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ABSTRACT

The United States Department of Energy, Geothermal Technologies Office (GTO) is funding a collaborative investigatiowexf enha
geothermal systems (EGS) processes at the-swmde. This studyreferred to as the EGS Collab project, is a unique opportunity for
scientists and engineers to investigate the creation of fracture networks and circulation of fluids across those nedwiorkgwstless

conditions. The EGS Collab project is envigdrio comprise three experiments and the site for the first experiment is on theel&3$0

in phyllite of the Precambrian Poorman formation, at the Sanford Underground Research Facility, located at the forméeHaote:sta

Mine, in Lead, South DakotarPi nci p al objectives of the project are to develop
well controlled in situ experiments focused on rock fseacture
experiments will beompared against predictions of a suite of computer codes specifically designed to solve problems involving coupled
thermal, hydrological, geomechanical, and geochemical processes. Comparisons between experimental and numerical sittalation re

will provide code developers with direction for improvements and verification of process models, build confidence in the suételef avai
numerical tools, and ultimately identify critical future development needs for the geothermal modeling community. Manedwveting

thorough comparisons of models, modelling approaches, measurement approaches and measured data, via the EGS Collab project, w
serve to identify techniques that are most likely to succeed at the Frontier Observatory for Research in Gen#rgsn{RIIRGE), the

GTO6s flagship EGS research effort. As noted, outcomemputefr om t h
code verification, but numerical simulation additionally plays an essential role in designing thesscatesxperiments. This paper

reviews specific numerical simulations supporting the design of experiments within Test Bed 1, a volume of phyllite rdoksitonde

stress conditions off the western side of the West Access Drift on the 4850 Level, wearrGo or 6 s Cor ner . Numeri ca
executed prior to the start of hydraulic stimulation activities within Test Bed 1 following standard practices, usingniset esf

principal stress conditions, thermal conditions, and the rock petrophysiopérties, including geomechanical properties. These
simulations indicated notching of the borehole would promote the initiation of transverse fractures, seismic magnitudésedurin
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hydraulic stimulation would be below 0.1 magnitude on the Richter,statek thermal conductivity of 5.0 W/m K yielded agreement

with nearbykISMET borehole temperature logs, back pressure on the production borehole would increase circulation across the test bed,
and the production borehole would serve to halt propagatfotine hydraulic fracture to the drift. Pexisting natural fractures,
heterogeneities in the rock properties, monitoring boreholes, and overlooked mine elements have prompted a seconddooligt num
modeling stimulation, fluid circulation, tracer gnation, and thermal breakthrough. Numerical simulation is an invaluable tool for
providing insight and understanding to complex physical processes. The success of simulations, however, often depedig @il incl

of the salient features of the systemtihe founding conceptual model. This paper takes a retrospective look at examples where the
conceptual model and simulation was sufficient to provide accurate forecasts and those where elements were missitijgnecessita
rethinking of the simulation.

1. INTRODUCTION

In October 2016, the United States Department of Energy (DOE), Geothermal Technologies Office (GTO) announced a funding
opportunity that was to be collaborative in nature and act as a research and development path betweendedleratonlation and

rock mechanics studies and the large field scale of the future Frontier Observatory for Research in Geothermal Energy (FORGE)
investigations (U.S. Department of Energy, 2017). The recipient of the Collab award was announced in etrlgt @ojEttled by the
Lawrence Berkeley National Laboratory (LBNIgnd initiallytermedthe Stimulation Investigations for Geothermal Modeling Analysis

and Validation proje¢twhose acronym referred to the symbol used for vertical sgs@s3Kis collaborate project now known as EGS

Collab, involves national laboratories, universities and private industry teaming to conduct stimulation and circulation expenichents,
verify computer codes, numerical algorithms and approaches, and process models leggasertated data. This thigear project
(Kneafsey et al.2018 has been tasked with providing new knowledge and modeling capabilities, forming a path from laboratory scale
to the field scale of FORGHEEach year during this project the Modeling and Sation Working Group is responsible for reporting on

the state of numerical simulators and simulations associated with the project. During the first year of the project| sinméataans

were generally directed at supporting the design of ExperimgltHite et al., 2017; White et al., 2018). At that tirmamerical
simulations were being conducted based on characterization data that were available from the KISMET project, whichivevolved f
vertical or deviated vertical boreholeaiso drilled from he 4850 drift(Oldenberg et al., 2016Borehole logging at the KISMET site
revealed existing natural fracture and foliation features, but did not identify any open natural fractures, which shppwtied of the

host rock surrounding the kISMET bom#és as beingf low permeability and clear of visible open fractures.

The process of numerical simulation, especially for geologic systems, starts with conceptual models of the criticalardgessegic

and engineered settinghe critical processeto be modeled generally define the type of numerical simulator required, and the geologic
and engineered settings often define computational domain geometries and parameter distributions. Specific numeriqal simulato
capabilities become factors for coraplgeologic and engineered settingst EGS Collab Experiment 1, numerical simulations executed

in support of the experimental design were founded on the characterization results of the KISMET project. These daléingnd resu
conceptual models yielded saessful forecast in some instances, but in others ignoring natural fractures, fracture heterogeneities, and
engineered systems, such as the rock bolting and wire mesh in the drift, necessitated a second go atexecigaigimulations. This
paperreviews examples from numerical simulations conducted as part of the EGS Collab project, which were successful in forecasting
experimental outcomes and observations,ex@inplesvhere additional characterization informatieas incorporated into a simulatip

or the simulation approach was modified in response to experimental obsentaisongortant here to distinguish betwesenumerical
simulator failure and errors in conceptualization of the system to be modeled. Numerical simulators yield ajepsmhirians to
geologic problems, and occasionally have bugs that yield erroneous solutions. Under these situations, iteration iratioa applic
numerical simulation would require code modifications anrdxecution of the simulatiorthe simulators being applied on the EGS
Collab project generally are mature computer codes that have been verified through code comparison studies and preations,appli
making bug type errors unlikelfror the EGS Collab projedherefore iterationin the application of numerical simulati@nisesfrom

the realization that the geologic system differs from the original conceptualization. Under this situation, the numelasal sixaecuted
properly,but thesystem modeled was not representativanefexperimental testbed.

2. OVERVIEW OF EXPERIMENTAL ACTIVITIES

EGS Collab Experiment 1 is being conducted imitnvolume of predominately phyllite rock on the western side of the 4850 Level (4,850
feet below ground surface) West Access Dirift (drift) witlsanford Underground Research Facility (SURF) near the kKISMET site
(Oldenburg et al., 2016). Eight boreholes were drilled into the experimental volume (Testieddreholes designed for flow and six
boreholes designed for monitorifiorris et al.,2018) The flow borehole¢E1-I injection, and E4P production)vere drilledfrom the

drift wall, nominally inthe direction of the minimum principal horizontal stress $.8,,with the intent of creating a connecting hydraulic
fracturebetween these twboreholes. The flow boreholes were collared near the drift wall, but otherwiseFoperof the monitoring
boreholes were drillesubhorizontallyparallelto the anticipated hydraulic fracture @®DT, EXPDB, EEPST, and EPSB) in vpattern
pairs fromthe drift wall, on either side of the anticipated hydraulic fracture. Two of the monitoring boreholes were drillepatiean
pair from the drift wall in a direction orthogonal to the anticipated hydraulic fractur©{E4nd E1OB), midway between thinjection

and production boreholes. The monitoring boreholes were filled with instrumentation gkimset al., 2017and grouted with low
electrical resistivity grout. The borehole layout is showRig 1a. The layout of the experimental testbédwn inFig. 1aevolvedfrom
estimations of the stress state and an understanding of the nature of the phyllite rock, from the KISMET project (Oldgnt206e

and supporting numerical simulations (White et al., 2017; White et al., 2018), whictalbeassumed the rock mass to dielow
permeability with few active natural fractures, but subject to a thermally altered stress field, from drift cooling.

Over the course of the year, a series of experiments were conducted within the testbed, whithewagelraulic stimulation or hydraulic
characterization in nature. The hydraulic stimulation experiments were generally shorter in duration and were spesifjcait) tde
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hydraulically connect El1and EXP. The hydraulic characterization experingeintvolved shortand intermediatéerm flow tests, tracer

tests, and limited thermal tests. To understand the evolution of numerical simulation approaches and conceptual mtheetesitmat,

it is necessary to review the key results from this sefiexperimentsAll boreholes in the experimental volume were core drilled with
HQ sized diamond bits, yielding a borehole diameter of 96 mm {8)Zd core diameter of 63.5 mm (2.5 in), cores were logged and
boxed, and gyro logs were taken to estaltisrehole trajectories. One of the first experimental results from the test bed occurred during
the drilling of EXP, which occurred after the drilling of EAT and EXOB. When drilling reached a depth of roughly 27 m (90 ft) dripping
water was noted owtf E1-OT, and when a depth of roughly 86(118ft) had been reached, a steady flow of water was noted frem E1
OT, when water was being circulated by the drilling operations. This observation was the first indication of a hydemilicalatural
fracture within the test bedind is referenced as the ®Tconnector fracturgystem This fracture was identified in the core logs and via

a sewer camera log of EFL The location and orientation of the ®Tconnector are shown kig. 1b.

El-P El-l E1-OT El1-P

OT-P Natural
Fracture System

E1-OT

El-l _ E1-OB
|

164.24’ Notch
—— (164’ Notch)

Jets in E1-P

Extension of OT-P
Fracture to E1-PST

(142’ Notch)  E1-PST === 164.24’ Notch DTS Signal and Drift Wall
BILPSR (164’ Notch) in E1-OT
141.31” Notch
128.05 Notch (142" Notch)
(128" Notch) —

128.05” Notch
(128’ Notch)

Figure 1: (a) EGS Collab Test Bed 1 borehole locations. Drift shown igrey with shading, and notched locations along E1shown
as spheres, with corresponding anticipated hydraulic fracture planes shown as translucent grey dis@y.EGS Collab Test
Bed 1 borehole locations and OFP connector natural fracture systemlmages generated withLeapfrog Software.

2.1 Chronologic Order of Experimental Activities
The chronologic order of the key experimental activities is provided for refeirefiedle 1.

Tablel. Key experimental activities in chronological order.

Experimental Activity Start Date End Date
Drilling of E1-OT Oct. 2, 2017 Oct. 13, 2017
Drilling of E1-OB Oct. 16, 2017 Oct. 24, 2017
Drilling of E1-P Oct. 25, 2017 Nov. 2, 2017
Drilling of E1-I Nov. 7, 2017 Nov. 15, 2017
Notching of E2I Nov. 16, 2017 Nov. 16, 2017
Drilling of E1-PDT Nov. 28, 2017 Dec. 6, 2017
Drilling of E1-PDB Dec. 6, 2017 Dec. 11, 2017
Drilling of E1-PSB Dec. 11, 2017 Dec. 14, 2017
Drilling of E1-PST Dec.14, 2017 Dec. 21, 2107
Borehole geophysical logging Jan. 08, 2018 Jan. 25, 2018
Well to natural fracture hydraulic connectivity survey Feb. 2, 2018 Feb. 7, 2018
Installation of sensors in monitoring boreholes Mar. 1, 2018 Mar. 22, 2018
Seismiccharacterization and ERT baseline imaging Apr. 4, 2018 Apr. 19, 2018
Hydraulic Stimulation #1 at 1 May?2l,2018 May 22, 2018
Hydraulic Stimulation #2 at 1 May?22, 2018 May 24, 2018
Hydraul i c Characterization #1 Jun 142018 Jul. 12, 2018
Hydraulic Stimulation #3 at 1 Jul. 18, 2018 Jul. 20, 2018
Hydraul i c Characterization #2 Oct 24,2018 Nov. 20, 2018
Hydraulic Stimulation #4 at 1 Dec. 7,2018 Dec. 20, 2018
Hydraulic Characterizatiof 3 at 1426 Notch Dec. 21, 2018 Dec. 21, 2018
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2.2 Hydraulic Stimulations

Four hydraulic stimulations were conducted, starting at t he
concluding with a s ec o nHydraulicicharadtedzatioroerperamentstwére corddcdtwitteedttt & ®. Not c h
and once at Théeerview i dhis Beotipncdescribes key events during the hydraulic stimulation and characterization

experimentsThe first hydraulic stimulatowas conducted at the 14286 Notch and was | i mi
fracture was thought to have been created with a breakdown pressure of 31 MPa (4500 psi). A system leak duriiy pleeicthut
precluded a complete analysiseTh s econd hydraulic stimulation was conducted at

for shutin periods between injection stages. The first shugafter an injection of 2.1 L showed a classical response, and values for
instantaneoushsitin pressurgISIP), closure pressure, leakoff coefficient, and fracture toughness were generally as antidipated.
interpretation of the pressure decay duringstheond shuin, after an additional injection of 23.5 L, suggested that the hydraaditfe

had intersected a natural fr act ur entlaninteisectioswith BHT wasnated acousticallt he 16
and flow occurred out of EP . A 2eC temperature increase w&ig laaid BHOT, withrthal | y no
temperature rise occurring via the Jelileompson effect for water depressurization at the state conditions. Following a series of hydraulic
characterization experimerdst t h e ldést¢ribed hhahe llowing paragraph, exendedhydraulic stimulation experiment was
conduct ed atThepnirecipal dbj8cive &f this exgeriment was to create a hydraulic fracture betwéandEE 1P, avoiding

the OTFP connector fracture system. This hydraulic stimulation had wlifits with flow circumventing the inflatable packers. A

hydraulic fracture was created, intersecting@®TIL, but not E1P. After this stimulation, an additional set of hydraulic characterization
experiments were conducteddasttmal 2a646nNekphkrsr i aed (Thidhpdsmaulie op ¢t @ t
stimulation experiment involved high flow rates and pressures, and extended the hydraulic fracture bé&/em&EIDT, but not E1

PDB. Micro-seismic event locationSchoenball eal., 2019)and the intersection of the hydraulic fracture with AT, and not E1

PDB, wereevidence that the fracture extension tended upward toward the drift, as predicted by the modeling (White et al., 2018) of
fracture growth under the stress gradieneiated byhermal cooling of the rock by the drift.

2.3 Hydraulic Characterizations

Three hydraulic characterization campaigns were condostdthe course of the yearrwo at t he 1646 Notch and ¢
For thefirst series of hydraulic har act eri zat i on e x ptaepiincpalobjectiveawas tguargify chdrattéristisso t ¢ h
about the fracture system connectinglEind EXP. A secondry objectivewas to improvethe fraction of flowto E1-P. Prior to this

experiment, the upgs (i.e., closer to the collaf).1 m (20 ft) of the EEOT borehole was grouteAll but the upper portion of the borehole

was previously grouted upon installation of the sensdrs.first experiment was a pressure transient tesviinE1-l and EXP at low

flow rates (i.e., O 20 ml/min). Peak pressures dur psiffprEthese t e
I and 20.7 MPa (3000 psi) for EL During both of these experimentiows were noted from EDT and EXPST, theatter of which

indicated the connectivity of the GF connector beyond ER toward the driftThe second experiment was a series of step pressure
injections in E3l, during the first of these experiments flow from-BHropped sharply, #i an associated rise in the flow from-B$B,

potentially indicating that the hydraulic fracture was connected to thB @3nhnector fracture system. The final experiment of the first
series of hydraulic char act elowrates(i.e..pmod L/mirt)ant gressusk(bed 0.0 MBatoc4855i nv o | v
psi), which were above the fracture extension pressure. Thes#idvighate experiments yielded maximum flows fromEbf 0.4 L/min

and EXOT reaching 0.2 Inin, reaching 60% recovemt times Flows from E1PST and EPSB (i.e., 2.3 ml/min and 5.2 ml/min,
respectively) did not show corresponding increases in rates, indicating the dynamic nature of the combined hydraulial firecttuseu

system.The highflow rate experiment concled with the upward displacement of the packer and SIMFIP assemblylinnih an

associated buildup of pressure in the interval below the packer. This event provided evidence ePthen@&ctor fracture system

extending toward the bottom of H1

Thehighf | ow rate test at the 1640 -temnodraulatiorsexpgrgnersrtd ¢hd pravibus stgressueen t i a |
experiments further suggested thatirsiermediateinjection rate of 0.4 L/min would yield both circulation betweenlEhd ELP, at
pressures below the fracture extension limile initiation of the intermediateate flow experiment required higher pressures than
anticipated for the 0.4 L/min flow rate at 29.3 MPa (4250 pdithe start of this experiment, water was flog/from EXOT and from

the collar of E1P (i.e., from above the packed interval), with the packed interval set to span the antigypadedic fracture. This was

a strong indication that flow was preferentially enteringFEttia the OTP connector fractre system over the hydraulic fracture. The
inflatable packer string was moved up theEEborehole in thresteps 1) +1.2 m ¢4 ft), 2) 1.8 m (+6 ft), and 3) +2.4 m (+8 ft). After
the first two packer moves upward, no flow was observed out-&f,Elther from within or above the packed interval, but after the third
move, flow was recorded from below the packed interval. Between the first and second packer assemptiilengweer packer was
deflated, and flow was observed from theREtollar, indicathg theupperpacker was covering the GH connector intersection. At this
time, it became evident the importance of the natural fractures in understanding the hydraulic connections bétarebEH, and a
common discrete fracture network campaign stasted, which involved a+&xamination of the cores and borehole logs, and creation of
a catalog of natural fractures. The principal objective of this campaign was to develop a common conceptual model fitaitibe sim
teams of the combined hydrauliccanatural fractures within Test Bed 1.

The second hydraulic characterizati on -landwas ddsignedinvestgatesthedcestbetiu c t e
sustained flow conditionsharacterize the fracture network with electriegistivity tomographyJohnson et al., 2019and conduct a

series of conservative and sorbing tracer experin{dtatison et al., 2019Prior to this experimenthe EXOT borehole was sealed with

epoxy to increase the flow resistance to the drift.tad the experiment injection flow rates were held at 0.4 L/min, and injection pressures

held steady near 28.3 MPa (4100 psi). Under these steady flow conditions DNADmtdr@cers were injected and recovered. Flow was

recorded from EP, below and witim the packed interval, EOT, E1-OB, and E¥PST,and percent recoveries of the injected water
approached 84%®uring this time water was noticed flowing from bolts that anchor the wire mesh support structure of the drift, at the

point labeled irFig. 1b. Although the experiment was hampered with pump failures, backup pumps were available to maintain steady
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flow conditions. After roughly 7 days of injection at 0.4 L/min, the injection pressure started to inanessiee of constant flow rate

and severahttempts were made to halt the pressure rise by-dbeationhigh-flow rate injections. Each of these pulses would result in

a pressure drop with the resumption of injecting at 0.4 L/min, but then were followed by steady pressure increasd ala k&a/lor

(16.7 psi/hr). At this point the system was switched to a steady pressure inje@®@MPa (200 ps), which stabilized the pressure,

but yielded reducing flow rates. To investigate whether scaling was causing the observed flow resistanjeeted water was switched

to deionized and softedwater, and bromine was added to th@ction water in slugs to reduce biological fouliddout 1% days after

the switch to deionized water, the injection water chillers were switched on, and évtibimrs the pressure dropped 1 MPa (150 psi)
under a steady injection rate of 0.4 L/miRumping of chilled water was maintained, and after 90 hours of injection at 0.4 L/min the
injection water temperature was (4129 psh,ei, the pelcent recaveredf injéctechwatpriwass s u r ¢
54%. After an additional 36 hours of pumping at 0.4 L/min, the pressure in thénElrval had increased to 29.0 MPa (4220 psi). After
an additional 24 hours of steathte pumping, the injectiopressure started to rise rapidly, with a concurrent drop in the recovery of
water from the producing boreholes, which had principally becom®E1The injection pressure increased to 31 MPa (4500 psi), at
which point the system was switched to pressorgrol, which resulted in a sharply falling injection rate, and following an additional 12
hours the system was shut dowand the second hydraulic characterization test was concluded.

The third characterization experiment was short termed and was cediélunatediately after the hydraulic stimulation attdgdl. Not ¢ h .
A principal objective of this characterization experiment was to locate fluid entry pointsRrfigin the hydraulic stimulation in H1

A sewer camera was deployed for identifying thelflentry points, so the hydraulic characterization was conducted without the inflatable
packer string in EP, and the borehole was dewatered to just below the packer string location during the stinfllatExperiment

started with anominal flow rate 0.4 L/min, which yielded an injection pressure of 22.8 MPa (3300 psi). Flows were observed from
E1-OB and E1P, and drips were noted coming from the drift ceiling, at the point along the drift ndtégl itb, an indication that the
hydraulic stimulatio had extended the hydraulic fracture beyonePEAnd intersected the @ connector natural fracture system. The

flow rate was increased to 2.0 L/min, yielding an injection pressure of 32.4 MPa (4700 psi), near the fracture extensienHoes
wereobserved fronE1-OB, E1}-P, EXPST,andE1-PSB. The injection rate was increased to 4.0 L/min for two intervals of 70 and 22
minutes and in both cases the injection pressure showed only slight initial increases, followed by slowly decaying fyjgisslicés,

fracture extension. Flow from EQ@B increased over the experiment from less than 0.01 to 0.4 L/min. The sewer lcaygieigin E1P

was able to identify six jetting points and one slit, which appeared to belong to two clusters, approximatelyDff) apgt, near the

30.5 m (100 ft) depth in ER.Whereas the mechanisms may be different, it should be noted that two clusters of jets, separated by a small
distance, were also foundinfL f r om t he hydr aul i ¢ ,antin boldases thedoratian ©f the inflew th-B14 6 Not
was near where one would predict based on the stress orientation

3. MODELING HYDRAULIC STIMULATIO N WITHIN A FRACTURED DOMAIN

Prestimulation modeling and simulation results based on various approaches, egjvecpbiee finite element model (FEM), boundary
element model (BEM), extended finite element model (xFEM) and discrete element model (DEM), all predicted the initigtmmthnd

of moreor-less planar hydraulic fracture toward the production well. Als¢hprestimulation modeling and simulations adopted the
assumption of homogenous thermal and mechanical properties of the rock within the model domain of interest. While sarge modeli
approaches like DEM incoopated random fluctuations of mechanical pmigs to represent smadkale heterogeneity, the rock within

the domain of interest is statistically homogeneous at the scales beyond a few meters.

The actual stimulation experiments and data collected at the test bed, however, strongly indicateahatatteactures and foliation
structures of rockshat are widely presented within the test e significant influence on the initiation and growth of hydraulic
fractures. The stimulation results indicate that the fracturing patterns at the testiltbishvolve both tensile opening of new cracks and
shearopenings of natural fractures, which leads to very complicated fracturing patterns between the injection and produg¢ti@f wells
meters apart). One obvious challenge is to characterize thalrfedatures between the wells at sufficiently high resolution and certainty,
and in addition, their hydraulic and mechanical properties, and spatial connectivity. The hydraulic stimulation expésonrentated

an equally challenging difficulty of chacterizing the size, shape and growth patbéithe hydraulic fracture itself

To better understand the potential roles of natural factures on hydraulic fracture propagations within the test beahatielitig team

carried out preliminary 2D sensitiyistudy usingaDEM model.Fig. 2 illustrates the 2D model domain setup with the presence of natural
fractures and fracture clusters between the injection well and production well. While the natural fractures interseatirggche be
determined frontore logs, their spatial extensions away from the wellbores are unclear and not determined yet. We filled in the model
domain with natural fractures in an arbitrary way, but based on the inferred statistics and patterns of fracture aétsmxyrime and

fracture clusters using data obtained within and adjacent to the teSteachck matrix permeabilitykg) used in the sensitivity study is

kept constanat 10'° m2 The rock tensile strength {Tis also kept constaat 5 MPa (725 psithroughout all simulations. The typical

rock tensile strength of rocks in the test bed ranges abebitvi3a (~435725 psi) The insitu horizontal and minimum stresses seé

to 21 and31 MPa (3050 and 4500 psiyespectively, the same values as thaslun prestimulation simulations.

Given the rock mechanical properties;situ stress condition, and spatial distributions of natural fractures, the most important input
parameters for the model are the permeability and cohesive tensile strengthid@ialdiatural fractures. Site characterization efforts at

the Collab test bed clearly indicate that those natural fractures exhibit a wide range of degrees of mineralization,pleietycom
mineralized, to partially mineralized, to open (flowing) cracBe ner al | vy, natur al fractures were t
mechanical strengths and fApreferentialo flow pathwayswein mos
systematically decreased the mechanical cohesive dieeafyhatural fractures, while increased the permealofityatural fractures at

the same time. Table 2 summarizes all initial sensitivity simulation scenarios. We started first by assuming the nateslhizae

similar properties of the rock matriwvhich essentially ignores the natural fractures (i.e., thestimaulation simulations). Then we
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gradually increased the permeability of natural fractures with decreasing mechanical cohesive strength in the follovatam simul
scenarios.

Simulated fractuing patterns irtheinitial 2D sensitivity studieare shown irFig. 3, for the six simulation casel$ is worth mentioning

in all sensitivity simulations, we explicitly put a natural fracture adjacent to the injection interval with the initiasgoristudy the
effect of a natural fracture orhe fracture initiation process. I€ase 1 all natural fractures have similar hydraulic and mechanical
propertiesto the rock matrix(i.e., the modeled rock is statistically homogeroéshydraulic fracture wasnitiated near the end of the
injection interval, then gradually tuedand propagattalong the horizontal maximustresglirection. The small kinks and wavy fracture
path are actually due to the local small scale random perturbations on rock shéastesrsjthsncorporated into the modeThe
fracturing is mainly tensile opening at the scale of the model doiaases 2 and e permeability of natural fractures was increase
by 10 times with decreasing cohesive strength by 25%, the simulatéaring patterndo not seem strongly affectég the presence of
natural fractures, and we obseevsingle tensile hydraulic fracture that is largdiyectedby in-situ stress condition#&s we continue to
increase the permeability of natural fracgiby 100 timesife., Case dottomleft figure) or decrease the cohesive strength of natural
fractures by 50%i(., Case Sbottommiddle figure), we still observe the propagations of a single tensile hydraulic fractuhe,
direction largely dominated by #situ stress conditions. However, the overall fracturing patterns start to become more complex. The
fracture started to branch out along some natural fractures intersecting the main hydraulic fracture. We started togsele gpsore
natural fractures.

Table2. Summary of sensitivity simulation scenarios defined by various combinations of permeability and mechanical cohesive tensile
strength of natural fractures

Simulation Permeability of natural fractures (relative to Mechanical cohesive tensile strength of natural fractures
Case the rock matrix permeability K o of 10°m?) (relative to the rock matrix tensile strength To of 5 MPa)
1 =ko =To

2 =10 x ko =To

3 =10 x ko =0.75xD

4 =10 x ko =075xTo

5 =10 x ko =05xT

6 =10'x ko =0.1xT
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Figure 2: lllustration of the 2D model setup with the presence of natural fractures between the injection well (at the bottom) and
open production well (at the top). The dimensionless distance of 200 in thed¥fection corresponds to the dimensional
distance of 10 meters between the wells.

In the more extreme cagiee., Case gbottomright figure), the permeability of natural fractures was incredget orders of magtude,

and the cohesive strength was @ased by 90%, representing poorly mineralized, and permeable natural fractures with an equivalent
hydraulic aperture on the order of 0.1 micron. In this case, the fracturing is almost completely dominated by openmafjfedctates.

Once the naturaldctures were pressured, we also observe multiple tensile openings from the tips of natural fracture, which was strongly
affected by the irsitu stress conditions. However, all these tergilened fractures would be arrested by natural fractures ifritergéct

with natural fractures. The combined openings of natural fractures, multiple tensile opening fractures from the tipsinégneasiral
fractures, andoropagationarresting together generated very complex fracturing pattern in the simulatiarh poses significant
challenge to characterize them in the field with sufficient certainty and resolutiam. dflinterestin this particular case is that a
continuous flow path toward the injection well beyond the injection interval was establigiieglttie continuous injection. This possibly
explains the field observation of the bottom hole pressure bpildelowthe packer during one of the stimulation experiments, as the
team is quite confident abotlte sealing performance of the packers duiimjgction. This initial 2D sensitivity study clearly reveals the
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importance of incorporating effects of natural fractures into numerical model predictions in order to provide realistiatdadnodel
predictions on fracturing patterns and stimulateckrvolume. The EGS Collab team has been actively developing 3D DFN models of
natural fractures for the Collab test bed. We also expect the 3D hydraulic fracturing simulations with natural fractuyésdoubre
complcated fracturing behaviors.

4. MIXED-MODE, TORTUOSITY DOMINATED, AND NATUR AL FRACTURE NETWORKS

During the design stages for EGS Collab Experiment 1, the team from The University of Oklahoma (OU), appGedEraa2D model

to study possible fracture trace angles at the wellbore, dimbdtthe GeoFrac3D computer code for two borehole orientations; vertical

and horizontal in the directionef. I n considering the experimental results from t
approached the problem of understanding the hydraulic connection between the injetandgiroducers, ER and E10T, via three

modeling approache$) mixedmode fracturing, 2) tortuosity dominated hydraulic fracturing, and 3) hydraulic completion via extensions

of natural fractures. The objective for the mix@dde fracturing modeling was to understand the deviations in the stimulation pressure
history from what would be expected for classical pure hydraulic fracturing. The OU team addressed this modeling withenisional

simulation that considered three different initial hydraulic fracture orientations within a stress domain with existaigraatures,

develop by Ankush Singh and Mark Zoback, from Stanford University (Ankush et al, 2019). These simulations were initialgitewi

a single hydraulic fracture perpendicular to the borehole, a single fracture angled to the borehme, afrfeactures perpendicular to

the borehole. Mod# fracture propagation was assumed and when the hydraulic fracture intersected a natural fracture, the natural fracture
undergoes pressurization and potentially slip, israbsumed to only extend aetfracture tip (i.e., flaws along the fracture length are
ignored). The tip from which extension occurs depends on the stress distribution around the tip, whichatefrendtress shadows

from other natural fractures. Natural fractuirapact the pressa profile depending on how they argentated wittsn. As thehydraulic
fractureintersects anatural fracturgpressure drops and as pumping continues the pressure increases to a level sufficient to extend the
natural fractura@longsn, yielding avariable pressure profile.
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Figure 3: Simulated fracturing patterns under various combinations of the permeability and cohesive strength of natural
fractures.

Another explanation fothe pressure perturbations that occurred during Hydraulic Stimulation #24t61 Not c h, is one o
friction within the hydraulic fracture near the borehole, with the remainder of the hydraulic fracture beingdilgagamulations of

hydraulic fracture propagation were executed and compared against the net presstime éoqgrarimental results; where net pressure is

the difference between injection pressure and fracture extension pressure. Fracturing was assumed to occur oghogahedsdor

Sh, Youngds modul us, Poi ssonds ilityavere held copsmminth the fractsire touglness allowdd tana t r i >
serve as a fitting parametéxgreement in net pressure between the numerical simulations and experimental observations was achieved
with a fracture toughness of 6.0 MP&4nA second simulion was executed that assumedsdtimulated fracture was a natural fracture,

oriented such that the normal stress would be greater than that for the hydraulic fracture. The agreement in net pressutteebet
numerical simulation and experimental obsg¢ions were poorer than those for the hydraulic fracture simulation, with the fit for the
fracture toughness being a value of 4.0a\i?’2. This result supports the notion of a hydraulic fracture being generated fromvEl

nearborehole tortuosity hdng a critical role in defining the pressure drop from injector to producers.

In the third simulation suite, a network of natural fractwwestaken from the common discrete fracture netwaekeloped from the
examination of borehole cores, borehole &lsand geophysical logs, and geological examination of the drift. The initial fracture network
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is shown inFig. 4a; where fractures are labeled by their intersection points with boreholes and the depth in feet down the borehole. For
example, natural fracta PDB130, intersects borehole #IDB & a borehole depth of 130 ft from the collar. Interestingly the initial
fracture network does not yield a hydraulic connection betweehdatl EXP. In these simulations, natural fractures are assumed to
propagate oly along their plane, as fracture cohesion is exceeaatatithe initial fracture radii were between 3.2 to 5.3 m. With water
injection the natural fractures extend to radii of 4.58 to 6.83 m, and complete a hydraulic connection betiwaeh E4P, thraigh a

series of intermediate fractures, some of which comprise thB @dhnector fractures. Fracture extension was modeled via an analytical
solution within the toughness dominated regiifigis work collectivelydemonstrates the potential for three distticonceptual models

and associated numerical solutions providing an expl atheati on
experimental data.

5. TRACER BREAKTHROU GH

During the design stages of the EGS Collab Experiment 1, & s#ri@@mulations were executed that were directed at forecasting the
duration of the tracer and thermal circulation experiments. The principal experiment design objectives were to miniimia&atios c

time required to see tracer and temperature breakghs at EZP, without circulating at flowrates that would extend fracturés. LLNL

team estimated achievable circulation rates for two scenarios: 1) assuming homogeneous in situ stress distributioaliaed pendy
shaped fracture, and 2) assugianheterogeneous stress field and a somewhat irregular fracture shape. Using its GEOS code (Settgast et
al. 2017; Fu et al., 2013), the LLNL team demonstrated that the highest flow that could be achieved across the fragtinewvithg
continued frature propagation was achieved when the f|acke s s ur e i s s i for thér Homogenéoosveteess figldn Fonthe G
heterogeneous stress field, the simulations shovttteahaximum achievable circulation rate without continuing to propagate theérac

is likely below 06 L/min. When spatial variation of stress is significant, there exists the rthle pfoduction wellbore encountering the
fracture at a high stress region and the circulation rate might be one order of magnitude lower thamthmmalkie With an upper
circulation rate establishedrculation duration for thermal breakthrough was modeled by LLNL and NREL/CSM teams. Low, moderate
and high circulation rates were modeled using an idealized graped fracture with constant apegtuAt low anticipated rates below

0.6 L/min, these idealized models indicate months or yearseapgred to achieve a €°drop in produced fluid temperature. Thermal
breakthrough is delayed due to a conduetominated mode of thermal decline at ratetolw 0.6 L/min. In addition to thermal
breakthrough, the NREL/CSM team modeled conservative tracer response at multiple circulation ratés6belmin, and these
idealized models indicate produced tracer concentrations peak within 2 hours followstartia# slug injection. In summary, at rates
below0.6 L/min idealized models predict rapid conservative tracer response; however, a condactinated mode of thermal decline
severely delays thermal breakthrough.
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Figure 4: (a) Initial fracture net wor k wi th two natur al fractur es-l. (b)Fimalstateiolh gr e en

fracture network after stimulation. Images generated with_eapfrog Software

During the Hydraulic Characteri zat.a,oonsoi2g) teater edpéridnénts Mere corfducted s er |
using6 distinct DNA tracer¢Zhang et al., 20))Avere injected at different combinations on Oct. 24, Oct. 25, Oct. 31 and Nov. 1, 2018

and C-Dots (Mattson et al., 208), on Oct.26, 31, Nov. 1, Nov. 7and Nov. 8, 2018. The firshree CDots tracer experiments were
conducted after EDT had been repaired and the later two were conducted after a series of high pressure and high flow rate stages that
re-opened flow from EAOT. The tracer recovery plotsofn these four experiments were used by the LLNL team to characterize a
conceptual model of the fracture systemmprising one hydraulic and one natural fractbetween the injector Efland producers E1

P below the packed interv@it1-Pbottom) E1-P within the packed intervdE1-Pinterval) and EXOT (Wu et al., 2018). The conceptual

model of the fracture system comprises one hydraulic fracture, which conndotgtB E1-OT, E1Plttom E1-PDB, and EAPDT, and

intersects the natural fracture, as shawifrig. 5a. The natural fracture aligned with the conceptual model for the-©Tconnector

fracture, intersects ERinterval, EIPSB, and EPST,is shown inFig. 5b. Simulations were executed with a recently developed tracer
transport solver develop&dthin GEOS, a LLNL developed geomechanics simulator (Wu et al., 2019b), via a sequential approach, where
flow and transport through the hydraulic fracture were solved, driven by fluid injection, fluid loss to the environnaeptpfluced at

the connead boreholes, and fluid transferred to the natural fracture. In the second step, flow and transport through the natigl fract
simulated, driven by fluid transferred from the hydraulic fracture, fluid lost to the environment, and fluid producedoanduted
boreholesBoth fractures were modeled adeit having a uniform aperture or heterogeneous aperture. Under uniform aperture conditions,
the hydraulic fracture had eight adjustable parameters: fracture exteatsl Ae; aperture w; diffusion cfficient Or, natural fracture

transfer parameters, &1, and B, and fluid lost to the environment parametgrand L, as shown iffrig. 5a. The natural fracture has three
adjustable parameters: apertureand fluid lost to the environment parametgrsand L, as shown iffrig. 5b. For heterogenous fractures

the parameters are mean aperture, aperture standard deviation, and correlation length.
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Figure 5: (a) Connections of the hydraulic fracture(b) connections of the natural fracture

Tracer recover curves from EA0T and E1Pbottom taken on Oct. lwere used as benchmarks for determining the hydraulic fracture
parameters. A bruttorce Monte Carlo approach was taken over the parameter space, for the uniform aperture scenario, with 2 million
realizaions executed. Results that showed the best agreement with the experimental tracer recoveries were identified ande®mmonalit
in parameters were recorded among the top fits. For the hydraulic fracture, the key commonalities were that fluidHeaekeddament

from a sink to the west araduniform aperture of roughly 100 microns was likely. For the natural fracture, 0.8 million realizations were
executed over the uniform aperture parameters space. Unlike the hydraulic fracture, however, thieactiteaiailed to show good
agreement with the tracer recoveritaken on Oct. 1from El-Pinterval, using a uniform aperture model. The simulations were then
repeated over 0.8 million realizations, but with a heterogenous aperture, and scenariosntifieglithat showed agreement with the

tracer recoveries in ERinterval.The same modeling approach was used for tracer recoveries, taken on Nov. 1, 7, and 8, and differences
in the hydraulic and natural fractures were identibetiveen the periods beéand after the high pressure and high flow rate stages.

High performance computing allows scientist and engineers to tackle problems with computational domains with hundrieds of mill
unknowns solved simultaneously. Combined with the scripting kgeg) high performance computing additionally allows the solution
of moderately sized problems, such as the hydraulic and natural fracture systems described in this section, over negllipaisoofs.

The workflow for a single realizatioim this workinvolved four steps: 1) generating a random parameter sgén2yrating an aperture
realization from the parameter set, 3) converting the realization into an input file for GEOS, and 4) comparing thensoutpatio
against the tracer recoveries, asvehin Fig. 6. Whereas this workflow would be a reasonable undertaking for a single realization without
the aid of scripts and high performance computing, it would impossible for millions of realizatiersorting of realizations by goodness

of fit over millions of realizations, additionally requires scripting to make the execution tractable. The result from this approach is
conceptual model of the fracture network connecting ®ith the producing boreholes, that honors the experimental data. The novel
aspect of this modeling approach is the ability to extract key findings from the results, such as the natural fractize &peihge ten
times larger than the hydraulic fracture, and that the flow in the hydraulic fracture is more disperse, wileeeaatimal fractures is
more channelized.
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