhe dapteurnead aredatt roe
into electrical power. Using the Earth's enor

which drives tur iMoend ethd eppreaaccuzc ea-Nedrddvradpys 2 Q 2 8 2
l ron makes up the majority of the Earth's <co
9, 000AF (5, 000AC) and i s (eficg urceTd2e ijhaend!lsepgre r
of rock beneatihs thheea tEar tbhy' & hcer wsotn,st ant outfl o
Geot her mal energy production is common i s are

t he Ear t(hPan cshuu ki az0el 9)

Temperature (°C) i
0 500 1000 1500 2000 2500 o |0 10]00 ZUIOO 30:00 40]'00 50‘90 C
s Solid-liquid Asthenosphere Lithosphere

boundary for
mantle rock

Lithosphere

SOME
ROCK IS

EZOD— Asthenosphere
= . MELTED

Inner core

Fi gar demperature Gradien

t ,rARdanptnd e df rooym pRa md
Karl a Pahictbeksa@a@ddiecg8ar 4. 0
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Il n general, there are three main uses for ge

for heating and cooling buildings using the s
applications such as heating bgtrdiahgprogesse
pasteurizing milk using geothermal (Beckweaseet
al. 2014; De Souza et al.. 2021; Morrone and A

Hi gh surface temperatures are required to pr
step in the electricity production process. H
type of power plant. oFor waxamhmpheatetddgh @immal yw
used to heat another dilauifdrevqudntal y otwlkee Mmos t i

Hot Dry Rock (HDR) systems.

For effective energy conversion in these sys
crucial. While some systems are built for hea
(Zhai, An, ,antd Bhbs B6&ada)prrcdwe celtehcatr iac adi maernye r

geothermal fluid A14182ACpDbDoelroegneenE ri8MaR

instances show how surface temperature needs
geot her mal reservoir andut ree .@dTaheirs0@E2gpnht d ssi zaer s
each geot her mal project needs tsaurkfecaeppreamgpelra
with subsurface conditions and technology des
The DdnVvesburg (DJ) Basin has a substanti al
energy due to its distinct geological featur e
research and production duvahbapgpeseustgenboghe
characteristics. The depth of the basin and t

excellent place to explore for deep geot her ma

13



One particularly notable feature of the DJ E
and other geological features make it an exce
The possi bilkempgerahat ehigebotul edr nbael froeusnedr vi oni rtsh ec
in particular makes( Fihgewmr exxiHta$gned ryaninttiea ersd d kns
be appropriate for deep geothermal energy ext
feet and havse htiegnmp earsa taurroeusnda 57 2 AF.

The exploration of Hot Dry Rock (HDR) geot
advancement in the field of renewabl e energy.
HDR reservoirs are not naturallyfhypdr @dtrgdyoak
at significant depths. Geother mal energy extr
number of exciting potential as well as signi

Under st and i g smmeeh ahnyi dcrad (HTM) dynamics that

added to the system is a major barrier to the

natur al geot her mal heat, and t hei mea haomglail c at
way in this process. For instance, -the introd
di mensi onal rock matrix in a standard HDR set

because of variations ei.n pore pressure and te
These changes matyh eh asvter easns i sntpaatcega wfn t he matr
permeability of the fracture. Futrearhmr mor e, a
sustainability of the energy extraction proce
conducti odr iamedn fdduivedct i on within the fracture
The possibility of induced seismicity relate

commonly accomplished via hydra¢gAndr ®saetualn

14



2022)This mechanism has the potential to creat

enough to be concerning. It i s imperative to
order to responsibly exploit HDR geother mal r
2. 2Geot her mal Power Pl ant s

Geot her mal energy, derived from the Earth’
power source that has been increasingly harne

Binary Cycle Power Plants stand npuwtt ifbarl itthyei r

(Di PippoT2@H6)YXi onal geot her mdle mpyestad mg et ypiswoal

operate effectively. However, Binary Cycl e Po
temperature geothermal fluids, matkiommg dfhem i n
geot her mal energy acr qgsd9 gdireer2zse)geol ogi cal s

‘L Turbine-generator

Condenser (air-cooled)

4

Preheater

Working fluid
pump

Injection

Production well

well

Fi g2 eBi nar yGe&oytcH @omalkr (Mi arets,r2pL6nted by perm
El sevier Books
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Bi

power

t o

pl ant s

nary Cycle Power Plants represent a sign

g

e

effic

Unl

k

u

neration. These plants employ a sophi
iently use geothermal -17YTQ@A@s with tem
e conventional geot htee maer asatysnt e mst ¢ om,

se a secondary fluid with a | ower boi

secondary fluid vaporizes at | owleagcttreimpietrya.t uTf

process

emi ssi on

Many

power.Twad

effici

heat

e

n

pl ant s,

system

| oss

of

gener at

opti mi z

can

S

g

Therefo

speci fi

wh i

e

n

t

b

oper atl @ pwistylsitrema oimsend zi ng environm
s and consebivPingpge2®@ hey mal f 1l ui ds

components are essential to evaluwuate
amdin factors contribute the most i n t

cy and '"exergy'. Thermal efficiency
o work or energy. Yet, ©b bbeserpawder
the exergy concept was introduced. E x
y accounti nyg tfeamr |eonsesregsy agu aelaicthy saned .s

energy i s happening and quantifies it

on efficiencygy208édihonsstaned, i hbrhé@i m

Huge It reataior in the combustion chambers

n

r

c

e

ificantly reduce the exergy destruct.i
e, exerngy hananlay oirs | iodesretsi ftihat wusually
ally in the combustion chamber s, boil
aving the space for a better I mprovem
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2. 2EfLficiency and Environment al Compatibility

Th

e

ent hal

efficiency of Binary Cycle Power Pl ant

py geothermal sources intooplegstemahote

maxi mi zes ther mal energy extracthbhyoinnngbeidt iah g o

cool e

d

binary

Lazzar

2. 2E2

steps

Bi

water back into the Earth. This approa
cycle plants, align(Mgnentbk, ghabal oren

etto 2016)

anding the Utilization of Geother mal En

ary Cycle Power Pl ants adaptability to
ability across different geothermal set
omi cal geot her mal resour ces,nsbitrmar yp od yemn
ot her mal energy generation. This-is par

ature geother mal resources, offering a

i fication oifx t(hMaggrendcdviarb | eet eanle.r g0 Im8 ) .
rating Principles and Environment al Ben

opef abimary cycgreo unodweedr ipnl atnhtes hiesat e xc
rmal fluid and a secondary working fl ui

ples. The process includes heat extract

ation by drcondgnaativomi aed me@circul ati ol

n

are cruci al for the plant's efficiency

aygle power spbahtasatpabvedegironment al be

emi ssions during operation, sustainable use o
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adaptability to | ower temperature resources.

essential component of the global transition

2.2Cd4se Studies: Quantifying the I mpact of Bi
Power Generation

The adoption of binary cycle technology ac
efficiency in utilizing | ower temperature geo
technol ogy has seen a notabl e iamc r5éa@s @ ni n hteo tl
five years, highlighting its transformative i
cycle plants have proven to be effective in r
100R00AC, demonstratgmigf itchaenitrl yp oetxepnatnidalt hteo sscio

devel opment womhdhii pileo T2MATY pv

A.Chena Hot Springs Geother mal Power Plant, Al
The Chena Hot Springs Geother mal Power Pl a
cycle technology in c¢climates not typically as

Operating efficiently with geot h©eFmal tfhliwi dd a

has achieved operational efficiencies of 8% t
generation in colder regions. The Chena Hot S
geot her mal energy devgkopmentmat oreseascwi thmp

contributing significantly to diversifying th

(Erkan et al . 2008)

B.Hat chobaru Geot her mal Power Plant, Japan
Situated within Japan's volcanic terrain,

exemplifies binary cycle technology's adaptab

facility's strategic use of binatygewpythermath

18



at the optimal temperatures required for this
reliance on Hatchobaru and similar plants rei
renewabl e energy production, hmngahhagmdciimg bin
geot her mal energy's contribution to the natio

i mported (fGousnsaitli |.faukeel s2 0 2 3)

C.Tuzl a Geot her mal Power Plant, Turkey
Tuzl a Geother mal Power Plant in Turkey uti
geot her mal energy into electricity with an em

thermodynamic analysis of this opeommanoaas, pl
with energy and exergy efficiencies indicatiyv

power gdrers&tuingn Okt ay., and Dincer 2011)

D.Ampall as Geother mal Power Pl ant, West Sul awe
The Ampall as Geot her mal Power Pl ant in Wes:
of exergy, exergoeconomic, and exergoenvironmi

shown that the organic Rankine cykcilreg (fORC)d , sy
achieves high exergy efficiency (82.12%), wit
cent/ kWh, demonstrating the effectiveness of
economic and environmental tie@kdsr rtwddifn getotale.
The case studies of CHaenrzadhopta Gegarsi megrsmalHa't
Power iRllaunstigl atbea |t henpact of binary cycle techr
generation segoe@dfiByeachiesvimgl|l ower temperat
these plants have collectively demonstrated t

scope of geothermal energy development worl dw
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binary cycle technology's adaptability, effic!

sustainable and renewabl e energy utilization
2. 3Geot her mal Energy Extraction: Closed Loop Vv

This section examines t He otpe akhrdiompelg add thaeir
systems, as well as their various approaches
exists beneath the surface ofthbhenkBauout hl ©DOpeaen
geot her mal reservoir, whereas Closed Loop sys:
contact with it. Tbhbhepdheseusysttemat holghodwght
dynamics and technakbefioael taevancemehnht stahe a

geot her mal energy exploitation
2. 3CLosed GewmdphsCrimasled Loop Systems with ORC Te

In the realm of geothermal energy extractioAShhaped Closed Loop systems employing
Organic Rankine Cycle (ORC) technologies have emerged as a promising solution for harnessing
heat from deep geothermal resources at relatively lower temperatures. Tioestiwe systems
minimizereliance on natural reservoirs, opting instead to circulate a working fluid through U
shaped boreholes to extract heat from the surroundingfosks ndy and. Gogoi 2021)

Efficiency in these systems is paramount, with recuperative and regenerative ORC
configurations demonstrating notable efficiencies around 13.2%, surpassing the approximately
12% efficiency of basic and reheated ORCs. This efficiency gain underscoresdhtagd of
employing specific ORC configurations and working fluids, such as R245fa at an evaporation
temperature of 130°C, which are optimized for the lower temperature ranges typically
encountered in closed loop systemsio n dy a n d . Addigooally, thechdice of working

fluids becomes crucial as temperatures vary; for example, R245fa is deemed most efficient for

20



temperatures below 140°C, whereas ethanol, benzene, and toluene show higher efficiencies at

around 170°C, with efficiencies of 24.2%, 23.2%, and 22.9% respectively gi er i a.nd Gebo
2. 30Ren Loops: Enhanced Geot her mal Systems (E

Enhanced Geothermal Systems (EGS) represent a pivotal advancement, employing the
concept of artificially enhancing the permeability of deep geothermal reservoirs to access higher
temperatures. The integration of Supercritical Organic Rankine Cycle (s@&tptogies is
critical within EGS, attributed to their efficiency in higher temperature condifidns u et al .
2016)

Supercritical ORCs, utilizing high critical temperature fluids such as R152a, exhibit
efficiencies up to 11.18%. The incorporation of zeotropic mixtures can further elevate thermal
efficiencies by approximately 3.8%, highlighting the enhanced performanestjal of SORC in
EGS applications L i u e t. SapercriticallORES also outperform their subcritical
counterparts, producing up to 20% more power with exergy efficiency values around 46% when
using fluids like R1234yf, R134a, and R1234zg(H) i u e t. Markover,altanggratures
exceeding 150°C, supercritical cycles benefit significantly, with working fluids such as
R1233zd(E), butane, isopentane, pentane, and neopentane achieving the highest efficiencies,
underscoring the criticality of selecting appriate working fluids for maximizing efficiency in

open loop systemsLi u et. al. 2016)
2. 30Bt i mal ORC Configurations for Geot her mal

The selection of an appropriate Organic Rankine Cycle (ORC) configuration is
contingent upon the specific characteristics of the geothermal resource. For Closed Loop
systems, particularly 4$haped Closed Loops, recuperative and regenerative ORCs are most

suited due to the relatively lower temperatures encountered. These configurations enhance
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system efficiency by optimizing thermal energy utilization within the system, making them ideal
for maximizing energy extraction from the geothermal sogrteondy and . Gogoi 2021)
Conversely, Supercritical ORCs (sORC) are patrticularly apt for Open Loop systems, such
as Enhanced Geothermal Systems (EGS). Their ability to operate efficiently at higher
temperatures and pressures enables the extraction of maximum energy from thengetithey
thus being a preferred choice for exploiting the Higinperature resources available through
EGS(Liu et. al. 2016)
In conclusion, the intricate balance between system configuration, working fluid
selection, and operational temperatures plays a pivotal role in the efficiency and effectiveness of
both Closed Loop and Open Loop geothermal energy extraction systemsyvaheeadents in
ORC technology, particularly in the development and application of recuperative, regenerative,
and supercritical cycles, have significantly enhanced the potential for sustainable and efficient

geothermal energy utilization.

2.3Cd4l culation of Electricity Generation in G

El ectricity generation from geothermal sou
stored beneath the Earth's surface. This sect
el ectrical power output from gebhbeumal opower

cooled Organic Rankine Cycle (ORC) technology
| owvo meglriaudre heat to electricity.

The conversion efficiency of geother mal en
on the thermodynamic processes involved in th
technol ogy have opened new avenues ofuagrc etshe Aef

critical aspect of this process is the cal cul
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be expressed as a function of the system's ut
geot her mallt unl wind Kilic 2020; Briola, Gabbrielli,
A.Gross Electric Power Production
The gross ef)lgreoggg'eclepaWed by the system i s
Ogross LO (21)
whefeepresents the utilizatioherdtfesitemey
exergy of the producedd gsotclhenpmaledf baiseéd Dhme t
ent h&fdamy specif)i cofentthhreopgyedt her malt@hbHduactbaenp
(0) conditions:
0 Gprod@roaQ "Yiiproal (2)2
Herag,dqs the mass fl ow ratye soft htehea mbri educed
temperatur e.
B.Pumping PoEéecandcNPDODwer
The electrical power réquiirsedaflcmu!ltahe di rcjoa
the volumetric,i bhecinpectabp ,wedd d etatde pp lempE u
efficHemmecy (
Opump N tn T (2. 3)
The net ellecygenerpowdrby the system is the

electric power and the power consumed by the

L,)netl,)grosé,)pump (2-4)

23



C.Practical Applications and Performance I nsig
Empirical data from field tests provide a
out put across various operationabl edn®RCi ons.
technol ogy, as applied in Fervo' snderotcdiefrfmearli r
ambient temperatures to reveal fluctuations i

in efficiency from(mwlithdnerantdo K uimme202mgnt hs
Furthermore, the integration of an interna

enhance the plant's energy and exergy efficie
15%Al tun and Kihliisc i2Zwmgaoyati on underscores the e
power generation, where optimizing operationa

technol ogies are paramount for maximizing eff

2. 4Advancements in Geother mal Reservoir Simul a

Geot her mal energy extraction has seen sign
sophisticated numeri cal modeling. These si mul
met hodol ogi es developed for oil samd ga&®thegs aena
systems. -d$Swsach pdricisagy applications have proven

harnessing geother mal ener gyYTARS seoxfhtiwa rtee.d Tbhyi
validated its prowess gp@prnogsata onpectermbmaacfi nge
opdmop systems | i ke Enhanced Geot her mal Syste
Geot her mal (CLG) setups.

Simul ator-STAR8ei €M&gr ate two fundament al m
subsurface reservoir and another depicting th

the multiphase fluid flow and hedt trmhaenwfeédd w

24



mo d e | captures the dynamics dfCoMmpMuotidedr|Qrikotugpact i
Lt.2024)These model s a¢rleoocpr uscyisatle niso r wdho tchh o pnetne r
geot her mal r e d erowo isry,s teemik ,c Iwhs ecch ciubswlirdtae ea

heat exchanger.

ThrougHST@GRSE, conservation equations for ma
geot her mal contexts, allowing for detailed pr
behavior. The software's flexibrnddck yi nmtnemantdil
makes it suitable for the challenges posed by
enhance reservoir permeability. The integrati.
STARS demonstrates its klampmali tyhdmomeorda li nher ¢

and CLG systems.
2. 4Theoretical Fr eSiedWR®&r k i n CMG

CMGSTARS employs a set of fundament al conse

variations within a spedofdieedriougn &0t2ASTARS ed

applies mass and energy conservation | aws tai
varying ther mal and fluid conditions. The mas
water phase, is structured as foll ows:

Ww— % " "YU %00 YO % O 30 " n o0 ( B).

Il n the case nufl ta pdys tpehm swist,h t he gener al ma

encapsul ates these complexities:

W— % " YO " Yo 7 YW o %00 YO0 " Yo " Yo

2.6
% 0 30 % O30 %W 030 "1 0 Ao "R O ( )
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Herom,epresents the va@&diusmet hoef ftlhue¥oidgsrpitodn ebsl iotcyk,

absolute porosity, among other parameters.
Energy conservation is equally vital, with

and the geological framework of the reservoir
W— % " Y'Y %®Y p %Y " ©0O 03Y " O (2.7)
And for a system entailing multiple fluid

energy conservation equation would be:

O— % " YY WYY "WYY %®dY p %Y T w0

, , . , , , (2.8)
"0 "WwOo vy "n 0 "n 0O "n o

This framewoSKARBtlmiwvse GMG t he transfor mat.

Oil fluid model to a compositional model of S
through conversion of properties |ike density

With advancements in CMG software, there i
model ing component that precisely simulates s
capture complex interactions bet weenm ntdh en gwehlela

transfer and fluid dynamics.
2. 4CRIGSt ars FIl exWel |

At the heart of this software is FlexWell
mechanistic well bore model devel oped by CMG.
heat fl ow within the well bore and bhetmakamagt hd
an indispensable tool for our simulations. |t
in long horizontal well s, by acc#it awel phmapag

segregati on, and transilemst albbehaviyonr.o Mordedv drh
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separate grid allows it to accurately represe
geol ogi cal | ayers, enhancing the realism and
FIl exWell technology also excels in detaild@
wi t hcians,ianignc |l udi ng saasiasrgsohsu owh eruebitnhge i s di sco
model s fluid discharges uniquely at the tubin
reservcoaisti mgrodigh a defined flow term. The tech

regi mes based on gas and fluid velocities and

gas and liqguid phasasdeFaitkdr moaé ysits obdndad
transfer along the full l ength of the tubing,
composition, velocity, tubing and annul ar wal

reservoir rock.

This deep integration of FlexWell technol o
configurations ensures a nuanced, precise sim
to optimize the design and opemaki mnak paeamg

extraction efficiency from Hot Dry Rock reser
2. 5Geot heNMerhd!l Confi gurations

The exploration and optimization of geothern

(HDR) reservoirs are pivotal in advancing geo
has inspired a plethora of iIinnowattirvae td pmr edd
and | everage the vast untapped enfelrgyl gpmod mapg e
of geot her mal energy extraction is rich with

to optimize resows cgeatheén malt i mesemvwiars .o Thei

configurations availabl e, each of which is ap
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reservoir and the objectives of the geother ma
horizontally, or slanted or deviated are comm
determines the fl ow dynamics,ertvhoei rc,o natnadc tul arien
heat extr acdtzZihoun eef failci e2mMc2yd3; Hoteit et al . 202

Among the forefront of these-wennovgaetoitohnesr masl

(7]

ystems. A signifi can(t2 Cilo8ndtrroidbuucteido na bnyo vHeul a nngi n

combines a heat pipe with an @aAhtsfdesbgnreapr

—

hteher mosyphoasnfledifde,cts toifmudCati ng stronger natu

]

eservoir and thus, enhancing ther mal power p

(7]

uperior heat extraction performance compared

(7]

ysteme pbuesahsed a promising solution to com
wat ers liem HDRHpawmgec€aso, . and Jiang 2018)
Parall el to t hweelelvodwdstieoms ,oft lséd ngdpel i cati on
Systems (EGS) with horizontal wel(ZXZ0XG®)s garne
explored the potential o-hoel ewetitla EEEGSy cgenrfd rgautr
the Qiabuqia gedfFhgumaTRéiBgl dor Chumader scor ed
slickwater fracturing treatments on reservoir
could significantly enhance installed capacit

substanti albeemevfiirtosn nbeyntradduci ngLgreenhhabse2@as
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l' HDR V . l IiI)R .

Jepth=3700n Depth=3700n

d—|

Fi g3 eReservoir stimul-wtngnfsacatutegpg ©0&) thweo
doubl e well sy(mnmneat rei,c arfferpaxotaudreidngby per mi ssi on
The advenltowmg <y otseerds i n horizontal wells fu

search for more efficient geoth20faé¢ semtced ya e
groundbreaking approach that -fcnactuumviemdg.s By er
heat transmission fluid in a horizont al wel | ,

achieving high heat minimhgr-tlaéenpeyr amakiengent hea

reservoirs and indicating aethec¢ti v(eGusio destt inaoln..
2017)

Moreover, the exploration of multi(l2a0l8&)al we
represents another | eap forward. Their propos
production wells branching from a main well bo

working fluid and the hot diwynFiogkr eTtlhief)eby m
innovative configuration offers a promising a

heat extraction perfor h&oeatg alnd 2@Ek)ati onal f
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Pump

Insulated Main wellbore
tubing

Injecti
wells

(
SRV )\?j{ \ 34

roduction wells

Fi g24 &&chematic of heat -well d&EG8E@gnN efto ra lenpurl2thill&d
by permission of EIlsevier Books.

Geot her mal energy extraction efficiency can
optimized and customized to the wuniJguwuergctledr ad
2023)For example, compared to vertical well s,
efficiency and hence i mproved energy extracti
reservoir.

Il n the realm of Enhanced Geot her mal Syst ems
and fracturing technigues has marked a signif
al(20d®mnmonstrated the effectiveness of hydraul
Sedi mentary Basin, balancing increased heat o
Furthering this (eXdgopraticbed Ehe etsalrvoir as
medi um, delving into the synergistic effects

responses.
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Additi onhaalpleyd @l osed Loop Systems have gaine
researchers(kDkB8YHSmomngx reltoradd t he heat producti
syst(eemsgur e 2. 5)

High-pressure Heat
~ pump exchanger

EEEEELrrred T LR FOLEEEETTETEETeTiaTi,

Casipg Cement sﬁenth

Section j

Section j+1

~ Conduction
(casing,cement

‘onvectiof and rock)
(_[TP[" and cISNEY)

Figah &chematic diagram of the fl(uSaong |leotw aln.d Z
reprinted by permission of EIlIsevier Books.

This innovative appr oach,2o0fadrgit rSau(n2 &% 8 milned b
utilisheaped borehdbep wyshembosed di fferent wo
viable solution to common chal |l engeisr duwumi tEiGSg .

Mor eoveiriRi Pd p@l osed Loop Systems have been b
Jiang,( Band Jlhiang, whhma fLoc2dd®)on their efficie
configuration, a form of single wel/| cl osed |
and effectiveness in various geother mal setti

fraongutechhmhi gquwrees 2. 6)
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pump
‘ < Heat

pump

| Well tube

| Insulation tube
Cement

| Rock

Bottom

Fi gn6 e StructB8reglde awelaim Gé(OBth,er madnHe adnmagl
reprinted by permission of EIlsevier Books.

Transitioning-LbopC&axi aler @lads O @&me, Zhang
conducted comprehensive studies to analyze th
fluids for coaxi al designs. Their work contri
of these systems in geditheomal (Walh@O dgwi daekst raa c t
comparative analysi-soop gygaot besmabasgsyatembpse
their heat extraction performance and potent.

Lastly, the poten®ipk OpbeHoLbbppnNnSgbtBPmpehas

ot her studi g220RYTHIWasg 8y sakms, particularly e
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reservoirs, represent a significant advanceme

for energy extraction.

Insulation Injection & production
pipe in a horizontal well

Closed bottom

Geothermal
reservoir

Fi g% e Schematic showi ngwdlelat omen gaot hen mah
(Wang et, alepr2iOn2tOe)d by per mi ssion of EIl sevier

Each of these configurations, with their dis
i mportance of tailoring geother mal energy ext
characteristics, environment al choen soi ndgeoriantgi o n s
research in these tawneeadsr spandinngsot ocopdeiemalhn m:
energy extraction, paving the way for more ef"

These studies collectively contribute to the
extraction, each offering novel insights and
chall enges presented by detpesiDRadearcemenss,
significant gap remains in the exploration of

particularly those reaching up to 20,000 ft.
Our research endeavors to bridge this gap by

U-Sh a p eSch,a p\we d, EGSRI @merds WS tpems , in the context
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reservoirs. By wventuring into depths previous

current boundaries of geother mal research but
feasibility, efficiency, and @gottleentkRarlt m'fs tdeee
energy. This pioneering effort is poised to c

insights and opening new avenues for sustaina

abundant yet wrncdeesr.uti |l i zed reso
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CHAPTER 3
METHODOLOGY

3. 1Reservoir Simulation Approach

The modeling and prediction of geother mal r
made possible by reservoir simulation, which

Understanding the dynamics ofrgthfa edrdanint itchef D

Col orado, is the main goal of this research,
extraction of geothermal energy.

Thmet hodol ogy's basis is derived from numer
mass, momentum, and energy conservation can b
reservoir into a grid system. A cthhaaracugeh iddapic
the reservoir, as well as the interactions be
matrix, are made possible by this granular me

Several scenarios that depict various opera
t horough knowledge. This includes adjustments
injected fluid, and variati oniso iins iinnteecntd eodn tac

particular research topic on maximizing the e
This research employs a comprehensive reservoir simulation approach to assess the

potential of geothermal energy extraction in the specified study area. The development of our

simulation models is guided by the objective to enhance the accuracy anditgebébi

geothermal reservoir predictions under various operational scenarios. Central to our

methodology is the incorporation of empirical data and theoretical insights gleaned from a
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carefully curated set of literature, ensuring that our simulations are grounded in both proven

models and cuttingdge research.

3.

t

1Déafining Parameters and Simulation Setup

The foundation of the r eWaertveonibrersgi nmuledtdi am
s rooted in a thorough comprehension of the
eatures. The precise definition of parameter
nd dependability.

The basis of this simulation ispetcthéiclaal gt
eepest targeted f.orTrhet iWan taetnb@T @O0 fmedaptsh gr a
hysical characteristics, including permeabil
ritical to determine the specdotfymgi daelalty amrdi e
heseticébognsdvien t he high temperatures predicted.
efining how the fésuedvmoveand hhowgWwelklheit cal
Our geot her mal model s wi | It afrogédattse domb ¢ hg | mp
ormation on the geothermal comprds immedharsghalolc
ave the same chearomegtsavi it hit il ov portose tgeamd pe
urpose, allhpvedidmsdair an eweltloseval uate the dir
ormati ons whiilnegd | mietmitreiee srhgad tl hoew

We divide the reservoir into a grid system
rid block denotes a distinct reservoir volum
etween resolution and computiwmilgarlfyitcheneycl

he well regions, wiefgbeddepicted using a mo
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Fi nailflffer @nt operational situations are use
geot her mal ener gy.weTllhli sl aiynocultusd, e sc htawnegai knign gt he t
fluid, and modulating fluid injection and pro
about how the reservoir might react to variou
met hodol oegeys gtuhaer asnitmul ati on outcomes are preci

significant perspectivesenaergphei exthacbloBasi
3.1R2servoir Simulation Model

The assessment and enhancement of energy ou
in Geot her mal (Hot Dry Rock) are anchored on

I nitially, a thorough geol ogical and geophy
out to comprehend its inherent properties 1|ik
t her mal properties. Thisubhcemdatnito maldedt ep vied

Following this, reservoir simulation model s

STARS software, which is capable of handling

behaviors of geother mal systems. mThpembides, i n
fluid interactions, and well configurations t
geot her mal energy extraction process. This st
geot her mal reservoir ahdohbhe pappogethwebl oaoan

Ssimul ation exercises.
The identification of key parameters and as
delineating initial and boundary conditions a

indi spenhésaismel dtoiron.
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The execution phase encompasses the running

performance of the proposed well configuratio
of reservoir conditions. The fimdengsalfy®imsth

Performance analysis entails a thorough exa
energy output, efficiency, and operational f e
instrument al in understandingibhe merits and

3.1SBmul ation Setup and Parameter Definition

Our simulation model is meticulously configured to reflect the complex interplay of
geological, thermal, and operational parameters critical tevliation ofextraction of
geothermal energy. The definition and calibration of these parameters are informed by the
comprehensive review of literature outlined above, ensuring that our model reflects the current
state of knowledge in the field.
T Rock and Fluid Characteristics: Parameters related to the thermal properties of rock
formations and geothermal fluids are derived from Frash etalo,z2dcpmpassing
thermal conductivity, specific heat capacity, and injection temperatures. These
parameters are crucial for modeling the heat transfer mechanisms within the reservoir.
T Well Integrity and Material Properties: Drawing on Won et a. 0,Jo6r model
incorporates detailed specifications of casing materials, including their thermal and
mechanical properties. This is essential for assessing the stability of geothermal wells and
their performance over time.
1 System Performance and Validation: Leveraging the validated EGS model from Norbeck
and Latimer( 2 0,20r simulation aims to replicate and extend thedings, applying

their insights to our specific geothermal context. Additionally niiegleling approach use
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in this work was compared against an independently built model (Amini, personal
communicationand validated for the 4dhaped geothermal well configuratj@ming to
explore alternative configurations and their potential to enhance geothermal energy

extraction.
3.1Pérformance Analysis and Model Validation

The execution of our reservoir simulations is designed to assess the performance of
proposed well configurations and operational strategies. Through the application of the
aforementioned parameters and models, our research endeavors to provide a comprehensive
analysis of energy output, efficiency, and operational feasibility. This iterative process of
simulation and analysis is pivotal in refining our understanding of gen#ieeservoir dynamics

and the optimization of extraction processes.

3. 20escription of Geothermal Well Configuratio
The description of Geothermal Well Configu
this study, delineating each well <configurati

systems. These confitdooat iGeons$ he aunpgseé, 1{sQbckt) CGilse $P
i i peS,halp eSch,apwe d, anShadmed idesdi gVns. Il n contrast
comprises the standard EGS and an Inclined EG
comprehensive overview afr atth e nwa reimpu 0 ygao ti me ro
highlighting their distinctive features and r

efficiency
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3.2Réservoir Grid and Properties

Il nitially, the simulation employs a Cartes
directions, comprising 141, 59, and 86 bl ocks
a User Block Address (UBA). To ephaseatmbdel mi
dynamics, the grid size is selectively refine

depiction of temperature vari(aRiigurke wi t hin th

63168439,
|>!300 00000

~500.00000
~400,00000

i~ 300.00000

4,) aimesadway

(

—200.00000

100.00000
67.99999-

Fi g3l &eot her mal Reservoir Model Grid System

3.2D2afinition of Reservoir Par ameters

For thbkooposedfigurations under study, int

and the rock matrix are not modeled, | eading

40



constants. Porosity and-6peni mé allialrict ysanendget r

compl ete water saturation (100%) assumed thro

configurations | ack open perfsoratsiemns alddfoirnit
simulation. A standard hydrostatic gradient o
di stribution, compl emented by -7anl/aksPsau meTdh ersoec k
properties, critical fiantiiomitiaalei siumgnat he& emum

Tab3lel nput Parameters for the Reservoir

Par ameter Val ue

Porosity 1 %
Per meabil i 16 md
Water Satur 100 %
Hydrostatic 10 kPal

Rock Compres 4 . 375 ek'P a

Formati o€@omHderc|252, 720 J/

Formati on Vo
Capacity

Wor king Fluid 53,500 J/
Temperatur e 5 0C/Ak m

2,667,500

3.2TBer mal Properties

The accurate definition tdfeyt hsargmalf ipcrapd ryt
simul ation's outcomest., Badrtsmesdeeasrtc eFraarsiho eut ialli.z €
volumetric heat capacity of 2,667,500 J/(mjLA
J/ (mkLdayLAC), and a working fluid volumetric

bottom hol eft&8mpeA&t umet emperature gradient o

t her mal di stribution within the reservoir acec
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analysis of the system's ther mal behavior, al

temperature gradient.
3.2Cdmponents Configuration

The simulation employs freshwater as the w
simulation sof Owavri g hby tseldedtaiund Bettings. Th
including densities and viscosities, are cruc
values of AVI SC at 0.0047352 c¢cp and BVI SC at
STARS anManfuor the specified tMmpelQaitomgoe L¢ an di2t0iC
The simulation framework also requirés the de
at mospheric pressure (101 kPa) atfehensaerface
pressure calculated based on the geothermal g

amount i,n0Og0O &t ok PBa, wi t h a corr e(sTpaobnidei n3g. 2)e mper at

Tab32eComponent Properties for Simula

Par amet Val ue
AVI SC 0.0047
BVI SC 1515. 1

Ref erence 61, 000
Ref er en 300 A
Temper at
Sur face | 101 k

Surface T 2 0C A

3.2Rb6ceKl uid I nteractions

Given the scopei mdl udhes BEnharycedvhGedt her mal

accounts for Hot Dryi &fkRokrko wIHDRg e d otr hmaatt i dinrse c ti
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the injected fluid and the rock is I imited. T

on thermal extraction effi-Elandyinathacttband
However, the initializatiehioiftitbe ef muéhaiown
tables, thereby providing a basic framewor k f
movement within the reservoir. A straightfor w;

val ues aisn phtdaneRl ei 3n

Tab33eRel ati ve Permeability Tabl e

Sw kriyvykro

0 0 1
1 1 0

3.21 68itial Conditions

The establishment of initial conditions 1is
the porous media of the reservoiorckk dedpirtaectt lo
model presumesat¢ampaltetoe, wawvi éth t he reservoir <c
pressure of 61,000 kPa and a depth of 6100m t

consistent with the (tTaarbd.eet 8d 4geot her mal syste

Tab3lldePar amet ers for Il niti al Condi ti

Par amet Val ue

Referenceggi 00/
Referenc| 6100
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Numerical Approach: FSAT ARISI qurse@€o guwideeh t he
Modeldriorugp Lt dt h2OBAdmerical configuration of o
settings to ensure consistency across simul at

Adjustments to numerical values wil/l be co
convergence issues, should they arise during
stability and reliability of our modeling out

Geomechani cal I ntecastoonsheGmalknenbédegy ex!
dynamics within the wells, geomechanical i nt e
explicitly modeled in this sltauady.addhiBGS3eci si
configurations

heper dtirec| fgtuendas éj o-ws are m

exi stent .

3.2Wé&Il Il s Configuration and Fluid Dynamics

This section delves into the detailed conf
highlighting the necessity of distinct well t
model 's complexity is underscoredhlkeycvatiacas
of fluid dynamics in the energy extraction pr
A.Wel | Creat-Shhapéodr Modhel U

TheShKaped Closed Loop System i s a novel app

extraction of geother mal energy from Hot Dry
pi penfi gursench pien a& hU s model promotes a continu
through the reservoir, aiming to simplify con

extrddtiigame 3. 2)
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U-Sha Eed In| I
k.

Injected water initially

At 180°F = -m e mmmmmmm—r—— - ——————— —
The Production Well is
______ insulated
Max surface water rate
18,870 bbls/day —~~~ -~~~ -~ -~
e
3
FlexWell is being Used rﬂi
Models fluid and heat flow E
In the wellbore ) 300.00000 =
Between the wellbore and <7 -
the reservoir ™ o000
Implicitly solves wellbore models on
a separate grid
Fi g832 &-Shaped Closed Loop Wel | Mo d el Descripti
TheSthaped Well configuration, while seeming¢
bi furcated iIintotheoidjecinon sedtipoowsuction w

depth of 6,100 meters with an addittanhael fLpOAd

movement .

I njection Well Configuration:
The "I njector" serves as the entry point f
It is meticulously designed to align with ref

dynamics. The trajectory exatceendso fWBoAn (UBA (1478,
proceeds to UBA (67, 17, 77) marking the half

categorized under the "I D & Type" tab as an i
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water rate (STMW)aholfe 330.650)r mdf dayof the well S
mai ntain consi st(eThacbyl.eac3.08)s t he model

Tab35eOper ati onal Parameters for "1nje

Const Par amet € Val ue
OPERA]JSTW surfac| MAX 3000

Production Well Configuration:

Foll owing the setup of tkest'albnjishtear uswealgl

met hodol ogy. lts trajectory is aligned from U
UBA (67, 17, 77). 't operates unddgrmma®dl,maBi BY m
mirroring the "Injector" to ensure balanced f

al so features a radius of O0.14 Tmbl.&l i3g@8i))ng wi

Tab36eOper ati onal Parameters for '"Prod

Const|Parameter Val ue
OPERA|ISTW surfac(MAX 3000

FIl uid Dynami cs:

The working fluid, freshwater, is characte

of 0, and pressure of 6875 kPa, Ttadbilleor3ed )t o m

Tab37ewWel |l Radius and Fluid Injection
Il nj ec
Par am We | | I:)rOdUCTemper SteaPress
. We | | R Qual
Radi (
Val u 0.14 0. 14 60 A 0 6875
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FI ex Wel | Conf i-gluamed oModelr t he U

This pivotal sectconfiogutltanesntpeoéées Wel h-
t heshtaped model ' s thermal and fluid mechanics.
operati onal par ameters, FI ex Wel | i ntegration
well , adopti rdg ag pgtoraaxihg Htofrorcvaasri ng properties
similar procedure is employed for the "Produc

model ed within the FIl exWell framewor k.

Tab38eDi ameter Specifications for Fl e

We | | Wal | l nner Di] Wal | OQuter Di
| nj e ( 0.14 m 0.152 m
Produ 0.14 m 0.152 m
The completion of parameter input across t

Si mul aatcicounr attoel v depict the operati o®adpad nami
geot her mal wel | configudaptbonpesébdbt magcehanat
B.V-Shaped-LOlopse&dstem Model Description

The V-Shaped Closetdoop System, also referred to as th&Shlaped Extended
Horizontally (EH) model, represents an evolution in geothermal well design that aims to fully
capitalize on the higkemperature zones of Hot Dry Rock (HDR) reservoirs by extending

horizontally at significant depthi{&igure 3.3)
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U A

The Production Well is
insulated

60800006 600.00000
Injected water initially
at 140°F
=500.00000
Max surface water rate =
18,870 bbls/day ~ "~~~ r40000000 3
3
a
g
300.00000 3
3
FlexWell is being Used L 200.00000
Maodels fluid and heat flow =
In the wellbore
Between the wellbore and 100.00000
the reservoir 67.99999-
Implicitly solves wellbore models on
a separate grid
Fi g3x &&Shaped Closed Loop Well Mo d el Descripti

Geometric Configuration

In the V-Shaped model, the wells descend vertically to a depth of 6100 meters, where
temperatures aubstantially higher, thus providing an advantageous thermal environment for
energy extraction. Upon reaching this depth, the wells extend 600 meters laterally within the
reservoir. This horizontal extension is parallel to the bottom of the reservotingraa
broadened area of contact between the heat transfer fluid and the geothermally heated rock,

allowing for an increased rate of heat absorption.
We | | Configurations and Operational Par ameter .

The horizontal wells in this configuration are designed to exploit the consistent and
elevated temperatures available at these depths. Similar teShajped version, the injection
parameters involve a maximum surface water ra® @f0 0  myithh vdagenbeing injected at a

temperature of 60°C.
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The production well in this model is also insulated to preserve the thermal energy
obtained from the deep geothermal reservoir, minimizing any heat losses during the ascent of the
fluid to the surface. This design choice underscores the importance atimsuh maintaining
the efficiency of the heat exchange process, particularly in horizontally extended systems where
the fluid travels a greater distance in the reservoir's-teigiperature regions.

C.l ncl iSheadp e -LOlogps &sd/ st em Mo del Description

The Inclined \ Shaped model is a sophisticated iteration of geothermal well
configurations, devised to enhance the efficacy of heat extraction from Hot Dry Rock (HDR)

reservoirs through strategic well placement and advanced simulation tech(figues 3.4)

B InjectionWel-inclined

_ _ The Production Well is

insulated
Injected water initially

at 140°F

608.00006 60000000

Max surface water rate
18,870 bblsfday ~ "~~~ 7 =

_______________ ~400.00000
s

FlexWell is being Used
Models fluid and heat flow
In the wellbore
Between the wellbore and

(4.) @amesadwa)

300.00000

200.00000

[ 100.00000
67.99999

Fi g84 éncl rShheadpoeMd Cl osed Loop OGMednhe tMoidce | C oDnefsicoru

the reservoir
Implicitly solves wellbore maodels on
a separate grid

The Inc \AShaped model is characterized by its uniqgue geometry that includes two wells
spaced 1000 meters apart on the surface. Each well descends vertically before diverging into an
inclined section that extends 600 meters laterally and reaches a d8fthroéters, culminating

at a bottom hole location at 6100 meters with a reservoir temperature of 300°C.
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This geometric design is carefully crafted to maximize the thermal contact surface area
between the heat transfer fluid and the surrounding reservoir rock, thereby increasing the

system's overall heat recovery capacity.
We | | Configurations and Operational Par ameter .

Within this system and similarly to the 8haped Model, the injection well introduces
water at a temperature of 60°C. The maximum surface water rate is cafgpeddad nijhis d a y
elevated flow rate is integral to the system's design, ensuring a substantial volume of fluid is
heated by the geothermal reservoir, thus optimizing energy production.

The production well is also insulated to minimize thermal losses during fluid transport to
the surface. Insulation is a critical component of this model, as it retains the heat within the
produced fluid, which is crucial for assessing the effectivenetseohal insulation in contrast

to noninsulated systems.

D.Well Creation for the PIP Model

The -PPppe (PIP) Closed Loop System introduce
t hermal efficiency in extracting geother mal e
du-pi pe configuration, enhancingnsher helhui & xaih

reservpokFirgume k3. 5)
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Injected water initially
at 140°F e

The Production Well

: ----- (Tubing) is
Max surface water rate : insulated
18,870 bbls/day ~ — « — « « =« « « « — o o !
572.83.
_
40000 3
FlexWell is being Used B
Models fluid and heat flow g
In the wellbore 10000 3
Between the wellbore and - : =
the reservoir -
Implicitly solves wellbere models on
a separate grid 200.00
Injection Well
Production Well (Casing) 1oo.00
(Tubing) ~_ | ——~_ g = _.-—" 71.34
N -
Fi g3 i p®i pe Closed Loop Well Mo d el Descripti
For the PIP configuration, two primary wel
additional |l ayering well. This setup includes
1."Cas'ingyell: Serves as the outer section of
thermal convection and enhance system effi
aligned with refined grid bl G&x'isnigsorc laacscwuirf
asniaj eweglilon with specifications including
mj/ dagbl.e T3h.e9)wel | ' s r@tdawbBe i3. et at 0. 14

2."Tubing"” WelCQas'ivnwgerldr ss tolhpeer"™at i onal par amet
prodwictelm the sama&ndlaid dil mwmrlaadatt om hol e

5900( K&hbl.e THis) design choice reflects aver
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studies, optimizing the model for realist:i

is define(dTakl)e .30.716 m

FIl uid Dynamics: The injected fluid, freshw
including a temperature of 60AC, a steam qual
compatibility with the geother matli areasle rdveoma n ds

(Table 3.10)
The foll owing tables summarize the operat:i

within the PIP model

Tab39eOper ati onal CRasti amedetr Jubong' Well s

Const Paramet(Hcas'ilnwe " Tubing
Val ue Val ue
OPERA STW surfa MA.X 30 MA_XBOOO
rat e mj / day mj / day
opeERA| BHP botto . MI N 590
pressur
Tab3l®OFl uid I njection Parameters

Par ame| Val u
Temper{ 60 A
Steam ( 0

Press( 6875

Thecenfigurations and parameters | ay the gr
of the PI P model, aiming to accurately assess
this innovative geother mal system design.
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FIl e

on

nt

Cre

t

oC

il

il

h e

x@ehii guration and | mpl ementation

This section delineates the mei#khpdo( BOFR) em
figuration using the FlexWell system, a cr|
eractions within this complex geothermal w
ation of Perforations for FI exWel

Il nitially, the perforation intervals for t

ations spanning from UBA (67,28,1) to (67,

The&€as'i ngel | i s c oprefrifgpouwraetd owi tintaelrlval s seal
interval at K = 77, which remains open to
The Tubing" well's | ast perforation intervs:

ensuring uni mpeded fluid dynamics within t
elucidat €ashomnd heTUdbi ng" serve as the str
conceptual annul ar section, with the conce
component .

Foll owing the establishment of peéemftemgatait@n

wells into a cohesive mod@ds'l niged li,niatdioaplt i

default casing properties and setting a consi

Tab3ld Per f o-Ralt atoead Wel | Radius Specific
We | | Radi us
Casing 014
Tubing 0076
Subsequent steps incorporate the "Tubing"
aligning insulation properties with standard
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necessitating the specification of isolation

efficiency.

Tab3le Casing and I nsulation Parameters f
Val ue (J/ ( mj
Property J/ (mhdayl A
Wall Heat ( 3.63e+06
Wa | | Heat C| 3.888e+06
Il nsul ation | 3,283
l nsul ation H 16, 800
The final model ing stage tionvaclcweusnts pfeoai fiynin

di ameptiepres t ,hiubk mgs samdu lcetmedd @alte oh. 13)

Tab3ls We l | Wal | Di amet er Speci ficati
|l nner Di an Outer Di ame
We | |
(m) (m)
Tubing 0.076 0.089
Tubing | 0.089 0.102
Casing 014 0O5Pp
Cement ( 052 0.78B

Upodnefining al/l necessary parameters within
equi pped to represent the {1 hWdrpmalgean d efrlmaild sdy
configuration, pdepnhb ahael waysfoteantnhsitpesform
E.Well Creation for EGS Model

The Enhanced Geothermal System (EGS) model is a foitlvarking approach in the
field of geothermal energy, designed to amplify heat extraction by introducing engineered

hydraulic fractures to increaseservoir permeability and create extensive pathways for heat

transfer(Figure 3.6)
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The Production Well is

1 insulated
1
Injected water initially :
at140°F T £GS - Horizontal Wells | |
Model |
1 608.00006~gume 0000000
Max surface water rate : l
18,870 bbls/day !-50000000 5
E
*=400,00000 9
FlexWell is being Used 4000000 E;
Models fluid and heat flow !
In the wellbore s e oo
+  Between the wellboreand <. e I
the reservoir o : ol
Implicitly solves wellbore models on
a separate grid
Fi gda €GS Well Model Description
The EGS configuration employs a simi-l ar ap
Shaped and PIP models but is uniquely tailore
geot her mal energy extraction. This configurat

T InjectPundMeil éns as the entry point for the
system, designed to inject water at a spec
the surrounding rock. I'ts trajectory i s me
extegdfrom UBA (47, 12, 1) at the surface
to UBA (47, 36, 77) to cover the horizonta
representation within the refifnedel gtiyd bDhe
injector wel/l i's specified with a maxi mum
of 0.14 m.

9 ProducdheWelolunt erpart to the injector, thi

heated fluid from the geother mal reservoir
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well, designed to efficiently capture and
production, extending from UBA (87, 12, 1)
heel, and finally to UBA (87, 36d t7d)the&im

producer well, with a focus on maximizing
FIl uid Dynami cs:

Freshwater serves as the working fluid, ch

guality of 0, and a pressure of 6875 kPa. The

effective heat absorption and popdmpatibility w
FI ex Wel | Configuration for EGS:

The FlexWell system is pivotal for accurat
facilitating the simulation of cgamptlleexr mdlui d
reservoir. I nitial steps involve defining the
producer wells, ensuring proper fluid flow an

9 ILnjectmdlrl Weedforation intervals are confi gt

speci fications aligning with the grid bl oc

9 Producen mivdlalr:l y, the producer well's perfo

optimize the éexturiadct inomr roofr inegattehde i nj ect or
consi stency.

The FIl exWell feature integrates these comp:

capturing the dynamic behavior of the EGS sys

specified radii, ensuring accuraahe siemuleatind &,
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Operational Par ameter s:

The operational parameters for the EGS mod
well specifications, are summari zed -$Smapgadl es
configurations. These par amet esrismullaayt itohne offo utnh
model , aiming to assess its ther maelmpefrfaitairenc

geot her mal context.

F.Enhanced Geother mal System (EGS) I nclined Mo
The Inclined version of the Enhanced Geothermal Open Loop model is a strategic

adaptation within enhanced geothermal systems, employing a distinctive inclined configuration.

This approach is not primarily driven by the aim to intensify heat extractianeeffy; instead, it

emerges as a pragmatic solution to overcome technical drilling challenges encountered in

accessing deepeated geothermal resources.
The inclined design facilitates drilling operations when vertical drilling is not feasible or

poses significant risks, such as in areas with complex geological structures or where straight

drilling paths are obstructed.
Geometric Configuration

In the EGS Inc model, the wells penetrate vertically down to a true vertical depth of
6100 meters, situating them within a higgmperature zone that promises an abundance of
geothermal energy.

Post reaching this depth, the wells extend horizontally for 1000 meters. This horizontal
expanse, stationed at the bottom of the geothermal gradient, is designed to traverse through the
hottest parts of the HDR formation, thereby ensuring maximum themteahction and energy

transfer(Figure 3.7)
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The Production Well is
Injected water initialty . mTTTTT==s

o
at140°F 1:le»s - (Inc) Horizontal Wells
Model

insulated

Max surface water rate
18,870 bbls/day

bGSO()OOé-I_ﬂm 00000

= 500.00000
¢ = = = =2

~400.00000

- 300.00000

FlexWell is being Used
+  Models fluid and heat flow
+ Inthe wellbore

Between the wellbore and <=2
the reservoir 10000000
54.77031 =

Implicitly solves wellbore models on
a separate grid

(4,) samesadwal

=—200.00000

Fi g3nénclined EGS Well Mo del Description

WelClbnfigurations and Operational Parameters

Mirroring the previous EGS model, this inclined system employs a maximum surface
water rate o8 0 0 0  rapd/inge@sywater at 140°F (60°C). The choice of injection temperature
is strategically set to optimize thermal uptake by the fluid while maintaining a fluidity that
permits extensive circulation through the induced fractures.

A key feature of the EGSInc model is the utilization of insulation in the production
well to prevent heat loss. This aspect is crucial, given the extensive lateral reach of the wells at
such profound depths, as it ensures that the thermal energy kdrfress the reservoir is not

compromised on its journey to the surface.
Hydraulic Fracturing and Reservoir Stimulatio

The model advocates for an aggressive reservoir stimulation strategy, incorporating

multiple stages of hydraulic fracturing to enhance the permeability of the rock matrix. This
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strategy is critical in creating an extensive network of interconnected fractures, which not only
facilitates the flow of geothermal fluids but also significantly increases the effective surface area

for heat exchange.
3.2l Btegration of Empirical Data and Theoret.i

In order to establish a robust foundation for our simulation models, we have
systematically incorporated key parameters and findings from an array of seminal papers within
the geothermal energy domain. These sources have been instrumental in shapauyetieath

and empirical underpinnings of our research:

A. Ther mal Parameters and Geothermal System Con
Drawing on the worlof F r a s h , Me If @ 0,dd Bimulaon iGtegrates
critical thermal parameters such as the rock and cement thermal conductivities and specific
heat capacities. These parameters are pivotal in modeling the thermal dynamics of the
reservoir and the interaction between geothertuad and reservoir formations.
Additionally, Frash et al.'s comparative analysis of various geothermal systems offers

invaluable insights into optimizing our model's design and operational parameters to simulate

advanced, enhanced, and caged geotherratdreg effectivelf Fr a s h , Meng, and
2024)
B.Casing Material Properties:

The research conducted by Won efak 0 fir@vides essential data on the thermal
and mechanical properties of casing materials, including specific heat capacity and thermal
conductivity. These properties are crucial for accurately simulating the thermal and
mechanical stability of geothermal welfgarticularly in the context of the heat exchange

processes and the integrity of well structures under operational stresses.
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C.EGS Mvaleildati on

Thereport byNorbeck and Latimef 2 0 @3hecommercialscale demonstration of
enhanced geothermal systems (EGS) offeembcase scenartbat serves as a benchmark
for our simulations. Theireportprovides a proven framework for assessing the performance
of EGS deployments, which we aim to further explore and adapt in the context of our
research objectivess shown in the figure belowour CMG model matches the data coming
from Norbeck and Latimérs st udy wi t Hetween tBedtemgesatuie aktained mat
the production well surfadg-igure 3.8) This ensures that our model is working smoothly

and can be utilized for modeling other EGS Scenarios.

Surface Temperature Fervo vs CMG Model Comparison
Production Well
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—foryg  e—CMG Model

Fi g3& #ervo vs CMG Model (Surface Temperatur e

To further demonstrate the model validati o
evaluated and compar e dNorbecktaimd Ldtitng s d wiga&3®bt ai ned

illustrates thalifferentvalidationover temperature, pressure, and flow rate at surface conditions
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for both injection and production wells. The models match very well and demonstrate that they

can be further developed for our study.

Fervo vs CMG Model
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D.U.Shaped Model Validati on:

IncorporatingKaveh Amini‘swork within our institution(Amini, personal
communication)our study seeks to validate amdine the Ushaped model concept for
geothermal energy extraction. Amini's work, with its focus on innovative reservoir
configurations and operational strategies, provides a critical reference point for our
simulations, offering both a methodological griahd empirical data for enhancing our

model's accuracy and effectivene®au r  CGnd@ &Il | yenrsy wivB mionsi r e s u |

showi na3%oadi fyf(eri epugled
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Surface Temperature Amini's Model vs CMG
Production Well
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CHAPTER 4
RESULTS

This section provides a comprehensive analysis of the simulation results obtained from
the study of different closeldop geothermal well configurations ovesienulationperiod of80
years. The models evaluated includ&haped Closed Loop Wells;S$haped Closed Loop
Wells, Inclined \(Shaped Closed Loop Wells, PipePipe (PIP) Closed Loop Wells, Enhanced
Geothermal System (EGS) Wells, and Inclined Enhanced Geothermal System (HEST Neée
primary metric for comparison is the temperature achievedZitgears of operation, reflecting

the system'’s efficiency in harnessing geothermal energy.
4 LlonrnTger m Per f or maneSeh aNGeadb yls e s malff Wel | Model s
4. 1Base Model

TheSthaped Cl osed Loop Wells model has shown gc¢
the deepest formations of the Wattenberg form
injected water takes advant agemadfi oanl Ib etdhse shuerar
the injection and production wells. The great
connecting the injection and production well s
hi ghest reachabl e depgteimp(e6 3@ @rm) rwictolr dtelde (IBiO®
section has increased contact between the wel

excell ent confligaup asy sothemsn Cl os ed
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U-Shaped Inj U—ShEGed Prodl
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After 20 years of simulation, the model exhib
temperature valruel aiilvie bteo etxhaemiinnejdect ed f | ui d¢

facilitate a comprehensive interpretati.on of

U-Shaped Wells - Temperature at Surface (°F)
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I n the evaluation of -Sthearppedr avted rl e mprdeefli,| @ sh e

depth becomes clear, particularly in how it i
within the well. As shown in Hkisgwhse4d vd atsls
depths adjacent to the surface. This can be a
within the earth's subsurface; despite the in

temperature at thede ghhdlyl dwd rowdd phteh s nfj &lcltd on
surrounding rock formations. As the well exte
naturally increases according to the geotherm
ambi enetr atteumpes wi th depth.

This nuanced observation complements the o

t heShtaped model . I't's evident that both the in
profilesbonhemepth, asignifying a point where
optimized and there is uniformity in the bott

suggesftfsi @ai ent heagtettfrlaemdfietra tperdo ctehsrsough t he ¢

direct contact het wesrerivibe rwdtoemaamadnt

U-Shaped Wells - Temperature Profile vs Measured Depths
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It is essential to point out that in our s
ThehDi agram for water up to 25@ hdPa helmonwnr yinm mk
properties of water under a var i-hapeod Moddl,t
the fluid remains in the ILwhgiuch iphmalsedddhrmatghh

and production surface .as well as bottom hol e

p-h Diagram for Water up to 250 MPa

Isotherms & Points

| — 10°C

70 °C

/ — 130°

107 4 / — 190°

C
C
- [ . 250 °C
Injection BH 1 Production BH ~ 310 °C
370 °C
—_— 430 °C
490 °C
S 5507¢C
@ Point (60°C, 5.90MPa)
Production SC @ Point (70°C, 70.61MPa)

101 B

@ Point (84°C, 66.61MPa)
| ® Point (75°C, 12.94MPa)

njection SC

Pressure [MPa]

109 4

1071 4 W

T T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
Enthalpy [J/kg] le6
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TheSthaped Closed Loop Wells model demonstr:
attributed to its straightforward design whic

construction and operati onals hfaepaesd briiodoiftiyg u rDee s

effectively maintains high temperatures over
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temperature and pressure profiles across diff

for geothermal enéyrgy extraction (Figure 4.

U-Shaped Wells - Temperature Profile vs Measured Depths U-Shaped Wells - Temperature at Surface (°F)
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4. 1FPpPactured Model s

To simulate introducing a highly conducti v
conductivity of the reservoir water was artif
6. 48e+06 J/ (mkLdayLAC). This increadgekinqn aondu
materi al |l i ke copper to the reservoir, possib
perfocbhbseds this setup maintains a controlle
reservoir conductivity' smpemwpatcur eo.n Thhies csicecrudr
intact well integrity, preventing exchange be"

When t perweklhei open, it signifies a potent
well water and the reservoir, allowing the hi

directly impact the well'"™s ther mal profile. T

ef fnitcihee at transfer bet ween the well water and
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noticeable temperature rise in the model . Aft
final temperatu@e Offhils8 aQ/emmpEeRiagwrmre 4.s analyze
fluiddés temperature (140AC) for a deeper unde
configurations. The inclusion of a highly con

influencegpetriortmaescsmalpédtbkeod®ed | oop well s sy

A.UShaped Wel | (Wirtact dirglsl Y1 6dredlucti ve Materia

U-Shaped (Fracked Closed) - Temperature (°F) vs Time (years)
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applications where temperature stability is <c
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Opening the perforations in the presence o0

cont rtahsetr manl behavior compared to the %l osed ¢
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the model exhibits a significant temperature

approxi mately 225AF,

U-Shaped (Fracked Opened) - Temperature (°F) vs Time (years)
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This substantial shift underscores the ope
dynamics, where the enlarged contact surface
processes. This can be particoataasgdbeempercat

suggesting that strategic management of fract

and could be utilized to augment .processes su

4. 1U8%hapedcMvdel s Compari son

I n summary, introducing a highly conducti v
i mpact -omapgédae dl osed well system, maintaining
over 20 years. I n contrast, thpeonptunred fmarce a:
average of 225AF, indicating that open fractu
be advantageous for t her8mnal recovery processe
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U-Shaped (All Models) - Temperature (°F) vs Time (years)
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The -PPppe Closed Loop Well model has demon:

extracting heat from the deepest formations o

shown in Ftgberenpfected water ineffectively ut
formation beds surrounding the injection wel/
This poor performance is attributed to the

contributes to absorbing heat from the highes

temperature recorded (300AC). Moreowét himhear
well significantly affects performance.
The design, where the production well is ¢

di mi ni shes heat -Shraapnesdf ecro.n fung uirkaet itohne, Uvher e t h
access heat at shall ower daeaptthse, itnhnee ra lpd eancceeme
i njection wekRlilpel nsytshtee nPispuebst antially reduce t

and the targeted formation, resulldtomgsy it amd e
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Evaluating the temperature profile across
understanding where temperature dissipation o
from one welill Itws tarnaottdich rish ABihgurdeec4d.elase i n te
observed at shall ower adtdipd htse mplg raxtemnrt e t mr a fhiel e
i ntersect at one peiitp e d(ePrMoP)s tmoadteiln gs tnheec hPai npi
heat, where there is no difference in the bot
temperaturerpdo€titieni wethespgnificantly il Il us
tubing design on heat extr pactoifon,e O mptarsedowD

Shaped model

Pipe-in-Pipe Wells - Temperature Profile vs Measured Depths
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Il n Iine with the working fluyidhstPPapteegy of
system exclusively wutil i RheDs awgataemr fasr twhae ewo rukp
(Figure 4.12) outlines the water's thermodyna
t hat, wi tilRHinpet hMo dPeilp,e t he water remains in the
operational states
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p-h Diagram for Water up to 250 MPa
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Pipe-in-Pipe Wells - Temperature Profile vs Measured Depths PIP Closed Loop Wells - Temperature (°F) vs Time (years)
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Horizlrajl1 HorizTraid

Fi galrdeV-Shaped Closed Loop Wells Reservoir Mode
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p-h Diagram for Water up to 250 MPa
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CL Horiztonal Wells - Temperature Profile vs Measured Depths CL Horiztonal Wells - Temperature at Surface (°F)
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Figdit® Ther mal and Pred¥Shapedyiwamli es Syat ems:
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4 l4JonrTger m Perf ormance ASalapeids Gebt hecimiahe Ve VI

The | nelhiapedl WYl osed Loop Well s model has s
extracting heat from the deepest formations o

with | ower temper a$happesdkoangbead entdo dt eol stghueAesU s h o w

491 the injected water takes advantage of all
surrounding the injection and production well
connecting the injectioneamnthi prodédteriadn weel |l =

the highest reachable depth (6100 m), with th
to tShheapled Base Model, the | ateral section in
the well s anmattihocen tatr géelt 0 m,ormaki ng it- a | es:s

|l oop systems.
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Fi galr%®el ncl iShheadpeMd Cl osed Loop Well s Reservoir
After 20 years of simulation, this model e
429. This temperature value will be analyzed
(140AC) to provide a comprehensive interpreta
configurations.
V-Shaped (Inc) Closed Loop Wells - Temperature (°F) vs Time (years)
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— Production Well Temperature at Surface
Fi ga20l ncl iShheadp eMdi TWeniplesr at ur e (AF) vs Time (yea
Evaluating the temperature profile across
understanding where temperature dissipation p
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from one well to anotzhlar sl Aghitt edempeeatsedeinnsF
observed at shall ower adtdipd htse mplg raxtemnrt e t mr a fhiel e
intersect at one poin$hapgpedomaedelats ngf ftihei d mc)
with no significant difference in th8hhpetetom
andShWape model s.

However, a disturbance in the temperature
unsteady increase in temperature, attributabl
This shows that the temperatumne &aar oslbhoeaph €1 wse

model s.

V-Shaped (Inc) Wells - Temperature Profile vs Measured Depths

138 140 142 144 146 148 150 152 154 156 158 160 162 164 166 168 170 172 174 176 178 180 182 184 186
Temperature (F)

— V-8haped (Inc) Injection Well - Temperature Profile vs MD
— V-Shaped (Inc) Production Well - Temperature Profile vs MD

Fi g4l ncl iSnheadp evdi TWeniplesr at ure Profile (AF) vs T

Il n Iline with the working fluid str-ategy of
Shaped system similarly relies on watkRhr as it
Di agram, up to pressures of 250 MPa (Figure 4

thermodynamipghalhdadg esvi amdn the uni g&bagedmetry
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Model , the water is maintained in its |liquid

par ameters

p-h Diagram for Water up to 250 MPa
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Fi ga22 | VAschl ai pneeddi PAoDdiealgr am f or Water up to 250

The | nelhiagpedd Wl osed Loop Wells model shows
with a slightly regressed outcomé&haplea taemmp &r

Shape model s can be -aidpedudedi gt detes d naxcd ey

geot hermal reservoirs, resulting in | ower the
The inclination is designed nttor oodvuecrecso me dr
complexities that marginally reduce ther mal e
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offs in adjusting well configurations to addr

|l ead to increased ther mal |l osses compared to

Al t hough | ess effective in maintaining hig
| ncl iksnheadpeMd confi guration stil/l provides stabl
di fferent formations, suggestrgyg ektracaioeael(
42 B .

Figd2® Ther mal and PresShapedyiwamli ess Syat &ms::
Projections

4 I5o0nrTger m Perf ormance Analysis of EGS Well Mo d

The Enhanced Geothermal System (EGS) Wel l s
performance in extracting heat from the deepe
reservoir model . 4Ast lséh oiwmj é st &d gwateerd . f f i ci er
t hroughout the formation beds surrounding the

fractures induced by hydraulic fracturing.
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