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ABSTRACT: Bioenergy with carbon capture and storage (BECCS)
sits at the nexus of the climate and energy security. We evaluated
trade-offs between scenarios that support climate stabilization
(negative emissions and net climate benefit) or energy security
(ethanol production). Our spatially explicit model indicates that the
foregone climate benefit from abandoned cropland (opportunity cost)
increased carbon emissions per unit of energy produced by 14−36%,
making geologic carbon capture and storage necessary to achieve
negative emissions from any given energy crop. The toll of
opportunity costs on the climate benefit of BECCS from set-aside
land was offset through the spatial allocation of crops based on their
individual biophysical constraints. Dedicated energy crops consistently
outperformed mixed grasslands. We estimate that BECCS allocation
to land enrolled in the Conservation Reserve Program (CRP) could
capture up to 9 Tg C year−1 from the atmosphere, deliver up to 16 Tg CE year−1 in emissions savings, and meet up to 10% of the US
energy statutory targets, but contributions varied substantially as the priority shifted from climate stabilization to energy provision.
Our results indicate a significant potential to integrate energy security targets into sustainable pathways to climate stabilization but
underpin the trade-offs of divergent policy-driven agendas.
KEYWORDS: climate change, carbon dioxide removal, carbon intensity, land use change, life cycle analysis, soil carbon, negative emissions,
payback time, carbon debt, Conservation Reserve Program

1. INTRODUCTION
Keeping global warming within 2 °C above preindustrial
levels�a politically agreed-upon benchmark to prevent
dangerous anthropogenic interference with the climate
system1�requires immediate and unprecedented rates of
decarbonization.2−4 In this context, bioenergy with carbon
capture and storage (BECCS) is being put forward by most
integrated assessment models as a cost-effective strategy to
achieve net-negative emissions targets while providing clean
energy, moving away from fossil sources.2,5 However, the
blueprint of BECCS deployment to guarantee sufficient and
sustainable negative emissions is still being debated.6−9

At present, there is a marked dissociation between IPCC
low-carbon representative concentration pathway (RCP)
scenarios that rely on sustained net-negative emissions and
the emissions reduction pledges that lead international action
on climate crisis.9−11 Furthermore, while the carbon dioxide
removal (CDR; i.e. physical removal of CO2 from the
atmosphere) potential is generally deemed the most valuable
aspect of BECCS,12 uncertainty in effective removal
rates5,6,13,14 and the political appeal of energy independence
may make energy targets more marketable, prioritizing ethanol

yields in climate action portfolios. Sociopolitical and economic
considerations may, therefore, urge agendas to support either
climate stabilization or energy security, the trade-offs of these
inherently different priorities being, for the most part,
overlooked in strategic pathways to implementation.
Despite accounting for 90% of biomass availability in 2020,15

alternative resources (e.g., crop residue, woody biomass and
residuals) are estimated to contribute less than 30% of US
potential CDR from BECCS in 2040.16 The adoption of
BECCS at meaningful scales will therefore require a significant
expansion of dedicated energy crops (i.e., purpose-grown
bioenergy feedstocks), raising concerns over land displace-
ment, compensatory agricultural expansions (i.e., indirect land
use change), and the derived toll on emissions savings.17

Indirect land use change can be minimized by targeting energy
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feedstock production on set-aside (a.k.a. marginal) land.18 A
major caveat is that the concept of marginal land is notoriously
vague, with several definitions based on principles ranging from
economic return to constraints for agricultural use.19−21 In the
absence of a clear definition of marginal land, effective
assessments of potential allocation to energy crops remain
elusive.21,22 This uncertainty creates inconsistencies about the
role that such strategies may play on climate stabilization and
energy provision.23 In contrast to marginal land, land enrolled
in the Conservation Reserve Program (CRP)�a US govern-
ment program to incentivize the retirement of environmentally
sensitive land from agricultural production�is clearly defined
and represents an alternative for BECCS deployment,
sidestepping the drawbacks of indirect land use change.
Questions remain, however, if energy feedstocks can be

sourced without incurring self-defeating emissions from land
use change (LUC), including disturbance emissions (i.e.,
carbon debt), and foregone greenhouse gas (GHG) emission

savings from the displaced system (i.e., opportunity cost), that
must be repaid by future savings to generate a climate
benefit.17,24 The ability of BECCS to achieve sizable rates of
fuel production and CO2 removal at tenable breakeven times
(i.e., payback times) has profound implications for policy and
depends on the crop of choice and the conditions of its
deployment.14 Developing sustainable low-carbon scenarios,
therefore, requires careful consideration of the land use
implications of bioenergy feedstock allocation,5,13,25,26 and
the explicit acknowledgment of all up- and downstream
emissions associated with bioenergy production and the
carbon (C) capture chain.27,28

The role of set-aside land on the effective deployment of
BECCS at scale remains controversial. Previous studies report
a mitigation potential of cellulosic ethanol production
severalfold greater than grassland restoration29 or reforesta-
tion,30 whereas others contend that the C debt and
opportunity costs of land conversion largely offset the net

Figure 1. System boundary of farm-to-fuel analysis depicting the carbon equivalent savings (credits) and losses (costs) of the life cycle inventory
encompassing: (i) feedstock production (green), (ii) transportation (yellow), and (iii) conversion (blue). Dashed lines indicate carbon that is part
of a closed cycle based on the premise that carbon released during conversion and combustion processes equals carbon captured into biomass upon
regrowth.54 Solid lines indicate carbon temporarily or permanently taken out of the carbon cycle generating negative emissions.26 Embodied
emissions account for upstream emissions from the manufacturing of chemicals and equipment associated with feedstock production, transport, and
conversion to ethanol. Operational or embodied emissions of geologic carbon capture and storage are not included. All contributions to the life
cycle inventory are explained in detail in the Supporting Information.
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climate benefit of bioenergy.17,31 Much of the conflict arises
from the use of inconsistent system boundaries of life cycle
analyses (LCAs),28 the accounting of single-crop or generic
crop yields and C sequestration rates, and standard crop
requirements that disregard regional heterogeneity.32,33

Recognizing markedly different physiologies and interactions
with the environment among energy feedstocks, previous
research suggests that observing the biophysical constraints of
energy corps may help minimize the C debt and potentially
overcome the opportunity costs of land conversion.13,34−36 A
few studies have integrated the spatial heterogeneity of some
attributes (e.g., biomass yields and changes in soil C) into the
LCA of bioenergy production.37,38 However, these studies
focus on contributions to bioenergy production therefore
excluding CCS from the system boundary and neglect to
account for local impacts on operational costs, which may
account for >70% of the C equivalent costs at the farm gate.39

Other studies assess near-term deployment opportunities for
BECCS and provide a picture of optimal allocation of
resources.16,40 However, these studies lean heavily on biomass
availability, and while for the most part, they account for the
direct impacts of LUC, conversion losses are generally derived
from standard coefficients and neglect the toll of opportunity
costs on effective negative emissions. In all instances, previous
studies give an indication of cost-optimal roadmaps for
bioenergy or BECCS allocation, but these may deviate
substantially from climate or energetically optimal pathways
of deployment.
Here, we developed an integrated biogeochemical−life cycle

emissions framework coupling DAYCENT with a spatially
explicit farm-to-fuel LCA (Figure 1) to estimate the C debt
and payback time of diverting CRP land to dedicated energy
crops, evaluate the toll of opportunity costs on effective climate
mitigation, and examine potential climate and energy trade-offs
of large-scale deployment of BECCS. To examine climate
versus energy trade-offs, we examined the impact of growing
different combinations of energy crops on CRP land under
three different optimization scenarios: (i) a negative emissions
(NE) scenario that relies on CDR rates outlined by pathways
for stabilization of radiative forcing (RCP 4.5 and below)5,14,41;
(ii) a net climate benefit (NCB) scenario that targets emission
reductions and leans heavily on fossil fuel displacement led by
policy incentives11,42; and (iii) an energy security (ES)
scenario that prioritizes ethanol (EtOH) yields led by energy
statutory targets43 (Table 1).

2. MATERIALS AND METHODS
2.1. Scenario Development, Scope, and Constraints.

We generated optimized land use scenarios for land enrolled in
the CRP targeting three key sustainability goals: (i) an NE

scenario led by CDR rates including both biologic (i.e., soil
carbon sequestration; SCS) and geologic (i.e., the deliberate
capture and storage of released CO2 at the biorefinery into
subsurface geological formations; CCS) C removal; (ii) an
NCB scenario defined by the net GHG balance accounting for
all C equivalent (CE) gains and losses up- and downstream the
EtOH production pipeline including displaced fossil emissions
(avoided emissions); and (iii) an ES scenario driven by energy
yields including displaced energy from both EtOH and
coproduct generation (Table 1).
To ensure the economic viability of alternative land uses and

avoid additional pressure on freshwater resources, all scenarios
were subject to a no-irrigation constraint, limiting the scope of
the assessment to CRP land within the US rainfed region. To
minimize the emission costs of conversion in line with the
CRP conservation goals, only grassland area currently enrolled
in CRP was considered available for BECCS. This limited the
area of conversion to 3.6 Mha across the US rainfed region
(Figure S1).
Mixed grasslands were assumed to represent the predom-

inant land use on CRP land (conservation CRP), and we
considered six alternative energy crops including a technolog-
ically and logistically consolidated first-generation EtOH
feedstock (corn; Zea mays)44,45 and three, arguably more
end-use efficient yet relatively immature, second-generation
bioenergy feedstocks.29 Cellulosic feedstocks considered for
second-generation EtOH production included grassland
mixtures (bioenergy CRP) that avoid the direct impacts of
LUC,46 switchgrass (Panicum virgatum), a seminative perennial
grass with a range of hybrids for optimal allocation,29,47 and
miscanthus (Miscanthus × giganteus), an inherently low-input
high-yielding, albeit geographically constrained perennial47,48

(Figure 2). Observing potential pressure on nutrient resources
and sensitivities of both yields and ecosystem, and operational
GHG emissions to fertilizer additions,49−52 we included low-
input (i.e., nutrient replacement to sustain long-term
productivity) and high-yielding (i.e., fixed recommended
fertilization rates to maximize productivity) management of
bioenergy CRP and switchgrass cropping systems (Figure 2).
For each alternative land use and location, we estimated

potential NE, NCB, and energy yields (Table 2). Observing
the strict privacy policies of the Economic Research Service of
the USDA that restrict data disclosure of CRP acreage at
higher resolution, all simulations were performed at the county
level. Data driving modeling efforts were therefore aggregated
to provide weighted averages representative of CRP acreage for
each county. Contributions to net emissions from EtOH
production were normalized and expressed in carbon
intensities (CI; CE emissions per unit of energy produced)
for direct comparison among alternative feedstocks.
Values reported are weighted averages accounting for the

CRP acreage distribution within the US rainfed region. Model
uncertainty was calculated using the error propagation
equations described in the 2006 IPCC guidelines.53 Parameter
uncertainty was estimated for each land use considering
variance over 30-year simulations, and the error was
propagated across 30 randomized weather iterations to
integrate climate variability.
Optimization scenarios were developed based on best-

performing land uses for each key trait (i.e., negative emissions,
NCB, or energy yields) at each location, and potential
contributions to sustainability goals were computed from
annual means observing feedstock allocation.

Table 1. Summary of Optimization Scenarios

optimization
scenario leading goal feedstock allocation optimized by

negative
emissions
(NE)

climate
stabilization

total carbon dioxide removal (CDR). Sum of soil
carbon sequestration (SCS) and geologic
carbon capture and storage (CCS) (Figure 1)

net climate
benefit
(NCB)

climate
stabilization

net balance of all carbon equivalent (CE) costs
and credits (Figure 1)

energy
security
(ES)

energy
security

energy yields (Figure 1)
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The scope of this work is attributional.54 As such, the LCA
presented here does not consider indirect effects arising from
changes in the relationships between demand for inputs, price
elasticities, supply, and market effects of coproducts.54

Similarly, market effects on CRP acreage (e.g., petroleum or
land price changes resulting from increased fuel EtOH
production) are beyond the scope of this study. All scenarios
propose the deployment of otherwise unused land as bioenergy
feedstock. Impacts from indirect LUC are therefore avoided41

and not included in this study.
2.2. Lifecycle Inventory of GHG Emissions. The area of

interest (AOI) in this study encompasses >1900 counties
within 23 states of the US rainfed region, encompassing nine
different plant hardiness zones. Local environmental (e.g.,
precipitation, temperature, daylight, soil texture, soil pH) and
technological and infrastructure (e.g., electric grid supplier,
primary fuel blend) attributes influence land productivity,
management, and operational costs. A major challenge was to
reproduce the circuitry that links local variables to CE costs
(losses) and credits (gains) of EtOH production. To capture
spatial variation, we developed a spatially resolved biogeo-
chemical−LCA-coupled model that used local parameters to
estimate biogenic fluxes (i.e., ecosystem productivity, soil
organic carbon dynamics, and ecosystem GHG emissions) for
the later assimilation into a geographically explicit assessment
of all direct and embodied emissions of the bioenergy industry
pipeline (Figure 1).
The system boundary of this research is from field to fuel

(Figure 1). The field-to-fuel pipeline can be divided into three
major phases: (i) feedstock production, (ii) transportation, and
(iii) conversion. All GHG sinks and sources were expressed in
carbon equivalents (CE). Non-CO2 emissions were converted
to CE using the IPCC 100-year horizon (factors of 25 for CH4
and 298 for N2O).
(i) Feedstock Production. There are three main contrib-

utors to the GHG footprint of feedstock production: biogenic
f luxes (ecosystem productivity and emissions), embodied

emissions f rom agronomic inputs (upstream emissions for the
manufacturing of chemicals and farming machinery), and
operational emissions (direct emissions from farm management
including fossil fuel combustion during farm operations)
(Figure 1).
Biogenic Fluxes. We used DAYCENT to estimate biomass

yields, changes in ecosystem C storage, and ecosystem non-
CO2 emissions (i.e., CH4 and N2O) for business-as-usual and
alternative land uses (see above) on CRP acreage within the
US rainfed region at the county level (Figure S1). DAYCENT
is a process-based biogeochemical model that simulates C,
nutrient, and trace gas exchange at the atmosphere−plant−soil
interface as a function of light, temperature, and water and
nutrient availability on a daily time step.55,56 DAYCENT
successfully reproduces the dynamics of plant productivity and
soil biogeochemistry as affected by changes in land use,
alternative management practices, and changes in climate and
has been repeatedly used to simulate the productivity, soil
organic matter and nutrient dynamics, and trace gas fluxes of
grasslands and croplands, including high-yielding lignocellulo-
sic perennials, at local, regional, national, and global
scales.34,37,57−64

Crop modules were parametrized to capture physiological
responses to environmental factors and reproduce phenological
and developmental cycles reported in the litera-
ture.36,48,50,61,65−81 Model descriptors (e.g., planting/seeding
date, and harvesting, cultivation, and fertilization time and
intensity) were adjusted according to predominant vegetation
cover and location based on published data and observing
plant hardiness zones.36,48,50,65,70−72,77,82−87 Soil attributes
were parametrized using weighted averages from location-
specific values (CRP acreage) extracted from the Soil Survey
Geographic database (SSURGO) aggregated at the county
level.88

Initialization of soil C and nutrient levels was conducted
through the historical reconstruction of original biomes based
on Olson et al.89 followed by agricultural history driven by

Figure 2. Schematic summary of DAYCENT simulations of alternative land uses on land enrolled in the Conservation Reserve Program (CRP).
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climate reconstructions aggregated at the county level of
historical daily weather records from CRU-NCEP (1901−
1979)�an NCEP reanalysis 2.5 × 2.5° 6 h time step from
1948 onward that uses observed variability to estimate daily
values between 1901 and 1947.90 Historical land uses included
corn, soybean, alfalfa, and winter and spring wheat, managed
under historical fire, harvest, fertilization, and tillage
practices.91−95 Crop productivity and baseline soil organic
carbon (SOC) were calibrated using NASS agricultural
statistics96 and SSURGO soil C data.88 Because DAYCENT
estimates SOC from the turnover of soil organic matter pools,
defined by inputs of dead plant material associated with
productivity and decomposition rates in a given environment,
accurate predictions of SOC stocks are an indicator of the
robustness of model baseline simulations.55,57 Contemporary
simulations built on historical land uses and integrated input
data from county-specific CRP acreage including current
management, and county-specific average year of enrollment
provided and Daymet daily records (1980−present).97 CRP
grasslands (conservation grasslands) were simulated as cold-
and warm-season grasslands according to predominant
distribution and plant hardiness zone, and minimal manage-
ment was assumed to optimize ecosystem services, including
initial soil pH and nutrient restoration, and periodic soil
conditioning seeding and prescribed fire to maintain
biodiversity and prevent encroachment.98

Resulting baseline simulations were extended with con-
tinuation of conservation grasslands (business-as-usual scenar-
io) or conversion to alternative land uses driven by factorial
randomizations of 15-year weather records (1995−2010)
looped over 30 years to integrate interannual variability.
Bioenergy CRP land uses were simulated as harvested
conservation grasslands and avoided conversion costs (Figure
2). Low-input bioenergy CRP reproduced minimal management
consistent with CRP conservation goals but added routine low
nitrogen (N) fertilization (56 kg N ha−1 year−1) to compensate
harvest removal.99 High-yield bioenergy CRP assumed intensive
nutrient management to optimize productivity, with N
fertilization rates varying between 84 and 112 kg N ha−1

year−1 based on location and initial levels.49,52,81 Conversion to
bioenergy monocultures (Figure 2) was simulated assuming
brush mowing, disking, and cultivation followed by soil
conditioning. Corn yield simulations reflected increases in
grain-to-residue ratio and nutrient use efficiency over the past
two decades.69,100,101 Annual corn grain yields resulted from
corn-year yields derived from double simulations reproducing
corn−soy and soy−corn at each location. Model descriptions
dynamically allocated net primary productivity to grain or leaf/
stem according to temperature and water stress, with
maximum grain allocations set to 0.6.37 Fertilization rates
reproduced state averages integrating interannual variability
over the past decade.96 Switchgrass simulations allocated
upland and lowland varieties based on best performance as a
function of latitude.102,103 We assumed single after frost-kill
harvests (excluding planting year) depending on variety104 and
field tilling and replanting every 10 years, and new model
domains were developed to replicate stand age effects
matching developmental, establishment, and maturity
stages.48,76 Switchgrass productivity increases with N addi-
tions,105 with optimum fertilization rates ranging from 56 to
150 kg N ha−1 y−1 depending on location, developmental stage,
and harvest time.48−50,52,105,106 Annual N fertilizer application
varied according to developmental requirements, with no

fertilizer applied on the first year followed by a 100 kg N ha−1

year−1 on the second year and a conservative49 (56 kg N ha−1

year−1) or an intensive48−50,105 (84−112 kg N ha−1 year−1
based on location and developmental stage) fertilization
regime for the duration of the rotation aiming the conservation
goals of Low-input switchgrass or the productivity goals of High-
yield switchgrass, respectively.Miscanthus simulations assumed a
single after frost-kill harvests (excluding planting year) and
field tilling and replanting every 15 years, and model domains
were developed to reproduce productivity across developmen-
tal stages.48,76,107−109 Observing high rates of N retranslocation
to rhizomes at senescence (up to 90%),67,73 fertilization of
miscanthus was kept at replacement levels to sustain long-term
productivity.48,105

DAYCENT parametrizations were validated against baseline
SOC pools and historical records of county annual yields of
mixed grasslands, corn, switchgrass, and miscanthus from
published data across a wide temperature and precipitation
gradient within the US rainfed region (Figures S2 and S3).
Embodied Emissions from Agronomic Inputs. Embodied

emissions account for upstream emissions from the manu-
facturing of chemicals and farming machinery associated with
feedstock production. Embodied emissions were calculated
based on usage rates according to management scenarios and
feedstock- and location-specific traits (Table S1) and emission
factors from major agronomic inputs (Table S2). Emission
factors integrate emissions from the manufacture, transport,
and storage of agronomic inputs.
Liming rates were calculated from crop-specific target pH

(optimum soil pH for feedstock development) (Table S1) and
location-specific initial soil pH and texture.110

(1)

where Limeappl is the lime application rate (kg ha−1); sandfrac,
siltfrac, and clayfrac are descriptors of soil texture; and sandcoef
(1220.7 kg ha−1), siltcoef (3662.0 kg ha−1), and claycoef (4,882.7
kg ha−1) are the amount of lime required to increase soil pH by
1 level.
Subsequent soil pH adjustments were calculated to account

for soil pH drift associated with nitrogen fertilizer (Nfert)
application,111,112 and lime application rate was computed to
maintain optimum pH considering location specific soil texture
(eq 2).

(2)

Soil nutrients (phosphorus and potassium) were assumed to
be restored in full preceding conversion to conservation
grasslands (CRP), and at a 25% rate every 4 years thereafter to
maintain soil health and sustain productivity (Table S1). For
all alternative scenarios, we assumed minimum required inputs
aligned with the CRP sustainability goals, and nutrient
application rates were therefore recalculated according to
feedstock-specific replacement rates based on annual yields
subject to local properties (Table S1). We assumed the
herbicide application preceding the establishment of con-
servation grasslands. Following conversion to bioenergy
monocultures, we assumed pre- and postemergence herbicide
applications at recommended rates on planting year, and
annual postemergence application for the rest of the rotation
(Table S1). For mixed grassland systems, we assumed the
recommended seeding rate applied in full on the first year after
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conversion and postburn 10% reseeding in 4-year cycles
thereafter. We estimated 10 and 25% establishment failure for
switchgrass and miscanthus, respectively. Corrections were
performed by a second-year 10% reseeding of switchgrass and
the adjustment of planting densities of miscanthus on the
planting year.
Embodied emissions in farming machinery result from

periodic needs for new equipment and are calculated from the
emission factor of steel based on a 12-year lifetime assumption
for all farming equipment (Tables S2 and S3).
Operational Emissions. Operational emissions are fossil

fuel-based emissions from the use of farm machinery. Farm
operations included pre-establishment field preparation (i.e.,
brush mowing, tandem disking, soil finishing and lime,
herbicide, and fertilizer applications), planting, periodic soil
conditioning (nutrient and soil pH restoration), harvesting,
and baling according to feedstock needs and best management
practices.104,113−120 A full relation of all considered operations
and associated parameters can be found in Table S4.
We estimated machinery operational emission factors of

tillage equipment from energy requirements based on
calculations of equipment-specific draft (kN; resistance to
forward movement defined by traction) using a simplified draft
prediction equation121 and corrected by the tractive efficiency
according to depth122 and soil texture.123−126

(3)

where Fi is a dimensionless soil texture adjustment parameter;
A, B, and C are machine-specific descriptors of the draft/speed
relationship; S is field speed (km h−1); W is the width of the
equipment (m); and TD is the tillage depth (cm). Machine-
specific parameters were from the literature.121,124,127

Energy requirements were then estimated from theoretical
field capacity (TFC; ha h−1)128:

(4)

(5)

Emission factors were calculated using stoichiometric-based
calculations assuming predominant use of US Standard diesel
(EPA reported C12H23, with 86.2% C content) and adjusting
by efficiency coefficients (engine-to-wheel power) as reported
by ASABE (2009).124

(ii) Transport to Biorefinery. Feedstock transportation
includes both direct emissions from fossil fuel combustion
and embodied costs in vehicle manufacture. We estimated
direct emissions using the emission factor of US Standard
gasoline, and assuming an average distance of 84 km129 and a
standard load capacity of 18 MgDW per truck130,131 assuming
a 12 and 15% moisture content in cellulosic biomass and corn
bushel, respectively.130,131 Indirect emissions from the
manufacturing, replacement, and maintenance of the vehicles
were estimated using emission factors reported in Scown et
al.132

The harvested−to−biorefinery intake biomass ratio was 1.14
for cellulosic biomass and 1.02 for corn grain biomass due to
dry matter loss during in-farm management, handling, storage
and transportation.130,131

(iii) Conversion to Bioethanol. The corn EtOH production
pathway assumes the conversion efficiencies of dry mill corn
EtOH facilities, responsible of 91% of US fuel EtOH, with

distillers’ grains and solubles (DGS) as coproduct gener-
ation.101 We considered an EtOH yield of 427 L per dry metric
ton of grain, observing a 6.5% increase in the conversion
efficiency over the past decade.101 Biorefinery emission costs
included embodied emissions in enzymes and yeast inputs,133

and emissions derived from fossil fuel combustion were
calculated based on energy requirements for EtOH (7.35 MJ
L−1) and DGS (0.074 MJ L−1) production39 assuming 83, 7,
and 10% shares from natural gas (0.021 kg CE MJ−1), coal
(0.022 kg CE MJ−1), and electricity (emission factor
attribution based on grid-specific primary fossil source,134,135

respectively, in the generation of EtOH, and a 100% electric
energy in DGS production.130,131 Cellulosic EtOH production
assumes deacetylation and dilute acid pretreatment (DAP)
with enzymatic hydrolysis and fermentation,136 coupled with
lignin combustion producing 2.294 MJ of grid-based electricity
per liter of EtOH produced.130,131 Yields of cellulosic EtOH
were estimated at 302.8 L EtOH Mg DW−1 for switchgrass and
adjusted to 318.6 L EtOH Mg DW−1 for miscanthus and to
288.6 L EtOH Mg DW−1 for mixed grasslands based on
cellulose and hemicellulose content.46,137−139 Estimated
conversion efficiencies are similar to those reported in the
literature for all considered feedstocks.51,130 Biorefinery
emission costs from cellulosic EtOH production incorporated
embodied emissions from all biorefinery inputs, including yeast
and enzymes used during DAP.130,131,133

Fossil fuel offset credit from coproduct generation was
estimated by the displacement method, which credits the
product with the emissions derived from fossil sources based
on the energy required to produce a functionally equivalent
quantity of the nearest substitute.140 Coproduct-displaced
emissions from DGS generation were estimated at 0.0033 kg
CE per MJ of EtOH produced based on published survey data
from 2019.101 Displaced emissions from bioelectricity were
estimated for each location based on published grid-specific CI
from 2020.134,135

2.3. NE. Total NE was calculated as the sum of geologic
carbon capture and storage (CCS) and SCS estimated from
changes in SOC. Geologic CCS assumed a C capture efficiency
of 48% of the released CO2 from biomass at the biorefinery
and 100% of captured C transported and stored in subsurface
geological formations.16,141,142 Changes in land use cause SOC
content to either decrease or increase depending on the
displaced and alternative land use. Conversion from mixed
grasslands (conservation grasslands) to corn−soybean rota-
tions under conventional management will decrease SOC,
whereas conversion to perennial grasses creates an opportunity
for SCS over time until a new equilibrium is reached.34,35

Recent studies estimate time to SOC equilibrium after
transitions to high-yielding perennials at 50 to 100
years,143,144 providing a near-term pathway to climate
stabilization beyond amortizing initial C debt and opportunity
costs and avoiding the large uncertainty associated with land
use and emissions over extended time horizons.39

3. RESULTS
3.1. Opportunity Costs and Management Signifi-

cantly Affected the CI of Bioenergy Feedstock Grown
on CRP Land in the US Rainfed region. CI is defined as
the carbon intensity of CO2 and non-CO2 (CH4 and N2O)
GHG emissions expressed as CO2 equivalents (CO2e) per unit
energy produced. Estimates of CI integrating all up- and
downstream CE gains and losses per unit of energy produced
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are consistent with those reported in the literature for all
feedstocks considered, both with and without geologic
CCS39,101,141,145−148 (Figure 3).
The CI of EtOH produced from bioenergy feedstocks grown

on CRP land within the US rainfed region ranged from
positive CI values (net CO2e losses) for corn-based first-
generation EtOH (68.6 ± 22.9 g CO2e MJ−1) to negative CI
values (net CO2e savings) of −6.8 ± 22.9 to −18.9 ± 4.2 g
CO2e MJ−1 for second-generation cellulosic EtOH (Figure 2).
However, opportunity costs (loss of potential GHG attenu-
ation from alternative land uses) increased the CI of corn- and
mixed grass- (bioenergy CRP) based EtOH by ∼50% and by
20 and 15% in switchgrass and miscanthus systems,
respectively, bringing all EtOH-producing systems grown on
US rainfed CRP land to positive emissions per unit of energy
in the absence of geologic CCS (Figure 3). The legacies of
opportunity costs, beyond the immediate impacts of land
conversion, are particularly critical on corn and bioenergy
CRP, where the foregone climate benefit from the displaced
system pushes CI above the standards for renewable and
cellulosic biofuel (85.2 ± 28.6 g CO2e MJ−1, and 49.0 ± 12.7
to 57.9 ± 15.3 gCO2 MJ−1, respectively) relative to petroleum-
based gasoline CI39 (94 gCO2e MJ−1), making geologic CCS
necessary to reach emissions reduction thresholds (20 and
60%, respectively) (Figure 3). Notably, management intensi-
fication (i.e., low-input vs high-yield) led to modest increases
of the CO2 removal (CDR) potential and EtOH yields but
increased the CI of EtOH produced from bioenergy CRP and
switchgrass by 18% and 33%, respectively.

3.2. Geologic CCS Dominated Negative Emissions,
but Biologic Contributions Defined Breakeven Times of
Bioenergy Feedstocks Grown on CRP Land. Geologic
CCS dominated negative emissions, but SCS, defined as
changes in SOC, significantly contributed to the total CDR
(Table 2). All bioenergy monocultures incurred substantial C
debt. Sustained SOC losses following conversion increased the

C debt of conventional corn−soybean rotations over time,
reducing the potential for negative emissions by 30.1%. Soil C
gains repaid initial losses within 7 years after the establishment
of switchgrass and miscanthus. However, opportunity costs
extended the breakeven (payback) period to 13−15 years,
respectively (Table 2). Fossil emissions displacement and
geologic CCS limited the carbon equivalent (CE) debt,
drastically reduced payback times to 5.7 years in the case of
corn, and eliminated the CE debt within the first 2 years in the
case of high-yielding perennials (Table 2).

3.3. Biophysical Constraints Led to Uneven Geo-
graphical Performance of Feedstock Contributions to
Negative Emissions, NCB, and Energy Yield. Simulated
feedstocks displayed distinctive geographic patterns in
productivity and associated climate and energy benefits,
responding to local climate and soil properties (Figures S4
and S5). The uneven distribution of CRP acreage and
feedstock performance across the US rainfed region led to
relatively lower weighted averages of SCS, yields, and fossil
emissions displacement than previously attributed to these
feedstocks.13,37,149 Modest productivity (∼3.2 Mg DW ha−1

year−1) limited CDR rates, GHG savings, and energy yields
from bioenergy CRP despite the inherently low CI of mixed
grass-derived EtOH (Table 2; Figure 3).
Bioenergy monocultures outperformed the potential bio-

mass supply of mixed grasslands (bioenergy CRP) by a factor
of 2.5 to 3.5. Conversion to conventional corn−soybean
rotations provided the greatest EtOH yields, increasing
potential contributions to national EtOH mandates by
∼6.5% relative to bioenergy CRP and providing up to 20.6
± 2.5% of the renewable EtOH target (Table 2). However,
large emissions of GHGs up- and downstream of the corn-
based EtOH production pipeline increased its CI that, while
lower than that of petroleum-based gasoline, led to positive
emissions (Figure 2). The NCB of corn-based EtOH was
derived mostly from the displacement of fossil emissions

Figure 3. Contributions to carbon intensity (CI) by activity (bars) for each feedstock and calculated mean CI (diamonds) by feedstock without
(red) and with (white) geologic carbon capture and storage (CCS). Open symbols include the CI of opportunity costs (Opp. cost; i.e. foregone C
sequestration and non-CO2 GHG savings from the displaced system). The dashed line indicates the carbon intensity of gasoline for reference (94 g
CO2e MJ‑1).149 Ecosystem CI reflects gains and losses of CO2 and non-CO2 emissions from biologic sources and includes soil carbon sequestration
(SCS). Operations CI includes embodied emissions in agronomic inputs and equipment, operational emissions and handling, and storage losses
(Figure 1). CI estimates of corn ethanol integrate annual emissions from conventional corn−soybean rotational systems. Negative values indicate
carbon equivalent (CE) credits (savings), and positive values show CE costs (losses) per unit of energy produced. Mean CI values are weighted
averages observing CRP acreage distribution within the US rainfed region. Error bars integrate interannual variability.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c05240
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c05240/suppl_file/es3c05240_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c05240/suppl_file/es3c05240_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c05240?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c05240?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c05240?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c05240?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c05240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(Table 2). With sizable contributions to EtOH targets and
significant GHG savings per unit of energy produced, the
conversion to perennial bioenergy feedstocks holds great
potential for negative emissions (Table 2; Figure 3).
Miscanthus delivered the greatest CDR and GHG savings
but also displayed the largest sensitivity to climatic gradients
across the US rainfed region. Values ranged from maximums of
productivity (31.4 ± 3.4 Mg DW ha−1 year−1) and SCS (1.3 ±
0.1 Mg C ha−1 year−1) in northern regions to minimum yields
of 5.3 ± 0.2 Mg DW ha−1 year−1 and slight SOC losses (−0.1
± 0.06 Mg C ha−1 year−1) across the southern states (Figures
S4 and S5; Table 2). Switchgrass reached lower maximum
productivity (20.6 ± 0.8 Mg DW ha−1 year−1) and SOC
accrual rates (0.9 ± 0.2 Mg C ha−1 year−1) but displayed lower
geographic variability and outperformed miscanthus across the
southern US rainfed region (Figures S5 and S6; Table 2).

3.4. Optimized Landscapes Outperformed Single
Land Use Scenarios. The strategic allocation of energy
feedstocks on CRP land in the US rainfed region significantly

decreased the CI of EtOH relative to single land use scenarios,
achieving net-negative emissions per unit of energy produced
in the absence of geologic CCS from assemblages targeting
climate stabilization and reducing emissions substantially from
assemblages targeting EtOH yields (Tables 2 and 3).
Prioritizing CDR, the NE scenario allocated 62% of CRP
land to miscanthus and 38% to high-yield switchgrass roughly
distributed across the northern and southern regions of the US
rainfed region, respectively (Figure 4 and Table 3).
With average CDR rates of 2.44 ± 0.3 Mg C ha−1 year−1, the

NE scenario increased the potential for negative emissions by
15% relative to the best-performing feedstock (Tables 2 and
3). An optimized landscape of the NCB of BECCS on CRP
land (NCB scenario) maintained miscanthus presence in
northern regions but allocated low-input switchgrass to the
south-central US, where biophysical constraints limited
responses to additional fertilization yielding marginal increases
in productivity and significant increases in operations cost
(Figure 4c,d). The disproportional allocation to low-input

Table 2. Estimates of Mean Annual Carbon Dioxide Removal (CDR) from Both Geologic Carbon Capture and Storage (CCS)
and Soil Carbon Sequestration (SCS), Net Climate Benefit, Ethanol (EtOH) Yield and Displaced Energy from Feedstock
Grown on CRP Acreage in the US Rainfed Regiona

corn
low-input

bioenergy CRP
high-yield

bioenergy CRP
low-input
switchgrass

high-yield
switchgrass miscanthus

Carbon dioxide removal (CDR;
MgC ha−1 year−1)b

−0.47 ± 0.25 −0.48 ± 0.07 −0.52 ± 0.04 −1.53 ± 0.21 −1.69 ± 0.22 −2.12 ± 0.24

Geologic carbon capture and storage (CCS;
MgC ha−1 year−1)

−0.96 ± 0.11 −0.55 ± 0.02 −0.59 ± 0.02 −1.40 ± 0.10 −1.55 ± 0.11 −1.95 ± 0.13

Soil carbon sequestration
(SCS; MgC ha−1 year−1)

0.49 ± 0.13 0.07 ± 0.02 0.06 ± 0.03 −0.13 ± 0.02 −0.15 ± 0.02 −0.17 ± 0.05

initial soil organic carbon debt
(MgC ha−1)

3.4 ± 0.7 na na 2.1 ± 0.3 2.1 ± 0.3 2.5 ± 0.7

soil organic carbon payback time (years) > 30 na na 15.2 ± 2.4 14.1 ± 2.1 12.9 ± 3.6
contribution to total CDR (%) −30.1 ± 13.9 57.9 ± 4.3 54.6 ± 3.5 31.5 ± 1.3 29.5 ± 1.3 24.7 ± 2.3

Net climate benefit (MgCE ha−1 year−1)c −1.21 ± 0.37 −1.07 ± 0.28 −1.08 ± 0.41 −2.92 ± 0.38 −3.15 ± 0.36 −4.06 ± 0.53
initial CE debt (MgCE ha−1) 2.7 ± 0.8 na na 0.19 ± 0.03 0.20 ± 0.03 1.9 ± 0.4
CE payback time (years) 5.7 ± 1.7 na na 1.0 ± 0.1 1.0 ± 0.2 1.6 ± 0.3

EtOH yield (L ha−1 year−1) 3234 ± 388 801 ± 94 851 ± 105 2082 ± 146 2297 ± 161 3010 ± 197
Potential EtOH yield from rainfed US CRP
acreage (bill. L year−1)

11.7 ± 1.4 2.9 ± 0.3 3.1 ± 0.4 7.5 ± 0.5 8.3 ± 0.6 10.9 ± 0.7

potential contribution to EtOH target
(%)d

8.6 ± 1.0 2.1 ± 0.2 2.3 ± 0.3 5.5 ± 0.4 6.1 ± 0.4 8.0 ± 0.5

potential contribution to renewable
EtOH target (%)e

20.6 ± 2.5 na na na na na

potential contribution to cellulosic
EtOH target (%)f

na 4.8 ± 0.6 5.1 ± 0.7 12.4 ± 0.9 13.7 ± 1.0 18.0 ± 1.2

Energy displaced from fossil sources
(GJ ha−1 year−1)g

68.8 ± 8.6 18.9 ± 1.3 20.1 ± 1.4 49.1 ± 6.9 54.1 ± 7.6 71.1 ± 9.3

aUnit equivalence: 1 megagram (Mg; a.k.a. Ton) = 10−6 teragrams (Tg) = 10−9 gigatons (Gt). Soil carbon sequestration, net climate benefit, and
associated debt and payback time estimates integrate opportunity costs (i.e., foregone attenuation of GHG emissions from the displaced system).
Estimates are weighted averages observing CRP acreage distribution within the US rainfed region. Error term integrates interannual variability.
bCarbon dioxide removal (CDR) integrates negative emissions from both geologic carbon capture and storage (CCS) and soil carbon sequestration
(SCS) pathways. Values are expressed from the atmospheric perspective, where negative values indicate net sinks (gains) and positive values
indicate net sources (losses) of carbon. Geologic CCS assumes a carbon capture efficiency of 48% of the released CO2 from biomass at the
biorefinery and 100% of captured C transported and stored in subsurface geological formations.141 Operational and embodied emissions of CCS
are not included. Values of SCS integrate opportunity costs and reflect gains and losses of soil organic carbon (SOC) relative to BAU (conservation
CRP). Estimated rates of SCS from conservation CRP in the US rainfed region is 0.35 ± 0.09 Mg C ha−1 year−1. Percentages of SCS reflect
contributions to total carbon dioxide removal (CDR) from the feedstock alone and do not integrate opportunity costs. cEstimates of net climate
benefit integrate the net GHG balance of all carbon equivalent (CE) costs and credits up- and downstream the EtOH production pipeline and are
expressed from the atmospheric perspective, where negative values represent net CE sinks (savings) and positive values indicate net CE sources
(costs) relative to BAU. Estimated rates of net CE offset from unharvested CRP in the US rainfed region is −0.32 ± 0.03 Mg CE ha−1 year−1.
dRefers to target of total ethanol from bioenergy sources produced annually in the US (136.3 billion L year−1).150 eRefers to target of ethanol from
renewable sources produced annually in the US (56.8 billion L year−1).150 fRefers to target of ethanol produced from cellulosic sources produced
annually in the US (60.6 billion L year−1).150 gIncludes energy displaced from produced ethanol and coproduct generation (assumed DGS from
corn grain and bioelectricity from the combustion of lignin content in lignocellulosic perennials).
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switchgrass responded to an uneven distribution of CRP acres
across the US rainfed region (Figure 4b). The NCB scenario
averaged 10% greater GHG savings relative to the best-
performing feedstock (−4.44 ± 0.4 Mg CE ha−1 year−1)

(Tables 2 and 3). Under the ES scenario, the optimization of
EtOH yields allocated 41% of CRP land to corn-based EtOH
production mostly concentrated in the central-southern
boundaries of the US rainfed region where annual row crops
outperformed high-yielding perennials and reduced the shares
of miscanthus and high-yield switchgrass to 56 and 3%,
respectively, overall increasing potential EtOH yields by 14%
relative to the best-performing feedstock (Figure 4e,f; Tables 2
and 3).

3.5. There Were Significant Trade-offs between
Climate Stabilization and Energy Statutory Targets.
Under the NE scenario, BECCS could actively remove up to
9.0 ± 0.8 Tg C (1 teragram = 10−3 gigatons) from the
atmosphere annually, with about 17% potentially stored in the
soils of CRP land, reducing the SOC payback time by almost
70% relative to the best-performing feedstock while sustaining
sizable climate benefits and contributions to national EtOH
targets (Tables 2 and 3).
An NCB scenario targeting GHG emissions savings would

lower the average CI of produced EtOH by 16% and provide a
marginal increase (∼3%) of the mitigation potential of BECCS
on CRP land relative to the NE scenario but would decrease
the potential for CDR by 5% led by a 40% reduction of SCS
(Table 3). The prioritization of EtOH yields under the ES
scenario could supply up to 10% of the national EtOH
mandate with substantial contributions to renewable EtOH
targets (Table 3). However, a large allocation to corn-based
EtOH would entail a disproportional increase in mean EtOH
CI and reduce potential GHG savings by 14% and CDR by
21% relative to the best-performing scenarios (NCB and NE
scenarios, respectively) (Table 3).

4. DISCUSSION
Growing energy crops on set-aside land has the potential to
provide a significant energy source while simultaneously paving
the way for negative emissions. However, avoiding deployment
on agricultural land increased carbon emissions per unit of
energy produced (CI) by 14−36%, making geologic CCS
necessary to achieve negative emissions or to reach emission
reduction thresholds for first- and second-generation biofuels
in the case of corn and mixed grasslands, respectively.
Significantly reducing the CI of bioenergy, the strategic
allocation of energy feedstocks on set-aside land may help
limit pressure on planetary boundaries for land displace-
ment150 but potential contributions to climate stabilization and
energy targets are subject to trade-offs and contingent on the
optimization criteria.
Integrated feedstock combinations outperformed single-

feedstock landscapes in all of the optimized scenarios. Our
results highlight biophysical constraints that respond to locally
specific parameters and define the geographic limits of the
potential biomass and energy supply. The full extent of BECCS
contributions to climate stabilization and energy targets rests
on optimized geographic designs as much as in crop and
management amelioration.
Similarly, no single scenario attained maximum potentials on

all of the optimization criteria. Of all scenarios considered, ES
provided the greatest annual EtOH production on CRP land
(equivalent to 10% of EtOH production target151) led by a
large allocation to grain EtOH on the boundaries of the US
rainfed region. Even with aggressive actions on the decarbon-
ization of the transport sector, global dependence on dense
liquid fuels is projected to remain high, accounting for up to

Table 3. Potential Carbon Dioxide Removal (CDR), Net
GHG Balance, Ethanol (EtOH) Yield, and Carbon Intensity
from a Bioenergy Landscape on CRP Land in the US
Rainfed Region Optimized for Negative Emissions (NE),
Net Climate Benefit (NCB), and Energy Security (ES)
Scenariosa

optimization scenarios

negative
emissions
(NE)

net
climate
benefit
(NCB)

energy security
(ES)

Carbon dioxide removal
(CDR; Tg C year−1)b

−9.0 ±
0.56

−8.6 ±
0.65

−7.1 ± 0.71

Geologic carbon capture and
storage (CCS; Tg C year−1)

−7.5 ±
0.32

−7.7 ±
0.41

−6.8 ± 0.59

Soil carbon sequestration
(SCS; Tg C year−1)

−1.5 ±
0.25

−0.9 ±
0.22

−0.2 ± 0.10

initial soil organic
carbon debt
(Mg C ha−1)

1.7 ± 0.3 1.8 ± 0.4 3.3 ± 0.6

soil organic carbon
payback time (years)

4.0 ± 0.9 5.0 ± 1.2 > 30

Net GHG balance
(Tg CE year−1)c

−15.7 ±
2.6

−16.1 ±
2.6

−13.9 ± 2.9

initial CE debt
(Mg CE ha−1)

1.3 ± 0.2 1.4 ± 0.2 2.2 ± 0.5

CE payback time
(years)

1.4 ± 0.2 1.2 ± 0.1 3.3 ± 0.8

Potential EtOH yield from
rainfed US CRP acreage
(bill. L year−1)

11.6 ± 0.7 12.0 ± 0.8 13.3 ± 0.9

potential contribution
to EtOH target (%)d

8.5 ± 0.6 8.8 ± 0.6 9.7 ± 0.7

Carbon intensity (CI;
gCO2e MJ−1)e

not including geol.
CCSa

−3.1 ± 0.6 −3.7 ±
0.61

29.3 ± 6.90

including geol. CCSb −105.6 ±
17.3

−107.1 ±
21.2

−47.8 ± 11.2

aShaded fields indicate best-performing scenario for a given
parameter. Values are weighted averages integrating feedstock
allocation. Error term integrates interannual variability. Unit
equivalence: 1 megagram (Mg; a.k.a. Ton) = 10−6 teragrams (Tg)
= 10−9 gigatons (Gt). bCarbon dioxide removal (CDR) integrates
negative emissions from both geologic carbon capture and storage
(CCS) and soil carbon sequestration (SCS) pathways. Values are
expressed from the atmospheric perspective, where negative values
indicate net sinks (gains) and positive values indicate net sources
(losses) of carbon. Geologic CCS assumes a carbon capture efficiency
of 48% of the released CO2 from biomass at the biorefinery and 100%
of captured C transported and stored in subsurface geological
formations.141 Operational and embodied emissions of CCS are not
included. Values of SCS integrate opportunity costs and reflect gains
and losses of soil organic carbon (SOC) relative to BAU
(conservation CRP). cEstimates of net GHG balance integrate all
carbon equivalent (CE) costs and credits up- and downstream the
EtOH production pipeline and are expressed from the atmospheric
perspective, where negative values represent net CE sinks (credits)
and positive values indicate net CE sources (costs). dRefers to target
of total ethanol from bioenergy sources produced annually in the US
(136.3 billion L year−1).150 eCarbon intensity (CI) values are
weighted averages integrating feedstock allocation and distribution
of CRP acreage within the US rainfed region, considering opportunity
costs and (a) not including and (b) including geologic CCS.
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80% of transportation fuel by the year 2050.152 With a readily
available and scalable technology39,45 and promising contribu-
tions to national mandates, pushing an energy agenda on set-
aside land holds great potential in portfolios toward energy
independence and a net-zero C economy.153 However, despite
significant improvements in the efficiency of corn grain
production and progressive reductions of its CI over the past
two decades,101 the generation of corn-based EtOH incurs
substantial CE costs up- and downstream of the EtOH
production pipeline, its climate benefit relying primarily on
relatively high fossil fuel offsets and potential geologic CCS
(Table 2). The introduction of corn grain EtOH into
optimized scenarios disproportionally reduces the climate
benefit and negative emissions of BECCS deployment on
CRP land, limiting potential contributions to climate
stabilization (Table 3). Climate governance fosters action
with diverging criteria, whose trade-offs need to be evaluated
and reflect in compensatory actions.
Among the scenarios targeting climate stabilization, NCB

optimizations�led by fossil emissions displacement�dis-

played the greatest GHG savings, potentially offsetting close
to 10% of current US agricultural emissions (0.7 Gt CO2e
year−1 in 2019).154 The NE scenario achieved similar GHG
savings driven by CDR rates, with considerable contributions
from SCS (Table 3). Despite growing recognition,13,155−158

SCS is still seen with skepticism as an effective C removal
strategy, criticisms centered on issues of sink saturation,
reversibility, or priming.27,159 With arguably low vulnerability
to reversal, geologically stored C puts BECCS among the
preferred negative emissions strategies. Our simulations
showed that an optimization targeting CDR (NE scenario)
yielded larger, albeit more vulnerable, negative emissions,
whereas the prioritization of GHG savings (NCB scenario) led
to lower but more permanent negative emissions (Table 3).
As of yet, CCS technology only exists at a pilot stage;

questions remain about the geophysical limits and environ-
mental risks of geological C storage that challenge its
deployment at scale.13,160,161 Driven by long-term climate
stabilization goals, net-zero targets in isolation do not
inherently call for early action, allowing the deferral of radical

Figure 4. Bioenergy landscape on CRP land in the US rainfed region optimized for negative emissions (NE; A and B), net climate benefit (NCB; C
and D), and energy security (ES; E and F) scenarios. Panels depict feedstock distribution and percentage allocation (A, C, E), and mean annual
rate distribution of corresponding optimization parameters: (B) carbon dioxide removal (CDR; sum of geologic CCS and SCS), (D) net GHG
balance, and (F) ethanol (EtOH) yield. Panels display feedstock allocation and annual rates on CRP acreage aggregated at county level (Figure S1).
Negative values of CDR and net GHG balance indicate carbon sequestration and carbon equivalent (CE) savings, respectively.
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upscaling of negative-emission technologies after target
adoption. However, recent research suggests that early action
on CO2 would reduce warming rates, limit midterm peak and
long-term temperatures, and reduce dependency on uncertain
negative-emission technologies.162−166 Climate mitigation is
both input and time dependent.167 Reflecting on the challenge
of delivering ambitious CO2 removal rates over time horizons
compatible with low-carbon RCP scenarios, we suggest that
climate action portfolios should integrate attainable pathways
to stabilization targets. We recommend a dynamic approach to
optimization criteria, switching from a NE scenario�with
greater CDR rates over short time scales�in near-term actions
to an NCB scenario�with greater dependence on presumably
highly effective, yet still uncertain technology�in the long
term.
Decision making on the large-scale deployment of BECCS

toward a particular target must consider the potential of
alternative scenarios to codeliver to other policy agendas. Our
results indicate that an optimization driven by negative
emissions holds greater potential for SOC sequestration and
reduced payback times, providing an immediate and sustained
GHG advantage while building resilience to climate change,
reducing soil erosion and promoting soil quality, thereby
contributing to food and water security.168

Our results indicate that BECCS from energy crops grown
on CRP land could contribute significantly to climate
stabilization and ES. However, despite avoiding indirect
LUC, the deployment at scale poses a risk to biodiversity
and freshwater use.169,170 Worthy of note is the absence of
grassland mixtures in favor of perennial monocultures in all of
the optimized scenarios. The combination of routine harvest of
aboveground biomass, reduced soil C sequestration, and
periodic seeding, fertilization, and fire to sustain productivity
and prevent woody encroachment incurs substantial oppor-
tunity and operational costs per biomass produced, reducing
the energy and climate benefits of mixed grasses relative to
dedicated biomass feedstocks once the initial C debt has been
repaid. These results support previous research reporting
enhanced climate mitigation potential from perennial biomass
crops relative to grassland conservation options.24,29,145

Although perennial monocultures have been shown to foster
species richness,171,172 transitions from native mixed grasslands
may entail biodiversity losses.173 Alternative management
practices such as diversity strips, intercropping, and cover
crops may enhance biodiversity174 and should be considered as
compensatory actions to ensure the sustainability of the
proposed scenarios.
Similarly, water requirements to sustain crop productivity

and CCS processes conflict with demand for freshwater in
different sectors.13,175 Water use differs widely among
feedstocks. Long-rotation perennials (i.e., miscanthus and
switchgrass) display generally larger water use efficiency
(amount of CO2 uptake per unit of water evapotranspired)
than mixed grasslands or annual crops (corn/soybean
rotations).176 While unavoidable, the additional stress on
water resources will largely depend on the feedstock of choice
and water availability. Plant breeding for the improved
efficiency and resilience of dedicated energy crops and water
saving management strategies are, therefore, key for the
sustainable deployment of BECCS.177,178

Our findings highlight biophysical constraints that define the
geographic limits of potential biomass and energy supply.
Realistic action portfolios require spatially explicit assessments

for capturing complex dynamics and identifying the limits to
implementation. Furthermore, we provide evidence of a
significant potential of a BECCS landscape on set-aside land
to contribute to climate stabilization and energy statutory
targets but underpin the trade-offs of divergent policy-driven
agendas and the repercussions for how future action portfolios
will be mapped and executed.
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