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ABSTRACT: Incentivizing bioenergy crop production in locations with marginal soils, where low-input
perennial crops can provide net carbon sequestration and economic benefits, will be crucial to building a
successful bioeconomy. We developed an integrated assessment framework to compare switchgrass cultivation
with corn-soybean rotations on the basis of production costs, revenues, and soil organic carbon (SOC)
sequestration at a 100 m spatial resolution. We calculated profits (or losses) when marginal lands are converted
from a corn-soy rotation to switchgrass across a range of farm gate biomass prices and payments for SOC
sequestration in the State of Illinois, United States. The annual net SOC sequestration and switchgrass yields
are estimated to range from 0.1 to 0.4 Mg ha−1 and 7.3 to 15.5 Mg dry matter ha−1, respectively, across the
state. Without payments for SOC sequestration, only a small fraction of marginal corn-soybean land would
achieve a 20% profit margin if converted to switchgrass, but $40−80 Mg−1 CO2e compensation could increase
the economically viable area by 140−414%. With the compensation, switchgrass cultivation for 10 years on 1.6
million ha of marginal land in Illinois will produce biomass worth $1.6−2.9 billion (0.95−1.8 million Mg dry
biomass) and mitigate 5−22 million Mg CO2e.

■ INTRODUCTION

Meeting food, energy, water security, and environmental
sustainability needs requires that all components of the
agroecosystem be optimized for goods and services, but
historically, these outputs have been narrowly defined to
incorporate only salable food, feed, and other products.
According to a 2019 emission report, U.S. agriculture
contributed as much as 9.6% (620 million metric tons of
carbon dioxide equivalent [CO2e]) of total U.S. emissions.1

Mitigating and reversing the environmental impacts of
agricultural practices require a more holistic system for
compensating farmers. High-yielding perennial crops have
potential for supplying biomass feedstock for conversion to
renewable liquid biofuels while simultaneously providing
multiple ecosystem services (ESs). ESs are the goods and
services provided by nature to human beings, such as the
provisional servicesfood, water, and energy; the regulating
servicessoil carbon sequestration and climate regulation,
nutrient cycling and biochemical regulation; and the cultural
services such as recreational and nonmaterial benefits.2

Planting perennial bioenergy crops can be particularly
beneficial on marginal land that has been previously cultivated
with row crops by supporting the bioeconomy, forestalling
food-fuel conflicts, and producing ESs that contribute to
climate change mitigation and environmental sustainability.3−5

Wealth of geospatial environmental datasets and agro-
ecosystem models makes it possible to identify, at a fine
resolution, the specific combination of crops and cultivation
practices to maximize the economic output of agricultural land
in an environmentally sustainable way.6

Biomass production in 30−40 million ha of productive land
or >50 million ha of marginal land can support the energy
demand of the U.S.’s transportation sector.7,8 The definition
and acreage of “marginal lands” vary widely in the
literature.5,9,10 In the present study, we used the USDA-
identified land capability classes 5−8 as marginal lands.11

These marginal lands have considerable potential for
producing cellulosic feedstock from perennial grasses.4,5,12 In
the U.S., depending upon the methods applied and the
environmental factors considered, the estimated available
marginal-land area ranges from 70 to 100 million ha.5

For farmers to consider growing bioenergy crops on either
productive or marginal land, the net returns from new crops
must exceed those from existing crops.13,14 This study focuses
on switchgrass as a representative perennial bioenergy crop.
The economic profitability of switchgrass production relative
to commercial crops on marginal lands is driven by multiple
factors: (i) productivity of switchgrass compared to commer-
cial crops in less fertile soils,21 (ii) higher production costs for
commercial crops per unit of output, and (iii) potential
payments for ESs provided by switchgrass. Earlier work on the
economic viability of switchgrass production relative to corn/
soybean crops focused on some aspects of the problem. For
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example, Song et al.14 focused on converting traditional
productive croplands to dedicated energy crops. Other
studies15−18 either compared switchgrass with only the corn
stover or conducted comparison of switchgrass and corn/
soybean crops at relative coarse spatial resolution (regional,
state, or county level). Swinton et al.19 recommended
identification of geographic clusters of marginal lands for
integrating bioenergy crops at a greater spatial resolution using
spatial analysis. Brandes et al.20 conducted an analysis at a field
scale, with focus on nitrate loss reduction from switchgrass
rather than carbon sequestration. Previous studies have not
integrated the impacts of spatial variability (at a high spatial
resolution) of switchgrass yield and carbon sequestration
potential on marginal lands with compensation for the ES.
Payment for ESs (PES) support farmers by complementing

the revenue from sale of biomass to bioenergy facilities.
Adoption of bioenergy crops changes the ecosystem structures
and functions of the landscape, and these changes are
translated to ESs when humans derive utility from them.
Row-crop production supports food security, while it is also
associated with degradation of the ecosystem (i.e., air, water,
and soil degradation). Converting land to perennial bioenergy
grasses increases feedstock supply for renewable biofuel
production, sequesters carbon (by removing CO2 from the
atmosphere and fixing it in the soil7), retains nutrients and
sediments, and provides a habitat to pollinators, birds, and
animals. These benefits are translated to such ESs as climate
change mitigation, water quality improvement, increased
pollination and biodiversity, and enhanced recreation (hunting,
birdwatching, etc.).8,13,22,23 Cultivation of row crops on
marginal lands has a negative return on investment and further
deteriorates soil health by depleting the soil organic carbon
(SOC) and releasing CO2 to the atmosphere;24 in contrast,
growing perennial grasses can increase carbon sequestration
and improve soil health.25 Carbon sequestration potential
primarily depends on existing soil carbon stocks, soil
properties, climatic conditions, and land use and crop
management history. Marginal lands under row crops are
ideal locations for adopting bioenergy crops to generate
biomass and support climate change mitigation.
The majority of prior bioenergy crop ES studies focused on

water quality improvement and potential payment for this
specific ES.26−29 Some studies included quantification of
additional ESs based on biodiversity, pollination, and pest
control but not the ES valuation.8,22,30 Although some previous
studies quantified changes in soil carbon and nitrogen due to
bioenergy crops,12,13,23 none have estimated the spatially
explicit values of the associated ES. Only a few studies focused
on the costs, profits, and incentives for carbon sequestration
due to bioenergy crops.31,32 Furthermore, earlier studies on
bioenergy ESs were either conducted at the field level,33

watershed level,34,35 or at coarse resolution for regional- or
national-scale analysis.6,36 A method for scaling the ES values
from a pixel level to a county, watershed, or larger scale is a
clear gap that needs to be addressed.
The purpose of the present study is to develop and use an

integrated assessment approach (IAA) that couples a
biophysical-agroecosystem model with spatially explicit eco-
nomic analysis to (i) locate plots where growing bioenergy
crops is economically viable at varying farm gate prices and (ii)
identify locations where compensation for soil carbon
sequestration causes switchgrass cultivation to be preferred
over row crops on marginal-land plots. While the IAA is

applicable to a number of bioenergy crops and ESs, in this
study, we focused on demonstrating this approach using
switchgrass crop and soil carbon sequestration. We chose
switchgrass as the bioenergy crop in this study because it is a
native grass of North America, well adapted to marginal lands,
has high soil carbon sequestration potential, and has been
widely studied as a promising bioenergy crop in Illinois and the
Midwest region.37−40 The spatial economic analysis in the IAA
allows us to couple environmental attributes with crop yields,
prices, and production costs at <1 ha pixel levels, to locate
economically viable lands for growing bioenergy crops, and to
quantify associated profits with and without compensation for
soil carbon sequestration. Our approach quantifies and valuates
ESs to generate spatially explicit information on profitability of
marginal-land plots, which can support decisions.
Specific objectives of this study include (i) identifying the

distribution of marginal lands in the State of Illinois currently
under corn/soy rotation, (ii) estimating the amount of
potential switchgrass biomass production on marginal lands,
(iii) quantifying the soil carbon sequestration rate, and (iv)
evaluating the total profits at various spatial scales with and
without incorporating climate change mitigation benefits of
soil carbon sequestration. We generate high-resolution maps
for the state of Illinois that could inform relevant local
stakeholders in the bioeconomy value chain, stewards of soil
health, and pro-low-carbon companies. Being able to under-
stand the spatial distribution of economically viable as well as
environmentally sustainable land is the first critical step of the
biofuel value chain. Information that we have generated is
critical in developing a secure and sustainable biofuel value
chain, mitigating climate change, and improving soil health.

■ MATERIALS AND METHODS
The IAA approach presented in this paper integrates
agronomy, agroecosystem modeling, and geospatial and
economic analysis (Figure 1). The first component of the

IAA is biophysical modeling to simulate the biomass
productivity and soil carbon sequestration potential across
the croplands of Illinois using the Daily Century (DAYCENT)
model. The second component is spatial analysis to identify
the distribution of marginal lands where corn and soybeans
(row crops) are grown. The third component is economic
analysis to (i) identify economically viable locations and
estimate the associated total economic profitability, (ii)
examine the impacts of compensation for soil carbon
sequestration on profitability, and (iii) determine economically
viable locations for growing switchgrass across Illinois at a high
spatial resolution.

Figure 1. Integrated assessment framework for the systematic analysis
of land use change.
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Agroecosystem Model Simulation. We used the DAY-
CENT model to simulate switchgrass productivity and soil
carbon sequestration at a 4 km grid scale over the State of
Illinois. DAYCENT is a daily time-step process-based
agroecosystem model designed to simulate the impact of
land management and climate on biogeochemical cycles.41,42

DAYCENT simulates exchanges of soil nutrients (carbon,
nitrogen, and sulfur) between the atmosphere and terrestrial
ecosystems, as well as other soil water and temperature
processes. DAYCENT has been widely used to predict soil
carbon changes, GHG emissions, and plant productivity. Major
model inputs include climatic inputs such as daily temperature
and precipitation datasets; soil factors such as texture, soil
hydraulic properties, and agricultural management; and
historical details on land use, fertilization, tillage, and other
management activities. DAYCENT simulates major soil
processes such as decomposition and nutrient mineralization
of plant litter and soil organic matter. The crop growth model
in DAYCENT simulates plant growth and phenology, net
primary productivity and its allocation to different compart-
ments (grain, roots, and shoots), and the C/N ratio of these
plant compartments. Plant growth and different field manage-
ment operations were scheduled in accordance with the
temperature-based growing degree day submodel.
We used the U.S. Department of Agriculture (USDA),

National Agricultural Statistics Service (NASS) Cropland Data
Layer map to analyze locations of targeted land use.43 The 30-
year daily precipitation and minimum and maximum air
temperature data extracted from the Global Historical
Climatology Network datasets of the National Centers for
Environment Information were used to define model inputs for
weather.44 The study used weather stations that had data
ranging from 1989 to 2018 (30 years of datasets). Ninety
weather stations in the State of Illinois had the required 30-
year datasets. From 1989 to 2018, the average annual rainfall
and daily temperature were 980 mm and 10 °C, respectively.
We used weather-generator-simulated weather data that were
based on 30 years of historical data as input for the long-term
historical simulation of the native vegetation in the study area.
To assign the weather station for simulation points, we

selected the nearest weather station, based on the haversine
distance between the centroid of the grid and the weather
station. The major soil parameters for the DAYCENT model
include the multilayer soil texture, bulk density, soil water
characteristic curve data, hydraulic conductivity, soil organic
matter, and soil pH. The Soil Survey Geographic Database was
used to build the model input database, and soil water
characteristic curve data (wilting point and field capacity) were
calculated using pedo-transfer functions.11,45 Table S1 (see the
Supporting Information) presents a summary of the datasets
used in this analysis and their sources.
To initialize the model prior to simulating the corn-soybean

and switchgrass crops, we estimated the steady-state soil
organic matter levels and the plant productivity under native
vegetation over a 4000-year spin-up period. We used region-
specific grass types based on earlier studies to simulate the
equilibrium soil organic matter pools by using different grasses
appropriate to each region.46 We also ran two scenarios: one
with a continuous corn-soybean rotation and a switchgrass-
based land use change scenario. More details on implementa-
tion of the DAYCENT model for large-scale simulation of
bioenergy crops can be found in Gautam et al.47

Marginal-Land Identification. In the present study, we
used the USDA’s Soil Survey Geographic Database and
identified land capability classes 5−8 as marginal lands. This
approach uses soil properties and biophysical environmental
properties to classify U.S. lands into eight distinct categories.
As the number increases from 1 to 8, the land’s suitability for
vegetation growth decreases.9 We combined the marginal-land
data layer and the cropland data layer43 to identify the
marginal-land plots under row crops (corn and soybean crops)
in Illinois that could potentially be converted to switchgrass.
We identified 1.57 million ha of Illinois’s agricultural lands

as marginal lands. Figure S1 shows the distribution of marginal
lands in Illinois based on the marginality classification metrics,
as explained by Soil Survey Staff.11 The area of marginal-land
plots for the year 2019 under corn/soybean rotation in Illinois
was estimated to be 154,979 ha. The largest number of these
plots of sizes larger than 1000 ha is situated at the intersection
of Kankakee, Grundy, and Livingston counties (Figure S2).
More than 10,000 ha of marginal-land plots where row crops
are grown are located in each of the following Illinois counties:
Kankakee, McLean, De Witt, Bureau, and Will counties. We
designed the analysis to capture plots of 10 ha and larger,
which also includes irregularly shaped plots of 6 ha or larger,
which are approximated as 10 ha rectangular plots.

Economic Model. Farmers’ crop cultivation decisions are
driven by economic profitability. Farmers make decisions
about crop choice, farm management operations, and
cultivation practices to maximize their net returns from the
farm; farm management includes deciding the quantities and
timing of farm inputs (seeds, fertilizers, and pesticides),
whereas cultivation practices cover farm preparation, harvest-
ing, storage, and selling of the produce. Their objective of
maximizing their profits can be expressed as

∑= [ × − × ]
=

f Y P C xMax ( )
x i

N

i
1 (1)

where Y is the yield of crop i, P is the price, C is the cost of
production, x is the area under crop i, and N is the total
number of crops grown by the farmer.
To inform economic welfare and environmental sustain-

ability decisions in the county, watershed, sub-basin, or any
other landscape level, the objective function is modified as
follows

∑ ∑ π=
= =

f xMax
x s

S

i

N

si si
1 1 (2)

where π is the profit from land use i in county s and x is the
area under land use i in county s.
In this study, the land of interest for potential switchgrass

cultivation includes marginal-land plots that are currently being
used for row crops. The economic efficiency of converting a
marginal plot from a row-crop to switchgrass-incorporated
landscape depends upon the yield of the row crops and
switchgrass, the costs of production of both crops, the prices of
all row crops, and the farm gate price of the switchgrass
biomass. The profit from converting a marginal-land plot under
row crops to switchgrass is estimated using eq 3

π = × − × − [ × −

× + × − × ]

Y P C x Y P C

x Y P C x

( ) ( )

( )

sg sg sg sg msg co co co

mco so so so mso (3)
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where Y is the yield, P is the price, C is the cost of production,
and xmsg is the area of marginal-land plot converted to
switchgrass. Subscripts “sg”, “co”, and “so” denote switchgrass,
corn, and soybean, respectively. The cost of production of corn
includes the cost of grain production. Similarly, the price of
corn includes the grain price. The marginal-land plot at each
location xmsg is the sum of the area under corn and soybeans in
marginal land (xmco + xmso). We also conducted analyses
adding the cost of stover removal (windrowing, baling, and
stacking) and the stover price in eq 3. We added the profit
from selling the stover to the profit from corn and soy grains to
calculate the total foregone profit from converting row crops
into switchgrass.
Often, farmers are discouraged from adopting an alternative

crop by the potential loss of revenue from row crops, as well as
the market uncertainty for switchgrass biomass. An assured
increase in profit margin meets a necessary condition for
switching from row crops to new crops. Marginal land that
meets the condition of a 20 or 30% increase in profit margin, as
shown in eq 4, was identified as economically viable land for
conversion to switchgrass.

π π π

π π

− +
+

≥
( )

( )
20%

sg co so

co so (4)

where πco is the profit from corn and πso is the profit from
soybeans.
Incentives such as PESs of switchgrass could be one way to

alleviate the revenue gap and meet 20 or 30% profit margin. To
analyze the impact of incorporating the PESs (i.e., carbon
sequestration) on the profitability of land producing a
switchgrass crop, we introduced PEScc (where CC denotes
carbon credits) into eq 3

π = × − × +Y P C x( ) PESsg sg sg sg sg cc (5)

While replacing the row-crop land with switchgrass
generates ecosystem services, corn stover removal is associated
with increased soil erosion, loss of sequestered carbon, and
nutrient replacement (additional fertilizer application) for the
next cropping season.48 Valuation of all negative externalities
of corn stover removal is beyond the scope of this work; as
such, we conducted analyses including the costs of corn stover
windrowing, baling, and stacking.
Integration of Economic and Process-Based Model

Outputs to Identify Economically Viable Land Areas for
Switchgrass. The spatial variabilities in crop yield, production
cost, and marginal-land acreage are the determining factors for
identifying marginal-land plots that could be economically
viable if converted to switchgrass cultivation. To examine the
areas that could potentially be used for growing bioenergy
crops, we collected data and information from various sources
in both spatial and nonspatial formats. DAYCENT model
outputs on switchgrass biomass yield at 4 km resolution were
used. Yield data for corn and soybeans were collected from the
USDA for all counties in Illinois. The yield data for corn and
soybeans for marginal land is not available; therefore, we used
five-year minimum yield as a proxy for the yield at marginal
land. Annual price data for the corn and soybean crops at the
state level were collected for five years (2013−2017), and the
average annual price was used for further analysis. We obtained
the cost-of-production data for corn and soybeans from
University of Illinois Extension reports from 2000 through
2018 (Tables S2 and S3). The University of Illinois Extension

collects data in coordination with the Illinois Farm Business
and Farm Management Association. We used the variable cost
of production per ha in our analysis. We used information on
potential prices ($40, $60, and $80 Mg−1 dry biomass)
collected from the literature, as there is no market for
switchgrass biomass.7 To conduct an economic analysis for
each marginal-land plot across Illinois, we used spatial analysis
tools to transform spatial and nonspatial data collected and
generated by the biophysical models at various resolutions to
spatial data for each marginal plot. We conducted the analysis
at the level of marginal-land plots and aggregated the results at
the county level. Datasets used in the economic analysis of this
study and their sources are presented in Table S1.
Another factor that we aim to examine in this study is the

impact of additional payment for soil carbon sequestration
climate change mitigation services generated by switchgrass on
the profitability of plots. To assess this impact, first, we
estimated the number of carbon credits generated, using the
DAYCENT model results on the quantity of soil carbon
sequestered; we then monetized the value of the carbon credits
generated in each marginal plot and finally added the value per
plot to the profit equations for each marginal-land plot. The
change in quantity of SOC sequestered by changing to
switchgrass from row crops was converted to carbon credits
(CC [Mg CO2e]) by using the atomic weight of carbon and
the molecular weight of CO2

∑

=
×

{ − }
=

CC(Mg/ha)
44

12 10

(SOC(Mg/ha) ) SOC(Mg/ha)
T

t
1

10

sw rowcrops

(6)

Earlier work on the economics of soil carbon sequestration
estimated that the marginal cost of carbon ranges from $12 to
$500/Mg depending upon the quantity of carbon sequestered,
the type of contract or payment mechanism used, and the site-
specific characteristics of the areas.26 Stiglitz et al. concluded
that the price level would be at least $40−80 Mg−1 CO2e by
2020 and $50−100 Mg−1 CO2e by 2030.49 Voluntary carbon
credit markets in the U.S., including the California cap-and-
trade program, NORI carbon market, and Ecosystem Services
market consortium, price carbon credits at $15 Mg−1 CO2e.
The actual global climate change mitigation benefits of
bioenergy crops are reflected when the carbon price estimated
by Stiglitz et al.49 is used. However, it is not feasible for farmers
to receive the carbon credit at such a high rate when the
current carbon market transaction rate is $15 Mg−1 CO2e,
which is less than half the $40 Mg−1 CO2e lower-bound price
of Stiglitz et al.49 Therefore, we used the voluntary market
price of $15 Mg−1 CO2e as well as $40−80 Mg−1 CO2e to
identify the profitability of each marginal plot. We determined
economically viable plots for switchgrass for two scenarios:
plots with either an increase in 20 or 30% profit margin relative
to corn/soybean rotation at various farm gate prices of
switchgrass with including the compensation for the carbon
credit and without including the compensation. In addition to
presenting plot-level high-resolution results, the framework
allows us to also aggregate results at the county, sub-basin,
state, or higher levels, which is important for decision makers
at private companies or government agencies. This framework
is applicable to identify economically viable land to switch
from current land use to crops other than switchgrass such as
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sorghum, energy cane, etc. and potential payment for ESs other
than climate change mitigation such as improved or increased
water quality or quantity, increased biodiversity, improved
pollination services, etc. Furthermore, this approach can be
used nationally or in an international context.

■ RESULTS AND DISCUSSION
Switchgrass Biomass Yield and Soil Carbon Seques-

tration. We estimated that switchgrass biomass yields for
agricultural land in Illinois had a range of 7.3−15.5 Mg DM
ha−1 year−1. The spatially averaged annual switchgrass biomass
yield in the marginal land of Illinois was simulated to be 12.6
Mg DM ha−1 year−1, with lower and upper quartiles of 12.2
and 13.0 Mg DM ha−1 year−1, respectively (Figure 2a). Similar
yield ranges were reported for switchgrass field trials in Illinois;
a biomass yield range of 3.7−18.8 Mg DM ha−1 year−1 was
reported across three different locations in 2004 and 2005.50

No specific spatial pattern of switchgrass yield was observed;
high-yield pockets were distributed throughout the state of
Illinois (Figure 2a). The yield response was correlated with the
temperature and precipitation distribution in the state; the
southern part of the state, which has a higher average annual
daily temperature and higher average annual precipitation,
showed a higher biomass yield.
The predicted SOC change ranged from 0.1 to 0.4 Mg C

ha−1 year−1 (Figure 2b) in 0−20 cm soil depth. The higher
root biomass and deep rooting system of switchgrass and the
absence of tillage led to more SOC sequestration in lands
under switchgrass compared to row crops.50 In an
experimental study, Follett et al. reported an accrual of 1 Mg
C ha−1 year−1 at 0−30 cm depth due to switchgrass
cultivation.51 In another study, Anderson-Teixeira et al.
observed an accrual of 2 Mg C ha−1 year−1 in the whole-soil
profile (0−150 cm depth) and reported that half of the SOC
accrual was within the depth of 0−30 cm.52 Likewise, Jaggard
reported an annual accrual of 0.4−0.9 Mg C ha−1 due to

switchgrass cultivation.53 Our conservative estimates of the
SOC sequestration rate for 0 to 20 cm depths are within the
range reported in the literature. Because of the deep root
system of switchgrass, total carbon sequestration over the
entire soil profile due to switchgrass cultivation could be
higher.

Estimation of Potential Profits and Suitable Land for
Switchgrass. Profits with and without Compensation for
Carbon Sequestration. We estimated the total amount of
profit and biomass produced from the marginal lands of Illinois
under a number of scenarios that included a combination of
yield variability, price ranges of switchgrass, and a number of
potential compensation for carbon sequestration. The heat
map (Table 1) shows the profits (losses) from switching all
marginal lands currently under corn and soybeans in Illinois to
switchgrass. Biomass prices are provided in $ Mg−1 of dry
biomass.

Figure 2. Switchgrass biomass yield under rain-fed conditions simulated by DAYCENT for the State of Illinois (a). Projected change in annual soil
organic carbon due to decade-long bioenergy-based land use conversion (corn-soybeans to switchgrass) on marginal lands (b).

Table 1. Profit (or Loss in Million $) from Conversion to
Switchgrass across All Marginal Lands in Illinois
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The marginal-land plots, where converting corn-soybean
cropland to switchgrass would lead to an increase in profit
margin by 20% (or 30%), were defined as economically viable
plots for growing switchgrass. At a farm gate price of
switchgrass biomass at $40 Mg−1, none of the plots were
found to be economically viable for growing switchgrass, with
or without compensation for SOC sequestered. At a price of
$60 Mg−1, only a carbon compensation of $80 Mg−1 CO2e in
combination with high switchgrass yield would deem 54,000
ha of marginal land economically viable. That scale of row-crop
land conversion generates total profit, biomass, and carbon
credits of $54 million, 0.8 million Mg, and 58,900, respectively.
At a price of switchgrass biomass of $80 Mg−1, the marginal
land was found to be economically viable across the
switchgrass yield range and at 20% profit margin with or
without compensation for carbon. Only a few of the marginal-
land plots met a requirement of 30% increase in profit margin
when converted from row crops to switchgrass. Figure S3
shows the total profit and biomass production under the two
profit margins and carbon compensation scenarios. Figure 3
illustrates the locations of the economically viable plots under
various scenarios.

We identified that 3000−28,000 ha out of 0.15 million ha of
marginal lands under corn-soybean would be economically
viable to convert to switchgrass without a compensation for
SOC sequestration. With a compensation at $15 Mg−1 CO2e, a
total of 6000−39,000 ha of marginal land would become
economically viable. An increase in compensation to $40−$80
Mg−1 CO2e would increase the economically feasible area,
profits, and biomass, which would respectively increase up to
13−128 thousand ha, $13−135 million, and 0.2−1.8 million

Mg of switchgrass. In Illinois, corn and soybeans are grown on
8.5 million ha of land.43 The total amount of profit realized by
converting 0.5% of the total corn-soybean land of Illinois
(42,000 out of 8.5 million ha) to switchgrass is estimated at
$6−40 million from switchgrass biomass. Switchgrass culti-
vation on 0.15 million ha of land in Illinois for 10 years will
generate 1.6 million (0.5−2.1 million Mg CO2e) in carbon
credits, which is equivalent to $64−171 million in global
benefit from climate change mitigation only. The distribution
of economically viable areas for switchgrass crops under
various yields and carbon compensation scenarios is shown in
Figure 3 and Figure S2.
The economically viable marginal-land plots are densely

distributed over a number of counties. Our analysis showed
that a net profit of more than $100,000 was predicted from
land use change from corn/soybeans to switchgrass in 26
counties, considering an increase in profit margin of 20% for
farmers. With a potential compensation for soil carbon
sequestration at $15, $40, and $80 Mg−1 CO2e, the number
of counties increases to 33, 49, and 60 counties, respectively
(Figure 3). We found that profit of more than $1 million in
each county could be generated by changing land use to
switchgrass in Bureau, Champaign, Gallatin, Grundy, Jackson,
Livingston, Massac, Monroe, St. Clair, and Union counties.
With compensation for soil carbon sequestration at $15, $40,
and $80 Mg−1 CO2e, the economically viable area could
increase by 43, 140, and 414%, respectively, and the number of
counties with more than $1 million profit per county would
increase from 10 counties to 13, 18, and 27 counties,
respectively.
We also estimated the potential area that could be profitably

converted to switchgrass, the resultant quantity of carbon
sequestration, and the associated total profits considering
returns from the corn stover. We found decreases in the
profitable area for converting row-crop land areas to switch-
grass, which could be because of the increased profit from row-
crop land while the profit from switchgrass stays the same.
However, this is not the complete picture. In order to provide
a complete picture, the damage costs associated with corn
stover removal through the loss of sequestered carbon, soil
erosion, and nutrient replacement need to be added to the
equation. The potential climate change mitigation (carbon
credit generation), biomass production, and associated profits
under various scenarios of switchgrass prices, switchgrass
yields, and carbon credit compensation were computed, and
the resultant maps of profitable areas in the state of Illinois
under various yield and carbon compensation scenarios are
shown in Figure S4.

Bioenergy Production Potential. Although switchgrass has
potential uses as a forage crop, our analysis is motivated by its
suitability as a bioenergy feedstock.54 A commercial-scale
cellulosic biofuel facility must source approximately 2000 bone
dry Mg of biomass per day to take advantage of economies of
scale.55 With an uptime of 96%, this translates to 700,000 Mg
switchgrass biomass annual intake. In the highest yield, the $80
Mg−1 CO2e compensation scenario (1.8 million Mg switch-
grass production), Illinois could likely support two commer-
cial-scale biorefineries located in the northern half of the state,
with biomass produced in southern Illinois either used for
other purposes or pelletized prior to transport to reduce long-
distance trucking costs. We calculated the density of cultivation
and biomass yield per unit area for each county, and much of
the production is likely to be concentrated in just a few

Figure 3. Distribution of economically viable plots (20% increase in
profit margin) under various scenarios for converting marginal land
from corn and soybean rotation to switchgrass. Switchgrass biomass
yield scenarios for each marginal-land plot include 1st quartile (low)
yield, mean (Average) yield, and 3rd quartile (High) yield. Potential
compensation scenarios include no payment, current market price of
carbon credit at $15 Mg−1 CO2e, and the social cost of carbon at $40
and $80 Mg−1 CO2e.
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counties: Massac (25−56% land cultivated for switchgrass),
Union (∼16% cultivated across all scenarios), and De Witt
(∼4−10%), whereas most of the other counties are cultivated
at <1% of the total land area. If biorefineries can only draw
from areas with switchgrass cultivation on >10% of the total
land area, then the total utilizable biomass in the highest-yield
$80 Mg−1 CO2e compensation scenario is reduced to 989,000
Mg per year (likely supporting two smaller biorefineries). If the
biomass is baled and delivered directly to the facility, then
trucking can cost $20−30 Mg−1 or more on a dry-matter basis,
depending on local labor costs and farm-to-biorefinery
distances, while pelletizing for long-distance transport may
add an additional $10−20 Mg−1.56 Converting all 1.8 million
Mg of switchgrass to ethanol at an approximate yield of 269
liters of ethanol per dry Mg would result in 486 million liters of
ethanol (for comparison, the Renewable Fuel Standard calls for
136 billion liters of renewable fuel production by 2022).57

One caveat is that we do not attempt to capture the effects
of long-term contractual agreements between farmers and
biorefineries on the profitability of growing switchgrass, nor do
we explore the indirect impacts of replacing corn/soy rotations
with bioenergy crops. Additionally, the proposed land use
change to switchgrass generates a number of other ESs in
addition to the soil carbon sequestration that we focused on in
this study. Thus, our estimates do not include the impact of
other ESs on bioenergy feedstock production. These topics
could be considered for further studies. If additional ESs were
quantified, valuated, and incorporated into the economic
analysis, then the number and area of the economically
efficient plots of marginal land could be further refined.
Understanding the spatial distribution of economically viable
land parcels for producing energy crops (switchgrass) is the
first critical step in supporting the bioeconomy and decarbon-
ization.
Study Implications and Future Work. The United

Nations Food and Agriculture Organization58 emphasizes the
need to address agriculture, people’s livelihoods, and manage-
ment of natural resources as a single issue rather than separate
isolated concerns. Multifunctional landscapes provide critical
benefits, and the benefits are studied using ESs as a linkage.23,59

PESs can add to the profit from biomass to improve the value
proposition of bioenergy crops and increase their adoption.
Strategic placement of cellulosic bioenergy crops in marginal
land, matching perennial grasses to the site characteristics, has
been shown to provide climate change mitigation benefits
through soil carbon sequestration.6,60,61 At the rate of $40−80
Mg−1 CO2e by 2020 and $50−100 Mg−1 CO2e by 2030,
switchgrass cultivation for 10 years on 1.57 million ha of land
in Illinois will generate 17 million (5−22 million) carbon
credits, which is equivalent to $206−870 million and $0.4−1.7
billion of global benefit just from climate change mitigation, at
lower- and upper-bound carbon prices, respectively. Techni-
ques such as switchgrass cultivation are thus significant tools
for climate change mitigation, providing a wider framework for
society to decarbonize.62 The other values of switchgrass-led
soil carbon sequestration such as improved soil health and
increase in productivty are not included in our work.
Furthermore, including a number of other ecosystem services
generated by converting land in row crops to switchgrass such
as downstream water quality improvement and biodiversity
(insects, birds, and animals) could improve the value
proposition of the switchgrass crop for Illinois. The economics
of bioenergy crops for other states and counties with larger

number of hectares with marginality conditions may be
different from that for Illinois. Unlike carbon credits, the
value of ecosystem services for water quality and biodiversity is
location-dependent. It leads to an important question on how
the values of those location-dependent ecosystem services
would interact with the site-specific biophysical and economic
factors that were examined in our work to change the value
proposition of bioenergy crops at various locations in the U.S.
The method developed and used for this study demonstrates

a way to bridge the gap between field-scale and large-scale
studies by coupling agroecosystem models, economic analysis,
and spatial analysis in an IAA. Information generated may be
useful for a range of stakeholders interested in implementing
and facilitating bioeconomy as well as decarbonization. The
maps for locating the economically viable counties and plots
for converting to switchgrass and plot-level information on
biomass, carbon credits, and total profits could inform
decisions by farmers, buyers of carbon credits, and regulators
who design incentives to promote bioeconomy, climate change
mitigation, and natural-resource conservation. Farmers facing
financial losses due to changes in weather and policies could
benefit from this information in making decisions on
diversifying their farm portfolio by growing switchgrass
biomass, as well as generating an additional source of income
from carbon sequestration. This framework can be used to
assess economically viable land in and beyond the United
States to support the development of a secure and sustainable
biofuel/bioproduct value chain system through the utilization
of marginal landswhich otherwise act as environmental and
economical drainsfor biomass production, soil health
improvement, and climate change mitigation.
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