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In February 2018, the United States enacted significant financial
incentives for carbon capture, utilization, and storage (CCUS) that
will make capture from the lowest-capture-cost sources economically
viable. The largest existing low-capture-cost opportunity is from
ethanol fermentation at biorefineries in the Midwest. An impedi-
ment to deployment of carbon capture at ethanol biorefineries is
that most are not close to enhanced oil recovery (EOR) fields or other
suitable geological formations in which the carbon dioxide could be
stored. Therefore, we analyze the viability of a pipeline network to
transport carbon dioxide from Midwest ethanol biorefineries to the
Permian Basin in Texas, which has the greatest current carbon
dioxide demand for EOR and large potential for expansion. We
estimate capture and transport costs and perform economic analysis
for networks under three pipeline financing scenarios representing
different combinations of commercial and government finance.
Without government finance, we find that a network earning
commercial rates of return would not be viable. With 50% govern-
ment financing for pipelines, 19 million tons of carbon dioxide per
year could be captured and transported profitably. Thirty million
tons per year could be captured with full government pipeline
financing, which would double global anthropogenic carbon capture
and increase the United States’ carbon dioxide EOR industry by 50%.
Such a development would face challenges, including coordination
between governments and industries, pressing timelines, and policy
uncertainties, but is not unprecedented. This represents an opportu-
nity to considerably increase CCUS in the near-term and develop
long-term transport infrastructure facilitating future growth.
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Climate change mitigation assessments consistently find that
carbon capture, utilization, and storage (CCUS) is a crucial

technology needed to reduce emissions of carbon dioxide to the
atmosphere sufficiently to limit warming to the 2 °C target of the
Paris Agreement (1, 2). These studies also conclude that the system-
wide cost of decarbonizing the energy system will be lower with
CCUS as part of the solution. CCUS, when combined with bio-
energy or direct air capture, is also an important option among
negative emissions technologies that may be needed to remove
carbon dioxide from the atmosphere (3, 4). However, despite its
importance, CCUS deployment is lagging far behind estimates of
what is required to meet the Paris target (5). Only ∼31 million
metric tons (Mt) per year of anthropogenic carbon dioxide are
currently captured and injected into geological formations for per-
manent storage (6), while analyses estimate that 200–1,000 Mt per
year will be required by 2030 and 5,000–10,000 Mt per year by 2050
(7–10). CCUS has been held back by inconsistent and insufficient
policy support, a lack of economic drivers, and the inherent large
scale and associated large cost of individual projects (11).
After years of relatively little policy support, in February 2018,

the US Congress passed substantial tax credits that incentivize new
CCUS projects (12). From 2018 to 2026, the Section 45Q tax credit
value will increase linearly from $25.70 to $50 per metric ton of
carbon dioxide for secure geological storage and from $15.30 to
$35 per ton used in carbon dioxide-enhanced oil recovery (CO2-
EOR) that results in secure geological storage (or other uses that

permanently store carbon dioxide). The tax credit value will in-
crease at the rate of inflation after 2026. CO2-EOR operations
typically pay an oil-linked price near 40% of the per-barrel oil price
for a ton of carbon dioxide ($23 per ton at the April 2018 oil price
of ∼$60 per barrel), which adds value for the case where captured
carbon dioxide is used for EOR (13, 14). Capture projects must
begin construction by January 1, 2024, to receive the credits and,
once in service, will receive those credits for a 12-y period.
The tax credits will likely be insufficient to incentivize wide-

spread carbon capture retrofits on electricity generation plants,
considering the current relatively high estimated capture costs
around $50 and $75 per ton of carbon dioxide for coal and gas
plants, respectively (15, 16). However, they will provide a strong
incentive for lower-capture-cost opportunities, which are typically
industrial sources with relatively concentrated carbon dioxide
waste streams with capture costs in the range of $10 to $55 per ton
(17–21). Given our daunting climate targets and the need to rap-
idly scale up CCUS, these low-capture-cost sources represent an
attractive pathway for near-term deployment. Deploying CCUS on
these sources will not only reduce emissions, but also give an op-
portunity for additional learning, cost reductions, and the con-
struction of transport infrastructure that will help enable and
accelerate future CCUS projects. With this as motivation, we in-
vestigate the following questions: Can the tax credits provide suf-
ficient support to enable construction of large-scale (>10 Mt per
year) carbon dioxide capture and transportation infrastructure?
What additional policy support might be needed? What other
challenges need to be addressed? To answer these questions, we
consider the lowest-capture-cost carbon dioxide sources in the
United States, the pipeline infrastructure needed to transport that
carbon dioxide to where it can be utilized and stored, and whether
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the tax credits provide sufficient value to make the system eco-
nomically viable.
Fig. 1 shows the location and size of low-capture-cost sources

in the United States. We include only source types for which
there are already commercially implemented capture technolo-
gies and existing large-scale carbon capture projects and, there-
fore, for which carbon capture could be deployed within the next
several years. The sources include natural gas processing, etha-
nol fermentation at biorefineries, and hydrogen and ammonia
production, which account for a total of 87 Mt per year of
emissions with low capture cost (more information on the
emissions data and estimation is included in SI Appendix). The
map also shows the location of deep saline aquifers with po-
tential for geological carbon storage and existing carbon dioxide
pipelines that serve the CO2-EOR industry.
The Midwest stands out as the region with the greatest quantity

of low-capture-cost emissions (40 Mt per year and almost 50% of
the US total). The Midwest sources also stand out because they
are not located near existing carbon dioxide pipelines, and they
mostly do not overlie potential saline storage reservoirs. To cap-
ture a substantial proportion of these carbon dioxide emissions, a
regional pipeline network would be needed to aggregate emissions
from many sources and transport the carbon dioxide to storage
locations. Carbon dioxide from ethanol fermentation constitutes
most of the Midwest low-capture-cost emissions (35 Mt per year
and 90% of the Midwest total). A network based on these sources
may be economically attractive since ethanol fermentation is a
particularly low-cost capture opportunity: Ethanol fermentation
generates a gas outlet stream that is >99% carbon dioxide (once
moisture is removed) and thus requires only compression and
dehydration (22, 23). Correspondingly, carbon capture on ethanol
biorefineries is already commercially deployed. There are
∼210 ethanol biorefineries in the United States, of which ∼40 al-
ready capture at least some carbon dioxide for sale to the EOR,
food and beverage, and dry ice industries (22, 24–26). At the
largest scale, Archer Daniels Midland’s (ADM) Decatur ethanol
biorefinery captures nearly 1 Mt per year and injects it into a
saline aquifer in a government-funded demonstration project (23,
27). Therefore, we focus our study on the feasibility of capturing
emissions from the Midwest region, with a particular focus on
ethanol biorefineries and on developing a pipeline network to
transport the carbon dioxide. Other regions have either fewer low-
capture-cost sources or existing carbon dioxide pipelines and,
consequently, are not considered in our analysis.
The carbon dioxide pipelines in Fig. 1 supply carbon dioxide

from natural and anthropogenic sources to oil fields for CO2-
EOR (28), an activity that involves the injection of carbon di-
oxide into depleted oil reservoirs to induce additional production
(22, 29). Carbon dioxide injected for EOR is ultimately securely
stored in the oil reservoirs (14, 30). About 63 Mt per year is
currently injected for CO2-EOR in the United States, of which
∼78% is sourced from natural underground reservoirs and 22%

from anthropogenic sources (14, 24, 28). CO2-EOR drives most
existing CCUS: Of the 31 Mt of anthropogenic carbon dioxide
emissions currently captured and stored globally each year, 90%
is for CO2-EOR, mainly in the United States (6). Just 1 Mt is
injected for dedicated geological storage in the United States
each year (the ADM project). About 4% of domestic oil pro-
duction is through CO2-EOR (31). The size of the CO2-EOR
industry is limited by lack of affordable carbon dioxide supply
rather than a lack of potential (14, 30, 32, 33): Oil reservoirs in
the United States could store enough carbon dioxide to meet
projected carbon storage requirements under a two-degree
pathway until at least midcentury (7, 13, 29).
We therefore specifically target our study on transporting cap-

tured carbon dioxide to regions with demand for EOR. We focus
on storage through CO2-EOR rather than dedicated storage for a
number of reasons:

(i) The United States has an established CO2-EOR industry
with large potential for expansion (29, 34). CO2-EOR pro-
jects can likely be developed more quickly than dedicated
storage projects, which face more stringent regulations and
for which there is little experience (35, 36).

(ii) The pipeline infrastructure would also be a long-term asset
for dedicated carbon storage, crossing several prospective
saline aquifer storage formations (Figs. 1 and 2).

(iii) The use of captured carbon dioxide for EOR is likely to be
the most economically favorable option. Given the location
of most ethanol biorefineries, a regional pipeline network
would need to be developed in either case, so transport cost
would be similar for EOR or dedicated storage. Once the
carbon dioxide has been transported, there would be addi-
tional cost for dedicated storage; by contrast, additional rev-
enue is earned when the carbon dioxide is sold for CO2-
EOR. This differential is likely to exceed the $15 per ton
tax credit differential: Dedicated storage costs are typically
about $10 per ton (15, 17), while sales revenue is typically
around $20 per ton (at the April 2018 oil price), a $30 per
ton differential. While delivering greater value, the CO2-
EOR option also has additional risk through exposure to
volatile oil prices.

(iv) Major carbon dioxide capture and pipeline infrastructure
projects based on CO2-EOR are likely to be more broadly
and strongly supported because they also benefit the oil and
gas industry and oil-producing states. Indeed, it was a co-
alition including oil-state Republicans and climate-focused
Democrats that enabled the passing of the increased tax
credits (12).

(v) Tax revenue to federal and state governments due to addi-
tional oil production from CO2-EOR substantially covers tax

b o

Saline Storage Potential Capacity

Source Emissions (Mt per year)
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Fig. 1. Low-capture-cost carbon dioxide emissions in
the United States, existing carbon dioxide pipelines,
and potential saline storage formations. Colocated
sources are summed so that the total emissions are
observable. Total emissions are 87 Mt per year, in-
cluding 43 Mt from ethanol fermentation at bio-
refineries, 22 Mt from hydrogen production, 5 Mt
from ammonia production, and 17 Mt from natural
gas processing. Data sources are listed in SI Appendix.
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revenue forgone by the tax credits. Governments receive
about $10 in tax per barrel of oil produced, or $20 to
$30 per ton of carbon dioxide used in EOR (37). Use of
carbon dioxide for CO2-EOR may therefore give a fiscal
argument for policies that support CCUS.

A concern with the use of captured carbon dioxide for CO2-
EOR is that associated oil production could offset the emissions
benefit of storage. However, a number of studies have found that
CO2-EOR does result in a significant net emissions reduction on
a lifecycle basis. Injection of carbon dioxide for CO2-EOR re-
sults in its permanent storage in the oil reservoir, with minimal
carbon dioxide lost in the process (14, 30). Each ton of carbon
dioxide injected yields two to three barrels of oil production
(with variability between different oil fields) (29, 30, 38, 39),
which result in ∼1.2 tons of carbon dioxide when used (30).
These are not net additional emissions, however, since each
barrel of oil produced by CO2-EOR mostly displaces other oil in
the market. The International Energy Agency estimates that
80% of each barrel displaces other oil production, and that, after
accounting for all factors including the amount of oil produced,
energy use in CO2-EOR operations, and the market impacts,
each ton of carbon dioxide injected for EOR results in 0.63–
0.73 tons of carbon dioxide emissions abatement on average
(30). Precise calculation of the net emissions benefit of each
CO2-EOR project is complex and depends on the properties of
the oil reservoir, the EOR process used, and market factors,
including the type of oil displaced. Still, it is clear that a signif-
icant net emissions reduction results from CO2-EOR.
Our analysis uses existing carbon dioxide capture and pipeline

cost models and data to estimate costs. We evaluate the economic
feasibility of the system considering the value of the tax credits and
carbon dioxide sales for EOR. We consider four options for the
basic pipeline network structure, shown in Fig. 2, which represent
two options for collecting carbon dioxide in the Midwest and two
options for delivery of that carbon dioxide. The collector trunk
pipeline options include a southern trunk pipeline that follows the

shortest path between the largest low-capture-cost sources or a
northern collector trunk that passes through the center of the spatial
density of sources in the Midwest. The delivery options include
trunks delivering the carbon dioxide to Wyoming or to the Permian
Basin of West Texas, the two regions with the largest demand for
CO2-EOR (29). The pipeline pathways are restricted to existing
major infrastructure corridors. After determining the best trunk
pipeline combination, we evaluate three different financing scenar-
ios for the pipeline network, representing different combinations of
commercial and government financing. We ultimately estimate the
total quantity of carbon dioxide that is economically viable to cap-
ture with the tax credits under different pipeline financing scenarios.
CCUS infrastructure deployment in the United States and

elsewhere has been investigated by previous studies. Models
have been created to optimize infrastructure considering eco-
nomic, spatial, and temporal factors (40–44). The opportunities
associated with deployment on ethanol biorefineries and CO2-
EOR have been separately identified and analyzed (22, 45–48).
Our study includes network economic optimization similar to
previous work, but also integrates policy analysis by assessing the
opportunity for near-term deployment in response to a recently
legislated policy considering its specific parameters and con-
straints as well as the current economic and political environ-
ment. We also consider additional policy measures that would be
required to enable large-scale deployment.

Results and Discussion
Trunk Route Selection. The Permian Basin and Wyoming trunk
options have very similar pipeline costs. The Permian Basin option
requires a 5% higher total cost for a pipeline network to transport
emissions from all low-capture-cost sources in the Midwest, due to
the Permian Basin trunk being ∼1,000 km compared with the
800-km Wyoming trunk. However, the Permian Basin has sub-
stantially greater existing and potential future demand for carbon
dioxide. Approximately 40 Mt is currently injected in the Permian
Basin each year (63% of the US total) compared with ∼10 Mt in
Wyoming (16% of the total) (24, 29, 32). The Permian Basin is
estimated to have at least 2,300 Mt of potential future CO2-EOR
demand compared with 600 Mt for Wyoming (13). The Permian
Basin trunk also passes through Kansas and Oklahoma, which are
estimated to have at least a further 1,800 Mt of potential CO2-
EOR demand (13). Considering that the full potential Midwest
low-capture-cost source network could supply 37 Mt per year,
Wyoming has only 16 y of capacity (assuming that CO2-EOR
projects could be scaled up quickly enough to absorb the new
supply). We therefore selected the Permian Basin trunk as the
better option, since the additional cost is small, but the potential
to absorb the new carbon dioxide supply is much greater.
After selecting the Permian Basin trunk, we compared the

northern and southern collector trunk options. The northern trunk
option gives lower total pipeline network cost, despite having a
greater trunk pipeline length, due to the strong pipeline economy of
scale: Pipeline cost scales approximately linearly with pipe diameter,
but flow capacity is determined by the pipe cross-sectional area and
scales with diameter squared (49, 50). Pipelines with greater flow are
cheaper per unit of flow, decreasing costs for all sources sharing the
pipelines. The northern option therefore has lower total cost be-
cause sources are closer to the trunk on average, which minimizes
the length of more expensive (per unit of flow) smaller-capacity
pipelines needed to connect the sources to the cheaper (per unit
of flow) large-capacity trunk pipeline. We selected the northern
trunk as the better option. Quantitative comparison of the northern
and southern trunks is included in SI Appendix.

Network Economic Analysis.We investigated the economic viability
of capturing and transporting carbon dioxide from all low-
capture-cost sources in the Midwest region to the Permian Ba-
sin. We designed a pipeline network that efficiently connects all
sources to the trunk pipeline. We calculated the cost of each
segment in the pipeline network and the tariff the pipeline
owners would need to charge for each ton of carbon dioxide

0 200 400100 Kilometers

Potential New Carbon Dioxide Pipelines
Permian Basin TrunkNorthern Collector Trunk
Wyoming TrunkSouthern Collector Trunk

Fig. 2. Potential carbon dioxide trunk pipelines that were analyzed, in-
cluding a northern collector trunk through the center of the spatial density
of low-capture-cost sources in the Midwest, a southern collector trunk
linking the largest Midwest sources, and delivery trunks to Wyoming or the
Permian Basin. Data sources are listed in SI Appendix.
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transported, in order to achieve a target rate of return over the
pipeline financial lifetime. The pipeline transport tariff that each
source must pay was then calculated based on the pipeline network
segments it uses. Capture facility cost for each source was calcu-
lated. Finally, we determined the carbon dioxide sales price that
would be required in addition to the value of the tax credits for the
capture facility owners to achieve a target rate of return over the
capture project financial lifetime, considering the capture and
transport costs for each source. (The sales price is for carbon di-
oxide delivered to the destination; the capture facility pays the
transport cost.) More detailed description of the network economic
analysis is included in Materials and Methods and SI Appendix.
After determining the required price for each source, we elim-

inated all sources whose required price was above a threshold set
at the typical CO2-EOR price of $23 per ton of carbon dioxide (for
the April 2018 oil price around $60 per barrel) (13). Only ethanol
biorefinery sources remained due to their lower capture cost
compared with the other source types. The removal of sources
from the network reduces the number of remaining sources
sharing the pipelines and, therefore, the pipeline flow rates. Due to
the pipeline economy of scale, the lower flow rates imply that
the cost per unit of flow increases and pipeline transport tariffs
increase accordingly for the remaining sources. The pipeline
tariffs and required carbon dioxide sales prices were therefore
recalculated for the remaining sources (this process is called
“iteration” hereon). Emissions abatement curves are often
presented as static curves of quantity abated vs. unit cost, but
for our CCUS network system, the cost of each unit of emis-
sions abatement is dependent on all other units (sources) in the
network: This is a dynamic system that cannot be represented
by a static curve (51).
The performance of the system upon iteration depends on the

transport and capture cost, price threshold, and financial pa-
rameters used in the calculations. Our base case, which we call
the “full-commercial” scenario, assumes the pipelines and cap-
ture facilities are built and owned by companies obtaining fi-
nance on typical market terms (the parameters are listed in
Materials and Methods). For this scenario, continued iteration of
the network does not find a stable, viable system. The full initial
network has a total of 37 Mt of carbon dioxide emissions, with
17.8 Mt below the price threshold. The quantity of emissions
below the threshold is drastically reduced to 9.5 Mt after the first
iteration of the network. After a second iteration, just 3.4 Mt are
below the price threshold (see Fig. 8). A third iteration would
reduce the total close to zero. The capture of emissions from
ethanol biorefineries in the Midwest and transport to the
Permian Basin is not viable under our full-commercial scenario
parameters. Smaller systems that capture emissions from some
of the largest ethanol biorefineries and transport carbon dioxide

to nearer CO2-EOR opportunities in Kansas or Illinois may be
viable under these parameters (22, 52), but the objective of this
study is to explore the largest-scale capture and transport in-
frastructure that can be developed.
We explored the sensitivity of the system to the key economic

parameters to determine whether it could be viable under any
conditions. The parameters included oil price (since the carbon
dioxide prices paid by CO2-EOR operators are oil-linked),
pipeline and capture facility capital cost, and the cost of fi-
nance for the pipelines. For the oil price and capital costs, we
considered likely optimistic-case values (low capital cost and
high oil price) that are shown in Table 1. We did not consider
operational cost sensitivity because these costs are more directly
tied to energy and labor costs that are less likely to fall.
Since the commercial financing terms are set by financial

markets and dependent on the inherent risk of the project, the
main practical option to significantly lower the cost of finance is
through government involvement, either directly (loans or grants)
or indirectly (special tax structures or loan guarantees). We
therefore considered two lower-cost pipeline financing scenarios
with different levels of direct government financing. The first is a
commercial project with half of the capital cost financed by
longer-term government loans with lower interest rate than
commercial debt (4.5% compared with 6%), termed the
“commercial-government” scenario. The second is for the project
to be fully financed by government debt (at 3.5% interest rate),
termed the “full-government” scenario. There are numerous
possible financing arrangements, as discussed in reports by the
State CO2-EOR Deployment Work Group (49, 53), but these two
scenarios represent both the opposite end of the spectrum from
our initial full-commercial scenario and an intermediate option.
More detailed information on the sensitivity and financing sce-
narios is included in Materials and Methods and SI Appendix.
We considered the lower-cost financing scenarios for pipelines

but not capture facilities for several reasons. First, greater system
cost reductions are possible through cheaper finance for pipe-
lines (see Fig. 5). Pipelines are more capital-intensive than
capture facilities for ethanol biorefineries, with ∼80% of the
total cost being capital and 20% operational costs for pipelines,
compared with ∼50% capital and 50% operational costs for the
capture facilities. The capital cost of the pipeline network is also
more than double the summed capital cost of all ethanol bio-
refinery capture facilities in the network. Second, the capture
facilities will receive financial support through the tax credits, so
additional direct support may be less likely. Third, there is a
stronger precedent for government financing of shared in-
frastructure like pipeline networks.
Table 1 shows that the system is relatively insensitive to capital

costs within the likely optimistic-case value range. The system is
more sensitive to the potential oil price up-side, but this is an
uncontrollable and unpredictable factor that cannot be relied
upon as a pathway to system viability. The system is most sensitive
to the cost of finance for the pipeline network. Lower-cost finance
can substantially improve the economic viability of the system.
Lower-cost financing is also a scenario that can be enabled by
policy decisions, unlike the system capital (and operational) costs
and the oil price. Given its impact and possibility, low-cost pipe-
line financing is an attractive pathway to improve the viability of
the system. We therefore chose to focus on analyzing the system
under the lower-cost financing scenarios hereon.

Pipeline Financing Scenario Analysis. We performed the full net-
work economic analysis and iteration process for the commer-
cial- and full-government pipeline financing scenarios. The
network analyses for both scenarios yielded stable systems with
all connected capture facilities economically viable. The stable
networks are shown in Fig. 3. The full-government pipeline
scenario network captures and transports a total of 28.7 Mt of
carbon dioxide per year from 108 ethanol biorefinery sources,
compared with 19.0 Mt from 63 ethanol sources for the
commercial-government scenario. The capital cost of the system

Table 1. Sensitivity of the initial network to optimistic-case
values for the key system economic parameters

Case and parameter value

System
levelized

cost reduction,
%

Quantity of emissions
below

threshold price, Mt (%)

Full-commercial initial
scenario

— 17.8

Low (−20%) capture capital
cost

5 18.7 (+5)

Low (−15%) pipeline capital
cost

9 19.7 (+11)

High ($80 per barrel) oil price — 20.8 (+17)
Lower (commercial-

government)
pipeline financing cost

21 22.2 (+25)

Lowest (full-government)
pipeline financing cost

34 29.7 (+66)
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is estimated to be $6.7 billion for the pipeline network and
$2.6 billion for the capture facilities in the stable full-government
scenario, compared with $4.3 billion for the pipelines and
$1.6 billion for the capture facilities in the stable commercial-
government scenario.
Either case would represent a significant increase in global

CCUS and CO2-EOR. For context, the full-government scenario
would approximately double the global total amount of anthro-
pogenic CCUS (6). It would abate carbon dioxide emissions
equivalent to ∼11 gigawatts (GW) of wind electricity generation
capacity in the United States (half the total installed wind ca-
pacity in Texas) or 14 GW of solar photovoltaic capacity (two-
thirds of the total installed solar capacity in California). Carbon
dioxide supply to the CO2-EOR industry would increase by
∼45%, which would drive ∼200,000 barrels per day of oil pro-
duction, equal to ∼2% of current domestic production. The
1,900-km-long main trunk pipeline would be more than double
the length of the Cortez pipeline from Colorado to the Permian
Basin, currently the world’s largest carbon dioxide pipeline, and
would have equivalent diameter and flow capacity through the
1,000-km main transport trunk section (28). The 7,000-km total
pipeline network would nearly double the existing total length of
carbon dioxide pipelines in the United States (28). Such an ex-
pansion, if initially built with potential for increased capacity,
would also help enable and accelerate future CCUS projects in
regions near the pipeline.
Fig. 4 shows the carbon dioxide sales prices required for each

capture facility to achieve the target 15% rate of return for the
stable networks of both pipeline-financing scenarios. (See Fig. 8
for the price curves for all network iterations.) Most of the
sources in each scenario have required prices well below the
threshold. There are also a number of marginal sources, whose
required price for a 15% rate of return is above the threshold. In
the latter iteration cycles, the target rate of return was 10% for
these marginal sources. There are 11 marginal sources accounting
for 1.6 Mt in the full-government scenario and 13 marginal
sources accounting for 2.8 Mt in the commercial-government
scenario. For these marginal sources, Fig. 4 also shows their re-
quired price to achieve a 10% rate of return. All marginal sources
in the full-government network have a required price below the
threshold for a 10% rate of return, while four marginal sources in
the commercial-government scenario have a required price less
than $1 above the threshold. The marginal sources are important
for the viability of the system because of the strong economy of
scale of pipelines: Every additional source reduces the transport
cost for all other sources in the network.
The sensitivity of the stable systems to oil price and pipeline

capital cost variations is also shown in Fig. 4. The sensitivity
analysis uses the same optimistic-case parameters as in Table 1,
but also includes pessimistic-case parameters. Two important
features of system sensitivity are apparent. First, the system is
most sensitive to the pipeline financing scenario and relatively
more sensitive to oil price than pipeline capital cost, as was ob-
served in Table 1. At a $60-per-barrel oil price, the 25% sensitivity
range in pipeline capital cost leads to a 21% variation (relative to
the core case) in the quantity of carbon dioxide below the
threshold price for the commercial-government scenario and 13%
for the full-government scenario. Variation of the oil price be-
tween $40 and $80 per barrel (within the price range experienced
in the past 4 y) leads to a variation of 58% for the commercial-
government scenario and 24% for the full-government scenario.
These are substantial changes in the size of the economically vi-
able system. This feature will cause challenges for planning in-
vestment in capture and transport systems given the volatility and
unpredictability of oil prices. For this reason, carbon dioxide price
stabilization contracts have been proposed as a policy measure to
help enable investment in capture projects that sell carbon dioxide
for CO2-EOR (34). The second important feature is that the full-
government scenario system is relatively less sensitive to param-
eter changes than the commercial-government scenario, because

it has a greater proportion of sources with required prices well
below the threshold carbon dioxide sales price.
Levelized costs and revenues (the net present value per ton

of carbon dioxide captured and transported) for the different
financing scenarios are shown in Fig. 5. Decreasing pipeline fi-
nancing costs has a strong effect on decreasing the total system cost,
owing to the greater capital intensity and total capital cost of the
pipelines, while a much smaller proportional reduction can be

0 200 400100 Kilometers

Ethanol Biorefineries
Emissions (Mt per year)

0.1
0.5
1

Carbon Dioxide Pipelines
Pipe Diameter (inches)

248
12 30
20 Existing

Fig. 3. Carbon dioxide pipeline networks for the two pipeline financing
scenarios with stable, viable systems. (Upper) Commercial-government
pipeline financing scenario, capturing and transporting a total of 19 Mt of
carbon dioxide per year. (Lower) Full-government pipeline financing sce-
nario, capturing and transporting 28.7 Mt per year. The diameter of each
segment of the pipeline network is shown. Colocated sources are summed so
that the total emissions are observable. The underlying map data sources are
listed in SI Appendix.
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achieved by reducing ethanol biorefinery capture facility financing
costs. The average levelized cost for each ton in the full-commercial
scenario is greater than the levelized revenue, indicating its in-
feasibility, while the commercial- and full-government funding
scenarios have lower average cost than revenue.

Policy Challenges and Implications
We demonstrate an opportunity to significantly expand CCUS in
the United States in the near-term, spurred by the new tax
credits, by targeting the lowest-cost capture opportunities and by
deploying only commercially proven technologies. The pipeline
network would deliver carbon dioxide to the regions of greatest
demand for CO2-EOR and also connect multiple prospective
long-term dedicated carbon storage resources. This would be a
long-term and flexible infrastructure asset for carbon manage-
ment in the United States. There are, however, a number of
significant challenges to building such a CCUS network.
A key challenge to the feasibility of the CCUS networks pre-

sented here is their need for substantial additional government
policy support. While the cost estimates in this study are scoping-
level, and detailed engineering design and costs are needed to more
precisely determine the viability of specific financing scenarios, it is
clear that low-cost government financing of pipeline infrastructure
would significantly reduce the required pipeline tariffs and increase
the amount of economically viable capture opportunities. Gov-
ernment financing of carbon dioxide pipeline networks has not
been prominently considered in public discussion in the United
States. However, it could be the best option for initial projects if we
hope to scale up CCUS as needed to achieve stated climate targets.
Governments have often financed similar shared infrastructure with
a public good aspect and economies of scale that are natural mo-
nopolies, such as highways, water and sewer pipelines, and tele-
communications and electricity networks (54, 55). Pipelines could

be financed and owned by an existing government entity, or a new
government-owned utility could be created for the purpose of
building carbon dioxide pipeline networks. The pipelines could be
privatized when the CCUS industry is mature, as has been done for
other similar infrastructure systems (49, 54).
Under any financing scenario, the timeline for building the

network is formidable, since all capture facilities must begin
construction before January 1, 2024, to be eligible for the tax
credits. Therefore, the pipeline network would need to be con-
structed around that time to transport captured carbon dioxide
as well as CO2-EOR projects to use the new supply. Planning,
designing, permitting, and constructing the 2,000-km main trunk
and 5,000 km of feeder pipelines of the full-government scenario
network within this timeframe will be challenging. However, a
comparison with recent natural gas pipeline development in the
United States suggests that it is possible: An average of 1,500 km
of new major interstate natural gas pipelines have been com-
pleted each year for the past decade, with a maximum of
4,400 km completed in a single year (56, 57). Individual major
pipeline projects >200 km in length have taken 2.2 y on average
from permit application filing date to construction completion (a
process that begins only after the route design is completed and
rights-of-way have been negotiated, which is itself a lengthy
process) (56, 57). The tax-credit timelines are legislatively de-
fined and could be changed—similar wind and solar tax credits
have been extended—but this possibility cannot be planned for.
The CCUS network development would require close co-

ordination between the ethanol and oil industries and state and
federal governments, regardless of timing. A lack of coordination
would leave a chicken-and-egg situation where potential capture
projects are uncertain of demand and the availability of a pipe-
line network, while pipeline builders and CO2-EOR projects are
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uncertain of how much and when carbon dioxide will be available.
Without a coordinated effort, we will likely see smaller-scale and
more local projects that capture carbon dioxide from some of the
larger ethanol biorefineries and transport it to nearer CO2-EOR
or dedicated storage opportunities. Such an outcome would se-
verely erode the viability of a large-scale network and reduce the
total emissions that can be captured, since the economy of scale
from combining all sources and sharing pipeline infrastructure is
essential for reducing unit transport costs, as demonstrated in our
network economic analysis. The ethanol industry could coordinate
to cross-subsidize marginal sources to ensure the greatest total
number of sources and emissions are captured (Fig. 4), thereby
lowering transport tariffs for all sources.
The importance of scale demonstrated in this study will be

generally important for all CCUS developments that require
transportation over significant distances. The most cost-effective

long-term solutions will include regionally coordinated and shared
infrastructure. Pipeline infrastructure built with a long-term view
will enable subsequent CCUS projects to be developed more
quickly and cost-effectively. Public policy will be essential in driving
infrastructure to be developed in this way. Even where carbon
dioxide pipelines are commercially financed and owned, govern-
ments can ensure the infrastructure is regionally coordinated
and fast-tracked. For example, the Wyoming state government’s
Wyoming Pipeline Authority is preemptively securing rights-of-way
permits for future carbon dioxide pipeline corridors to ease and
accelerate the process for pipeline developers (28, 58).
Governments could also fund additional initial capacity for

pipelines to facilitate increased future CCUS, since commercial
projects are not likely to significantly overbuild capacity beyond
contracted carbon dioxide flow rates (49). For example, our full-
government scenario main trunk pipeline has a diameter ranging
from 30 inches down to 8 inches and a maximum capacity of
∼34 Mt per year. The trunk could be expanded to be a uniformly
36-inch diameter with 50 Mt per year capacity for a 30% increase
in total network capital cost ($2 billion) or to 42-inch diameter with
70 Mt per year capacity for a 50% increase ($3.6 billion). Fig. 6
shows the final full-government–scenario pipeline network with
other, higher-capture-cost, carbon dioxide sources that were not
considered in our analysis. There are a total of 220 Mt per year
emitted by existing sources within 50 km of the pipeline network.
The network could also enable new build projects. For example,
the region surrounding the network is the highest biomass-
producing region in the United States and a prospective location
for bioenergy plants with carbon capture and storage, of which
ethanol is one type (45, 59). The network also coincides with the
highest wind-energy–producing regions of the United States; new
natural gas power plants with carbon capture could complement
intermittent wind energy to decarbonize the electricity grid in these
regions. There would not be capacity to subsequently add these
sources without significant new capital expenditure if the pipeline
network were built only to optimize for existing ethanol sources.
The solution that can solve the challenges of financing cost, the

chicken-and-egg problem, and building for long-term requirements
simultaneously is for a government entity to plan and finance the
pipeline network. Such a solution facilitated the successful devel-
opment of wind energy in Texas, an analogous case that shared
many of the characteristics and challenges of the potential CCUS
network. Texas has an exceptional wind resource in the west of the
state, but its population and electricity demand are mostly in the
east. When wind energy became economically attractive in
the mid-2000s (supported by the wind production tax credit), there
was insufficient electricity-transmission capacity to transmit elec-
tricity generated in west Texas to the eastern cities and a chicken-
and-egg problem between wind and transmission developers. The
Texas Legislature passed a bill in 2005 ordering new electricity
transmission be built to enable wind-energy development (60). The
network was planned and authorized by the Public Utility Com-
mission of Texas with consideration of future wind development
requirements (61). The “Competitive Renewable Energy Zone”
transmission network was completed in January 2014, which en-
abled the subsequent wind energy boom in Texas. The network
consists of 5,800 km of new transmission lines with 11.5 GW of
additional capacity, built at a cost of $6.9 billion (62). These pa-
rameters are very similar to the full-government–scenario CCUS
network, including equivalent carbon emission abatement.
A potential uncertainty for the viability of a Midwest CCUS

network is the future of corn ethanol in the US energy supply.
Ethanol use in transportation fuels is largely driven by the federal
Renewable Fuel Standard (RFS) program (63). However, corn
ethanol is often criticized for its food displacement, fertilizer use,
relatively low energy return on energy input, and modest green-
house gas benefit compared with fossil petroleum (64–66). These
concerns have led to proposals to eliminate or reform the RFS
(67). If the ethanol industry is significantly reduced in the next
20 y, it would not make sense to build a CCUS network based on
Midwest ethanol. On the other hand, CCUS presents an opportunity

Table 2. Key differing financial parameter assumptions
between each of the pipeline financing scenarios

Financing scenario
Full

commercial
Commercial
government

Full
government

Debt and equity
percentage, %

50:50 50:50 100:0

Equity rate of
return, %

12 12 n/a

Debt interest
rate, %

6 4.5 3.5

Debt financing
period, y

12 20 20

n/a, not applicable.

0 200 400100 Kilometers

Emissions (Mt per year) Source Types
Refineries and ChemicalsCement
Industrial and ManufacturingElectricity

101

5 15

Fig. 6. The full-government–scenario pipeline network is shown here with
other carbon dioxide sources not considered in our analysis. The light purple
area indicates 50-km proximity to the pipeline network. A number of large
electricity and industrial emissions sources are located near the pipeline
network. These sources are often much larger than ethanol biorefineries, as
can be seen from the emissions scale. Nonethanol sources within 50 km of
the pipeline network emit a combined 220 Mt per year compared with the
network total of 28.7 Mt from ethanol biorefineries. Data sources are listed
in SI Appendix.
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for the ethanol industry. Capture and storage of fermentation
carbon dioxide emissions can significantly reduce the overall
greenhouse gas footprint of corn ethanol (68–70), increasing its
value as a low-carbon fuel. Ethanol with CCUS could realize this
value through the CCUS tax credits and through programs such as
the California Low Carbon Fuel Standard (LCFS) (71), a trans-
portation fuels carbon emissions trading scheme with average
carbon credit prices in the past 2 y around $100 per ton abated
(72). CCUS may be recognized under the LCFS in the near future
(73). If all fermentation emissions at an ethanol biorefinery were
captured and sold for EOR, the CCUS value would be $0.09 per
gallon of ethanol from the $35-per-ton tax credit or around
$0.21 per gallon from a $100-per-ton LCFS carbon credit. For
context, the average market ethanol price was $1.50 per gallon
over the past 4 y. CCUS could provide significant additional
revenue streams for the ethanol industry.
This study also has implications for the structure of carbon-

emissions reduction policies. Carbon capture facility owners can
claim the tax credits for a period of 12 y (12). If there is no price
on carbon dioxide or other supporting emissions reduction policy
after their credit eligibility period, the capture facilities may cease
to operate if transport and operational costs exceed the carbon
dioxide CO2-EOR sales price. The capture facilities will therefore
need to be financed over a maximum of 12 y and repay their
capital within that time. This also implies that the pipeline net-
work financing will not be able to assume demand beyond 12 y.
Pipelines are very long-lived assets, however, and initial tariffs
could be lower if they can repay capital over longer time periods.
In our financing scenarios, we assumed that government bears the
posttax credit policy risk and provides 20-y debt finance for the
commercial- and full-government financing scenarios. Long-term
confidence in emissions-reduction policy would be beneficial for
reducing system costs today and maximizing deployment.

Materials and Methods
Emissions Data and Estimation. Carbon dioxide emissions for natural gas
processing, hydrogen, and ammonia sources were obtained from Environ-
mental Protection Agency (EPA) Greenhouse Gas Reporting Protocol data for

2016 (74). We estimated the emissions from the low-capture-cost syngas
process stream of hydrogen and ammonia production from reported total
production emissions. We assumed that all of the reported natural gas
production emissions are able to be captured at low cost. Ethanol bio-
refinery fermentation emissions are not reported to the EPA, so we used the
stoichiometry of ethanol fermentation to estimate emissions based on bio-
refinery facility production capacity and reported ethanol production data
available from the Renewable Fuels Association and Nebraska Energy Office
(25, 26, 75). More detailed information on emissions estimation from each
source type is provided in SI Appendix.

Pipeline and Capture Cost Estimation. Pipeline costs were estimated by using
the US Department of Energy National Energy Technology Laboratory (NETL)
CO2 Transport Cost Model (50, 76). We selected options within the model
that produced the closest results compared with published costs from two
major existing carbon dioxide pipelines and industry rule-of-thumb costs.
The median modeled capital cost for pipelines across all segments in the
network was $118,000 per inch-mile. By comparison, a general industry rule-
of-thumb cost estimate is $100,000 per inch-mile (22), which is 15% lower
than the median modeled value. The industry rule-of-thumb cost was used
as the lower-sensitivity case value. We implemented a Microsoft Excel macro
to automate the repetitive calculation of costs for each pipeline segment in
the network. We used a modified version of a macro originally developed by
Dubois et al. (52).

Hydrogen and ammonia capture costs were based on published cost data
from the Shell Quest hydrogen production carbon capture project, supported
by cost information from the Air Products Port Arthur project and hydrogen
capture cost literature (17, 20, 77). Ethanol biorefinery capture costs were
estimated by using a model developed by the State CO2-EOR Deployment
Work Group based on project data and input from people with direct
project experience (22). We modified the model to slightly increase opera-
tional costs. The model was compared with one publicly available project
cost example: The reported cost of the first stage of the ADM Decatur
ethanol capture project was ∼20% less than the modeled capital cost (18).
The 20% lower capital cost was used as the lower-sensitivity value. Further
information on the cost models and the model spreadsheets are included in
SI Appendix.

Financial Analysis. We performed a discounted cash flow analysis of project
costs and revenues for both the pipelines and capture facilities. For the

0 200 400100 Kilometers

Potential Pipeline Corridors Full Initial Potential Network

Fig. 7. The full initial network and sources considered in the analysis. The
total capture potential is 37 Mt per year. The map also shows the potential
pipeline corridors considered, which included existing natural gas, ammonia,
and carbon dioxide pipelines, as well as railways, interstate highways, and
high-voltage electricity transmission lines. The sources of the underlying
map data are listed in SI Appendix.
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Fig. 8. Price curve iterations for each pipeline financing scenario. The dif-
ferent colors represent the different financing scenarios. The thinnest line
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stable scenarios. The full-government scenario reached a stable network
after two iterations, while the commercial-government network was stable
after four iterations. The full-commercial scenario has no stable network.
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pipelines, we used the discounted cash flow analysis in the NETL CO2

Transport Cost Model (50, 76). We modified the analysis to reflect the new
corporate tax rate and interest tax deduction rules introduced by the Tax
Cuts and Jobs Act of 2017. We added an explicit debt schedule to separate
consideration of debt and equity, rather than using the default weighted
average cost of capital (WACC) discount rate method. The key differing
assumptions for the three pipeline financing scenarios are included in Table
2. The financial parameters for the full-commercial scenario were chosen so
that the WACC was 8.3%, which is typical for major oil and gas pipeline
companies (78). The debt-financing period was assumed to be 12 y for the
full-commercial scenario, in line with the duration of the tax credits. Com-
mercial finance is unlikely to be available over a longer term due to the risk
of no subsequent supporting policy following the expiration of the legis-
lated tax credits. For the commercial- and full-government scenarios, we
assumed that government bears the posttax credit policy risk and provided
20-y debt finance. The debt interest rate for the commercial-government
scenario was assumed to be 1% above the 20-y US Treasury bond interest
rate (modeled on the Department of Energy Loan Program interest rate).
For the full-government scenario, we assumed the project was 100% fi-
nanced by government debt at the 20-y bond interest rate. We used the
maximum 20-y bond interest rate in the past 5 y. For each pipeline financing
scenario, we applied the same financing parameters to all pipelines in
the network.

The capture facility financial analysis assumed 100% equity financing of
the projects, since they are cash-flow negative and could not make debt
repayments. The projects rely on the tax credits for their positive value. We
applied the legislated schedule for the value of the tax credits in each year
(12). We assumed the project owners could fully monetize the value of the
tax credits. The target rate of return for the capture facilities was 15%, but a
10% minimum rate of return was used for marginal facilities after the first
network iteration cycle. The capture facilities have a higher target rate of
return than the pipelines since they are less established industries, with
revenue more closely tied to oil prices and, therefore, have higher risk.

All pipeline and hydrogen-capture projects were assumed to begin in
2020 with a 4-y capital expenditure period. Ethanol capture projects were
assumed to begin in 2022 with a 2-y capital expenditure period. All projects
become operational in 2024. We assumed 2% inflation for all costs and the
carbon dioxide sales price. All costs are reported in US 2018 dollars. Further
information on the financial analysis, a full list of assumptions, and the fi-
nancial analysis model spreadsheets are all included in SI Appendix.

Network Economic Analysis.We initially considered all of the low-capture-cost
sources in the study area with emissions exceeding the 100,000 tons per year
minimum for tax-credit eligibility, shown in Fig. 7. The first step in the
network analysis was to analyze the trunk options, shown in Fig. 2, as de-
scribed in Results and Discussion and SI Appendix. After determining the
best trunk route option, a pipeline network collecting carbon dioxide from
all sources was designed; the full initial network is shown in Fig. 7. All net-

work design was performed with Esri ArcGIS. We limited potential pipeline
routes to existing natural gas, ammonia, and carbon dioxide pipelines, as
well as railways, interstate highways, and high-voltage electricity trans-
mission lines. The geographic information system (GIS) source data are listed
in SI Appendix. We used the ArcGIS Network Analyst feature to find the
shortest routes from each source to the Permian Basin destination, with
manual constraints employed so that sources would aggregate efficiently
and follow the trunk pipeline routes. The detailed ArcGIS methodology is
included in SI Appendix.

After determining the initial network design, we performed the financial
analysis and network iteration process to find the stable, economically viable
networks for each financing scenario. The process was as follows:

(i) Determine the carbon dioxide flow rate for each segment of the
pipeline network.

(ii) Calculate the pipeline size, costs, and required carbon dioxide transport
tariffs using the modified NETL CO2 Transport Cost Model (50, 52, 76).
Calculate the tariff that each source must pay based on the pipeline
segments it uses.

(iii) Calculate the required carbon dioxide sales price for each source using
the capture facility financial analysis model, with the pipeline tariff in-
put from the previous step.

(iv) Eliminate all sources with a required carbon dioxide sales price above the
$23 per ton threshold. A threshold requiring 15% rate of return at
$23 per ton was used in the first iteration. Subsequent iterations allowed
a 10% rate of return for marginal facilities, as explained in Results
and Discussion.

(v) Update the pipeline network design (if required).

(vi) Repeat steps i–v until a stable system is found with all sources
economically viable.

More detail on the network economic analysis methodology is included in
SI Appendix. The network analysis was performed separately for each
pipeline financing scenario. The required carbon dioxide sales price curves
for each iteration of each financing scenario are shown in Fig. 8.
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