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* All the figures in the slides are taken from “Zoback MD, Kohli
AH, 2019, Unconventional Geomechanics, Cambridge Univ
press” & “Zoback MD, 2007, Reservoir Geomechanics,
Cambridge Univ press” unless otherwise stated.

« Materials in these slides cannot be used without the written
consent from the instructor
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Hydraulic Fracturing for unconventional resources (g}
Importance

» Unconventional hydrocarbon development
— Shale gas/Tight oil production

— Coalbed methane

— (as hydrates

* Unconventional Geothermal Energy

— Enhanced Geothermal Systems

unconventional resources: oil and gas bearing formations with
very low permeabilities (often requires hydraulic fracturing)
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* Introduction to unconventional geomechanics
— Development of Unconventional oil and gas
— Permeability

— Horizontal Drilling and Multi-Stage Hydraulic Fracturing
* Horizontal Drilling and Multi-Stage Hydraulic Fracturing

— Hydraulic fracturing
§ confinement
] Initiation and propagation
] Models of hydraulic fracturing — PKN, KGD and radial models
§ Effect of leakoff
§ Stress shadow effect

] SNU Geomechanics Toolbox

— Induced shear slip during hydraulic fracturing

 Deep Geothermal Energy (Enhanced Geothermal Systems)
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+ The Paris Agreement (If 2| 21 2f, 12 Dec 2015)

— 195 countries agreed

— ... pursuing efforts to limit the temperature increase to 1.5 °C
above pre-industrial levels.

¥ United Nations FCCCreennsiomes1

— Check the target every five years. e i

— Prepare 100 billion USD/year for developing countries

to all Parties

ADOPTION OF THE PARIS AGREEMENT

as defined m Arnicle 2;
34.  Abo decides that m accordance with Article 9, paragraph 3, of the Agreement,
developed counines infend to contnue their exsting collective mobilization zoal through
2025 m the context of meamngful muitization achons and transparency on implementation;
prior to 2025 the Conference of the Parties serving as the meeting of the Parties to the Pans
Ampament =hall -g pew rollecte mtfiad =0zl from 3 floor o I5T) bellion e
vear, taking into account the needs and prnionties of developing countries;

33. Recognizes the mmportance of adequate and predictable financizl resources,
meluding for results-based payments, as appropnate, for the 1mplementation of policy
approaches and positive meentives for reducing emussions from deforestation and forest
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Climate Change - CO2 emission
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Energy sector: ~74%

— Power stations, industrial
processes, transport fossil fuel

Energy:
74%
e processing, energy-use in buildings
Agricultural

"5« Climate change is essentially an
M energy issue

carbon dioxide
methane
nitrous oxide

MacKay DJC, 2009, Sustainable energy without the hot air, UIT (based on 2000 data)
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» Key technologies for reducing CO2 emissions under the

BLUE Map scenario*
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WEQO 2009 450 ppm case

Baseline emissions 57 Gt

ETP 2010 analysis

0

IEA, 2010, Energy Technology Perspective

I
2010 2015 2020 2025 2030 2035 2040 2045 2050

* BLUE Map scenario: CO2 emission reduced to half

mCCS 19%
W Renewables 17%
Nuclear 6%

B Power generation efficiency
and fuel switching 5%

M End-use fuel switching 15%

End-use fuel and electricity
efficiency 38%
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* Energy mix (Primary Energy) change due to climate change
— Dramatic increase of renewables

— Increase of gas

Primary energy consumption by fuel Shares of primary energy
Billion toe
18 , 50% - ,
m Renewables* | i
16 ® Hydro Qil |
14 L Nuclear 40% F+ i
m Coal
12 m Gas

30%
Oil

20%

6 i
4 0% - i Renewilﬁs*
Hydro P
2 " :
; ﬂclear
0 : 0% !
1965 1975 1985 1995 2005 2015 2025 2035 1965 1975 1985 1995 2005 2015 2025 2035

*Renewables includes wind, solar, geothermal, biomass, and biofuels

BP Energy Outlook, 2017
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» Carbon Capture and Storage (CCS)
— A bridge technology

Methods for storing CO2 in deep underground geological formations

Overview of Geological Storage Options —— Produced oil or gas
1 Depleted oil and gas reservoirs seeces Injected CO,
2 Use of CO, in enhanced oil and gas recovery EXETERS stored CO

2

3 Deep saline formations — (a) offshore (b) onshore
4 Use of CO, in enhanced coal bed methane recovery
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IPCC
INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE
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 Key Geomechanical issues for CCS technology

Reservoir
stress and
strain Ao, ¢ .

Fig. 1 Geomechanical processes and key technical issues
associated with GCS in deep sedimentary formations. Top the
different regions of influence for a CO, plume, reservoir
pressure changes, and geomechanical changes in a multilayered
system with minor and major faults. Bortom left injection-

?
.~ Reservoir
' pressure: AP Cooling: -AT

induced stress, strain, deformations and potential microseismic
events as a result of changes in reservoir pressure and
temperature, and bottom right unwanted inelastic changes that
might reduce sequestration efficiency and cause concerns in the
local community

Rutqvist J, 2012, The Geomechanics of CO2 Storage in Deep Sedimentary Formations, Geotech Geol Eng, 30:525-551
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+ Because even small- to moderate-sized earthquakes
threaten the seal integrity of CO2 repositories, in this

context, large-scale CCS is a risky, and likely unsuccessful,

strategy for significantly reducing greenhouse gas
emissions

1100 105°  100° 95° 90° 85° 80° 75° 70° 65°
54 54°
50° 50°
45° 45°
40° 40°
35° 35°
30° 30°
26° 26°

1100 105°  100° 65°

Earthquake >3 in the US (¢ : induced EQ M4-5)

2

-

Earthquake triggering and large-scale geologic storage of

carbon dioxide

Mark D. Zoback™" and Steven M. Gorelick”
hysics and

of *Geap

Earth System Scien ford

Stanford, €A 94305

Edited by Pamels A_ Matson, Stanfird University, Stanford, CA, and approved May 4, 2012 frecenves for review March 27, 2012)

storage (CCS|

Despite:

0: emissions

associsted with m»m electrical power generation and other Industial sources of CO, [Intergovernmental Panel on limate Change

(2005} IPCE Special Report on Carbon Diaxide Capture and Storage. Prepared by Werking Group il of the Intergovernmental Panel on

Climate Change, eds Met 8, et al. {Cambridge Univ Press, Cambridge, UK); Szulczewski ML et al. (2012) Proc Natl Acsd Sci USA 109:5185—

5189]. We argue here that there Is a high probability that earthquakes will be triggered by injection of large velumes of CO; into the brime

rocks commenly found in continents! interiors. Because even smalk to moderate-sized earthguakes threaten the seal integrity of CO,
reducing

repasitories, in this context, large-scale CCS is 2 risky, and likely

strategy for

<arbon sequestration | limate change | triggered earthquakes

he combustion of coal for elec-
trical power generation in the
United States generates appron-

imately 2.1 billion metric tons of
©0; per year, ~36% of all US cmissons.
In 2011, China generated more than three:
times that much CO; by burning coal for
electricity, which accounted for ~80%
af its total emissions (According to the
Encrgy Information Agency of the US
Department of Encrgy, total CO; emis-
sions in China were 8.3 billion metric
tomnes in 2011, with 6:95 billion tons from
coal buming, nearly all of which is used
electrical power generation.) From

corded intraplate carthquakes in south
and cast Asia (4). The seismicity catalogs
are complete to magnitude (M) 3. The
oceurrence of these carthquakes means
that nearly everywhere in continental in-
teriors a subset of the preexisting faulrs in
the crust is potentially active in the curent
atress field (3, 6). This is sometimes re-
ferred to as the crigaally sressed nature of
the brittle crust (7). Itshould also be noted
that despite the overall low rate of carth-
quake occurrence in continental interiars,
some of the most devastating earthquakes
in history oceurred in these regions. In
eastem China, the M 75, 1976 Tangshan

a global perspeetive, if lar;
capture and stomge (CCS) is to
significantly contribute to reducing the
accumulation of greenhouse gases, it must
operate at a massive <cak, on the order
af 3.5 hillion tons (1) of CO, per year,
a volume roughly equivalent (2) to the
~27 billion barrek of il carrently pro-
duced annually around the world. (Under
reservair conditions, one billion tons of
O, occupics & wlume of ~13 billion
cubic meters, cquivaknt to 8.18 billion
harrek. Thus, 35 hillion tons of carbon
dioxide would correspand to a volume of
appraximately 2.6 billion barrek. There
are currently ~850,000 wels producing oil
around the world } Morcover, a leak rate
from underground CO; sorage rescrvoirs
of loss than 1% per thousand years is re-
quired for CCS 1o achieve the same climatc.
bencfits as rencwable encrgy sources (3)
Before embarking on projects to inject
enormous velumes of CO; at numerous
sites around the warld, it & important to
note that over time periods of just a fow
decades, modern scismic networks have
shown that canthquakes occur nearly cv-
erywhere in cantinental interiors. Fig 1,
Upper shows instrumentaily recorded
juzkes in the central and eastern
United States and southeastern Canada.
Fig. 1, Lower shows instrumentally -

oo 25 gl 10,107 1pn 2 120247 3108

carthquake, 200 km east of
Beijing, killed several hundred thousand
people. In the central United States,
three M 7+ canhquakes in 1811 and 1812
oceurred in the New Madrid scismic zone
in southeast Missouri.

Because of the critically stresed nature
ofthe crust, fluid injection in deepwelk can
trigger carthguakes when the injection
increases pore pressure in the vicinity of
prectisting potentially active faults. The

increased pore pressure reduces the fric-
tional resistance ta fault slip, allowing
elastic encrgy alrcady stored in the
surrounding racks to be released in
carthguakes that would occur someday as
the wsult of natural geologie processes (S).
‘This effect was firs documented in the
19605 in Denver, Colorado when injection
into a 3km-decp well at the nearby Rocky
Mountain Arsenal triggered carthquakes
{9). Soon thereafter it was shown experi-
mentally (10) at the Rangely oil field in
western Colorado that earthquakes could
be turned an and off by varying the rate at
which water was injected and thus modu-
lating reservair pressure. In 2011 glone, &
number of small to

March, where the largest carthquake was
M 4.7. In the Trinidad/Raton area near
the border of Colordo and New Mexico,
injection of prduced water associated
with enalbed methane production scems
to have triggered a number of earth-
quakes, the largest being a M 53 event
that accurred in August. Earthg
secm to have been triggered by wastewater
injection near Youngstown, Ohio on
Christmas Eve and New Year's Eve, the
largest of which was M 4.0. Although the
risks associated with wastewater injection
are minimal and can be reduced even
further with proper planning (1), the
situation would be far more problematic if
similar-sized carthquakes were triggered
in formations intended to sequester COx
for hundreds to thousands of years

Deep harchole stress measurements
confirm the critically stressed nature of the
enst in continental interiors (12), in some
cases at sites directly relevant to the fea-
sibility of large-scale CCS. For example,
deep borchole stress measirements at the
Mountaineer coal-burning por
the Ohio River in West Virginia indicate
a severe limitation on the mte at which
€0, could be injected without the wsult-
ing pressure buikd-up initiating slip on
preexisting faults (13). Becawse of the
low permeability of the fomations at
depth, pore pressure increases would be
expected to trigger slip an preexisting
faults if CO; injection mates cuceed
approximately 1% of the 7 million tons of
€O emitted by the Mountaineer plant
each year. Similarly, stress measurements
at Teapot Dome, Wyoming, the US gov-
ernmentcwned il field where pilot CO»

Adther cenmmaions MD.Z anaSaL

in the United States scem to have heen
triggered by injection of wastewater (11).
‘These include earthquakes near Guy,

Arkansss that oecurred in February and

Th suthem dactirs o conflicto tietems.
TS 4ich 6 3 PRAS Dimct Sumisson.

"o whm carmapontinss shosd b I BRI
2ctackdntantord abs.

PNAS Earty Edition | 1af 5
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Zoback MD & Gorelick SM, Earthquake triggering and large-scale geologic storage of carbon dioxide, Proc National Academy of Science of the USA

(PNAS), June 2012, www.pnas.org/cgi/doi/10.1073/pnas.1202473109
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- Best geothermal gradient > 50°C/km) - Above average gradient (30~40°C/km)
- shallow (1~2 km), drilling cost | > deep (4~5 km), drilling cost 1
- High permeability(> 10-'> m?) - Low permeability (< 10-18 m?)
- Hydraulic Stimulation x - Hydraulic stimulation key
- Optional injection hole - Compulsory injection hole

- Hydrotheral power generation - Binary power generation
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Various Views on Geothermal and EGS

A modest investment of
$300-400 million over
15 years would
demonstrate EGS
technology at a
commercial scale at
several US field sites to
reduce risks for private
investment and enable
the development of 100
GW.

EGS is a clean,
reliable base load
energy.... Effectively
unlimited supply of
energy....you can
bank on it.

JW Tester, Prof Cornell
Univ, then MIT, 2007 — The
future of geothermal
energy

Steve Chou, Nobel
Laureate, LBNL, 2011 -
Google.org

Optimistic

Geothermal will remain
a globally marginal,
although nationally and
locally important, source
of electricity. ~ 5% even
if we were to develop
the prospective
potential of 138 GW.

Q2Cfestivalcon s amenPespia+t Pranat=

Vaclav Smil, 2003 -
energy at crossroads

...to treat geothermal
heat the same way we
currently treat fossil
fuels: as a resource to
be mined rather than
collected sustainably.
...Sadly for Britain,
geothermal will only
ever play a tiny part.

DJC MacKay, Prof Univ
Cambridge, 2009 -
Sustainable energy
without hot air

Pessimistic

+-—>
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 Natural Gas Production in the USA

U.S. natural gas production (Jan 2007 - July 2018) = Change since July 2016
billion cubic feet per day cla billion cubic feet per day
120
100 “\* '
L ¥
80
60 Appalachia
40 Permian
Haynesville
Anadarko
20
MNiobrara
Eagle Ford
0 Gulf of Mexico
2007 2008 2011 2013 2015 2017 -5 0 5 10

Source: U.5. Energy Information Administration, Drilling Productivity Report, Natural Gas Monthly, and Short-Term Energy
Outlook
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* Horizontal wells:
Drilled vs. To be drilled

?

i
Bakken/Three Forks
15,000 wells oF
100,000 possible

Niobrara T
Marcellus
'8,000,wells
SCOOP/ S’ 290, 000 possible
STACK/ A
_Merge ; Fayettevulle
= _ 6,000 wells - ,.j .
MR ‘ = 13,000 possible
Permnan Basin 7.
.10,000 wells" Haynesville
i 3,500 wells
: - 37,000 possible
£ Q
Ford Bamett
000 wells™ 16,500 wells
& .f:gyggssmle 93,000 possible

| Figure 1.3 Horizontal wells drilled in major unconventional plays in the US as of 2017 and the
| numbers of wells that could be drilled in the future based on technically recoverable reserves.
From Svetlana Ikonnikova, Bureau of Economic Geology, 2017.

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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* Locations of unconventional oil and gas plays & estimates of
recoverable reserves

g Russia
4= (Gas: 1130.1 tcf
Oil: 103<Gbbl

Gas: 145.8 1cf - Gal
Oil: 1.8 Gbbl_0il
b, France S

+  Gas: 136.7 tcf

United States
Gas: 622.5 tcf
Oil: 78.2 Gbbl

Mexico
Gas: 545.2 tcf

Algeria L o .
Gas: 706.9 tcf 4 \ Gas: 1115.2 tcf

Oil: 13.1 Gbbl .‘,
Venezuela - 7 .
Gas: 167.3 tcf = / ~ Saudi Arabia \ ‘ﬁ X
0il: 13.4 Gbbl = ¥ /  Gas: 600.3 tcf Australia
1 Sl e Qil: 0.0 Gas: 429.3 tcf
' | ?mw Arab Emirates Qil: 15.6 Gbbl
S Brazil as: 205.3 tcf
B Gas: 244.9 tef b, 0il: 22.6 Gbbl
il: 5.3 Gbbl outh Africa ’
y " Gas: 389.7 tcf ”
Argentina Oil: 0.0 Gbbl :
¥ Gas: 801.5 tof B Current unconventional gas production
~ Oil: 27.0 Gbbl B Potential new frontier for unconventional gas

ut the world and estimates

‘1 and gas plays througho :
al oil and gas p7ay US Energy Information

Figure 1.4 Locations of unconvention :
‘ World Energy Council, 2016;

of technically recoverable reserves.
Agency.

Consumption of natural gas in the US in 2018: ~ 30 tcf

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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Unconventional Resources
Permeability

» Ranges of permeability values for conventional and
unconventional reservoir

Conventionals Unconventionals
Py >
(&)
> 3 5 o
- = 3 @
> ©
@© o i) o o
B 2 % =5 B = S
e o
8 o = EE L e
[/} -
£ I e )
: o~ NI L Nl I NI l NI “ o (3
£ S £ [ 1S e S
: B 3 2 S 8 8
o o o o o o o
| Profile (Probe) |
,g I Steady-state (Darcy) |
o
cE> Pressure Oscillation
5
7]
3 Pulse-decay
=
Crushed rock
(GRI)

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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 Permeability versus depth

— Permeability is stress-dependent (especially for fractured rock)

PERME ABILITY (m?)

12402 15" 10" 16 10
1 1 1

10F

20

30F

40F

S50

EFFECTIVE CONFINING PRESSURE, P' (MPa)
1

Westerly
granite

MWK tight
gas sand

Depth (m)

1000 —|

2000 —

3000 —

4000 —

5000 —

6000 —|

7000 —

8000 —

Permeability (m?)

1e-20 1e-19 1e-18 1e-17 1e-16 1e-15 1e-14 1e-13 1e-12

Ot ] c ’
& p+ conductive
[ 4 I ‘ fractures
oL 0 L

In situ permeability data
-+ Baltic shield
<> Other shield areas and stable platforms
/A Qther crystalline bedrock

Rutqvist, J., O. Stephansson. The Role of Hydromechanical Coupling in Fractured Rock Engineering. Hydrogeology Journal 11(1) 2003: 7-40.
Rutquist, J. , 2015, Fractured rock stress-permeability relationships from in situ data and effects of temperature and chemical-mechanical couplings. Geofluids 15(1-2): 48-66.
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 The purpose of hydraulic fracturing

to bypass near-wellbore damage and return a well to its “natural” productivity

to extend a conductive path deep into a formation and thus increase productivity beyond the natural

level

to alter fluid flow in the formation.

Complexity of HF

Fluid Mechanics: flow within the fracture
Rock Mechanics: deformation and stress in the rock
Fracture Mechanics: all aspects of the failure and fracture initiation/p

Thermal Process: exchange of heat between the fracturing fluid and

Smith & Shlyapobersky, 2000, Basics of HF, Eds: Economides & Nolte, Reservoir Stimulation, 3 Ed

ropagation

the reservoir

., Wiley
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* Horizontal Drilling and multi-stage hydraulic fracturing

wiki.aapg.org
Kick-off point — Bend: -
(KOP) degrees/100 ft
degree/30m
Bend
Radius in ft or m
K Degrees/100 ft, or degrees/30 m
Lateral heel
Lateral toe
e N
Lateral length
Deepest TML: 1229 m (4031 ft)
TVD: 723 m (2371 ft) TVD: 721 m (2364 ft)

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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* Horizontal wells in the US
— Depth: ~2.5 km up to ~4 km
— Thickness: ~ tens of meters
— Lateral lengths: 1,000~3,000 m

Table 1.3 General attributes of horizontal wells in different unconventi '
onal basins (from K
(2016) and other sources). (from Kennedy et al.

Formation Depth range (m) Thickness range (m)  Lateral lengths (m)
Bakken 2,920-3,200 12-22 2,650-3,050
Barnett 2,000-2,600 30-180 12,001,325
Duvernay 2,500-4,000 20-70 1,830-2,150
Eagle Ford 2,100-3,700 30-145 1,500-2,135
Fayetteville 300-2,150 661 1,430-1,680
Haynesville 3,200-4,100 61-91 1,340-1,430
Horn River 2,000-2,750 38-137 1,524-2,000
Marcellus 1,200-2,600 15-61 1,280-1,500
Montney 1,500-3,500 46-305 1,430-1,740
Niobrara 900-4,300 15-91 1,230-1,550
Utica 600-4,300 21-230 1,430-1,890
Wolfcamp 1,676-3,350 457-1795 1,390-2,050

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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* Hydraulic fracturing parameters

- Injection volume: 14~27 m3/m

- Total injection volume: 19,000 m3 ~ 77,000 m3/well

- Flowback recovery: 5% ~ 100%

- Surface injection pressure: 45 ~ 62 MPa

- Number of stages: 7~ 18 stages

- Duration of fluid injection per stage: 1 ~ 4 hours

- Average injection flow rate: 8~16 m3/min (132 ~ 264

|/sec)

- Injected proppant mass per well: 400 ~ 4,000 tonnes

- Fracture height: 100~500 m
—  Fracture horizontal length: 300~900 m

Zoback MD, Kohli AH, 2019, Unconventl® y

eomechanics, Cambridge Univ

Table 8.2 Hydraulic fracturing in different formations.

Parameter

Value e
Formation
Total injected fracturing fluid volume 20,000 m* (16,000-26,000 m’) e
19,000 m® (11,000-23,000 m®) B:::n %
77,000 m* (mean), 66,000 m’ (median) Hom River
(35 wells) (2013-2014) Haynesville
64,000 m’ (2010-2012) Eagle Ford
19,000 m’ (6,000-25,000 m®)
. 23,000 m*
Injected fluid volume normalized by 14 m® /m (235 wells) Marcellus
horizontal well length 25 m® /m (2004) Bamett
19 m® /m (2006) Hom River
15 m’ /m (2008-2012)
27 m® /m (35 wells) (2012-2014)
Injected volume flowback recovery 1-50% Marcellus
65% (1 year) Barnett
90% (2 years) Horn River
100% (3 years) Haynesville
13% (8 wells)
5%
Surface injection pressure 45-62 MPa Marcellus
54 MPa (max. 22 wells) Horn River
49 MPa (avg. 22 wells)
Bottom-hole injection pressure 55-83 MPa (30-55 MPa surface injection Woodfqrd
pressure) Unspecified
48-85 MPa
Number of stages 12 (7-24) (184 wells) Marcell}ls
18 Horn River
Fluid injection duration per stage gj ll': g::nx;lzljtr
2.5-3h Woodford
Average injection flow rate 12 1123 /gn/m y ]?\B/I:;IC:::US
(for the duration of each stage) 21;6 m3n/)mi1r11n(35 wells) Horn River
15 m* /min Woodford
tonnes) (187 wells Marcellus
Injected proppant mass per weld 206 et CEEEL0 ] ' HomRiver
4,000 tonnes
Fracture height inferred from ~160 m (median), ~500 m (max.) 1]\34“;‘11“5
i ismic measurements ~160 m (median) AEno
microseismic 250 20,12 wells) Howi River
~130 m (median) Woodford
~100 n (median) lI:Z:glc flord
y 4 o 00 m arcellus
Fracture horizontal lengh infered ~Zggj;oo m (12 wells) Horn River

from microseismic measurements
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» Wellbore completion
— Plug-and-perf method

— Sliding sleeve method in open holes

Wireline

Perforation gun Multiple perf clusters per stage|

Setting tool

Composite plugs

Frac sleeves actuated
with ball seats

b Open hole packers

Figure 8.4 Schematic illustrations of the two most common wellbore completion methods.

~ (a) The plug-and-perf method which utilizes separately deployed frac plugs to isolate sections of
| acased and cemented well. After setting the plug, clusters of perforations are made at several
places (usually tens of meters apart) before hydraulic fracturing. (b) The sliding sleeve method is
usually used in open holes. A single piece of tubing with multiple packers is deployed. A given

interval is pressurized by dropping a ball into a valve which slides open when pressurized. After
Burton (2016).

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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Direction of horizontal drilling & fracture propagation

— Direction of fracture propagation: Parallel to the maximum horizontal stress

— Direction of horizontal drilling: to the minimum horizontal stress

.| On-azimuth well

e Lateral length = 1,340 m
* 16 stages

e Stage length = 100 m

» Normal stage spacing = 100 m

s s
. ,'... : ! ! . SHmnx / i 1 I :
Bies: - ' | ]
Fou | 5o
% L | v '
P r=
O

AT .

<. | Off-azimuth well
= .| eLateral length = 1,690 m
* 17 stages
S.  Stage length = 80 m
max = ! * Normal stage spacing = 56 m

Figure 8.3 Microseismic events recorded by arrays deployed in the heel of each well associated
with two wells drilled in the Duvernay formation. Events are colored by stage. Red lines represent
lineaments (possible faults) interpreted from seismic data. From Stephenson et al. (2018)

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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* Hydraulic fracturing
— Well pad with parallel horizontal wells

— Microseismic events located (essential component of locating the
created reservoir)

100
80
60 N
; ‘ a0 2
20
0
100
S > Sooo o
D - ggmhggggggogggvﬁ\
.............................. - U
2 X (m) o\
o d
. 90_88288383308883“'\
~2000-1000 0 _ 1000 2000 3000 4000 x (m) A .
d Theoretical model

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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Production
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* Average production per wells
— Production rapidly drops with production

— Efficiency is rapidly increasing

mscf: thousand standard cubic feet
mmscf: million standard cubic feet

— 2009_2010. 475 wells

=== 2005_2006: 1963 wells

2007 2008 3894 wells
w2009 2010 2489 wells
=== 2011 _2012: 2396 wells
== 2013 2014 1007 wells

100 120 140

= 2009 2010 1323 wells
2011 2012 2704 wells
2013 2014 3043 wells
—— 2015 2016 783 wells

5000 35000
2000 2011 2012 3959 wells
o ~ 2013 2014 7586 wells 0000
b= €000 — 2015 2016 2781 wells
Q .. : E < 200
. 3 5000 TR
= C = 20000
9 aw 2
o o © o
© 000 o 15000
o 2000 10000
1000 -
0 v v ‘ -
0 20 40 60 80
10000 2005_2006; 397 wells 160000
2007_2008 750 wells 140000
2000 2009_2010. 1285 wells
c 2011 2012 3137 wells g 120000
¥ T eo00 2013_2014: 4193 wells = T 10000
x £ 2015_2016: 1366 wells o E
X - U o 80000
M © 00 -
om g O @000
2000 — — 40000
\\“ 20000
T T T T T T Al o
0 2 a® 80 B 100 120 140

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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Hydraulic Fracturing 1y
Factors — Initiation and propagation direction

* Hydraulic fracture initiate at the minimum tangential stress

Smm
Hydrofracturing (tensile failure) l’
= Qrapaff (1 mta])

SHmax H max

St max Hydroshearing (shear failure)
2|y (Hehata)
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Factors - Confinement >
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* Confinement of a fracture between layers of higher stress

shale

sandstone

shale

LEEEEEE

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier
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Factors - Confinement A
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4

* Growth of vertical hydraulic fractures in shale gas/tight oil
— Barnett, Marcellus, Woodford and Eagle Ford

— Monitored by microseismic events

4 Barnett| 2,000 =
e 8 = Brown e ———————————————— i
Culberson L] e =
'm- S 4,000 |,
- = Hood

Groundwater level R e 6,000 |-
® 2 .w

8,000 | *

10,000
12,000 | roathrgnmalt——

14,000 Ff——
0

Marcellus| 2000 | =

4,000 [ =F
-

6,000
8,000 | *

~ | 10,000

E Iy bl
12‘900 b l1‘1 | "Wy

top —Perfmid =--Perfbtm ——Fracbtm
ulic f in four unconventional plays. The wells are
casurem . are made is shown in each inset and are used
 of water wells in each arca. From Fisher & Warpinski
" i

Zoback MD, Kohli AH, 2019, Unconventi»bha eomechanics, Cambridge Univ
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Factors — Required pressure

SEOUL NATIONAL UNIVERSITY

Pressure required to extend the fracture

N\ P = p(TD*h) + P{ﬂm‘v} + p(tip)

Keep the fracture open Overcome the resistance at the fracture tip
« Stress intensity at the tip Drive the fluid flow
o _ 1/2
Ki = (P — S3ftL) half (4.38)

where K is the stress intensity l"acti}r, P 1s the pressure within the fracture (taken to
be uniform for simplicity), L is the length of the fracture and 53 is the least principal
stress. Fracture propagation will occur when the stress intensity factor K; exceeds Kj.,

— Fracture propagation K; > K,

] K. fracture toughness (=critical stress R TN
intensity), MPa m'? 0] ‘ ERRRERRN

] Ki.: A material property ranging ~1.0 ~ 2.4
MPa m'2(Zang & Stephansson, 2010)

150 {4+ N T

Pressure - Sa(psi)

100 : : ;
VER_Y STRONG SAN_DSTONE, DOLOMJTE

J Important for propagation i R
— Once fracture reaches a few tens of cm, T o
. N . Fracture length (meters)

small pressure in excess of S3 is required _ _ — —
Figure 4.21. The difference between internal fracture pressure and the least principal stress as a

rega rd |eSS Of tou g h neSS . func:onff fraclure lengl‘h for af\f‘[od‘e I fracture (se:e irL‘sct) for rocks with extremely hi.gh fr‘aclure
toughness (such as very strong sandstone or dolomite) and very low fracture toughness (weakly

Zang & Stephansson, 2010, Stress Field of the Earth’s Crust, Springer cemented sandstone).
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Factors — Required pressure (fracture toughness) "

SEOUL NATIONAL UNIVERSITY

o Crack-tip deformation mode

— Mode I: crack opening model — mostly e
relevant to Hydraulic Fracturing

— Mode II: sliding model

— Mode lll: tearing model

E >
y y y L
X X X .
O Fracture toughness test on semi-circular bend
l O specimen (Kuruppu et al., 2014)

Mode | Mode I Mode Il

Jaeger, Cook & Zimmerman, 2007, Fundamentals of Rock Mechanics, 4! ed, Blackwell Publishing

Kuruppu MD et al., 214, ISRM-Suggested Method for Determining the Mode | Static Fracture Toughness Using Semi-Circular Bend Specimen, Rock Mech Rock Engng, 47:267-274



Hydraulic Fracturing 1,
Factors — Initiation and propagation direction s s
« Breakdown Pressure
l — Required internal hydraulic pressure to
Stimin induce hydraulic fracturing (assuming

that the formation is impermeable)

] Impermeable, fast pressurization (upper limit)

Tensile stress/ I:)W = 3Sh min SH max T TO

hydraulic fracturing

S

H max § Permeable, slow pressurization (lower limit)
- H
Tensile stress/
hydraulic fracturing S max 38h min SH max T TO

\./ S (1= 2v) A=)

— Fracturing occurs perpendicular to the
minimum horizontal stress



Hydraulic Fracturing i)
Factors — Initiation and propagation direction

* Pressure response during hydraulic fracturing

— Distinct breakdown pressure may/may not be observed

T r e
Fracture test with clear ‘ \ |Fracture test without clear (
Pw breakdown pressure / breakdown pressure
Breakdown P
— Fracture
Leak-off Leak-off propagation
Fracture
propagation
S e Lo
174 vV

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier



Hydraulic Fracturing S %M{
Factors — Initiation and propagation direction s s

* Hydraulic fracture propagate normal to the minimum stress

/ P 4 // ‘A\ (Th

~ Z /
/ / B -
o 5T A
/'/ ' /'/ /
" // N
\» ’ / (//

PR
(7
// p S | :
| /’"/7 \\( P
7
7 4

J

Fracture parallel to the borehole  Fracture normal to the borehole

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier



Hydraulic Fracturing o \%M{
Factors — Initiation and propagation direction s s

* Hydraulic fracture propagate normal to the minimum stress

\ A
Surface

Wellbore azimuth 0°
- Avial fractures Wellhore azimuth 90° -

Transverse fractures State of in situ “dictates”

Wellbore azimuth 90°

Transverse fractures the dil’ECtiOH Of hYdraU"C
fracturing

Reservoir

(MA Dusseault, 2011)



Hydraulic Fracturing o i,
Factors — Initiation and propagation direction

* Evidence of tensile fracture: Observed tensile fractures from
multistage hydraulic fracturing

— Core

— Image logs

ST 02 ST 03
33

2701

240

210 SR

ST 01

270y

Figure 8.8 Hydraulic fractures observed in core and image logs in the ConocoPhillips drill through/
core through experiment. After Raterman et al. (2017). 210

A
SRR 150
180

Eigure 89 "_I'h.e orietntation of hydraulic fractures observed in core and image logs in the s
onocoPhillips drill through/core through experiment. After Raterman et al. (2017). Note

;z’:l’;u;ic fracture orientations are perfectly aligned with the stress field in this region as

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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Factors — Initiation and propagation direction

« |nitiation vs. propagation

* Hydraulic fractures away from the well propagate normal to the minimum stress (Valko
& Economides, 1995)

The plane of fracture initiation is affected greatly by the perforation patterns
Near-well effect leads to ‘choke’ effect (near well tortuosity)

In the below, the second wing may be generated

ay

With excessive resistance ahead of a second wina mav result in only one wing of a

fracture

(a) (b) (©)

Figure 4.5 Fracture initiation from a vertical well (a), turning normal to the least resistance,
in most cases, the minimum horizontal stress (b) and, finally, once the resistance is
overcome, evolving into a two-winged fracture (c)

Valk6 P & Economides MJ, 1995, Hydraulic fracture mechanics, John Wiley & Sons
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Factors - Initiation and propagation direction

SEOUL NATIONAL UNIVERSITY

* |nitiation vs. propagation

* Direction of fracture initiation and propagation is closely related to the production
characteristics (Valké & Economides, 1999)

— Vertical well — vertical fracture: linear flow

— Horizontal well — transverse vertical fracture: linear + radial flow

] Although radial flow reduce the production, composite flowrates from multiple treatment is larger
than from a single fracture

— Entry from the well to the fracture needs to be minimized

=\ Problem in the right can happen even if drilling was pr----"

Transverse fracture from a horizontal well Turning from longitudinal initiation to transverse direction

Valk6 P & Economides MJ, 1995, Hydraulic fracture mechanics, John Wiley & Sons
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Factors — Initiation and propagation direction s s

* Pressure response monitoring during fracturing is important
— Growth direction

— Abnormal pressure increase due to proppant bridging

i
" Or fluid loss to 4 One fracture
?‘ﬁ the formation wing closes
o]
Growth in all _ -
directions ~ RBunaway into -
low stress
Confined fracture
growth
- L - -
log log !

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier
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Hydraulic Fracturing
Models of hydraulic fracturing
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 Models of hydraulic fracturing
— Economic optimization
— Design of a pump schedule
— Simulation of the fracture geometry and proppant placement

— Evaluation of treatment

‘s comparison of prediction with actual behavior

— Estimation of fluid volume and proppant to create a fracture with a
desired conductivity and geometry



Hydraulic Fracturing

Models of hydraulic fracturing — circular crack
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SEOUL NATIONAL UNIVERSITY

Circular Penny shaped crack model by Sneddon (1946)

v’ Pressure required to extend a Crack Radius of R
(Pnet = Perack — Pressure against crack opening)

0 = 7y E
A 2(1-v¥)R

v Volume of Crack

elasticity

Vv

3E Pret

v Width of a Static Penny-shaped Crack [~
(R = penny-shaped crack radius)

w(r) =2 Poe i(é_" ) Ja—(rIR)?

—

Derived using
L linear elastic

—

Derived using
) 16(1—V2)R3 theory of linear

fracture mechanics
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Hydraulic Fracturing e
Models of hydraulic fracturing - elliptical shape o

SEOUL NATIONAL UNIVERSITY
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* Fracture with fixed height, infinite extent and elliptical shape

Sneddon and Elliot (1946) also showed that for
fractures of a fixed height sy and infinite extent (i.e.,
plane strain), the maximum width 1s

2p,h (1-V7)
E

and the shape of the fracture is elliptical, so that the
average width w = (m/4)w. The term E/(1 — v*) ap-

w=

(6-7)

pears so commonly in the equations of hydraulic frac-
turing that 1t i1s convenient to define the plane strain
modulus £ as

E

E'= . 6-8
1-v* (¢-5)
b __ o (©-9)
dx mhow’

where p 1s the pressure, x 1s the distance along the
fracture, and pt 15 the fluid viscosity.

Mack & Warpinski, 2000, Mechanics of hydraulic fracturing, Eds: Economides & Nolte, Reservoir Stimulation, 3 Ed., Wiley
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Models of hydraulic fracturing —-KGD vs. PKN Model
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KGD Model PKN Model
Khristianovich et al. (1959) Perkins and Kern (1961)
Geertsma and de Klerk (1969) Nordgren (1972)
3D -> 2D * Plane strain in Horizontal Direction * Plane strain in Vertical Direction
- Independent horizontal cross section i - Independent vertical cross section
* Fracture Height >> Fracture Length * Fracture Height << Fracture Length
+ Completely Confined Fracture * Fixed Height
Focus on « Fracture Mechanics and Fracture Tip * Fluid Flow and Pressure Gradient
Ignore + Flow Rate and Pressure in Fracture * Fracture Mechanics and Tip Region Play

Similar to * Planar Fracture
i+ 1D-Direction Fluid Flow : along the length of the fracture
* Newtonian Fluids

+ Leakoff Behavior : Governed by filtration theory (Carter, 1957)

* Fracture Propagation : Continuous, Homogeneous, Isotropic Linear Elastic Solid




Hydraulic Fracturing i),
Models of hydraulic fracturing -KGD vs. PKN Model..,..>~......

D
Sl

3D->2D

Focus on

Similar to

KGD Model PKN Model
Khristianovich et al. (1959) Perkins and Kern (1961)
Geertsma and de Klerk (1969) Nordgren (1972)

-

Area of highest
flow resistance

'
|
o 4

73 Approximatély elliptical |
> of fracture .~ |

......

V

!

: /‘X




Hydraulic Fracturing | gﬁ;‘g
Models of hydraulic fracturing — PKN model oo o sy

* Perkins and Kern (1961) & Nordgren (1972)

« Assumptions

Fully confined fractures (no change in the height)

] Stresses in layers above and below the pay zone (reservoir) is large
Fracture cross section is elliptical

] Maximum width proportional to the net pressure

Plane strain in vertical plane

Neglect fracture mechanics effects since pressure resulting from fluid flow is larger than
the minimum pressure to extend the fracture




Hydraulic Fracturing
Models of hydraulic fracturing — PKN Model

SEOUL NATIONAL UNIVERSITY

Perkins & Kern (1961)

v’ Pressure required to extend a Crack Radius of R
= Work done by the pressure in the crack to open
the additional width

1
727/ E 272_3 3E2 5
pnet = - 2 ) pnet = 7/; 2
2(1-v°)R 3(1-v)V

v" Volume of Crack (q;: constant injection rate, t : time)
1

V_qt_16(1—v2)R3 27%2E? )8 A 9EQ’t?
! 3E 3(1-v?3)?qt | 1287y, (1-V?)

v' Max. Width of a Static Penny-shaped Crack (h; : fixed height)
2p,..h, @-v*)
W =
E

}é

Mack & Warpinski, 2000, Mechanics of hydraulic fracturing, Eds: Economides & Nolte, Reservoir Stimulation, 3 Ed., Wiley
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Hydraulic Fracturing
Models of hydraulic fracturing —Inclusion of leakoff .. .. 7% ...

« Leakoff model

— Presence of think layer (filter cake) may prevent loss of fluid through fracture
face. In reality, fluid leakoff into the formation occurs

Ci Kp
u - % e 2CL1 + 8,

u,: leakoff velocity (m/s)

C,: leakoff coefficient, m/s'2
SP: spurt loss coefficient (m), width of the fluid body passing through the surface instantaneously at the very beginning of
the leakoff process

E 0.007
-
, <
{ V, = 0.006
. 3 > |
min e, 8 0.005
S 0.005 |
1 5.2 -
> 6.7 2 0004 \ |
. =1
4 73 = 0.003 ¥ = 0.0024 4 0.000069x
10 8.6 g.
20 9.7 g 0.002
=
30 10,6 T>)
e 11.4 5 0.001 |
50 12.5 — 0 G NI |
60 13.2 0 10 20 30 40 50 60

Square root time, {12 (s51/2)

Leakoff laboratory test on core sample (cross sectional area 20 cm?)
Valk6 P & Economides MJ, 1995, Hydraulic fracture mechanics, John Wiley & Sons
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Models of hydraulic fracturing —Inclusion of leakoff ... ...<.....

Mechanisms of overpressure generation @
Disequilibrium compaction (undercompaction)

+ Characteristic time for linear diffusion
il o ®

ST RO R “

T s Dirvensionies s grup ctde the redure of dfus on peocess or e oretrd e he
f’_‘ ; 'j_ , = C_' 24 COMP 300 bataesen o ra8s rocess
B
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—— ST

- BRI b ARl A Sy
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\ }‘ — g _‘J el .:
ko te et et
I3 b
(Qsﬂt + ﬂx"i"- 5
. S (&.2)
k n

J
where / is a characteristic length-scale of the process, x = LM @8, + #,) is the hydraulic
diffusivity, fiy and f, are the fluid and rock compressibilities, respectively, ¢ is the rock
porosity, & is the permeability in m” (107" m’ = | Darcy), and 7 is the fluid viscosity.

1D {darcy) = 0.987x102 m2 ~ 1072 m?
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Hydraulic Fracturing
Models of hydraulic fracturing —Inclusion of leakoff .. .. 7% ...

» Effect of leakoff

— Fluid leak off into the formation

— Not desirable for typical HF but serves good for shale gas HF (increased shear slip)
« Effect of stress shadow

— When a hydraulic fracture opens, it increases the stress normal to the fracture facee

— Shorter fracture length in the center than outside

=

3

E

o

= leakoff

No leakoff —

£

3
Numerical modeling > " e Wl 7
Of HF Wlth & WIthOUt Figure 8.12 (a) Numerical model of four hydraulic fractures propagating simultaneously from
|ea koff four perforation clusters 30 m apart with no leak-off of pressure from the fractures. (b) The same

leak off-Thecolorindicates the tendency of the induced change in stress and pressure

e] wit
Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, lBar% F ate shear on optimally oriented pre- existing fractures. From Agarwal et al. (2012).
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Hydraulic Fracturing B
Models of hydraulic fracturing —Inclusion of leakoff .., ...
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 Effect of HF fluid on leakoff

— In multistage HF, slickwater HF (with lower viscosity) is considered
to be a key process

1,400 7
+ - Water-frac
1,200 1 A- Cross-linked gel frac B o
g P el
< 1,000 Tod Sy
L:J * * ‘
© *
E 800 - * ':‘ﬁ.
S S A
3 AP ORE
S 600 s
> Qo ;"s *e®
= R s
S 400 W
0~‘o g *
* *
200 1 /. ik
~.
0 - ¢ ’I L d
400 500 600

Time (min)

Figure 8.17 The number of microseismic events accompanying fracturing with water or cross-

linked gel as a function of time and orthogonal distance from perforations. After Cipolla et al.
(2008).

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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Hydraulic Fracturing i),
Models of hydraulic fracturing — Continuity Equation., ..>~.......

v

* Continuity equation

—4q,+—=0
ATy,

where ¢ is the volume flow rate through a cross
section, A 1s the cross-sectional area of the fracture
(why/4 for the PKN model), and ¢; 1s the volume
rate of leakoff per unit length:

g, =2h,u,, (6-22)

where u; 1s from Eq. 6-14. The cross-sectional area

E" Jow' _ 8C, Lo
128“.]1;- axz ﬂ"-.":lf o Ie’.\'lr.l(‘x} af |

Mack & Warpinski, 2000, Mechanics of hydraulic fracturing, Eds: Economides & Nolte, Reservoir Stimulation, 3 Ed., Wiley
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Models of hydraulic fracturing — PKN Model
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« PKN model

Harrington and Hannah (1975) introduced efficiency as:

i Vi (6A-2)
VoV 4V,

n

where V;is the fracture volume, V;is the volume of fluid
injected, and V, is the leaked-off volume, which in terms
of Eq. 6-20 becomes

w
S 6A-3
N i2c 2 S

6B. Approximations to Nordgren’s equations

Nordgren (1972) derived two limiting approximations, for
storage-dominated, or high-efficiency (> < 0.01), cases and
for leakoff-dominated, or low-efficiency (t> > 1.0), cases, with
to defined by Eq. 6-24. They are useful for quick estimates of
fracture geometry and pressure within the limits of the
approximations. Both limiting solutions overestimate both the
fracture length and width (one neglects fluid loss and the
other neglects storage in the fracture), although within the
stated limits on to, the error is less than 10%.

The storage-dominated (n — 1) approximation is

P W5
L(r}zﬂ.SQ{ih—qj} g (6B-1)
r
qu 15
w, =218 ——| t", (6B-2)
)
and the high-leakoff (n — 0) approximation is
q,.th'z
L(t)=—"— 6B-3
(t) 2nC.h (6B-3)
3 114
w, = 4[#] £ (6B-4)
nE'C.h,

Equation 6B-3 could also be obtained from the approxima-
tion in Sidebar 6A, with the fracture width set to zero and
2+2t replaced by m\t, which is more correct. Once the width
is determined from Eq. 6B-2 or 6B-4, the pressure can be
found from Eq. 6-7.

Mack & Warpinski, 2000, Mechanics of hydraulic fracturing, Eds: Economides & Nolte, Reservoir Stimulation, 3 Ed., Wiley



Hydraulic Fracturing

« Example

PKN fracture geometry

Height (m)
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100 o014
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0
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50
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-100
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-150
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Fracture Aperture (1*m)

250 //,
Models of hydraulic fracturi PKN Model :
odels o1 nyarauliC rracturing odel =
- 150 ////
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G20 20 @ Output
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E’
-100 0.01
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10
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Hydraulic Fracturing

Models of hydraulic fracturing — PKN Model
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« Example

150

100

=]

-50

C; 9.84 x 107* m/s'/? 0.00025 ft/min'/?
0 m 0 in
S8 m 170 fi
E' 6.13 x 10" Pa 8.89 x 10° psi
I 0.2 Pa-s 200 ¢p
i 0.0662 m’/s 50/2 =25 bpm
I, 12000 s 200 min
PKN fracture geometry o
0.025 ?
0.02 %
£

100

Distance (m)

t=200 min

0.015 /

0.005

Net fluid pressure (MPa)
o
o

0 2000 4000 6000 8000 10000 12000
Injection time (s)

3 & 5] =
\
\
\

Average fracture aperture (mm)
o

0 | | | | |
1} 2000 4000 6000 8000 10000 12000
Iniection time (s)
45
— —
g 40l —
£
© B’ —
5 ~
5 -
a2
@
)
525
=
5]
Bl
E ]
= |
E 15
= 10}
5 I | | I I
[1} 2000 4000 6000 8000 10000 12000

Injection time (s)




Hydraulic Fracturing
Models of hydraulic fracturing — PKN Model

Height (m}
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100

-50
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o E | S, 0 m 0 in
Xamp e h, SI8 m 170 ft
E' 6.13 x 10" Pa 8.89 x 10° psi
I 0.2 Pa-s 200 ¢p
i 0.0662 m’/s 50/2 =25 bpm
I, 12000 s 200 min
PKN fracture geometry o
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0.015 /

0.005 |

=
=)
=

Net fluid pressure (MPa)
=}
(=}

L
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Hydraulic Fracturing @?ﬁé
Models of hydraulic fracturing — KGD Model oo o s

« Khristianovich et al. (1959) & Geertsma and de Klerk (1969)

« Assumptions

— Rectangular cross section - Width of the crack at any position from the well is
independent of vertical position (h . L)

— Plane strain condition in horizontal plane
For no leakoff, the equations can be solved for

9 _ Ilqu (6-25) length and width, respectively:
dx h w E'qj 116
_ [ 3
which can be written in integral form as L{r)=03 E[ !—'}’} } g (6-31)
6ug, f dx
Pu= [ (6-26)
AW (6-32)




Hydraulic Fracturing
Models — KGD vs. PKN Model

SEOUL NATIONAL UNIVERSITY

Fluid Flow
Rate

Net Pressure

Width at
Wellbore

Fracture
Length
(fn of time)

KGD Model PKN Model
Khristianovich et al. (1959) Perkins and Kern (1961)
Geertsma and de Klerk (1969) Nordgen (1972)
op _ 12qu dp _ 64qu
& - th3 dx 7Z'th3
1/3 E4,L£Q2 1/5
— -1/3 = 1/5
p, () =S+ 1.09 [m] t=1/ Pw(t) =S5 +1.09 [(1 — vz).,,hﬁ] t
.2 371/6 g (1_1)2)'“02 1/5 ) ~ T
wy, (t) = 1.67 [%} t1/3, W= EWW Ww,max (t) =2.18 [Tl t /5, w = EWw,max
/‘ﬁ 3 1)’5
EQ* 17", ; EQ \
- /3 i L(t) =0.39 t4/5
L(t) = 0.38 \(1 —v?)uh3] t : LD d—v2)uh

Width, fracture length, net pressure without leakoff

Mack & Warpinski, 2000, Mechanics of hydraulic fracturing, Eds: Economides & Nolte, Reservoir Stimulation, 3 Ed., Wiley



Hydraulic Fracturing

SNU Geomechanics Toolbox
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KGD model

*  PKN model
» Radial model

Critical pressure

o Statistical

for shearing

Geomechanics Toolbox

| Hydrofracturing Estimation |

1 Hydroshearing Estimation |

<D
<)

Borehole Stability Analysis |

Critical pressare for shesing

i

Temperature Prediction

Generation of
fracture in 3D
« Self verification

3D DFN Generation

~ Stereographic Projection

Analytic Solution

FEM
Thermal stress

Park S, Kim KI, Kwon S, Yoo H, Xie L, Min K-B*, Kim KY, Development of a hydraulic stimulation simulator tool

272018 1180 Q70.Q0K

Rectilinear flow
Radial flow
Temperature
drawdown

* |nter-modular data

transfer
» Generating
compatible data

box for enhanced geothermal system design. Renewable Energy,
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Hydraulic Fracturing
SNU Geomechanics Toolbox
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«  SNU Geomechanics Toolbox - Hydraulic Fracturing Module

File  Units =

Hydraulic Fracturing Simulator

Base data Fracture type
Value Unit @ PKN fracture, height: 20 m _
Young's modulus 30 GPa ) KGD fracture, height: m -g
: 0.25 fracti : ’ : P
Paisson's ratio racten ) Radial fracture: t_min = 322703 s g =
Injection rate (borehale) 1 m" 3/min O
fluid viscosity 1 cP Iniecti o © g
Leakoff coefficient, C Be-5 mis*1i2 njection parameter = @ 1 o
Spurt loss, Sp 001 m © Total injected volume, m3 2o
Borehole radius 0.1078 m @ Total injection time, 3600 s O | |
Calculation results Plotting options
® Injection t £ 1
Fracture length @) Injection time s )
Value Unit Max. well width ve © Injected volume < 5 A
Fracture length 863133 m Awr. fracture width '8 “"j i 1 0
Fracture height 20m Met pressure o E B E
Max. fracture width 12863 mm T e oo P A n 5 E 5% 3 A
Avr. fracture width 0.7956 mm wi profile [SCHInEs 3D 8 L - y I 2 2
Net pressure 1.0130 MPa Attimet= 3420 5 ] 8| 4 >
Total injection time 800 s Width scale factor in 30: 1000 R 2
Total injected volume 60.0000 m*3 2 4 0297 4 Distance (m) Distance (m) 2 2 Distance (m)
Plot 2D width profile Plot 3D fracture shape .
| | PKN model Radial model
Main window
= oty a0 — T — R T —
EFTI 8L T TTTIOLL T TN
PRN fracare geometry )
s
8 &
: g
. g € £
£ d H ] e
S oo £ g
£

Fiecton e s)

< K LA i |

it e s) s

2D width profile

3D visualization Length, max. aperture, min. aperture, net pressure curves



Hydraulic Fracturing

SNU Geomechanics Toolbox

SEOUL NATIONAL UNIVERSITY

« PKN vs. KGD models

Longitudinal fracture modela Transversefracture model
L = =L T i
KGD model PKN model Radial model
I — - i “-:-“ T _l
1) Assumption of 3) Assumption of 4) Assumption of
no leak-off no leak-off high leak-off
2) Carter‘s;oak-oﬂ eqa 5)Carter's iﬁkoff ega 8) Carter’ ; leak-off eqa.

1) KGD model with assumption of no leak-off

3 1/6
1{t) *0‘38[“ £¢ ] e

- ‘-:)uh’
1—viuQ*
Wemax(t) = 1.67 ’% A, W= E\V“.u,
2 1/2
[l Rl
Pult) = S+ 1.09 [(] —viy

3) PKN model with assumption of no leak-off (error < 10% when t, < 0.01)

£Q? 15 G
L(t) = 0,39|m] t
SN (¢ .. PPN
W smax(t) = 2.18[-—9,—-] e, W= Sw""‘“'

. : s
E*uQ oS

Pult) =S+ 1.09|m

Explicit form
(no leakoff)

Implicit form

(consideration of leakoff)

2) KGD model with Carter’s leak-off equations

(1 - viuer?)™ n
Wy smar = 2.708l—hE—— W= z\i_. e
~ (mw, +85,)Q X 2a _BCymt
T exp(a®)erfe(a) + & 1], a= i R g,

By using root-finding method, first find the consistent set of W and L at certain time t, then

E
Pwm™S+ "“—"':)—wa max
%) PKN model with Carter's leak-off equations |

/4

- (1 -v)uoL _m
Wiemar = 2.75[ E W= g Wermax
(mw, +10S,)Q 2 2p _10cymt
L= —ocTnnh I”“’(ﬂ Yerfe(B) + ’I' P = . + 105,

By using root-finding method, first find the consistent st of W and L at certain time t, then

e Tenre, S
P = 20— vh Vi max
6) Radial model with Caster’s leak-off equations

1 - v)uQR]'*
W may = 3.532l(—‘—5-_—)—'@—-| . W= == W, ear

15

15Cymt

60Cn: = aw,, + 155,

R= jw)ﬂ[rw(ﬂf)f!‘/r(mﬁ?— |I_ g

By using root-finding method, first find the consistent sct of W and L at certain time t, then

nE
Pw=S+ m“--mm

Arwn of g
Naw reawteaee
'
|

S

1]
W”..-..... v
s

-

-

i
P .
o Arnetere

A

arvs # i
[owt Rve revtots  (uten

: L

I'_-Radial model

Park S, Kim KI, Kwon S, Yoo H, Xie L, Min K-B*, Kim KY, Development of a hydraulic stimulation simulator toolbox for enhanced geothermal system design. Renewable Energy,

272018 1180 Q70.Q0K



Hydraulic Fracturing o
Proppant

SEOUL NATIONAL UNIVERSITY

* Proppants
— Used to hold the walls of the fracture apart to create a conductive path to the wellbore

— Placing the appropriate concentration and type of proppant in the fracture is critically
important — effect on fluid rheology, effect of gravity...

— Usually sand or ceramic material

» Factors affecting the fracture conductivity M”M

— Proppant composition

— Physical properties of the proppant — strength, swm

Tt s m— L o
— Proppant-pack permeability BN : \\

— Movement of formation fines "m

Resin-coated
sal
Sand
10

2000 6000 10,000 14,000
Closure stress (psi)

Permeability (darcy)

— Long-term degradation of proppant

Proppant Strengfth vs permeability of various proppants
Gulbis & Hodge, 2000, Fracturing fluid chemistry and proppants, Eds: Economides & Nolte, Reservoir Stimulation, 39 Ed., Wiley



Hydraulic Fracturing
Shear stimulation (Hydraulic shearing)
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» Shear stimulation (or hydraulic shearing or hydroshearing)

— Shearing of existing fractures through hydraulic pressure

— Shear slip and dilation in the fracture is a main mechanism

— Fluid flow through fracture ~ b3,

— In general proppant is not necessary < irreversible process

\

Natural fracture

\

Fracture after shear

Relative permeability

—_—

Effective normal stress

Figure 10.11 Generalization of the way in which slip on a pre-existing natural fracture is likely to
increase its initial permeability and decrease the sensitivity of the permeability to depletion (after
Barton et al., 2009).

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ

failure of a fracture

T

Tmax = C0 + 0, g tan(®)

»
»

Shear stress

o
M Normal stress

——
Increase of pore fluid pressure



Hydraulic Fracturing )
Shear stimulation (Hydraulic shearing) -

SEOUL NATIONAL UNIVERSITY

Real rock fracture Idealized rock fracture
i SUNST AN

3 } % . . !:" 1- " D v.‘ Py 27, ‘-;l‘q;}
(3 g’fﬁ'&-‘ Idealization Lz%t?‘g‘wanvif?. :

Aperture (e, or b): size of opening
measured normal to the fracture wall
Conceptual

model

(PO

e’ dh
Q=-———(p,oh) =- 220 g

12 dx 12 dx

pge?/12u = hydraulic conductivity (K) of a fracture
pge®/12u = transmissivity (T) of a fracture

€2/12 = permeability (k) of a fracture
P, density of fluid
<€— with zero elevation g: acceleration of gravity

U viscosity (=n)
— Cubic law: for a given gradient in pressure and unit width (w), flow rate through a fracture is
proportional to the cube of the fracture aperture.

plate approximation for fluid flow through a planar fracture. For a given fluid viscosity,

1), the volumetric flow rate, Q, resulting from a pressure gradient,V P, is dependent on
the cube of the separation between the plates, b,

bi-l
= —VP
0 125

(5.1)



Hydraulic Fracturing 'ty
Shear stimulation (Hydraulic shearing)

» Shear dilation observation (Olsson & Barton, 2001)

120 ' f
, - Shear
100 | IR / ——— >
0.90 = /.-‘ Rothert & Baisch (2010)
0.80 [/ & 1.0E-4 - km = 0 kN/
fg | /r’ = 1 km=UkNmm krm = 37 kN/mm
[<}]
0.70 > ] krm = 75 kN/mm
o 0.60 y 3 1
'ﬂ o) 4—t 1A A LA e 2
g 5 E 1.OE-5 | >
u 0.50 g » B ‘\kﬂ_n?_:}? kN/mm
] < = .
0.40 - 2 ..
"0 — | z E 1one -
0.20 § E : |
4 2 1.V
0.10 - s '
. S
| OE-7 L O B B
0 1 2 3 4 3 6 01 2 3 4 5 6 7 8 9 1011 1213 1415

Shear displacement (mm) . -
_ . o _ Shear Displacement (mm) .
Olsson, R. and N. Barton (2001). "An improved model for hydromechanical coupling during shearing of rock joints." International Journal of Rock Mechanics and

Mining Sciences 38(3): 317-329.
Rothert E & Baisch S, 2010, Passive Seismic Monitoring: Mapping Enhanced Fracture Permeability, 10" World Geothermal Congress, Paper No.3161



Hydraulic Fracturing | | %g!@g
Shear stimulation (Hydraulic shearing) o oo e
* Normal mechanical behavior

— Unit: Stress/length (MPa/m) - j,xfil '} piy

— Linearmodel & =K § °-

— Non-linear model - 5

5 _ (7 Ty
c+do,

» Shear mechanical behavior
Unit: Stress/length (MPa/m)

Shear

%

Linear model & =K 6.

Non-linear model: e.g., Barton’s equation

normal dilation

. . . -1
Dl|atI0n angle ¢di|ation = tan (shear disp|acement

dilation

Rothert & Baisch (2010)

>
] (b) Shear displacement 8§,

Rothert E & Baisch S, 2010, Passive Seismic Monitoring: Mapping Enhanced Fracture Permeability, 10" World Geothermal Congress, Paper No.3161



Hydraulic Fracturing

Shear stimulation (Hydraulic shearing)
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* Direct shear test on 57 single fractures (Glamheden, 2007)

o

100

200

Elevation (m.b.s.l.)
o 4 (%3
=1 =1 =1
(=] (=] (=]

=
=]
=

=]
=

8OO

00

- Shear dilation varies a lot at moderate normal stress (~ 20 MPa, ~ 500 m)

Y
Y

o

. = 0.5MPa

14.6°

mean
l

Dilatancy anrle 0.5 MPa, yy 5[]
5 10 15 20 25
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- At deep depth, dilation seems fairly small but it still enhances permeability a great deal
Glamheden R, Fredriksson A, Rdshoff K, Karlsson J, Hakami H and Christiansson R (2007), Rock Mechanics Forsmark. Site descriptive modelling Forsmark stage 2.2. SKB.
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Hydraulic Fracturing 'ty
Shear stimulation (Hydraulic shearing)

« Examples of critically stressed faults

— Majorities of hydraulically conductive faults are critically stressed

Hydraulically conductive  Hydraulically non-conductive Orientation of wells that would intersect
| g_/._%’— the greatest number of critically stresses
HYDRAULICALLY CONDU'CT/VE FRACTURES NON-HYDRAUL ICALLY CONDUCTIVE FRAC URES f
‘ aults
O =22 u=10 =06 gi fepsp el y=03
@ 04" S ‘.’ G ¢
E 003 el S oo Cajon Pass
S & 0.29 Ll . .
- S 01 - Fractured Granite/granodiorate
0 o2 04 o6 08 1 (s = ~3.5km
(on = P)IS, - ~4 km from the San Andreas fault
o n=125 n=10 =086 ;)Z n=3% p=10 p=06 . Strike-SIip ~ normal faUIting
0.3 : il
g L 21 SO < 02 B &
S 0] iy 014
- B R, o A 0 (R Long Valley:
0 01 02 0.3 04 05 06 07 08 0 01 02 0.3 04 05 06 07 08 F t d t h- k
(0n - oS, (00~ Po)IS, - drilc :;rez rl?e amorphic roc
- rilled ~ 2 km
0adn-9 w=To p-08 03 n-186 #=10 408 - Investigation of the structure/caldera
gt & 023 @ - Strike-slip ~normal-slip stress regime
o =01 =0
0001 02 03 04 05 06 07 9% 01 02 03 04 05 06 07 r
(n - FlSy (on - PolSy N S Nevada Test Site (Yucca Mountain project)

- Tuffaceous rock
- potential site for nuclear waste repository

Figure 11.2. Normalized Mohr diagrams of the three wells that illustrate that most hydraulically conductive
faults are critically stressed faults (left column) and faults that are not hydraulically conductive are not

critically stressed (center column) along with stereonets that show the orientations of the respective fracture = Hole was drilled >1.7 km
sets. The first row shows data from the Cajon Pass well (same Mohr diagrams as in Figure 11.1b), the second = - Normal fau|ting

from the Long Valley Exploration Well and the third from well G-1 at the Nevada Test Site. After Barton,

Zoback MD, 200¥,Reservein&eomechanics, Cambridge University Press
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Hydraulic Fracturing
Shear stimulation — Analytical model
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SEOUL NATIONAL UNIVERSITY

14

- Critical fluid pressure (P.) for shearing specific joint and minimum critical fluid

pressure (P.,,,) for optimally oriented joint:
P.= o— E,
u

r=[(0,—0,)
kC —k 01 1+ qub L (©)
P = ) k= -, = —
mk.—1 % 03 ¢ 1-sing

2 2 2
o=1"0,+m°c, +n°o,

1P + (0, — 0,)° PN + (0, — 0,)°1°n° ]2 : T -

r.=mu(c—F,)

cm

- Shearing onset location and migration direction can be estimated by the depth
gradient of critical pressure (dPcldz), if o;, 0,, 05 o depth: {

0, = klsv O3 = kSSv oy o, 0, o) o, o o

F{:'=o"—£2" F’C'=709—M:7’9
ll’l lll pressure_

\) \

y=p w \ \
—
' Increase ‘\

\
\ pressure
\ \

o, =k,S,

pressure

Shearing at casing shoe with upward growth N
= v Critical pressure

V  for shearing, P.
act ~ H— = [4
Casing shoe \

Shearing at well toe with downward growth V< Py

- Cut-off pressure (P.,): fluid pressure sufficient to activate

shearing in typical jointed rock mass

FPoo = Py + a(Pcf - Pcm)r
Where P is fracture opening pressure,
Satisfying Pryp, < Py < Py

0<a<l1

Depth

‘\ Critical pressure
\ for shearing, P

_— \
Injection
ce \
pressure, P, \

Casel dP./dh<dP,|dh
Shearing at well toe, downward

Depth

\‘ Increase “
\ pressure
\

_ \
Injection \

pressure. P, Y '

\

Case 11 dp./ dh > (IPP ! dh
Shearing at casing shoe, upward

Xie, L., Min, K.B., 2016. Initiation and propagation of fracture shearing during hydraulic stimulation in enhanced geothermal system. Geothermics 59, 107-120.



Hydraulic Fracturing

Shear stimulation - SNU Geomechanics Toolbox >

SEOUL NATIONAL UNIVERSITY

(1) In-situ stress condition input | | (2) Reservoir condition input

- Magnitudes and orientations 3D DFN, rock & fluid density, friction angle, P, evaluation coefficient
| 4 HSsim i - - @_}ih_r
Hydraulic Shearing Simulat}r/

-

In situ stresses

Specific joint orientation Rock & fluid density

Shmin 50 MPa

Deterministic estimations

Magnitude Azimuth [ Load overall DFN data ‘ Rock density: | 2650 | ka/m*3
S 100 MPa : :
é [ Borehole-intersecting DFN only l Fluid density: 1000 kg/m*3
SHmax 75 MPa 15 deg.
Mohr-Coulomb criterion Cut-off pressure evaluation

Friction angle : | 30 deg. Coefficient alpha for Pco evaluation : = 0.33

Pcm: 25 MPa [ UUIUZU
‘ | 4| 332657
Optimal direction: (60.00, 105.00), (60.00, 285.00)m 48,3286
eo 3329 MPa ‘Lﬁ 41.1165
L7 | 67

Run Descriptions Dip: | 67 |deg.

‘ Dip (deg.) |Dip direction (deg.)| Pc (MPa)
[ ra Lir“»

4. r1zoz

Initiation & propagation*
JIIT v

P

153.4188 60.5283 0
170.5337 59.6615 0
166.1553 71.6496 0

24 81.3940 0

Dip direction: | 24 deg. Add ] [ Clear }

* 0: initiation at casing shoe & upward migration
1: initiation at well toe & downward migration

Probabilistic analyses
[¥] Pcm distribution under various stress conditions

[ Pco & shearing probability distributions under various stress conditions

[¥] Pc, Pco & shearing probability distributions for various joint orientations under predefined stress condition

[¥] dPc/dz distribution for tendency of shearing initiation location & growth direction

[v] Probability of downward growth of shearing under various stress conditions Run & Plot i

| Normalize to Sv

m

(3) Deterministic estimations:
Estimations under specific
stress condition and joint
orientations

(4) Probabilistic analyses:
Estimations under every
possible stress conditions and
joint orientations




Hydraulic Fracturing )
Shear stimulation - SNU Geomechanics Toolbox
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4| Figure 1: contour of Pem Sles) | 4] Figure 4: normalized critical pressure for shearing & shearing probability with growing pressure = Eq 4| Figure 5: gradient of critical pressure o|E] %
ouE BIE 271v) 420 §0 H23TO) BW) =8%H ¥ oEFE BIE =22V 290 &M H23PO) FW) E=2FH | oF BTE =27|v) 420 &0 23O 2W) =fRH ¥
DEES KAV RL- G0 =D DAL (R RINOLEA- (2|08 DT DS KRN UDRL-(S|DE | m >
i i P
) Minimum critical pressure cm Critical pressure for shearing e, 9 gradient of critical pressure P (MPa/km)
‘Ig 3001 2
» 80 o y
& 250 E 0.8 22
3 o 8 20
£ 200f 60 § 06 ; 18
— o
[}
T 150 f L 16
ﬁ 40 ‘5“ 04 Pop=S5 ' 5
5 100 S
12
Z 20 £ 02
¢ =P
3 50 Pep = Peo 1
= 0 i 0 0 8
40 60 80 100
2 Y 230 24 Pressure, P,
Min. horiztontal stress, S, i
min
4| Figure 2: contour of kco & contour of pro_keco E;H‘ 4 Figure 3: contour of probability of downward sll_ [E‘&lg‘
oEF BIE =22V 220 EM H23VO) BW =2BH & OEF BIE =22V LU0 M H23TO) BW) =2H 2
NEES R RARIVDRL- (R |DE | mDd DAL KAV RAL- (G |08 | =T
Cut-off pressure, Pco Peo Probability of shearing with high tendency(by Pco) P’°bab"'ty of downward shearing
o 3 3 300
w; 300 90 w§ 300 04 m% 06
2 [ 80 - 5 250
§ 250 i § 250 035 ﬁ 05
£ 4 5
E 200 0 E 200 03 E 200 04
£ 150 2 150 2
é 50 é 025 E 150 03
1) L 40 o b
5 100 5 100T 02 5 100 02
= 30 < <
20 20 2 015 % 50 01
= = =
0 0 0 0
0 100 200 300 0 100 200 0 100
Min. horiztontal stress, S, Min. horiztontal stress, S i Min. horiztontal stress S o

(d) (e)
(a) Contour of minimum critical pressure (P.,,;) for shearing on the in-situ stress polygon
(b)left — contour of critical pressure for shearing (P.) , right — probability of shearing under given injection pressure
(c) Contour of critical pressure gradient(dPc/dz) on the equal-area stereonet of joint orientations
(d)left — contour of cut-off pressure (P.,), right — probability of shearing judged by cut-off pressure
(e) Contour of downward shearing probability on the in-situ stress polygon
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Hydraulic Fracturing el
Shear stimulation - flow into matrix (permeable frac!;ugéf‘imm

S
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* Linear flow into permeable fractures

— Function of permeability, viscosity and length scale (and porosity,
compressibility of fluid and rock)

gas

Typical range (gas):
10~100 nD

Typical range (oil):
10~100 nD

20

Length scale (m)

Length scale \m)

R S D T 0 100 Aol
Production time (yr) Time scale (yr) 1

Flgure_IZ.Z The time required for methane to diffuse through typical matrix permeabilities is given
ona Imgar scale on the left and log-log scale on the right. The gray region indicates that
approximately three years are required for gas to diffuse upproximulclv‘ 3~10 m through 10-100

range of matrix permeabilities for unml; : ‘CCS' Thc e o Tt dphor
£ : -onventional reservoirs. From Hakso &
: akso & Zoback (2019).

2 . 2
K k

n
where / is a characteristic length-scale of the process, k & k%(,ﬁﬁf + B:)|is the hydraulic
diffusivity, B and B, are the fluid and rock compressibilities, respectively, ¢ is the rock

orosity, k is the permeability in m? (10~!> m? = 1 Darcy), and 7 is the fluid viscosity.
Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ




Mechanisms of overpressure generation
___ Disequilibrium compaction (undercompaction)

« Characteristic time for linear diffusion
bl e U &

i LR R
<N ,. 3 T » Drwensionies s grp e the redure of dfus 0N Pe0Cess or ey oretrge e
f1 .(3.- +22 2.1’.) =S 28 CORPA 0N brtaesen o e process
M Naa b 5 = M
rerk
S M - uS e _ las e
LR T i Y 7S SOt e
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S - ‘#ﬁ" : lgv = "b'?{’ L iy —e T e
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F 2t
(u 2 | Ps.S5 = ICP
B ‘o ,‘;(.10 " «_-/“S .i::‘t-"\'fr " g-;';'.f’_?
/P & TC Jff e )tr
> " 3
r = !— = (@, iﬁ'm’ (2.2)
& n

where /is a characteristic length-scale of the process, x = k‘&ﬁ, + f,)is the hydraulic
diftusivity, fiy and f, are the fluid and rock compressibilities, respectively, @ is the rock
porosity. k is the permeability in m* (107" m* = | Darcy). and 7 is the fluid viscosity.

1D (darcy)=0.987x10 2 m? ~ 102 m?
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Hydraulic Fracturing
Shear stimulation - flow into matrix (permeable frac!;quN T

IPNAL UNIVERSITY

S

. Average prOdUCtiOH per wells mscf: thousand standard cubic feet

mmscf: million standard cubic feet

Production rapidly drops with production

low matrix permeability to much more permeable planes. In linear flow, production rate

%000 | | — 2005_2006; 1963 wells |
. . . -1/2 . v - n¢ .
is proportional to time '’* as given by 2007_2008: 3894 wells
0000 2009_2010: 2489 wells |

s 2011 2012: 2396 wells

t = 25000 A i TF |
2013 2014 1007 wells
e (12.1) v g we
2/t £ = w000
ad
n’g O 15000
10000 N -
S — — - e
000 ——— -
0 0 0 60 80 100 120 140
160000 \ 2009 2010: 1323 wells |
140000 .\ 2011 2012 2704 wells |
1959). Cumulative production is obtaining by integrating Fqn (17 1) and is thus 0 4 R\ 2013 2014 3043 weils
given by - . 120000 2015 2016 783 wells |
— E 100000 \ |
)] 3 NN
U o 80000 O
= /1 129 - N
© ( ) M © @000
= 40000
20000 —_ "

v

0 ."1‘.‘ JJ !:'l 20 IE.() ‘
Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ Months Active



Hydraulic Fracturing
Shear stimulation (Hydraulic shearing)

* Vertical growth

— controlled with microseismicity monitoring and treatment volume

— E
e R 2

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ
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Hydraulic Fracturing
Shear stimulation - flow into matrlx (permeable fracture)"
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Production and Depletion 355 |
Reservoir simulation O
Complex pore pressure e 1R e
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Figure 126 Simulation of the evolution o f pore pressure (left), microseismic events (ceater) and
furing a modeled hydraulic fracturing operation. From Jin &

permeability enhancement (right) ¢
ts snapshots after 10, 20, 40 and 80 minutes (see texi).

Zoback (2018). Each row represen

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ



Hydraulic Fracturing 1y
Shear stimulation - Optimization

SEOUL NATIONAL UNIVERSITY

1,100 1,200 1,300 1,400

* Optimization of well spacing :
— <200 ft ~2000 ft Horizontal well

— Reservoir permeability, perforation
cluster spacing, treatment volumes,
time interval, etc.

enhanceme

L]

Greater permeabil

-«

Greater permeability

enhancement

AE0EREEEEEEE

stages g
Table 11.1 Estimates of optimal well spacing (modified from Liang et al 2017) 3 I
E
Approach Authors Formation Fluid type Well spacing conclusions .E
Field pilot test and direct Friedrich & Milliken Wolfcamp in ~ Oil 400 fi 2 500 600 700 800 900 1,000 1,100 1,200 1,300
measurement of (2013) Midland é 0
MICFOSEISNIC, PrESSUTe  Rycker et al. (2016) Niobrara i i : -
K i e DNA ( ) Clt:lbtl'?m and Oil Niobrara: < 200 ft g 100 il t i b = E
sequencing o identify S Codell: < 700 ft E i ‘i 4l dh l W i@ lll , ¥ .
time-depend Pettegrew & Qiu ~ Wolfcampin Ol 1,320 ft with 1,628 Ib/ft ] SR e IO MR G e e
S 8 3 B
Ak ol e and inter- (2016) Delaware g 2 m g
well communication :‘:5 mEe
Operator data analytics  Sahai etal. (2012)  Marcellus Gas Variable for Marcellus 300 = g §
Numerical and analytical Sahai etal. (2012) Haynesville  Gas 1,056 ft for Haynesville —
simulation. Lalehrokh & Bouma Eagle Ford  Blackoil;  330-400 ft for blackoil 200
Fracture geometry or (2014) retrograde gas 440450 ft for retrograde
Stimulated Reservoir vy & Sepehrnoori  Bakken BlackOil 880 ft 56 _
Volume (SRV) is directly (2014) : ! =
assumed, i.c. planarand  Siddiqui & Kumar Eagle Ford  Retrograde gas 400 fi for single landing
symmetric fracture with  (2016) 00
half length, conductivity
and height are known or in EE
: Gas 1,200-1,300 ft £
and analytical Belyadi etal. (2016) Utica § §
-
Niobrara Gas 2,000 ft 2 ‘E
* o

Figure 115 Plan views of models of permeability stimulation in four US onshore unconventional
plays. Each panel represents a single stage. Note the strong variability in stimulated reservoir
Retrograde gas 200 m s not optimum "T‘:‘“"es munding a single hydraulic fracture propagating from a pcrl:orulion cluster.
© position of the well is along the top of edge of cach figure. Because of symmetry, only half the
ulic fractures are shown. The degree of permeability enhancement is indicated by the colors.
h panel represents a single stage, with variable numbers of clusters. From Sen et al. (2018).

Duvernay

Optimal well spacing data il ith vari e
Zoback MD, Kohli AH, 20%, Unconventiona?Geomgchanics, Cambridge Univ Permeability enhancement with various stages in different cases
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Enhanced Geothermal Systems (EGS) %’,%g
DEfi n iti on SEOUL NATIZ):';‘LLUNIVERSH—Y
* EGS: Enhanced (or Engineered) Drill a deeper borehole (3~7

km) to reach a target
emperature

Geothermal System

— A system designed for primary
er.le.rgy recovery usmg.hegt- Artificially generate
mining technology, which is geothermal reservoir
designed to extract and utilize bty hyflrtgulic

’ m n
the Earth’s stored thermal - Provide water through injectif)r: e
energy (Tester et al., 20006)

— A geothermal system that .
requires hydraulic stimulation to
improve the permeability.

Geothermal Explorer,
2010




4
2

e

;{03,;
o u v
s 4

SEOUL NATIONAL UNIVERSITY

WE

R

<

Enhanced Geothermal Systems
Hydraulic and thermal performance
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 Temperature variation due to conduction-convection in a single fracture with unit width (e.g.,
Bodvarsson, 1969) (rectilinear model)

TX:Tmck+(Tinj—Tmck)-erch k )x/\/ﬁ}

c,m
T, : temperature at X
T, - temperature of rock
T,,; 1 injection temperature
k : thermal conductivity of rock
c,, - specific heat of water
m:mass flow rate per unit width (kg/sec/m)
o : thermal diffusivity of rock

t : time after injection(sec)

length

=‘ :dt e Multiple parallel fractures with thermal interference, rectilinear flow: Gringarten et al.(1975).
&= - ¢
P e

—
—> &
L= —_ 1
= { i ' ’Q‘Ob (xp,2p,s) = ;exP[—xD\/E * tanh(BDgp/s)] * [cosh(Bzp/s) — tanh(BDgp+/s)sinh(Bzpv/s)]




Enhanced Geothermal Systems

Hydraulic and thermal performance

SEOUL NATIONAL UNIVERSITY

 Thermal performance: flowrates + fracture area

& TherCal o
I File
Open  CulsO
Save s Culas Reservoir Temperature Calculator G
R
Thermal model Base data Variables ®
Single fracture, Specific heat of rock 800 g T Width of fracture 0 m 5
rectiinear flow model | o6 heat of fuid 478 9T | Mass fow rate ) s '§
& Muliple fracture Rock density x2 C L Number of fractures s 8
rectibnear flow model ™ i 0
ermal conductivty of rock, k 08 wm T Fracture spacing & m IS
Multiple fracture Initial rock temperature 180 t Distance from injection 00 m _.d_.,)
radial flow model Injection fuid temperature () © Time(year) 0 years 'g
[
Calculate temp Outlet fluid 16187 T
Graph setting Result graph
X-axis
Distance From o years
® Time(year)  To 30 yess o
E
Comparison (optional) £
Width of fracture m 3
Mass flow rate s g
/! Number of fractures °
Fracture spacing m .f
Plot 0 5 10 15 20 b3 30
Time(year)
L
—
9]
S
<
L
=1
=
o
[0
o
£
(&)
=
=
=
[T

Reservoir temperature (°C)

Normal distance from fracture (m)

J 100 200 300 400 500 600 700 800
Distance along fracture (m)

180

160

140

120

100

80

40

Mass flow rate=20kg/s
Mass flow rate=40kg/s
Mass flow rate=60kg/s
Mass flow rate=80ka/s
Mass flow rate=100kg/s
Mass flow rate=150kg's

Flow

rate

increase
= v 7

° Time (year)

25 30

180

60

40

20

00

80

60

20

Flow
rate
increase

Mass flow rate=20kg/s
Mass flow rate=40ka/s | 7
Mass flow rate=60kg/s
Mass flow rate=80kg/s |
Mass flow rate=100ka's

100 200 300 400 500

Distance(m)

Park, Sehyeok, Kim, Kwang-Il, Kwon, Saeha, Yoo, Hwajung, Xie, Linmao, Min, Ki-Bok*, Kim, Kwang Yeom, Development of a hydraulic

stimulation simulator toolbox for enhanced geothermal system design. Renewable Energy, 2018, 118C: 879-895.

600 700 800



Enhanced Geothermal Systems CEh
Hydraulic and thermal performance

SEOUL NATIONAL UNIVERSITY

* 60 kg/sec for 30 years (with < 10 °C drawdown)
—> 0 fractures (1 km width), hole distance of 600 m

+ Mass loading per unit area of the fracture #/* =60
kg/sec/(6x10°m?)=1x10- kg/m?s ~ tens of mD

180

i T N T
160 MIR? =05x1
— i 6
140 08
LI 5
o } spacing
2120\ . Sask ixi0?
5 I : 3 S—> — L
2100 . - = = T
§ | TS 3 - A
|E sof ! i ’ i 2x10*
[ I /{'\ z y 1]
L r : 5 /&
G eof T,.-60°C & k'x el
° T 180°C length :
o k.. 3.5 WimK
a 40F Specific heat of rock: 800 JikgK r "
B 30.years life span...... flow rate: 60 kg/s l i 10x10
Fracture width: 1_nnn m ol L B o
20 ~ hole distance: 600'm o o t(zgzms) 30 40
PSP SRR ISR PSP IR SRS SN S SRR S | — 2 A
0090 20 30 40 50 60 70 80 90 100 P(1)/P(t=0)=erf[(A.p, C,. /1) A/mC,)

Circulation time (years
’ ! m=mass flow through the fracture=pg (kg/s)

Armstead HCH and Tester JW, 1987, Heat Mining — A new source of energy, E & FN SPON



S @»\b

Enhanced Geothermal Systems ()
History and status o o s
Locations Year Depth Max Temp

Fenton Hill, New Mexico, USA 1972 - 1996 2.8 km/3.6 km/4.2 km 320 °C

Rosemanowes, Cornwall, UK 1978 - 1991 2.0 km/ 2.2 km 85 °C

Hijiori, Japan 1985 - 2002 1.8 km/2.2 km 270 °C

Soultz, France 1987 ~Present 3.3 km/5.0 km 200 °C success
Ogachi, Japan 1989 ~ 2001 0.7 km/1.0 km 250 °C

Cooper Basin, Australia 2003 ~ 2015 4.2 km 240 °C

Pohang, South Korea 2010~2017 4.3 km 142 °C(160 °C)
Espoo, Finland 2018~ 6.2 km ~120 °C

The first EGS power generation at Fenton Hill, USA(Feb, 1980,
fluid temperature: 150°C, R-114 binary cycle, electricity capacity:
60 kWe, Armstead and Tester, 1987)




Enhanced Geothermal Systems )
. - Y
Soultz Project, France - Rittershoffen, France

* Project at Rittershoffen: June 2016
— 24 MWth, GRT-1@2580m, GRT-2@3196m
— Flowrate: 70 I/s, T>165°C, Transportation: AT<5°C@15 km

— Used in Starch industry (%

Official inauguration on 09/06/2016

ECOGI project located at Rittershoffen

24MWth for a heat application
Two wells:

GRT-1@2580m
GRT-2@3196m
Q>70L/s T>165°C

H T
i ‘c':‘él')




Enhanced Geothermal Systems
Espoo EGS project (2018 - ongoing)

SEOUL NATIONAL UNIVERSITY

4 st
X\ Deep Heat Oy

Site information of St1 EGS project in Finland

|© OTN-2 well |

Geophones

HHHHHH
.

Latitude [°]
60.2°

OTN-3 well

Stimulation: 49 days

18,160 m’ injected

Injection interval:  Flow'Rack 378m?3
5.5-6.1 km (5 stages) S5
Well-head pressure:

60-90 MPa

Injection rate: S4 \5331
400-800 liters/min S2\

24.8° ‘24.9°
Longitude [°]

- OTN-2: 3.3 km MD, for earthquake monitoring
- OTN-3: 6.4 km MD, for stimulation

- Drilling: air and water hammer (vertical part) + rotary methods (deviated part)

- Multi-stage hydraulic stimulation (S1~S5). 1,000 m open-hole. Inclined at 42° to the NE
- 12-level vertical array of three-component seismometers: 2.20~2.65 km depth (OTN-2)
- 12 additional borehole sensors (0.3 ~ 1.15 km depth). 14 surface sensors.

- Background seismicity is very sparse: Mw 2.4 (2011, 50 km away), Mw 1.7, 1.4 (2011)

Kwiatek G., et al. 2019. Controlling fluid-induced seismicity during a 6.1-km-deep geothermal stimulation in Finland. Science Advances.

5:.eaav7225. 1-11.
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Enhanced Geothermal Systems
Outstanding technical issues

SEOUL NATIONAL UNIVERSITY

0 Faster, More Efficient Drilling Technologies

RS I

Outstanding technical issues

1) Drilling

2) Reservoir Creation

3) Characterization

4) Sustainable Production b TR AR . e
5) Induced microseismicity - oL Ry , e —

.............

2,000 - 6,000 f. — . —
O Seismic Modeling, Monitoring & Protocols

US DOE, 2013, Program overview
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Enhanced Geothermal Systems )
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Outstanding technical issues
Outstanding technical issues oy |

: e 2 :

1) Drilling

2) Reservoir Creation

3) Characterization

4) Sustainable Production
5) Induced microseismicity

LAl L il

Completed Well Costs (Millions of Year 2004 US$)

Oil and Gas
Average

L L L 111

A1

p—— At |
5000 10000 15000 20000 25000 30000

0.1 L 1 I | ) Y ' g-—1 -3 l p__3. g ‘ g4 )
0 2000 4000 6000 8000 10000

Depth (meters)

(MIT, 2006)
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Enhanced Geothermal Systems
Outstanding technical issues
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Cooper Basin - Jolokia #1 (2010)

Jolokia 1 Tests Oct/Nov 2010

Outstanding technical issues

12000

1) Drilling 2 " 8.9 T | e
g 99.41 d
2) Reservoir Creation i L
3) Characterization Bl
’ O<_5110 2880 4320 5760 7200 8640 10080 11520 12960 14400 15840 17280
4) Sustainable Production 1 day

5) Induced microseismicity

2

1.8

1bpm =(2.65L/s

2 12

£ 1
<
_g 0.8
= 06 1 501 /e
A IvJ LI
0.4 + \H
02 It ul amaa | )| et
ol LUl
0 !440 2880 4320 5760 7200 8640 10080 11520 12960 14400 15840 17280
1 day time, min

Well head Injection pressure ~ 70 MPa Shoar failure
Injection rate < 5 I/sec and dilation ?

(e




Enhanced Geothermal Systems
Outstanding technical issues
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Outstanding technical issues

1) Drilling

2) Reservoir Creation

3) Characterization

4) Sustainable Production
5) Induced microseismicity

Borehole breakout at GPK1 @3450 m - Observed one
year after drilling (Cornet et al., 2007)

Cornet, F. H., Th Bérard, and S. Bourouis. How Close to Failure Is a Granite Rock Mass at a 5 km
Depth?. Int J Rock Mech Min 44(1) (2007): 47-66.

3400

3410

3420

3460

3470 —-

ShE
1
1 &

-
-
~

e T

0 180

00 01 02 03

AR/R,

North
;/-\\
i 3416.75 m b

170/350

3606 6 90 180
Azimuth (N°L)  Azimuth (N'L)



Enhanced Geothermal Systems

Outstanding technical issues
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Outstanding technical issues

1) Drilling

2) Reservoir Creation

3) Characterization

4) Sustainable Production
5) Induced microseismicity

€ 150 80
—_ 1
<
= y
g 100 -
@ 5
T 80 7
1 fracture = .
@
[&]
& -50
I
2z Level 8749
-
= 100 °
g 150
2 0 100 200 300 400 500 600
Distance along fracture (m)
oy
o 150 ~
=1 =
2 100 5 @
£ 50 E
ractures 3 o
2 X: 600 =
g %0 Y:0 =
S 100 Level: 170.3 z
= (=]
g 150
2 0 100 200 300 400 500 600

Distance along fracture (m)

180 umber offractures 10
160
0140
L
o
1
3120
«©
j
o
2100
£
L) [
F 80
: -
L r :
= | ,
g 80 T :60°C
i T ... 180°C
'8 N :::k 3.5 WIMK oot
a 40k : :Specmc heat of rock: BUO_J_I}_(_g__K
30 years life span. flow rate: 60 kgfs -

‘Fracture width: 1,000.m ...
:hole distance: 600 m :

oF |

0 . o i
0 10 20 30 40

i _ 5Q 60 70
Circulation time (years)

80 S0 100

60 kg/sec for 30 years (with < 10 °C drawdown)
—> 6 fractures (1 km width), hole distance of 600 m

Mass flow rates per unit area matters

mIR®

30 years, 60 kg/sec
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Outstanding technical issues o
- Shut-in
%30 ]InjeFtioQ stagTe -,_c-m' Shtljt-in‘stage -~
Outstanding technical issues E]ZO . : - f
2

N

1) Drilling
2) Reservoir Creation 5

Magnitude
N

o

5 6
Elapsed Time (day)

3) Characterization I (Mukuhira et al.,2017)
4) Sustainable Production

(m)

5) Induced microseismicity < Basel Deep Heat Mining project (2006)
— Borehole at 5 km, Injection: 11,570m?
— Maximum seismicity: M, 3.4 (5 hours after shut-in)

— Property damage: 7 million swiss franc

Haring, M. O., et al. (2008). "Characterisation of the Basel 1 enhanced geothermal system." Geothermics 37(5): 469-495.



Enhanced Geothermal System B
EGS and Shale gas production
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 Shale Gas R&D spending and production*

EGS is arguably in the same techno-commercial space that
shale gas was prior to validation. Challenges include the rate

of advancement and innovation, and ability of the sector to
" run with game-changing technical advances. (D Hollett, US DOE |
Geothermal Program Manager, 2012).
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*Future of Natural Gas (MIT Report, 2009) *GRI: Gas Research Institute



