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Abstract  

This report examines the potential for market-driven 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 capture via 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 market-driven deployment of 62 to 

87 GW with carbon capture technologies without any additional environmental regulations or 

mandates. By 2040, power-sector carbon capture can enable over 920 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 in gross domestic product (GDP). Lower-cost power produced via the 

RD&D effort reduced the national retail cost of electricity up to 2.0% by 2040, which is expected to 

increase GDP an approximate $55 billion  and create another 380,000 jobs  economy-wide. 

Projections vary based on key input assumptions, such as power demand growth and fuel prices.  

Analyses were conducted by three groups:  (1) An evaluation of carbon-utilization potential in five 

major EOR regions by Advanced Resources International, Inc. (ARI); (2) Simulations of the U.S. 

electricity sector by NERA Economic Consulting (NERA) using their NewERA Electricity Sector Model 

(NewERA); and (3) Preparation of this report, coordination of the ARI and NERA work-streams and 

calculation of the macroeconomic benefits associated with lower-cost electricity by L.D. Carter. 
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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 potential application as an emission 

control technology, captured carbon dioxide is also a desired commodity in the oil industry for use 

in enhanced oil recovery (EOR). 

EOR, the process of injecting carbon dioxide underground in oil fields to boost production, has been 

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

inefficient process, typically leaving behind two-thirds of the original oil in the ground after 

concluding operations.1 An additional 10 to 20% can be extracted by injecting carbon dioxide to 

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

carbon dioxide and reservoir oil.  

6ÉÅ×ÅÄ ÔÈÒÏÕÇÈ ÔÈÉÓ ÌÅÎÓȟ ÔÈÅ 5Ȣ3Ȣ ÐÏ×ÅÒ ÓÅÃÔÏÒȭÓ ÁÎÎÕÁÌ ÐÒÏÄÕÃÔÉÏÎ ÏÆ ÏÖÅÒ ρȟ500 million tons of 

carbon dioxide represents a potentially prolific economic opportunity:  carbon dioxide can be 

captured from power plants and sold for oil production.2 Many U.S. industrial facilities, such as 

/ËÌÁÈÏÍÁȭÓ %ÎÉÄ &ÅÒÔÉÌÉÚÅÒ ÆÁÃÉÌÉÔÙ ÁÎÄ 7ÙÏÍÉÎÇȭÓ 3ÈÕÔÅ #ÒÅÅË ÎÁÔÕÒÁÌ ÇÁÓ ÐÒÏÃÅÓÓÉÎÇ ÆÁÃÉÌÉÔÙȟ ÈÁÖÅ 

been capturing and selling carbon dioxide ÆÏÒ ÓÅÖÅÒÁÌ ÄÅÃÁÄÅÓȟ ÁÎÄ ÍÏÒÅ ÒÅÃÅÎÔÌÙȟ 4ÅØÁÓȭÓ 0ÏÒÔ 

Arthur hydrogen plant has provided carbon dioxide for 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 developments suggest 

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

In April 2017, the first large-scale U.S. carbon capture facility at a coal power plant opened in 

Texas3. Nearly one year later, a separate project testing an entirely new way to create electricity 

from natural gas while capturing carbon at potentially lower cost began its first stage of pilot 

testing.4 

                                                      
1 Over 400 billion barrels of oil remain in already discovered U.S. oil fields following conventional (non-EOR) 
recovery. 
2 In 2017, CO2 emissions from coal-fired power plants totaled 1239 million metric tonnes and emissions from 
natural gas-fired power plants totaled 495 million tonnes. Energy Information Administration, Annual Energy 
Outlook 2018 with Projections to 2050, at tbl.8 (Feb. 6, 2018) (EIA AEO 2018), 
https://www.eia.gov/outlooks/aeo/pdf/AEO2018.pdf . 
3 See NRG, Petra Nova, Carbon Capture and the Future of Coal Power, https://www.nrg.com/case -
studies/petra -nova.html (last visited July 19, 2018). While the project has been a successful, first-of-its-kind 
demonstration, it required robust federal investments and unique public-private sector financing solutions in 
order to be launched. Recognizing the challenges facing early deployments of carbon capture projects, 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 Newswire, NET 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 . 

https://www.eia.gov/outlooks/aeo/pdf/AEO2018.pdf
https://www.nrg.com/case-studies/petra-nova.html
https://www.nrg.com/case-studies/petra-nova.html
https://www.bizjournals.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 of a carbon capture 

revolution, culminating in 17 to  87 GW of coal and natural gas power with carbon capture 

technologies in operation by 2040 without any additional environmental regulations or mandates. 

Maximum deployment occurs in scenarios that simulate an aggressive public-private RD&D effort 

to lower carbon capture technology costs over 20 years. Under an aggressive RD&D program, 62 to 

87 GW with carbon capture were projected to be in operation by 2040, resulting in5: 

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

ǒ 100 t o 923 million barrels of additional domestic oil produced annually by 2040 and up to 

2,300 million metric tons of carbon dioxide captured from power plants to enable the 

growth; 

ǒ 270,000 to 780,000 new jobs and a $70 billion to $190 billion increase in GDP  

associated with EOR field operations by 2040;    

ǒ Aggressive RD&D reduced the national retail cost of electricity 1.1 to 2.0% by 2040 , which 

on its own is forecasted to increase annual GDP by an additional $30 to $55 billion  and 

create 210,000 to 380,000 more jobs over a baseline RD&D case. 

As this analysis modeled only market-driven opportunities, carbon capture power projects in all 

modeled scenarios were built only when it was the lowest cost option and associated EOR region(s) 

did not exceed production and carbon-storage limits. High rates of economic growth and high oil 

prices were other factors that resulted in more robust carbon capture deployment. 

With less aggressive rates of RD&D, the analysis estimated significantly less deployment under all 

scenarios in 2040. With higher technology costs, the study estimated an approximate two-thirds 

reduction in new coal and natural gas with carbon capture and a comparative decline in associated 

benefits. 

The study analyzed market-driven benefits, and did not model any future scenario where carbon 

dioxide is regulated or a carbon tax is imposed.  The potential market-driven benefits estimated in 

this study from accelerated RD&D for use in EOR understate 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 lower-cost carbon 

capture technology objectives through an aggressive RD&D program envisioned in this analysis and 

the 2018 CURC-EPRI Fossil Energy Technology Roadmap (2018 CURC-EPRI Roadmap), resulting in 

cost-minimizing carbon capture deployment in regions beyond the results of this study.  

Enhanced oil recovery has significant environmental co-benefits when EOR production displaces 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 oil produced with EOR is 37% 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 methods.6 The benefits would be even larger if higher carbon 

intensity oil is displaced.7 

These benefits will not be realized on their own. Although the power-sector modeling analysis 

shows that a rapid reduction in carbon capture costs can lead to theoretical market deployment for 

EOR, translating these benefits into the real-world depends strongly on: 

ǒ A public -private partnership across the entire RD&D cycle. Dedicated public-private 

partnerships are needed across the development cycle, from bench-scale research to 

commercial projects. The large capital requirements and 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 first-of-a-kind 

commercial projects in particular, where new technologies have not 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 been introduced in both the 

House and Senate that would accomplish this.8  

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

2035, the U.S. Department of Energy (DOE) aims for a new coal plant with carbon capture to 

cost 40% less ÔÈÁÎ ÉÔ ×ÏÕÌÄ ÃÏÓÔ ÔÏ ÂÕÉÌÄ Á ÐÌÁÎÔ ÕÓÉÎÇ ÔÏÄÁÙȭÓ ÔÅÃÈÎÏÌÏÇÙȢ9 While the $/%ȭÓ 

Carbon Capture & Power Systems10 budget in support of this goal has been steadily 

climbing, annual funding levels remain, on average, 45% below recommended levels by the 

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

Council,11 the Carbon Utilization Research Council (CURC) and the Electric Power Research 

Institute (EPRI)12, funding for basic research, large-scale pilots, and commercial-scale 

demonstrations is needed. The most recent industry report recommends a $760 million  

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

                                                      
6 See Clean Air Task Force, The Emission Reduction Benefits of Carbon Capture Utilization and Storage using 
CO2 Enhanced Oil Recovery, http://www.catf.us/resources /factsheets/files/CO2_EOR_Life_Cycle_Analysis.pdf. 
7 See Oil-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 S. 2803 (Fossil Energy Utilization, Enhancement, and Leadership Act of 2018). 
9 Clean Coal Research Program, U.S. Department of Energy, Carbon Technology Program Plan (Jan. 2013), 
https://www.netl.doe.go v/File%20Library/Research/Coal/carbon%20capture/Program -Plan-Carbon-
Capture-2013.pdf. 
10 )ÎÃÌÕÄÅÓ &ÏÓÓÉÌ %ÎÅÒÇÙȭÓ #ÏÁÌ ##3 Ǫ 0Ï×ÅÒ 3ÙÓÔÅÍÓ ÐÒÏÇÒÁÍȢ  
11 See National Coal Council, Fossil Forward:  Revitalizing CCS Bringing Scale and Speed to CCS Deployment, at 
tbl. C.6. Cost Breakdown of Surviving CCPI 3 Projects (Jan. 2015), 
http://www.nationalcoalcouncil.org/studies/2015/Fossil -Forward-Revitalizing-CCS-NCC-Approved-Study-
old.pdf. 
12 Coal Utilization Research Council and the Electric Power Research Institute, The CURC-EPRI Advanced Coal 
Technology Roadmap (July 2015), 
http://media.wix.com/ugd/80262f_ada0552d0f0c47aa873df273154a4993.pdf (2015 CURC-EPRI Advanced 
Coal Technology Roadmap). 

http://www.catf.us/resources/factsheets/files/CO2_EOR_Life_Cycle_Analysis.pdf
http://oci.carnegieendowment.org/#total-emissions?ratioSelect=perBarrel
https://www.netl.doe.gov/File%20Library/Research/Coal/carbon%20capture/Program-Plan-Carbon-Capture-2013.pdf
https://www.netl.doe.gov/File%20Library/Research/Coal/carbon%20capture/Program-Plan-Carbon-Capture-2013.pdf
http://www.nationalcoalcouncil.org/studies/2015/Fossil-Forward-Revitalizing-CCS-NCC-Approved-Study-old.pdf
http://www.nationalcoalcouncil.org/studies/2015/Fossil-Forward-Revitalizing-CCS-NCC-Approved-Study-old.pdf
http://media.wix.com/ugd/80262f_ada0552d0f0c47aa873df273154a4993.pdf
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Systems RD&D program through 2035, including significantly more funding in the next 

decade needed for commercial-scale demonstrations.13 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 fleets, maximize domestic natural resources, and accelerate the 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 the DOEȭÓ ÒÅÎÅ×ÁÂÌÅ 

energy equivalent.   

ǒ Streamlined rules and regulations. Certain environmental regulations discourage 

ÉÎÄÕÓÔÒÙȭÓ ÁÄÏÐÔÉÏÎ ÏÆ carbon capture technologies. Interstate and intrastate carbon dioxide 

pipeline permitting processes have been identified as potential barriers.  Congress has 

signaled it will tackle these issues, such as through the USE IT Act sponsored by Senators 

Barrasso (R-WY), Capito (R-WV), Heitkamp (D-ND), and Whitehouse (D-RI) that would 

make large carbon dioxide pipeline projects eligible for a streamlined permitting process.14  

Another issue to be tackled is the subsurface reporting and regulatory requirements for 

EOR projects that capture carbon dioxide from power plants for use in their operations for 

compliance with the Clean Air Act, relevant state-based regulations, and potentially, the 

Section 45Q tax credit. Some entities within the EOR industry have stated they will not enter 

into commercial offtake agreements for captured power-sector carbon dioxide with owners 

and operators because of potentially significant cost, liability, and legal issues associated 

with these reporting requirements.  These policies should be re-evaluated to address these 

challenges and encourage the utilization of power-sector carbon dioxide in EOR operations.  

 

ǒ 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 of carbon dioxide in secure geologic storage. Section 45Q provides 

separate credit levels for EOR and pure sequestration projects. Included among the recent 

changes:  the credit level for EOR projects is to increase from $10 to $35 per metric ton of 

carbon dioxide stored and a total cap on credits was replaced with a January 2024 

commence-construction deadline.  IRS interpretation of the new language, e.g., what it 

ÍÅÁÎÓ ÔÏ ȰÃÏÍÍÅÎÃÅ ÃÏÎÓÔÒÕÃÔÉÏÎȱ ÏÎ Á carbon capture project, will have a significant 

influence on short- and medium-term development and important project finance decisions. 

Early clarification of these critical ambiguities will facilitate carbon capture project 

development utilizing this credit. 

Carbon capture is a confluence of heavy manufacturing, specialized chemical engineering, and 

integration with complex power systems. Building Petra Nova, the first large-scale carbon capture 

power project in the United States, was the culmination of over two decades of joint research and 

                                                      
13 See 2018 CURC-EPRI Roadmap. 
14 Press Release, U.S. Senate Committee on Environment and Public Works, Barrasso: USE IT Act is Important 
Bipartisan Legislation to Promote Carbon Capture Research and Development (Apr. 11, 2018), 
https://www.epw.senate.gov/public/index.cfm/2018/4/barrasso -use-it -act-is-important -bipartisan-
legislation-to-promote-carbon capture-research-and-development. 

https://www.epw.senate.gov/public/index.cfm/2018/4/barrasso-use-it-act-is-important-bipartisan-legislation-to-promote-carbon-capture-research-and-development
https://www.epw.senate.gov/public/index.cfm/2018/4/barrasso-use-it-act-is-important-bipartisan-legislation-to-promote-carbon-capture-research-and-development
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was ultimately financed by the private sector along with both the U.S. and Japanese governments. 

Achieving the vision outlined in this report is contingent on a federal commitment to support a 

steady public-private partnership in advancing power generation technologies equipped with 

carbon capture. Continued RD&D in carbon capture and EOR technologies are investments in our 

ÎÁÔÉÏÎȭÓ ÌÏÎÇ-term economic and energy security.  

Released with this study is the 2018 CURC-EPRI Roadmap, a 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 public-private RD&D fossil-energy program impacts 

market-driven deployment of U.S power sector carbon capture projects for EOR and the resulting 

domestic macroeconomic benefits under eight different scenarios.  The analysis is not intended to 

predict the future, or even a most likely future, but rather to track carbon capture deployment 

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

ÅÌÅÃÔÒÉÃÉÔÙ ÄÅÍÁÎÄ ÇÒÏ×ÔÈȟ ÆÏÓÓÉÌ ÆÕÅÌ ÐÒÉÃÅÓȟ Á ÃÁÐÉÔÁÌ ÃÈÁÒÇÅ ͼÁÄÄÅÒȱ ÕÓÅÄ ÉÎ ÔÈÅ .ÁÔÉÏÎÁÌ %ÎÅÒÇÙ 

Modeling System (NEMS) model, and most prominently, carbon capture costs associated with 

different levels of RD&D ambition.15   

As explained below, this study does not assume any national carbon dioxide regulations, but 

instead focuses on deployment of capture driven by a steady stream of revenues from selling 

carbon dioxide to EOR projects. EOR is an established commercial technology that utilizes carbon 

dioxide to extract significantly greater production from some oil fields than traditional primary and 

secondary production techniques alone.  Results are reported for the period 2020 through 2040, 

although the modeling extended well beyond 2040 to ensure that generating units capturing 

carbon dioxide have adequate lifetime access to oil fields and EOR for utilization and incidental 

long-term storage. The study understates the potential benefits of RD&D due to the exclusive 

application of carbon capture for EOR. Broader application to coal-bed methane, non-geologic 

utilization, and carbon sequestration could lead to additional benefits.  

Background  

EOR, the process of injecting carbon dioxide underground in oil fields to boost productivity, has 

been conducted in the United States for nearly 50 years. EOR generates a significant proportion of 

U.S. oil production. An estimated 300 hundred thousand barrels of oil are produced per day with 

carbon dioxide EOR, approximately 3% of U.S. oil production in 2017.16  

Conventional oil production is a relatively inefficient process, typically leaving behind 50 to 70% of 

the original oil in the ground after concluding operations. EOR has been proven to extract an 

additional 10 to 20% of the original oil in place by using carbon dioxide to decrease oil viscosity and 

develop miscibility between the injected carbon dioxide and the reservoir oil. Under industry best-

practices, the carbon dioxide used in the process remains trapped and stored in the reservoir, 

                                                      
15 The scenarios and a description of each variable is described in more detail on page 13 
16 See Advanced Resources International, CO2-EOR Set for Growth as New CO2 Supplies Emerge (April 2014),  
http://www.adv -res.com/pdf/CO2-EOR-set-for-growth-as-new-CO2-supplies-emerge.pdf. 

http://www.adv-res.com/pdf/CO2-EOR-set-for-growth-as-new-CO2-supplies-emerge.pdf
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producing a more environmentally friendly barrel of oil.17 In the oil sector, carbon dioxide is a 

valued and useful commodity with a strong market demand. 

The main constraint on future development of EOR projects is access to low-cost sources of carbon 

dioxide. Oil companies have traditionally received carbon dioxide from two sources:  either 

mineable sources of naturally occurring carbon dioxide underground, or industrial facilities such as 

ethanol and natural gas processing plants that produce relatively pure streams of carbon dioxide. 

To date, nine large carbon capture projects to capture manmade carbon dioxide in the United States 

have been developed for EOR (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 1,300%18. 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. DOE modeling suggests that the recent changes to the Section 45Q tax credit could deploy 

nearly 50 GW of carbon capture projects by 2040 when combined with aggressive RD&D.19 

                                                      
17 See International Energy Agency, Storing Carbon Dioxide through Enhanced Oil Recovery: Combining EOR 
with CO2 Storage (EOR+) for Profit (2015), 
https://www.iea.org/publications/insights/in sightpublications/Storing_CO2_through_Enhanced_Oil_Recover
y.pdf. 
18 See NRG, Petra Nova, Carbon Capture and the Future of Coal Power, https://www.nrg.com/case -
studies/petra -nova.html (last visited July 19, 2018).   
19 See U.S. Department of Energy, Carbon Capture, Utilization, and Storage:  Climate Change, Economic 

Competitiveness, and Energy Security (Aug. 2016), 

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

%20Carbon%20Capture%20Utilization%20and%20Storage_2016-09-07.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. Carbon-Capture Projects for EOR20 

 

Projecting additional declines in carbon ÃÁÐÔÕÒÅ ÃÏÓÔÓ ÉÎ ÌÉÎÅ ×ÉÔÈ $/%ȭÓ ÌÏÎÇ-term goals, market-

driven carbon capture at power plants for EOR can be a reality. The primary economic driver for 

such deployment is use of carbon dioxide for EOR, so profitability primarily depends on balancing 

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

generated from electricity sales and carbon dioxide sales to EOR projects.  Other factors influencing 

the competitiveness of carbon capture systems include the perception of regulatory risk associated 

with new, unconstrained fossil-fueled power plants, and the future prices of fuels and competing 

non-fossil generation technologies. 

In addition to the clear economic benefits, carbon capture with EOR has clear environmental 

benefits. Based on an International Energy Agency analysis, it is estimated the average carbon 

footprint of a barrel of oil produced with EOR has a 37% lower carbon footprint than a barrel of oil 

produced with traditional techniques21, and others have found CO2-EOR is carbon neutral in certain 

                                                      
20 Based on data from Global CCS Institute, http://www.globalccsinstitute.com/projects  (last visited July 20, 
2018). Large is defined as having at least 0.5 million ton per year capacity. 
21 See International Energy Agency, Storing Carbon Dioxide through Enhanced Oil Recovery: Combining EOR 
with CO2 Storage (EOR+) for Profit (2015), 
https://www.iea.org/publications/insights/insightpublications/Storing_CO 2_through_Enhanced_Oil_Recover
y.pdf. 

http://www.globalccsinstitute.com/projects
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
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cases.22 A 2017 National Resources Defense Council report finds that the amount of leakage 

necessary to make the typical EOR project a carbon-ÐÏÓÉÔÉÖÅ ÉÓ ȰÁ ÖÅÒÙ ÒÅÍÏÔÅ ÐÏÓÓÉÂÉÌÉÔÙ.ȱ23 In the 

oil sector, companies pay for carbon dioxide and have a strong incentive to ensure injected carbon 

dioxide remains in the subsurface.   

Analysis associated with broader emissions reductions from non-EOR applications are outside of 

the scope of this study. Consequently, geologic storage in saline formations was not considered. 

Other carbon dioxide-utilization opportunities, such as conversion of carbon dioxide to 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 commercial-scale saline sequestration and 

carbon dioxide conversion are recommended in the 2018 CURC-EPRI Roadmap. With the new 

Section 45Q tax credits available for saline sequestration and carbon dioxide-conversion 

technologies, undertaking such efforts will result in technology improvements and associated cost 

reductions for carbon capture in the power sector 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 See Energy Procedia, CO2 5ÔÉÌÉÚÁÔÉÏÎ ÆÒÏÍ Ȱ.ÅØÔ 'ÅÎÅÒÁÔÉÏÎȱ #/2 Enhanced Oil Recovery Technology (2013), 

https://www.elsevier.com/__data/assets/pdf_file/0005/97025/CO2 -Utilization -from-Next-Generation-CO2-
Enhanced-Oil.pdf 
23 National Resources Defense Council, Strengthening the Regulation of Enhanced Oil Recovery to Align It With 
the Objectives of Geologic Carbon Dioxide Sequestration, at 45 (Nov. 2017), 
https:// www.nrdc.org/sites/default/files/regulation -eor-carbon-dioxide-sequestration-report.pdf.  

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


 
 

5 
 

2. Methodology  

The study was divided into four main phases (Figure 2-1), conducted by three different analytics 

groups: 

1. Advanced Resources International, Inc.  ÐÒÏÖÉÄÅÄ ÔÈÅ ÓÔÕÄÙȭÓ ÍÁÉÎ EOR assumptions and 

analyses, e.g., regional productivity and associated job creation benefits. ARI is an 

international expert on topics of worldwide unconventional gas resources, EOR and carbon 

dioxide storage dating back to research projects with the DOE in 1980. 

2. NERA Economic Consulting modified and applied their NewERA electricity sector model to 

simulate the U.S. power sector and volumes of carbon dioxide captured for EOR. Their 

NewERA electricity model is an electricity long-term dispatch and resource planning model 

available in the consulting space and has been extensively used to evaluate a range of 

electricity sector policies.   

3. L.D. Carter coordinated the analysis and estimated the macroeconomic benefits associated 

with meeting the DOEȭÓ ÌÏÎÇ-term carbon capture RD&D program goals. Mr. Carter is an 

independent energy consultant with prior experience modeling fossil power systems at the 

National Energy Technology Laboratory (NETL) and systems analysis at CURC.  

 

The reader should note the differences in precision across ÔÈÅ ÐÈÁÓÅÓ ÏÆ ÔÈÅ ÁÎÁÌÙÓÉÓȢ .%2!ȭÓ 

power-sector model is a high-resolution power-sector model, explicitly and simultaneously solving 

ÆÏÒ ÔÈÅ ÌÅÁÓÔ ÃÏÓÔ ÓÏÌÕÔÉÏÎ ÕÎÄÅÒ Á ÍÕÌÔÉÔÕÄÅ ÏÆ ÃÏÎÓÔÒÁÉÎÔÓ ÏÖÅÒ ÔÈÅ ÓÔÕÄÙ ÐÅÒÉÏÄȢ 3ÉÍÉÌÁÒÌÙȟ !2)ȭÓ 

EOR production estimates are based on its model tuned with data from U.S. EOR operations. In 

contrast, the associated macroeconomic benefits were estimated using macroeconomic multipliers 

previously used in the literature and industry analyses. 

Figure 2-1.  Main Phases Throughout the Study  
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EOR Modeling  

In 2004, the DOE sponsored ARI to conduct a series of ten Ȱbasin reportsȱ that quantified the 

potential for increased domestic oil production and carbon dioxide storage using EOR techniques. 

In subsequent years, ARI conducted periodic updates to their initial reports, reflecting improved 

data and oil production techniques.24  The techniques and technologies used in EOR continue to 

evolve, and the industry is producing more oil for each unit of carbon dioxide injected.25   

For this study, ARI refreshed its basin reports across the five EOR regions evaluated by this study 

(Figure 2-2), providing upper bounds on the amount of CO2-EOR production and volumes of carbon 

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 for EOR spurring carbon capture.  

The relatively flat demand growth in these regions, combined with lower-cost carbon dioxide from 

natural domes or industrial sources (Figure 2-3) of carbon dioxide, are outside the scope of this 

                                                      
24 See National Energy Technology Laboratory, U.S. Department of Energy, Storing CO2 With Enhanced Oil 
Recovery (Feb. 2008), http://www.energy.ca.gov/sitingcases/hydrogen_energy/documents/08 -AFC-
8/applicant/Tech_Studies_CO2_EOR/NETL%20Storing%20CO2%20with%20EOR.pdf. 
25 See National Energy Technology Laboratory, U.S. Department of Energy, Improving Domestic Energy 
Security and Lowering CO2 Emissions with ȰNext Generationȱ CO2 Enhanced Oil Recovery (CO2-EOR) (June 20, 
2011), http://www.midwesterngovernors.org/documents/NETL_DOE_Report.pdf. 

http://www.energy.ca.gov/sitingcases/hydrogen_energy/documents/08-AFC-8/applicant/Tech_Studies_CO2_EOR/NETL%20Storing%20CO2%20with%20EOR.pdf
http://www.energy.ca.gov/sitingcases/hydrogen_energy/documents/08-AFC-8/applicant/Tech_Studies_CO2_EOR/NETL%20Storing%20CO2%20with%20EOR.pdf
http://www.midwesterngovernors.org/documents/NETL_DOE_Report.pdf
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study. There is also less publicly available source material identifying target oil-fields and the 

economics of EOR in these regions, which also limited opportunities for significant power plant 

CCUS penetration over the study period, making the more well-identified EOR regions in Figure 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 market-driven development in these areas would add to the 

macroeconomic benefits projected by this analysis. 

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

 

Source: Adapted from the Global CCS Institute, 2017. EFI 2018. 

ARI estimated that the ultimate economically viable application of carbon dioxide for EOR in the 

five regions examined is on the order of 31 billion tons of carbon dioxide to produce 66 billion 

barrels of oil.  Appendix A-2 & A-3 show the expected potential of EOR regions 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 non-power plant sources of 

carbon dioxide. Available EOR resources 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 Paper, Advancing Large Scale Carbon Management: Expansion of the 45Q 
Tax Credit , at 13 (May 2018), 
https://static1.squarespace.com/static/58ec123cb3db2bd94e057628/t/5b0604f30e2e7287abb8f3c1/1 527
121150675/45Q_EFI_5.23.18.pdf. Note 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 absolute carbon dioxide storage limits in each reservoir, time-based injection 

ÌÉÍÉÔÓ ×ÅÒÅ ÁÐÐÌÉÅÄ ÔÏ ÍÏÄÅÌ ȰÒÁÍÐ-ÕÐȱ ÔÉÍÅÓ ÅØÐÅÒÉÅÎÃÅÄ ÉÎ EOR projects.  

Power Sector Modeling  

The second activity was conducted by NERA, which relied on its NewERA electricity sector model to 

project sources of future electricity production, including fossil-fueled units with and without 

carbon capture.  A description of the modeled scenarios is presented in the next section of this 

report.  The scenarios are Ȱpairedȱ to contrast a future with and without a vigorous domestic RD&D 

program for advanced carbon capture power systems.   

NewERA is a linear programming dispatch and long-term capacity planning model for the U.S. 

electricity sector.  The model contains information on 16 classes of generating units, including 

renewables, in 63 U.S. regions, and is generally calibrated to the Energy Information 

!ÄÍÉÎÉÓÔÒÁÔÉÏÎȭÓ (EIA) EIA AEO 2018. The 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 

Ȱperfect foresightȱ and minimizes the present value of costs over the entire forecast period. 

ARI ensured the levels of captured carbon dioxide from the NERA analyses did not exceed temporal 

or volumetric EOR constraints by EOR region. For several EOR regions, projected levels of carbon 

capture by NERAȭs 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 dioxide to the second best option (oil fields in the 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 modeling 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 market-driven decision because the costs can 

be offset with carbon dioxide sales for EOR, and the recently enacted Section 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 regulations 

beyond the policies already in place.  
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 The Market Value of Carbon Dioxide  in EOR 

The market value of carbon dioxide for EOR is highly correlated to the price of oil. When the price of 

oil is high, the willingness to pay for carbon dioxide increases 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 per barrel and slightly less for prices over $100 per barrel. For example, for a 

future crude oil price of $100 per barrel, the delivered carbon dioxide would have a value of $38.60 

per metric ton. 

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

CO2 EOR Value ($/metric ton) = CO 2 value ($/mcf) x 19.3 (mcf/metric ton)  

Å When oil prices were less than $100 per barrel: 

CO2 value ($/mcf CO2) = 2% * Crude Oil Price ($/bbl)  

Å When oil prices were greater than $100 per barrel: 

CO2 value ($/mcf CO2) = (2%*100) + [(Oil price -100)*1%]  

Å 1 metric ton of CO2 at 70º F & 1 Atmosphere = 19.3 mcf volume 

 

Based on the oil price trajectory in the EIA AEO 2018 Reference Case, the value of carbon dioxide for 

EOR increased from $26 per metric ton in 2020 to around $40 per metric ton by mid-century. 

 The Section 45Q Tax Credit  

The market value could also be supplemented with the recently amended Section 45Q tax credit for 

carbon capture projects. The Section 45Q tax credit provides up to a $35 tax credit for each metric 

ton of carbon dioxide stored underground during EOR ÆÏÒ Á ÐÒÏÊÅÃÔȭÓ ÆÉÒÓÔ Ô×ÅÌÖÅ ÙÅÁÒÓ ÏÆ 

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 on is the Ȱcommence 

constructionȱ language. In order to qualify for the credit, projects must commence construction by 

January 1, 2024. It is unclear if the IRS will adopt an approach similar to the wind production tax 

credit where commence construction could be based on initial capital outlay, or another approach.  

&ÏÒ ÔÈÅ ÐÕÒÐÏÓÅÓ ÏÆ ÔÈÉÓ ÓÔÕÄÙȟ Á ÐÏ×ÅÒ ÐÌÁÎÔȭÓ ÅÌÉÇÉÂÉÌÉÔÙ ÆÏÒ ÔÈÅ ÃÒÅÄÉÔ ×ÁÓ ÂÁÓÅÄ ÏÎ ÔÈÅ ÙÅÁÒ ÉÔ 

entered into service, rather than the currently ambiguous Ȱcommence constructionȱ date. Using 

histor ical construction times as a proxy, greenfield carbon capture units that come online by 2030 

and retrofit fossil units operating by 2025 could claim the new Section 45Q incentives. The credit 

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

and dispatching order for their first twelve years of operation. 
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Carbon Capture Costs 

Baseline cost and performance values for large carbon capture systems were derived from DOE and 

NETL reports,27 28 and EIA techniques used in its EIA AEO 201829 as interpreted by L.D. Carter. 

#ÕÒÒÅÎÔ ÃÏÁÌ ÁÎÄ ÎÁÔÕÒÁÌ ÇÁÓ ÔÅÃÈÎÏÌÏÇÉÅÓ ×ÅÒÅ ÍÏÄÅÌÅÄ ÂÁÓÅÄ ÏÎ ÖÁÌÕÅÓ ÒÅÐÏÒÔÅÄ ÉÎ .%4,ȭÓ 

Baseline Bituminous reports. Future coal power system costs and performance figures were 

estimated using DOEȭs long-term cost reduction goals for coal technologies and are consistent with 

the 2018 CURC-EPRI Roadmap. Projected cost-reduction goals for natural gas-fueled technologies 

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

this information was found.   

4ÈÅ ȰÂÁÓÅȱ carbon capture ÃÏÓÔÓ ÉÍÐÒÏÖÅ ÏÖÅÒ ÔÏÄÁÙȭÓ ÌÅÖÅÌÓȟ ÔÈÏÕÇÈ ÁÔ Á ÍÕÃÈ ÌÏ×ÅÒ ÒÁÔÅȢ 

Generally, the cost of carbon capture in the base RD&D scenario trails the costs in the aggressive 

RD&D scenario by about 15 years as a proxy for a continuation of current funding levels.  

 New Power Plants With Carbon Capture  

Table 2-1 shows cost-and-performance values for coal and natural gas-fueled 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 in Appendix B.30 These costs are estimated based 

on the projected results of the RD&D program outlined in the 2018 CURC-EPRI Roadmap. The 2018 

CURC-EPRI Roadmap identifies 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 Business-as-usual RD&D 

 
Unconstrained 

coal 
Coal with 
capture 

Unconstrained 
natural gas 

Natural gas 
with capture 

Unconstrained 
coal 

Coal with 
capture 

Unconstrained 
natural gas 

Natural gas 
with capture 

Capital cost 
($/kW) 

2,124 3,265 699 1,260 2,259 3,816 750 1,512 

Fixed O&M  
($/kW-yr) 

70.92 101.23 24.67 40.06 75.44 118.31 26.45 48.08 

Variable O&M 
($/MWh) 

8.98 13.00 1.62 3.24 9.55 15.20 1.74 3.89 

                                                      
27 National Energy Technology Laboratory, U.S. Department of Energy, Cost and Performance Baseline for 
Fossil Energy Plants, Vol. 1a: Bituminous Coal (PC) and Natural Gas to Electricity, Rev. 3 (July 6, 2015), 
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Publications/Rev3Vol1aPC_NGCC
_final.pdf. 
28 Clean Coal Research Program, U.S. Department of Energy, Carbon Technology Program Plan (Jan. 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. 

https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Publications/Rev3Vol1aPC_NGCC_final.pdf
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Publications/Rev3Vol1aPC_NGCC_final.pdf
https://www.netl.doe.gov/File%20Library/Research/Coal/carbon%20capture/Program-Plan-Carbon-Capture-2013.pdf
https://www.netl.doe.gov/File%20Library/Research/Coal/carbon%20capture/Program-Plan-Carbon-Capture-2013.pdf
https://www.eia.gov/outlooks/aeo/assumptions/pdf/electricity.pdf
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 Accelerated RD&D Business-as-usual RD&D 

 
Unconstrained 

coal 
Coal with 
capture 

Unconstrained 
natural gas 

Natural gas 
with capture 

Unconstrained 
coal 

Coal with 
capture 

Unconstrained 
natural gas 

Natural gas 
with capture 

HHV  
(Btu/kWh) 

7,524 8,579 5,555 6,130 7,900 9,608 5,877 6,661 

Emissions  
(Ton carbon 
dioxide /MWh)32 

0.70 0.08 0.30 0.03 0.73 0.09 0.32 0.04 

.%2! ÁÐÐÌÉÅÄ #52#ȭÓ ÃÏÓÔ and performance values to power plants of all sizes because the model 

requires maximum flexibility in capacity decisions. Cost and performance improvements were also 

applied to fossil-power units without carbon capture because many of the technologies are 

crosscutting, such as materials and sensors (Appendix Table B- 6 & Table B- 8). 

 Carbon Capture Retrofits at Existing Power Plants  

Post-combustion carbon capture ÒÅÔÒÏÆÉÔÓ ÏÎ ÃÏÁÌ ÐÏ×ÅÒ ÐÌÁÎÔÓ ×ÅÒÅ ÁÖÁÉÌÁÂÌÅ ÉÎ .%2!ȭÓ ÍÏÄÅÌȟ 

with cost-and-performance figures based on a 2016 NETL analysis.33 Under that analysis, the 

capture system was powered by a co-located 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 over 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 selective catalytic reduction controls, and (4) is 

located in the same state or two states away from one of the five EOR evaluated regions (Figure 

2-2). States were made eligible for power sector carbon capture projects, based on their proximity 

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

list, 38 units were determined eligible. Three of those units are either already retired now or will be 

retiring this year; one unit already had the Petra Nova carbon capture retrofit; and seven units were 

assumed ineligible based on other geographic constraints. 

 Pipeline Construction Costs 

Pipeline construction costs were estimated by combining ARIȭs market expertise with a pipeline 

model developed by NETL.34 The modeled cost for delivering carbon dioxide by pipeline was a 

ÆÕÎÃÔÉÏÎ ÏÆ ÔÈÅ ÌÅÎÇÔÈ ÁÎÄ ÄÉÁÍÅÔÅÒ ÏÆ ÔÈÅ ÐÉÐÅÌÉÎÅȢ ,ÅÎÇÔÈ ×ÁÓ ÂÁÓÅÄ ÏÎ Á ÐÏ×ÅÒ ÐÌÁÎÔȭÓ ÐÒÏØÉÍÉÔÙȟ 

                                                      
32 The 90% capture rate is not a technical limit, but was selected because it is a benchmark frequently used by 
the DOE to evaluate and compare different capture technologies and the only publicly available cost data is 
from DOE and assumes 90% capture rates. 
33 See Jeffrey W. Hoffman, et al., Derate Mitigation Options for Pulverized Coal Power Plant Carbon Capture 
Retrofits (Nov. 2016), 
https://reader.elsevier.com/reader/sd/818C153E0FDDF27AA5E97A9A79EFA4FD23BC3D1C79411EF090E
8CBE05FA2F971D5F676968D91412ACBB22C3003184987. 
34 National Energy Technology Laboratory, U.S. Department of Energy, FE/NETL CO2 Transport Cost Model:  
Description and User's Manual (July 2014), 
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Publications/co2 -transp-cost-
model-desc-user-man-v1-2014-07-11.pdf. 

https://reader.elsevier.com/reader/sd/818C153E0FDDF27AA5E97A9A79EFA4FD23BC3D1C79411EF090E8CBE05FA2F971D5F676968D91412ACBB22C3003184987
https://reader.elsevier.com/reader/sd/818C153E0FDDF27AA5E97A9A79EFA4FD23BC3D1C79411EF090E8CBE05FA2F971D5F676968D91412ACBB22C3003184987
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Publications/co2-transp-cost-model-desc-user-man-v1-2014-07-11.pdf
https://www.netl.doe.gov/File%20Library/Research/Energy%20Analysis/Publications/co2-transp-cost-model-desc-user-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, large pipelines which aggregate and ship carbon dioxide 

from multiple projects, were modeled from distant states. Figure 2-5 illustrates a representative 

pipeline network connecting source states with the five respective EOR regions. 

Figure 2-5.  Visual Representation of the Maximum Pipeline Network Used to Estimate CO 2 
Transportation Costs 35 

 

 

Appendix A- 1 shows the primary and secondary costs of carbon 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 the carbon dioxide to 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 assumptions 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 reduced carbon 

capture costs based on base RD&D, and a scenario with identical 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 the Figure 2-2 was created 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 economically driven deployment of 

carbon capture technology over time, under a range of market conditions.  Table 2-2 summarizes 

the eight scenarios. 

Table 2-2.  Scenarios Simulated by NERA Model36 

Scenario 
Economic 
Growth 

Oil and Natural 
Gas Prices 

Electricity 
Demand 

Capture Costs 
Capital Charge 

Adder 

1a High High(+) High RD&D Y 

1b High High(+) High Base Y 

2a High High(+) High RD&D N 

2b High High(+) High Base N 

3a Base(-) High Low RD&D Y 

3b Base(-) High Low Base Y 

4a Base Base Base RD&D Y 

4b Base Base Base Base Y 

Note that Scenarios 1a, 1b, 2a, and 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 energy 

prices. 3ÃÅÎÁÒÉÏÓ ÅÎÄÉÎÇ ÉÎ ȰÁȱ ÁÓÓÕÍÅ ÁÎ ÁÇÇÒÅÓÓÉÖÅ ÌÅÖÅÌ ÏÆ ÆÏÓÓÉÌ-energy RD&D activity, which 

ÅÆÆÅÃÔÉÖÅÌÙ ÌÏ×ÅÒÓ ÔÈÅ ÃÏÓÔ ÏÆ ÎÅ× ÇÅÎÅÒÁÔÉÎÇ ÕÎÉÔÓ ×ÉÔÈ ÁÎÄ ×ÉÔÈÏÕÔ ÃÁÒÂÏÎ ÃÁÐÔÕÒÅȢ !ÌÌ ȰÂȱ 

scenarios are paired ×ÉÔÈ ÁÎ ȰÁȱ ÓÃÅÎÁÒÉÏ ÔÏ ÅÖÁÌÕÁÔÅ ÔÈÅ ÉÍÐÁct of an aggressive RD&D program on 

carbon capture deployment. 

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, EPRI modeled impacts of 

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

52% electric load increase by 2050 in its most aggressive scenario.37 Generators also have different 

predictions of fuel prices than those 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 Institute, U.S. National Electrification Assessment (Apr. 2018), 
http://mydocs.epri.com/docs/PublicMeetingMaterials/ee/000000003002013582.pdf .  

http://mydocs.epri.com/docs/PublicMeetingMaterials/ee/000000003002013582.pdf
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Capital Charge Adder  

%ÍÕÌÁÔÉÎÇ %)!ȭÓ .%-3ȟ Á ȰÃÁÐÉÔÁÌ ÃÈÁÒÇÅ ÁÄÄÅÒȱ ×ÁÓ ÆÁÃÔÏÒÅÄ ÉÎÔÏ ÔÈÅ ÁÎÁÌÙÓÉÓȢ38 The EIA uses a 3 

percentage point upward adjustment in the cost of capital for coal capacity additions and retrofits 

as a surrogate for a direct emission charge fee. EIA judged this charge to be Ȱroughly equivalent 

. . . to about $15 per ton of carbon dioxide.ȱ39 This analysis followed the approach and applied a cost 

of capital adder equivalent to $15 per metric ton of carbon dioxide (in 2017 $s).   

Unlike the EIA, this study applied the adder to all new baseload fossil-fueled generation options 

(both coal and natural gas-fueled systems) without carbon capture systems. New power systems 

employing carbon capture technology were assumed 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 projects, the World Bank recently signaled its 

intent to strictly curtail  the financing of upstream oil and natural gas plants40 as it already has on 

coal power plants on the basis of carbon emissions.41 

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 its useful life. For example, Duke Energy 

reports in its 2017 Climate Report to Shareholders: 

Since 2010, Duke Energy has included a price on carbon dioxide emissions in our IRP 

planning process to account for the potential regulation of carbon dioxide emissions. 

Incorporating a price on carbon dioxide emissions 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.42 

Many entities use a range of adders to evaluate 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 options 

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 multiple carbon price assumptions, with the lower 

                                                      
38 The incorporation of the capital charge 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 Analysis, AEO2014 
Coal Working Group Meeting I Summary, at 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 2019 (Dec. 12, 2017), 
https://www.reuters.com/article/us -climatechange-summit-worldbank/world -bank-to-cease-financing-
upstream-oil-and-gas-after-2019-idUSKBN1E61L. 
41 Anna Yukhananov, Valerie Volcovici, Reuters, World Bank to Limit Financing of Coal-fired Plants (July 16, 
2013), https://www.reuters.com/article/us -worldbank-climate-coal-idUSBRE96F19U20130716. 
42 Duke Energy, 2017 Climate Report to Shareholders at 5 (2017), https://www.duke -
energy.com/_/media/pdfs/our -company/shareholder-climate-report.pdf. 

https://www.eia.gov/outlooks/aeo/workinggroup/coal/pdf/meeting-summary07222013.pdf
https://www.reuters.com/article/us-climatechange-summit-worldbank/world-bank-to-cease-financing-upstream-oil-and-gas-after-2019-idUSKBN1E61L
https://www.reuters.com/article/us-climatechange-summit-worldbank/world-bank-to-cease-financing-upstream-oil-and-gas-after-2019-idUSKBN1E61L
https://www.reuters.com/article/us-worldbank-climate-coal-idUSBRE96F19U20130716
https://www.duke-energy.com/_/media/pdfs/our-company/shareholder-climate-report.pdf
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 ton of carbon dioxide in 2020 to 2025, and 

increasing over time.43 Outside of the power sector, ExxonMobil has also publicly stated that it Ȱhas 

included a proxy price on carbon in its business planning since 2007. . . . This proxy cost, which in 

some regions may approach $80 per ton, seeks to reflect all types of actions and policies that 

governments may take.ȱ44   

Energy Prices and GDP Forecasts 

In general, the NERA model is closely calibrated to assumptions and projections used in EIA AEO 

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

Higher growth scenarios were provided by the sponsors as part of the scenario definitions. For 

example, EIA AEO 2018 assumed a relatively narrow range of economic growth (2.1 to 2.6% per 

ÙÅÁÒ ÇÒÏ×ÔÈ ÉÎ '$0Ɋȟ ×ÈÅÒÅÁÓ ÔÈÉÓ ÓÔÕÄÙȭÓ ÒÁÎÇÅ ÓÐÁÎÎÅÄ ςϷ ÐÅÒ ÙÅÁÒ ÔÏ ÁÎ ÕÐÐÅÒ ÌÉÍÉÔ ÏÆ ÁÂÏÕÔ 

3.5% per year. Corresponding electricity demand assumptions, driven primarily by a broader range 

of future GDP growth, were similarly more expansive than EIAȭs.   

.%2! ÉÎÃÏÒÐÏÒÁÔÅÄ ÂÏÔÈ %)!ȭÓ Ȱ2ÅÆÅÒÅÎÃÅȱ ÁÎÄ Ȱ,Ï× /ÉÌ Ǫ 'ÁÓ 2ÅÓÏÕÒÃÅȱ ÃÁÓÅÓ ÉÎ ÉÔÓ ÁÎÁÌÙÓÉÓȢ 

NERAȭs energy price projections tracked EIAȭs, but adjusted prices upwards in the cases of much 

higher rates of economic growth to reflect increased demands (Appendix B- 2 & Table B- 3). A 

ÓÅÎÓÉÔÉÖÉÔÙ ÁÎÁÌÙÓÉÓ ÏÆ ÏÉÌ ÁÎÄ ÇÁÓ ÐÒÉÃÅÓ ÂÅÌÏ× %)!ȭÓ 2ÅÆÅÒÅÎÃÅ ÃÁÓÅ ×ÁÓ ÏÕÔÓÉÄÅ ÔÈÅ ÓÃÏÐÅ ÏÆ ÔÈÉÓ 

analysis. Under lower oil prices, it is expected that the economic case for carbon capture would 

decrease because carbon dioxide prices are determined 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 date.45 

Sixty years was chosen because that is consistent with a one-time Nuclear Regulatory Commission 

(NRC) extension. Approximately two-thirds of U.S. nuclear units were over 45 years of age in 2018, 

and would be at least 67 years of age in 2040.46 Lastly, hydropower capacity was assumed to be 

ÐÒÅÓÅÒÖÅÄ ÔÈÒÏÕÇÈÏÕÔ ÔÈÅ ÓÔÕÄÙȭÓ ÌÉÆÅÔÉÍÅȢ  

Existing coal and natural gas power plants were assumed to have no additional regulatory forcing 

policies that impacted their operations , and could therefore continue to operate (typically at very 

low cost) as long as they were part 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 Council, Analysis of Options for Funding Large Pilot Scale Testing of Advanced 
Fossil-Based Power Generation Technologies With Carbon Capture and Storage (Mar. 21, 2016), 
http://media.wix.com/ugd/80262f_2949eafbd03847619b8c02754de116fe.pdf . 
44 Ken Cohen, ExxonMobil, Paris, and Carbon Policy, ExxonMobil Perspectives (May 6, 2015), 
http://www.exxonmobilperspectives.com/2015/05/06/exxonmobil -paris-and-carbon-policy/ . 
45 For example, EIA AEO 2018 projected 99 GW of nuclear power in 2017, declining to 83 GW in 2040 and 79 
GW in 2050. 
46 Energy Information Administration, Spent Nuclear Fuel, tbl.2 Nuclear 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). 

http://media.wix.com/ugd/80262f_2949eafbd03847619b8c02754de116fe.pdf
http://www.exxonmobilperspectives.com/2015/05/06/exxonmobil-paris-and-carbon-policy/
https://www.eia.gov/nuclear/spent_fuel/ussnftab2.php


 
 

16 
 

also ÏÕÔÓÉÄÅ ÔÈÅ ÓÔÕÄÙȭÓ scope. Both the EPA and Congress are taking active steps to modify the 

current law, because it has been widely documented to discourage modernization, e.g., efficiency 

and environmental control projects.   

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

Financial Incentives and Policy Drivers  

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

low carbon-emission technologies, including renewable energy, nuclear power, or fossil-fueled 

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

and the Section 45Q carbon-storage incentives, were incorporated in all scenarios. Based on the 

ÃÕÒÒÅÎÔ ÁÄÍÉÎÉÓÔÒÁÔÉÏÎȭÓ ÃÌÅÁÒ ÉÎÔÅÎÔ ÔÏ ÒÅÐÅÁÌ ÔÈÅ #ÌÅÁÎ 0Ï×ÅÒ 0ÌÁÎȟ ÉÔ ×ÁÓ ÎÏÔ ÍÏÄÅÌÅÄ ÉÎ ÔÈÉÓ 

analysis. Enacted state-based efforts, e.g., the Regional Greenhouse Gas InÉÔÉÁÔÉÖÅ ÁÎÄ #ÁÌÉÆÏÒÎÉÁȭÓ 

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

Macroeconomic  Benefits  

Macroeconomic impacts of an activity include the direct effects of the activity on its primary 

business purpose (e.g., producing electricity, oil, etc.), as well as 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 the direct and indirect activities). In this study, the macroeconomic drivers are the 

impacts of the lower price of electricity from more affordable fossil-power technologies, and the 

displacement of imported oil with increased domestic oil production via EOR.  

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 the macroeconomic benefits of increased domestic oil 

production related to EOR.   

Increased domestic oil production via power plant based CO2-EOR can enhance the nationȭs 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 increased oil production 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 support workers engaged in direct and indirect activities. Projected macroeconomic 

benefits were based on the Bureau of Economic Analysis RIMS II model.47   

                                                      
47 The calculations were made using final demand multipliers for the Oil and Gas Industry (Industry 211000). 
These input-output multipliers were applied on a regional basis to capture the contribution of CO2-EOR in 
each of the five regions assessed by the Advanced Resources International 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 the U.S. economy, even a small decrease can have a significant 

benefit. A 2014 Management Information Services, Inc. (MISI) report, written for the American 

Coalition for Clean Coal Electricity, compared lowering energy costs to the effect of a tax cut by 

ȰÐÕÔÔÉÎÇ ÍÏÒÅ ÍÏÎÅÙ ÉÎ ÔÈÅ ÈÁÎÄÓ ÏÆ ÃÏÎÓÕÍÅÒÓ ÁÎÄ ÂÕÓÉÎÅÓÓÅÓ.ȱ48   

The magnitude of lower-cost electricity benefits on the larger economy were estimated, referencing 

ÐÒÉÏÒ ÓÔÕÄÉÅÓ ÁÎÄ ÍÏÄÅÌÉÎÇ ÔÏÏÌÓȢ 4ÈÅÓÅ ÆÁÃÔÏÒÓ ×ÅÒÅ ÔÈÅÎ ÁÐÐÌÉÅÄ ÔÏ ÔÈÅ ÄÉÆÆÅÒÅÎÃÅ ÉÎ .%2!ȭÓ 

reported retail electricity rates between the aggressive RD&D scenarios and their corresponding 

base RD&D scenarios (Table 3-1). For purposes of this paper, an elasticity factor of -0.1% 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 commodity, such as oil or electricity. After a literature review, it estimated 

elasticity factors of about:  Ȱ-0.17 for oil, -0.13 for electricity, -0.14 for energyȢȱ49 In its own analysis, 

MISI used a conservative electricity price elasticity factor of -0.10.50    

Lower Cost Electricity Impact on J obs 

A 2010 working paper by the National Bureau of Economic Research (NBER) considered the 

relationship between electricity prices associated with possible climate change mitigation 

programs and employment. ȰThe 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%Ȣȱ51  

                                                      
48 Management Information Services, Inc., for the American Coalition for Clean Coal Electricity, The Social 
Costs of Carbon? No the Social Benefits of Carbon, at 77 (Jan. 2014), 
https://www.eenews.net/assets/2014/01/22/document_pm_03.pdf . 
49 Ibid. at 74. 
50 Stated differently, a 10% increase in electricity prices could be expected to cause a 1% decrease in GDP. 
51 Olivier Deschenes, National Bureau of Economic Research, Climate Policy and Labor Markets, at Abstract 
(June 2010), http://www.nber.org/papers/w16111 . 

https://www.eenews.net/assets/2014/01/22/document_pm_03.pdf
http://www.nber.org/papers/w16111
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3. Results 

Two variables dominated the deployment of power-sector carbon capture:  energy prices and the 

existence of a vigorous RD&D program. A graphical overview of generation mixes across all 

scenarios is provided in Figure 3-1.  

Oil and Natural Gas Prices  

Forecasts were sensitive to the price of fuels, especially oil and natural gas. The impact of energy 

prices was examined by varying the escalation rate of fossil fuel and crude oil prices:  Scenarios 4a 

and 4b are driven largely by the assumption that natural gas prices will escalate at 1% per year 

between 2020 and 2040, Scenarios 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 and gas 

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 the U.S. grid mix and the maximum level was 12% in 

2040. For comparative reference, all the solar panels in the country generated 1.3% of U.S. 

electricity in 2017.52 

For the six scenarios with ȰHighȱ or ȰHigh(+)ȱenergy prices, coal dominates carbon capture 

deployment through the study period, and for the two scenarios with lower (ȰBaseȱ) energy prices, 

natural gas dominates carbon capture deployment.   

Under Scenario 1a, significant deployment of new carbon capture-equipped coal units begins in the 

period of 2025 to 2030, and accelerates after 2030. Under the lower fuel prices assumed in 

Scenario 4b, similar but delayed deployment of new natural gas-fueled units equipped with carbon 

capture was forecasted.  

Aggressive RD&D  

In viewing Figure 3-1, recall that the scenarios are Ȱpairedȱ (with and without RD&D leading to 

lower carbon capture costs).53 A general trend found for these paired scenarios is that carbon 

capture deployment is approximately two to three times as large for a given simulation year after 

2030 with an assumed rigorous carbon capture RD&D program, compared to the same year with 

less intense RD&D (Table C- 3, Table C- 6).54 In all scenarios, new fossil-power plants were built 

without carbon capture ranging from 70 to 271 GW by 2040 (Table C- 2, Table C- 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 Scenarios 3 & 4, 5 & 6, and 7 & 8. 
54 This relationship holds for ȰWith RD&Dȱ scenarios in which the deployment of capacity exceeds about 20 
GW for a given fuel. 

https://www.eia.gov/electricity/data/browser/
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and natural gas generation remain in all scenarios through the forecasted study period with 

minimal retirements (Table C- 1, Table C- 4).   
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Figure 3-1.  Forecasts of U.S. Power Sector in 2040  

 


































































