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Increasing organic carbon stocks in cropland soils is a prime target for near-term, 
soil-based CO2 removal because croplands are already heavily managed and cover 
a large expanse of the United States. In addition, practices that enhance organic 
carbon in croplands are established, low-energy, and immediately deployable with 
many co-benefits. Our analysis examined the coupled economic and technical 
potential for cropland soil-based CO2 removal at a county-level across the 
contiguous United States. We analyzed spatially explicit responses of cropland 
organic carbon and greenhouse gas (GHG) emissions to a suite of management 
practices (cover crops, perennial field borders, and perennial carbon crops), from 
2025 through the year 2050 using the DayCent and SALUS biogeochemical models. 
We used soil organic carbon (SOC) changes and GHG emissions as inputs in an 
economic land-use decision model across a range of incentives for climate-change 
mitigation to explore sensitivity to a future carbon price. We deconflicted and 
prioritized land use to avoid double-counting and summed additive practices 
to quantify local, regional, and national potential for soil-based CO2 removal. 
Here, we consider key uncertainties such as durability and measurability, discuss 
environmental and social co-benefits of each practice, and note important equity 
considerations with the financial valuation of soil-based CO2 removal.

Key Findings
 • Soil-based CO2 removal and storage is one of many benefits of cropland-man-
agement practices designed to reduce soil erosion, reduce nitrous oxide (N2O) 
emissions, improve water retention, and provide bird and other wildlife habitat.

 • Cropland-management practices, including cover crops (unharvested vegetation 
planted on otherwise fallow fields), perennial field borders (trees or native grass-
es planted along edges of a cropped field), and perennial carbon crops (planting 
native perennial grasses to harvest and sell to a carbon biomass market) (Figure 
3-1) remove atmospheric CO2 through increased photosynthesis and subsequent 
storage of a portion of newly photosynthesized carbon in roots and SOC.

 • Soil-based CO2 storage in croplands is a low-energy, immediately deployable 
strategy that could economically remove a cumulative 130 million tonnes of CO2 
between 2025 and 2050 if farmers were offered a moderate price of $40/tonne  
CO2 equivalent (CO2e) (Table 3-1). 
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Table 3-1. Summary of soil-based CO2-removal and climate-benefit outcomes from three cropland-management practices across 
a range of carbon prices.

Practice Carbon 
Price

Bio-
mass 
Price

Economi-
cally Viable 
Land Area

Mean Annual 
Soil-Based 

CO2-Removal 
Rate

Soil-Based  
Climate 
Benefit 

(incl. avoided 
emissions)

Cumulative 
Soil-Based 

CO2 Removal 
2025–2050

Cumulative Soil-Based 
Climate Benefit 

(incl. avoided  
emissions) 
2025–2050 

$/tonne 
CO2e

$/dry  
tonne

Million  
hectares (ha)

Million tonnes 
CO2/year

Million tonnes 
CO2/year

Million 
tonnes CO2

Million  
tonnes CO2e

Cover Crop

$0 0.6 0.5 0.6 12.8 14.3

$40 2.8 4.1 4.2 101.3 105.0

$100 20.8 33.1 34.5 827.7 862.4

Perennial Field 
Border

$0 0.0 0.0 0.0 0.0 0.0

$40 0.3 0.4 0.9 10.4 22.3

$100 0.3 0.4 0.9 10.6 23.1

Carbon Crop – 
Zero Cropland- 
Area Change

$0 $73 1.9 3.8 1.2 16.3 50.6

$40 $73 2.1 4.4 1.3 17.7 59.1

$100 $183 1.8 3.8 1.1 15.3 50.7

Sum of  
Additive  
Practices

$0 2.4 4.3 1.8 29.1 64.9

$40 5.2 8.9 6.4 129.5 186.4

$100 22.9 37.3 36.6 853.5 936.2

*** For carbon-crop assessments, costs are more than offset by the income from selling biomass, not included here.

 • Hotspots of opportunity for cropland soil-based CO2 
removal are the Lower Great Lakes, Southeast, and Lower 
Mississippi River regions, with cover cropping composing 
more than 75% of cumulative profitable CO2 removal 
between 2025 and 2050.

 • Durability of soil-based CO2 storage is highly uncertain, 
and cropland soil management should be considered a 

near-term component to a national strategy that eventual-
ly transitions the equivalent CO2 storage to highly durable 
geologic storage. 

 • To avoid exacerbating existing extreme inequalities in land 
ownership, an equitable cropland soil-based CO2-removal 
incentive program must carefully consider to whom funds 
will flow.
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Introduction
Why Agricultural Soils?
Soils are a large natural carbon reservoir: more carbon is 
stored in the top 30 cm of soil globally than in the entire 
atmosphere [1]. Management of soil in ecosystems, especially 
agricultural systems, can either enhance or degrade this 
natural carbon reservoir. Since the beginning of cultivation, 
agricultural soils have lost the equivalent of more than 
450 billion tonnes of CO2 [2], but land managers have also 
been employing soil-carbon-building practices for at least 
as long (e.g., field buffers and agroforestry [3]). The active 
management of agricultural land presents an opportunity for 
rapid deployment of climate-smart practices, and the vast 
extent of cropland (more than 100 million hectares (ha) in the 
United States [4]) amplifies the benefit of even incremental 
soil-carbon gains. Most agricultural practices that increase 
soil carbon are primarily implemented to reduce erosion [5], 
improve water and nitrogen retention [6], or provide habitats 

for native species [7], with CO2 removal being a serendipitous 
co-benefit. Current public programs, such as the US 
Department of Agriculture’s (USDA) Environmental Quality 
Incentives Program (EQIP), that incentivize soil-carbon-
building practices evolved from the Soil Conservation Act of 
1935 as a response to Dust Bowl erosion in the 1930s [8]. 
Expansion of these programs could improve the sustainability 
and resilience of US agriculture while also yielding meaningful 
climate benefits.

Agricultural soils gain organic carbon when inputs of carbon 
fixed by plants to the soil outpace carbon losses from 
microbial respiration and erosion (Figure 3-2). Cropland 
practices that increase the in-field annual duration of 
vegetation cover result in CO2 removal that is relatively 
straightforward to demonstrate and does not rely on imports 
of exogenous biomass (e.g., manure, biochar, or compost; 
see Box 3-1). We chose practices with published field-scale 
measurements in climates and soil-types throughout the 
United States to maximize the validity of model calibration. 

Figure 3-1. County-level potentials for soil-based CO2 removal from planting perennial carbon crops (yellow), cover crops (green), 
and perennial field borders (blue) are boldest in areas of highest potential within each practice. The height of the county is scaled 
to the total economically viable CO2-removal potential within the county. Cover crops (green) are mapped on a scale one order of 
magnitude greater than perennial carbon crops (yellow), which in turn are mapped on a scale one order of magnitude greater than 
perennial field borders (blue). Land area under each practice shown here is for a $40/tonne CO2e climate benefit price.
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In this analysis, we focus on three promising and scalable 
cropland-management practices that increase soil carbon via 
in-field enhancement of vegetation cover: cover cropping, 
perennial field borders, and conversion of annual bioenergy 
crops to perennial carbon crops. 

 • Cover cropping is planting a non-cash crop, often cereal 
rye [9] or a mixture of grasses and forbs, during a time of 
year when a field would otherwise be left fallow. Planting 
cover crops increases SOC by extending the period of veg-
etative production and below-ground root inputs to the 
soil [10, 11]. Cover crops are designed to enhance yields 
by improving soil fertility but can also reduce early-sea-
son soil moisture; planting a cover crop can increase or 
decrease cash-crop yields, depending on resource com-
petition and timing of implementation and termination, 
but does not directly compete for land with cash-crop 
production. Since cover cropping is not yet widely adopted 
across the United States [12] (Appendix 3, Figure A3-1), 
the opportunity for expanding this practice is high. 

 • Perennial field borders involve planting perennial trees, 
grass, or forb species along the edges of a cash-crop field. 
Perennial field borders can serve as windbreaks for ero-
sion control [6], wildlife habitat [7], and a filter for water 
runoff [13]. They also provide biodiversity benefits such 
as biocontrol and pollination [14]. Perennial field borders 
increase soil carbon by increasing year-round plant cover. 
These practices apply only to a small fraction of agricultur-
al land area but are likely to have high local potential. 

 • Perennial carbon crops include biomass crops, such as 
switchgrass, poplar, and willow, planted instead of annual 

cash crops (e.g., corn, wheat, cotton, soybean, oats, 
barley, sorghum grain, and hay). Perennial carbon crops 
increase soil carbon by growing denser and deeper root 
systems and eliminating fallow periods. We assessed the 
land constraints for this practice using two approaches. 
First, we constrained carbon-crop planting to achieve zero 
competition for food-producing cropland (subsequently 
termed “zero-cropland-change”). Specifically, the zero- 
cropland-change approach outlines a potential future 
in which electric vehicles (EVs) increase substantially 
by 2050, which could reduce ethanol consumption and 
demand. The resulting reduction in corn-planted cropland 
could then be compensated by planting the native peren-
nial carbon crop switchgrass with low-nitrogen fertilizer 
inputs. Second, we considered an unconstrained land-use 
approach, including all non-arid cropland (termed “max-
imum-biomass-potential”), in which land use is based 
purely on market competition and biomass price. Both 
assessment approaches are described in detail in Section 
2 of Chapter 6 – BiCRS (Biomass Carbon Removal and 
Storage).” Notably, both approaches consider marginal and 
abandoned cropland, rangeland, and pasture as viable for 
carbon crops, but we do not include a soil-carbon assess-
ment for perennial carbon crops planted on these lands as 
they likely already host perennial vegetation [15-18]. 

Cropland-conservation practices are beneficial for reasons 
beyond increasing carbon and may in some cases have a 
greater climate benefit beyond net CO2 removal. Attributing 
CO2 removal to a management practice requires the net 
movement of atmospheric carbon into soil as a result of 
that practice. We account for soil-based CO2 removal as 

Figure 3-2. Cropland managers can contribute to CO2-removal efforts by switching from conventional annual commodity-crop 
rotations with fallow periods to adopting year-long vegetation via cover crops, perennial carbon crops (such as switchgrass), or 
perennial field borders. Adopting these practices increase transfer of atmospheric CO2 to soil-carbon storage.
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any increase in the stock of soil carbon since the time of 
practice implementation, less any increase that occurs under 
baseline counterfactual management and penalized for any 
increases in soil-N2O emissions (Figure 3-3). If soil carbon 
is declining under the baseline counterfactual, avoided 
soil-carbon loss is not included in the accounting for CO2 
removal [19, 20]. We also account for the comprehensive 
climate benefit as including both CO2 removal and avoided 
GHG emissions, including both N2O avoided due to reduced 
fertilizer usage and avoided soil-carbon loss as CO2. Therefore, 
the climate benefit is any increase in soil carbon under 
a given management practice relative to the soil carbon 
under a baseline counterfactual management, regardless 
of whether the baseline is increasing or decreasing, plus 
any N2O emissions avoided from adopting the practice. 
We report both the net CO2 removal and climate benefit 

of each practice. To avoid perverse outcomes of ignoring 
N2O emissions or partial mitigation of SOC losses [20, 21], 
we assume that the carbon price reflects the total climate 
benefit. 

Guiding Principles 
In this analysis we prioritized cropland soil-based CO2 removal 
practices that 1) Remove CO2 from the atmosphere directly 
on-field (i.e. via increased photosynthesis and allocation 
of root biomass), and 2) have been demonstrated at the 
field level in climates and soil types across the United 
States. Practices that were excluded from the analysis may 
also contribute significantly to soil-based CO2 removal, 
some of which are discussed in Box 3-1. We prioritized 

Roads not Taken
Several types of cropland soil management that we did not include in our analyses may be promising soil-based 
CO2-removal strategies, but they require nuanced accounting. For instance, shifting cropland management from full or 
reduced tillage to no tillage has the potential to contribute to soil-based CO2 removal; we discuss the potential for this 
practice in the subsection Uncertain Potential for No-Till below. 

Organic amendments, such as compost, manure, and biochar, increase soil carbon content on agricultural land [15, 16]. 
We did not consider these practices due to as-yet unresolved uncertainties for monitoring, reporting, and verification 
(MRV). In the case of organic amendments, CO2-removal accounting must include an assessment of the full life-cycle and 
alternative fates of the organic waste product [17], and must partition the SOC due to increased on-farm productivity 
from the lateral movement of carbon from the waste stream to the farm [22].

Enhanced rock weathering is a CO2-removal technology that accelerates the natural process of mineral weathering 
by adding crushed rock (typically basalt) to soils. The chemical dissolution of rock dust releases base cations (such as 
Mg2+, Ca2+, and Na2+) that make soil water more alkaline. This increase in alkalinity ultimately increases the amount of 
dissolved inorganic carbon stored in groundwater and the oceans, removing CO2 from the atmosphere [23]. Depending 
on soil conditions, some inorganic carbon may remain stored in soil or subsurface geologic deposits as solid carbonates. 
Enhanced weathering on croplands has high theoretical capacity for CO2 removal, scalability, and potential agronomic 
co-benefits [18, 24]. However, to date, few published field studies have verified modeled estimates in the field. A 
long-term field trial in the Corn Belt of the Midwestern United States (released as a preprint at the time this report was 
written) recently estimated the CO2 removal potential of enhanced rock weathering to be approximately 3.9 tonnes CO2/
ha per year over four years and also found that rock dust decreased soil acidification, lowered emissions of soil N2O, and 
increased soybean and corn yields by 12%–16% [25].

Enhanced rock weathering was not considered in this report due to the paucity of field studies published at the time this 
report was written. Due to the spatial and temporal lags between the site of rock dust application 
(i.e., surface soil) and the ultimate sites of sequestration (i.e., soil subsurface or the ocean), 
substantial uncertainty remains in how to accurately measure and model CO2 removal from 
enhanced weathering [26]. The lack of adequate field measurements in different crop types, 
soil types, and climates across the United States meant that it was not yet possible to model 
and validate the CO2 removal potential of enhanced rock weathering at a county-level 
as required for this report. However, the potential for CO2 removal via enhanced rock 
weathering may be significant and should be evaluated in future analyses as more published 
data become available.
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implementation of practices to avoid double-counting of 
soil carbon accrual, in the order of perennial carbon crops, 
cover crops, and field borders. We excluded potential CO2 
removal for any cropland already implementing each practice 
(to adhere to the principle of additionality for each CO2 price 
simulated.) 

Our economic evaluation awarded a carbon price to the 
full climate benefit: additional soil-based carbon dioxide 
removal as well as avoided soil carbon losses and avoided 
N2O emissions. We valued decarbonization of the agricultural 
system as well as CO2 removal, as both are simultaneously 
required to reach targets for climate-change mitigation. We 
evaluated the full climate benefit for a range of equivalent 
CO2 prices from $0 to $100 per tonne and separately report 
the achievable CO2 removal (the absolute increase in SOC 
storage after subtracting any increase in N2O emissions) in 
alignment with the main scope of this report. 

All CO2-removal strategies, especially soil-based CO2 
removal, must carefully consider additionality, leakage, and 
durability. Strategies identified in this report are intended 
to avoid violating additionality assumptions, which means 
that the CO2 removal would not occur in the future without 
a financial or policy incentive [27, 28]. For example, in 
abandoned croplands where volunteer vegetation already 
grows year-round, replanting with a different perennial 
species (i.e., a carbon crop) would not necessarily provide 
additional photosynthetic inputs beyond what would have 
occurred if left abandoned. Additionality also depends on 
the direction of change compared to what was occurring 
prior to the practice—if the baseline case is losing carbon, 

then the reduction of that loss due to management is 
avoided emissions rather than additional CO2 removal. On 
the other hand, if the baseline case is gaining carbon, then 
the additional CO2 removal is the positive change from the 
case prior to the start of management minus the positive 
change in the baseline case. Finally, additionality depends 
on human decision making: “baseline” management is a 
function of decisions by landowners and is not necessarily 
static. Whenever possible, we limited our analysis to include 
only additional CO2 removal by accounting for present-
day land use when modeling baseline management and 
determining land availability for improved management (e.g., 
land currently cover-cropped was not available for future 
expansion of cover cropping).

Practices in this report are also intended to avoid leakage, 
whereby indirect land-use change occurs due to the lost 
supply of a commodity crop within the United States. 
Increases in commodity prices may lead to conversion of land 
to cropland and consequent carbon loss elsewhere in the 
world [29]. While our reported top-line potential for carbon 
crops from the zero-cropland-change assessment minimizes 
leakage, we also explored an alternative carbon-crop 
approach—the maximum-biomass-production assessment 
(see Box 3-2)—that does result in commodity-price increases.

Finally, the efficacy of CO2-removal strategies for mitigating 
climate-change increases with greater durability, the time 
over which atmospheric CO2 can continue to be removed 
due to a practice, and the time over which that carbon will 
remain stored. Agricultural soil-based CO2-removal strategies 
are not constant over time and generally remove less and 

Figure 3-3. For each cropland-location sampling site, we calculate soil-based CO2 removal as the absolute amount of soil CO2 
accrued under a new practice, subtracting the CO2 equivalent (CO2e) of any increased nitrous oxide (N2O) emissions due to the new 
practice. We calculate “total climate benefit” as the total soil-carbon increase relative to baseline management (including avoided 
soil-carbon loss), plus any avoided N2O emissions.
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less CO2 over time as soils equilibrate to the new practice 
(see Figure 3-4). Beyond the durability of the CO2-removal 
rate, the maintenance of carbon that is already stored in soil 
depends in part on maintenance of the new practice, which 
in turn depends on management and land-use decisions in 
both the near- and long-term. The Dust Bowl in the South-
Central United States in the 1930s is a prime illustration of 
the sensitivity of soils to management, where a few decades 
of unsustainable land-use practices led to an enormous loss 
of soil carbon and productive cropland [30]. While a portion 
of soil carbon has been shown to remain in soils for millennia 
[31], the dependence of soil-carbon stability on land-use 
decisions means that there is no plausible way to guarantee 
the durability of soil carbon except for policy or financial 
incentives for maintaining a practice. Even in the worst-case 
and unlikely scenario where soil-based CO2 removal is 
completely reversed to the atmosphere once a management 
practice ends, near-term scaling of fully temporary CO2 

removal can still reduce peak climate warming [32, 33]. Soil-
carbon storage could thus contribute to the urgent near-term 
need for CO2 removal by acting as a bridge solution (with 
continued investment for maintaining stored soil carbon) until 
facilities are developed to widely implement highly durable 
geologic storage.  

Economic incentives for farmers are one lever to increase 
implementation of soil-based CO2-removal practices. The 
decision to implement or maintain a management practice 
falls upon each of the >2 million private agricultural producers 
in the United States [12], whose decisions could be influenced 
by policy; social factors including values, perceptions, and 
community culture; and economic incentives. Economic 
incentives to reduce erosion and waterway pollution already 
exist in local, state, and national agencies, including the USDA 
EQIP and Conservation Reserve Program (CRP) [34, 35]. These 
public incentives effectively pay farmers to implement a soil-

Biodiversity in carbon 
crops
A planter’s choice of which perennial carbon crop to plant will 
depend on their preferred balance of tradeoffs. Switchgrass 
(Panicum virgatum) is native to North America, and has high yield 
and soil organic carbon benefits when planted as a monoculture 
carbon crop. Planting switchgrass within a polyculture of other 
native prairie species, especially forbs, may slightly decrease yield 
and soil-based CO2 removal in some places relative to a switchgrass 
monoculture (see Table 3-2), but will increase the both the  
diversity and abundance of both flowers and pollinators [59].  
Both monoculture and polyculture perennial native carbon 
crops will have improved soil organic carbon and multifunctional 
ecosystem outcomes relative to annual crop rotations [60].  
Taking into account both climate change mitigation goals 
and biodiversity and resilience goals, native prairie perennial 
polycultures may improve overall ecosystem outcomes [61]  
even more than a native switchgrass monoculture. 

Figure 3-5. Annual per-area CO2 removal 
rates for planting carbon crops instead  

of corn-soy rotation for each county  
(thin lines), and national mean (bold lines)
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Table 3-2. Comparison of polyculture and monoculture carbon crops. 

Carbon Crop

Mean Soil-Based 
CO2 Removal
 2025—2050 

Mean Soil-Based Climate  
Benefit (incl. Avoided  

Emissions) 2025—2050 
Biodiversity Benefit Relative to  

Annual Cropping System

Tonnes CO2 ha1 Tonnes CO2 ha1

Switchgrass monoculture 39.7 46.3 Medium

Prairie grass polyculture 34.6 34.6 High
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conservation practice for a contracted number of years (e.g., 
<10 years for the USDA EQIP [35]) without requiring precise 
measurement of improved soil-outcomes, such as increased 
soil-carbon stocks. This type of incentive is termed “payments 

for practice” [36]. More recently, private carbon markets have 
begun to incentivize soil-based CO2-removal practices to sell 
as carbon offsets. In these contracts, farmers are paid the 
market-rate price per tonne of soil carbon (in CO2e) increased 

Figure 3-4. Biogeochemical trajectories of total climate benefit (top), soil-based CO2 removal (middle), and SOC stocks (bottom) 
over time relative to a full-till commodity-crop baseline for the top 0–30 cm of soil for implementing cover crops and field 
borders and for the top 0–40 cm of soil for perennial carbon crops. SOC stocks do not account for differences in N2O emissions or 
changing baseline SOC; climate benefit accounts for SOC stocks and differences in N2O; while CO2 removal accounts for changes 
in soil-carbon baseline, as well as a penalty for any increased N2O. Cover crops and perennial field borders were simulated across 
county-representative commodity cropland using the DayCent biogeochemical model [35, 36] with future climate inputs from the 
MIROC-ES2L Earth-system model. Perennial carbon crops were simulated on low-productivity stable cropland, forced by historical 
climate using SALUS [37, 38]. Trajectories for each county containing cropland in the United States are represented with individual 
lines. The overall mean trajectory across all counties is represented in bold.
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Constraining Soil-Based CO2 Removal
Soil-based CO2-removal potential in croplands in the United 
States depends on both the local biogeochemical response 
to a new practice and the extent of land area over which 
the practice is implemented. In our analysis, the extent of 
cropland available for each practice ranged from all annual 
cropland not already cover-cropped for cover cropping, to 
annual cropland that could become available with future 
reduced demand for ethanol (in the case of perennial carbon 
crops), to the edges of annual cropland on an average of 1% 
of annual cropland (in the case of perennial field borders). 
We designed these land-use constraints to have minimal 
impact on food-crop production. We analyzed representative 
soil-carbon and GHG responses to implementation of cover 
cropping, field borders, and carbon crops in each county for 
each of the three existing baseline management regimes: 
full-till, reduced-till, and no-till management. 

We considered the technical and economic potential for each 
of these three categories separately and allocated amenable 
land according to the existing management regime in each 
county [12], with no-till modified to continuous no-till using 
a factor defined by the ratio of major commodity-crop farms 
adopting no-till for four years or more [44]. We randomly 
sampled ~300 crop field locations per major land-resource 
area, which were regionally representative of diverse 
climate, parent material, and soil types in US croplands 
[45]. This amounted to 37,283 samples across the country 
in croplands growing corn, wheat, cotton, soybean, oats, 
barley, sorghum grain, hay, and peanuts. The DayCent process 
model simulated county-level biogeochemical responses 
to cover cropping, perennial field borders, and no-till using 
representative local historical land-management and Earth-
system model future climate projections as inputs. The SALUS 
model simulated county and sub-county biogeochemical 
response of low-productivity cropland to switchgrass, a 
representative perennial carbon crop. SALUS was run using 
historical climate data and an assumed annual corn-soy crop 
rotation. We aggregated biogeochemical outputs from each 

Figure 3-6. Economic evaluation: A management practice was assumed to be continuously implemented for cropland in a given 
county when mean annual income outweighed mean annual costs between 2025 and 2050, which in turn depended on baseline 
management and the county-specific soil carbon and crop yield response to each practice.
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relative to a baseline, as a proxy for the magnitude of CO2 
removed from the atmosphere and stored in soil. This type 
of incentive, termed “payment per tonne,” requires precise 
measurement of the change in soil carbon over time [37] and, 
even with precise accounting, does not fully biophysically 
compensate for a CO2e emission of the same magnitude [38]. 

Our analysis in this report goes beyond previous analyses 
of the technical potential of CO2 removal and integrates 
spatially explicit soil-carbon and crop-yield responses 
together with management history and economic constraints 
on farmer behavior to provide a full supply model. To this 
end, we synthesized sub-county-level CO2-removal potential 
using data on existing crop rotations, soil characteristics, 
climate, cost of management practices, and foregone 
or increased income from improved yield (Figure 3-6). 
The biogeochemical-process model DayCent simulated 
site-specific responses to planting perennial field borders, 
including cover crops in rotation, and conversion to 
continuous no-till, while the SALUS biogeochemical model 
simulated responses to planting biomass-harvested perennial 
carbon crops on low-productivity cropland (see detailed 
methods in Appendix 3). We assumed that farmers would 
only adopt a practice if it provided a net profit relative to 
business-as-usual management within the first ten years of 
adoption [39], and we constrained our analysis to the 114 
million ha of United States cropland not under tree-crop or 
perennial specialty crops [12]. Although our modeling did 
not include orchards or specialty crops, these croplands 
also have positive potential for soil-based CO2 removal and 
storage. We then analyzed the sensitivity of soil-based CO2-
removal potential to a range of carbon prices and to future 
climate-change projections. We report both average annual 
rates in the year 2050 and cumulative soil-based CO2 removal 
between 2025 and 2050 because cropland soil-based CO2-
removal strategies are technically deployable immediately. 
We discuss regional potentials using regions defined in detail 
in Chapter 10 – Regional Stories [40-43].
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though regionally or locally specific cover crops, including 
legume mixes, may have greater benefits in some climates 
and soil conditions [49]. Nation-wide, implementing cover 
crops increased overall annual net primary productivity by an 
average of ~5 tonnes of CO2/ha, of which approximately one 
fourth of the newly photosynthesized carbon was transferred 
to and stored in soil and the rest was respired back to the 
atmosphere. Notably, most studies that show increased soil 
carbon as an effect of cover crops were not designed to fully 
quantify changes in SOC (e.g., to an adequate depth and 
with proper experimental controls) [50], leaving substantial 
uncertainty regarding the effect of cover crops on soil carbon.

Cover cropping increased soil CO2 removal by an average 
of 0.9 tonnes of CO2/ha per year across all land amenable 
without a carbon price, 1.5 tonnes of CO2/ha per year with 
a $40 carbon price, and up to 1.6 tonnes CO2/ha per year 
across all land amenable with an $80/tonne CO2e carbon 
price. CO2 removal-potential from cover cropping is sensitive 
to carbon prices and has higher potential as more productive 
land becomes economically amenable (Figure 3-7 and 3-8). 
The climate benefit of cover cropping on economically viable 
land is almost entirely CO2 removal rather than avoided 
emissions, which explains why potential CO2 removal from 
cover-crop implementation is highly sensitive to the value of 
the CO2e price and is cheaper per tonne of CO2 removed than 
other practices. In accounting for whether cover cropping is 
economically viable in a given county, we weighed the income 
from a CO2 price against the cost of seed, the cost of planting 
and terminating the cover crop, and the cost or income due 
to any change in yield of the cash crop planted on either side 
of the cover-crop rotation. Importantly, this analysis assumes 
that farmers will only adopt the practice when profitable, 
and will maintain a cover crop rotation through 2050 (given 
continued CO2 payments), as maintenance of a practice 
over time is key to the durability of soil-based CO2 removal. 
However, a recent survey of farmers who cover crop in the 
United States suggested that managers are highly likely to 
continue cover cropping even after the end of payments 
subsidizing the practice [9], indicating that the true total cost 
of cumulative soil-based CO2 removal from cover-cropping 
is less expensive than our reported results. Our economic 
evaluation also did not account for potential income from 
grazing or harvesting and selling the cover crop during 
termination, a practice followed by approximately 25% of 
current cover-crop practitioners [9]. 

In practice and in this analysis, including cover crops in a 
rotation depends on the rhythm of the commodity-crop 
rotation and would not occur every year in most places, 
particularly not in years when winter wheat is planted as a 
cash crop. Planting cover crops may also impact commodity-

site for each model at the county level prior to economic 
evaluation. 

Potential land area for each practice was constrained by 
economic models (Figure 3-6; see Appendix 3 for details) 
and allocated wherever income from a carbon price 
outweighed the cost of implementation, including foregone 
income from any reduced commodity-crop yield. We chose 
practices that could be implemented such that they did 
not (or minimally in the case of field borders) interfere 
with land designated for commodity-crop production. To 
prioritize total decarbonization of the agricultural system, the 
economic models awarded income for any climate benefit 
above the baseline management, including both avoided 
emissions and true CO2 removal. We report climate benefit 
in units of CO2e, which also accounts for the climate-forcing 
effects of N2O (which has 273 times the 100-year global 
warming potential of CO2 [46]). We report true atmospheric 
CO2 removal from time of practice implementation, less 
any positive N2O emissions or positive baseline soil-carbon 
accrual, which in most cases is smaller in magnitude than the 
total climate benefit. We calculated the cost of the practice 
to the incentivizer (public or private) by subtracting the 
climate benefit for a practice at a price of $0/tonne from the 
climate benefit of the same practice at a price of $40/tonne 
to get only additional climate benefit, then multiplied by the 
$40/tonne carbon price to obtain cost of additional climate 
benefit.

Technical potential estimates for soil-based CO2 removal from 
cropland management are 500%–700% higher [47, 48] than 
the spatially explicit economically constrained estimates that 
we present in this report. The primary differences imposed in 
this report are the stricter economic and land-use constraints, 
which reduce the fraction of amenable land area that will 
adopt the practices relative to other reports, even for the 
same practices [48]. 

Opportunities for Growth of Cropland Soil-
Based CO2 Removal

Cover Crops
Cover cropping has a relatively high potential contribution 
to national soil-based CO2-removal efforts due mainly to the 
large extent of land area that can be cover-cropped without 
interfering with cash-crop production. Cover cropping 
extends the duration of plant growth in croplands over the 
year by planting vegetation during periods when fields would 
otherwise be fallowed. We simulated the planting of an 
unfertilized cereal-rye cover crop during otherwise fallow 
periods. We chose cereal rye because it is by far the most 
widely planted cover crop currently in the United States [9], 
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crop yields positively or negatively (Appendix 3, Figure A3-2) 
and is more likely to have a negative impact on yields when 
timing of implementation and termination is not optimized 
[51]. This analysis assumes correctly timed implementation 
to avoid negative-yield effects and accounts for changes in 
yield through county soil and climate-specific modeling of 
both soil carbon and yield responses. Commodity-crop yield 
responses to cover cropping varied by county, with country-
wide average yield decreasing by less than 1 tonne/ha per 
year under full-till cropping regimes and remaining the same 
as the baseline under no-till cropping regimes. (Appendix 3, 
Figure A3-2).

We simulated cover crops across both rainfed and irrigated 
croplands (though the cover crop itself was not irrigated), 
and the model captured any commodity-crop yield impacts. 
Cover-crop impacts on irrigated cropland may improve 
carbon stocks and water-holding capacity [52, 53] but may 

also decrease yields as cover crops compete for water [54]. 
Planting cover crops in croplands in the lower Mississippi, 
Lower Great Lakes, and Southeast regions has the highest 
potential soil-based CO2 removal at lower carbon prices 
(Figure 3-9). For a climate-benefit price of $40/tonne CO2e, 
soil-based CO2-removal rates would be as high as 0.6 million 
tonnes of CO2 per year in the Lower Great Lakes and Lower 
Mississippi regions and 0.5 million tonnes of CO2 per year in 
the Southeast and West Texas regions. Per-area CO2-removal 
rates are highest in the Lower Midwest (2.2 tonnes/ha per 
year) and Lower Great Lakes regions (2.0 tonnes/ha per year), 
but the land area that would be converted to cover crops in 
these regions is limited to less than 0.3 million ha. In contrast, 
the Southeast region has a wide land area economically 
amenable to cover cropping (more than 0.7 million ha) but 
a relatively low CO2-removal rate (0.74 tonnes/ha per year). 
Cover crops also have moderate potential CO2-removal rates 

Figure 3-7. Maps of economically viable potential for conservation agriculture practices. Counties with cropland area where 
implementing a new soil-management practice is economically viable are highlighted in color—(A) Cover crop, (B) Perennial 
field border, and (C) perennial carbon crop—in units of tonnes of CO2 removed/ha of total county area. Colors are darkest where 
the annual rate of soil-based CO2 removal due to that practice are high relative to the total land area of the county, indicating 
high potential for viable adoption in the county. The proportion of available cropland is limited for (B) field borders (blue) and (C) 
perennial carbon crops (yellow), as indicated by the reduced  scale bars in panels B and C.
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root exudates. Perennial-switchgrass root systems are both 
denser and deeper than annual crops, such as maize [55, 56], 
with three times the fine-root biomass at the surface [57]. 
Cropland field edges—including edges that would otherwise 
be bare plus approximately 1% of the annual crop field—are 
the only areas we considered amenable to perennial 
field borders. We assigned area limitations based on the 
proportion of typical area of field border implementation 
to the typical area of a cropland field, as defined by the 
USDA EQIP [35]. Of the 114 million ha of annual cropland we 
considered in this study, a maximum of approximately 1.1 
million ha could possibly be planted as perennial field borders 
according to these limitations. We found that 0.14 million ha 
would be economically viable for field borders with a $20/
tonne CO2e price, which equates to field borders around 12% 
of amenable cropland. Economically viable land increases 
to 0.28 million ha, or field borders on 25% of amenable 

in a number of major commodity-crop growing counties the 
Lower Midwest, California Central Valley, Appalachia, and 
South-Central regions. Cover cropping on orchards, vineyards, 
and specialty crops is not represented in this report but 
will contribute additional opportunities for soil-based CO2 
removal in regions including the California Central Valley and 
Florida Peninsula.

Perennial Field Borders
Planting native perennial grasses or tree species along the 
borders of a cropland field helps reduce erosion, contain 
water runoff, provide habitat for pollinators, and contribute 
to soil-based CO2 removal. Perennial grasses and trees 
remove atmospheric CO2 by increasing the annual duration 
of photosynthetic plant biomass building, a portion of which 
can be stored in soil through decomposition and allocation 
of photosynthetically fixed carbon to belowground roots and 

Figure 3-8. Sensitivity of soil-based CO2 removal to the price of climate-benefit carbon incentives (y-axis). The x-axis supply 
represents (A) cumulative economically viable CO2 removal between 2025 and 2050, (B) projected annual rate of soil-based CO2 
removal in 2050, (C) the national cropland area economically amenable to each practice at each incentive value, and (D) mean 
annual soil-based CO2-removal rate in each hectare where the practice was adopted. 
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cropland, with a $40/tonne CO2e price (Figure 3-4B; Figure 
3-8). Without a carbon price, the upfront implementation 
cost is too high to be economically viable (Appendix 3, Table 
A3-1). However, perennial field borders have high per-hectare 
annual CO2-removal potential. Counties with the highest 
per-hectare annual rate of CO2 removal are the most likely 
to implement the practice for a low price: $20/tonne CO2e 
could fund field borders removing an average of 1.9 tonnes of 
CO2/ha per year on the first 0.14 million ha, with diminishing 
returns from higher carbon prices. 

Across the United States, planting perennial field borders 
for a price of $40 per tonne CO2e has the highest overall 
potential throughout the Great Plains, specifically in the 
Lower Midwest, Upper Midwest, and West Texas regions 
(Figure 3-4B). In the West Texas region, higher per-area rates 
of soil-based CO2 removal (1.6 tonnes CO2/ha per year) more 
than offset costs of implementation. In the Upper and Lower 
Midwest regions, both soil-based CO2 removal (with mean 
rates of 1.5 and 1.4 tonnes CO2/ha per year, respectively) 
and payments for avoided N2O emissions and soil CO2 loss 
compensate for implementation costs of planting field 
borders. The East Cascades and Lower Great Lakes Regions 
also have relatively moderate potential for CO2 removal from 
perennial field borders. Sub-regions, such as the California 
Delta in the California Central Valley region and the Lower 
Mississippi River region, have high per-area rates of soil-based 

CO2 removal (1.7 tonnes CO2/ha per year) but relatively low 
available land, with baseline conditions consistent with model 
requirements for where implementation of field borders (i.e., 
corn, wheat, cotton, soybean, oats, barley, sorghum grain, 
hay, and peanut crops) could occur. Notably, we did not have 
a way to estimate present day prevalance of field borders, 
so our assumptions about available land area for expansion 
of field borders represent an upper bound (see definition of 
Additionality above). 

Perennial Carbon Crops
Deep-rooted perennial crops have high potential for 
simultaneous soil-based CO2 removal and harvesting for 
biomass inputs for BiCRS (biomass carbon removal and 
storage) pathways. Currently, the demand for biofuels from 
corn ethanol drives more than 40% of annual maize grain 
production [58]. However, full electrification of US light-duty 
vehicles sold by 2050 could significantly reduce the demand 
for ethanol in the next decades, which could free up cropland 
presently used for maize production. The zero-cropland-
change economic approach (see Appendix 3 – Methods for 
details) identified annual commodity-cropland area where 
native perennial carbon crops, such as switchgrass, could 
planted on cropland that may become available with reduced 
ethanol demand, without impacting land area used for food 
and feed production. The goal of this land-use constraint is to 

Perennial Field Borders Cover Crops Carbon Crops
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Figure 3-9. Cumulative regional 
soil-based CO2-removal potential 
between 2025 and 2050 at an 
incentive rate of $40/tonne CO2e. 
Economically and technically viable 
soil-based CO2-removal potential 
for perennial carbon crops (yellow), 
cover crops (green), and perennial 
field borders (blue) in each region.
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would remove on average 0.7 tonnes of CO2/ha per year for 
at least 25 years (Figure 3-4), with a mean climate benefit 
ranging from 1.4 to 2.0 tonnes of CO2e/ha depending on 
baseline tillage regime. 

Much like perennial field borders, the per-area CO2-removal 
rate of planting perennial carbon crops is relatively high, 
but land-use constraints keep the area available for 
implementation relatively low. The zero-cropland-change 
economic approach to land allocation also considers the 
harvest and sale of ≤50% (depending on the county) of 
commodity-crop residues (e.g., corn stover) as inputs to BiCRS 
pathways. As both biomass and CO2 prices increase, residue 
removal from corn and wheat becomes an important revenue 
source alongside the sale of grain. Thus, farmers have some 
incentive to expand the area of those crops even if revenue 

Maximum Economic Potential 
Assessment Approach
Perennial carbon crops could theoretically be planted on any existing cropland. Farmers could choose to plant a 
perennial carbon crop through the same decision making as choosing to plant any other crop, likely motivated by 
differences between profit and cost of implementation. The maximum economic potential approach allowed perennial 
carbon crops to compete for available agricultural land with all other commodity food and feed crops and pasture, to 
allow markets to determine where carbon crops would be planted. This approach impacts the cropland area growing 
commodity crops, and thus could increase commodity crop prices by 7 to 12% for a CO2 price of $40 per tonne, as 
detailed in Chapter 6 “Biomass and BiCRS conversion technologies.” This chapter includes carbon crops planted only on 
commodity cropland (not pastures, rangeland, or natural vegetation) in calculations for potential soil-based CO2 removal. 
Without the “zero cropland change” land limitation, carbon crops could expand to more than four times the land area 
(Figure 3-10), and remove a cumulative 117 million tonnes CO2 between 2025 and 2050 for a carbon price of $40 tonne 
CO2e combined with an equivalent harvested biomass 
price of $73 dry tonne for inputs to the biomass-based CO2 
removal and storage industry. The biomass price of $73 per 
dry tonne on its own, without any soil carbon incentive, 
could lead to 103 million tonnes CO2 of soil carbon storage.

This assessment of carbon crop expansion is presented 
separately, as the land area considered is not additive with 
the other soil-based CO2 removal practices considered in 
this chapter. This approach found the highest potential 
for soil-based CO2 removal from planting carbon crops in 
cropland in the western great plains of the lower midwest 
region, with a cumulative soil-based CO2 removal of 30 
million tonnes by 2050. Another 26 million tonnes of 
cumulative soil-based CO2 removal comes from planting 
perennial carbon crops in the west texas region of the lower 
great plains. 

Figure 3-10. Intensity of soil-based CO2 removal, normalized by 
total county area, for perennial carbon crops given $73 per dry 
tonne biomass price combined with a $40 per tonne soil CO2e 

incentive within the maximum economic potential approach. In 
this assessment, perennial carbon crops, where competitive, may 

be planted on any agricultural land, though only cropland was 
included as the baseline for soil-based CO2 removal in this report.
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minimize potential indirect land-use change. In Box 3-3, we 
also present an analysis of potential soil-based CO2 removal 
for a future in which carbon crops could compete for land 
without any constraints. Details on biomass production, 
commodity-crop price impacts, and methods can be found 
in Chapter 6 – BiCRS. This analysis assumed perennial carbon 
crops are harvested sustainably and sold for industrial 
conversion to BiCRS pathways at a price commensurate with 
the per-tonne CO2 removal price. We analyzed the balance 
of soil-carbon accrual and N2O emissions due to perennial 
carbon crop switchgrass, which received annual inputs of 
50 kg of nitrogen/ha sourced from either legume planting 
or fertilizer. If perennial carbon crops were to be planted on 
low-productivity annual commodity croplands (the land most 
likely to be freed up from reduced ethanol demand), the 
shift from annual grain production to perennial carbon crops 
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for grain falls due to lower commodity prices and they receive 
zero soil-carbon benefits and revenue. This incentive results 
in an increase and then slight decrease in land area that 
converts to perennial carbon crops as CO2 prices increase (see 
Figure 047). The choice of which carbon crops to plant and 
harvest may depend not only on biomass payments but also 
on ecosystem functions that could be gained (Box 3-2). 

Regions of the United States that have the greatest soil-based 
carbon-removal potential through planting perennial carbon 
crops are regions with both high per-area productivity and 
high rates of land made available due to electrification of light 
vehicles. At a $40/tonne CO2e price commensurate with a 
$73/tonne biomass price, the Lower Midwest region has the 
highest soil-based CO2-removal potential, with a mean annual 
rate of 2.5 tonnes CO2 per hectare over 0.4 million hectares 
for an annual rate of 1.0 million tonnes CO2 removed per year 
in 2050 (Figure 044). The Lower Great Lakes region and Upper 
Midwest regions both also have high potential contributions, 
with high available land area (0.4 and 0.5 million ha, 
respectively) but slightly lower per-area soil-carbon accrual 
rates (2.0 and 2.1 tonnes of CO2/ha, respectively) relative to 
the Lower Midwest region. The Southeast and South-Central 
regions have moderate potential for soil carbon accrual 
through carbon crops, each storing an additional 0.3 million 
tonnes of CO2 per year by 2050. 

Additionality: Biomass Price Versus Soil-Carbon 
Price
As the demand for BiCRS grows, market rates for biomass 
alone could be enough to offset costs and foregone income 
of planting perennial carbon crops. Deep-rooted perennial 
carbon crops, particularly native plants, such as switchgrass, 
have benefits far beyond their value as BiCRS inputs, including 
providing habitat for wildlife [7], reducing synthetic fertilizer 
and water requirements, and increasing soil-carbon stocks 
[55, 56]. We compare the soil-carbon supply assuming the 
same biomass price both with and without a soil-carbon 
price to understand how a soil-based CO2 price can lead 
to additional CO2 removal. Table 1 shows that payment for 
biomass from carbon crops at the rate of $73/dry tonne 
provides enough market incentive to convert either 1.9 or 8.2 
million ha to carbon crops using the zero-cropland-change 
and maximum-economic-potential approaches, respectively. 
In an assessment that explicitly avoids impacting food prices, 
providing a second, commensurate price for soil-based 
CO2 removal ($40/tonne) expands the economically viable 
land by 11% relative to the land area converted to carbon 
crops due to biomass price alone. Though challenging to 
fully decouple the market carbon-crop biomass price from a 
soil-based CO2-removal price, this assessment demonstrates 

that the majority of soil-based climate and CO2-removal 
benefits from planting perennial carbon crops would occur as 
an unincentivized co-benefit of establishing robust demand 
for carbon-crop biomass and that providing a soil-specific 
incentive can provide a modest expansion of the practice.

Uncertain Potential for CO2 Removal with No-
Till Management 
No-till and reduced-till practices require cropland managers 
to switch from conventionally managed cropland that is tilled 
prior to planting to a system that totally or partially eliminates 
tillage, respectively. Conversion to no-till reduces the vertical 
mixing of soil and crop residues and reduces disruption of 
carbon-containing soil aggregates [62, 63]. Meta-analyses of 
field studies typically show higher soil-carbon stocks in no-till 
systems relative to full-till systems [64, 65], but the effect is 
not universal. Further, carbon changes at depth in response 
to no-till are uncertain [66] due to high spatial variability 
and low carbon concentrations. Moreover, no-till must be 
continuous for captured carbon to be durable [67, 68]. 

The modeling approach we used in this study assumes 
that increases in SOC following tillage reduction represent 
a flux from the atmosphere to the soil. This assumption is 
highly uncertain, hence we separate results related to tillage 
reduction from the rest of the practices analyzed in this 
chapter. More specifically, the models we used in this study 
were not able to address three major uncertainties related to 
tillage management: vertical carbon redistribution, changes 
in bulk density, and changes in erosion and subsequent 
lateral redistribution of soil carbon. First, the DayCent 
biogeochemical model simulations were limited to the top 
30 cm of soil, which may miss changes in carbon at deeper 
depths and overestimate (or possibly underestimate) the 
full-profile soil-carbon benefit of no-till [66, 69]. Second, 
DayCent simulates a fixed soil depth and was not able to 
account for changes in soil bulk density. Changes to bulk 
density following tillage reduction tend to yield overstimates 
of carbon sequestration unless soil-carbon accounting is 
performed on a mass-equivalent basis [68, 70]. Third, the 
change in soil carbon predicted in our analysis could not 
account for erosion-mediated lateral transport of carbon. 
Erosion drives lateral movement of soil carbon within a 
landscape and enhances export of organic carbon, but losses 
of soil carbon due to erosion do not necessarily represent a 
net flux of carbon to the atmosphere [71]. Biogeochemical 
models that do account for lateral transport of SOC suggest 
that a significant amount of the soil-carbon loss observed 
under conventional tillage is due to erosion [72, 73], which 
complicates landscape-scale soil-carbon accounting following 
tillage reduction. Even with accurate soil-carbon accounting, 



December 2023Chapter 3. CO2 Removal and Storage in US Cropland Soils3-16

cropland area not already under no-till could be converted 
to continuous no-till management at prices above $50/tonne 
CO2e (Figure 3-11, Table A3-1). The large extent of cropland 
area converting to no-till provides significant potential for 
soil-carbon increases (Figure 3-6). If increased soil carbon 
from no-till yields true removal of atmospheric carbon, the 
practice could remove a cumulative 950 million tonnes of 
CO2 between 2025 and 2050 for a price of $40/tonne CO2e, 
as well as an additional 2 million tonnes for conversion to 
reduced tillage. For a price of $40/tonne CO2e, the Lower 
Great Lakes region has the highest potential for soil-based 
CO2 removal, at a rate of 9.8 million tonnes per year. The 
Upper and Lower Midwest regions also have relatively high 
potential for expansion of continuous no-till management for 
soil-based CO2 removal. 

Table 3-3. Economically constrained potential for implementing continuous no-till as a soil-based CO2 strategy.

Practice
Carbon  
Price

Economically 
Viable Land 

Area
Soil-based CO2 
Removal Rate

Soil-Based  
Climate Benefit 

(incl. Avoided  
Emissions)

Cumulative 
Soil-Based 

CO2 Removal 
2025–2050

Cumulative Soil-Based  
Climate Benefit (incl. 
Avoided Emissions) 

2025–2050

$USD/ 
tonne  
CO2 e

Million  
hectares

Million  
tonnes  
CO2 / y

Million  
tonnes  
CO2 / y

Million  
tonnes  

CO2

Million  
tonnes CO2e 

No till 0 0.2 0.2 0.3 6.0 8.2

No till 40 30.5 38.0 53.3 948.8 1331.8

No till 100 78.9 81.7 112.4 2043.5 2809.6

Reduced till 0 0.1 0.0 0.1 0.8 1.5

Reduced till 40 0.2 0.1 0.1 1.7 3.6

Reduced till 100 4.3 2.1 3.7 51.5 91.5

identifying whether increased soil carbon is a flux from the 
atmosphere (e.g., through increased photosynthesis) or from 
a reduction in decomposition or lateral transport of carbon 
[64] is not straightforward. 

Bearing these caveats in mind, our analysis suggests that 
tillage reduction can yield moderate increases in soil carbon 
over a large land area, potentially yielding a relatively large 
amount of soil-carbon accrual. DayCent model results 
indicate a moderate, almost always positive increase in 
soil-based CO2 removal from switching to continuous no-till 
(Appendix 3, Figure A3-3). No-till is relatively inexpensive to 
implement, at approximately a quarter of the cost of cover-
crop implementation (Appendix 3, Table A3-1), resulting in 
high potential for inexpensive soil-based CO2 removal. Our 
economic trade-off simulation found virtually all available 

Figure 3-11. Intensity of CO2-removal potential through implementation of no-till management, normalized by total county land 
area, given a $40/tonne CO2e incentive (left) and a $100/tonne CO2e incentive (right). Areas of opportunity for no-till management 
were constrained to land area where continuous no-till was not already practiced in 2017 [11, 38] (see Appendix 3, Figure S1).
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Effect of Future Climate Projections on CO2- 
Removal Potential
Soil-carbon accrual and plant growth both depend on 
temperature and precipitation and will likely be sensitive to 
future climate change. We ran the DayCent biogeochemical 
model projecting soil-carbon, N2O, and crop-yield responses 
across each county under spatially explicit future climates 
projected by five different downscaled Earth-system models 
[74, 75]. We report data outputs driven by gridded climate 
data from the MIROC_ES2L Earth-system model, which 
we chose as a reference model because it best represents 
historic temperature and precipitation data aggregated 
across the contiguous United States. To understand how 
sensitive our results are to Earth-system model variability, we 
also compared the coupled biogeochemical and economic 
outcomes driven by climate from four other future-climate 
projections (see Appendix 3 for details). National soil-based 
CO2 removal for a $40/tonne CO2 price varied by up to 32% 
(range of all models divided by the MIROC_ES2L-derived 
value) relative to the reference climate-model output for 
planting cover crops and by 9% for planting perennial field 
borders. For a higher CO2 price of $100/tonne, national 
soil-based CO2 removal simulated with other climate models 
varied by 21% relative to the reference climate model for 
planting cover crops and by 8% for planting perennial field 
borders. Variability is likely lower for perennial field border 
implementation due to the greater area limitations imposed 
on this practice. We did not analyze the future-climate 
variability effect on perennial carbon crop implementation 
using the SALUS model. 

Variability presented here captures only future-climate 
uncertainty due to variation in Earth-system model 
predictions and does not include uncertainty related to the 
parameters or assumptions of the DayCent biogeochemical 
model. All future model projections assumed a moderate 
future-emissions scenario (IPCC shared socioeconomic 
pathway), which project a continuation of historic trends of 
slow and uneven progress toward decarbonization [76]. We 
did not analyze the range of potential from future-emissions 
trajectories for different shared socioeconomic pathways, 
which will also certainly affect potential for soil CO2 removal 
and storage, especially in the latter half of the century. 

Soil-Based CO2-Removal Practices 
through Socioeconomic and 
Environmental Perspectives 
The soil-carbon management case studies examined in this 
chapter—cover cropping, perennial borders, and perennial 
carbon crops—each have opportunities for co-benefits and 
potential negative impacts. In this section, we compare the 
trade-offs for each and make recommendations to maximize 
co-benefits and avoid or minimize potential negative impacts 
(Table 3-4 A-C). Key co-benefits for soil-based CO2-removal 
methods include preserving productive farmland through 
erosion reduction, decreasing nitrate and herbicide pollution 
in local waters, and providing alternative carbon-crop income 
for low-productivity farmland operators (e.g., [63-66]). By 
prioritizing counties with the highest erodibility, nitrate 
pollution, and herbicide applications and the lowest farm net 
income, policymakers could maximize these environmental 
and economic co-benefits of soil-based CO2 removal. The 
overarching potential negative impacts that soil-based 
CO2-removal methods risk, however, is increasing disparities 
in cropland ownership, operatorship, and income in the 
United States, caused by entrenched structural drivers [67]. 
Historic and ongoing injustices have resulted in an agricultural 
industry composed of 98% white landowners, 94% white farm 
operators, and 63%–87% male cropland owner/operatorship 
[67]. Furthermore, the abundance of family farms in the 
United States is decreasing (-4%, 2012–2017; [16]), which 
presents a challenge for equitable soil CO2-removal scale-up, 
since small family farms (gross cash farm income <$350,000) 
are more likely to have diverse farm operatorship. However, 
they account for a much smaller percentage of land area 
in the United States (and thus CO2 removal) than large, 
corporate farms [16]. Without equity enhancements that 
design credit or incentive programs and/or policies to 
support small, family-owned and historically marginalized 
farmers (who are already less likely to participate in financial 
assistance programs), soil CO2-removal investments could 
disproportionately benefit populations and corporations 
that do not reflect the diversity of United States [16, 67-69]. 
Project developers could slow or reverse past land loss from 
historically marginalized populations and small, family-
owned farms by designing or reforming agricultural financial 
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Table 3-4 A. Soils-based CO2 community benefits and negative impacts trade-off table.

Potential Co-benefits to Communities & 
Recommendations for Maximizing Potential Co-benefits

Potential Negative Impacts to Communities & 
Recommendations for Minimizing Potential Negative  
Impacts

Reduced nitrate runoff
Cover cropping reduces nitrate runoff in most instances and 
should be preferentially implemented where nitrate runoff is 
particularly serious. Sandier soils, tilled soils, and soils hosting 
horticultural crops should be targeted first for cover cropping. 
Non-legume cover crops are generally more effective than le-
gume cover crops at reducing nitrate runoff [77]. Cover cropping 
also supports split-N fertilization (e.g., multiple smaller appli-
cations of fertilizer), where it has been seen to further reduce 
nitrate runoff without impacting yields [78]

Increased herbicide use to terminate cover crop
To the extent feasible, mechanical methods (e.g., mowing, 
tillage, roller-crimping, grazing) should be used instead of 
herbicide tocontrol weeds and terminate the cover crop [85]. 
Especially avoid herbicide applications in regions with high appli-
cation rates currently

Reduced air pollution from wind erosion
Cover cropping should be applied in regions with existing high 
soil-erosion rates to achieve the greatest benefit. Cover cropping 
with small winter grains has been shown to reduce wind erosion 
by ~2–3 orders of magnitude compared to fallow fields [86]

Risk of voiding cover-crop insurance
Historical rigidity of crop-insurance programs around the timing 
of cover-crop termination has been somewhat alleviated with 
the 2018 farm bill but remains a minor barrier to adoption of 
cover crops [87]. Cost-sharing and/or economic incentives to 
utilize cover cropping should be implemented as farmers indi-
cate that cost is the primary barrier to adopting cover cropping 
practices [88]

Increased soil water storage
Cover cropping should be used to help retain water in working 
fields. Cover cropping with winter rye, in both wet and dry years,  
increased topsoil water storage by ~10% and plant-available 
water by ~22% without negatively impacting maize or soybean 
production [89]. This benefit is especially helpful in counties 
with unsustainably high water draft rates currently

Economic risks for farmers (cost of cover crop vs. economic 
viability)
Cost sharing for cover cropping should be further developed. 
Roughly three quarters of US farmers have consistently indicat-
ed for the last 15 years that cost share would help them adopt 
cover cropping [88, 90]. Tax credits for planting cover crops are 
not viewed by farmers as being as helpful as cost share

Erosion control
Plant a mix of cover-crop species to maximize erosion control. 
Cover cropping decreases runoff losses (by 13%–78%) and sedi-
ment losses (by 39%–96%) [91]. Soils prone to erosion should be 
prioritized to maximize benefits

Delayed or unrealized benefits
Guaranteed, long-term incentive programs could be implement-
ed so that farmers can be confident that cover cropping will lead 
to a net economic gain. In general, the varied improvements 
from cover cropping are cumulative and may take several years 
to overcome the upfront costs [92]. Perform baseline assess-
ment such that results can be compared against a rigorous 
counterfactual [93]

Production of silage for nearby animal operations or biofuels
Plant cover crops that can be grazed or harvested for biofuels, 
since this may in some cases be possible without negatively  
mpacting their soil carbon benefits or other co-benefits (e.g. 
air and water quality) [91]. The revenue from the use of cover 
crops could be significant but need to be considered against 
cover-cropping definitions in cost-share programs [94]

Increased nitrate runoff
Fertilizer application to cover crops is not needed and may 
undo the reductions in nitrate runoff provided by cover crops 
[77]. Field experience shows that cover cropping reduces total 
fertilizer usage [90]

Improved soil organic matter
Cover crops should be preferentially applied to soils with low 
organic matter. Increases in soil organic matter have been found 
whether left on the surface or turned under [85]

Increased socioeconomic division
Regional maps of historically marginalized and female land own-
ership/farm operations should be consulted pre-investment to 
assess equitable distribution potential [81, 95]. Do not develop, 
disturb, or restrict access to land that the community has identi-
fied as culturally or ecologically valuable [93]

Improved crop yield
Cover cropping should be targeted for humid and sub-humid 
regions where it generally increases crop yields. In semiarid re-
gions, careful selection of cover crops should be made to ensure 
that crop yields do not decrease [91]. Cover cropping should be 
continued for multiple years as yields tend to improve over time 
[96]. Cover cropping should be combined with no-till practices 
to maximize benefits [85]

Competitive disadvantage on small farms
Identify counties with a high proportion of small farms and pro-
vide equity enhancements for cover cropping
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Potential Co-benefits to Communities & 
Recommendations for Maximizing Potential Co-benefits

Potential Negative Impacts to Communities & 
Recommendations for Minimizing Potential Negative  
Impacts

Decreased herbicide usage and herbicide-resistant weeds
Use cereals or cover crops with high biomass to maximize weed sup-
pression and reduce herbicide usage, especially in regions with high 
herbicide application rates currently. When using broadleaf species 
or legumes, mix with a productive grass species to increase weed 
suppression [79, 97]

Increased cost to farmer
Use a single cover crop instead of a mixture to reduce seed costs 
or participate in a rebate program for cover-crop seed [79]

Table 3-4 B. Perennial Field Borders: Conserving land between fields to improve ecosystem health.

Potential Co-benefits to Communities & 
Recommendations for Maximizing Potential Co-benefits

Potential Negative Impacts to Communities & 
Recommendations for Minimizing Potential Negative  
Impacts

Reduces wind erosion
Where climatic conditions allow, tall woody species with sub-
stantial leaf coverage should be planted to reduce wind erosion 
of soils [98], especially in regions of high soil-erodibility risk]

Land opportunity costs
Field borders should be focused to areas most vulnerable to 
wind erosion—typically, semiarid and arid portions of the 
farm—such that equipment size and irrigation-system design 
are not overly constrained [98]

Reduces water erosion 
Use wide barriers (1–10 m) that combine woody species with 
native grasses to reduce soil erosion [99, 100], especially in 
regions of high soil erodibility risk

Education costs
Education efforts should not be exclusively centered on the 
proper design and maintenance of field borders but should also 
help farmers utilize existing economic incentives [101]

Reduces nutrient runoff
Use wide barriers (typically 6–10 m) that combine woody 
species with native grasses to increase nutrient capture [99, 
100], especially in regions with high nutrient pollution risk

Unrealized benefits 
Focus perennial field borders to farms without tile drainage. For 
farms with tile drainage, alternative erosion and runoff control 
measures should be considered [102]

Increased ecological diversity
Plant a variety of native species, in particular woody vegetation, 
to maximize species diversity. Well-connected, wide corridors 
should be made to allow wildlife to move between fragmented 
habitats [101]

Rejection on aesthetic grounds
Design “neat” or “manicured” perennial field borders, prefera-
bly including trees, to better align with the generally preferred 
aesthetic of farmers [101]

Reduced pesticide runoff
Application should particularly focus on farms that use 
pesticides that tightly bind to soil, as these are effectively 
removed by field borders. On farms using less tightly bound pes-
ticides, design the buffers to slow water movement to maintain 
removal efficiencies [103]

Increased socioeconomic division
Regional maps of historically marginalized and female land 
ownership/farm operations should be consulted pre-investment 
to assess equitable distribution potential [81, 95]. Do not 
develop, disturb, or restrict access to land that the community 
has identified as culturally or ecologically valuable [93]

Pathogen reduction
Consider pathogen vector (i.e., residue or insect) when 
designing field border geometry and vegetation to reduce 
pathogen transport [104]

Competitive disadvantage of small farms
Identify counties with a high proportion of small farms and 
provide equity enhancements for conservation borders
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Table 3-4 C. Perennial Carbon Crops.

Potential Co-benefits to Communities & 
Recommendations for Maximizing Potential Co-benefits

Potential Negative Impacts to Communities & 
Recommendations for Minimizing Potential Negative  
Impacts

Income retention for farmers/ranchers
In counties where traditional farming is at risk (e.g., climatic, 
environmental, or economic forces), producers may consider 
perennial carbon crops as an alternative to land retirement 
[105]

Incomplete income retention for farmers/ranchers
Focusing carbon cropping transitions in counties with already  
marginal crop income yields may reduce risk of producers 
experiencing incomplete income retention

Reduces nutrient runoff
Transition conventional, fertilized croplands to perennial carbon 
crops in counties with exceptionally high nitrate concentrations  
for the greatest human health benefits [61, 106]

Loss of/conflict with farmer identity
Identifying farmers with innate productivist, conservationist,  
or naturalist identities might increase carbon-cropping practice 
uptake, without instigating identity clashes [107]

Increased biodiversity and abundance
Plant a switchgrass polyculture, instead of a monoculture, to 
increase flower and pollinator diversity and abundance [59, 61]

Competitive disadvantage for small farms
Identify counties with a high proportion of small, financially 
struggling farms and engage in equity-enhanced outreach to 
small farm operators

Water conservation
For maximal water conservation, prioritize the conversion of 
croplands with high irrigation needs to non-irrigated, drought- 
tolerant carbon crops in counties currently facing (or forecasted  
to face) drought conditions [108]

Land opportunity costs
Prioritizing the conversion of croplands to perennial carbon 
crops in counties that are not especially land limited may reduce 
conflict with broader community land needs (e.g., for  
residential, commercial, industrial, or conservation activities)

incentives. Targeted incentives such as crop-insurance 
modifications or subsidies to credit soil-based CO2-removal 
opportunities toward small, family-owned and historically 
marginalized farmers (including tribal governments who 
represent a majority share of non-white-operated agricultural 
acreage in the United States) (Chapter 9) could help 
support land access to new and existing farmers in these 
communities. 

To efficiently synthesize socioeconomic and environmental 
data relevant to DOE’s energy equity and environmental 
justice (EEEJ) goals [60], we constructed an average EEEJ 
Index value for each US county (Chapter 9 – EEEJ). In these 
indices, values closer to 1 represent high opportunities for 
co-benefits, and values closer to 0 represent lower likelihood 
for co-benefits and potentially greater challenges pertinent 
to EEEJ considerations. The impact of each variable, positively 

or negatively, on the overall EEEJ Index value for each county 
is presented in Figure 3-12. Following the construction of the 
EEEJ index, we conducted a comparison to the Center for 
Disease Control’s (CDC’s) Social Vulnerability Index (SVI) to 
facilitate a comprehensive evaluation of regional disparities 
and potential areas for targeted interventions (Figure 3-13). 
Evaluating SVI alongside this report’s EEEJ index may be useful 
for agencies and project developers in determining potential 
priorities, such as protecting a region’s most vulnerable 
communities from water pollution or careful considerations 
around developing an industrial presence (e.g., a carbon-
crop-based BiCRS facility) in a county least-equipped to 
respond to potential negative impacts, should they occur. 
Further examination of the socioeconomic and environmental 
contexts considered for each county identified in the chapter 
can be found in the dedicated EEEJ chapter (Chapter 9).
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Figure 3-12. Map of the EEEJ index for increased soil management, alongside each variable that contributed, positively or 
negatively, to the index. The index is normalized from 0 to 1, where values higher values represent a potentially greater opportunity 
for socio-economic co-benefits, including reducing water pollution and preserving farmland through decreased soil erosion. Higher 
values also represent a smaller potential for negative impacts, such as disproportionately benefitting large, industrial farms over 
small, family- or minority-owned farms.

Figure 3-13. Map of EEEJ index data (blue) and the CDC’s Social Vulnerability Index (red) for the United States in counties whose 
CDR costs were analyzed in this report. The height of counties in this map represents potential for CO2 removal (CDR) through 
cropland soil management where taller counties have the greatest cumulative capacity for CDR through 2050. In this report, 
we categorize soil management as a ‘protective’ CDR practice, which exhibits outsized potential for protection of people from 
agricultural pollution, but the key reason for the management practices not being implemented currently is likely funding or 
capacity. Therefore, our premise is that: if a county has high opportunity for co-benefits and high social vulnerability, then they may 
benefit from equity enhanced outreach  for soil management practices. Conversely, counties with high opportunity for co-benefits, 
but low social vulnerability may similarly benefit from cropland soil management, but perhaps there is less urgent need for 
outreach, given that these counties are more likely to have secondary protective measures in place (e.g. in-home water filtration or 
access to regular medical care).
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Figure 3-14. The cost per additional tonne of atmospheric CO2 removal for each region, varied by practice for a constant climate-
benefit price of $40/tonne CO2e. Additive effects of each practice are shown on the x-axis for (A) cumulative soil-based CO2 removal 
and (B) annual rate of CO2 removal. Each dollar spent toward soil-based CO2 removal goes further when also accounting for avoided 
soil-carbon losses and N2O emissions (i.e., the total climate benefit). We calculated additional cost by subtracting the climate benefit 
that would occur at a carbon price of $0 from the climate benefit that would occur given a $40 carbon price and then multiplied the 
resulting additional climate benefit by the $40 incentive price

Conclusions
The low-cost and fast near-term deployability of soil-based 
CO2-removal practices is important context for their 
contribution to targets for climate-change mitigation. If cover 
cropping, perennial field borders, and carbon crops were 
implemented starting in 2025 across all economically viable 
cropland in the contiguous United States (Figure 3-1), the 
cumulative CO2 removed by 2050 could reach more than 
130 million tonnes at a moderate $40/tonne CO2e price, 
in addition to 55 million tonnes of CO2e of avoided GHG 
emissions (Figure 3-14). Cover cropping on annual croplands 
contribute over 75% of this CO2-removal potential due to the 
greater area of cropland amenable to the practice relative 
to perennial field borders and carbon crops. The durability 
of an enhanced soil-carbon stock is a key uncertainty toward 
its contribution to targets for climate-change mitigation 
and depends in part on whether future cropland managers 
choose to maintain management. Without a guarantee of 

long-term maintenance, soil-based CO2 removal and storage 
should be considered a near-term strategy that bridges 
immediate action to highly durable storage. A strategy 
involving soil-based CO2 removal must continue to invest 
in maintenance of soil-storage and eventually “re-locate” 
an equivalent amount of stored CO2 to storage in geologic 
reservoirs once technology and regulations develop.  

The primary benefits of soil-conservation practices contribute 
to the longevity and productivity of food-producing systems 
and communities. Enhanced periods of plant growth 
on croplands—as implemented through the cropland-
management practices analyzed in this chapter—benefit 
communities and agroecosystems by managing erosion, 
creating habitat for wildlife, improving water management, 
and reducing pollution. Together with the co-benefit of 
soil-based CO2 removal, these practices contribute to both 
climate-change adaptation of food systems and mitigation of 
future climate change. 
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