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About the Supply Chain Review for the
Energy Sector Industrial Base

The report “America’s Strategy to Secure the Supply Chain for a Robust Clean Energy Transition” lays out the
challenges and opportunities faced by the United States in the energy supply chain aswell as the federal
government plans to address these challenges and opportunities. It is accompanied by severalissue-specific
deep dive assessments, including this one, in response to Executive Order 14017 “America’s Supply Chains,”
which directs the Secretary of Energy to submit a report on supply chains forthe energy sectorindustrial base.
The Executive Order is helping the federal government to build more secure and diverse U.S. supply chains,
including energy supply chains.

To combat the climate crisis and avoid the most severe impacts of climate change, the U.S. is committed to
achievinga 50 to 52 percent reduction from 2005 levels in economy-wide net greenhouse gas pollution by
2030, creatinga carbon pollution-free power sector by 2035, and achievingnet zero emissions economy-wide
byno laterthan 2050. The U.S. Department of Energy (DOE) recognizes that a secure, resilient supply chain
will be critical in hamessingemissions outcomes and capturingthe economic opportunity inherent in the
energy sector transition. Potential vulnerabilities and risks to the energy sector industrial base must be
addressed throughout every stage of this transition.

The DOE energy supply chain strategy report summarizes the key elements of the energy supply chain as well
asthe strategies the U.S. government is starting to employ to address them. Additionally, it describes
recommendations for Congressionalaction. DOE hasidentified technologies and crosscuttingtopics for
analysisin the one-yeartime frame set by the Executive Order. Along with the policy strategy report, DOE is
releasing 11 deep dive assessment documents, including this one, covering the following technology sectors:

e Carbon capture materials,

e Electric grid including transformers and high voltage direct current (HVDC),
e Energy storage,

e Fuel cells and electrolyzers,

e Hydropowerincluding pumped storage hydropower (PSH),
e Neodymium magnets,

e Nuclear energy,

e Platinum group metalsand othercatalysts,

e Semiconductors,

e Solarphotovoltaics (PV), and

e Wind.

DOE is also releasing two deep dive assessments on the following crosscutting topics:
e Commercialization and competitiveness,and
e Cybersecurity and digital components.

More information canbe found at www.energy.gov/policy/supplychains.
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Executive Summary

This report was completed by the Department of Energy (DOE) to examine carbondioxide (COz) capture,
transport, and storage technologies and associated supply chains that will be required to support the United
States (U.S.) decarbonization goals by 2050. Specifically, the analysis sought to understand supply chain
bottlenecks to achievingan upper-bound 2.0 gigatonnes (Gt) of COz capture and storage (CCS)per yearin the
United States. A literature review shows that in aggressive infrastructure deployment scenarios, the United
States’ likely upperbound of CCS capacity is 1.7 Gigatons per annum (Gtpa) by 2050. This suggests the study
design of 2.0 Gtpa capacity by 2050 is more aggressive yet and represents a conservative upperbound for
supply chain analyses.

Across the CCS value chain, there are many technologies available to support the eventual 2050 buildout.
After review of technologies most likely to be used at this hypotheticalscale, it was determined that solvent-
based capture (modeled in this analysis as monoethanolamine [MEA]), COz drying (modeled using triethylene
glycol [TEG]), steel pipeline transportation,and geologic storage are most likely to meaningfully contribute to
this infrastructure buildout. Other technologies are discussed in this analysis, though in less detail.

Through 2050, the United States will require 13.7 Mtof MEA (833.96 ktin the year2050),632.1 ktof TEG
(40.57 in theyear2050),24-32 Mt of steel, and 1.1 Mtof cement. These material estimates were created via
synthesis and analysis of information externalto DOE in a modelingeffort to approximate the scope of CCS
infrastructure (e.g., quantities and geographies of capture sites, transportation pipelines, and storage sites)
required to construct and operate a 2 Gtpa system of CCS by 2050.

A supply chain risk analysis wasthen performed by comparingraw material estimates against domestic and
global production, examining for opportunities and vulnerabilities. Findings suggest that CCSwill notbe a
technology concept whose deployment is atrisk to material orother supply chain constraints, but it does
represent a considerable opportunity forthe domestic workforce and manufacturingbase. Between the primary
components of MEA, TEG, steel (and constituent materials forsteel alloys), cement, and pumps/compressors,
the analysis demonstrates that the only known potentialrisk lies within scaling MEA to appropriate amounts
(which demonstratesa conservative case that MEA-based solvent capture is the only method used). This risk
can be mitigated through several methods, as outlined in Section 3.

There are several challenges and opportunities associated with the carbon capture buildout, including potential
impacts to American economy and workforce. At a high level, the growth ofthe CCS market is expected to
produce between 390,000 and 1.8 million employment opportunities, maintainingand creating well-paying
union jobsin various industries, including, but not limited to, the fields of raw materials (MEA, TEG, steel,
cement, etc.), engineering and design (design of carbon capture, pipelines, injection sites, Supervisory Control
and Data Acquisition [SCADA], etc.), construction (retrofitting, pipeline development, injection sites,
trucking), and operation and maintenance (O&M). Location-wise, these employment opportunities will follow
the value chain of CCS, largely being available in midwest, Appalachian, and southern states forthe
construction and subsequent O&M of capture sites, pipeline sites, and storage sites.

Find the policy strategies to address the vulnerabilities and
opportunities covered in this deep dive assessment, as well as
assessments on other energy topics, in the Department of Energy 1-
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year supply chain report: “America’s Strategy to Secure the Supply
Chain for a Robust Clean Energy Transition.”

For more information, visit www.enerqgy.qov/policy/supplychains.
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1 Introduction
1.1 The Role of Carbon Capture and Sequestration/Storage (CCS)

Carbon capture and sequestration (CCS)is a set of technologies that can help to meet the United States'most
ambitious domestic climate goals by enablingabatement of difficult-to-electrify industrial processes, enabling
low-carbon dispatchable power generation, and delivering the physicaland market infrastructures necessary
for many carbon dioxide removal (CDR) concepts. In the industrial sector (emission-intensive products include
cement, ethanol, chemicals, iron, and steel), CCS representsa commercially available abatement solution with
established supply chains that will need decadesto build and scale.! In the energy sector, while renewable
power sources are reaching cost parity with incumbent fossil-based sources,? studies have demonstrated the
value (in terms of consumer cost and system reliability) of maintaining clean, dispatchable resources on the
grid.3-* Finally, achievement of 2050 net-zero objectives will almost certainly rely on CDR technologies, many
of which —e.g. bioenergy with CCS (BECCS) and direct air capture with sequestration (DACS) — will rely on
geologic sequestration of captured carbon dioxide (CO»).>

CCS provides a near-term pathway to rapidly reduce the impacts of existing emissions-intensive
infrastructure/processes, while zero-carbon alternative solutions mature. CCS technology carries low
technologicalrisk (requisite infrastructure is already in widespread commercialuse) and low supply chain risk
(requisite infrastructure relies on large amounts of common rawmaterials, not critical minerals). Figure 1
shows the Long-Term Strategy of the United States and acknowledges the role of CCS in the nation's goal of
net-zero emissions by 2050.

The solution landscape fordecarbonization israpidly evolving, potentially puttinglarge capitalinvestments
into CCS infrastructure at risk of stranding or under-utilization. However, there are multiple futures of long-
term use, particularly for investment into transportation and storage:

e Continued CCS: There may be future conditions where zero-carbon alternatives are technically
impossible or impractical fora variety of reasons (e.g., supply chain, workforce, etc.). In that future,a
built-out CCS network would allow incumbent infrastructure/processes to continue while avoiding the
emissions concerns.

e Direct Air Capture and Storage (DACS): Reachingnet-zero emissions will require removing
carbon dioxide from the atmosphere, using processes and technologies that are rigorously evaluated
and validated. The U.S. Long-Term Strategy identifies direct air capture and storage (DACS) asa
potentialengineered carbon removalstrategy that captures COz emissions directly from ambient air
(instead of from point sources such as power plants or industrial facilities), for subsequent
compression and transportation to a geologic storage site or conversion into usable materialsuch as
synthetic concrete.® CCS infrastructure not only provides a short-term solution to decarbonizing fossil
fuel energy generation but also provides the enabling CO; transport and storage infrastructure for
DACS. DACS will be easier to implementregionally if the CCS infrastructure is available foruse.
Additionally, the social concept of “Not in my backyard” may work in the reverse effect,enabling
citizens to support and be proud of carbon captured in their local area.

e Other Pipeline Uses: Researchers are investigating opportunities to leverage COz pipelines to
transport other fluids. In particular, with the expectation that naturalgasand CO; demand will
decrease, hydrogen may be a viable fluid to transport in converted pipelines. The Department of

1
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Energy (DOE) does cite concern about hydrogen causing embrittlement in the steel and welds used to
fabricate the pipelines.” Complete conversions of natural gas pipelines to hydrogen pipelines have
been doneatlow scales, proving feasibility. Itis important to note that natural gas pipelines should not
be considered forretrofit to carry CO2.8 An example of this was noted by the Congressional Research
Service, where “in the 1990s, Air Liquide (one of the Gulf Coast operators) purchased two crude oil
pipelines in Texasand successfully converted them to hydrogen service.”® Additionalresearch is
required in the areas of hydrogen compression technology and large-scale pipeline conversion,
especially when converting pipelines originally intended to transport CO,.
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Figure 1: The U.S.-produced "Long-Term Strategy of the United States: Pathways to Net-Zero Greenhouse
Gas Emissions by 2050" acknowledges and discusses the role of CCS in the nation's goal of net-zero
emissions by 2050.1

Additional discussion of this report can be found in Section 1.3.2.

Lastly, CCS can also provide economic benefits, including job creation, especially in some of the communities
most affected by emissions reductions (e.g., fossil fuel plants). As highlighted by the Biden Administration’s
July 2021 Justice40 Executive Order, providing benefits (including job transition) to the communities a ffected
most by the energy transition is a top priority and a crucial challenge to United States'success.!! As job losses
from high-emission industries are not likely to occurin the same geographic areas where low-emission
industry jobs are created, CCS can facilitate a transition that helps bridge the gap economically, providing
employment (temporary if zero-carbon alternative sites are eventually opened elsewhere, or long-term if zero-
carbon alternatives are deemed impossible/impractical ). Additionally, CCS can help reduce the loss of
valuable, fully functioninginfrastructure that may otherwise be closed before their usefullifespan if not for
emissions reduction technology, potentially limiting costs that are pushed onto ratepayers. Additional
discussion on this topic can be found in Section 4.
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1.2 A Representative CCS Process

CCS is a suite of interconnected technologies for capturing CO: and storing it so that it is not reemitted into the
atmosphere. Agnostic to the specific technologies chosen, CCS will generally involve three main steps:
capture, transportation, and storage (Figure 2).

=1"Co, injection

CO, source
(eg. power plant) : {
ot e
compression unit CO, storage

Figure 2: lllustration of a simplified CCS network with one capture unit and one storage facility 12

COz canbe captured either from a facility emitting CO2 (point source capture) or directly from the atmosphere
(i.e., direct air capture, or DAC). In point source capture, COz can be captured from process gases (such as
COz from methane reformingto produce hydrogen, production of ethanolby fermentation, orcalcining
limestone to produce Portland cement), pre-combustion of fossil fuels (gasifying fuel and separatingout the
CO: — more common in industrial processes) or post-combustion of fossil fuels (separated from the exhaust of
a combustion process—more common in fossil or bio-energy power plants). There are also oxy-fuel
combustion systems, where fuel is burned after separatingoxygen from ambient airand diluting it with CO»,
which results in a more-concentrated (and typically more cost-efficient to capture) stream of COz emissions.
There are several CO: capture technologies thathave been orare being developed including solvent, sorbent,
and membrane systems, as well asnovel concepts (e.g., hybrid systems that efficiently combine attributes from
multiple key technologies). Currently, commercially viable capture systems are capable of capture rates
exceeding90% of carbon and newer systems are approaching 100%. '3

Though many capture technologies may eventually contribute to the United States’ CCS capacity,asnoted in
Section 2.1.1.2,this report primarily examines a case study based on the technology that is currently the most
advanced in its technicalreadiness level and is already in common commercialuse: monoethanolamine (MEA)
solvent-based capture. In addition to current commercialreadiness, and thus available data, in a scenario of 2
Gtpa of CCS, a large proportion of captured COz is likely to result from post-combustion power generation

3
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(either fossil fuels or bio-energy, Section 1.3) where complex flue gases make chemicalsolvents the optimal
capture technology. A worst-case scenario, from a materials standpoint, would be if all capture systemsused
the same technology, thus maximizingdemand. Since MEA-based systems have been the first ones deployed,
this technology can be an effective case study to determine if its supply chains can bearthe strain. Decades of
DOE research have documented the utility of a diverse set of alternatives to MEA, !4 howeverin the absence of
limits on CO; emissions or incentives for its capture, none have been deployed. As business cases forcapture
develop, a portfolio of economical solutions are likely to develop,and in the case of solvent systems, most will
be drop-in substitutes for MEA, enabling gradualtransitions away from those “first generation” systems. '3

Other technologies may deploy at commercialscales as CO; capture is applied to industries with different COz
stream characteristics (e.g., more concentrated ormore dilute). A selection of these additional capture
technologies are discussed, particularly asthey relate to their potentialmaterialreliance, but are notanalyzed
in depth because the technicalparadigms fortheir use are not sufficiently established to assess their materialor
equipment requirements at scale. Alternative capture technologies include mechanical processes (e.g.,
cryogenic capture) suitable forhigh-concentration CO; streams such asatbioethanolplantsaswell as physio-
chemicalprocesses (e.g., selective solid sorbents) forlow-concentration CO; streams including capture from
ambient air. Alternatives to the solvent-based capture process analyzed here are discussed in Section 2.1.1.2.

After the CO; hasbeen captured, it must be dehydratedand compressed before it can be transported to its
storage location. The dehydration process isnecessary because, if left untreated, the comingled waterand CO;
will damage mild steel over time by forming corrosive hydrides and acids. Anti-corrosion steel could be used
but would be considerably more expensive given the large scales of transportation needed in gigaton-level
CCS capacity. In the treatment process, COz is transported (via smallanti-corrosion steel pipes) to purification
and dehydration tanks, where it is purified to levels above 99% CO,.!¢ There are severaltechnologies to dry
the COz; however, it is anticipated that triethylene glycol (TEG) will beused formost carbon capture in the
United Statesin 2050 due to its effectiveness and widespread use in the natural gasindustry.

The treated, gaseous COz is then liquified using compressors and chillers. The liquification process is
necessary because gaseous CO2 would necessitate larger pipelines and additional compression throughout the
network.

After treatment and liquification, the CO2 must be transported. To accomplish gigaton-levels of CCS capacity,
large amounts of CO2 will need to be moved from capture sites (point-source capture from power plants or
industrial plants, or direct air capture)to large-scale storage facilities cost-efficiently and effectively. A large-
scale steel pipeline network is anticipated to primarily fill this role (over trucking, water, or air freight) due to
costand widespread practicality.

Finally, aftertraversingthe pipeline, the CO2 will be stored. Geologic storageis currently the best large-scale,
verifiable, and permanent CO; storage method,and all CCS scenarios examined are based on this type of
sequestration. Geologic storage includes naturalsaline reservoirs, depleted oil/gas fields, or other stable
formations with high capacities. Note that in addition to storage, there are also methods forcarbon utilization
(anothercommon acronym in the CCS spaceis Carbon Capture, Utilization, and Storage [CCUS]), which aim
to extract value from captured CO; by using it in other products. Discussion of carbon utilization can be found
in Section 4.1.3).

Figure 3 depicts a representative process of CCS, from capture to injection and the materials and equipment
required.
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Figure 3: CCS flowchart with required principal materials/components that are examined in this report

1.3 CCS Requirements in the United States by 2050

Currently, global and U.S. CCS capacity isin its infancy compared to the goals established by various studies
(discussed in the Sections below). In2021, global capacity was40 megatons perannum (Mtpa),and in 2020,
U.S. capacity wasabout 6.8 Mtpa. However, CCS could see rapid expansion underdomestic and global
decarbonization scenarios.!” This market assessment includes forecasts of future market size. Though this
report is based on an upper-bound target of 2.0 Gtpa CCS capacity in the United Statesby 2050, it is valuable
to compare this target with projectionsmade at globaland nationalscales.

Critically, this analysis does not restrict the emission sources from which CO2 may be captured, seekingonly
tounderstand the market conditions that lead to large CCS deployment;this broad scope enables the
subsequent assessment of materialrequirements and supply chain risk but may result in projectionsthat
include capture from fossilassets likely to be retired undernet zero commitments. In an effort to focus
primarily on materials supply constraints this compromise was deemed appropriate in order to construct an
aggressive upperbound.

1.3.1 Global Studies

One method of estimatingthe amount of carbon capture required forthe United Statesby 2050 is to scale
global estimates based on domestic contributions to globalemissions.

1.3.1.1 IPCC

In 2018, the Intergovernmental Panelon Climate Change (IPCC)released a Special Report on Global
Warming that suggests the world must reach net-zero emissions in the 2050-2060 timeframe to avoid the
worst outcomes from climate change (resulting from a 1.5 °C temperature rise). '8 In the report, the IPCC
presents fourillustrative modelpathwaysto achieve this goal, each showing a unique combination of
mitigation approaches and assumptions about future socio-economic developments. In each of the four
pathways, COz removalis present. For example, one illustrative model pathway requires more than 6 Gtpa of
COz be captured globally by 2050, and anotherrequires over 12 Gtpa by 2060 and 20 Gtpa in 2100. Figure 4
whos two potential scenarios forlimiting global temperature rise to 1.5°C.
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Figure 4: Two potential scenarios for limiting global temperature rise to 1.5°C as presented by IPCC

1.3.1.2 IEA

In2019,the International Energy Agency (IEA) released the Sustainable Development Scenario (SDS) report,
which goes into furtherdetail describing a future where the United Nations (UN) energy-related sustainable
development goals (SDGs) for emissions, energy access,and air quality are met. !'° This analysis predicts that
meeting these goals will require the mass of COz captured globally to increase from 40 Mtpa in2020t0 5.6
Gtpa by 2050, as shown in Figure 5.20 Their prediction includes the global sectors from which carbon is
captured.

:lnoo Mtpa 2é’:‘,635 Mtpa
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Figure 5: CO2 capture capacity in 2020 and 2050 by fuel and sector in the IEA 2019 SDS

In2021,the IEA released their Net Zero Emissions (NZE) by 2050 Scenario report, which focuses on showing
a pathway forspecifically the global energy sectorto achieve net-zero COz emissions by 2050 (also consistent
with UN SDGs).?! Thereport is also consistent with limiting the global temperaturerise to 1.5 °C, in line with
reductions assessed in the IPCC in its Special Report on Global Warming of 1.5 °C. This report suggests 7.6

6
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Gtpa of CO; is captured globally by 2050 from a diverse range of sources (5.2 Gt captured from fossil fuels
and processes, 0.9 Gt from DAC, etc.). Figure 6 shows a potentialscenario of CO; capture by source, created
by IEA.
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Industry processes
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Figure 6: IEA NZE global CO2 capture by source, 2020-2050

1.3.1.3 Discussion: Estimating U.S. Requirements from Global Studies

In 2021, the United Statesaccounted for 14% of global CO, emissions.?? Severalreports have forecasted
emissions by country projections for2050, though there is significant variance. One of the difficulties in
predicting is that since developed countries produce more emissions per capita than developing countries,
successfully predicting 2050 emissions by country requires corresponding successful predictions of
internationaldevelopment, an equally difficult task.

Itis likely thatthe United States will constitute less than 14% of global CO» emissions in 2050 (especially as
developing countries grow and their energy use expands); however, to continue to examine conservative
estimates, one can examine what would happen if U.S. CCS capacity represents 14% of global CCS capacity
in 2050. Moreover, if considering cumulative contributions to globalemissions, the proportion of CCS
required of the United States could be even higher.

Assuming that U.S. CCS capacity will be 14% of global CCS:

e The IPCCestimate of 6 to 12 Gtpa of global CCS capacity by 2050-2060 timeframe (for their two
scenarios with higher CCS) would scale to approximately 0.9 to 1.7 Gtpa for U.S. capacity.

e The IEA SDS estimate of 5.6 Gtpa of global CCS capacity by 2050 would scale to 0.8 Gtpa for U.S.
capacity.

e The IEA NZE estimate of 7.6 Gtpa of global CCS capacity by 2050 would scale to 1.0 Gtpa for U.S.
capacity.

1.3.2 U.S.-Centric Studies

Several studies have focused on CCS deployment in the US specifically. Three, non-exhaustive, examples are
described below. Additional reports have been published such asthose by the Energy Futures Initiative and the
Rhodium Group.?3? 24
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1.3.2.1 Princeton University Net-Zero America (NZA)

In November2021, Princeton University released its NZA Project, which examined five different scenarios for
the United States to reach full decarbonization by 2050.25

The only scenario that did not require COz sequestration wasa 100% renewable scenario, which hasits own
drawbacksasdiscussed in Section 1.1. The other fourscenarios require between 1 and 1.7 Gtpa of CCS by
2050.

1.3.2.2 U.S. Long Term Strategy (LTS)

In November2021,the U.S. Department of State and U.S. White House released The Long-Term Strategy of
the United States, which laysouthow the United States canreach its goal of net-zero emissions no laterthan
2050 and was submitted to the United Nations Framework Convention on Climate Change (UNFCCC) at the
26 Conference of the Parties.2® The LTS illustrates numerous plausible pathways through 2050 to achieve a
net-zero emissions economy, and offers insights into what the overall energy system forthe United States
could look like between now and 2050 undera range of assumptions about the evolution of technological
costs, economic growth, and otherdrivers to 2050.

The amount of CCS across the scenarios explored in the LTS ranges from 0.4 to 1.3 Gtpa in 2050. In the case
that Figure 7 represents, totalcarbon sequestered isabout 1,300 Mt (point source) and 200 Mt (DAC). Some
models deploy much greaterlevels of DAC than shown here. The Long-Term Strategy also caveats the amount
of CCS modeled from industrialapplications: ... there is limited representation of CCS on industrial energy

in the models we use. Accordingly, it is likely thata greatershare of industrial fossil energy emissions could
be captured by 2050 than is shown here.”?’
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Figure 7: U.S. CCS separated by CO2 source as predicted by one of the scenarios in the Long-Term Strategy.

1.3.2.3 MARKAL Analysis

Additionalexternalstudies were supplemented by DOE runs of technology dispatch models using numeric
marketallocation (MARKAL). Simulationsin MARKAL were used to estimate the amount of domestic CCS
that would occurunder various policies, particularly to understand what carbon pricingor otherpolicies would
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be required to achieve the 2.0 Gtpa target. MARKAL is an optimization tooloriginally developed by IEA for
use in energy planning. [thasbeen adapted to analyze CCSunder potential incentive policies.

Out of all modeled policies, the policies that produced the highest level of CCS wastaxingCO» at $35/ton,
increasing at 5% per yearand a COz cap scenario. These policies would generate an estimated 1.66 Gtpa and
3.19 Gtpa of CCS capacity, respectively, by 2050.

1.3.3 Summary
This literature analysis shows that in aggressive infrastructure deployment scenarios, the United States’ likely
upperbound of CCS capacity is 1.7 Gtpa by 2050. This suggests DOE’s goal of 2.0 Gtpa of CCS capacity by

2050 represents a conservative upperbound forsupply chain analyses, which served as the capacity goal for
this study.

1.4 CO, Capture Policies

The United Statesis currently a global leader in carbon capture technology and projects. As of February 2021,
the United States had 13 commercial-scale carbon capture facilities, half of worldwide capacity.??

Much of'this success can be attributed to the United States’ Internal Revenue Service (IRS) tax credit for
carbon sequestration, 26 U.S. Code § 45Q (“45Q”). The United States hasa history of providing tax credits for
fuels and production methods, forexample the Investment Tax Credit ITC) for solar energy and the
Production Tax Credit (PTC) forwind energy.

This 45Q tax credit, originally enacted by the Energy Improvement and Extension Act of2008, is offered for
each metric ton of carbon captured and sequestered. [t was then enhanced in the Bipartisan Budget Actof2018
to broadeningeligibility of other industries and applications through lowering the annual COz capture
minimum, increasing its value,and providing greater flexibility forentities to claim the credit. It was further
enhanced in the 2021 Consolidated Appropriations Act (Fiscal Year[FY] 2021 Omnibus) to give carbon
capture credits a two-yearextension (from ten years to twelve years from construction completion date).??
Figure 8 provides some details.

Annual Carbon Capture Thresholds

25,000 - 500,000 metric tons
of CO,/ICO

For carbon utilization projects to
convert CO or CO, into useful products
(e.q., fuels, chemicals, products)

At least 100,000 metric tons
of CO,/CO

Industrial facilities (e.g., ethanol, steel,
cement, and petrochemicals), direct
air capture facilities and facilities using
CO, for enhanced oil recovery (EOR)

At least 500,000 metric tons
of CO,/ICO

Electric generating units (i.e., coal and
natural gas-fired powered plants)

45Q Tax Credit Amounts

$35 per ton

For secure geologic storage of CO,
through enhanced oil recovery

$35 per ton

For carbon utilization projects to
convert CO or CO, into useful products
(e.g., fuels, chemicals, products)

$50 per ton

For secure geologic storage of CO, in
saline geologic formations

Timing: Projects must begin construction before January 1, 2026 and may claim the credit for up to 12 years aflter being placed in service.
Eligibility: Carbon capture and direct air capture projects that either capture and utilize or geologically store carbon oxides are

eligible to claim the tax credit.

Figure 8: U.S. 45Q Tax Credit structure and eligibility requirements

9
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(Carbon Capture Coalition)

In addition to the 45Q Tax Credit, incentives have also included the DOE Loan Program Office (LPO)
Financing, USDA rural financing, other Federal Tax Credits, and other State and Regionalpolicies. The DOE
LPO financingoptions are intended “to support innovative technologies that are typically unable to obtain
conventional private financing due to perceived high technology risk”, per the CEQ CCUS Permitting Report.
USDA offers Rural Development Program Financing which offers some opportunities related to rural
electrification and modernization. Other Federal Tax Credits include The Section 48A Qualifying Advanced
CoalProject Credit and the Section 48C tax credit “for investments in facilities that manufacture clean energy
technologies”. To support CCUS development, various states also provide tax and non-tax policies. “These
incentives may take form of tax credits, exemptions orreduction of property tax, severance tax, gross receipt
tax,and sales tax,amongothers”.?

Inthe yearssince 2018 when Congress revamped the federal45Q tax credit to include carbon capture, project
developersand investors have announced over 30 new projects spanningelectric power, transportation fuels,
and direct air capture technologies.>® As 02021, there are about45 CCUS facilities in operation orin
development in the United States. There were about 26 commercialscale projects in operation globally that
year.$

Anotherfactorin U.S. carbon sequestration technology success hasbeen federalresearch and development
(R&D) investments. DOE has funded R&Din aspects of CCSsince atleast 1997 within its Fossil Energy and
Carbon Management (FECM)Research, Development, Demonstration, and Deployment (RDD&D) portfolio.
Since FY2010, Congress has provided $7.3 billion in appropriations for DOE CCS-related activities, including
annualincreases in recent years. In FY2021, Congress provided $750 million to FECM, of which $228.3
million was directed to CCUS.

Some facilities will also benefit from the California low-carbon fuelstandard (LCFS). Credits under this
scheme were trading up to $212 perton CO; in 2020.

10
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2 Material Requirements
21 Capture

As discussed previously, the advanced commercialand technologicalreadiness of MEA-based solvent capture
position it to achieve broad, early deployment asthe combined CCS system expands in the US. Thus, this
report has focused on this technology to understand supply chain constraints duringa critical early period of
rapid scale-up. There are othersolvents and othertechnologies involving sorbents or membranes, but MEA is
the most common and most developed in commercialuse around the world.3? Planning fora scenario that
leverages MEA exclusively leads to a conservative estimate on the growth rates required to satisfy the
ambitious demand scenario of this analysis. If there are limited supply chain risks with this scenario, then it
may be safe to assume that the more realistic situation of multiple capture technologies contributingto the
CCS effort also presents very low supply chain risk.

211 Technology Overview
2.1.1.1 Exemplar Technology: MEA-based Solvent Capture

Monoethanolamide (MEA), also known as ethanolamine, is a solvent common in solvent-based CO; capture,
which involves chemicalor physicalabsorption of COz into a liquid carrier. The absorption liquid is
regenerated by increasing its temperature orreducing its pressure to break the absorbent-CO; bond. This
process of COz capture with MEA can be seen in Figure 9.
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Figure 9: Schematic of solvent-based CO2 capture

2.1.1.2 Potential Altemative Capture Technologies

As shown in Figure 10, in addition to MEA-based solvent capture technology, there are many othersystems
across commercialreadiness levels designed to capture COz. Generally, carbon capture can be split into four
main categories: solvents, sorbents, membranes, and cryogenic systems. Within the solvent group, primary
materialsused include physicaland chemicalsolvents such as: MEA, methanol, methyldiethanolamine

11
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(MDEA), and potassium hydroxide (KOH). The sorbent group implements both synthetic and natural zeolites
(specifically Z13,Y, MolecularSieve 5A, 13X, clinoptilolite, and mordenite)as well asactivated carbon and
alumina.Itis expected thatasphysicaland policy infrastructure appearand mature forcarbon capture that
many of these alternatives will become economically competitive with the amine-solvents analyzed herein; in
fact,next generation solvents are likely to be direct substitutes foramine systems to leverage the maximum
amount of capitalequipment and systems engineering of first generation systems to keep costs low.
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Figure 10: Carbon capture market and technology segmentation. 3!

Note: Adapted from IPCC

Figure 9 and theabove Section 2.1.1.1 describe solvent based carbon capture. Sorbent based capture involves
the chemicalor physicaladsorption of COz using a solid sorbent. On a high level, adsorption occurs closer to
the molecularlevel where molecules adhere to a surface of the adsorbent. Absorption occurs when molecules
are drawn into the material, such as a sponge soakingup water. Similarly, liquid carrier solvents like MEA
absorb COz out of the flue gas, while solid sorbentsadsorb COz. Sorbents are also regenerated by heatingor
reducing pressure to release the captured CO2. However, reports from the National Energy Technology
Laboratory (NETL) note that “sorbent technologies are generally less developed than solventsandhave heat
transfer, stability and attrition challenges”.3? The lower heat capacities of sorbents compared to solvents
decrease their regeneration energies, makingthem less efficient. NETL also notesthat severalresearch efforts
areunderway to make sorbents cheaper, more durable, betterat absorbing CO2,and more resistant to
oxidation, all while withstandingmultiple regeneration cycles. Table 2 lists in detail many of the materials
necessary forthe carbon capture available today and frequently mentions metal-organic frameworks (MOF)
sorbents. Figure 11 depicts how MOF sorbents trap COz in their lattice structure.
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Figure 11: MOF sorbent illustration by Svante

Membrane capture technologies leverage materials with varying degrees of permeability to allow forthe
separation of COz from flue gas or pre-combustion syngas. These materials offerseveraladvantages such as
limited hazardous chemicalstorage, passive operation, reduced plantfootprint, and reduced implementation
cost. However, membranes need to improve in their selectivity for COz, as well astheir thermaland physical
stability and tolerance to contaminants in flue gas.

Researchersare also investigating novel capture technologies that may combine severalmethods into an
efficient hybrid system. Cryogenic separation and the use of novel3-D printed parts are additionalresearch
avenues to improve CO; capture efficiencies.?*

2.1.2 Raw Material Requirements

2.1.2.1 Exemplar Technology: MEA-based Solvent Capture

As seen in Figure 12,the production of MEA begins with naturalgasand crude oil. To produce ethylene, these
hydrocarbons are steam cracked. Steam crackingis a thermalprocess that breaks down larger molecules into
smaller molecules by first mixing the large hydrocarbons with steam, then running them through tubesin a
cracking furnace where the feedstock is briefly heated to very high temperatures, then rapidly cooling them to
stop the hydrocarbon molecules from being completely consumed. The resulting product streams are separated
and purified, leaving valuable compounds called “olefins”: ethylene, propylene, and others.

To produce hydrogen, these hydrocarbons are steam reformed. Steam reformingis a mature production process
in which methane reacts with high pressure steam in the presence of a catalyst to produce hydrogen, carbon
monoxide, and a relatively smallamount of carbon dioxide. In a finalprocess step called "pressure-swing
adsorption," carbon dioxide and otherimpurities are removed from the gas stream, leaving essentially pure
hydrogen. Other methods of hydrogen production such as electrolysis of water avoid hydrocarbons,but are
currently more expensive and do not see widespread commercialuse. Hydrogen is then combined with
nitrogen thatis separated from airto produce ammonia through the Haber-Bosch process thathasbeen in use
commercially forover a hundred years. Finally, MEA is produced industrially through a reaction of the
ethylene oxide with aqueous ammonia.
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The production of MEA starts
with crude oil and natural gas.
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Figure 12: Materials supply chain to produce MEA solvent

The requirements of MEA for a given COz capture capacity can be calculated asa linearscaling. Based on the
data from a November2010 DOE/NETL report that examined CCS via MEA-based capture, the following
requirements were calculated: 33

e Baseline Loading: 780 tonsof MEA / Mtpa of designed CO; capture capacity
e Operating Losses: 400 tonsof MEA / Mt of captured CO>

In otherwords, MEA requires an initial investment of 780 tons of MEA / Mtpa of CO; capture capacity plus
400 tonsof MEA / Mt of COz captured for continued operations.

To estimate MEA requirements over time, the 5-yearintervaldata from the MARKAL CCS deployment
scenario resulting in 1.66 Gtpa by 2050 ($35/ton COz tax increasingby 5% per year) was scaled up to 2.0 Gtpa
by 2050.

CO; capture requirements foreach year were assumed to be spread across the previous five years (for instance,
616.83 Mtofnew CO; capturein 2030 meant116.98 Mtin each 0£f2026-2030). Asdiscussed, MEA is needed
for both openingof these plants (baseline loading) and continued operation. Table 1 shows the amount of
MEA required in 5-yearintervalsto capture the COz required in each interval.

Table 1: MEA requirements for 2.0 Gtpa CCS capacity by 2050

| Year | 2025 | 2030 | 2035 2040 2045 2050

Total CO Capture (Mtpa) 31.94 616.83 943.85 1498.62 1782.28 2000.00

UDEL SR RESHIEAIIIEST | 57 69 337.98 42855 685.99 757.16 833.96

(Capital + Operations) (kt)
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From 2025-2050, the United States will need a combined 13.68 Mtof MEA (12.12 Mt from continued
operation acrossthe 25 years, 1.56 from initial capacity comingonline). Year-over-year MEA requirements
canbeseen below in Figure 13.
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e Re quired MEA Capital (kt) = Required MEA Operating (kt) e Total MEA Required in year

Figure 13: MEA requirements per year, 2025-2050

2.1.2.2 Critical Mineral Use in Emerging Capture Technologies

As previously described, emerging capture technologies will likely prove economically superiorto the amine
solvent-based processes used forexemplary purposes in this analysis. As some of these new technologies, at
varyingstages of maturity, come closerto commercialization and practicaluse, it is essential to develop in
parallel the supply chains of required materialsand components. Table 2 lists the critical commodities
potentially used in future technologies for CO> capture and utilization.

Table 2. List of critical commodities required for carbon capture technologies

Critical General Fossil Specific Technology
Commodities Energy
Technology
Aluminum CO, Capture | Zeolite-based sorbents; sorbent support; trimethyl aluminum as
precursor; Al,Os coatings for zeolite-based, metal organic framework
(MOF)-based, and ZIF-based sorbents; Al-based hydrotalcite sorbent
Aluminum CO, Capture | Wetting agentin ceramic-carbonate membranes; zeolite-based
membrane support
Aluminum CO, Capture | Heat exchanger material; anti-corrosion coating for power generation
applications
Antimony CO: Capture | Sorbent
Arsenic CO, Capture | Sorbent
Bismuth CO, Capture | Ceramic-carbonate membranes
Cesium CO, Capture | CaO sorbents doped with cesium Cs/Cao
Chromium CO, Capture | MOF sorbents
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General Fossil
Energy

Critical
Commodities

Specific Technology

Technology

Cobalt CO, Capture | MOF sorbents; ceramic-carbonate membranes
Fluorspar CO, Capture | MOF sorbents
Graphite CO; Capture | Membrane seals; graphene oxide-based membranes
Hafnium CO, Capture | Zirconia sorbent support; MOF sorbents; Zr-based sorbents (i.e.,
lithium zirconate, calcium zirconium oxide, barium zirconate)
Hafnium CO, Capture | Ceramic-carbonate membranes
Lithium CO; Capture | Lithium-based sorbents (i.e., lithium zirconate, lithium silicate)
Lithium CO, Capture | Wetting agentin ceramic-carbonate membranes
Magnesium CO: Capture | Magnesium hydroxide-based and MgO-based sorbents for pre-
combustion CO- capture; MOF sorbents; Mg-based hydrotalcite
sorbents
Manganese CO: Capture | MOF sorbents
Platinum- Carbon Catalyst for plasma reactions to produce hydrogen production from
Group Metals Utilization water and CO:
Rare Earth CO, Capture | Lanthanum-based sorbent supports
Elements
Rare Earth CO; Capture | Lanthanum in ceramic-carbonate membranes; yttrium in ceramic-
Elements carbonate membranes; samarium in ceramic-carbonate membranes;
cerium in ceramic-carbonate membranes; gadolinium in ceramic-
carbonate membranes; scandium in ceramic-carbonate membranes;
cerium catalystin WGS membranes; yttrium-based, zirconium-based
membrane supports
Scandium CO, Capture | Sorbent — CO; capture by small pore scandium-based MOFs
Strontium CO, Capture | Strontium oxide high-temperature sorbent
Tin Carbon Catalyst for electrolyzer reactions to produce formic acid
Utilization
Titanium CO, Capture | Coatings for zeolite-based, MOF-based, and ZIF-based sorbents;
MOF sorbents; Ti-based sorbents (i.e., barium titanate)
Vanadium CO, Capture | MOF sorbents
Zirconium CO, Capture | Zirconia sorbent support; MOF sorbents; Zr-based sorbents (i.e.,
lithium zirconate, calcium zirconium oxide, barium zirconate)
Zirconium CO, Capture | Ceramic-carbonate membranes

Estimatingthe materialdemands for precommercialtechnologies is extremely challenging and the risk to their
future supply even more so. The materialrequirement of an individualprocess or unit operation is likely to

evolve asthe technology matures and, when threatened by supply shortages, many materials are replaceable.
Further, the global supply chain is dynamic asevidenced by wide swings in the supply risk through time as
assessed by USGS for elements such as bismuth and lanthanum. 3¢
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2.2 Drying and Liquification

After the COz is captured, it must be treated and compressed before it can be transported to its storage location.
As discussed, the treatment process is necessary because untreated CO, contains impurities and water, which
can create hydridesand acids. Water, for example, when mixed with CO. forms carbonic acid; a weak acid
enhancesthe corrosion rate of mild steel by acceleratingthe cathodic reaction.

Inthe treatment process, COz is transported (via smallanti-corrosion steel pipes) to purification and
dehydration tanks, where it is purified to levels above 99% CO;. There are severaltechnologies to dry the COz,
however, it is anticipated that triethylene glycol (TEG) will be used formost carbon capture in the United
Statesin 2050 due to its effectiveness and widespread use in the natural gas industry. The liquification process
is necessary because gaseous COz is more voluminous, and thus would necessitate larger pipelines than liquid
CO:z.

2.2.1 Technology Overview

TEG is used for drying/dehydration of the captured COz. In the process, wet gas (CO2) enters the bottom of a
glycol contactorandis put into contact with liquid TEG (which can occurvia severalmethods)asshown
inFigure 15.CO; dehydration units can be combined with impurity removalunits.
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Figure 14: CO2 dehydration process using TEG?’

After dehydration and removal of impurities, the CO; is liquefied using a compression train to bring the CO>
stream to the desired pressure and temperature. Accordingto the NETL-NZA model(discussed in Section 2.3),
these compressors will aim to pressurize the stream to 2,200 pounds persquare inch gauge (psig) (15.3
megapascals, MPa)and 53 °F.

2.2.2 Raw Material Requirements

The production of TEG begins with crude oil (Figure 16). The larger hydrocarbons are cracked using steam
reformation to produce ethylene. This ethylene is directly oxidized and then hydrated to produce TEG.
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direct oxidation of a hydration of
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Figure 15: Materials used in TEG production

Like MEA, the requirements of TEG for a given COz capture capacity can be calculated asa linearscaling.
Based ondata from anApril 2012 [EA report that examined CCS dehydration, the following requirements
were calculated: 38 39

e Baseline Loading: 13 tonsof TEG / Mtpa of designed CO: capture capacity
e Operating Losses: 20 tonsof TEG / Mt of captured CO2

In otherwords, TEG requires an initial investment of 13 tons of TEG / Mtpa of COz capture capacity plus 20
tonsof TEG/ Mtof CO; captured forcontinued operations. To estimate TEG requirements overtime, the same
S-yearintervaldata for MEA was utilized. As discussed, TEG is needed forboth opening of these plants
(baseline loading) and continued operation. 5-year intervalrequirements for TEG can be seen below in Table
3. From 2025-2050, the United States will need a combined 632.1 kt of TEG (606.1 kt from continued
operation acrossthe 25 years,26.0 kt from initial capacity comingonline). Year-over-year TEG requirements
canbeseen in Figure 16.

Table 3: TEG requirements for 2.0 Gtpa CCS capacity by 2050

| Year 2030 2035 | 2040 2045 2050
| Total CO2 Capture (Mtpa) 31.94 61683 | 94385 | 149862 | 178228 | 2000.00
Total TEG Required in year

1.05 13.86 19.73 31.41 36.38 40.57

(Capital + Operations) (kt)
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Figure 16: TEG requirements per year, 2025-2050

Selection of a compressorcan be a complex task and is based on several variablesincluding ambient
temperature of the compressor, required flow rate, power requirements, and more.*? Additionalanalysis is
needed to understand the number of compressors needed for2.0 Gtpa of COz capture capacity,as well as
typicalcharacteristics of these compressors.

2.3 Transportation Pipelines

2.3.1 Technology Overview

Once the CO; is separated, dried, and liquified, the captured carbon will need to be transported to its long-term
storage. [fthe United Statesis to have tens of gigatons of CCS capacity by 2050, the transportation network
will need to be able to transport large amounts of CO> from capture sites to regions with large geologic storage
facilities cost-efficiently and effectively. This will require a large-scale pipeline network. The process of
makingpipes and layingpipelines is well-known and straightforward; it is likely that millions of miles of oil
and gaspipeline exist globally, aswill be expandedupon in Section 3.3. Figure 17 depictsa typicalpipeline
installation project.
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Figure 17: lllustrative pipeline installation'

The pipeline types assessed in these analyses include sub-spur, spur, trunkline, distribution, and sub-
distribution pipelines, as shown in Figure 18.

e Sub-spur pipelines connect smallmass flow rate COz point sources to a centralaggregation point.

¢ Spur pipelines connect eitherlarge mass flow rate CO2 point sources or centralaggregation points to
trunklines.

e Trunklines operate asthe large “highways” of the CCS transportation system, connectingspur lines to
storage sites.

e The connectingpipelines from trunklines to storage sites, and from storage site distribution manifolds to
individual injection well heads, are called distribution and sub-distribution pipelines, respectively.
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Figure 18: lllustration of pipeline types

Pumpswill berequired for transportingthe liquified COz through the pipeline to the injection sites. Various
sized pumps will be required dependingon the pipe diameterand required flow.

Figure 19: Multi-stage compressor/pump able to be used for the liquification and transportation *?

Refrigeration stations and/oradditional pumps and compressors may be needed throughout the length of the
pipeline to ensure temperature, pressure, and flow specifications are maintained. Redundantpumps may also
be necessary to ensure safety and continuous operation in the case of failures. Just-in-case compressorsand
pumpsmay also berequired at injection sites to ensure the pressure is higher than the backpressure of the
storage cavern, especially as time progresses and the sites’ pressure builds. Figure 19 depicts a few common
pump designs used in these applications.

2.3.2 Raw Material Requirements

COs transport pipelines can be made from the same materials as natural gas pipes, but with slightly thicker
walls. This steel will be similar to (or the same as) American Petroleum Institute (API) SL X65, a low-carbon
pipeline steel with less than 1.4% by weight manganese thatis commonly used in global pipelines.
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Additionally, pipelines are assumed to follow the product standard level (PSL) 2 pipe standard to ensure a
higher quality overthe looser PSL 1 standard.

To estimate the pipeline characteristics necessary forlarge-scale carbon transport, (1)an analysis was
developed using NETL’s modeling capabilities and Princeton University’s NZA data (Section 2.3.2.1), and (2)
a literature review was performed of an existing Great Plains Institute (GPI) report (Section 2.3.2.2). While the
former (known as the “NETL-NZA Model” moving forward)served as the primary method of analysis, the
GPI report was also discussed to offeran additionalperspective of howa domestic CCS transportation system
may beimplemented.

2.3.2.1 NETL-NZA Model

In the aforementioned 2020 NZA study, Princeton University researchers calculated the CO; mass flowrates,
lengths, and 5-yearintervaldeployment schedule of the sub-spur, spur, and trunk lines required for their
pipeline network,as well asthe numberof COs storage projects.*>* NETL contacted the authors of the NZA
report to request their data (specifically, the data that resulted ina 2050 CCS capacity closest to the DOE’s 2.0
Gtpa goal: Scenario E-B+, resulting in 1.6 Gtpa in 2050) for furtheranalysis. That scenario is depicted in
Figure 20 below.
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Figure 20: Princeton University NZA pipeline network for 1.6 Gtpa by 2050 (for reference)

After receiving these data, NETL performed additionalanalysis to calculate characteristics of transportation
infrastructure (detailed below in the remainderof Section 2.3.2) and injection infrastructure (detailed in
Section 2.4.2) to meet the 2.0 Gtpa by 2050. Detailed data can be found in Section 6, “Appendix — NETL-
NZA Model.”

In calculatingtransportation infrastructure characteristics,the NETL-NZA Model estimates that over 70,000
miles of pipeline are required fora 2.0 Gtpa CO; capture capacity, with pipeline construction peakingin 2035
at21,000 miles of pipeline and continue meaningful buildout through 2045. The NETL-NZA Model sees most
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pipeline being 6, 8”, and 42 diameter. Regardingpumps, the NETL-NZA Modelestimatesthat 595 will be
required through 2050, with mostbeing installed in the same 2035-2045 range.

Because the NETL-NZA Model uses trunklines that have significantly largermass flow rates than any COz
pipeline in existence today, a sensitivity analysis was also run using trunklines limited to 30” in nominal
diameter (hereafter, “NETL-NZA ModelPipeline Diameter Sensitivity Analysis” or the “Sensitivity
Analysis”). The Sensitivity Analysis estimates that roughly 27% more pipeline will be needed (96,000 miles),
mainly forpipeline of24” and 30” diameterto compensate forthe largerhighway pipeline. It also estimates
that 37% more pumps will be required (815), again in the 24” and 30” diameterrange with the additional
pipeline. Table 4 providesa summary of this information.

Table 4: NETL-NZA Model (and Sensitivity Analysis) transportation characteristic summary

Nominal | NETL-NZA Model ‘ NETL-NZA Model Sensitivity Analysis
DiaPrlr?:ter Total Pipeline by Total Pumps by Total Pipeline by Total Pumps by
(in) 2050 2050 2050 2050
| 4
| 6 15,387 74 15,387 74
I 24,835 33 24,835 33
| 10 5,467 21 5,467 21
| 12 1,535 142 1,535 142
| 16 846 56 846 56
| 20 1,336 43 1,336 43
| 24 1,381 20 3,307 56
| 30 1,478 14 40,893 344
| 36 2,292 21 - -
| 42 8,855 77 - -
| 48 4,002 48 - -
‘ Grand 70,502 595 96,694 815
Total

Pipeline materialrequirements: Based on the pipeline requirements set forward in the NETL-NZA Model and

corresponding Sensitivity Analysis, steel calculations were performed. Results indicate that between 24.12 Mt
and 30.16 Mt of steel will be required to build pipelines. Additives to this steel will be discussed in Section
3.3.

Pump materialrequirements: Based on the pump requirements set forward in the NETL-NZA Model and
corresponding Sensitivity analysis,and afterdiscussions with pump industry experts who have supported large

CCS projectsin the past, rough order-of-magnitude pump material requirements were generated.
Conversations with a pump original equipment manufacturer provided that 1 MW pumps weigh roughly 62
tonsand are 150 m3 (10 meters long, 5 meters wide, and 3 meters tall). Industry expertise also noted that
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pumpsare typically roughly 80% castiron (pump drive, baseplate, gearbox)and 20% stainless steel (pump
head). Table 5 and Table 6 showcase the pipeline length required and pump characteristic perdiameter of pipe.
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Table 5: NETL-NZA Model pump characteristics

Average of
maximum

Sum of Average of Average of

Inner pipe . iseline  maximum CO, averageannual . Number Pump MW
diameter required power .
(inch) Ien‘gth mass flow rate CO, mass flow rate of each pump of pumps required
(miles) (Mt/yr) (Mt/yr) (kW)
4.0 3,086.9 0.2 0.2 74.4 46.0 3.4
6.0 15,386.7 1.0 0.8 309.7 74.0 22.9
8.0 24,835.5 1.4 1.2 439.8 33.0 14.5
10.0 5,466.9 5.5 4.7 1,750.6 21.0 36.8
12.0 1,535.4 5.3 4.5 1,674.2 142.0 237.7
15.2 846.0 8.8 7.5 2,776.6 56.0 155.5
19.0 1,336.4 13.1 11.2 4,151.3 43.0 178.5
22.7 1,380.5 18.7 15.9 5,930.0 20.0 118.6
28.4 1,478.3 29.8 254 9,442.3 14.0 132.2
34.1 2,292.1 47.2 40.2 14,949.8 21.0 313.9
39.8 8,854.7 67.4 57.3 21,312.7 77.0 1,641.1
45.5 4,002.5 110.8 94.2 35,065.7 48.0 1,683.2
Grand Total| 70,502.0 - - - 595.0 4,538.3

Table 6: NETL-NZA Model (with Sensitivity Analysis) pump characteristics

Average of Average of

. Sumof  Averageof ) Total
Innerpipe . . . averageannual maximum
) pipeline maximum CO, ) Numberof power
diameter CO, mass flow required power .
: length mass flow rate pumps required
(inch) T [ Y — rate of each pump (MW)
Y (Mtonnes/yr) (kW)
4.0 3,086.9 0.2 0.2 74.4 46.0 3.4
6.0 15,386.7 1.0 0.8 309.7 74.0 22.9
8.0 24,835.5 1.4 1.2 439.8 33.0 14.5
10.0 5,466.9 5.5 4.7 1,750.6 21.0 36.8
12.0 1,535.4 5.3 4.5 1,674.2 142.0 237.7
15.2 846.0 8.8 7.5 2,776.6 56.0 155.5
19.0 1,336.4 13.1 11.2 4,151.3 43.0 178.5
22.7 3,307.1 19.5 16.6 6,180.9 56.0 346.1
28.4 40,893.0 28.6 24.3 9,045.0 344.0 3,111.5
Grand Total| 96,694.0 - - - 815.0 4,106.9
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With the assumption that 62 tons of material are required per MW, a total NETL-NZA Modelpipeline power
requirement of4,538.3 MW may yield a weight of about 281.38kt. Breakingthis down into the component
parts,about225.1 kt of castiron and 56.28 kt of steel would be required. The Sensitivity Analysis yielded a
slightly smaller power requirement,and so the more conservative estimate will be considered.

A limitation to this analysis s that typical pump sizes were notused. Itis farmore likely thatseverall MW or
500 kW pumpsbe used in parallel to create the required MW, versus custom-sized, larger pumpsbeing
created. However, if the quantity and placementof pumps changes as more information is obtained,
estimations of the raw materialrequirements should remain relatively constantasit is based on the totalpower
requirement to transport 2 Gtpa of CO; across the modeled distances. For example, if further analysis suggests
that one pump will be required ateach ofthe 1,758 capture sitesand ateach of the 3,000 injection wells, those
4,758 pumpswill be sized at smallerpower requirements. In this case, although there would be 4,758 pumpsin
the model, the totalpower requirement would still be approximately 4,538.3 MW. And so, this rough order of
magnitude estimate hinges on the assumptions that (1) 62 tons of materialare required per MW and (2) 4,538.3
MW of totalpoweris required to pump 2.0 Gtpa throughout the modeled length and cross section of pipeline.
There is some inherent error in the 62 tons per MW assumption, as this assumes the weight to power ratio is
linear for all pump sizes, which, considering power laws, is probably not the case.

Additionalmaterials are likely required on top of those cast iron and stainless-steel estimates, even with a large
redundancy factorof 3x. However, this material requirement is still negligible both holistically and compared
to the steel required for the pipes.

A greaterlevel of detail from industry experts is needed forcompressors and the supplemental pump and
refrigeration stations across the pipeline in order to generate material requirement estimates forthose pieces of
equipment. However, it is not expected that these flow maintenance stations will increase the raw material
demand significantly.

2.3.2.2 Great Plains Institute

The Great Plains Institute’s June 2020 whitepaper, “Transport Infrastructure for Carbon Capture and Storage:
Whitepaper on Regional Infrastructure for Midcentury Decarbonization, ” details the results of an extensive
study into nearand medium-term carbon capture projects in the central United States. The study looked atall
stationary sources of COz in this region and optimized a COz pipeline system forthe transport of281.2 Mtpa
of CO; from 381 emitting facilities. In this scenario, 29,710 miles of CO2 pipeline are built. This is broken
down by diameterin Table 7. These estimates were combined with estimates forthe tonnage of steel per mile
of COz pipeline per diameterof pipe from ICF Incorporated (ICF) International’s 2009 report,** and the total
estimated tonnage of steel for this pipeline was calculated to be 3.2 million tons. Figure 21 depicts how the
Great Plains Institute modeled the pipeline.

Table 7: Pipeline diameters, lengths, and steel tonnage based on GPI analysis

Diameter(nches) | 4 | 6 | 8 | 12 | 16 | 20 | 24 | 30
RYCGRGIEOM 4,712 | 6,063 | 8560 | 5834 | 2675 | 1,790 | 59 16
Steel (tons/mile) 46 67 88 130 | 184 | 208 | 413 | 645

Note: Pipeline represents 281.2 Mtpa of CCS capacity
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Figure 21: Map of GPI focus region with the 381 emitting facilities identified for near and medium-term
carbon capture®®

Note the optimized transportation pipeline network in black.

Dividing by the capacity of COz in this pipeline (281.2 Mtpa),the amount of steelper Mtpa of COz is
calculated tobe 11,363 tons. This is not an exact calculation, butit does provide anotherdatapoint for
magnitude of steelrequired in the 2050 timeframe. Scalingthis value, approximately 22.73 Mt of steelare
required to capture 2.0 Gtpa. The Great Plains Institute report did not examine pumps required for the pipeline.

2.3.2.3 Summary
From the NETL-NZA Model and GPI analysis, it is estimated thata range 0of22.73 Mtto 30.16 Mt of steel is

required to build pipelines. The stainless-steel requirements estimated forpumps is expected to increase the
pipeline steel requirements in a negligible manner, asoutlined in Table 9.

2.4 Storage/Injection

2.41 Technology Overview
As discussed in Section 1.2, aftertraversingthe pipeline, COz is injected into geologic storage. In this report,
NETL’s analysisassumed only saline reservoirs would be used for storage.

The process of injecting COz forgeologic sequestration, under Underground Injection Control (UIC) Class VI
regulations, requires the use of both injection and monitoringwells. These wells are constructed usinga series
of concentric casing strings of varying sizes and lengthsthatare cemented in place to avoid the migration of
CO; or formation fluid into shallower zones of underground sources of drinking water (USDWs). Casing and
cementingdesigns largely follow long-held American Petroleum Institute (API) standards foroil and gas
wells, with notable enhancements in materialto protect casingand cement that may come into direct contact
with COz dueto its corrosive nature in the presence of water. A typicalwell design consists of surface casing,
intermediate casing, long-string casing, and tubing. Surface casingis set from ground level through the deepest
USDW. The intermediate casingis forwells deep enough to require it to add structuralintegrity and
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redundancy to protect USDW. A long-string casingis set from the surface to totaldepth of the well. Tubing is
set inside the long-string casing from the surface to above the injection formation, as seen in Figure 22 and
Figure 23. All casing is required to be cemented to the surface per Class VI regulations.

According to the NETL-NZA Model, the COs stream exiting the pipeline at each storage site (based on CO2
critical pressure: 1,057 psig or 7.39 MPa)is assumed 1,200 psig (8.4 MPa), after which it may be increased to
a higher value,above the formation pressure, before enteringthe wellhead.
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Figure 22: Archer Daniels Midland CCS#2 well schematic representing typical casing and cement program
for COz injector well4
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Figure 23: Minnkota Power Cooperative NRDT-1 well schematic representing typical casing and cement
program for CO2 monitoring well4’
2.4.2 Raw Material Requirements

As discussed, the NETL-NZA Model uses Princeton University NZA data with additionalanalysis to calculate
characteristics of transportation infrastructure (detailed in Section 2.3.2) and injection infrastructure (detailed

below) to meet the 2.0 Gtpa by 2050. Detailed data and material estimates can be found in Section 6,
“Appendix — NETL-NZA Model.”

In calculatingtransportation infrastructure characteristics,the NETL-NZA Model estimates that 2,938
injection wells will need to be deployed across 403 storage projects, spread across seven basins throughout the
United States,asnoted in Table 8.

Table 8: Storage project and injection well count by basin (NETL-NZA Model)

CO.storage Total storage Total

Injection rate capacity projects iniection well

(Mtpal/well) usedin 2050 deployed by ccj>unt in 2050

2050 (count)

A1_Gulf shore 20 343 69 276
A2_Gulf shore 1.0 1153 231 1386
B_Midcon 0.5 49 10 110
C_Williston 0.5 159 32 352
D_lllinois 0.5 147 30 330
E_Florida 0.2 37 8 208
F_California 0.5 112 23 276
TOTALS - 2000 403 2938

Based on these requirements, cement requirements forinjectorand monitor wells in 5-yearintervals were
calculated. Itis approximated that25.84 million cement sacks are required for construction to meet these goals.
In addition to cement, steel casing and tubingare required for the construction of injection and monitor wells;
by 2050, it is estimated that the United States needs an additional 1.6 Mt of steel.

In addition to the pumps and compressors used for CO; entering the pipeline, pumps and/or compressors may
also be required at the storage sites. However, additionalanalysisis needed to determine the quantity and

characteristics of these pumps and compressors. More discussion on pumps and compressors can be found in
Sections 2.3 and 3.5.
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3 Supply Chain Risk Assessment

The findings and analysis described in Section 2 are shown concisely in Table 9. For the United Statesto
create a CCS infrastructure capable of capturing 2.0 Gtpa of CO; by midcentury, the following quantity of
materials are estimated to be used/consumed through the 25 years from 2025 to 2050.

Table 9: Summary of material estimates for 2.0 Gtpa of U.S. CCS capacity by 2050 (from Section 2)

Total Quantity | Annual Required Assigned Risk

wEMATEL Required (total / 25 years) Level
MEA 13.7 Mt 547 .3 kt Medium/Low
TEG 632.1 kt 25.3 kt Low
Total 25-33 Mt 1-1.32Mt
NETL-NZA Model 24.12 Mt 0.96 Mt
Pipeline 2’5;;8',\5’4 Model Sensitivity 30.16 Mt 1.21 Mt
Steel Low
GPI Estimate 22.73 Mt 0.91 Mt
Injection & Monitor wells 1.61 Mt 0.06 Mt
Pumps 0.056 Mt 0.0023 Mt
Cement(Injection & Monitor wells) 1,102 kt 44 kt Low
Cast Iron (Pumps) 225.1kt 9 kt Low
Compressors Additional analysis needed

Note: Twenty-five years assumes that construction will begin in 2025, the first 5-year period of the NETL-NZA Model.

Requisite supply chains necessary to meet these material quantities were examined. Note that smallervolume
materials (e.g., electronics) were not considered forthis risk assessment. The analysis defined threerisk levels
by two factors: (1) the required compound annual growth rate (CAGR) to keep U.S. consumption <5% of
global capacity atany 5-yearinterval,and (2) the ability of the United States to increase consumption.

Table 10: Analysis risk level definitions

Required CAGR for U.S. to

Risk level consume $5% of Global Capacity Ability of the U.S. to increase consumption
Low <10%, forany 5-yearinterval Relat|'vely_easy, glthgrfrom scaling d_omestlc
production, increasingimports from allies, or both
Medium <10 and <20%, for any 5-yearinterval Medium
High =220%, for any 5-yearinterval Relatively difficult

Table 10 defines therisk levels. The percentage of 5% of global capacity waschosen asan arbitrary
conservative estimate. Some may argue that the United States should receive more than 5% of a material
critical to Greenhouse Gas (GHG) abatement; forinstance, the United States accounts for22% of gross
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domestic product and 14% of globalemissions.*® However, the percentage waskeptata lower 10% to allow
for other countries to ensure sufficient material supply to grow their own CCS supply, if needed.

31 MEA

3.1.1  Current Supply Chain

Production of MEA begins with crude oil and naturalgas. The United Statesis a world production leaderin
both hydrocarbons.In 2020, globalproduction of crude oil was 88.4 million barrels per day (bpd)(5.13 trillion
cubic meters across the year).4? Although the majority (31%) of this production came from the Middle East,
the United Statesled all individual countries in production with 18.61 million barrels per day (861 million
cubic metersacross the year) (21.1% of global production).3? In 2020, global production of natural gas was
3.85 trillion cubic meters. The United Statesagain led all countries in this production with 914.6 billion cubic
meters (23.8% of global capacity); othermajor producers include Russia and Iran.>!

MEA production continues with steam crackingthese hydrocarbons to produce ethylene (which is then
oxidized) and steam reformingto produce hydrogen. Ethylene, due to its widespread use in the petrochemical
and agriculture industries, led all organic compound production globally in 2020 at201.32 Mt.5? Although
estimates vary, the United States and North America contribute a large proportion of the global ethylene
production.In 2010, North America led production atabout35 Mt, followed by Northeast Asia with about 31
Mt and the Middle East with about 30.5 Mt.>3 Geographically within the United States, most ethylene
production is tightly clustered in the Texasand Louisiana Gulf Coast region due to feedstock availability.
Majorend-uses of ethylene in 2020 included roughly 60% to polyethylene (the world’s most widely used
plastic) and roughly 20% to ethylene oxide (EtO), which is used in surfactants and automotive antifreeze.’* In
2018, EtO global production was 26 Mt, with the United States producing 2.8 Mt (10.9%), predictably
clustered in the same Texas and Louisiana Gulf Coast region,as shown in Figure 24.33
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Figure 24: United States ethylene production (2014)%

Hydrogen is a comparatively smallermarket than ethylene: globaldemand in 2020 was approximately 91 Mt,
with 46 Mt going to chemicalproduction (34.5 Mtto ammonia, 11.5 Mt to methanol),40 Mt going to oil
refining, and the remaining 5 Mt going to steelmaking.>” Top countries that produced hydrogen in 2020 were
mainly within Europe and Asia.5? Within the United Statesin 2019, the majorhydrogen-producing states were

California, Louisiana, and Texas.?8

MEA production continues with nitrogen and hydrogen beingcombined to produce ammonia usingthe Haber-
Bosch process. The agriculture industry dominates the globalammonia market, accounting formore than 80%
of globalammoniademand in 2018.In 2019, global production forammonia wasover235 Mt, with top
producing countries being China (48 Mt), Russia (12.5 Mt), and India (11 Mt). >° The United States produced
9.8 MT of'this, with production centeringin Louisiana,lowa,Oklahoma,and Texas.

Finally, ammonia and EtO are reacted to produce MEA. In 2020, the global production of MEA was 1.84 Mt.50
MEA'’s primary use is for feedstock in the production of detergents, emulsifiers, polishes, pharmaceuticals,

corrosion inhibitors, and chemicalintermediates.

3.1.2 Discussion - Future Opportunities and Vulnerabilities

From analysis of the materials supply chain and forecasts, MEA risk level forsupply chain disruptions is
medium/low. MEA requirements, plus required CAGR of global MEA capacity forthe United Statesto use
<5% of global capacity ateach5-yearinterval(given global 2020 production was 1.84 Mt), is as shown in

Table11.
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Table 11: Required CAGR of global MEA capacity, such that each 5-year interval only requires the United
States to use <5% of global capacity

Year 2025 2030 2035 2040 ‘ 2045 | 2050

Domestic MEA Required (kt)

(MARKAL Model) 37.69 | 337.98 | 428.55 | 685.99 | 757.16 | 833.96

Required CAGR for U.S. to use
<5% of Global Capacity

0% 14% 1% 11% 9% 8%

As seen, in general the MEA market only needs to scale approximately 10% peryearto allow the United
States to consume <5% of global MEA production, with a maximum of 14% CAGR in the 2020-2030 period
to consume 337.98 kt of MEA in 2030.

Though these are substantialincreases, this CAGR canbe achieved relatively easily, given the abundant
amounts of rawmaterialsneeded to produce MEA and the expertise of the existing industry.

Forecasts could not be located, however, of the primary ingredients of ammonia and EtO; neither draws
concern forthe levels needed by this time range. The ammonia market projectsa 2% CAGR until 2026, which
will likely increase dueto its potentialuses across industries, particularly in hard-to-abate sectors such as
maritime shipping, and with some countries looking to ammonia for decarbonization.®! The ethylene oxide
market is projected >3% CAGR due to increased demand of feedstocks and plastics.®?

Further, even in the most limiting scenarios for MEA ingredients (e.g., hydrocarbon slow-down occurs faster
than expected, MEA demandspikes worldwide due to carbon capture use, etc.) there is more than sufficient
infrastructure and workforce to grow MEA production alongside COz capture capacity. Additionally, if the
United States seeksto continue to de-risk carbon capture, they could also diversify the solvents available for
capture, orthe method of capture entirely (reference Section 1.2 fora discussion on capture methodologies,
such as cryogenic or mechanical processes).

Supplier-wise, MEA has globally distributed production with significant competition. MEA and itsraw
materials are produced globally by majorchemical companies including BASF, Dow, SABIC, DuPont, and
severalsmaller companies. In addition, given the significant numberof large-scale producers, the growth of
MEA can be dispersed across several companies and countries. To support this buildout, MEA producers can
be given adequate notice by the public sector, which would provide sufficient lead-time to meet demand since
typicalprocess plants take roughly 3—4 years from planningto startup,asshown in Figure 25.3 Early notice
may also result in offtake agreements to incentivize producers to increase global production.
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Figure 25: Typical process plant schedule®

Ifthe United States were to grow its domestic production of MEA, it would benefit from a trained workforce
in the closely adjacent oiland gas industry thatit may be able to shift. In 2020, the oil and gas industry
employed almost 2.6 million Americans and supported 9.8 million totaljobs, representing 5.6% of total U.S.
employment. The average wage in the oil and gasindustry,across many professions, exceeds the national
averagerate by nearly $50,000, representingan established, well-paying job for Americans.

However, the oil and gasindustry can be more transitory than otherindustries (for instance, from the short-
cycled nature of shales), leading to higher employingcyclicity. During 2014-2019, the sensitivity of oil and
gas employmentto oil prices was atits highest, especially in upstream andoilfield services sectors.%¢
Fortunately,the MEA industry may be able to avoid typicaloil and gas cyclicity due to relatively constant
productdemand. Additionally, the oil and gasindustry is experiencing a higher average employment age than
otherindustries. Figure 26 depicts the employmenttrend of oil and gas related positions. %’
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Employment trends: At the cusp of employment cyclicality and fading

W Oil & gas extraction M Oilfield services = Pipeline transportation M Refining M Chemicals* -~ WTI spot prices

Weighted average median age of all employees 41.5 years ———> 44 years

Number of employees WTI spot prices
(thousands) (US$ per bbl)
1,800 ' 160
: Mature talent pool
1500 : 140
1,400 120
1,200
H 100
: employment
1,000 P ¢ cyclicity
S ¥ 3 80
800
60
600
40
400
200 20
0 0

» o
% 0,"0',\'%'5&&?\“6,\ %Q’@Q\Q’Q“é”@ '\@“'&r\'\ '{\‘r&\“'{"'ﬁ\'&'\ D
FEF @SS °°°s& LT SE VQ&* O W S F F I

Figure 26: Oil and gas industry employment cyclicity

Other issues that may affect anexpanded MEA workforce include robotic automation, which has started
entering the oil and gas market in the last decade.®® However, it is well-documented that where automation
replacesone job,an adjacent job typically emerges; “where a robot replaces a worker on an assembly line, an
engineer or technician job emerges.”%°

To mitigate these issues, the MEA industry should focus on attractingyoungtalent with applicable skillsets to
the required positions (e.g., keeping up with automation)at competitive wage rates. This will ensure a stable
and continuously growing workforce can meet increasingU.S. MEA demands.

3.2 TEG
3.2.1 Current Supply Chain

As discussed, production of TEG relies on crude oil, which produces ethylene via steam cracking, which is
oxidized to produce EtO, which is then hydrated to produce TEG. Discussion of crude oil, ethylene,and EtO
production can be found in Section 3.2.1.

Global TEG production is relatively small. TEG is primarily produced asa coproduct of ethylene glycol. In
2019, global production of ethylene glycol was 42 Mt (U.S. production accounted for 1.63 Mt).79In2019,
global production of TEG was approximately 500 kt (U.S.-specific data could not be found). Of this 500 kt,
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roughly 50% is used fornaturalgas dehydration systems, with the other 50% going to otherchemical
processes.

3.2.2 Discussion - Future Opportunities and Vulnerabilities

From analysis of the materials supply chain and forecasts, TEGrisk level for supply chain disruptionsis low.
TEG requirements, plus required CAGR of global TEG capacity forthe United States to use <5% of global
capacity ateach 5-yearinterval (given global 2019 production was 500 kt), is asshown in Table 12.

Table 12: Required CAGR of global TEG capacity, such that each 5-year interval only requires the United
States to use <5% of global capacity

Year 2025 2030 2035 2040 ‘ 2045 | 2050

Domestic MEA Required (kt)
(MARKAL Model)

1.05 13.86 | 19.73 31.41 36.38 | 40.57

Required CAGR for U.S. to use
<5% of Global Capacity

0% 0% 0% 1% 1% 2%

As seen, the global TEG marketin 2019 was sufficiently large that, should it not grow 2040, it would still be
large enough forthe United Statesto use <5% of its capacity.

Because TEG is similar to MEA, this CAGR canbe achieved relatively easily, given the abundant amounts of
raw materials needed to produce TEG and the expertise of the existing industry. Though TEG-specific forecast
data could not be obtained, Section 3.2.1 contains discussion of EtO (TEG’s primary ingredient) growth rates,
in addition to applicable discussion on furthermitigation routes by the United States,and applicable workforce
discussion.

3.3 Steel

3.3.1 Current Supply Chain

Steel production begins with the mining of iron ore. Iron ore is mined almost exclusively to be used in the
production of steel. According to USGS, in 2020,2.4 Gt of iron ore was mined, with the United States
contributing 37 Mt, mostly in Michigan and Minnesota. Figure 27 depicts how global steel production has
changed with time. In addition to the mining states, Louisiana, Texas, and Indiana helped produce metallic iron
to supply steelmakingrawmaterials. The USGS estimates that the United States produced 1.5% and consumed
1.1% ofthe world’s iron ore output.”!

Iron ore is then mixed with carbon at very high temperatures, typically above 2600 °F, to produce steel.
Primary steelmakinguses pig iron, which the produceroxidizes to remove excess carbon. Secondary
steelmakingencompasses the process of refining and alloyingsteel. At this point, if the end-use application of
the steel requires a composite, otherelements will be required. Producers will add the necessary elementsand
materials to achieve the properproportions of different grades of steel.

According to the World Steel Association, global production of steel in 2019 was 1.87 Gt, with the United
States producing 87 Mt.”? According to USGS, domestically “pig iron and raw steel was produced by three
companies operatingintegrated steelmills in 11 locations. Raw steel was produced by 51 companiesat 98
minimills.” 73 Indiana, Ohio, Michigan, and Pennsylvania are the main producers, while no other state exceeded
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5% of'totaldomestic production. USGS also notes that,in 2019, the U.S. allies of Brazil, Germany, India,
Italy, Japan,and Korea produced about 376 Mt cumulatively. %

The global capacity forsteelpipe production is estimated at 80 million metric tons.”* Due in large part to the
oil and gasindustry, the steel pipeline manufacturingprocessis very well established. In addition, steel and
pipes can beused for numerous applications, decreasingthe risk to suppliers concerned about demandas well
asthe risk to CCS infrastructure regarding production capacity. Of the estimated 2.1 million miles of oil and
gas pipeline globally, about 65% (or 1.37 million miles) arein the United States.”?
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Figure 27: Global steel production (World Steel Association)

Table 13 and Table 14 show the types of steel analyzed throughout this report and identifies approximations
for the raw materials required based on the percentage of each component.

Table 13: Raw material breakdown of the components required for steel production (% content by mass)

|
g::gL Final Form  Application (l;:oer;
Surface H H 0, 0, 0, 0, 0, 0, 0, 0, 0,
J55STC Casing Injection  [97.31% 1.5% |0.39%|0.02%|0.35% [0.02% [ 0.02% | 0.20%| 0.20%
Intermediate N
‘ J55BTC Casing Injection
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Steel . o Iron
Grade Final Form  Application (Fe) Mn
‘ L80-HC '-O"ga(:if];bm) Injection  |96.56% 1.9% |0.43%|0.03%]0.45% |0.03% 0.35%|0.25%
‘J?SBR:; Longa(scizg’me Injection  83.00% 1.0% |0.22%0.02% | 1.00% [0.01% |14.00% 0.25%| 0.50%
13CR85 f Fayals] 0, 0 0 0 0 0 0 0 0
JFE Bear IRRLLLY Injection  [83.00% 1.0% |0.22%[0.02%| 1.00% [0.01% |14.00% 0.25% [ 0.50%
L80
Coated . -
Prermium ML Injection  [96.56% 1.9% | 0.43%0.03%|0.45% [0.03% 0.35%0.25%
Conn
C9513Cr
oy Tubing Injection  |78.83% 0.6% |0.04%0.02%|0.50% [0.01% |14.00% 4.50%[1.50%
Conn
e Injection
QEL(S:I; Conductor Manitoring 97.59% 1.4% |0.26%|0.30% 0.30% 0.15%
K-55, Surface Injection
‘ BTC Casing Monitoring 99.40% 0.30% 0.30%
L-80, Long-string Injection
‘ Ehis catng Monitoring |26-56% 1.9% [0.43% 0.03% 0.45% |0.03% 0.35%|0.25%
(kio s 818 | ong-string Injection © o o o o o 0, o o
‘ BTC oasing Monitoring [£3-00% 1:0% [0.22%0.02%1.00%0.01%14.00% 0.25% 0.50%
L80
P::elﬂ‘s'zm Tubing h},g’:i‘t’gﬁ;‘g 96.56% 1.9% |0.43%[0.03%0.45% [0.03% 0.35%0.25%
Conn
API5L (R : ol 4 so 0 0 0 0 5 5 0
X65 ipeline | Transportation [97.11% 1.4% |0.28%]0.03% 0.03% 0.50%0.50%|0.15% [0.001%)

Table 14: Cumulative raw material demand (2025-2050) for the alloying constituents required for projected
steel requirements (thousand metric tons, kt)

Weight of
Steel
Steel . o - Iron
Final Form Application Required
S through (Fe)
2050 (kt)
Surface L
Casing Injection 45 43.91 0.68 (0.18 | 0.01 (0.16(0.01(0.01(0.09(0.09 - -
Intermediate | |6 stion 442 faa22 | - | - | - - - - - - | - -
Casing
Long
(carbon) Injection 267 257.40 | 5.06 (1.15| 0.08 [1.20(0.08( - [0.93(0.67 - -
casing
13CR30 [ o
JFE Bear (chrqme) Injection 454 376.75 | 454 [1.00| 0.09 [4.54(0.05(63.55(1.13[2.27 - -
casing
‘j,fgg::r Tubing Injection 6 465 |0.06|0.01|0.00]|0.06|0.00|0.78|0.01]0.03] - -
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Weight of
Steel Steel
Grade FinalForm Application Required
through
2050 (kt)
L80
Coated Iniecti
Premium njection
Conn
C9513Cr
HETOINTGN  Tubing Injection 1 0.42 0.00 (0.00 ( 0.00 (0.00(0.00(0.07 - (0.02| 0.01 -
Conn
B, WELD- _—
¢ Injection
\JEIS Conductor Monitoring 6 6.24 0.09 | 0.02| 0.02 - 10.02 - - - - 0.01
Surface Injection
Casing Monitoring 80 79.08 - - 0.24 - [0.24| - - - - -
Long-string | Injection 91 87.96 | 1.73 [0.39| 0.03 |0.41]0.03| - |0.32[0.23| - -
casing Monitoring
Long-string Injection
casing Monitoring 111 92.41 1.11 10.24 | 0.02 [ 1.11]0.01|15.59( 0.28| 0.56 - -
Premium [y Injection 81 78.30 | 1.54 [0.35] 0.02 |0.36|0.02| - [0.28|0.20]| - -
Flush Monitoring
Conn
API 5L L .
‘ X65 Pipeline [Transportation 30,160 (29,288.07[422.2484.45| 9.05 - |9.05| - [150.8150.8/45.24| 0.30
| Totals (kt) 31,768 | 30,782 | 438 | 88 95 | 80| 9.5| 80 | 154|155 | 45 0.3

3.3.2 Discussion - Future Opportunities and Vulnerabilities

From analysis of the materials supply chain and forecasts, steelrisk level forsupply chain disruptionsis low.
The most significant amount of steel will be needed for the transportation pipeline. According to the analysis
performed in Section 2.3 and detailed in the Appendix below, this will be somewhere in the range of 22 Mt
(Great Plains Institute)and 30.16 Mt (NETL-NZA Model Sensitivity Analysis), dispersed across25 years. A
smaller amount of steel will be used forinjection and monitorwells, estimated at 1.6 Mt of steel.

This analysis will not examine the steelneeded forother partsin detail; however, they are not insignificant.
The capture, drying, and liquification processes will require steel in the form of absorption towers, contactors,
drums, boilers, heat exchangers,and othersmallerparts. The transportation process, in addition to requiring

steel for pipeline, will require steel for hundreds of pumps. Steel will also be needed for construction of this
infrastructure.

High-level steel requirements, plus required CAGR of global steel capacity forthe United States to use <5% of
global capacity ateach 5-yearinterval (given global 2020 production was 1.87 Gt), is shown in Table 15.
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Table 15: Required CAGR of global Steel capacity, such that each 5-year interval only requires the United
States to use <5% of global capacity

2025 2030 2035 2040 2045 2050
NETL-NZA Model

Domestic Steel Required (Mt)
(NETL-NZA Model)

Required CAGR for U.S. to use
<5% of Global Capacity

NETL-NZA Model Sensitivity Analysis

Domestic Steel Required (Mt)
(NETL-NZA Model Sensitivity
Analysis)

Required CAGR for U.S. to use
<5% of Global Capacity

Infact,the global steel market does not need to grow until the case where the United States plansto use less
than 0.05% of globalcapacity.

The same analysis was performed for global steel pipe capacity (80 Mt in 2020). Although additionaldepth to
this analysis would be needed to break down manufacturingby pipe diameter, growth is only if the United
States planstouse less than 5% of global capacity. Table 16 shows the steel in pipe form required and the
CAGR needed to meet demand such that the United Statesuses less than 5% of global capacity.

Table 16: Required CAGR of global steel pipe capacity, such that each 5-year interval only requires the
United States to use <5% of global capacity

2025 2030 2035 2040 2045 2050
NETL-NZA Model

Domestic Steel Required (Mt)

(NETL-NZA Model)

Required CAGR for U.S. to use
<5% of Global Capacity

NETL-NZA Model Sensitivity Analysis

Domestic Steel Required (Mt)
(NETL-NZA Model Sensitivity 3.97 8.47 7.71 7.98 3.38 3.97
Analysis)

Required CAGR for U.S. to use
<5% of Global Capacity

0% 8% 4% 4% 0% 0%

As shown, ata high level both the global steel and global steel pipe markets can easily support the United
States building a CCS pipeline of 2.0 Gtpa by 2050, in a variety of cases. Interviews with industry experts
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resulted in a small concern that specialty piping and machining within the U.S. market could be a potential
manufacturing gap. This risk is mitigated by the broad globalmarketand allieshavingpiping capabilities.

Generally, the market beingable to supporta CCS buildout of this size is beneficial, because while most
forecasts see global steel production growing by 2050, most do not see considerable growth. For instance,
World Steel Dynamics offers a prediction of only 0.91% growth from 2019 to 2050.76

The components of steelnoted in the tablesabove are also not expected to pose risks to the supply chain,
especially acrossa global market. Further, many of these mineralmarkets will grow by 2050 with expansion of
the global economy.

e Iron Ore: The 30.78 million tons of iron required across 25 yearsamounts to about 1.23 million tons
per year, which is about3.3% of2020 U.S. production and <0.05% of 2020 globalproduction. Iron is
not expected to lead to supply chain bottlenecks.

e Manganese: The 437.53 kt of manganese requires across 25 yearsamounts to about 17.5 kt peryear.
Manganese ore hasnot been mined in the United States since 1970. The imported ore was used by six
firms with plants primarily in the eastand midwest United States, mostly to produce steel. 310 kt of
manganese ore was imported for consumption in 2020, meaningthe manganese required forthis CCS
project would be 5.6% of that consumption peryear. Global production reached 18.5 Mt in 2020.77
The United States would use about 0.09% of globalsupply per year. Manganese isnot expected to
lead to supply chain bottlenecks.

e Carbon: The carbon required in steelmakingis typically added in via coking coal, or metallurgical
coal. Although the domestic coalindustry appearsto be in decline asthe United States transitions
away from the fossil fuel, it is still a large market globally and is expected to continue to be in the
future. Globally, coking coal production reached 1,007 Mtin 2019.7% Carbon via coalis not expected
to lead to supply chain bottlenecks.

e Phosphorous, silicon, sulfur, chromium, copper, nickel, and molybdenum all share similar stories.
The United States produced 130 kt of chromium in 2020 via recycling, while the global mine
production was40 Mt. The United Statesproduced 290 kt of'silicon in 2020, with global production
reaching 8 Mt. The United States produced 7.6 Mt of sulfur in 2020, while global production reached
78 Mt. The United Statesmined 1.2 Mt of copperin 2020, supportingthe globe’s 25 Mtoftotalmine
production. The United Statesmined 16 kt of nickel and imported 110 ktin 2020, while the globe
produced 2.5 Mt. The United States mined 49 kt of molybdenum in 2020, while global production
reached 300 kt.”?

In the event the United States does have trouble supportingthe pipeline requirement, there is ample
opportunity forsourcing some of the 372 Mt of raw steel produced in the allied countries of Brazil, Germany,
India, Italy, Japan,and Korea.

Additionally, in the case that oil and gas pipeline expansion may slowin the comingyears, it could be
expected that the consumption previously seen from that industry may be available forthe modeled CCS
system. For reference, recall that the modeled CCS infrastructure requires about 70k to 96k miles of pipeline,
which is roughly 7% of all currently installed domestic oil and gas pipeline in existence today.
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An additionalperspective offers a view into the existing oil and gas pipeline infrastructure. As noted
previously and shown in the Figure 28, the United States hasapproximately 1.37 million miles of oil and gas
pipeline. The first were built well over 100 yearsago, but for the purposes of this analysisand based off the
Figure 28 below, the assumption that most modern gas pipelines were constructed no earlier than 1950 will be
used. Thus,over the past 72 years this translates to the oil and gas industry having constructed about 19,000
miles of pipeline per year. Using the conservative estimate, the CCS models analyzed in this report only
require about 96,694 miles totalover25 years,comingout to about 3,868 miles per year. Based on these rough
order of magnitude estimations, it is once again fairly evident that the demand of steel pipelines will notbe an
issue forthe United Statesto build out the necessary COz infrastructure. The varying miles installed across
time periods also lends to the idea that steel production can be ramped up fairly easily dependingon demand.

Nationwide Onshore Natural Gas Transmission Pipelines
Year Installed
Source - PHMSA 2015 Annual Data as of 10/1/15

80,000

70,000

60,000

50,000

Miles

40,000

30,000
20,000

Installed pre Installed Installed Installed Installed Installed Installed Installed Installed 2010-
1940 or 1940-1949 1950-1959 1960-1969 1970-1979 1980-1989 1990-1999 2000-2009 present
unknown

Figure 28: Miles of pipe installed across various time periods®

According to the Bureau of Labor Statistics, since 1990, United States Iron and Steelmill employment has
decreased roughly 50% (from approximately 185,000 to 90,000).3! This decline in expansion is not due to a
decline in production, butratheran improvement in steel production efficiency, primarily the “minimill.” The
minimill produces steel from scrap metalusing an electric arc furnace,ratherthan a traditionalblast furnace
mill. In2002, minimills overtook the traditionalblast furnace mills for steel production,accordingtoa 2003
government report on the changing profile of the U.S. steel industry.32 Figure 29 show how laborhas changed
in the industry over time.
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Figure 29: U.S. iron and steel mill employment

Note: Value is in thousands, seasonally adjusted

3.4 Cement

3.41 Current Supply Chain

Global production of cement was estimated at4.1 Gtin 2019 by USGS; ofthis amount, the United States
produced roughly 87 Mt (it has consistently produced thisamount overeach of the last few years).

Several of the companies operatingin this industry domestically are internationalcorporations with dozens of
plantsaround the world and in the United States. USGS provides that cement wasproduced at 96 plantsin 34
states,as well asa few in Puerto Rico.®3 In 2020, Texas, Missouri, California, and Florida led the United States
in production,and accounted forabout half of domestic production. The top cement manufacturers in the
United States are Lafarge Holcim, Cemex, CRH,and BuzziUnicem. On top of producing cement, the United
States was also the world’s top cementimporterin 2020 at 17 Mt.34

Cement production begins with the mining of mineral compounds containingthe main components of cement:
lime, silica, alumina, and iron oxide.®’ In nature, these components are generally obtained with a mixture of
limestone and marlor limestone and clay. A kiln heatsa mixture of those materials,as well as some other
mineraladditives, to create clinker, typically in the form of small pellets. The clinker is ground with gypsum
to become a fine powder known as cement. Table 17 lists the contents of standard Portland cement.

45



CARBON CAPTURE, TRANSPORT, & STORAGE SUPPLY CHAIN DEEP DIVE ASSESSMENT

Table 17: Raw material percent content for cement 8¢

Constituents of Ordinary Portland Cement

Constituents Percent Content (%)
Lime (CaO) 60-67
Silica (Si02) 17-25
Alumina (Al203) 3.0-8.0
Iron Oxide (Fe203) 0.5-6.0
Magnesium Oxide (MgO) 0.1-4.0
Sulphur Trioxide (SO3) 1.3-3.0
Alkalies (K20, Na20) 0.4-1.3

About 16,000 kt of lime were produced in the United Statesin 2020.87 Approximately 71,000 kt of silica in the
form of sand and gravel was produced in the United Statesin 2020.88 The other constituents are used in cement
production atlow levels butare widely available.

3.4.2 Discussion - Future Opportunities and Vulnerabilities

From analysis of the materials supply chain and forecasts, cement risk level for supply chain disruptions is

low. At a high level, a totalcement requirement of 1.1 Mtover25 yearsis also negligible forthe U.S. domestic
supply chain,asit roughly equals 44 kt per year. Even if this CCS infrastructure buildout occurred in just one
year, the cement requirement for storage and injection would only be 1% of'the annual 90 Mt produced in the
United States.

Further, if the United States does happen to struggle to meet this relatively insignificant demand increase, the
global cement industry is vast and is projected to expand overthe yearsleadingto 2050. For example, part of
the reason the United Statesled cement importingin 2020 was because of inexpensive imports. This provides
furtherreassurance to the supply chain in that, if there were significant spikes in demand due to or outside of

the CCS industry, supply could be ramped up to suffice.

The IEA projects that globalcement production will grow about 12-23% by 2050, ultimately reachinga range
0f4,592 to 5,043 Mtproduced in 2050. Most of this capacity is expected to be consumed by developing
regions in India, Asia, Africa, and the Middle East.?’

Lime can account for 67% of concrete content, amountingto a requirement of 737 kt over 25 years. This
quantity is a mere 4.6% of what the United States producesannually. Silica can make up about 25% of
concrete content at the high end, amountingto a requirement of 275 kt over 25 years. This quantity isabout
0.4% of what the United States produces annually. Thus, the constituent materials of cement are not of
concern.

3.5 Pumps and Compressors
3.5.1 Current Supply Chain

Pumpsand compressors are both large, global industries, ubiquitous in countless machinery use cases. The
global pump market currently exceeds $60 billion. The market is distributed with over 10 manufacturers
domestically and atleast that many internationally. These are companies such as LEWA, Grundfos, Hayward
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Tyler, Baker Hughes, Ingersoll-Rand, and Sulzer. The global compressor market currently exceeds $32
billion.?0

As noted, pumpsrequire cast iron and stainless steel. In 2020, the United States produced 37 million metric
tons of iron ore, 2% of which, or 740,000 tons, were used for non-steelend uses.’! Since iron ore does need to
be refined to reach the cast iron product, a betterreference may be the iron content of the ore. The iron content
produced in 2020 was about 24 million tons, translatingto about 480,000 tons used fornon-steelend uses.

3.5.2 Discussion - Future Opportunities and Vulnerabilities

From analysis of the materials supply chain and forecasts, pump and compressorrisk level forsupply chain
disruptions is low.

Because similar pumps are common in the oil and gas industry, there are a wide variety available similar to the
onesneeded forthe COz pipeline. Various market analyses show the global pump market growing by >3%
CAGR overthe comingyears, driven by oil and gas growth.?2 The approximated 500—1000 pumps required for
2.0 Gtpa of CO2 capture will not be a significant strain on the industrial base, especially over 25 years.
Industry experts have noted that a CCS project of the scale modeled in this report would be the largest acid gas
handlingproject to date,butasit comparesto the oil and gas industry, it is miniscule. That said, compressor
and pump technology may have to scale with this project asthe application of acid gastransport is slightly
different than oiland gas transport.

Compressors, like pumps,are common in adjacent industries. The compressormarket is large and projected to
grow ata CAGR of >4% over the next 5 years.?3 Compressors are a key component to the natural gas
infrastructure,and so it can be expected thatas LNG expandsto developing countries, compressor
manufacturers will supply. The demand forcompressorsin the CCS space is not expected to drastically
increase in comparison to the natural gas industry, but as growth is expected generally, compressors will not
cause a supply chain problem in the buildout of this CCS infrastructure.

The materialrequirement forpumpsis most likely negligible. Asnoted in Section 2.3.2.1, the estimated pump
materialrequirements are about 225.1 kt of castiron and 56.28 kt of steel. These materials will notbea
hindrance to the supply chain, especially overthe 25-yearbuildout period. The cast iron required comes out to
9 ktperyear, only 1.9% of the iron content of iron ore produced in the United States. As 87 Mt of steel were
produced in the United Statesin 2020, the steel requirement in these pumpsis only 2.6% of the U.S. annual
production. Expandingscope to the entire globe, these materialrequirements are not of concern.

For both pumps and compressors, there is a large and diverse pool of suppliers in both the domestic and global
markets. Although the raw materials are not expected to create supply chain risk, there may be very small
concerns with this specific acid gas transport equipment, as it has been noted to be the largest such project to
date.
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4 U.S. Opportunities and Challenges

4.1 Key Opportunities

4.1.1 Growth to the American Economy and Workforce

Overall, the growing CCS industry provides opportunities forjobsacross various industries, including, but not
limited to, the fields of raw materials (e.g., MEA, steel), engineering and design (e.g., design of carbon
capture, pipelines, injection sites, SCADA), construction (retrofitting, pipeline development, injection sites,
trucking), operation, and maintenance.

While the industry is in its infancy, there are clear indications that building outa 2 Gtpa CCS economy will be
an enormous employment opportunity. Based on diverse estimates detailed below from literature and NETL
modeling, the cumulative employment neededto achieve thisambition range from about 390 thousand to 1.8
million people. Table 19 provides a summary of the wide range of workforce numbersthat may be required to
implementa CCS plan of capturing2 Gtpa by 2050.

The following sections provide overviews of reports from the Great Plains Institute and the Global CCS
Institute, followed by Section 4.1.1.3, which scales workforce estimations from both reports to obtain rough-
order-of-magnitude workforce predictions. These reports had to be scaled as their carbon capture goals were
both well below 2.0 Gtpa.In this same manner, the amount of capture projects predicted were lower aswell, as
discussed below.

4.1.1.1 Great Plains Institute and the Rhodium Group

The economic analysis performed by the Rhodium Group, commissioned by the GPI, identified economic and
workforce impactin the midcontinent region of the United States from CCS.?3 Throughout the region, 444
industrial facilities and power plants were identified as havingpotential forretrofitting carbon capture systems,
asshown in Table 18. The analysis was carried out with the assumption that all projects would be deployed
within the 15-yearperiod from 2021-2035. Although those projects only amounted to capturingabout 642
Mtpa of CO», the analysisis helpful in understandingthe range of workforce possibilities. These jobs strictly
pertain to carbon capture retrofits and transport and do not include indirect work or otherpositions at the
facilities.

For the midcontinent region, GPI estimatesthat thereis potentialforan “annualaverage ofupto 76,430
projectjobs... and 39,672 ongoing operationsjobs through the deployment of carbon capture.””* By simply
scaling these capture estimates by 3.1 to go from 642 Mtpa to the desired 2 Gtpa of CO: captured, workforce
estimates increase to an annualaverage of nearly 240,00 project jobsand nearly 123,000 ongoingoperations
jobs. Table 19 shows a slightly different, but similar estimate based on this GPI report, which will be further
detailed in Section 4.1.1.3. Scaling by 3.1 is meant to provide a low fidelity, rough order of magnitude and
may imply that carbon capture retrofits and pipeline infrastructure is expanded across the entire United States.
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Table 18: Estimated workforce impact of CCS expansion. From Great Plains and Rhodium Group.2

CARBON CAPTURE JOBS AND ECONOMIC IMPACT SUMMARY

Industry Number of  Total Capture Target Private Investment Annual Average Annual
Facilities Million Metric Tons Million Dollars Project Jobs Operations Jobs
2021-2035
Ammonia 6 (e){e) $325 - $475 90-135 135 - 167
Cement 45 32.5 $4,760 - $7,150 1,500 - 2,240 1,360 - 1,870
Coal Power Plant 62 355 $75,600 - $112,400 21,820 - 32,730 13,890 - 20,780
Ethanol 150 44.3 $2,291 - $3,431 658 - 990 1,098 - 1,535
Gas Power Plant 67 113.8 $35,600 - $56,400 11,030 - 16,570 6,550 - 9,850
Gas Processing 20 4.7 $276 - $407 83-125 102 - 146
Hydrogen 39 225 $2,375 - $3,485 725 - 1,080 726 - 1,024
Petrochemicals 2 2 $500 - $700 150 - 220 110 - 160
Refineries 45 331 $5,720 - $8,570 2,275 - 3,430 1,450 - 2,040
Steel 8 24 $4,890 - $7,340 1,540 - 2,310 1,450 - 2,100
CO; Transport Infrastructure - - $31,860 16,600 -

4.1.1.2 Global CCS Institute Report

The Global CCS Institute notes that workforce requirements for construction projects are often temporary and
vary from project to project and throughoutthe timeline of each project. However, it is common to require
thousands of workers during peak construction demand for infrastructure projects, as seen with the Boundary
Dam CCS facility in Canada (1,700 people)and the Alberta Carbon Trunk Line (2,000 people).?> Although
construction is short-term in nature, asthe CCS industry is expected to grow, these employees may have the
opportunity to work on a project-to-project basis, working where the demand is prevalent. Based on these
examples and forpurposes of approximation, the next section notes that an estimated 1,000 employees will be
assumed to be required foreach capture project.

Additionally, although smallerin terms of quantity of workers, carbon capture facilities require employees
consistently throughout the duration of the capture plant’s operation. The Global CCS Institute has found that
typicalcarbon capture facilities require about20 people. These employees vary in skill level, with positions
including “managers, operators, maintenance personneland lab technicians.”?¢

Additionally, CCS can help support high-value industries in continuing to make products in a more sustainable
manner, increasing their ability to contribute to the economy while lowering their impact on the environment.
These industries, such as steel, cement, aluminum, paper, petroleum, and chemicals employ over29 million
people globally and contribute indirectly to a multitude of jobs both down and upstream. Without CCS, these
economically important industries may struggle to positively contribute to net-zero goals both domestically
and globally.

4.1.1.3 Scaling Workforce Estimates from GPI and Global CCS Using NETL-NZA Model

This section extrapolates and summarizes the findings from the previous two externalreports, which both had
smaller capture goals, to obtain a workforce estimate forthe 2.0 Gtpa scenario modeled in this report.In doing
so, the scaled NETL-NZA Modeldetailing the numberof capture projects deployed in 5-yearintervals was
used, asshown in the first row of Table 19. Since GPI estimates different numbers of employees dependingon
the type of capture project (industrial versus power), capture sites were broken down by implementingthe ratio
determined by the GPI report. GPI stated that out of 444 capture projects, 315 would be industrial facilities and
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129 would be power facilities. With this ratio of about2.5:1, industrialto power, the second and third rows of
Table 19 identify how many of each type of project are required to meet the 2.0 Gtpa goal. As the GPI report
suggests that industrial facilities require about 28 operations jobs on average and power plants require about
237 operations jobs on average, these figures were multiplied by the respective amount of each facility type
and summed togetherto obtain a totalnumber of operations employees. A similar calculation was performed to
obtain project employee estimates, given that industrialfacility CCS retrofits can create an average of 33
project jobs while power plants can create an average of 382 projectjobs. The results of these calculations are
seen in Table 19, ultimately totaling 155,975 operations employeesand236,273 project employees, based on
the GPI report.

The last two rows are estimates developed by leveraging the Global CCS estimate of about 20 employees per
facility for operations positions. Since the GPI report mentioned that it is common forthousands of employees
to be hired for infrastructure projects, the estimate forproject jobs wasassumed to be 1,000 employees for
every project. This approximate may be drastically high, as many retrofit projects require significantly fewer
than 1,000 project employees. Still, this estimate may offera top-end range of potential workforce impact.

Table 19: Carbon capture economy: Number of projects and employees (5-year intervals)

Category 2030 | 2035 2040 2045 | 2050 Grand Total
Total Estimated CO; Capture Projects KIS 556 465 431 271 1758
) . . g .
5 Estimated Indu_strlal Facility Projects 25 394 330 306 192 1247
5 (GPI extrapolation)
& : :
Estimated Power Plant Projects 10 162 135 125 79 511

(GPI extrapolation)

# of Operations Employees

(GP! extrapolation) 3,105 | 49,330 | 41,256 | 38,240 | 24,044 155,975

# of Project/Infrastructure Employees
(GPI extrapolation)

4,704 | 74,726 | 62,495 | 57,926 | 36,422 236,273

# of Operations Employees
(Global CCS extrapolation)

# of Project/Infrastructure Employees
(Global CCS extrapolation)

700 | 11,120 | 9,300 | 8,620 | 5,420 35,160

Employees

35,000(556,000|465,000(431,000|271,000| 1,758,000

4.1.2 Development of Diverse Supply Chains

As outlined in Section4.1.1, there is a substantial opportunity to leverage the CCS buildout for American
economy and employment growth. However, the United States has many allies that produce required materials
in significant quantities. In addition to developing American capabilities where applicable (and a competitive
advantage exists), there are also opportunities to develop diversified supply chains with U.S. allies and
partners, where they have a comparative advantage.

4.1.3 Technological Innovations for Other CO2 Use-Applications and Capture Technologies
Currently, the primary revenue source for capturing COz is the restoring of depleted oil and gasreservoirs for
re-use. Secondarily, the IRS 45Q (discussed in Section 1.4) providesa tax credit for 12 yearsaftera carbon
capture projectis active. While these are a start, without additionalrevenue sources, there is very limited
incentive for private industry to adopt and contribute to this CCS model.
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One revenue option is to assign value to the captured CO;. This option is discussed in the policy suggestion
document related to this report. The other revenue option is to commercialize technologies that can extract
additionalvalue from the captured COz. Potentialapplications include liquid fuels, chemicalsand plastics,
acceleration forthe growth of algae,novel materials (carbon composites, carbon fiber, graphene), soda
carbonization, refrigeration,and more. In June 2020, the White House Council on Environmental Quality
(CEQ) delivered a report that discusses the United States’role in CCS to meetits 2050 goals.®” In this report,
additionaluses of captured CO» are discussed.

Additionally, there are also several technologicalpathways to explore pertainingto the capture of carbon.
These are discussed in Section 2.1.1.2, but additional opportunities arise in the areas of research including
capture via forests, biomass, soil, minerals, and the ocean.”®

4.2 Key Challenges

4.2.1 MEA Production Capacity

As discussed in Section 3.1, MEA is the only studied materialthat thisreport highlights asa “medium” risk.
This section lists severalpossible mitigation measures to increase chances that the industry grows at the
required CAGR and maintains a healthy workforce levelto ensure that capacity increases could be met.

4.2.2 Financing

As discussed in Section 4.1.3,there is a need for otherrevenue sources for captured COz. Currently,one of the
primary revenue sources is from the IRS 45Q tax credits, which expire after 12 years of continuous operation
of'a capture facility. After these 12 years,unless otherrevenue sources can be located (e.g., from the U.S.
government providinga carbon tax oradditional carbon capture credits, or from technologicalinnovations that
extract additional value from captured COz), these facilities will be forced to shutdown.

4.2.3 Pore Rights

Across many industries such asrailroad, oil and naturalgas,and powertransmission, access to thin, long
stretches of land has been crucial to the success of the project. Traversing hundreds, sometimes thousands, of
individual and private landowners is a drastic issue for long distance infrastructure projects. This proposed
CCS modelis no exception, especially when it comes to pore rights. While pipelines certainly present the issue
of landowneragreement, the issue of pore rights may be even more complex and difficult to tackle. Pore rights
pertain to the question of who has ownership of “the underground pore space where the carbon would be
injected and stored”?? Typically, property rights are split into two categories: the surface estate and the mineral
estate. When the mineral and surface estates have been separated, states in the United States follow either the
“American rule” or the “English rule.” The American rule gives ownership of any geological formations to the
surface estate, while the English rule gives ownership of the pore space to the mineralestate. However, the
Americanrule doesallow mineral estate owners to use the pore space during mineral extraction,to a
reasonable extent. Complexity isadded when considering different state laws and traversingacross state
borders. Several lawsuits have taken place in various states, including Texas, surrounding pore rights
engagements and they had varied andinconsistent outcomes. However, many states are currently undertaking
or haveundertaken legislative and regulatory actions to clarify these issues and provide developers of CO2
saline storage projects more certainty with respect to these issues. Examplesinclude the development of
provisions like providing pore space holders liability protectionsif an injection project leaks and developing
pooling agreements provisions that allow pore space rights to be combined or consolidated. %0
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5 Conclusion

This report examined CCS technologies and associated supply chains that will be required to support U.S.
goals in 2050.

Currently, there do not appearto be any significant materials supply chain risks for CCS even in the most
limiting future scenarios. While the materials needed are extensive, the markets forthese materialsare already
quite large and have room to expand. Additionally, the availability of the raw materialsneeded to produce
these materials and components is not a hindrance to increasing production.

Inthe case of MEA, the market isnot currently large enough to accommodate CCS needs, but production
could be increased to meet demand with advancednotice. There are several policies that could be enacted to
help promote early growth in CCS infrastructure that would spread the need formaterials overa longer
timeframe, further decreasingalready low supply chain risks.

There are various opportunities and challenges in this proposed CCS model. Significant growth to the
American workforce is expected, as some estimates approximate this industry could createup to 155,000
operationsjobsand potentially 1.76 million temporary project andinfrastructure jobs. There are also numerous
opportunities forresearch and innovation in the CCS space, including leveraging the captured carbon for
additionalrevenue streams such as applications in liquid fuels, chemicals and plastics,and novelmaterials.
Alongside these opportunities are a few challenges as well, such asfinancialincentives and pore rights fora
project this large.

Finally, CCS infrastructure can be supplied in a large part by U.S.-made components. Expandingperspective
to the global scale by leveraging allied countries and their industrial bases, the modeled CCS infrastructure is
notexpected to experience any significant supply chain bottlenecks. As noted, the goal of capturingand
storing 2.0 Gtpa of CO; and the subsequent models analyzed in this report are very conservative, and so since
the materialrequirements at this scale can be easily met, concerns of supply chainrisk in any smallerbuildout
scenarios are largely mitigated.

Recommended policy actions to address the vulnerabilities and opportunities covered in this report may be
found in the Department of Energy 1-yearsupply chain review policy strategies report, “America’s Strategy to
Secure the Supply Chain fora Robust Clean Energy Transition.” For more information, visit
www.energy.gov/policy/supplychains.
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6 Appendix— NETL-NZA Model

After receiving Princeton University data,the National Energy Technology Laboratory (NETL) Model
methodology involved (1)filling in data not provided by Net Zero America (NZA), (2) scaling the entire
dataset from 1.6 gigatons perannum (Gtpa)to 2.0 Gtpa carbon dioxide (CO2) stored in 2050, and (3)
cataloging, on 5-yeardeployment intervals, transportation and injection characteristics (using several sources:
Office of Fossil Energy and Carbon Management [FECM]CO2 Transport Cost Model, CO2_T COM; the
FECM CO2 Saline Storage Cost Model, CO2_S COM; and Underground Injection Control [UIC] Class VI
storage permits), and finally (4) translatingdata into raw material requirements.

6.1 Filling in Data Gaps

There were severalareasthatthe NETL-NZA Modelrequired that the Princeton University NZA report did not
provide.

First, while the NZA report provided totalestimated CO; storage projections fora 1.6 Gtpa scenario, it did not
provide the 5-yeardeployment schedules. To cover this, NETL derived the schedule by dividing the
cumulative spurline mass flow rate for a given 5-yearinterval by 5 Mtpa. The CO; storage project 5-year
deployment schedule was furtherbroken down by basin (the NZA study,and consequently the NETL study,
broke the United States into seven regions) proportionally based on the reported numberof “plays” (presumed
to be individual storage projects) per basin,and the reported injection well mass flow rate per basin. Figure 30
is a map highlighting the location of these storage basins with respective mass flow rates, while Figure 31
shows how the pipelines are distributed.
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Figure 30: Map of NZA (and NETL analysis) basins for CO2 storage, and per basin injection well mass flow
rates
Note: mmtpa = million metric tons per annum, or Mipa

The second was a lack of distribution and sub-distribution pipeline modeling. To coverthis, distribution
pipelines were estimated to be 10 miles in length and were determined to be sized to anaverage of 5 Mtpa COz
mass flow rate, to match the implied mass flow rate size of each storage site in the NZA project. Quantity of
sub-distribution pipelines and their associated mileage were calculated based on: (1)the injection well count
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per project, which is injection rate- (and therefore basin-) dependent,and (2) injection well spacing, assumed
tobe 10 square miles, based on default values in the NETL-NZA Model.

Map view of 10 mi2 injection well spacing for projects 0.2 Mtpa/Inj
2 Mtpa/Inj 1 Mtpa/Inj 0.5 Mtpa/Inj 26 wells

4 wells 6 wells 11 wells
Each Inj Well has a 10 mi2
area; making the radius
1.78 miles; well spacing is
3.59 miles

Figure 31: NETL distribution pipeline diagram

Figure 32 is a diagram of the injection wells thatshows additionaldetails about howthese injection wells are
situated along with their distribution lines.

MAP VIEW

Distribution manifold

0.5 Mtpa injection well

™

O 10 mi2injection well area
#

\

Injection well spacing number,
relative to the distribution manifold

0.5 Mtpa sub-distribution pipeline

10 mile, 5 Mtpa distribution pipeline

Trunkline

Figure 32: Typical injection site with the well area, sub-distribution, distribution, and trunkline pipelines
highlighted

Itis important to note that the hexagonal tessellation of 10 mi? injection well areasresult in linear well spacing
of 3.57 miles, makingeach sub-distribution pipeline segment length a multiple (dependent on injection well
spacingnumberrelative to the distribution manifold) of 3.57 miles. In the example shown in Figure 31, 11
injection wells are required fora 5 Mtpa storage project with 0.5 Mtpa injection rate, due to one additional
injection well required for redundantuse while any otherone injection well is not operationalduringroutine
maintenance, following NETL-NZA Model logic.

6.2 Scalingto 2.0 Gtpa

As discussed, the NZA scenario closest to the Department of Energy's (DOE’s) 2.0 Gtpa goal stores 1.6 Gtpa
CO2in 2050.To scale, all pipelines were scaled proportionally, by 5-yearintervals, to total2.0 Gtpa in 2050
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for both spurpipelines and distribution pipelines. Sub-spur, trunkline, and sub-distribution lines can all vary
from a cumulative 2.0 Gtpa in 2050. This variance is caused by severalreasons. First, not every CO; source is
linked to the Carbon Capture and Storage (CCS)network by sub-spurs (as schematically illustrated in Figure
18). Second, trunklines are used to balance CO; between basins, resulting in some fluctuation in mass flow.
Third, sub-distribution pipelines’ mass flow rates will depend on operationalvariations atindividualstorage
sites.

Additionally, storage sites were also scaled proportionally by 5-yearintervalsto total2.0 Gtpa in 2050. Table
20 shows the breakdown.

Table 20: Number of CO2 capture projects deployed by 5-year interval (NETL-NZA Model)

Year | 2030 | 2035 | 2040 | 2045 | 2050 | Grand Total

# of CO> capture projects

6.3 Cataloging Transportation and Injection Characteristics

To catalogthe pipeline item needson a 5-yearintervalbasis, the NETL-NZA Modelscaled capture projects
(size and count,asdescribed above), pipeline segments (size and length), pumps (size and count), injection
wells’ casing (sizes and lengths), injection wells’ cement (types and amounts), monitoring wells’ casing (sizes
and lengths), and monitoring wells’ cement (types and amounts).

6.3.1 Transportation Characteristics

The NETL-NZA Modelestimated unique pipeline segment diameterand thickness, as well as the numberof
pumpsand pump size (with respect to maximum powerrequirement, in kilowatts (kW)) using each segment’s
mass flow rate and length assumingan 85% capacity factor. The NETL-NZA Model also optimized for
pipeline segment diameter, pipeline wall thickness, and the number of pumpsneeded by incorporatingmajor
components such as operation timeframe, annualmass flowrate of COz, pipeline distance,and the elevation
change from the input to the output of the pipeline segment. 0!

The NETL-NZA Modelalso estimates the number of pumpsrequired fora given nominalpipe diameter. The
numberof pipes estimated can be correlated to a specific kW using the graph below. Note that the y-axis of
Figure 33 hasbeen log transformed; the inset is a linear scale. Pipe diametervalues are integers and data have
been slightly jittered around these to reduce overplotting.
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Figure 33: Relationship between pump power requirements and nominal pipeline diameter for the 595 pumps
needed cumulatively in model results

Finally, because the NETL-NZA Model uses trunklines that have significantly larger mass flow ratesthan any
COz pipeline in existence today, a sensitivity analysis was run using trunklines limited to 30” in nominal
diameter (hereafter, “NETL-NZA Model Pipeline Diameter Sensitivity Analysis”). This scenario increases the
number of parallel trunklines needed to achieve the same mass flowrate as a single, larger pipeline. For
reference, the largest CO; pipeline to date is the 30” Cortez pipeline.'9% This scenario was performed due to the
concern that pipelines larger than 30” would put excess stress on the domestic supply chain, asthese pipes are
notstandard. Table 21 through Table 24 describe the difference in materialrequired to accomplish an
infrastructure built with the pipes noted in each scenario.

Table 21: Pipeline requirements by nominal pipe diameter (NETL-NZA Model)

Nominal Pipe Miles of Miles of Miles of Miles of Miles of Grand Total
Diameter (in) Pipe-2030 Pipe-2035 Pipe-2040 Pipe-2045 | Pipe-2050

Grand Total
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Table 22: Pump requirements by nominal pipe diameter (NETL-NZA Model)

2030 2035 2040 2045 2050 Grand Total

Nominal Pipe | # of Pumps- | # of Pumps- | # of Pumps- | # of Pumps- | # of Pumps-
Diameter (in)

Grand Total

Table 23: Pipeline requirements by nominal pipe diameter (NETL-NZA Model Pipeline Diameter Sensitivity
Analysis)

NominaIPipe‘ Miles of ‘ Miles of ‘ Miles of ‘ Miles of ‘ Miles of

Diameter (in) | Pipe-2030 | Pipe-2035 | Pipe-2040 | Pipe-2045 | Pipe-2050 ‘ e [

Grand Total

Table 24: Pump requirements by nominal pipe diameter (NETL-NZA Model Pipeline Diameter Sensitivity
Analysis)

Nominal Pipe | # of Pumps- | # of Pumps- | # of Pumps- | # of Pumps- | # of Pumps- Grand Total
Diameter (in) 2030 2035 2040 2045 2050
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16 0 17 14 19 6 56
20 6 4 5 9 19 43
24 14 12 0 24 6 56
30 47 97 88 80 32 344
Grand Total 7 201 161 250 132 815

6.3.2 Injection Characteristics

The NETL-NZA Modelscaling’s subsequent effects on sub-distribution piping, storage project,and injection
well countscanbeseenin Table 25 through Table 28.

Table 25: Sub-distribution pipeline segment lengths per project, by basin (NETL-NZA Model)

1 Spacing 2 Spacing 3 Spacing Total sub Sub-
Injection | Central Distance Distance Distance 0t SUD” - yistribution
. : : distribution .
Well (0] Injector Injectors Injectors ineline pipeline
Spacing [ distance) (and sub (and sub (and sub I(Enp th oer segment
(mi)* injectors  distribution distribution distribution g. P capacity
. . . project
pipelines) pipelines) pipelines) (Mtpa)
A1_Gulf 3.57 1 3 0 0 10.7 20
A2_Gulf 3.57 1 5 0 0 178 1.0
shore
B_Midcon 3.57 1 6 4 0 50.0 0.5
C_Williston 3.57 1 6 4 0 50.0 0.5
D_lllinois 3.57 1 6 4 0 50.0 0.5
E_Florida 3.57 1 6 12 7 182.0 0.2
F_California 3.57 1 6 4 0 50.0 0.5

*NETL-NZA Model default

The scaled storage capacity, injection well count, total storage projects deployed, and total injection well
countscan be seenin Table 26. Utilization rates for storage sites are slightly higher (approximately 60%).

Table 26: Storage project and injection well count, by basin (NETL-NZA Model)

CO, NETL-NZA Model
Injection storage Injection well Total Stora Total
(Mt;?:/f/ell) gﬁtpe?'l(ﬂgl cgg;tg:;':sg: d Jcount per Projectsge injection
: storage Deployed by  well count
(Mtpa) ~ In 2050 (Mtpa) project* 2050 (count) in 2050
A1_Gulf shore 2.0 500 343 4 69 276
A2_Gulf shore 1.0 1700 1153 6 231 1386
B_Midcon 0.5 80 49 11 10 110
C_Williston 0.5 240 159 11 32 352
D_lllinois 05 220 147 11 30 330
E_Florida 0.2 60 37 26 8 208
F_California 0.5 200 112 12 23 276
TOTALS 2000 - 403 2938
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*Injection rate must exceed 5.0 Mtpa, and must include 1 redundant well per NETL-NZA Model logic

Table 27: Storage project deployment schedule, by basin (NETL-NZA Model)

5 Year Deployment Interval: Number of Storage Projects

NZA Basin 2030 | 2035 | 2040 | 2045 | 2050 | Grand Total

A1_Gulf Shore 1 19
A2_Gulf shore 3 64 66 63 35 231
B_Midcon 0 2 3 3 2 10
C_Williston 0 9 9 9 5 32
D_lllinois 0 8 9 8 5 30
E_Florida 0 3 2 2 1 8
F_California 0 6 7 6 4 23
Grand Total 4 110 | 116 | 110 63 403

A1_Gulf Shore
A2_Gulf shore | 18 | 384 | 396 | 378 | 210 1386
B_Midcon 0 22 33 33 22 110
C_Williston 0 99 99 99 55 352
D_lllinois 0 88 99 88 55 330
E_Florida 0 78 52 52 26 208
F_California 0 72 84 72 48 276
Grand Total 22 | 815 | 843 | 798 | 460 2938

6.4 Resulting Materials Estimations

6.4.1 Transportation

Based on the pipeline requirements set forward in the NETL-NZA Model and corresponding NETL-NZA
Model Pipeline Diameter Sensitivity Analysis (pipeline diameters limited to 30”), steel calculations were
performed. Table 29 and Table 30 show the steel requirements by pipe diameter.

Table 29: Steel requirements by nominal pipe diameter (NETL-NZA Model)

Pipe Inside Pipe Outside Total Length Total Volume Total Steel
Diameter (in) Diameter (in) Required (miles) Required (m3) Required (Mt)
4.00 447 3,087 10,111 0.1
6.00 6.56 15,387 88,253 0.7
8.00 8.64 24,835 217,081 1.7
10.00 10.73 5,467 67,463 0.5
12.00 12.75 1,535 23,241 0.2
16.00 16.84 846 18,985 0.1
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20.00 21.05 1,336 46,880 0.4
24.00 25.26 1,381 69,759 0.5
30.00 31.57 1,478 116,681 0.9
36.00 37.89 2,292 260,467 2.0
42.00 44.20 8,855 1,369,347 10.7
48.00 50.50 4,002 803,736 6.3
2412

Table 30: Steel requirements (NETL-NZA Model Sensitivity Analysis)

Pipe Inside Pipe Outside Total Length Total Volume Total Steel
Diameter (in) Diameter (in) Required (miles) Required (m3) Required (Mt)
4.00 447 3,087 10,111 0.1
6.00 6.56 15,387 88,253 0.7
8.00 8.64 24,835 217,081 1.7
10.00 10.73 5,467 67,463 0.5
12.00 12.75 1,535 23,241 0.2
16.00 16.84 846 18,985 0.1
20.00 21.05 1,336 46,880 04
24.00 25.26 3,307 167,113 1.3
30.00 31.57 40,893 3,227,696 25.2
30.16

6.4.2 Injection

Each storage project’s injection and monitoringwells’ casing and cement requirements were estimated based
on the injection well count requirement in each basin, the average depth of relatively low-cost saline storage
reservoirs in each basin,and casingand cement schedules from UIC Class VI permits. Injection well count per
basin was determined by the reported injection rate per basin and the numberof projects in each basin from the
NETL-NZA Model. Average depth of relatively low-cost saline storage reservoirs in each basin was
determined by the geologic data inthe CO2_S COM, filtered for reservoirs where a 5.0 Mtpa storage project
hasa first-yearbreak even storage cost less than $40 permetric ton (in real 20188$), assuminga dome structural
geological setting. 200’ was added to each basin’saverage to account forthe rathole. Casingand cement
schedules were based on designs from UIC Class VI permits. The following type wells were chosen:

e Injector- Archer Daniels Midland (ADM) CCS#2: Macon County, IL in the Illinois Basin is currently
injecting CO2 at~1 MMt/yr

e Injector- Archer Daniels Midland CCS#1: Macon County, IL in the Illinois Basin wasinjecting 0.3
MMt/yrand is currently in the post-injection phase

e Injector- Minnkota Power Cooperative Liberty-1: Oliver County, ND in the Williston Basinis in the
permitting phase and plansto inject 2 MMt/yr

e Monitor- Minnkota Power Cooperative NRDT-1: Oliver County, ND in the Williston Basin is in the
permitting phase and plans to monitorthe injection of a combined 4 MMt/yrof CO; from the Minnkota
Power Cooperative’s Liberty-1 and Unity-1 Injectors
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For injectors, ADM CCS#2 was determined to be the most representative due to its active use and forhavinga
1 MMt/yrinjection rate. The ADM CCS#2 casing and cement schedule, except fortubing, is used for all
basins. Tubing diameter changes from basin to basin depending on the reported injection rate: Tubing diameter
varies from 7” for 2.0 Mtpa (based on the Liberty-1, which is projected to inject 2.0 Mtpa),5.5” for 1.0 Mtpa
and 0.5 Mtpa,and 4.5” for0.2 Mtpa (based on ADM CCS#1, which injected 0.3 Mtpa). Casing and tubing
lengths and cement volumes were proportionally adjusted by basin using the totaldepth of the well calculated
from CO2_S COM.

For monitoring wells, Minnkota NRDT-1 wasused asthe type well for all basins. NRDT-1 casing, tubing, and
cement schedules are used for all basins. Casing lengths, tubing lengths, and cement volumes were
proportionally adjusted by basin using the totaldepth of the well calculated from CO2_S COM. Monitoring
wells were assumed to deployed ona 1:1 basis with injection wells.

Casing and cement requirements were cataloged based on each basin's project and injection well count,on a 5-
yeardeploymentintervalbasis,asshownin Table31.

Table 31: Injection site characteristics 5-year deployment schedule scaled-up NETL-NZA Model

A1 2 343 69 276 4 3.57 113]10]0 10.70 2 10
A2 1 1153 231 1386 6 6 3.57 115]101]0 17.84 1 10
B 0.5 49 10 110 11 11 3.57 116 14]0 49.96 0.5 10
c 0.5 159 32 352 11 11 3.57 1161410 49.96 0.5 10
D 0.5 147 30 330 11 11 3.57 116 ]14]0 49.96 0.5 10
E 0.2 37 8 208 26 26 3.57 116 |12 7 181.98 0.2 10
F 0.5 112 23 276 12 12 3.57 116 14]0 49.96 0.5 10
TOTALS - 2000 403 2938

Using those estimated number of wells, the amount of cement required forinjectorand monitorwells in 5-year
intervals, broken down by cement type, is shown in Table32. Summingthe totalsover all years,
approximately 25,841,761 cement sacks are required to implement sufficient injection infrastructure to capture
2 Gtpa of CO2. While cement sacks may yield slightly variable volumes of cement based on cement type, on
average one cement sack weighs about 94 pounds. Table 32 through Table 35 depict the conversion to metric
tons, which yields a totalcement required of approximately 877 thousand metric tons (kt) for injection wells
and 225 kt formonitorwells, or 1.1 million metric tons (Mt) all together.

Table 32: Required cement sacks in 5-year intervals for injector wells (NETL-NZA Model)

Cement Requirements Injector Wells

Cement ' Cement ' Cement
Sacks Sacks Sacks
2045 2050 Total

662,826 | 384,341 | 2,439,401
1,268,483 | 735,533 | 4,668,405

Cement
Sacks
2040

702,600
1,344,601

Cement
Sacks
2035

671,788
1,285,634
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|65/35 e i EolorA b/ Ne[SINOIEEL NN 76,828 |2,892,048(3,024,694 (2,853,466 |1,654,588| 10,501,623
| CO2-Resistant Evercrete 21,639 | 814,543 | 851,903 | 803,677 | 466,013 | 2,957,774
Total 150,467 | 5,664,013 (5,923,797 | 5,588,452 |3,240,475| 20,567,204

Table 33: Required cement sacks in 5-year intervals for monitor wells (NETL-NZA Model)

Cement Requirements Monitor Wells
Cement Cement Cement | Cement Cement Cement

Cement Type Sacks Sacks Sacks Sacks Sacks Sacks
2030 2035 2040 2045 2050 Total

Class G with Additives 1,034,745 1,082,222 | 1,020,949 | 592,008 | 3,757,408
CO2-Resistant Cement 11,099 417,809 | 436,972 | 412,235 | 239,035 | 1,517,149
38,585 1,452,553 1,519,193 | 1,433,183 | 831,043 | 5,274,558

CementRequirements Injector Wells (thousand metric tons, kt)
CementType 2030 2035 2040 2045 2050 Total
Class A, 3% CaCl2 (kt) 0.8 28.6 30.0 28.3 16.4 104.0
ClassH (kt) 15 54.8 57.3 541 314 199.1
65/35 cmt-poz 6% gel Class H (kt) 3.3 123.3 129.0 121.7 70.5 447.8
CO2-Resistant Evercrete (kt) 0.9 34.7 36.3 34.3 19.9 1261
Total (kt) 6 242 253 238 138 877

Table 35: Required cement (kt) in 5-year intervals for monitor wells (NETL-NZA Model)

CementRequirements Monitor Wells (thousand metric tons, Kt)

Cement Cement Cement Cement Cement Cement

CementType (Kt)2030  (Kt)2035 | (Kt)2040 (Kt)2045 (Kt)2050 | (Kt) Total

Class G with Additives

|
| CO2-Resistant Cement
| Total

In addition to cement, steel casing and tubingare required for the construction of injection and monitor wells.
Table 36 through Table 39 provide a breakdown of the grade of steel, size, and length of piping needed. From
that, totalvolume and weight of steel necessary forthis application was extrapolated. By 2050, the United
States would use a cumulative 1,608 thousand metric tons (kt) of steel for the injection of COz, or 1.6 million
metric tons (Mt).
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Table 36: Required steel for injector well casings (NETL-NZA Model)

Casing Requirements Injector Wells
Inside  Casing/tubing

Volume of Weight of Steel
Steel (ft®) (Thousand metric
Total tons) Total

197,787

Casing Length

Casing/Tubing Diameter Thickness Grade (API) (ft) Total

(in) (in)
| surface J55STC

1,058,090

| Intermediate 12.515 043 J55BTC 15,959,784 1,938,139 442

|Long (Carbon) [ETES 0.395 L80-HC 14,691,295 |1,168,547 267

|Long (Chrome) YR 0472 | 13CR80JFE Bear | 7232825 | 681,712 156
Tubing 3.963 0.7685 | 13CR80JFE Bear | 16,489,599 |1,308,098 298
Tubing 3.963 0.2685 | 13CR85JFE Bear | 990,141 24,543 6
Tubing 6.184 0.408 pooocoaled | 1871510 | 109,814 25
Tubing 6.184 0408 | COB1STrRremium| 59 483 2317 1
Total 58,332,729 |5,430,956 1,239

Table 37: Required steel for injector well casings (NETL-NZA Model)

Casing Requirements Monitor Wells

Weight of
Inside Casina/tubin Casing Volume of Steel
Casing/Tubing Diameter Sing ng Grade (API) Length (ft) Steel (ft) | (Thousand
: Thickness (in) .
(in) Total Total metric tons)
Total

B, WELD-API5L Specs | 219,241 28,026
8.835 0.395 K-55,BTC 4,384,824 | 348,769 80
4778 0.361 L-80,BTC 9,865,854 | 399,308 91
4778 0.361 13CR-80,BTC 12,058,266 | 488,043 111
2.259 0.308 L80 Premium Flush Conn| 20,608,674 | 355,479 81

47,136,860 1,619,625 369

Table 38: Types and lengths of steel required in 5-year intervals for injector wells (NETL-NZA Model)

5-year Interval Casing Length Requirements Injector Wells

Insid Casing Casing
Casing/ Dia?ne(taer ftubing | Grade Length
Tubing . Thickness| (API) (ft)

(in) (in) 2030

| Surface J55STC

Casing Casing | Casing Casing Casing
Length Length | Length Length Length (ft)
(ft) 2035 (ft) 2040 | (ft) 2045 | (ft) 2050 Total

7,741 291,388 | 304,753 | 287,501 | 166,708 | 1,058,090

||ntermediate 12.515 0.43 J55BTC | 116,759 4,395,173 4,596,761 4,336,539 | 2,514,551 | 15,959,784
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5-year Interval Casing Length Requirements Injector Wells

Casing Casing

Inside Casing Casing | Casing Casing Casing

?-ﬁgligg/ D|ameterT|4t|gE::‘3ss ((;;ﬁ)e L(-z(?tg);th Length Length | Length Length Length (ft)
(in) : (ft) 2035 (ft) 2040 | (ft) 2045 (ft) 2050 Total
(in) 2030
Long
L80-HC |107,479| 4,045,844| 4,231,409 3,991,870 | 2,314,694 | 14,691,295
(Carbon)
‘ Long 8.681 0472 | 13CR8O | 55 914 | 1,991,852| 2,083,209| 1,965,279 | 1,139,571 7,232,825
(Chrome) JFE Bear
| Tubing 3.963 | 0.7685 | SURo0 |114,365( 4,469,795| 4,783,554 | 4,495,137 | 2,626,749 | 16,489,599
| Tubin 3963 | 02685 | SCR8S |4 | 371303 | 247,535 | 247,535 | 123768 | 990,141
9 ' ' JFE Bear ‘ ’ : ‘ :
80
Coated
Tubing 6.184 0.408 | podt®d | 57,123 | 488,220 | 542,467 | 515343 | 208,357 | 1,871,510
Conn
C95 13Cr
Tubing 6.184 0408 |Premum| 572 | 10,300 | 11,444 | 10872 | 6,294 39,483
Conn
| Total 426,954 (16,063,875/16,801,133|15,850,076| 9,190,691 | 58,332,729

Table 39: Types and lengths of steel required in 5-year intervals for monitor wells (NETL-NZA Model)

5-year Interval Casing Length Requirements Monitor Wells

Inside Casing/
Casing/ Di tubing Grade
. iameter |, .
Tubing ; Thickness  (API)
(in) (in)

Casing | Casing | Casing Casing Casing Casing
Length | Length Length Length Length Length
(ft) 2030| (ft) 2035 | (ft) 2040 (ft) 2045 (ft) 2050 (ft) Total

B, WELD-
‘ Conductor [EEERE 0375 | APISL | 1,604 | 60,377 | 63,146 | 59,571 | 34,543 | 219,241
Specs
8.835 0.395 |K-55BTC| 32,079 | 1,207,539 | 1,262,924 | 1,191,430| 690,853 | 4,384,824
4778 0.361 |L-80,BTC| 72,177 | 2,716,963 | 2,841,578 | 2,680,717 |1,554,419| 9,865,854
|Long-String 4778 0361 | "13SREO. | 88216 | 3,320,732 3,473,040 3,276,432|1,899,845( 12,058,266
L80
Tubing 2.259 0.308 | Premium | 150,770 | 5,675,433 | 5,935,742 | 5,599,720 |3,247,009|20,608,674
Flush Conn
Total 344,846 [12,981,045(13,576,430(12,807,870|7,426,669| 47,136,860
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