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Abstract

This report examines the potential for marketriven deployment of carbon capture, utilization and
storage (CCUS) technologies for coal and natural gas power plants. In particular, it examines how
reducing the cost of carbon captunda a rigorous research, development and deployment (RD&D)
program can enable new coal and natural gas power projects with carbon capture for enhanced oil
recovery(EOR) and quantifies the resulting economic and employment benefits to the United States.

Under evaluated scenarios, an accelerated RD&D program enables maltketn deployment 062 to
87 GWwith carbon capture technologies without any additional environmental regulations or
mandates. By 2040, powesector carbon capture can enable ov@20 million barrels of additional
domestic oil production each year , with the increased oil activity supporting up to 780,000 jobs
and a$190 billion increase ingross domestic product&DBP. Lowercost power produced via the
RD&D effort reduced the nationaktail cost of electricity up to 2.0% by 2040, which is expected to
increase GDP an approximate $55 billion and createanother 380,000 jobs economywide.
Projections vary based on key input assumptions, such as power demand growth and fuel prices.

Analysesvere conducted by three groupgl1) An evaluation of carborutilization potential in five
major EORregions by Advanced Resources International, Inc. (ARI); (2) Simulations of fhe U
electricity sector by NERA Economic Consulting (NERA) using tR@ERA Electricity Sector Model
(NewERAY) and (3)Preparation of this report, coordination of the ARl and NERA watkeams and
calculation of themacroeconomidenefits associated with lowecost electricity by L.D. Carter.



Executive Summary

Carbon capture refers to a suite of technologies that can produce concentrated streams of carbon
dioxide from human operations, such as power plants and industrial sources. While federal
investments in carbon capture have largely been based on its potenit@pplication as an emission
control technology, capturedcarbon dioxideis also a desired commaodity in the oil industry for use
in enhanced oil recovery(EOR)

EOR, the process of injectingarbon dioxideunderground in oil fields to boost production, haseen

conducted in the United States for nearly half a century. Conventional oil production is a relatively

inefficient process, typically leaving behind twethirds of the original oil in the ground after

concluding operationst An additional 10 to 20% carbe extracted by injectingcarbon dioxideto

increase reservoir pressure, decrease oil viscosity, and develop miscibility between the injected

carbon dioxideand reservoir oil.
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carbon dioxiderepresents a potentially prolific economic opportunity: carbon dioxidecan be

captured from power plants and sold for oil productior2 Many U.S. industrial facilities, such as
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been capturing and sellingcarbon dioxide &£ O OAOAOAT AAAAAAOh AT A 11 0A O
Arthur hydrogen plant has provided carbon dioxidefor EOR operations. Similar levels of

deployment in the power sector have not materialized largely because it is more expensive than

industrial -sector capture, requiring additional purification steps. Yet, recent developmensiggest

market-driven carbon capture at power plants could be on the horizon.

In April 2017, the first large-scale U.Scarbon capturefacility at a coal power plant opened in
Texas. Nearly one year later, a separate project testing an entirely new way treate electricity
from natural gas while capturing carbon at potentially lower cost began its first stage of pilot
testing4

1 Over 400 billion barrels of oil remain in already discovered U.S. oil fields following conventional (nelBOR)
recovery.

2|n 2017, CQ emissions from coaifired power plants totaled 1239 million metric tonnes and emissions from
natural gasfired power plants totaled 495 million tonnes.Energy Information Administration, Annual Energy
Outlook 2018 with Projections to 205Gt tbl.8 (Feb6, 2018) (EIA AEO 2018
https://www.eia.gov/outlooks/aeo/pdf/AEQ2018.pdf .

3 SeeNRG, Petra Nova, Carbon Capture and the Future of Coal Powgps://www.nrg.com/case -
studies/petra-nova.html (last visited July 19, 2018) While the project has been a successful, firgtf-its-kind
demonstration, it required robust federal investments and unique publieprivate sector financing soluions in
order to be launched. Recognizing the challenges facing early deploymentcafbon captureprojects, federal
policy efforts today are focused on offsetting the costs of carbon capture through federal incentives and
targeted RD&D investments.

4 Press Release, PR NewswirHET Power Achieves Major Milestone for Carbon Capture with Demonstration
Plant First Fire(May 30, 2018),

https://www.biz journals.com/sanantonio/prnewswire/press_releases/Texas/2018/05/30/CL09548 .
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Our analysis finds that these recent developments could be the beginnings afaabon capture
revolution, culminating in 17 to 87 GWof coal and natural gas power wittcarbon capture
technologies in operation by 2040 without any additional environmental regulations or mandates.

Maximum deployment occurs in scenarios that simulate an aggressive pubficivate RD&D effort
to lower carbon capturetechnology costs over 20 years. Under an aggressive RD&D progr&a to
87 GWwith carbon capture were projected to be in operation by 2040, resulting ift

(@]

up to a 40% increase in domestic coal production for power from 2020 to 2040;

100 to 923 million barrels of additional domestic oil produced annually by 2040 and up to
2,300 million metric tons of carbon dioxidecaptured from power plants to enable the
growth;

0 270,000 to 780,000 new jobs and a$70 billion to $190 billion increase in GDP
associated withEOR(field operations by 2040;

Aggressive RD&D reduced the national retail cost of electricity.1 to 2.0% by 2040, which
on its own is forecasted to increase annual GDP by an additioi80 to $55 billion and
create 210,000 to 380,000 more jobs over a baseline RD&D case.

(@]

(@]

As this analysis modeled only marketiriven opportunities, carbon capturepower projects in all
modeled scenarios were built only when it was the lowest cost option and associatetDRregion(s)
did not exceed production and carborstorage limits. High rates of economic growth and high oil
prices were other factors that resulted in more robustarbon capturedeployment.

With less aggressive rates of RD&D, the analysis estimated significantly less depteynt under all
scenarios in 2040. With higher technology costs, the study estimated an approximate titrds
reduction in new coal and natural gas with carbon capture and a comparative decline in associated
benefits.

The study analyzed marketdriven benefits, and did not model any future scenario wherearbon
dioxide is regulated or a carbon tax is imposed. The potential markelriven benefits estimated in

this study from accelerated RD&D for use iBORunderstate the benefits that could result from a
scenario of accelerated RD&D under a potential climate regulation scenario. Under such a scenario,
broader deployment of carbon capture would likely result from achieving the lowercostcarbon
capture technology objectives through an aggressive RD&D program envisioned in this analysis and
the 2018 CUREPRIFossil Energy Technologyoadmap(2018 CUREPRI Roadmapresulting in
cost-minimizing carbon capture deployment in regions beyond the results of thistudy.

Enhanced oil recovery has significantrvironmental co-benefits when EOR productiordisplaces a
barrel of oil produced with conventional methods today. Based on an analysis by the International
Energy Agency, the carbon footprint of a barrel of opgroduced with EOR is37% smaller than a

5 Results are reported in ranges because multiple scenarios were evaluated, such as different oil prices and
economic growth. A qualitative description of key assumptions in the modeled scenarios is provided in the
methodology section of the main report
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barrel produced with conventional methodsé The benefits would be even larger if higher carbon
intensity oil is displaced?

These benefits will not be realized on their own. Although the powesector modeling analysis
shows that a rapid reduction incarbon capturecosts can lead to theoretical market deployment for
EOR translating these benefits into the realvorld depends strongly on:

0 A public -private partnership across the entire RD&D cycle. Dedicatedpublic-private
partnerships are needed across the development cycle, from benshale research to
commercial projects. The large capital requirementand first-of-a-kind risks associated
with transformative carbon capture projects make it uniquely challenging for the highly
regulated power-sector industry to invest in the initial wave of projects. On firstof-a-kind
commercial projects in particular, where new technologies haveat been previously
demonstrated, warranties and other forms of insurance are difficult to procure in the
marketplace without initial government support. Bipartisan legislation authorizing public
private partnerships across the entire RD&D spectrum has baentroduced in both the
House and Senate that would accomplish ths.

¢

An aggressive commitment to the carbon capture and power systems program . By

2035, theU.SDepartment of Energy (DOE) aims for a new coal plant with carbon capture to

cost 40% lessOEAT EO x1T O A AT OO O AOQEPWhilékhehi A O OOET
Carbon Capture & Power Systemi&budget in support of this goal has been steadily

climbing, annual funding levels remain, on averagd5% below recommended levels by the

power-sector and associated industries. Echoing previous reports from the National Coal

Councilt the Carbon Utilization Research Council (CURC) and the Electric Power Research

Institute (EPRI)'2, funding for basic research, largascale pilots, and commerciakcale

demonstrations is needed. The most recent industry report recommends&/60 million

average annual budget for the equivalent activities in the DOE Carbon Capture & Power

6 SeeClean Air Task ForceThe Emission Reduction Benefits of Carbon Capture Utilization and Storage using
CO2 Enhanced Oil Recovgnitp://www.catf.us/resources /factsheets/files/CO2_EOR_Life_Cycle Analysis.pdf
7 SeeQil-Climate Index Total Estimated GHG Emissions and Production Volumes for 75 OCI Test Oils
http://oci.c arnegieendowment.org/#total-emissions?ratioSelect=perBarrel

8 H.R.5745 (Fossil Energy Research and Development Act of 2018), S. 1460 (Energy and Natural Resources
Act of 2017); and S2803 (Fossil Energy Utilization, Enhancement, and Leadership Act2(18).

9 Clean Coal Research Program, U.S. Department of Ene@garpon Technology Program Plgdan. 2013),
https://www.netl.doe.go v/File%20Library/Research/Coal/carbon%20capture/Program -Plan-Carbon
Capture-2013.pdf.

10) T A1l OAAO &1 OOET %l AOCUBSO #1T Al ##3 O 01 xAO 3UOOAI O DPOI «
11 SeelNational Coal CouncilFossil Forward: Revitalizing CCS Bringing Scale and Speed to CCS Deplpstment
tbl. C.6. Cost Breakdown of Surviving CCPI 3 Projects (Jan. 2015),
http://www.nationalcoalcouncil.org/studies/2015/Fossil _-Forward-Revitalizing-CCSNCGApproved-Study-
old.pdf.

12 Coal Utilization Research Council and the Electric Power Research Instituibe CUREPRI Advanced Coal
Technology Roadmafijuly 2015),

http://media.wix.com/ugd/80262f ada0552d0f0c47aa873df273154a4993.pdf (2015 CUREGEPRI Advanced
Coal Technology Roadmap).
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Systems RD&D program through 2035, including significantly more funding in the next

decade needed for commerciascale demonstrationst3 Technologies should be tested on

natural gas as well as the three major U.S. coal types to benefit the existing coal and natural

gas flees, maximize domestic natural resources, and acceleratiee development of

advanced new power cycles. After increasing levels to this amount, the DOE annual Fossil

Energy RD&D budget would still be less than current allocations to tHROB® O OAT Ax AAT A
energy equivalent.

(@]

Streamlined rules and regulations. Certain environmental regulations discourage
pipeline permitting processes have been identified as potential barriers. Congress has
signaled it will tackle theseissues, such as through the USE IT Act sponsored by Senators
Barrasso (RWY), Capito (RWV), Heitkamp (DND), and Whitehouse (DRI) that would
make largecarbon dioxide pipeline projects eligible for a streamlined permitting process#
Another issue to betackled is the subsurface reporting and regulatory requirements for
EORprojects that capturecarbon dioxidefrom power plants for use in their operations for
compliance with the Clean Air Act, relevant statdased regulations, and potentially, the
Section45Q tax credit. Some entities within the EOR industry have stated they will not enter
into commercial offtake agreements for captured powesector carbon dioxidewith owners
and operators because of potentially significant cost, liabilityand legal issus associated
with these reporting requirements. These policies should be revaluated to address these
challenges and encourage the utilization of powesector carbon dioxidein EOR operations.

¢

Internal Revenue Service ( IRS) interpretation of the revamped carbon capture tax
credit . In 2018, Congress enacted sweeping reforms to the Section 45Q tax credit for the
capture and storage otarbon dioxidein secure geologic storageSection45Q provides
separate credit levels forECR and pure sequestration projects. Included among the recent
changes:the credit level for EORprojects is to increase from $10 to $35 per metric ton of
carbon dioxidestored and a total cap on credits was replaced with a January 2024
commenceconstruction deadline. IRS interpretation of the new language, e.ghat it

i AAT O O1 OAT I 1 Al A Karbbih daphuéepréektOniihdvé a significat
influence on short and mediumterm development and important project finance decisions.
Early clarification of these critical ambiguities will facilitatecarbon captureproject
development utilizing this credit.

Carbon capture is a confluence of heavy manufacturing, specialized chemical engineering, and
integration with complex power systems. Building Peta Nova, the first largescalecarbon capture
power project in the United States was the culmination of over two decades of joint research and

13 See2018 CUREPRI Roadmap

14 Press Release, U.Sergate Committee on Environment and Public Work®arrasso: USE IT Act is Important
Bipartisan Legislation to Promote Carbon Capture Research and Developiidgnt 11, 2018),
https://www.epw.senate.gov/public/index.cfm/2018/4/barrasso _-use-it-act-is-important -bipartisan-
legislation-to-promote-carbon captureresearchrand-development
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was ultimately financed by the private sector along with both the U.S. and Japanese governments.
Achieving thevision outlined in this report is contingent on a federal commitment to support a
steady publicprivate partnership in advancing power generation technologies equipped with
carbon capture. Continued RD&D in carbon capture arieORtechnologies are investmets in our

T AOET 1-#@rf ecdoriorhicCand energy security.

Released with this study is the2018 CUREPRI Roadmaypa technical report that describes enabling
technology pathways and resources needed to achieve the cost reductions envisioned in this study.
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1. Introduction

Purpose and scope

This report examines how an aggressive publiprivate RD&D fossitenergy program impacts
market-driven deployment of U.S power sectocarbon captureprojects for EORand the resulting
domestic macroeconomicbenefits under eight different scenarios. The analysis is not intended to
predict the future, or even a most likey future, but rather to track carbon capturedeployment

across explicitly defined scenarios. Key variables that differ by scenario include economic and

Al AAOOEAEOU AAI AT A cOi xOEh & O0EI £0A1T DPOEAAON
Modeling System (NEMS) model, and most prominentlgarbon capturecosts associated with

different levels of RD&D ambitionts

As explained below, this study does not assume any natioredrbon dioxideregulations, but
instead focuses on deployment of capturdriven by a steady stream of revenues from selling
carbon dioxideto EOR projectsEORIis an establishedcommercial technology that utilizescarbon
dioxide to extract significantly greater production from some oil fields than traditional primary and
secordary production techniquesalone. Results are reported for the period 2020 through 2040,
although the modeling extended well beyond 2040 to ensure that generating units capturing
carbon dioxidehave adequate lifetime access to oil fields arllORfor utilization and incidental
long-term storage. The study understates the potential benefits of RD&D due to the exclusive
application of carbon capture forEOR Broader application to coalbed methane, norgeologic
utilization, and carbon sequestrationcould lead to additional benefits.

Background

EOR the process of injectingarbon dioxideunderground in oil fields to boost productivity, has
been conducted in the United States for nearly 50 yealSORgenerates a significant proportion of
U.Soil production. An estimated 300 hundred thousand barrels of oil are produced per day with
carbon dioxide EOR, approximately 3%f U.S. oil production in 20176

Conventional oil production is a relatively inefficient process, typically leaving behind 50 to 70%f
the original oil in the ground after concluding operationsEORhas been proven to extract an
additional 10 to 20% of the original oil in place by usingarbon dioxideto decrease oil viscosity and
develop miscibility between the injectedcarbon dioxideand the reservoir oil. Under industry best
practices, thecarbon dioxideused in the process remains trapped and stored in the reservaoir,

15 The scenarios anda description ofeach variable is described in more detail opagel3
16 SeeAdvanced Resources InternationalCO2EOR Set for Growth as New CO2 Supplies Em@ggel 2014),
http://www.adv _-res.com/pdf/CO2-EORset-for-growth -as-new-CO2supplies-emerge.pdf
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producing a more environmentallyfriendly barrel of oil.17 In the oil sector,carbon dioxideis a
valued and usefulcommaodity with a strong market demand.

The main constraint on future development of EOR projects is access to least sources otarbon
dioxide. Oil companies have traditionally receive@arbon dioxidefrom two sources: either
mineable sources of naturdly occurring carbon dioxideunderground, or industrial facilities such as
ethanol and natural gas processing plants that produce relatively pure streams @drbon dioxide.

To date,nine large carbon captureprojects to capture manmadecarbon dioxidein the United States
have been developed foEOR(Figure 1-1). Only one project, the Petra Nova facility in Texas, has
been installed at a power plant. Within the first ten months, the project increased oil production in

a local oil field by 1,300988. Although the project was a technical success, being built on time and on
budget, the recent decline in oil prices has challenged project developers in identifying a second
project. DOEmodeling suggests that the recent changes to tt8ection 45Q tax credit cold deploy
nearly 50 GW ofcarbon captureprojects by 2040 when combined with aggressive RD&B.

17 Seednternational Energy Agency Storing Carbon Dioxide though Enhanced Oil Recovery: Combining EOR

with CO2 Storage (EOR+) for Prof2015),

https://www.iea.org/publications/insights/in _sightpublications/Storing_ CQ_through_Enhanced_Oil_Recover
.pdf.

)l%ps_eeNRG, Petra Nova, Carbon Capture and the Future of Coal Powgps://www.nrg.com/case -

studies/petra-nova.html (last visited July 19, 2018).

19 Seel.S. Department of EnergyGzarbon Capture, Utilization, and Storage: Climate Change, Economic

Competitiveness, and Energy Secuii®ug. 2016),

https://www.energy.gov/sites/prod/files/2016/09/f33/DOE%20 -

%20Carbon%20Capture%20Utilization%20and%20Storage_20189-07.pdf.



https://www.iea.org/publications/insights/insightpublications/Storing_CO2_through_Enhanced_Oil_Recovery.pdf
https://www.iea.org/publications/insights/insightpublications/Storing_CO2_through_Enhanced_Oil_Recovery.pdf
https://www.nrg.com/case-studies/petra-nova.html
https://www.nrg.com/case-studies/petra-nova.html
https://www.energy.gov/sites/prod/files/2016/09/f33/DOE%20-%20Carbon%20Capture%20Utilization%20and%20Storage_2016-09-07.pdf
https://www.energy.gov/sites/prod/files/2016/09/f33/DOE%20-%20Carbon%20Capture%20Utilization%20and%20Storage_2016-09-07.pdf
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Figure 1-1. Map of Large U.S. CarbonrCapture Projects for EOR20
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Projecting additional declines in carbolAAD OOOA AT OO0 El-termBdald maketOE $/ %6 O
driven carbon capture at power plants foreORcan be a reality. The primary economic driver for

such deployment is use ofarbon dioxidefor EOR, so profitability primarily depends on balancing

of the additional cost incurred for capture and transport ocarbon dioxide against the revenues

generated from electricity sales andarbon dioxidesales to EOR projects. Other factors influencing

the competitiveness ofcarbon capturesystems include the pereption of regulatory risk associated

with new, unconstrained fossitfueled power plants, and the future prices of fuels and competing

non-fossil generation technologies.

In addition to the clear economic benefits, carbon capture witkORhas clear environmental
benefits.Based on arinternational Energy Agencyanalysis,it is estimatedthe average carbon
footprint of a barrel of oil produced with EOR has 37 lower carbon footprint than a barrel of oll
produced with traditional techniques?t, and others have found C@EORIs carbon neutralin certain

20 Based on data fronGlobal CCS Institutehttp://www.globalccsinstitute.com/projects _ (last visited July 20,
2018). Large is defined as having at lea$€t.5 million ton per year capacity.

21 Sednternational Energy Agency Storing Carbon Dioxide through Enhanced Oil Recovery: Combining EOR
with CO2 Storage (EOR+) for Prof2015),
https://www.iea.org/publications/insights/insightpublications/Storing_ CO »_through_Enhanced_Oil_Recover

y.pdf.
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cases? A 2017 National Resources Defense Council report finds that the amount of leakage
oil sector, companies pay focarbon dioxideand have a strong incentive to ensure injectedarbon
dioxide remains in the subsurface.

Analysis associated with broader emissions reductions from ne&OR applications are outside of
the scope of thisstudy. Consequently, geologic storage in saline formations was not considered.
Other carbon dioxide-utilization opportunities, such as conversion otarbon dioxideto fuels or
materials, were also beyond the scope of this analysis. While these opportunities were not
considered for this study, RD&D efforts focused on commerciatale saline sequestration and
carbon dioxideconversion are recommended in th018 CUREEPRI RoadmapWwith the new
Section45Q tax credits available for saline sequestration anchrbon dioxide-conversion
technologies, undertaking such efforts will result in technology improvements and associated cost
reductions for carbon capture in the powersector and may add to the overall benefits projected in
this study, including enabling further deployments of carbon capture in regions of the country not
captured by the study.

22 seeEnergy ProcediaCQ5 OE1 EUAOET T AOI [ 2EBhanked Oil Redoledy Dekihaldgp1d), # /
https://www.elsevier.com/__data/assets/pdf_file/0005/97025/CO2 -Utilization-from-Next-GenerationCO2
EnhancedOil.pdf

23 National Resources Defense Councsfrengtheningthe Regulation of Enhanced Oil Recovery to Align It With
the Objectives of Geologic Carbon Dioxide Sequestratvd5 (Nov. 2017),

https:// www.nrdc.org/sites/default/files/requlation -eor-carbon-dioxide-sequestration-report.pdf.
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2. Methodology

The study was divided into four main phasesKigure 2-1), conducted by three different analytics
groups:

analyses e.g.regional productivity and associated jolrreation benefits. ARl is an
international expert on topics of worldwide unconventional gas resourcedEORand carbon
dioxide storage dating back to research projects witlthe DOEin 1980.

2. NERA Economic Consulting modified and applied their N.wERA electricity sector model to
simulate the U.S. power sector and volumes o&rbon dioxide captured for EOR Their
NewERA electricity model is arelectricity long-term dispatch and resource planningnodel
available in the consulting spacend has been etensively used to evaluate a range of
electricity sector policies.

3. L.D. Carter coordinated the analysis andestimated themacroeconomicbenefits associated
with meeting the DO O -teimic&bon capture RD&D program goals. Mr. Carter is an
independent energy consultant with prior experience modeling fossil power systems at the
National Energy Technology LaboratoryNETL) and systemsanalysisat CURC.

The reader should note the differences in precisionaossOEA DPEAOAO 1T £ OEA AT Al UO
power-sector model is a highresolution power-sector model, explicitly and simultaneously solving

£l O OEA 1 AAOO AT 6O Oi 1 OOET 1T O1 AAO A i1 0Ol OEOCOAA 1T &
EORproduction estimates are based on its model tuned with data from U.EORoperations. In

contrast, the associatednacroeconomicbenefits were estimated usingnacroeconomicmultipliers

previously used in the literature and industry analyses

Figure 2-1. Main Phases Throughout the Study
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EORModeling

In 2004, theDOEsponsored ARI to conduct a series of tefasin reportsdthat quantified the
potential for increased domestic oil production andcarbon dioxide storage usingEORtechniques.
In subsequent years, ARI conducted periodic updates to their initial reports, reflecting improved
data and oil production techniqueg4 The techniques and technologies used in EOR continue to
evolve, and the industry is prodweing more oil for each unit ofcarbon dioxideinjected.25

For this study, ARI refreshed its basin reports across the fiveORregions evaluated by this study
(Figure 2-2), providing upper bounds on the amount of COEOR production and volumes ofarbon
dioxide injection that could occur in each region.

Figure 2-2. EOR Regions Evaluated

Source: Advanced Resources International

Other regions, such as the Rocky Mountain Corridor from Colorado up through Montana and in
Wyoming, North Dakota, and Ohio, also hold significant potential f&#BORspurring carbon capture.
The relatively flat demand growth in these regionscombined with lower-costcarbon dioxidefrom
natural domes or industrial sources Figure 2-3) of carbon dioxide, are outside the scope of this

24 SeeNational Energy Technology LaboratoryU.S. Department of Energgtoring CO2 With Enhanced Oil
RecoveryFeb. 2008), http://www.energy.ca.gov/sitingcases/hydrogen_energy/documents/08 -AFG
8/applicant/Tech_Studies_ CO2_ HRINETL%20Storing%20C02%20with%20EOR.pdf

25 SeeNational Energy Technology LaboratoryU.S. Department of Energymproving Domestic Energy
Security and Lowering C{Emissions withONext GeneratioDCQ Enhanced Oil Recove(ZQ-EOR)June20,
2011), http://www.midwesterngovernors.org/documents/NETL_DOE_Report.pdf.
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http://www.energy.ca.gov/sitingcases/hydrogen_energy/documents/08-AFC-8/applicant/Tech_Studies_CO2_EOR/NETL%20Storing%20CO2%20with%20EOR.pdf
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study. There is also less publicly available source material identifying target diklds and the
economics of EOR in these regions, whiclsa limited opportunities for significant power plant
CCUS penetration over the study period, making the more watlentified EOR regions inFigure 2-3
more economic for purposes of the study. Nevertheless, these areas offer attractive opportunities
to utilize carbon dioxide captured from power plants or other sources to boost production from
stranded oil assets. Further marketdriven development in these areas would add to the
macroeconomicbenefits projected by this analysis.

Figure 2-3. Estimated and Measured First -of-a-Kind Carbon Capture Applied to Different
Plants26

Cement I 5104-194
IGCC I 551148
Natural Gas Combined Cycle I 580-160

Iron & Steel I 67-119
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Fertilizer I s2333
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T T T T 1
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USD Per Ton of CO,

Source:Adapted from the GlobalCCS Institute, 2017. EFI 2018.

ARI estimated that the ultimate economically viable application afarbon dioxidefor EOR in the
five regions examined is on the order 081 billion tons of carbon dioxideto produce 66 billion
barrels of oil. Appendix A2 & A3 show the expected potential oEORregions at $75 and $100 per
barrel of oil. These total capacities include adjustments to reflect storage available to power plant
capture projects, and exclude volumes likely to be met by lower cost nggower plant sources of
carbon dioxide. Available EOResources included ROZ formations in 12 counties in Texas
(Appendix A 1), and ARI reported these formations as part of the total resources for the Permian

26 Energy Futures Initiative Policy PaperAdvancing Large Scale Carbon Management: Expansion of the 45Q
Tax Cralit, at13 (May 2018),
https://staticl.squarespace.com/static/58ec123cb3db2bd94e057628/t/5b0604f30e2e7287abb8f3c1/1 527
121150675/45Q_ EFI_5.23.18.pdNote that these costs reflect a range of costs for new technologies that are
projected to have improved and lower costs of capture, but have yet to be tested or demonstrated in
commercial practice.



https://static1.squarespace.com/static/58ec123cb3db2bd94e057628/t/5b0604f30e2e7287abb8f3c1/1527121150675/45Q_EFI_5.23.18.pdf
https://static1.squarespace.com/static/58ec123cb3db2bd94e057628/t/5b0604f30e2e7287abb8f3c1/1527121150675/45Q_EFI_5.23.18.pdf
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region. In addition to absolutecarbon dioxidestorage limits in each reservoir, timebased injection

1 EIT EOO xAOA ADDIODOA OEII AIG ARFAGRERAITEAAA ET
Power Sector Modeling

The second activity was conducted by NERA, which relied on itsJERA electricity sector model to
project sources of future electricity production, including fossHfueled units with and without
carbon capture. A description of the modeled scenarios is presented in the next section of this
report. The scenarios arépaireddto contrast a future with and without a vigorous domestic RD&D
program for advancedcarbon capturepower systems.

NewERA is a linear programming dispatch and lorgerm capacity planning model for the U.S.
electricity sector. The model containsriformation on 16 classes of generating units, including
renewables, in 63 U.S. regions, and is generally calibrated to the Energy Information

' AT ET E O QrEdd BAAED D1Brhe model uses data from other sources including the
Environmental Protection Agency (EPA), North American Electric Reliability Corporation, National
Renewable Energy Laboratory, and proprietary data sources.

NewERA solves for the least cost combination of technologies that satisfies future electricity demand
requirements, while meeting other constraints such as reserve capacity requirements, fuel
availability, renewable portfolio standards(RPS) and emission regulations. The model assumes
(erfect foresightband minimizes the present value of costs over the entire forecast period

ARI ensured the levels of capturedarbon dioxidefrom the NERA analyses did not exceed temporal
or volumetric EORconstraints by EOR region. For several EOR regions, projected levels of carbon
capture by NER& electricity model exceeded the carbon storage capacity of the closest EOR region.
When this primary EOR region reached its maximum capacity, the model evaluated the opportunity
of transporting the carbon dioxideto the second best option (oil fields inlhe Permian), which holds

the greatest storage potential of the five regions.

Carbon-Capture Deployment Economics

In traditional power sector models, a power plant would only choose to install carbon capture to
comply with policy regulations. For those modéng exercises, carbon capture is strictly an
environmental compliance technology resulting in significant cost increases and declines in
saleable power. In this analysis, carbon capture is a markdtiven decision because the costs can
be offset with carbon dioxide sales forEOR and the recently enactedection 45Q tax credits if
operational prior to 2025 and 2030, for retrofits and greenfield units with carbon capture,
respectively. The study did not assume any additional incentives or environmental retations
beyond the policies already in place.
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a) The Market Value of Carbon Dioxide in EOR

The market value ofcarbon dioxidefor EOR is highly correlated to the price of oil. When the price of
oil is high, the willingness to pay forcarbon dioxideincreases because it is an input for oil
extraction. When the price of oil is low, the market value drops. Based on guidance from ARI, the
market price of carbon dioxide ($/metric ton) was modeled at 38.6% the price of oil ($/bbl) for
prices under $100 perbarrel and slightly less for prices over $100 per barrel. For example, for a
future crude oil price of $100 per barrel, the delivereccarbon dioxidewould have a value of $38.60
per metric ton.

Figure 2-4. Estimated Sale Price of Captured carbon dioxide for EOR

CQ EOR Value ($/metric ton) = CO > value ($/mcf) x 19.3 (mcf/metric ton)

A When oil prices were less than $100 per barrel:
CQ value ($/mcf CQ) = 2% * Crude Oil Price ($/bbl)

A When oil prices weregreater than $100 per barrel:
CQ value ($/mcf CQ) = (2%*100) + [(Oil price -100)*1%]

A 1 metric ton of CQat 70° F & 1 Atmosphere = 19.3 mcf volume

Based on the oil price trajectory irthe EIA AEO 201&eference Case, the value oarbon dioxidefor
EORincreased from $26 per metric ton in 2020 to around $40 per metric ton by midentury.

b) The Section 45QTax Credit

The market value could also be supplemented with the recently amend&ection45Q tax credit for
carbon captureprojects. TheSection 45Q taxcredit provides up to a $35 tax credit for each metric

ton of carbon dioxidestored underground duringEOREI O A DBOT EAAO8O AEOOO
commercial operation Appendix A 2).

Although the total credit levels are set, key implementation details on the recent changes have not
been determined by the IRS. One of the main considerations IRS has yet to rule dhészommence
constructionolanguage. In order to qualify for the credit, projects must commence construction by
January 1, 2024. It is unclear the IRS will adopt an approach similar to the wind production tax
credit where commence construction could béased on initial capital outlay, or another approach.

&1 O OEA POODPI OAO 1T &£# OEEO OOOAUKh A DPI xAO bl AT O
entered into service, rather than the currently ambiguous@ommence constructiodate. Using
historical construction times as a proxy, greenfieldarbon captureunits that come online by 2030

and retrofit fossil units operating by 2025 could claim the newSection45Q incentives. The credit

was treated as added revenue for power plants with carbocapture, improving their economics

and dispatching order for their first twelve years of operation.

60 A
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Carbon Capture Costs

Baseline cost and performance values for largearbon capturesystems were derived from DOE and

NETL reports?728 and EIA techniques use in its EIA AEO 201® as interpreted by LD. Carter.

#OO0OAT O AT Al AT A TAOOOAI CAO OAAETTITCEAO xAOA 11
Baseline Bituminous reports. Future coal power system costs and performance figures were

estimated using DOB longterm cost reduction goals for coal technologies and are consistent with

the 2018 CUREPRI RoadmagpProjected costreduction goals for natural gasfueled technologies

were based on the professional judgment of CURC members, as no published studies project

this information was found.

4 EA Odahdd BaptureAT OO0 Ei POI OA 1T OAO O1 AAUBO 1 AOGAI 6h OEI
Generally, the cost of carbon capture in the base RD&D scenario trails the costs in the aggressive

RD&D scenario by about 1§years as a proxy for a continuation of current funding levels.

a) NewPower Plants With Carbon Capture

Table 2-1 shows costand-performance values for coal and natural gatueled technologies with and
without carbon capture, for scenarios that assumed a robust RD&D program for these technologies.
Additional details on capture costs are included iAppendix B30 These costs are estimated based

on the projected results of the RD&D program outlined in the018 CUREEPRI RoadmapThe2018
CUREEPRI Roadmajpdentifies multiple technology pathways to achieve these cost goals, which will
largely be achieved through the development of new power cycles.

Table 2-1. Estimated 2035 Cost and Performance Values for New Natural Gas and Coal
Power Plants 31

_ Accelerated RD&D Businessasusual RD&D

Unconstraine( Coal with Unconstrainec Natural gag Unconstraine( Coal with Unconstraine« Natural gas
coal capture natural gas with capture coal capture natural gas with capture
(%ﬁ(%a' cost 2,124 3,265 699 1,260 2,259 3,816 750 1,512
Fixed O&M
($/kWyr) 70.92 101.23 24.67 40.06 75.44 118.31 26.45 48.08
Variable O&N
($/MWh) 8.98 13.00 1.62 3.24 9.55 15.20 1.74 3.89

27 National EnergyTechnology Laboratory, U.S. Department of Energgost and Performance Baseline for
Fossil Energy Plants, V.dla: Bituminous Coal (PC) and Natural Gas to Electri¢iBev3 (July6,2015),
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Publications/Rev3VollaPC NGCC
_final.pdf

28 Clean Coal Research Program, U.S. Department of Ene@garpbon Technology Program Plgidan. 2013),
https://www.netl.doe.gov/File%20Library/Research/Coal/carbon%20capture/Program -Plan-Carbon
Capture-2013.pdf.

29 Energy Information Administration, Electricity Market Module(Apr. 2018) (documentation EIA AEO 2018
and related reports), https://www.eia.gov/outlooks/aeo/assumptions/pdf/electricity.pdf

30 All cost and benefits values in the report are reported in 2017 dollars.

31 Natural gas power plants based on a 500MW system. Coal power plants based on a 550MW system.
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e Accelerated RD&D Businessasusual RD&D

Unconstraine(« Coal with Unconstraine« Natural gag Unconstrainer Coal with Unconstraine« Natural gas
coal capture natural gas with capturg coal capture natural gas with capture
HHV
(Btukwh) 7,524 8,579 5,655 6,130 7,900 9,608 5,877 6,661
Emissions
(Toncarbon 0.70 0.08 0.30 0.03 0.73 0.09 0.32 0.04
dioxide/MWH?

%2! ADDI EA Andpafarande valués @Power plants of all sizes because the model
requires maximum flexibility in capacity decisions. Cosaind performance improvements were also
applied to fossitpower units without carbon capture because many of the technologies are
crosscutting, such as materials and sensorg\ppendix Table B 6 & Table B 8).

b) Carbon Capture Retrofits at Existing Power Plants

Postcombustion carbon captureOA O OT AEOO 11 AT Al Pi xAO bl AT 00 xAOA

with cost-and-performance figures based on 2016 NETL analysis$® Under that analysis, the
capture system was powered by a ctocated natural gas combustion turbine so the performance of
the host coal unit would be unaffected. Unlike greenfield units, the assumed cost of retrofits did not
decrease oer time due to resource constraints. Retrofits were restricted to coal units that met the
following criteria: (1) the host coal unit had a capacity greater than 500 MW, (2) came online on or
after 1980, (3) has both flue gas desulfurization and selectiveatalytic reduction controls, and (4) is
located in the same state or two states away from one of the five EOR evaluated regidtigire

2-2). Sates were made eligible for power sectocarbon captureprojects, based on their proximity

to five EORregions (Figure 2-5). After filtering the existing coal fleet through the eligible criteria

list, 38 units were determined eligible. Three of those ung are either already retired now or will be
retiring this year; one unit already had the Petra Novaarbon captureretrofit; and seven units were
assumed ineligible based on other geographic constraints.

c) Pipeline Construction Costs

Pipeline construction costs were estimated by combining ARS market expertise with a pipeline
model developed by NETEB4 The modeled cost for deliveringcarbon dioxide by pipeline was a

AO0T AOETT T &2/ OEA 1 AT COE AT A AEAI AOGAO 1T &# OEA PEDPAIE

32 The 90% capture rate is not a technical limit, but was selected because it is a benchmark frequently used by
the DOEto evaluate and compare different capture technologies and the only publicly available cost data is
from DOE and assumes 90% capture rates

33 Seeleffrey W.Hoffman, et al, Derate Mitigation Options for Pulverized Coal Power Plant Carbon Capture
Retrofits (Nov.2016),
https://reader.elsevier.com/reader/sd/818C153EOFDDF27AASE97A9A79EFA4FD23BC3D1C79411EF090E
8CBEOSFA2F971D5F66968D91412ACBB22C3003184987

34 National Energy Technology LaboratoryU.S. Department of EnergfsE/NETL C@Transport Cost Model:
Description and User's Manu&luly 2014),
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Publications/co2 -transp-cost-
model-descuser-man-v1-2014-07-11.pdf.
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represented by its state, to the nearest of the five EOR regions. Diameter was based on the
approximate volume needs. Trunk lines, largpipelines which aggregate and shigarbon dioxide
from multiple projects, were modeled from distant states Figure 2-5 illustrates a representative
pipeline network connecting source states with the five respectivE ORregions.

Figure 2-5. Visual Representation of the Maximum Pipeline Network Used to Estimate CO
Transportation Costs 35
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for illustrative purposes only*

Appendix A 1 shows the primary and secondary costs afarbon dioxide pipeline transport by state.
A higher secondary cost was provided in the case the primary region was overloaded. In all cases,
the secondary option was the cost of transporting thearbon dioxideto the Permian region.

Scenarios

NERA evaluated eight scenarios defining different possible future paths for the U.S. electricity
sector. These scenarios were structured around different assuptions regarding economic growth,
electricity demand, energy prices, and a capital charge adder.

Each pair of four basic scenarios included a scenario that assumed the absence of redwesdon
capture costs based on base RD&D, and a scenario with idieat assumptions but including an

35 Interstate pipeline costs were estimated as a function of distance from the destination EOR basin. The
depicted pipeline route in theFigure 2-2 was aeated for illustrative purposes.
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aggressive RD&D program postulated to lead to lower capture costs. This study design allowed a
general assessment of the role aggressive RD&D could play in economicdtiyen deployment of
carbon capturetechnology over ime, under a range of market conditionsTable 2-2 summarizes
the eight scenarios.

Table 2-2. Scenarios Simulated by NERA Model3s

SeErats Economic | Oil and Natura]  Electricity Canture Costs Capital Chargg
Growth Gas Prices Demand P Adder

High Higl® High RD&D
1b High Higl) High Base Y
2a High Higl High RD&D N
2b High High® High Base N
3a Basé® High Low RD&D Y
3b Basé High Low Base Y
4a Base Base Base RD&D Y
4b Base Base Base Base Y

Note that Scenarios 1a, 1b, 2and 2b reflect higher economic growth and electricity demand,

which lead to higher energy prices than other scenarios. Scenarios 3a, 3b, 4a, and 4b are defined by
assumptions regarding lower economic growth and electricity demand, which lead to lower ergy

prices.3 AAT AOET O AT AET C ET OAd A @@y RDaRdctivil,abidhA OOE OA i
AErmrAAOEOGAT U 11T xAOO OEA AT OO0 T &# 1TAx CATAOAOET ¢ OTE
scenarios are pairedx EOE AT OA6 OAAT A @fof an éybresdive RD&D prGglamOE A El D.
carbon capturedeployment.

While these scenarios are only projections of what the future could hold, the higher electricity

demand projections may not be consistent with how a power generator is projecting their own

demand needs in the future. Demand increases being forecasted today are likely to occur under

scenarios in which electrification of transportation and industry is projected to have high

penetrations, which will spur growth in electric load. For example EPRImodeled impacts of

electrification on electricity demand in a recent report assessing U.S. electrificatiamd estimated a

52% electric load increase by 2050 in its most aggressive scenafioGenerators also have different

predictions of fuel prices thanthose projected in this study.

36 Base(-) was lower than the other Base growth due to higher energy prices. Similarly High (+) energy prices
were adjusted slightly upwards to account for higher economic growth.

37 Electric Power Research InstituteU.SNational Electrification AssessmerApr. 2018),
http://mydocs.epri.com/docs/PublicMeetingMaterials/ee/000000003002013582.pdf .
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Capital Charge Adder
%l O1 AOGET C %) 180 . %-3h A OAAPEOAI MAEWEGBHAesmhBRAAOG
percentage point upward adjustment in the cost of capital for coal capacity additions and retrofits
as a sirrogate for a directemission charge fee. EIA judged this charge to Beughly equivalent
...to about $15 per ton of carbon dioxide®® This analysis followed the approach and applied a cost
of capital adder equivalent to $15 per metric ton otarbon dioxide (in 2017 $s).

Unlike the EIA, this study applied the adder to all new baseload fosdileled generation options
(both coal and natural gasfueled systems) withoutcarbon capturesystems. New power systems
employing carbon capturetechnology wereassumed to have eliminated regulatory risks and
financial institution preferences, and were assigned no adder. Although natural gas projects have
not faced the same levels of financial scrutiny as coal projecthie World Bank recently signaled its
intent to strictly curtail the financing of upstream oil and natural gas plantd as it already hason
coal power plantson the basis of carbon emissiong

The adder has no direct impact on dispatch decisions of existing coal or natural gas units. The intent
of the adder is to simulate financing unabated fossil units and the risk of a new, unabated unit
becoming subject to carbon emission regulation during & useful life. For example, Duke Energy
reports in its 2017 Climate Report to Shareholders

Since 2010, Duke Energy has included a pricecarbon dioxideemissions in our IRP
planning process to account for the potential regulation oérbon dioxideemissons.
Incorporating a price oncarbon dioxideemissions in the IRP allows us to evaluate
existing resources and future resource needs against potential climate change policy
risk in the absence of policy certainty.

Many entities use a range of adders tovaluate investment options under different assumptions. As
of 2015, 28 states required U.S. electricity generating utilities operating in their state to prepare
formal planning documents, called Integrated Resource Plans (IRPs), evaluating generation op$io
over a planning horizon, typically the next 20 years. A review of seven of these IRPs, covering
utilities operating in 21 states, found that all but one included a carbon price in evaluating future
build and retirement decisions. All but two used multipe carbon price assumptions, with the lower

38 The incorporation of the capitalcharge adder is not an endorsement by any of the sponsors for its use in
utility decision making and/or federal policy.

39 Memorandum from Coal and Uranium Analysis Team to John Conti, Assistant Administrator for Energy
Analysis,and Alan Beamon, Director, Office of Electricity, Coal, Nuclear, and Renewables Analy&i€)2014
Coal Working Group Meeting | Summarat 2(July 22, 2013,
https://www.eia.gov/outlooks/aeo/workinggroup/coal/pdf/meeting  -summary07222013.pdf.

40 Reuters,World Bank to Cease Financing Upstream Oil and Gas After ZD&e. 12, 2017),
https://www.reuters.com/article/us -climatechangesummit-worldbank/world -bank-to-ceasefinancing-
upstream-oil-and-gasafter-2019-idUSKBN1EG1L

41 Anna Yukhananov, Valerie VolcovicReuters,World Bank to Limit Financing of Codired Plants(July 16,
2013), https://www.reuters.com/article/us _-worldbank -climate-coalidUSBRE96F19U20130716

42 Duke Energy2017 Climate Report to Shareholdead 5 (2017), https://www.duke -
energy.com/_/media/pdfs/our -company/shareholder-climate-report.pdf.
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or base case value averaging about $17 per metric toneadrbon dioxidein 2020 to 2025, and
increasing over time43 Outside of the power sector, ExxonMobil has also publicly stated that®as
included a proxy price on carbon in its business planning since 200x... This proxy cost, which in
some regions may approach $80 per ton, seeks to reflect all types of actions and policies that
governments may taked4

Energy Prices and GDP Forecasts

In general, the NERA model is closely calibrated to assumptions and projections use@IAAEO

2018. Certain scenarios in this study contained assumptions that departed from Esfapproach.

Higher growth scenarios were provided by the sponsors as padf the scenario definitions. For
example,EIAAEOQ2018 assumed a relatively narrow range of economic growth (2.1 to 2.6% per

UAAO CcOl xOE ET 's$o0qh xEAOAAO OEEO OOOAUBO OAITCA O
3.5% per year. Corresponding electdity demand assumptions, driven primarily by a broader range

of future GDP growth, were similarly more expansive than Ef

. %2! ET AT OBPI OAOGAA AT OE %) ! 80 O2AEA0AT AA6 AT A O, 1 x
NERAS energy price projectionstracked EIA®, but adjusted prices upwards in the cases of much

higher rates of economic growth to reflect increased demand®\ppendix B 2 & TableB- 3). A

OAT OEOEOEOU AT AT UGEO T &£ TEI ATA CAO POEAAO AAIT x
analysis. Under lower oil prices, it is expected that the economic case for carbon capture would

decrease becausearbon dioxideprices are determned by the price of oil.

Power Plant Retirements

Nuclear power plants were assumed to gradually phase out over the next few decades, with each
plant retiring due to market pressures or sixty years from their original commencement daté.

Sixty years was cheen because that is consistent with a orgme Nuclear Regulatory Commission
(NRC)extension. Approximately twothirds of U.S. nuclear units were over 45 years of age in 2018,
and would be at least 67 years of age in 2040 Lastly, hydropower capacity wasassumed to be
DPOAOGAOOGAA OEOI OCET OO OEA OOOAUBO 1 EEAOQEI As
Existing coal and natural gas power plants werassumed to haveno additional regulatory forcing
policies that impacted their operations, and could therefore continue to operate (typically at very

low cost) as long as they wer@art of the mix of resources that could produce the lowest cost
power to the grid. Other costs, such as required upgrades associated with New Source Review, were

43 Carbon Utilization Research Councifnalysis of Options for Funding Large Pilot Scale Testing of Advanced
FossitBased Power Generation Technologies With Carbon Capture and St¢Mge 21, 2016),
http://media.wix.com/ugd/80262f 2949eafbd03847619b8c02754del16fe.pdf.

44 Ken CohenExxonMobil, Paris, and Carbon PoljdyxxonMobil PerspectivegMay 6, 2019,
http://www.exxonmobilperspectives.com/2015/05/06/exxonmobil _-paris-and-carbon-policy/ .

45 For example EIAAEQ2018 projected 99 GW of nuclear power in 2017, declining to 8&W in 2040 and 79
GW in 2050.

46 Energy Information Administration, Spent Nuclear Fuel, tbl.2Nuclear power plant data as of June 30, 2013
(rev. February 2016),https://www.eia.gov/nuclear/spent_fuel/ussnftab2.php (last visited July 20, 2018)
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current law, because it has been widely documented to discourage modernization, gefficiency
and environmental control projects.

Additional information on assumptions used in the power sector analysis is included iAppendix B

Financial Incentives and Policy Drivers

This analysis did not assume the use of any néimancial incentive or regulatory requirements for

low carbon-emission technologies, including renewable energy, nuclear power, or fos$ileled

systems with carbon capture. The major incentives provided under existing law, including state RPS

and the Section 45Q carbonstorage incentives, were incorporated in all scenarios. Based on the

AOOOAT O AAI ET EOOOCAOQOETI T80 Al AAO ET OAT O OI OAPAAIT O

cap-and-trade system, however, are included.

Macroeconomic Benefits

Macroeconomicimpacts of an activity include the direct effects of the activity on its primary
business purpose (e.g., producing electricityil, etc.), as welhs indirect effects on other activities
supporting that primary purpose (e.g., increased mining, chemical production) and related induced
activities supporting these activities (e.g., provision of housing, transportation, food to employees
engaged in thedirect and indirect activities). In this study, themacroeconomicdrivers are the
impacts of the lower price of electricity from more affordable fossipower technologies, and the
displacement of imported oil with increased domestic oil production vieEOR

Macroeconomic Benefits from EOR

After defining the volumes of additional oil production and capacity for carbon storage in each of
the five regions, ARI also evaluated theacroeconomicbenefits of increased domestic oil
production related to EOR

Increased domestic oil production via power planbasedCQ-EOR can enhance the natid@ GDP,
reduce the U.S. balance of payments deficit, provide energy security benefits, and create jobs. Of
these benefits, ARI examined the GDP benefits related to increaséidoroduction such as the direct
value of the oil produced, the indirect value provided by those manufacturers and service industries
that support EOR activity, and those economic activities such as housing, transportation, and food
services that supportworkers engaged in direct and indirect activities. Projectednacroeconomic
benefits were based on the Bureau of Economic Analysis RIMS Il model.

47 The calculations were made using final demand multipliers for the Oil and Gas Industry (Industry 211000).
These inputoutput multipliers were applied on a regional basis to capture the contribution of C&EOR in
each of the fiveregions assessed by the Advanced Resourcesdmiational study.
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Macroeconomic Benefits of Lower-cost Electricity

A price change in electric power can have broad impacts that ripple through the U.S. economy. Since

electric power is a basic input in thdJ.Seconomy, even a small decrease can have a significant

benefit. A 2014 Management Information Services, Inc. (M)Seport, written for the American

Coalition for Clean Coal Electricity, compared lowering energy costs to the effect of a tax cut by
OPOOOET C T TOA T1TTAU ET OEA BATAO 1T &£ AT O0OI AOO AT A
The magnitude of lowercost electricity benefits on thelarger economy were estimated, referencing

DOET O OOOAEAO AT A TTAAITEIC O1T1108 4EAOA AEAAOT 00 «x
reported retail electricity rates between the aggressive RD&D scenarios and their corresponding

base RD&D scenariosT@able 3-1). For purposes of this paper, an elasticity factor 60.1% was used

for both GDP and employment impacts of a change in U.S. electricity prices.

Lower Cost Electricity Impact on GDP

The MISI paper defined price elasticity as the percent change in GDP for a given one percent change
in the price of an energy commaodity, such as oil or electricity. After a literature review, it estimated
elasticity factors of about: 30.17 for oil,-0.13for electricity, -0.14 for energy84dIn its own analysis,
MISI used a conservative electricity price elasticity factor 60.1050

Lower Cost Electricity Impact on J obs

A 2010 working paper by the National Bureau of Economic Research (NBER) considerkd t
relationship between electricity prices associated with possible climate change mitigation
programs and employment(The main finding is that employment rates are weakly related to
electricity prices with implied cross elasticity of full-time equivalent (FTE) employment with
respect to electricity prices ranging from-0.16% to-0.10%859

48 Management Information Services, Inc., for the American Coalition for Clean Coal Electriclige Social
Costs of Carbon? No the Social Benefits of Carabii7(Jan 2014),
https://www.eenews.net/assets/2014/01/22/document_pm_03.pdf .

49 |bid. at 74.

50 Stated differently, a 10% increase in electricity prices could be expected to cause a 1% decrease in GDP.
51 Olivier DeschenesNational Bureau of Economic Resear¢limate Policy and Labor Marketat Abstract
(June 2010, http://www.nber.org/papers/w16111
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3. Results

Two variables dominated the deployment of poweisector carbon capture: energy prices and the
existence of a vigorous RD&D program. A graphical overview of generation mixes across all
scenarios is provided inFigure 3-1.

Oil and Natural Gas Prices

Forecasts were sensitive to the price of fuels, especialiyl and natural gas. The impact of energy
prices was examined by varying the escalation rate of fossil fuel and crude oil priceéScenarios 4a
and 4b are driven largely by the assumption that natural gas prices will escalate at 1% per year
between 2020 and 2040Scenarios 3a and 3b at 2% per year, and Scenarios 1a, 1b, 2a, and 2b
assume a 3% per year increase. As a result, Scenario 1a (aggressive RD&D, high economic growth,
high oil and gas prices) and Scenario 4b (base RD&D, base economic growth, base oil asd ga
prices) tend to bracket the modeling projections and are presented below to display overarching
generation trends. Using Scenarios 1a and 4b as bookends, the minimum level of coal and natural
gas carbon capture was forecasted to be 3% of theSgrid mix and the maximum level was 12% in
2040. For comparative reference, all the solar panels in the country generated 1.3%b6.

electricity in 2017.52

For the six scenarios with@Highdor Hight)éenergy prices, coal dominatesarbon capture
deployment through the study period, and for the two scenarios with lower@ase) energy prices,
natural gas dominatescarbon capturedeployment.

Under Scenario 1a, significant deployment of new carbon captwequipped coal units begins in the
period of 2025 to 2030, ad accelerates after 2030. Under the lower fuel prices assumed in
Scenario 4b, similar but delayed deployment of new natural gdsieled units equipped with carbon
capture was forecasted.

Aggressive RD&D

In viewing Figure 3-1, recall that the scenarios arépairedd(with and without RD&D leading to
lower carbon capturecosts)53 A general trend found for these paired scenarios is thatarbon
capture deployment is approximately two to three times as large for a given simulation year after
2030 with an assumed rigorouscarbon captureRD&D program, compared to the same year with
less intense RD&DTable G 3, Table G 6) .54 In all scenarios, new fosstpower plants were built
without carbon capture ranging from 70 to 271GW by 2040 Table C 2, Table G 5). Existing coal

52 Energy Information Administration, Electricity Data Browser,
https://www.eia.gov/electricity/data/browser/ _ (last visited July 20, 2018).

53 Scenarios 1 & 2 constitute such a pair, as do Sceiar3 & 4,5 & 6, and 7 & 8.

54 This relationship holds for @Vith RD&Ddscenarios in which the deployment of capacity exceeds about 20
GW for a given fuel.
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and natural gas generation remain in all scenarios through the forecasted stuggriod with
minimal retirements (Table G 1, Table C 4).
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Figure 3-1. Forecasts of U.S. Power Sectorin 2040
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