
LETTER • OPEN ACCESS

Regional implications of carbon dioxide removal in
meeting net zero targets for the United States
To cite this article: Chloé Fauvel et al 2023 Environ. Res. Lett. 18 094019

 

View the article online for updates and enhancements.

You may also like
Evaluation of critical depth ratio for soft
V2O5 film on hard Si substrate by finite
element modeling of experimentally
measured nanoindentation response
A K Gupta, Deeksha Porwal, Arjun Dey et
al.

-

Confronting mitigation deterrence in low-
carbon scenarios
Neil Grant, Adam Hawkes, Shivika Mittal
et al.

-

Federal research, development, and
demonstration priorities for carbon dioxide
removal in the United States
Daniel L Sanchez, Giana Amador, Jason
Funk et al.

-

This content was downloaded from IP address 199.111.226.188 on 25/08/2023 at 20:36

https://doi.org/10.1088/1748-9326/aced18
https://iopscience.iop.org/article/10.1088/0022-3727/49/15/155302
https://iopscience.iop.org/article/10.1088/0022-3727/49/15/155302
https://iopscience.iop.org/article/10.1088/0022-3727/49/15/155302
https://iopscience.iop.org/article/10.1088/0022-3727/49/15/155302
https://iopscience.iop.org/article/10.1088/0022-3727/49/15/155302
https://iopscience.iop.org/article/10.1088/0022-3727/49/15/155302
https://iopscience.iop.org/article/10.1088/0022-3727/49/15/155302
https://iopscience.iop.org/article/10.1088/1748-9326/ac0749
https://iopscience.iop.org/article/10.1088/1748-9326/ac0749
https://iopscience.iop.org/article/10.1088/1748-9326/aaa08f
https://iopscience.iop.org/article/10.1088/1748-9326/aaa08f
https://iopscience.iop.org/article/10.1088/1748-9326/aaa08f


Environ. Res. Lett. 18 (2023) 094019 https://doi.org/10.1088/1748-9326/aced18

OPEN ACCESS

RECEIVED

10 May 2023

REVISED

17 July 2023

ACCEPTED FOR PUBLICATION

3 August 2023

PUBLISHED

17 August 2023

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOI.

LETTER

Regional implications of carbon dioxide removal in meeting net
zero targets for the United States
Chloé Fauvel1, Jay Fuhrman2, Yang Ou2, William Shobe3, Scott Doney4, Haewon McJeon5

and Andrés Clarens1,∗
1 Department of Civil and Environmental Engineering, University of Virginia, Charlottesville, VA, United States of America
2 Joint Global Change Research Institute, University of Maryland and Pacific Northwest National Laboratory, College Park, MD, United
States of America

3 Batten School of Leadership and Public Policy, University of Virginia, Charlottesville, VA, United States of America
4 Department of Environmental Sciences, University of Virginia, Charlottesville, VA, United States of America
5 Korea Advanced Institute of Science and Technology, Daejeon, Republic of Korea
∗ Author to whom any correspondence should be addressed.

E-mail: andres@virginia.edu

Keywords: negative emissions technologies, integrated assessment modeling, carbon dioxide removal, regional impacts

Supplementary material for this article is available online

Abstract
Net-zero greenhouse gas emission targets are central to current international efforts to stabilize
global climate, and many of these plans rely on carbon dioxide removal (CDR) to meet
mid-century goals. CDR can be performed via nature-based approaches, such as afforestation, or
engineered approaches, such as direct air capture. Both will have large impacts in the regions where
they are sited. We used the Global Change Analysis Model for the United States to analyze how
regional resources will influence and be influenced by CDR deployment in service of United States
national net-zero targets. Our modeling suggests that CDR will be deployed extensively, but
unevenly, across the country. A number of US states have the resources, such as geologic carbon
storage capacity and agricultural land, needed to become net exporters of negative emissions. But
this will require reallocation of resources, such as natural gas and electricity, and dramatically
increase water and fertilizer use in many places. Modeling these kinds of regional or sub-national
impacts associated with CDR, as intrinsically uncertain as it is at this time, is critical for
understanding its true potential in meeting decarbonization commitments.

1. Introduction

The United Nations framework convention on cli-
mate change uses nationally determined contribu-
tions (NDCs), which are established by governments
to coordinate global efforts to limit warming over the
coming decades (UNEP 2017). These NDCs are typ-
ically set using integrated assessment models (IAMs),
which facilitate modeling of net-zero carbon or total
greenhouse gas targets by linking the main features of
society, economy, land, and climate under a consist-
ent modeling framework (Meinshausen et al 2022).
Current IAM results regularly show the need for
deep reductions in emissions in the near term along
with large-scale carbon dioxide removal (CDR) to
manage recalcitrant and legacy emissions in order
to limit warming to 1.5 ◦C (Fuss et al 2018, Minx
et al 2018). While CDR is a compelling idea, the

negative emissions technologies (NETs) needed to
deliver CDR have yet to be demonstrated anywhere
near the scales that the IAM results suggest will be
needed in the coming decades (Fuhrman et al 2019).
This raises important questions about the actual viab-
ility of the proposed limits on warming. (Anderson
and Peters 2016)

In the United States, for example, the most-
recent NDC seeks to reduce economy wide green-
house gas emissions by 50%–52% below the 2005
baseline by 2030 (Ou et al 2021). Over the com-
ing few years, most of that decarbonization activ-
ity will come from retiring coal-fired power gen-
eration, building renewable energy capacity and
electrifying passenger transport (Horowitz et al
2022). IAM results suggest that CDR will be most
important beyond 2030, and consequently sev-
eral recent US legislative initiatives are designed
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to support demonstration and investment in NETs
(Anon 2022, Office of Fossil Energy and Carbon
Management Department of Energy 2023). But these
approaches, when deployed at climatically-relevant
scales of hundreds- to thousands-of-million metric
tons of CO2 per year will have substantial, and as yet
poorly understood, impacts on regional food, energy,
and water systems of the communities that will host
them (Griscom et al 2017, Fuhrman et al 2020).

There are two main classes of terrestrial NETs
that will have different impacts on local communit-
ies: land-based processes that increase carbon dens-
ities in the biosphere and deep-subsurface processes
that store CO2 in geologic formations. Land-based
NETs include afforestation and reforestation (Roe
et al 2019), soil carbon sequestration (Bellassen et al
2022), biochar (Lehmann et al 2021), and enhanced
weathering (Beerling et al 2020). Many of these are
low cost, but they could result in carbon removal
that is less permanent, if for example, land uses
change (LUC) or fires release sequestered CO2 (Holz
et al 2018). Land-based sequestration is also sub-
ject to constraints on the availability of arable land
and to increasing competition from other land uses
(NASEM 2019). Moreover, not all regions have the
biophysical resources needed to deploy forest man-
agement improvements, reforestation and afforesta-
tion to contribute CDR (Domke et al 2020). Walker
et al recently published an upper bound on terrestrial
carbon storage which assesses its capacity without
considering the range of competing approaches that
could impact ultimate deployment (Walker et al
2022). Consistent with other papers focused on so-
called nature-based climate solutions, they conclude
that these approaches could contribute to but are
insufficient for achieving our decarbonization goals
(Dooley et al 2022).

In contrast, a second broad class of approaches
relies on removing CO2 from the atmosphere and
injecting it into porous rock formations in the sub-
surface for permanent storage. These approaches are
broadly considered to be unconstrained since the
aggregate storage capacity is very large, if unevenly
distributed by region (Middleton et al 2020). One
such form of CDR involves direct air carbon cap-
ture and sequestration (DACCS), in which chemical
solvents or sorbents are used to concentrate CO2 out
of ambient air (Realmonte et al 2019). This tech-
nology is thermodynamically challenging and eco-
nomically prohibitive at present even though sev-
eral pilot plants are being built (Keith et al 2018).
Ocean-based NETs are of growing interest to the
scientific community but are less technologically
mature than some forms of terrestrial NETs (National
Academies of Sciences, Engineering, and Medicine
2022).

Bioenergy with carbon capture and sequestration
(BECCS) has elements of both land- and subsurface-
based CDR (Bennett et al 2021). The premise is that

biomass can be grown and then converted into elec-
tricity or liquid fuels, with some fraction of the bio-
genic carbon captured and disposed of in the deep
subsurface (Butnar et al 2019). When deployed at
scale, BECCS would compete with other food and
fiber crops and put pressure on water and fertil-
izer systems (Baik et al 2018). In contrast, DACCS
would require very little land but much more energy
(Fuhrman et al 2021). The full environmental and
economic cost of these technologies is coming into
focus but is still uncertain given the low technology
readiness level of many of these approaches (Nemet
et al 2018).

Given this uncertainty, IAMs have included only
a limited number of NETs, even though the role of
CDR is large in almost all simulations that meet net-
zero greenhouse gas emissions and Paris Agreement
climate targets (IPCC 2018). Those IAMs that have
included CDR have generally not considered the
broader set of consequences these approaches would
entail, especially at sub-national scales. Strefler et al
(2021) analyzed the comparative advantages of differ-
ent CDR options given varying portfolios of available
technologies and found regional CDR deployment
shifts depending on the technology options available
(Strefler et al 2021). If, for example, enhanced weath-
ering of rocks is the only availableNET, Latin America
and Asia are almost solely responsible for global CDR
whereas DACCS was found to be the most evenly dis-
tributed NET among regions. Fuhrman et al recently
modeled a full suite of CDR approaches and found
significant heterogeneity in where and at what levels
CDR is deployed around the globe (2023).

A growing number of studies have begun to
explore the role that individual nations can play
in delivering carbon removal and the concomitant
impacts. Förester et al recently produced a framework
for assessing the feasibility of CDR in Germany that
considers the range of environmental, technical, eco-
nomic, social, institutional and systemic impacts of
CDR deployment (Förster et al 2022). Recognizing
that regional specialization and global goal-setting
could lead to leakage, Franks et al developed a pricing
scheme for carbon removal assuming inter-regional
leakage (Franks et al 2023). Other studies have begun
to quantify the environmental benefits of carbon
removal, such as the recent work by Yang intended
to understand how haze pollution might be reduced
once emissions are traded (Yang et al 2022).

In countries such as the United States, with rel-
atively decentralized governance, subnational juris-
dictions will play a key role in determining regional
responses to achieving net-zero emissions (Larson
et al 2022). However, IAMs have traditionally placed
less emphasis on the role that sub-national gov-
ernments are likely to have in determining climate
futures, and so most exploration of NETs deploy-
ment to date has been at the global or national scale
(Peng et al 2021). At least one study has simulated a
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state-specific plan for participation in a decentralized
climate policy regime in the US, but little is known
about the total impact of having all 50 states follow
a similar process (Baker et al 2020). Peng et al found
that allowing states to set their own pathways to net
zero increased the overall system costs considerably.
Even in the absence of variation in local policy, differ-
ences in resource endowments will lead to differenti-
ation in the comparative advantage of implementing
different types of CDR in a given jurisdiction. Larson
et al provide granular spatial and temporal resolu-
tion of the energy and industry infrastructure changes
needed for the US to reach net-zero greenhouse emis-
sions by 2050 (2022). Their study focuses on mit-
igation technologies with some consideration of the
land-use effects of these deployments, but the authors
do not explicitly address negative emissions capacity
across states. Several studies have examined how US
states could individually achieve net-zero emissions
(Baker et al 2020). Baik et al conducted geospatial
analysis of BECCS in the United States, particularly
the colocation of suitable CO2 storage basins and bio-
mass availability, to highlight the near-term deploy-
ment opportunities for BECCS specialization within
certain states but does not consider BECCS deploy-
ment within the larger context of decarbonization
and CDR deployment pathways (2018).

This study fills a gap in the current literat-
ure by addressing the distribution of NETs in dif-
ferent US states under conditions where the states
collectively achieve a mid-century, net-zero emis-
sions national goal. We explore how the variation in
regional resources influences where different NETs
are likely to be deployed and how those deploy-
ments contrast with present day and projected posit-
ive emissions. Our hypothesis is that regions will dif-
fer greatly in the extent to which carbon removal is
deployed based on regional costs of the resources that
underpin these approaches. To test this hypothesis,
we added DACCS to the Global Change Analysis
Model for the United States (GCAM-USA), which
already included afforestation and BECCS. This set
of carbon removal approaches was not meant to be
exhaustive but rather to capture a representative cross
section of approaches representing natural (afforest-
ation), engineered (DACCS) and hybrid (BECCS)
approaches. This enabled us to explore the multi-
sector dynamics and better understand how these
technologies would be implemented across the 50 US
states.

2. Methods

The GCAM is an open-source, global IAM avail-
able at https://github.com/JGCRI/gcam-core (JGCRI
2022). GCAM represents the behavior of, and inter-
actions between, the energy, water, land, economy,

and climate systems for 32 geopolitical regions glob-
ally. GCAM is a market equilibrium model, solving
for a set of prices that ensure supply equals demand
among allmarkets from1990 to 2100 in five-year time
steps. GCAM-USA is an extension of the globalmodel
that further breaks down the United States region
into state-level resolution (including the District of
Columbia). In this study, we ran GCAM-USA on the
University of Virginia’s high-performance computing
cluster, Rivanna.

2.1. NETs
GCAM-USA features BECCS and land-use change
pathways for negative emissions, and for this study
we added the capability to model DACCS at the state
level, building upon the treatment of DACCS in the
global version of the model (Fuhrman et al 2020).

2.2. DACCS
DACCS requires energy inputs in the form of either
natural gas or electricity (Keith et al 2018). Other
inputs include capital and non-energy operations and
maintenance which are aggregated into a levelized
non-energy cost term in GCAM. There is consider-
able uncertainty regarding the future energy intens-
ity and total cost of DACCS once it is implemented
on a commercial scale (McQueen et al 2021). Our
assumptions for the cost of DACCS in GCAM-USA
follow those of the ‘middle of the road’ scenario from
Fuhrman et al (2021) and are applied to each of the 50
states + the District of Columbia as described in the
supporting information (Fuhrman et al 2020). The
costs of energy, as well as geologic carbon storage,
are determined endogenously for each state. The cost
curves for these technologies are used as developed
for the core GCAM-USA model.

DACCS indirectly competes in GCAM against (a)
emissions abatement; and (b) other NETs such as
BECCS and land-use change, based on its cost and
the subsidy paid for CO2 removal (that is, the car-
bon price). DACCS technologies begin to be deployed
when the carbon price exceeds their levelized energy
and non-energy costs. DACCS functions effectively as
a backstop technology, which sets an upper limit on
the carbon price. DACCS deployment is limited in
each of GCAM’s 32 global regions as described pre-
viously (McFadden 1973, Train 2009, Fuhrman et al
2020). At extremely high carbon prices, this sum sets
a ceiling on the amount of DACCS that can take place
in any given region. This ceiling on DACCS deploy-
ment was apportioned based on each region’s cumu-
lative amount of onshore carbon storage relative to
the global total (Fuhrman 2020).

To allow exploration of the sub-national implic-
ations of DACCS, we extended this approach, to
enable modeling of state-level DACCS deployment in
GCAM-USA (Fuhrman et al 2021). Here, we used
each state’s share of U.S. total cumulative onshore
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carbon storage capacity to proportionally allocate the
defined maximum possible total DACCS deployment
for the United States from 32-region global version
of GCAM (set at 2 GtC per year or 7.3 GtCO2 per
year) among the states. This methodology assumes
that new DACCS plants are most likely to be sited in
states with abundant suitable geologic storage, min-
imizing the need for CO2 transportation infrastruc-
ture from point of capture to injection sites.

2.3. Land-use change
GCAM tracks carbon flows to and from the atmo-
sphere resulting from land-use change (for example,
from forest or grassland, to cropland). Under a car-
bon price, GCAM imposes a cost penalty for land-
use change emissions, and conversely, receive a sub-
sidy for land-use carbon sequestration (for example,
expanding forested land area). While emissions from
fossil fuels can, in principle, be priced at the point
of extraction or combustion, emissions from land-
use change and agriculture occur without regulat-
ory frameworks or mature markets in place today.
There will need to be a carbon pricing infrastruc-
ture in place to account for biospheric carbon emis-
sions and sequestration from land-use change. The
carbon price set by GCAM applies to all carbon flows
in the human-earth system, but this does not reflect
the current lack of governance infrastructure for pri-
cing land-use carbon. Therefore, we set a separate
carbon price from land-use change to be an exogen-
ously determined fraction of the carbonprice on fossil
emissions, growing linearly from 0 in 2020 to 1 in
2100. A carbon price on land-use change emissions
gradually approaching the fossil carbon price reflects
the long-term effort required to implement land-use
policy and infrastructure that will address the current
barriers to land-use policy, including reversal risks of
biospheric carbon storage. Sensitivity cases also con-
sider a pricing market for land-use change maturing
at a faster rate and reaching a fraction of 1 to fossil
fuel carbon price by 2050.

2.4. BECCS
GCAM-USA includes BECCS technologies in the
refining and electricity generation sectors, as well
as biomass energy technologies which do not cap-
ture any carbon emissions from the biomass (for
example, corn ethanol as it is currently produced)
(Abotalib et al 2016). The parameterization of all bio-
mass energy technologies including those for BECCS
is based upon previously published GCAM stud-
ies (Wise et al 2009, 2014, Muratori et al 2017). In
GCAM, land area for biomass competes with other
land uses including other cropland and natural lands.
GCAM endogenously solves for the amount of irrig-
ation water (as opposed to rainfed crops), as well
as fertilizer use for biomass and all other agricul-
tural commodities in each major river basin, taking
into account the yield effects of both irrigation and

fertilizer, as well as any land-use emissions tax or car-
bon storage subsidies.

2.5. Emissions constraint
We imposed emissions constraints for the world and
the United States to decline linearly from historical
emission levels of 35.6 GtCO2 and 5.1 GtCO2 in
2015, respectively, to net-zeroCO2 emissions by 2050.
GCAM endogenously calculates the carbon price
required to reach the emissions constraint at each
model period. This carbon price along with GCAM’s
market equilibrium structure determines the market
share of each technology in each sector that satisfies
the demand.

2.6. Carbon accounting
GCAM treats consumption of biofuels as carbon-
neutral unless the CO2 emissions are sequestered,
with endogenous treatment of land-use emissions
and non-CO2 GHG emissions associated with bio-
mass production. The model tracks bio-derived
carbon through the global economy and reports
temporary carbon uptake in biomass through pho-
tosynthesis, which can then be re-emitted to the
atmosphere when combusted, or it can be stored in
long-lived industrial products or geologic reservoirs.
Only the latter two cases represent negative emis-
sions. We processed our model output to disaggreg-
ate bio-derived carbon emissions and storage at the
state level plus a residual that represents temporary
carbon storage in bio-derived liquid fuels such as eth-
anol and biodiesel. Although this does not represent
true CDR, this method enables accounting for con-
ventional biofuels which are not linked to geologic
storage. Currently, this is by far the dominant form
of biofuels in the U.S. and globally.

2.7. Summary of scenario cases
Initial analysis revealed that model results are sens-
itive to land-use change emissions and geologic car-
bon storage costs, both of which are defined exogen-
ously. Previous studies have performed hindcasting
of GCAM results and more formal sensitivity ana-
lysis (Calvin et al 2017, Lamontagne et al 2018). We
performed a sensitivity analysis consisting of a 2 × 2
scenario matrix, in which we permuted both the frac-
tion of the fossil emissions price at which land-use
carbon emissions or storage was priced, as well as
geologic carbon storage costs. More details and res-
ults from this sensitivity analysis are available in the
supplementary information.

3. Results

Our results suggest that, to achieve net-zero CO2

emissions bymid-century, the United States will need
to grow a CDR industry that can deliver between
1.4–2.3 GtCO2 per year by 2050. Considering this
CDR together with actions that mitigate current
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Figure 1. Sector emissions breakdown for the United States under a national 2050 net-zero carbon dioxide emissions scenario:
United States (a), Iowa (b), California (c), and Texas (d). Note the different axis scales for each state.

positive emissions provides insights about regional
differentiation in the use of NETs for achieving a
national net-zero target. Figure 1(a) shows a traject-
ory for decarbonization of the entire United States
with sector-based breakdowns of positive and negat-
ive emissions. These results indicate that rapid near-
term emissions mitigation will slow as more recalcit-
rant emissions are offset by CDR in 2035 and beyond.
Most of this CDR comes from direct air capture with
somewhat less coming from bioenergy with carbon
capture.

These pathways look very different when
considered at the state level. Figures 1(b)–(d) present

decarbonization trajectories for three states: Iowa,
California, and Texas. These states represent three
contrasting economic structures that are useful for
understanding how regional resources impact CDR
deployment. Noting differences in the y-axes between
these three plots, Iowa has relatively low positive
emissions today as well as high capacity to deploy
CDR such that, by mid-century, it has the poten-
tial to be net-negative. In contrast, California and
Texas will continue to have high positive emissions
in 2050 from the building, industrial and trans-
portation sectors. Even though California is expec-
ted to cut its emissions rapidly over the coming
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Figure 2. State-by-state emissions in 2050 under a national net-zero carbon dioxide emissions scenario: net (a), gross positive
(b), and gross negative (c). NETs include BECCS, DACCS, and land-use change.

decades, California’s transportation sector still makes
up 46% of their positive emissions compared to
a United States’ total of 30% in 2050. Similarly,
Texas is expected to reduce their gross positive emis-
sions by almost one half between 2005 and 2050.
California’s overall negative emissions capacity is not
enough to offset its own positive emissions, making
it a net-positive emitting state in 2050. In contrast,
Texas has a high negative emissions capacity, which

could offset its high positive emissions to achieve
net-zero.

The contributions of states to achieve the national
US net-zero target varies considerably across the 50
states because of both existing resources, such as
arable land availability and geologic carbon stor-
age, and because some states have residual positive
emissions that will be difficult to offset. As seen in
figure 2, some states will continue to be net positive
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Figure 3. CDR by state in 2050. (a). Total CDR shown for all 50 states and the District of Columbia, (b). Share of each NET in each
state, (c)–(f). Leading states in CDR capacity for DACCS (c), BECCS electricity (d), land-use change (e), and BECCS liquids (f).

by mid-century, while others will have excess neg-
ative emissions capacity. California and Texas have
the highest positive emissions in 2050 as shown in
figure 2(b), but California has only amodest potential
to offset those emissions, while Texas, as well as many
Midwest states, have a large potential for CDRdeploy-
ment (figure 2(c)). Many states, particularly agricul-
tural states in theMidwest have the potential to be net
negative. These states have relatively low net positive
emissions and high land available to deploy negat-
ive emissions such as large-scale BECCS. These results

suggest that many states will not need to achieve net-
zero independently for the nation to reach net zero as
whole.

Figure 3 provides a state-by-state breakdown of
NETs types and deployment quantity. Our results
suggest that Texas will be the largest contributor
of negative emissions because of its large area and
geology that make it extremely favorable for carbon
capture and storage (NETL 2015). CCS underpins
both DACCS and BECCS and Texas has about 13%
of all estimated underground CO2 storage capacity in

7
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Figure 4. (a) Total state-level carbon captured and stored geologically in 2050 (fossil fuel CCS, BECCS, DACCS) and (b) land area
devoted to biomass in each state needed to support the bioenergy with carbon capture industry.

the United States. The next two largest DACCS con-
tributors, Indiana and Ohio, are also the next two
states with the most geological CO2 storage capa-
city in the United States, 5.6% and 5.4%, respect-
ively.We note that this result depends critically on our
modeling treatment of DACCS, which assumes the
maximum DACCS capacity in each state is directly
proportional to that state’s geologic storage amount.

DACCSwas found to be themost widely deployed
form of CDR across all states, constituting 68% of the

carbon removal potential on average. The absolute
quantity of this carbon removal potential is largest
in Texas, where our results suggest that 328 MtCO2

of carbon will be removed per year by 2050. This
is an enormous amount of negative emissions to be
coming from one technology alone. It is equivalent
in magnitude, but opposite in sign, to all the pos-
itive emissions generated by the state of California
today. In effect, these results suggest that meeting our
national decarbonization goals will create enormous

8



Environ. Res. Lett. 18 (2023) 094019 C Fauvel et al

Figure 5. The deployment of NETs at scale will increase demand for (a) electricity; (b) natural gas; (c) fertilizer, and
(d) freshwater withdrawals.

market opportunities. In Texas, that activity will gen-
erate new industry that will remove carbon on the
scale of the entire California energy economy today
in order to meet US national decarbonization goals.

While DACCS is the most widely deployed form
of CDR, BECCS is also a large source of carbon
removal in 2050 (figure 3(b)). The median share
across states’ NET portfolios is 9% for BECCS elec-
tricity and 13% for BECCS liquids (that is, ethanol
and Fischer–Tropsch biofuels refining processes with
CCS). Texas deploys significant amounts of BECCS
liquids because of the abundant agricultural land and
geologic storage capacity. After Texas, BECCS liquids
deployment is primarily concentrated in the Midwest
states, where large amounts of land are dedicated to
crop growth for bio-refining. Land-use change con-
tributes a median of just 0.2% of negative emissions
across states, with land-use change even contributing
to positive emissions in a few states (figure 3(a)).

CDR deployment will be concentrated in cer-
tain regions based on critical resources needed to
deploy NETs, namely carbon storage capacity and
land. Figure 4 shows how geologic carbon storage
capacity and land area are pivotal resources in identi-
fying where CDR will be deployed at scale. Geologic
carbon storage is an important constraint on CDR,
and our modeling suggests that most, 2.2 GtCO2 per
year of the estimated 2.3 GtCO2 per year (98%),
negative emissions in 2050 will be sequestered in
the subsurface. In our modeling scenarios, there is
also a large deployment of conventional CCS from
point sources, but these technologies are unlikely
to compete for pore-space in subsurface geologic

reservoirs (Kelemen et al 2019). Combined CCS, for
NETs and for fossil-fuel stationary sources, reaches
3.2 GtCO2 per year in 2050 (NETL 2015). As shown
in figure 4(a), this CCS is concentrated in Texas, in
the Midwestern states, and in Florida. In addition to
geologic storage capacity, carbon removal will require
land. Figure 4(b) shows that tens of thousands of
square kilometers of agricultural land will need to
be dedicated for planting bioenergy crops that can
be used for bioenergy with carbon capture. In some
states, this represents upwards of 15% of a state’s land
area. It is important to note that these results are par-
tially influenced by the subset of NETs modeled here.
Emerging approaches such as enhanced weathering,
soil sequestration, and biochar additions do not rely
on CCS storage capacity but will be proportional to
land availability. These techniques could be done in
conjunction with food agriculture and so some of
these approaches might not compete for land in the
same way.

CDR deployment at the large scales needed to
meet the national net-zero GHG emissions goal will
have important implications on regional energy, agri-
cultural, and water resources. The amount of elec-
tricity that would be dedicated to DACCS expressed
as a percentage of a state’s total present electricity
generation is shown in figure 5(a). These results dif-
fer from the CCS results insofar as some states will
have a larger percentage of their electricity demand
used to support CDR. Similarly, DACCS deploy-
ment could account for large proportions of nat-
ural gas final energy (i.e. excluding electricity gen-
eration) in many states, as gas-fired, solvent-based

9
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Figure 6. Sector-based net-zero trajectories for the United States under a range of scenarios including (a) low LUC+ low-cost
CCS (main scenario); (b) low LUC+ high-cost CCS; (c) high LUC+ low-cost CCS; and (d) high LUC+ high-cost CCS.

DACCS is less expensive than processes using only
electricity for their sorbent regeneration (figure 5(b)).
The states with the most land brought into cultiva-
tion also see the most fertilizer and water consump-
tion (figures 5(c) and (d)). These increases, which are
appreciable across all these key indicators, are likely to
put pressure on local communities and create regional
environmental and economic tradeoffs.

To understand how sensitive ourmodeling results
are to key parameters, we ran scenarios, where car-
bon pricing of LUC emissions matures more quickly
and CCS costs are higher, to understand the extent to

which land—intensive practices could absorb those
emissions. A full description of these scenarios is
presented in the SI document. These changes res-
ulted in a mid-century decrease in CDR from 2.33
GtCO2 per year to 2.13 GtCO2 per year. In this scen-
ario, DACCS remains expensive, so it is more favor-
able to offset positive emissions with other techno-
logies. BECCS plays a larger role in allowing the
US to achieve its net-zero targets, especially in the
last decade (figure 6). With a 60% non-energy cost
increase for DACCS (from $186/tCO2 to $296/tCO2),
total DACCS deployment drops from 1.6 GtCO2 of
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negative emissions in 2050–541 MtCO2 with a rapid
DACCS deployment in the last 5 years, compared to
a more early and gradual DACCS deployment in the
low-cost scenario (figures 6(a) and (c)). A NETs port-
folio more heavily reliant on BECCS results in even
larger acreage shifts for biomass growth than the low-
cost DACCS scenario. Additional results are presen-
ted in the supporting information.

4. Conclusions

Net-zero emissions pathways often rely on CDR
delivered using NETs that have yet to be deployed at
scale. Meanwhile, institutional investment in carbon
removal is burgeoning, and the effects of these invest-
ments on the regions where the projects will be sited
is poorly understood (Fankhauser et al 2022). This
paper demonstrates that, at the regional scale within
the US, the impacts of this CDR deployment will have
profound impacts on regional resources. Modeling
results demonstrate that in order to meet a national
net-zero goal by mid-century, NETs will need to
deliver 2–3 Gt CO2 removal each year. Our mod-
eling suggests that this deployment will be concen-
trated in certain regions of the country, based largely
on regional resource endowments. Some states have
an opportunity to become net exporters of negat-
ive emissions under national efforts to reach net-zero
emissions. The estimates presented here are based
on the best technology currently available for under-
standing how regional differentiation could evolve
over future decades where carbon removal is prac-
ticed (Carton et al 2020).

The regional economic benefits of export-
ing interstate sequestration services will need to
be weighed against other considerations, such as
regional environmental quality (for example, com-
bustion of natural gas, use of fertilizer, water use) and
economic tradeoffs (for example, costs on energy
resources, land availability) some of which will have
impacts on the equity dimensions of CDR. These
potential impacts (both positive and negative) will
need to be contextualized with a range of economic
and political conditions that will impact the deploy-
ment of CDR technology. There are also a range
of important biophysical dynamics that integrated
models do not take into account including ecosys-
tem service or climate damages, which would affect
the results of our projections (Jägermeyr et al 2021).
Nevertheless, this study puts much-needed focus on
the regional resource dynamics that CDR deploy-
ment at scale is likely to create. A better understand-
ing of the costs, benefits, and tradeoffs will be vital
for assessing the viability of national plans for decar-
bonizing the US economy using negative emissions
and could have relevance to sub-national variations
within other countries or regional variations across
coordinated national efforts.

Data availability statement

GCAM is an open-source integrated assessment
model available at https://github.com/JGCRI/gcam-
core (version 5.2). Additional scenario inputs are
summarized in the supplementary information. The
full set of input files, source code, and scripts used
to generate the figures are available at the following
github repository: https://github.com/chloe-fauvel/
state_cdr.
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