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Modeling and Analysis

Active CO2 reservoir management for

sustainable geothermal energyextraction and reduced leakage

Thomas R. Elliot, Princeton University, Civil and Environmental
Engineering, NJ, USA

Thomas A. Buscheck, Lawrence Livermore National Laboratory,
Geochemcial, Hydrological,

and Environmental Sciences Group, Livermore, CA, USA

Michael Celia, Princeton University, Civil and Environmental
Engineering, NJ, USA

Abstract: Subsurface storage space is gaining recognition as a
commodity for industrial and energyrecovery operations. Geologic
carbon dioxide (CO2) sequestration (GCS), wherein supercritical CO2
is

injected into subsurface storage space, is under broad
development in sedimentary reservoirs particu-

larly for hydrocarbon production, which uses supercritical CO2
as part of a carbon capture utilization and

sequestration (CCUS) scheme. A novel CCUS operation is presented
whereby we investigate the staged

deployment of a coupled geothermal energy extraction (GEE)-GCS
operation in geothermal sedimentary

reservoirs that re-circulates extracted fluids. We identify
sedimentary resources of the continental USA

that have significant temperature at depths suitable for GCS. To
predict the impact of a GEE-GCS opera-

tion, a reservoir-scale semi-analytical model is used to
simulate brine and CO2 migration through existing

leakage pathways. With the goal of integrating GEE and GCS, a
well-site design exercise is undertaken,

where we develop an idealized configuration for CO2 and brine
production/reinjection wells. Results

show potential geothermal sedimentary reservoirs suitable for
GEE deployment exist in the continental

USA; however the characteristics of each site should be
investigated through a first stage GEE-operation

to determine GCS capacity. Our active CO2 reservoir management
simulations demonstrate a decrease

in injection and reservoir overpressures, a reduced migration of
CO2 within the reservoir during active

injection/extraction, and a reduced risk of brine and CO2
migration. With the use of the developed con-

centric-ring well pattern, we demonstrate the longevity of
thermal productivity from an ideal GEE site,

while providing sufficient CO2 storage volume and trapping to
act as a sequestration operation.

2013 Society of Chemical Industry and John Wiley & Sons,
Ltd

Keywords: carbon sequestration; geothermal; CCUS; subsurface
hydrology; carbon capture

and utilization

Introduction

Geologic carbon dioxide (CO2) sequestration(GCS), a process
where supercritical CO2 isinjected into subsurace storage space, is
a

specic utilization o sedimentary reservoirs that isunder broad
development.1 I signicant deploymento GCS in the continental United
States (USA) were tooccur, the operations would all under US
Environ-mental Protection Agency Underground Injection
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Control (UIC) Class VI well regulations. Te resultinglarge-scale
CO2 sequestration program would ace anumber o uncertainties and
risks that would need tobe addressed to satisy UIC requirements.
Tese

include our limited ability to predict specic reservoirstorage
capacity2 and injectivity,3 especially or virginGCS reservoirs that
do not benet rom knowledgegained rom earlier oil or gas
development. Tislimited ability or reliable prediction comes rom
thesignicant uncertainty in subsurace characteristics4and lack o
injection data or virgin GCS reservoirs.Tese uncertainties are seen
as primary barriers tosecure GCS deployment.5 Secondary barriers
todeployment include low or non-existent economicincentives or
operators and general issues o public

acceptance, including not-in-my-back-yard attitudesand general
skepticism o climate change.5

Overpressure (pressure in excess o ambient) can bethe limiting
actor or CO2 injection rates and is alsothe main physical drive or
potential brine migrationand an important actor or CO2 leakage. By
utilizingan active CO2 reservoir management (ACRM) ap-proach, where
resident brine is extracted rom theinjection reservoir and
redistributed spatially, it ispossible to modiy/reduce the
subsurace overpressureassociated with large-scale injection
operations.6,10 Ithe extracted brine has low enough salinity and
canbe treated with soeners and scale inhibitors,10 it canbe used or
industrial purposes such as (saline)cooling water or, i the brine
composition is compat-ible, as make-up uid or pressure support in
neigh-boring reservoir operations such as hydraulicallyenhanced
hydrocarbon production or or EnhancedGeothermal Systems (EGS).8,31
Depending on brinesalinity, there is also the potential or
desalination. Ia sedimentary ormation has su cient thermalgradient,
as well as appropriate depth, permeability,pore volume, and
horizontal continuity, ACRM-en-

hanced GCS and geothermal energy extraction (GEE)can be
conjunctively deployed.

A hot dry rock geothermal energy (EGS) conceptutilizing CO2
instead o water as the working uid wasrst proposed by Brown40 and
would achieve geologicsequestration o CO2 as an ancillary benet.
Pruess

11ollowed up on this idea by evaluating thermophysicalproperties
and perorming reservoir simulations.Pruess11 analyzed a ve-spot
pattern with our CO2injectors and a producer in the center, with
707-kmspacing between the producer and injectors and oundCO

2to be superior to water in mining heat rom hot

ractured rock, including a reduced parasitic powerconsumption to
drive the uid circulation system. Tisconcept has been extended to
GCS in saline, sedimen-tary ormations,7,12,41 which they call a
CO2-plume

geothermal (CPG) system to distinguish it romCO2-enabled EGS in
crystalline rock. Because it istargeted or large, porous, permeable
sedimentarybasins, CPG can result in signicantly more
CO2sequestration and more geothermal heat extractionthan CO2-based
EGS in crystalline rock. As stated intheir patent,13 CO2
sequestration is a primary goal orCPG. Randolph and Saar7,12,41
have analyzed thisapproach or the same ve-spot well conguration
asanalyzed by Pruess.11 With respect to parasitic energycosts or
driving the uid circulation system,

Randolph and Saar12

ound CO2 to be more e cientthan water and brine or
low-to-moderate permeability(k < 2 1014 to 2 1013 m2).

Existing reservoir studies o GEE-GCS all undertwo end-member
approaches to CO2 utilization. Terst approach, discussed above,
ocuses on utilizingCO2 as an e cient geothermal working uid
becauseo advantageous thermo-physical properties, namelythe low
viscosity o CO2, which reduces parasiticpower consumption o the
working-uid circulationsystem.7,12,13,41 By maximizing the
heat-extractionbenet per ton o delivered (i.e. captured) CO2,
thisapproach can signicantly improve the economics oCO2 capture and
sequestration. Te second approachocuses on utilizing CO2 injection
as a means oproviding pressure support or geothermal
productionwells.8,31 Te goals o the second approach are tomaximize
permanent CO2 storage, reduce overpres-sure-driven risks o induced
seismicity and CO2 andbrine leakage, and, where easible, to
generate signi-cant quantities o water as an ancillary benet.
De-pending on how it is deployed, the second approachcan also
maximize the heat-extraction benet per ton

o delivered CO2. Te rst approach attempts to limitbrine
production, while the second approach attemptsto delay/limit CO2
production. Both approaches sharethe trait o potentially enabling
geothermal energyproduction in regions where water scarcity
mayotherwise hinder geothermal deployment.

In this paper we analyze a staged GEE-GCS scheme,which combines
conventional brine-based GEEpractice with the two end-member
GEE-GCS ap-proaches described above, and conduct a GIS surveyo US
sedimentary basins to illustrate its deploymentpotential. We
discuss how this scheme can reduce
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uncertainty about reservoir characteristics, providedirect
thermal or electric energy production, andreduce the migration
distances o resident brine andthe sequestered CO2.

Staged GEE-GCS deployment

Te concept o GEE-GCS is relatively new, with mostexisting
research specically exploring CO2 as apotentially advantageous
working uid or geothermalenergy production.7,12,13,41 In such
scenarios, capturedCO2 is used as the injection uid in the
geothermaloperation. Herein we recommend enhancing andexpanding
this novel idea. Instead o using CO2 as thesole working uid, we
recommend a exible, staged

approach that can adapt to site-specic conditionsand actors.
Factors include uctuating aspects oresource supply and
inrastructure, such as proximityto CO2 sources, the cost o CO2, and
the availability olocal water resources, as well as geologic
conditionsdiscovered during the reservoir characterization andearly
energy production stages. Subsurace character-ization or a typical
GCS program, prior to injectiono CO2, is costly. Remote sensing and
pilot wellboresor injection tests are some o the tools required
toparameterize the reservoir, which would incurup-ront costs
without a guaranteed return on invest-

ment. o reduce this operational exposure, we suggestthat a
geothermal plant using brine as a working uidbe deployed as the
initial stage to identiy appropriatereservoir characteristics.
racer experiments andpush-pull well tests can be conducted to
identiy theideal GCS injection intervals (along the
verticaldirection) within a reservoir, and the overpressurewould be
reduced due to brine loss associated withGEE operations (e.g.
evaporative loss and ormationleak-of) to prepare a reservoir or
GCS.

Once characterization is su cient to reduce opera-

tional exposure and satisy public acceptance sur-rounding GCS
saety, the second stage can commencewith CO2 injection providing
pressure support tomaintain productivity o geothermal wells, while
theongoing loss o brine provides pressure relie andimproved
injectivity or the GCS program. Te thirdstage o our recommended
implementation is a hybridbrine-/CO2-based GEE-GCS stage, which
starts whenCO2 breakthrough occurs at an extractor
well.Co-production o brine and supercritical CO2 cangenerate a
corrosive environment or the wellborecasing and surace equipment,
which will require

careul study, along with the development o opera-tional
practices to mitigate potentially deleteriousconsequences. Te
injection o CO2-enriched brinehas the potential o creating reactive
conditions

within the reservoir and caprock, possibly afectingthe integrity
o well cement sheaths. Tese issues,which are beyond the scope o
this paper, should beevaluated in uture studies. o urther reduce
invest-ment risk or operators, the GEE program can eitherprovide
regional heating options in the case o lowthermal-yield basins, or
a direct base-load energysupplement in the case o a high
thermal-yield basin,through a hybrid brine-CO2 geothermal
plant.

As originally proposed by Buscheck,8 a key objectiveor GEE-GCS
was or brine extraction to provide

pressure relie or CO2 injection, thereby increasingCO2 storage
capacity and e ciency while reducing therisks associated with
overpressure. From the geother-mal energy production perspective, a
key objective orCO2 injection was to provide pressure
support,thereby increasing the productivity o brine
extractionwells, rather than utilizing CO2 as a working uid orheat
extraction. For those reasons, it was thought tobe important to
delay CO2 breakthrough at the brineextraction wells in order to
maximize their useullietime.9,10 Hence, those studies considered
relativelylarge injector/extractor spacing. Early research
onGEE-GCS has investigated CO2 as a working uid,primarily due to
its low viscosity, compared to that obrine.7,12,41 o maximize the
heat extraction per ton odelivered CO2, those GEE-GCS studies have
ocusedon small injector/extractor well spacing in order topromote
early CO2 breakthrough and recircula-tion.7,12,41 In order to e
ciently use CO2 as a workinguid, the rst approach attempts to limit
the amounto unrecovered CO2 (permanent storage). It is worthnoting
that the previous work on GEE-GCS thatemphasized CO2 as a working
uid has not addressed

the management o co-produced brine or consideredits potential
use as a working uid.7,11,12,41 For theGEE-GCS cases presented
later, we applied an injec-tor/extractor spacing (1.38 km) that is
a actor o twogreater than that used in the 0.707-km
well-spacing,5-spot case analyzed by Randolph and Saar.7
Asdiscussed later, the area between the CO2 injectorsand producers
in our model is 15.7 km2, or 1.96 km2per injector, which is twice
the area per injector usedin that study.7 Although, as discussed
below, weachieved relatively early CO2 breakthrough, we werenever
able to eliminate the co-production o brine,
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even when the simulations were extended to a 1000-year
continuous injection period. Tereore, the issueo brine management
is likely to be important orreservoir operations, whether or not
brine is consid-

ered as a candidate working uid.Reservoir issues requiring
evaluation in an inte-

grated GEE-GCS system include: (i) reservoir capacityand caprock
seal integrity, (ii) well spacing andinjection volume as related to
CO2 breakthrough andthermal drawdown, (iii) the geothermal heat ux
inthe sedimentary basin, and (iv) multi-uid wellborehydraulics.
Other actors requiring evaluation includecapital and operation and
maintenance costs or (i)multiple injection and extraction wells,
(ii) the net-work o pipelines, and (iii) the geothermal power
plant

acilities, as well as the nominal payout on the pro-duced
geothermal energy. Because the surace acilitieswill cover a wide
area, implementation planning willneed to address potential
land-use conicts in popu-lated areas. In this paper we will address
the rst threereservoir issues, while leaving wellbore hydraulics
andeconomic analyses or later studies.

Ideal characteristics of anintegrated system

Te characteristics o a reservoir that make it suitable

or GCS are similar to those or ideal GEE reservoirs,namely that
a ormation (saline aquier) have su cientpermeability, porosity,
thickness, and horizontalcontinuity. GCS capacity increases with
net brineremoval (extraction minus reinjection) rom thestorage
aquier, which can be enabled by benecialutilization/consumption o
extracted brine or eitherresh water generation via desalination
technologiessuch as reverse osmosis (RO), or or use as
salinecooling water. Benecial brine consumption is avoredby lower
salinity, with current RO technology being

capable o treating up to 85 000 mg/l DS (totaldissolved
solids),10,14 while optimal GEE reservoirsshould have a strong heat
ux.15 Te shared optimaltraits would acilitate injection, migration,
and storageo large uid volumes, be it single-phase ow (brine orthe
rst stage o GEE) or multi-phase ow (or GCS),with the added
requirement o economically useulheat ux (and temperature). An
active GEE programwithin a GCS reservoir would inuence the
migrationo buoyant CO2, which can be manipulated in abenecial
manner (e.g. to avoid intererence withneighboring subsurace
activities).10 Furthermore, CO

2

migration can be manipulated or the purpose o eitherdelayed
breakthrough, which would maximize pore-space utilization or GCS,
or accelerated breakthroughat an extraction well, which would
maximize utiliza-

tion o CO2 as a working uid or GEE.9,10 For thesereasons, it
would be advantageous to (i) identiy ba esor lower permeability
regions in the structure o areservoir that may orce migrating CO2
to occupy moreo the vertical extent (i.e. be more cylindrical
orpiston-like),17 and (ii) design the injection-extractionwell
patterns and ow rates to optimize injection withormation
characteristics or minimized risk o extrac-tion-well CO2
breakthrough, and to maximize thepore-space utilization o a given
resource. Because theprocess o identiying the 3D reservoir
structure will

continue during well-eld operations, optimization othe
injection-extraction scheme will occur iterativelywith ongoing
reservoir characterization activities.

A similar requirement or an overlying (caprock)sealing unit
exists or both GCS and GEE reservoirs,where a thick and continuous
non-reactive (non-calcar-eous in the case o GCS) low permeability
ormationwould be ideal.18 For CO2 sequestration the sealingunit is
needed to retain the buoyant injected uid,whereas the geothermal
operation would need anoverlying barrier to prevent the drawdown o
unwantedcool-ormation waters into the brine production zone.

Operations engineering:methodology

In this study we conducted a GIS-based geothermalsurvey o US
sedimentary basins, restricted to areaswith a sediment depth
suitable or GCS, and subse-quently correlated geothermal gradient
and depth osedimentary ormation data. One area identied bythe
survey was selected as a case-study site, or whichormation
injectivity and reservoir CO2 storage

capacity were acquired rom literature sources. Tesemi-analytical
computational model called estimat-ing leakage semi-analytically
(ELSA)19 was used todetermine impact o ACRM and well-site design
onreservoir pressure, CO2 and brine migration out o theinjection
aquier, and geothermal working uidpotential or GEE. o better
understand the potentialbenets and challenges o GEE-GCS
deployment,without consideration o discrete leakage pathways, asare
addressed in the ELSA model analyses, we con-struct a generic
well-site model consisting o threeconcentric rings o wells,
including an inner ring o
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uid (brine and CO2) extraction wells, a middle ringo CO2
injection wells, and an outer ring o brinereinjection wells. A case
is also considered where theouter ring o eight vertical brine
injectors is replaced

by a square pattern o our horizontal brine injectors.Te
simulation was run using Lawrence LivermoreNational Laboratorys NUF
code20 to capturedetailed thermal and pressure responses as well
asmulti-phase, multi-component mass and heat bal-ances in the
near-well environment. Te genericwell-site model is not intended to
represent a specicsite; rather, it is used to represent a range o
potentialreservoir settings in sedimentary basins; hence,
ourdiferent ormation temperature cases are considered.

GIS surveyESRI ArcMap version 10.2 was used to register
theNACARB saline reservoir database21 to a continentalU.S. sediment
thickness map,22 and subsequentlyresolve sediment depths greater
than 1 km (note:800 m is suitable or a 1045 kg/m3 brine
hydrostatic

gradient to keep CO2 in a supercritical state, but theauthors
elt that a 200 m bufer would be a pertinentconservative assumption
that is consistent with a 1 kmdepth regulation in Canada and
Europe). Tis new

base map, shown in Fig. 1, was used to identiy storagesites, as
reported in NACARB, and calculate depth-dependent thermal
properties or our modeling work.

Termal ux, or potential temperature o targetormations, was
calculated or various sedimentaryormations in the continental U.S.
using depth-temper-ature maps,23 in concert with surace temperature
andheat ux maps. Te temperature at depth was calcu-lated through
application o earth material heat-uxequations and correlated to
reported bottom-holetemperatures, specically Appendix Case A o
Black-

well et al.24

We calculated values or 2.25 km and4.75 km to correspond to the
generic well-site modelsection, however we only present the 2.25 km
depthand the temperature at the crystalline basement inFig. 2. We
calculate temperature at depth using the heatux contribution o
surace temperature, radioactive

Figure 1. Thickness of sedimentary deposits, consolidated or
otherwise, of the continental United

States. Accumulation of deep sedimentary rocks correspond with
clastic wedges (east and southern

coasts), inland seas and major drainage basins (north-central
USA and southern coast), and basins

created during orogeny and subsequent weathering
(west-coast).
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ELSA code,19,26 or the three-concentric ring, 24-spot,well-site
design described in the next section. Tewell-site design is
identical or the basin-scale andwell-site models, except or the
dimensionally re-duced aspect o ELSA wherein the thickness
dimen-sion (i.e. CO2 plume height assuming a sharp inter-ace) is
reconstructed rom the semi-analyticequations. Te Ellenberger
ormation in East-Centralexas, indicated in Fig. 1, was used as a
proxy reser-voir to provide ormation and brine characteristics,
aswell as existing well locations within a 50 50 kmdomain.
Reservoir parameters, other than those setorth by the generic
well-site model presented later inthis paper, were adopted rom
Chadwick27 and aresummarized in able 1. O note is the use o an

open-owlateralboundary or the reservoir-scalesimulation, as
opposed to the no-ow condition(representing a semi-closed
reservoir) used or thegeneric well-site model. Te open-ow
boundarycondition allows resident brine to be displacedlaterally
out o the model domain with no resultingoverpressure whereas the
semi-closed conditionorces more vertical displacement o the
brinethrough the impermeable caprock, which increasesoverpressure.
As discussed later, the large basin areaused in the generic
well-site model renders theinuence o the diferent lateral boundary
conditions

decay within sedimentary material, and the
crystallinebasement/mantle, the rock material properties areshown
in able 1(a), and land surace temperature datais gathered rom
Wan.25 o veriy the calculations usedin this article we compared the
temperature values withdepth-temperature maps23 at various
locations indi-cated in Fig. 2, and summarized in able 2.

Basin-scale semi-analytic model

Modeling o pressure and uid migration at a basinscale was
conducted using Princeton Universitys

Table 1(a). Hydrologic parameter values for the basin scale
sequestration simulation and temperature atdepth calculation.

Parameter Value Parameter Value

Material PropertiesInjection Aquifer thickness [m] 250 Overlying
Aquifer thickness [m] 50

Injection Aquifer permeability [m2] 1.00 1013 Overlying Aquifer
permeability [m2] 1.00 1013

Injection Aquifer porosity [L3/L3] 0.12 Overlying Aquifer
porosity [L3/L3] 0.12

Sedimentary thermal conductivity

[W/m/K]2.0

Sedimentary radioactive heat generation

[W/m3]1.0

Igneous (basement) thermal

conductivity [W/m/K]2.7 Igneous radioactive heat generation
[W/m3] Spatially variable

Fluid Properties

Residual Brine Saturation [Vi/V0] 0.30CO2 Density [kg/m

3], in the injection/overlying

aquifer446.06/456.84

Relative Permeability of CO2 atresidual brine saturation
[m2i/m

20]

0.50 CO2 Viscosity [Pas], in the injection/overlying aquifer

3.89 105/3.98 105

Brine Compressibility [Pa1] 4.5 10-10Brine Density [kg/m3], in
the injection/

overlying aquifer1035/1041

Permeability of leaky wells [m2],

min/average/max1018/1014/1010

Brine Viscosity [Pas], in the injection/

overlying aquifer6.56 x 104/3.82 104

Table 1(b). Hydrologic and thermal parametervalues used in the
generic well-site model study.

Property Aquifer Sealing units

Horizontal and verticalpermeability [m2]

1.0 1013

1.0 1018

Pore compressibility [Pa-1] 4.5 1010 4.5 1010

Porosity [L3/L3] 0.12 0.12

van Genuchten (1980)m 0.46 0.46

van Genuchten a [Pa-1] 5.1 105 5.1 105

Residual supercritical CO2

saturation

0.05 0.05

Residual water saturation 0.30 0.30

Thermal conductivity [W/m/K] 2.0 2.0
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to be minor. Te 35 existing wells were geospatiallyand
depth-correlated rom data gathered by the exasRailroad
Commission.28 Tese wells were randomlyassigned an efective vertical
permeability value or

the aquitard section that each well passes through,thereby
connecting super-positioned reservoir layersin the ELSA model. Te
permeability values wereassigned rom a normal Gaussian
distribution

Figure 2. (a)Temperature at 2.25 km depth, restricted to areas
of the

continental United States that has 2.25 km or more of
sedimentary rock.

(b)Temperature at the crystalline basement of the continental
USA, with

corresponding depths shown in Fig. 1. Four reference points are
also

indicated, which generally correlate to temperature findings of
existing

research, as shown in Table 2.
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centered on 1012 m2 with a unit standard devia-tion.29 A total o
15 million tonnes (M) o CO2 wasinjected per annum, distributed
across all eight o theinjection wells at a xed ow rate or a period
o 50

years. For the generic well-site model CO2 injection isramped
rom 15 to 30 M per annum during the rst20 years. Tis is the
quantity o CO2 generated by 1.9to 3.8 GWe o coal-red power plants.
Te rationaleor this assumption is that sites with
ormationtemperatures avorable or GEE-GCS deployment willbe much
less prevalent than sites suitable or GCSdeployment in general.
Tus, it would be attractive toutilize such sites or sequestering
CO2 rom multiplecoal power plants, rather than just a single coal
powerplant.

Generic well-site model of a concentric,three-ring, well
pattern

For a more detailed well-site model, we used theNUF
(non-isothermal unsaturated-saturated owand transport) code, which
simulates multi-phaseheat and mass ow and reactive transport in
variablysaturated porous media.20 We used a 3D model withquarter
symmetry to represent a 250-m-thick storageaquier, similar to that
modeled by Zhou et al.30 andBuschecket al.9,10,31 Details o the
aquier propertiesand conditions (able 1(b)) are ound in Buschecket
al.32 Te bottom o the storage aquier is locatedeither 2.5 or 5.0 km
below the ground surace, withambient pressures o 25 and 50 MPa,
bounded bythick, relatively impermeable (1018 m2) (caprock
andbedrock) sealing units, which comprise the entireover- and
under-burden. Tis choice is based onprevious work, which showed
that sealing-unit

thickness does not inuence either overpressure orCO2 migration
in the storage aquier when the sealingunits are at least 50 m in
thickness.10 Water density inthe model is determined by the ASME
steam tables,

assuming pure water, rather than brine.33 As has beendone by
Spycher and Pruess,37 we will address theinuence o total dissolved
solids (DS) o ormationbrine in uture GEE-GCS studies. wo-phase ow
oCO2 and water was simulated with the density andcompressibility o
supercritical CO2 determined bythe Span and Wagner34 correlation
and viscositydetermined by the Fenghour et al.35 correlation.
Teouter boundaries have a no-ow condition to repre-sent a
semi-closed reservoir with an efective area o31416 km2, which is
quite large and similar in size to

the Illinois basin (~40,000 km2

).39

Because or thisexample there is only one GCS operation within
arelatively large basin, pressure response is similar tothat which
would occur in an open system. Te lowerboundary, 1 km below the
bottom o the reservoir, hasa no-ow condition and a specic
geothermal heatux o either 75 or 100 mW/m2. We used a singlevalue o
thermal conductivity o 2.0 W/m C through-out the model domain,
resulting in thermal gradientso 37.5 and 50 C/km and temperatures o
104.0, 133.7,197.8, and 258.7 C, averaged over the vertical extento
the reservoir (able 3).

We modeled a symmetrical 24-spot well pattern,consisting o three
concentric rings o vertical wells,including an inner ring o 8
extractors (producers),each located 2 km rom the center, a middle
ring o 8CO2 injectors, 3 km rom the center, and an outerring o 8
brine injectors, 5 km rom the center. Temiddle ring o CO2 injectors
are rotated 45 degreesrelative to the inner ring o extractors in
order to

Table 2. Correlation of temperature calculated in this article
and borehole-correlated min/max

temperature at depth

23

for the regions indicated in Figs 1 and 2. The selected Wyoming
site did not havesedimentary deposits at depths of 4 km or greater,
and therefore we do not report on those values.

Location 2 km [oC] min/max 3 km [oC] min/max 4 km [oC] min/max 5
km [oC] min/max

SW California 71.550

93.7575

114.0100

132.25125

75 100 125 150

North Texas 76.575

98.75100

119.0125

137.25175

100 125 150 200

West Virginia 69.550

91.7575

112.0100

130.25100

75 100 125 125

Wyoming 68.575

90.75100

100 125
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increase the spacing between the CO2 injectors andextractors rom
1.0 to 1.38 km. Te area between theCO2 injectors and producers is
15.7 km

2, or 1.96 km2per injector, which is twice the area per injector
usedin previous studies.7,1113 Because all o the extractedbrine is
re-injected in the outer ring o wells, thisconstrains the injected
CO2 to largely reside betweenthe middle and inner rings o wells.
CO2 injection anduid (brine plus CO2) extraction (production)
occursover the entire vertical extent o the reservoir. Inaddition
to pressure management reasons discussed

below, this three-ring well pattern is motivated by theneed to
centralize uid production and therebyminimize the distances that
hot uids will be con-veyed to the geothermal plant.

Because brine extraction is assumed to be limited bythe capacity
o submersible pumps, a xed rate o 120kg/s is applied to each o the
eight extractors, or atotal uid extraction rate o 960 kg/s. Note
that whenuid extraction becomes primarily CO2 it would bepossible
to increase the extraction rate above 120 kg/sdue to the
thermosyphon efect; however, or thisstudy we xed the uid extraction
rate. All extracteduid is re-injected, with extracted brine
injected inthe outer ring o eight wells and extracted CO2injected
in the middle ring o eight wells. Brineinjection occurs in the
upper hal o the reservoir,which both counteracts the buoyant upward
migra-tion o the CO2 plume and drives CO2 toward theproducers,
thereby reducing the CO2 breakthroughtime. A second case was run
where the outer ring o 8vertical brine injectors is replaced by our
horizontalbrine injectors, located at the top o the reservoir
tocounteract buoyant CO2 migration. Te motivation

or using horizontal brine injectors is to spread brineinjection,
thereby reducing maximum overpressure.

A benet o injecting all o the produced brine is toprovide
pressure support or the production wells.Without the pressure
support rom brine injection,bottom-hole pressures at the producers
would dropwell below hydrostatic, making it more di cult tomaintain
a production rate o 120 kg/s per well.Initially, uid extraction is
100% brine, with the brinecut (i.e., raction) decreasing aer CO2
breakthrough.Because the brine reinjection rate declines along
with

the extracted brine cut, we were able to linearly rampup the CO2
injection rate rom an initial rate o 60 kg/sper well to 120 kg/s at
20 years; thereaer it is xed at120 kg/s, or a total injection rate
o 960 kg/s (30 Mper annum). CO2 is injected at a uid enthalpy
corre-sponding to 16.0 C at injection conditions, approxi-mating
typical average annual surace temperatures.Tis value o CO2
injection temperature, which doesnot account or temperature rise
occurring down theborehole resulting rom the Joule-Tomson
efect,38was chosen because it is conservative with respect
tothermal drawdown. We also considered cases with ahigher CO2
injection temperature to examine theinuence o that parameter.
Extracted brine is re-injected at a uid enthalpy corresponding to
16.0 C atinjection conditions, which is also conservative
withrespect to thermal drawdown.

Results and discussion

Geospatial survey results

Te thickness (Fig. 1) and temperature (Fig. 2 or2.25 km depth
and crystalline basement) distributions

Geothermalheat flux[mW/m2]

Reservoirbottom depth

[km]

CO2 injectiontemperature

[oC]

Initial extractiontemperature

[oC]

Initial heatextraction rate

[MWt]

Time to 50%CO2 cut[years]

Temperaturedecline at 100

years [oC]

75 2.5 16 104.0 434.4 13.6 8.6

75 2.5 47 104.0 434.4 13.6 7.2

100 2.5 16 133.7 553.8 15.8 10.5

100 2.5 51 133.7 553.8 15.8 8.7

75 5 16 197.8 824.0 19.4 7.8

75 5 47 197.8 824.0 19.4 7.0

100 5 16 258.7 1076.2 20.8 9.1

100 5 51 258.7 1076.2 20.8 7.9

Table 3. Summary of results for the cases considered in the
generic well-site model study.
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o sedimentary geologic ormations used in this studyare
consistent with previous studies on the respectivetopics,11 wherein
the calculated thermal values (able 2)generally correlate at
various depths and locations

indicated in Fig. 2. Te minor deviations in thecalculated
temperature values o high-temperaturereservoirs rom measured values
reported in otherworks (able 2: Wyoming, East exas) were mostlikely
the result o several assumptions. Te rst is theuse o a single value
o thermal conductivity, whichdoes not reect the variable
composition o sedimen-tary ormations. Te second is neglecting any
mantlecontribution to thermal accumulation, which is anefect that
can be signicant in regions where bothcrustal thinning24 and mantle
temperature anomalies

at the Moho-interace22

can result in a non-lineartemperature-depth relationship. Tere
is less than 4km o sediment or a geothermal hot spot in Wyo-ming,
to which we limited our calculation o tempera-ture or the purpose o
GEE-GCS.

Te distribution o low to moderate thermal valuesat 2.25 km
depth, inclusive o temperatures over125 C, in sedimentary basins o
the continental USAis restricted to prehistoric intra-continental
seas inproximity to a historic volcanic sites and
clastic-wedgeaccumulations at subduction/collision zones oaccretion
belts (Fig. 2). Te only moderate thermalzone, at a calculated
temperature o 60.75 C, outsideo this pattern is the lower peninsula
o the state oFlorida, which displays a homogeneous
temperaturedistribution.

ELSA model results

Semi-analytical modeling o a 50 x 50 km domainwith 35
pre-existing wells as potential sites o leakageusing the injection
well sight design, distributed asshown in Fig. 3, resulted in no
predicted CO2 leakagewhen the ACRM strategy is employed.
Furthermore,

the brine extraction and reinjection rate o theconcentric,
three-ring, well pattern induces a pressuregradient outside o the
CO2 plume, due to the exteriorring o brine reinjection wells,
resulting in a pressurebarrier to CO2 migration. Te impact o this
three-ring well pattern on the reservoir scale is
two-old.Primarily, this ACRM strategy prevents CO2 migra-tion out o
the injection aquier the e cacy o whichcan be modied through
process optimization oextraction/reinjection rates, which would be
coupledto operational targets or the CO2 injection pressure.

Process optimization can include benecial brine

consumption, wherein the brine reinjection rate is lessthan the
brine extraction rate. Inherent evaporativebrine loss in industrial
processing will also cause thebrine reinjection rate to be less
than the extractionrate. Te second impact o this ACRM strategy
atreservoir scale is reduced overpressure or the middlering o CO2
injectors, which maniests as a power-lawpressure decrease with
increasing distance rom theinjector wells, when the inner-ring
extractors drawbrine away rom the CO2 injection wells. Te eld-

scale ELSA model o pressure and CO2 migrationdoes indicate that
nearly 0.8 M o brine migrates outo the injection ormation or a
50-year injectionperiod, most o which passes through the lateral
openboundary, with only a small raction (~100 ) migrat-ing
vertically through leaky wells. Tis small volumeo uids displaced
through leakage pathways is anadded value or ACRM in conjunction
with GCS,where a prevention efort on suspect wells or opti-mized
injection would ensure that the GCS adheres toEPA UIC regulations
prohibiting migration o orma-

tion uids to overlying potable water aquiers.

Figure 3. Spatial distribution of wells penetrating to the

Ellenberger formation at the selected well site. This aerial

view is used in the ELSA reservoir scale model to predict

brine and CO2 leakage through existing leaky wells from

a 24-well-site-design of ACRM GEE-GCS operation. The

model employed is a three-layer geology (two aquifers,

separated by an aquitard) with no-flow boundaries top and

bottom, and pressure-boundary at the lateral extent of the

50 50 km domain.
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Generic well-site model results

Figure 4 shows overpressure, brine saturation, andtemperature
simulated by the generic well-site modelor the
medium-high-temperature 24-spot, three-ringwell-pattern case, the
characteristics o which arepresented in able 1(b). Te inner ring o
extractors(producers) relieves overpressure at the CO2
injectors.Tis well pattern efectively moves the region ogreatest
overpressure rom the CO2 injectors to the

outer ring o brine re-injectors (Figs 4(a) and 5), arremoved rom
the CO2 plume (Figs 4(b) and 4(c)).Tis approach reduces the risk o
pressure-driven CO2leakage and constrains lateral migration.
Because

overpressure is dissipated over a much wider areathan would have
occurred without pressure manage-ment, via brine extraction,
conveyance, and reinjec-tion, the magnitude o overpressure is
reduced.Because the injection o relatively cool CO2 and brine

Figure 4. Overpressure, brine saturation, and temperature
distributions are plotted at the indicated times for a
symmetri-

cal 24-spot, three-ring pattern of vertical wells, including an
inner ring of eight extractors (producers), 2 km from the

center, a middle ring of eight CO2 injectors, 3 km from the
center, and eight brine injection wells, 5 km from the center.
A

fixed fluid extraction rate of 960 kg/s is maintained, while the
CO2 injection rate is ramped from 480 to 960 kg/s from 0 to

20 years; thereafter it is held constant out to 1000 years. The
reservoir is 4.75 to 5.0 km below the ground surface, with a

geothermal heat flux of 75 mW/m2, permeability = 1 1013 m2,
bounded by seal units with permeability = 1 1018 m2; all

with 12 percent porosity and a thermal conductivity of 2.0 W/m
oC. The extractors and CO2 injectors are completed in the

entire vertical extent of the reservoir and the brine injectors
are completed in the upper half of the reservoir.
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is spread over a relatively wide area, thermal break-through has
not yet occurred at 100 years (Fig. 4(d)),

which will delay thermal drawdown, thereby extend-ing the
economic lietime o this approach. However,had we considered
permeability heterogeneity, astpathways might have promoted earlier
thermalbreakthrough and drawdown.

o relieve overpressure at the brine injectors weconsidered a
case where the outer ring o 8 brineinjectors is replaced by our
horizontal injectors(Fig. 6). While this change strongly reduces
overpres-sure at the brine injectors (Fig. 5), it has litt le efect
onthe shape o the CO2 plume (compare Fig. 6(b) with

Fig. 4(b)) or on the shape o the thermal plumearound the CO2
injectors (compare Figs 6(c) and 6(d)with Figs 4(c) and 4(d)). Te
use o horizontal brineinjectors can be a very efective means o
spreadingout the region o overpressure, thereby reducing
themagnitude o overpressure. Te pressure-supportbenet o CO2
injection on geothermal energy pro-duction is evident in Fig. 5.
With the exception o veryearly time, the producers are always
overpressured.Tus, pressure support rom CO2 injection reduces (orin
this case, prevents) hydraulic drawdown at thegeothermal producers,
thereby reducing parasitic

pumping costs, which can be detrimental to theeconomics o
geothermal operations.

Figure 7 and able 3 summarize the uid mass andheat extraction or
the our temperature cases consid-

ered. Note that the extraction temperatures arebottom-hole
temperatures and that wellhead tempera-tures will be signicantly
diferent when CO2 isproduced. Although CO2 breakthrough occurs
within1 to 2 years, thermal conduction rom the relativelylarge
thermal ootprint, compared to typical geother-mal systems, slows
urther decline o extractiontemperatures. emperature decline during
the rst100 years is small: 8.6, 7.8, 10.5, and 9.1 C or the low,to
high temperature cases, respectively, or a conser-vatively low CO2
injection temperature o 16 C

(able 3). For a more realistic (higher) CO2 injectiontemperature
that accounts or the Joule-Tomsonefect, the temperature decline
decreases only slightly(able 3). Heat extraction rate is highest
(434 to1076 MWt) at early time when only brine is produced(Fig.
7(b)). Te decline in heat extraction rate corre-sponds to CO2
breakthrough and the continualincrease in CO2 cut (Fig. 7(a)), in
addition to the actthat CO2 carries less heat per unit mass than
brine.Had we taken advantage o the lower viscosity o CO2(resulting
in higher mobility) and the thermosyphonefect by increasing the uid
production rate, it mayhave been possible to maintain the heat
extractionrate. Because the injected CO2 plume is large(>50
km2), the heat extraction rate per unit area issmall (9 to 22
MWt/km2), compared to the high rate(47 MWt/km2) in the 0.7071-km
well spacing 5-spotcase analyzed by Randolph and Saar (2011a),7
whichexplains why the three-ring well pattern resulted in amuch
slower rate o thermal drawdown.

Initially, because the CO2 cut is equal to zero, theCO2 delivery
rate is equal to the CO2 injection rate(480 kg/s or 15 M/year). As
the CO2 cut increases

(Fig. 7(a)), the CO2 delivery rate becomes a smallerraction o
the injected CO2, which increases theratio o heat extraction per
ton o delivered CO2,while reducing the rate o increase o net
(perma-nent) CO2 storage (Fig. 7(c)). From a lie-cycle analy-sis
perspective, increasing the heat extraction per tono delivered
(i.e. captured) CO2 is benecial becauseit ofsets a larger raction o
the parasitic energy costassociated with CO2 capture. Conversely,
carbon-intensity reduction increases with the amount opermanent CO2
storage. Because the mobility ratiobetween CO

2and brine decreases with increasing

Figure 5. Overpressure history at the brine injectors, CO2

injectors, and producers for the cases plotted in Figs 4

and 6 with a geothermal heat flux of 75 mW/m 2and a

reservoir bottom depth of 5 km. The vertical brine injectors

pertain to Fig. 4 and the horizontal brine injectors pertain

to Fig. 6. The difference in overpressure resulting from the

choice of brine injector is shown.
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temperature, the rate o increase o CO2 cut decreaseswith
increasing temperature (Fig. 7(a)). Tus, thelow-temperature case
requires less delivered CO2than the high-temperature case.
Accordingly, thehigh-temperature case results in the greatest
amounto permanent CO2 storage (Fig. 7(c)). Note that hadwe
considered permeability heterogeneity, ast

pathways would promote earlier CO2 breakthrough,resulting in a
more rapid increase in CO2 cut and lesspermanent CO2 storage. For
our hybrid heat-extrac-tion approach, brine is the predominant
workinguid or early time, with the contribution o CO2 toheat
extraction increasing with CO2 cut. Te CO2heat extraction raction
reaches a value o 0.50 at

Figure 6. Overpressure, brine saturation, and temperature
distributions are plotted at the indicated times for a

symmetrical 24-spot, three-ring pattern of vertical and
horizontal wells, including an inner ring of eight extractors

(producers), 2 km from the center, a middle ring of 8 CO2
injectors, 3 km from the center, and four brine injection

wells, 5 km from the center. A fixed fluid extraction rate of
960 kg/s is maintained, while the CO2 injection rate is

ramped from 480 to 960 kg/s from 0 to 20 years; thereafter it is
held constant out to 1000 years. The reservoir is

4.75 to 5.0 km below the ground surface, with a geothermal heat
flux of 75 mW/m 2, permeability = 1 10-13 m2,

bounded by seal units with permeability = 1 10-18 m2; all with
12% porosity and a thermal conductivity of

2.0 W/m oC. The vertical wells are completed in the entire
vertical extent of the reservoir and the horizontal brineinjectors
are located at the top of the reservoir.
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Figure 7. Histories of extraction temperature, CO2
cut(fraction), heat extraction rate, and CO2-storage are

plotted for four cases using a symmetrical 24-spot,

three-ring pattern of vertical wells, with geothermal

heat fluxes of 75 and 100 mW/m2, and for reservoir

bottom depths of 2.5 and 5.0 km. CO2 injection is

ramped from 480 to 960 kg/s from 0 to 20 years;

thereafter it is held constant out to 1000 years. Plots

include (a) extraction temperature and CO2 cut, (b)

heat extraction rate (solid) and CO2 heat extraction

fraction (dash), and (c) CO2 delivery rate (solid) and net

CO2 storage (dash). The CO2 delivery rate is equal to

the CO2

injection rate minus the CO2

extraction rate.

13.6, 15.8, 19.4, and 20.8 years (Fig. 7(b) and able 3)or the
low to high temperature cases, respectively;thereaer CO2 would
become the predominantworking uid. Note that the CO2 injection
tempera-

ture has no inuence on the timing o CO2 cut. Ourresults imply
that it may be di cult to prevent eitherthe co-production o brine
or CO2-based GEE, orthe co-production o CO2 or brine-based GEE(Fig.
7(a)). Tis nding reinorces the practicabilityo a staged GEE-GCS
approach, where ACRMpractice would be implemented throughout
thesecond and third stages to minimize the risks associ-ated with
reservoir overpressure, and, where appro-priate, to generate useul
water resources.

Summary and conclusionsTere are sites within the continental
U.S. that wouldbe suitable or integrating high-temperature GEE
withGCS; however the prevalence o low-temperature sitesmakes it
likely that widespread GEE-GCS deploymentwould include lower
temperature sites. Our purposeherein was to demonstrate a possible
utilizationoption or CO2 capture, utilization and
sequestrationeforts occurring in the continental United States.
Weaccomplished this by identiying potential sites withinsedimentary
ormations where GEE-GCS can be

implemented, using a staged approach to reduceoperational
exposure. Stage one involves re-circulat-ing ormation brine or
reservoir characterization andgeothermal energy production. Once
characterizationis su cient to reduce operational exposure and
tosatisy public acceptance, stage two can commencewith CO2
injection providing pressure support or thebrine production wells.
Stage three begins as CO2breaks through and is co-produced with
brine,providing an additional working uid; eventually CO2becomes
the predominant working uid or geother-

mal energy production. Model results o stages twoand three o an
GEE-GCS operation demonstrate howthe use o a concentric three-ring
well pattern devel-oped in this paper shis the region o
maximumreservoir overpressure rom the CO2 injection wells(and CO2
storage zone) out to the outer ring o brinereinjection wells,
thereby suppressing CO2 migrationand leakage during active
injection/extraction opera-tions, and reducing the risk o brine
migration awayrom the storage zone. Our analysis o a
concentricextractor/injector/re-injector well pattern has
shownlongevity o thermal productivity rom a suitable GEE
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site, while providing su cient CO2 storage volumeand trapping to
act as a sequestration operation.Admittedly, there is low economic
prospect o drillingthe number o vertical wells required to ulll
this

design. However, the advent o directional drilling,staged or
sliding screens or well-casing perorations,and advanced reservoir
management strategies couldmake this or a similar operation
economically avor-able. Future work will examine this aspect o
ACRMGEE-GCS in the context o CO2 as a pressure supportand working
uid.
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