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Overview of Geothermal Reservoir Modelling

Geologic Perspective On Geothermal Play Systems

A geothermal play systems in contrast to the
straightforward definition of hydrocarbon play systems,
which are clearly defined by their source rock, reservoir
and trap, geothermal play systems are lacking such a
clear set of geological features.

Instead, geothermal play systems appear in diverse
geologic environments and theoretically all over the
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Geologic Perspective On Geothermal Play Systems

A conceptual model on how a number of geological factors

might generate a recoverable geothermal resource at a 5 5
specific structural position in a certain geologic setting. g Eed
The characteristics of individual geothermal systems are a S |
function of site-specific variables: E o T
it ety MR

https://www.geologyin.com/2014/08/petroleum-system.html

* The nature and depth of the heat source; I
* The dominant heat transfer mechanism; ot gt o Outfow Zone
 Permeability and porosity distribution;
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Types of geothermal reservoirs Play Systems

Dominant Heat Transport

Geologic Setting

Heat Source

CV-1a: Extrusive

Magmatic Arcs, Mid Oceanic
Ridges, Hot Spots

Mechanism

Active Volcanism, Shallow Magma Magmatic-hydrothermal

Chamber

Circulation

CV-1: Magmatic
CV-1b: Intrusive

Magmatic Arcs, Mid Oceanic
Ridges, Hot Spots

Active Volcanism, Shallow Magma Magmatic-hydrothermal

Chamber

Circulation, Fault Controlled

CV-2a: Recent or Active
Volcanism

CV-2: Plutonic

Convergent Margins with Recent
Plutonism (<3 Ma), Young
Orogens, Post-orogenic Phase

Young Intrusion+Extension, Felsic Magmatic-hydrothermal

Pluton

Circulation, Fault Controlled

CV-2b: Inactive
Volcanism

Convergent Margins with Recent
Plutonism (<3 Ma), Young
Orogens, Post-orogenic Phase

Young Intrusion+Extension, Felsic
Pluton, Heat Producing Element in

Rock

Hydrothermal Circulation, Fault
Controlled

CV-3: Extensional Domain

Metamorphic Core Complexes,
Back-arc Extension, Pull-apart
Basins, Intracontinental Rifts

Thinned Crust+Elevated Heatflow, Fault Controlled, Hydrothermal

Recent Extensional Domains

Circulation

CD-1: Intracratonic Basin

Intracratonic/Rift Basins, Passive
Margin Basins

Lithospheric Thinning and
Subsidence

Litho/Biofacies Controlled

CD-2: Orogenic Belt

Foreland Basins within Fold-and-
thrust Belts

Crustal Loading and Subsidence
Adjacent to Thickened Crust

Fault/Fracture Controlled,
Litho/Biofacies Controlled

CD-3: Crystalline Rock - Basement

Intrusion in Flat Terrain

Heat Producing Element in Rock,
Hot Intrusive Rock

Hot Dry Rock, Fault/Fracture
Controlled
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General approach to reservoir evaluation
Reservoir Evaluation
General Approach

 Data collection

T Field Data
e Building a conceptual model Ll
* “Natural state” numerical modelling (Initialization) Gonceptual
ode

* Production modelling

T

Natural-State

/’r’— Model \‘

Well Test _// & Production
Data History
1!
&_ Reservoir _._///
L ' Model
¢’ el Sensilivity
a™ ' Studies
= Conservalive
Reservoir
Model
Adapted from Nugraha, O’'Sullivan, r
and Abdurachman, 2022
Perfermance
Prediction

Bodvarsson and Witherspoon, 1989




Overview of Geothermal Reservoir Modelling

General approach to reservoir evaluation

DATA SOURCES

Geological data

* Data from surface outcrops (structure, lithology)

* Borehole data (stratigraphy, hydrothermal
alterations)

Geochemical data
* Chemical composition
*  Geothermometers

Heat and mass flow measurements

Temperature and discharge of springs, geysers and
fumaroles

Temperature gradient measurements in shallow
boreholes

Geophysical data

* Surface geophysical data: Resistivity, gravity,
seismics, self-potential

* Down-hole data: well logs, T and P profiles, flow
rates, flowing enthalpies

N

' Geologyand |
r\__/*'///,\( 1—‘ Structures

. ) Topography and
: # Thermal Features

Conductive zone

Adapted from Nugraha, O’Sullivan,
and Abdurachman, 2022
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Reservoir Evaluation
General Approach

[

Field Data ]

¥ F r

Conceptual
Model

T

_—

Natural-State
Model

T

Well Test _// & Production
Data I History
k Reservolr _._///

Model

Sensitivity

1 __ Studies
Conservalive
Reservoir
Model
Performance
Prediction

Bodvarsson and Witherspoon, 1989



Overview of Geothermal Reservoir Modelling

General approach to reservoir evaluation

Components of a conceptual model

* Reservoir geometry

e Distribution of hydraulic and thermal
properties

e Directions of fluid movement

* Location of inflow/outflow zones, and
hydraulic boundaries

* Location of heat inputs and outputs

* Temperatures

 Two-phase zones

3D Conceptual Model

' Geologyand |

i‘l Structures

; , Topography and
: #/ Thermal Features

Adapted from Nugraha, O’Sullivan,
and Abdurachman, 2022
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Reservoir Evaluation
General Approach

Field Data

¥ 17

Conceptual
Model

k

_—

Natural-State

Well Test _//

Data

\—‘

Model \
\ Production
I History
Reservolr _._///
Model
Sensitivity
_ Studies
Conservaltive
Reservoir
Model
Performance
Prediction

Bodvarsson and Witherspoon, 1989
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General approach to reservoir evaluation
Reservoir Evaluation

* To understand the physical functioning of a system Field Data
* To estimate generating capacity 1 # 1
* To design/optimize geothermal utilization system CO&%%I{;;E*'
* To predict the behaviour of the system (temperature, pressure)
. . Numerical Modelling
during extraction F 1
* To estimate chemical changes during production | Natural-State
. . .g gp '/"J Model
* To predict environmental impacts
* To help evaluating different conceptual models of the field w%ﬂ Tt‘aest __,/ \__ Pra%l:gﬁon
. T a I
* To assess the economic feasibility ' i
* To enhance safety measures _ Hﬁds:;?n |
Sensitivity
1 __ Studies
Conservalive
Reservoir
Model
Performance
Prediction
3D Conceptual Model
\_ /
Adapted from Nugraha, O’Sullivan, )
and Abdurachman, 2022 Bodvarsson and Witherspoon, 1989
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Simplified Geomodel — Case Example

A @ Richland l

¥ *  Drill Pads
WASHINGTON 2 [ NEWGEN FORGE Site
| B Lokes

[ Newberry Geothermal
Lease Unit

Newberry National N UofosridTeSurdace
PorePressure [MPa)

3
Portland

Volcanic Monument

= A

Mli 4 423
Corvallis S y I prrs

: i‘ |
A - L0m

OREGON
CALIFORNIA M 200
“ -

10,00

* Modeling area 3000 m x 5000 m
* Vertical extent 5500 m
e Cell size 75x125x75m

* Pressure
* Temperature LI
* Porosity im

CRS: WS 84/ UTM zone 10N

e Permeability
 Available information

CRS WG5S 84/ UTM zons 108

N



Overview of Geothermal Reservoir Modelling

Temperature gradient to create a realistic model

Supercritical Fluid

Actual scale: 10
Y

Axk Units: m
Total Biocks: 113,600
Active Biocks: 62 480

§

Temperature

Lava lakes

N
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2.5 - Thermal power output (MW)

MWatts_fromBtuPerDay - Taper

2025 2030 2035 2040 2045

2050

Initial condition determines the coexistence of superheated

water and supercritical water
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Heat Transfer Processes

== Pty
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CONDUCTION CONVECTION RADIATION

Modified from OpenStax
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Heat Conduction

The transfer of heat by direct

contact between the molecules of a

Thermal Conductivity

Thermal

Demonstrated Engineering

. Conductivity Wood Silver
Material
body or substance. "L
m
Q Q Alir, atmosphere (gas) 0.024
Aluminum 205
| é»p’ 09 Sad o048
((‘M‘)) Q Q Brass 109 ‘\‘\ ‘\\\
TieAT — Carbon dioxide (gas) 0.0146 \§ .\\ "
Copper 401 - A - >
900 [ 1 lelo] [lalale]
$555 > 855 > 3332 Oienced 0o
0000 0000 0000 Fiberglass 0.04 Thermal
t1 t2 t3 Glass 1.05 Insulator Conductor
Gold 310
SOLYD. LQUD e GAS Hardweods (cak, maple...) 0.16
. 9 %?Jg LWV Iron 80
%3 080 T Lead 35
. 0&0 : & Mercury, liquid 83
g ‘°° ® i ,Q """ : Paper 0.05
g Silver 429
.§ Softwoods (fir, pine ...) 0.12
S 3 ": 3 Steel, Carbon 1% 43
¥ ¢ = Stainless Steel 16
‘% Vacuum 0 Air is a poor Metal is a good
S 2 conductor of heat. conductor of heat
N @ Water 0.58
2ine 2n 116
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Heat Convection

Natural Convection

Convective heat transfer is the transfer of
heat between two bodies by currents of
moving gas or fluid. This convection can be

Natural or Forced.

Convection
A https://www.prodiffs.com/article/difference-between-natural-and-forced-convection
Forced Convection
Fan
warm Cold air g
/ \ / \ / molecules S S Hot air
b VWV\W VV\’\AN\-—Q
Nt N N NN Nl
cool \ f MNV\’\-»

molecules - e e L NG

heat

© Encyclopaedia Britannica, Inc.

Modified from OpenStax
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Heat Radiation

It is heat that is transmitted by means of
electromagnetic waves. 3

o
Electromagnetic Wave ? » WTM » o~ T g
AWA t -~
VARV

All bodies emit radiation High frequency

Modified from OpenStax

N
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Basic models

Heat Transfer

Process Equation
: ., : dT
Conduction Fourier’s Law of Heat Conduction. Qeona = —kA Ix
X
. | . : qzonv
Convection Newton's Law of Heating and Cooling = (T )
— S _— o0
_— : b
Radiation Wien’s law Amax = T
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Heat Transfer Mechanisms in a Geothermal Well
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Well Model Conservation equation:

é Q +W = M(Egyt — Ein)

.i ) 1 out This energy (specific) is usually split in:

|

|

i * Internal (u) - enthalpy
! * Potential (z - g)

: . . V2

: * Kinetic ( /2)

|

|

|

[
[
[
I
[
[
[
I
[
[
[
I ﬁ

® o

ere 1S N0 WorkK excnange wi e surroundings.

: . . .
[
I
[
[
[
I
[
[
[
I
[

. V2., V2
: Q=m (hout‘l'zout'g'l' 02u>_<hin+zin’g+%>

. V2. V&
Q=m<Ah+Az-g+ o l")

2 2
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Well Model

. Vi Vi
Q=m<Ah+Az-g+ 2L l")

é 2 2
. ,___J_Qb_‘f_q

N —— d _ (dh dz . dv
: ar ~ \ar a9 ar
: i Vﬂ% 0 Non-compressible liquid, the kinetic
: Tf | Tform dL energy becomes zero
ALl | o | = dQ _ _ (dh  dz
| ar ~ "\aL " a9
I i Q = mlhy —hy + A4z g)
l
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Well Model
‘% @ Q =m(hy, —hy + Az - g)

Knows/unknows

Q = m(h, —hy + Az - g)

Tform hy = Pyf, Tres

|
|
: “ Az - AL

AL : ® * m — reservoir model
: P(z) - know
|
|

—

hy =xg hg+x,-ho+2xy-hy

Mphase

________ I xphase

Meotal Water

Dominated
=xg/h/g'+x}/ﬁ0'+xw-hw System

T n
Pyf, Tres 0 hy - Xgr X0, Xw» hg; ho, Ry

N
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Well Model
% @ Q =m(h, — hy + Az - g) — m(Ah + Az - g)
Y. N
1 A i_"ig yt": Knows/unknows Ah = C,AT
[ i Q = m(hy — hy + Az - g) Hauids
i Ty i Trorm hy = Pyg, Tres Cp = f(P.T)
AL i : ;ﬁ ° ﬁlz—_:réiervoir model pases
i i 0 P(z) - know
i i Q- Tp Trorm = Ty = Ty
i _. EWate.- sominated sysem (17 12 = % +h —Az-g 1 terative process:

SO

®
Py, Tres T 0 hq
AN

(2): With P,and assuming T, — h,
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Well Model

ﬁ 1 a Q = m(CpAT + Az - g) Liquid phase

Knows/unknows
Q = m(C,AT + Az - g)

Tform AT = T1 — TZ

ALE o | ¢umm) o

Q - UA(Tsurroundings - Tf luid,avg)

* Forced Convection
* Free Convection
Radiation

|
|
|
|
|
|
: e Conduction
|
|
|
|

Water Dominated System

‘ | in
Pyr, Tres 0 hy = xy,h

N
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Well Model
Q = UA(Tsurroundings - Tf,avg)

A=2nr =nD

BE:-UI::
—
s

®
|
¢

Overall heat transfer
coefficient

U=f()

Conduction:  kgy

4

Forced: f(Re, Pr)

Natural: f(Gr, Pr)

B

A

‘A

Radiation: o

AL || =

BRI

=

Cement ?/////////////;T" U
Cement W,

Formation

T T .~ Water Dominated System

0 hl - xw;

Tubing
Annulus

PW ’ TTGS

N
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Well Model

% a Q = UA(Tsurroundings — Tf,avg)

L o _[ out

r_ i Conduction: Convection/Radiation:
: dQ (T,-T,)  dQ
I —_— — —_— = — . . —_ .

Tr | ' Trorm a, =~ 2mkay In("/,,) dL 2mrihi(Ty = T)

| l

Forced: f(Re, PT)
Q Natural:  f(Gr, Pr)

Radiation: O

A L E * ﬁ ® Steady State I

Water Dominated System

‘ | in
Pyr, Tres 0 hy = xy,h

N




Temperature Modelling in the Well

Well Model

Q = UA(Tsurroundings _ Tf,avg)

Conduction:
dQ (Ti - To)
T -2k

av ln(T’o/ri)

Convection/Radiation:

dL = —ZHTihi(Tf — Tl)

!

Forced: f(Re, Pr)
Natural:  f(Gr, Pr)

Radiation: O

N

dQ do
dL — dL

. jconv,tub
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-————---0 %
------0
___..:_'ﬂ a
__."ﬁ a

=
",

AL
wﬁ -

R

R

=

~y
3 SV

a2 ?tl
L7

e

CA N

S

Fluid

. jcond,tub

_I__

dL dL

. jconv,ann

Annulus

]

iz

e ]
R JAST A TS

SN DR, 25
7

R

o
i -

%
Cement /-

Int. Casing

=
o
£
o
@)

Casing
Formation

. jcond,cas . jcond,cem

Q
AL

. jcond,int.cas

dL



Temperature Modelling in the Well

Well Model

cond,cas

cond,cas

— Ti,c) _

. jcond,cem

T

. jcond,cem

L

L

T

21k g

(Ti,c - To,c)

In (To,c/ ri,c)
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. jcond,int.cas

. jcond,int.cas

(To,c - Ti,ic)

In (Ti,ic /To,c)

— 2tk com

1

1 1 1
]n(ro/ ) 27'[7"0 ann ln (ro,c/ri'c) ¥ In (ri,ic/rac) * In (ro’ic/ri,ic) ' In (er/ To LC)

= (Tf - wa)

. . jconv,tub . jcond,tub . jconv,ann
dQ _dgQ , 40 ,d , 40
Q‘ _ UA(T _ —T ) dL  dL dL dL dL
— surroundings f,avg
4
> ¢ ° o . . jconv,tub . jcond,tub . jconv,ann
. P Conduction: dQ dq dQ dQ
R | P —_— = + — + — + —
e - - dL ~ dL dL dL dL
B % i Q_ ., Ti-T)
‘I N\ dL “ (/) (T; = T,)
KN = —2mrihy(Tp — T;) — 2keup s — 275 hann(T,
%;i BN In("/r,)
% " % <l 2k (Ti,ic - To,ic) ok (To,ic wb)
’fﬁ e 1] ) o 4T int.casl (ro,ic — 4T ceml Twh )
% % Convection/Radiation: n /Ti,ic) n( /o,ic
'&% NN dQ _
§ g ‘ ar = 2l (T, —T:) s
§ ‘g % gégé ‘é Forced: f(Re, Pr) dQ 1 1 1
2 g 8 8§ 3 % Natural:  f(Gr, Pr) dl anl
= = Radiation: @ znktub Zﬂkcas

21tk com

If the inner radius will be used as reference, we can divide by the inner perimeter of the inner tubing:

dQ 1 rlln( /7”) ri

2Ttkint.cas

21tk com

E 21Ty hi ktup ro hann Kcas kcem

N

k int.cas

r 7". . 'r' .
r; In ( O'C/ri C) r;In ( l'w/ro C) r;In ( O’w/ri ic) r;In ( wb /..
+ </ 4 </ 4 e/ 4

kcem

Ow‘ (Tr = T

Overall heat transfer coefficient
W/m?2 -K or BTU/ft? -h-°F
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Well Model

Overall heat transfer coefficient:

T' ’r‘. . T' .
1 1 ln(ro/ri) T; 1 In ( O'C/ri,c) r; In ( l'lc/ro,c) ri In ( O'lc/ri,ic) riIn (TWb/ro,ic)
U=|—+ + + + + +
hi ktub To hann kcas kcem k int.cas kcem

Downhole Equipment

Conduction
Dry Rock Properties Rock In Situ Fluids Hg:‘;ﬂfz;ftﬂf Emmissivity
Cp | Conductivity ?r:ﬁ:?; Cp Conductivity BTUAMYhrideg F
: BTU/b/deg Mild Steel Tubing 26 0.65
e p | BTURMeg F s BTUM/deg F Plactic Coated ” ves
‘Sandstone 0.183 106 | 264 | |water (Low " . Tubing
Shale 0.224 | 0.7 24 salinity) . ﬁt;;:;ess Steel 18 04
Limestone 0.202 0.54 2.1
! ! Water (High
Dolomite 0.219 | 1.0 287 Salinity) 1.02 0.345 ﬁtgi,-: ;ass Steel 15 03
e TN T T——
Gypsum 0.259 0.75 232 | Medium Qil 0.49 0.083 Plactic Coated Pipe 20 0.9
Lignite 03 2.0 15 | Light Oil | 0.5 0.0815 Flexible 03 0.95
Volcanics 0.2 16 265 | |Gas | 026 0.0215 Bitumen 0.6 0.95
Thermal properties Database (modified from PROSPER manual) Foam 0.02 0.8
Concrete 0.1 0.9

N
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Well Model
Q= UA(Tsurroundings - Tf,avg) Q= m(CpAT + Az - g)
\ Y J
dT UmnD (T - )
- surroundings ~ {f,avg
dx mC,
Ramey’s equation:
A A .
Tr=Az+B——+|T, +—— B |e*"R
f L O L CONSTANT TEMPERATURE AT

R R o =1}, CYLINDRICAL S_DURCE?//

T¢ : Injection Bottomhole temperature O Y
. . "2 ° 7/~ CONSTANT MEAT FLUX,
Az + B : Linear geothermal gradient 3 /4\1_1145 SoURCE
05— d’/" / A
Z : true vertical depth R ron
!.%.4_—'-”" ‘:Utr.l:'l':'ozﬂ BOUNDARY CONDI
T, : Injection temperature at surface ol
2T T Uk LOG o (:‘—})
Lg : Relaxation coefficient LR — Ca\k + 7 UTD Wellbore Heat Transmission, H.. Ramey Jr. 1962
) i

N
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Integrated System
Bulk System

(Grid Connection, Electricity, Heating)
Surface Model _l

(ORC power block) A e s

Well Model

i jecti Reservoir Model
(Production/Injection)

(Geothermal System)
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Integrated System

Therole of flexible geothermal power in decarbonized electricity systems — Nature Energy —Jan. 2024

Makeup
water

ORC power block

1 1

I |

I |

. | Flexible Q‘D _ ' Grid

| capacity Geofluid storage ' connection
[ e ity |

]

: Baseload :

; capacity Injection pump :

1 |

e Surface System

- I-_-_-_-_-_;_)O-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-_-. BT Bulk electricity
I 1 =) I system
* Well Modelling : 2 E ! @ !
* Analytical Modelling ! E E—)' Geofluid flow : g. | ————
! o : Electricity flow ! < l .
| S | ! ® Generation
| 9 _____________________ C? 1
L _‘3_-_0_ __________________________ ! Storage
| |
| Engineered geothermal reservoir | Demand
| |

r
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
I
1
|
1
I

* Numerical Reservoir Simulation
* Analytical/Simplified Models
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Example Cases
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Trajectory Comparations
Welll

- [:] Distribution Facilities Record of Pressure and Temperature Record of Flow Rate Data

Option1 —_— ;

* | s | N . >-

Well1 Option2 f i ) it e et —el
@) * o 2 o /

@ o ©

_ 3 i g z
ownership & E g

: —

no - ownership

Time

Trajectory Design
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Trajectory Comparations

. INPUT Values Reference
Geothermal Gradient
Temperature Well Head Pressure 2 baras BH
.'4
N 2 BTU/hr-ft2-F — excellent
internal/external insulated conditions
_ Depth + 110.75 with low conductivity of cement.
- 22.149 Overall Heat 8 BTU/hr-ft2-F - average
ro . [2-10] BTU/hr-ft2-F internal/external insulated conditions
o) Transfer Coeficient . o
A high conductivity of cement.
10 BTU/hr-ft2-F - internal/external
uninsulated conditions with poor
. conductivity of cement
Well Trajectories - Schematic Flow Rate [50-70] L/s Reference values from records in Well 1

cummulative Displacement [m]

Summary of Results

Q U Option1 Option2
Tres TWH %thermal| Tres TWH % thermal

L/s STB/D | BTU/hr-ft2-F| degC degC loss degC degC loss

152.5°C0O, Well1 50 | 26396.3 8 164.4 | 130.9 20 172.05 | 138.63 19

5 164.38°C @ - Option 1 60 [31675.6 8 164.4 | 13501 | 18 172.05 | 143.52 17
172 05 OC'" L Option 2 70 36954.8 8 164.4 138.7 16 172.05 147.17 14

) 50 26396.3 2 164.4 154.66 6 172.05 162.71 5

_ Option 9 60 31675.6 2 164.4 156.22 5 172.05 164.22 5

70 36954.8 2 164.4 157.6 4 172.05 165.31 4

EEOOTOTORRESRIOUOS S oSS OROUOSRIOSOS HOSOSORIORIOOL ORIOIOSSIOSIOOY SO 50 26396.3 10 164.4 123.2 25 172.05 | 131.74 23
60 31675.6 10 164.4 128.9 22 172.05 137.45 20

70 36954.8 10 164.4 133.22 19 172.05 141.75 18
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Selection of the reservoir with the greatest potential

Reservoir 1 Reservoir 2 Reservoir 3 Reservoir 4 Reservoir 5

Min Base Max Min Base Max Min Base Max Min Base Max Min Base Max
Mid Depth, m 2047 2081 2114 2260 2302 2340 2475 2522 2597 3032 3188 3330 4236 4404 4530
Temperature, C 72 78 82 79 85 89 85 91 98 102 109 120 138 152 162
Net thickness. m 5 15 21 23 28 37 16 22 28 39 48 56 79 112 220
Porosity 14 19 21 15 21 26 18 19 23 7 10 13 4 7 10
Permeability, mD <1 40 68 1 92 250 10 43 120 <0.1 1 50 0,02 o041 5
Flow rates ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
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. ° ° . Demonstrated Engineerin
Selection of the reservoir with the greatest potential T
Analysis:
A Effect of Reservoir Pressure
I Darcy based on IPR: Pus (Pus> Py)

4 AN T~ Q=](Pr —Pys) =]4p

] =

_2mkoh
uD.Bo.ln(:—;)
Da rcy’S LaW: Bo | h — thickness (m);

r. — drainage radius (m);

ry — wellbore radius (m).

Stabilized test data point (Q and Pwf):
\ Q

oal3) ool

Qmax =

* Porosity o
J ) ::Ier,r;]eabllltyt, Vogel's equation: Pt (Pus < P;)
wf.- res i U| proper IES _ ow ow l
* Rock Properties Q = Qmax ll 0,2 ( PR ) 0.8 ( PR )

N



U.S. DEPARTMENT OF ENERGY

Case 2 GE©DE

Geothermal Energy from Oil + Gas
Demonstrated Engineering

Selection of the reservoir with the greatest potential

Analysis:
A GENERAL WORKFLOW
I j:h-wm = En o ob o oD D 5o D T ——
LN = i
Darcy’s Law:
Fluid Model (PVT —) NODAL AOF (Absolute)Open
Water dominated Flow potential
k Reservoir Model bl Operating Point
- A Well Model Recommendations
9= p %5
uL &g 10 cases
M Pressure Estimation
M Thermodynamic condition
* Porosity
l * Permeability
Pys, Tres * Fluid properties

* Rock Properties

N
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Case 2

Selection of the reservoir with the greatest potential

Analysis:

Dep od Oro eab

A m ft psi bar |°C 0 % mD

T

. Case 1 |2047] 6715.879 | 3001.998 [206.9806( 72 Liquid 5 14 1
-+ Res. 1 |Case 2 |2081|6827.428| 3051.86 | 210.4184 | 78 Liquid 15 19 40
Case 3| 2114 [6935.696| 3100.256 | 213.7552 | 82 Liquid 21 21 68

Case 4(2260(7414.698 | 3314.37 |228.5179 |79 Liquid 23 15 1

Darcy’s Law: Res. 2 |case 5|2302|7552.494(3375.965|232.7647 | 85 Liquid 28 21 92

Case 6|2340| 7677.166 | 3431.693 | 236.607 | 89 Liquid 37 26 250

k Case 7 |2475| 8120.079 |3629.675|250.2574 | 85 Liquid 16 18 10

- A Res. 3 |case 8/|2522/8274.278(3698.602(255.0098| 91 Liquid 22 19 43

q - p Case 9|2597|8520.341 [{3808.593|262.5933 | 98 Liquid 28 23 120

l’LL Case 10(3032[9947.507|4446.536| 306.578 [102 Liquid 39 7 0.1

Res. 4 Case1[3188|10459.32 | 4675.315 | 322.3518 [109 Liquid 48 10 1

Case 12|3330| 10925.2 14883.563| 336.71 [120 Liquid 56 13 50

Case 13|4236|13897.64 | 6212.244 | 428.3193 |138 Liquid 79 4 0.02

. Porosity Res. 5 case14|4404|14448.82 |6458.622|445.3065 152 Liquid 12 7 0.1

.P T . Permeability Case 15/4530] 14862.21 [6643.406|458.0469(162 Liquid 220 10 5

wfs fres

*  Fluid properties
*  Rock Properties

* Pressure Gradient: 0.443 psi/ft for Fresh Water, 0.465 psi/ft with 100000 ppm
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Geothermal Energy from Qil + Gas
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Selection of the reservoir with the greatest potential

_ Effect of Reservoir Pressure Darcy based on IPR: Pur (Pur>Pt)
Analysis: o > Q=]J(Pr—P,s)=]Ap
g J = 2mkoh
. B | o T—
A 2 uo.Bo.ln(T;)
B | h — thickness (m):
/i \ P : X r. — drainage radius (m);

rw — wellbore radius (m).

Darcy’s Law:

%,
g=———Ap L LoV well Model:
p,L e Tubing: 4 1/2 inches
Reservoir Model: * Casing: 7 inches
* Permeability, Thickness, * Well Head Pressure: 5 bar
| Porosity Porosity: as the case * Depth:asthe case
T s Eﬂ:‘;fgg;ytles * Drainage Area: 250 acres .
Rock Properties (exploratory WE“S)* Fluid Model:
* Wellbore radius: 4.25 inches * PVT: Water dominated, same
for all cases
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Selection of the reservoir with the greatest potential

Reservoir 1

250

BARA

200

BARA

wgy ‘%0T ‘W T

wot KL ‘amT0 |

Low: 0.01L/sec
Mid: 1.49 L/sec
High: 3.52 L/sec

Lfsec

Reservoir 2

<™
-3
<
o

200 |7

Low: 0.011/sec
Mid: 0.16 L/sec
High: 9.81 Lfsec

Reservoir 5

500
<

wZIT %L 'aw 10

)

w_/

w 6L "5 ‘Qu 200 |

Low: 0.06 L/sec
Mid: 6.59 L/sec
High: 16.83 L{sec

180 180 200

L/sec

20

Reservoir 3

250

prerTr

MK,

Low: 0.01L/sec
Mid: 0.05 L/sec
High: 5.80 L/sec

L/sec

U.S. DEPARTMENT OF ENERGY

GEODE

Geothermal Energy from Oil + Gas
Demonstrated Engineering

Low: 0.44 L/sec
Mid: 2.79 L/sec
High: 9.16 L/sec

50 0 7

80

Lfsec
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Selection of the reservoir with the greatest potential

Flow Rates Estimation Flow Rates Estimation Considering different

FLOW RATES Casing and Tubing Size
AOF |Operating
Potential| Point Tubing 4 %, Casing 7
L/sec ’

250

’

o Tubing 7, Casing 9 5/8

BARA

0.01

Case4 | 2260 22852 79 | 23 15 | 1 | 050 008

Res. 2

Case7 | 2475 25026 85 6 | 8 10 | 363 044

Res. 3
Case 10| 3032 306.58| 102 39 7 0.1 0.10 0.01
Res. 4 [Case 1 | 3188 32235 109 48 10 1 1.24 0.16
Case 13| 4236 428.32] 138 79 4 0.02 0.05 0.01
Res. 5 Case 14| 4404 44531 152 12 7 0.1 0.37 0.05

200

L/sec




Case 3

Thermal Losses and Power Output
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14.5 °C

‘le- ’J'U SURFACE
j 4

|

Trajectory

4921,26 ft

10498,69 ft

N

19500 m --L

3200 M ----------- ---- TARGET

Flow Rate —Scenario 1

10 | s

 7362.7307184743995 ' barrel per day

Flow Rate — Scenario 2

50 Us

‘ 36813.653592372

________ DIRECTIONAL WELL

‘ barrel per day

4,692.91 psia
323.57 bar

11361,55 ft
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Thermal Losses and Power Output Jemenstrete Fremesting
10L/s 50L[s

Temperature °C Temperature °C

50 60 70 80 90 100 10 120 130 140 150 50 60 70 80 90 100 10 120 130 140 150 Well Head Temperature (WHT) - °C
° 67.48°Co‘\ 75.12°C .‘111-65 °C ’ 111.92°cq. ? 126.81°C
250 250 W Scenario1:  Scenario 2:
| 10L/s 50L/s
500 500 : ‘
750 750 il’é LOW 67.48 111.92
]
1000 1000 \ AVRG. 75.12 115.37
L}
1250 1250 [
E E | HIGH 111.65 126.81
. 1500 1500 [
= £ !
8 1750 8 1750 |
| HIGH: 2 BTU/hr-ft2-F - excellent internal/external
2000 2000 I . - . .
) insulated conditions with low conductivity of cement.
2250 2250 :
X AVERAGE: 8 BTU/hr-ft2-F - average internal/external
2500 2500 insulated conditions high conductivity of cement.
2750 2750
LOW: 10 BTU/hr-ft2-F - internal/external uninsulated
3000 3000 conditions with poor conductivity of cement
3250 131 °C 3250 L~
3500 3500




Geothermal Energy from Oil + Gas
Demonstrated Engineering

Thermal Losses and Power Output

E - Energy Rate (thermal)
h N rate @ well Head
Pwen = 10 barT rate — Pp * Q * h pF - Fluid Density
head =
:'-‘.'_"ff._'.""} d Q - Flow Rate
h - Enthalpy @ Well Head

Scenario 1 Scenario 2:

]500 M ol e DIRECTIONAL WELL 10 I.’S 50 L’S

492126 ft

T°c h(BTU/lb) Mwt T°c h(BTU/lb) MWt
LOW | 67.48 121.81 282 | 1M.92 20214  23.43

AVRG. | 7512 13555 314 | 11537 208.41 2416
HIGH | 111.65 201.64 4.68|126.81 22926 26.58
3200 m TARGET

10498,69 ft 131 °C 4,692.91 psia MWt - MW thermal
32357 bar

N
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Thermal Losses and Power Output

= pp*cp x Q x (T; — T,) MWt

pr*Q* (hi—ho) MWt

E‘rate
Thermal
Rate
inst
Erate MWt
126.86°C ’ >

Expanon spoct

1500 m
492126 ft

LLLLLLLLLLLLL

TARGET
131°C  4,692.91 psia
323.57 bar

3200m
10498,69 ft

N

A J

T ret°C

U.S. DEPARTMENT OF ENERGY

GEODE
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Thermal Losses and Power Output

Erate
= * k * : —
Thermal pF CF Q (Tl TO) MWt
Rate
= pr*Q* (hi— ho) Mwt
inst
Erate MWt
_______________________________ E rate _I_V_I_V_\{t_ co__ _T_ret°C
126.86°C ,[_________f _______________________________________
Fmaen N\ oo
%%Se?am 131°C rszﬁzi; psia

N
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Thermal Losses and Power Output

Erate

Thermal
Rate

= pp+cp * Q * (T, — T,) MW

= pr*Q* (hi —ho) MWt

inst
Erate MWt
- T =" y - - - - ---------—--------------—---=-===="
126.86°C ?l _________________________________________________
e
A l
1500 m L WEL
492126 ft
3200 m TARGET
10498,69 ft 131°C 4,692.91 psia
32357 bar

N



Well Simplified Model GE@DE

Geothermal En gyme|G
Demonstrated Engin

* Steady state

* Water Dominated system (h; = x,, - h,,), single phase (liquid)
* Incompressible fluid

 Uassumed/calculated

* No phase changes along the tubing

* Reservoir-Darcy Model
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FEEDBACK

GEODE Series - Webinar:
Well Modelling Applied to
Geothermal Resource Evaluation
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