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Abstract
Marginal land has received wide attention for its potential to produce bioenergy feed-
stocks while minimizing diversion of productive agricultural land from food crop 
production. However, there has been no consensus in the literature on how to define 
or identify land that is marginal for food crops and beneficial for bioenergy crops. 
Studies have used different definitions to quantify the amount of such land avail-
able; these have largely been based on assumed biophysical thresholds for soil quality 
and productivity that are unchanging over space and time. We discuss the limitations 
of these definitions and the rationale for considering economic returns and environ-
mental outcomes in classifying land as marginal. We then propose the concept of 
“socially” marginal which is defined as land that is earning close to zero returns after 
accounting for the monetized costs of environmental externalities generated. We dis-
cuss a broad set of criteria for classifying land as socially marginal for food crops 
and suitable for bioenergy crops; with these criteria, this classification depends on 
spatially varying and time- varying factors, such as climate and market conditions and 
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1 |  INTRODUCTION

Marginal land has received wide attention for its potential 
to produce bioenergy feedstocks— which here we specifi-
cally define as cellulosic biomass for producing advanced 
biofuels and bioenergy— while minimizing diversion 
of cropland from food crop production, which here we 
define as annual row crops such as maize and soybean. 
Publications began connecting marginal lands and bioen-
ergy in 2001 and their number has been growing since then 
(see the review in Richards et al., 2014). However, there 
has been no consensus in the literature on the definition of 
land that is marginal for food crops and suitable for bio-
energy crops, and studies have used different assumptions 
to identify and quantify the amount of such land available 
(Richards et al., 2014).

The notion of marginal land as applied to bioenergy 
crops has frequently been considered synonymous with 
low quality, less productive, or degraded land (Tilman 
et al. 2006) with reduced value for conventional food 
crop production. While the term “marginal” is now often 
seen as having negative connotations for land quality, the 
term originates from a more narrow definition of land at 
the economic margin of production which has “potential 
returns that at best breakeven with the costs of produc-
tion,” that is, earning close to zero net returns under given 
price, cost, and other conditions (Peterson & Galbraith, 
1932). However, Richards et al. (2014) found that among 
recent studies that explicitly or implicitly defined mar-
ginality of land, over half focused on biophysical proper-
ties of land, such as slope, soil pH, soil salinization, and 
drainage that affect crop productivity, and where those 
effects are expected to be different for food and bioen-
ergy crops. Other studies have identified marginal land 
based on observed current or historical land use, such as 
land abandoned from agriculture (Campbell et al. 2008; 
Stoof et al., 2015) or environmentally sensitive land re-
tired from crop production (Emery et al., 2017; Gelfand 
et al., 2013; Zhang & Cai, 2011). These lands can, by 
definition, be put to other uses without affecting food 
crop production.

However, to determine the desirable locations for bio-
energy crops, we propose that in addition to considering 
the biophysical quality or economic marginality of using 
the land for food crops (i.e., earning a market return from 
food crop production that is frequently close to zero), 
we should also consider environmental externalities of 
conventional food crop production as well as the poten-
tial for energy crops to achieve more positive ecosystem 
services in the form of improved soil, habitat, water and 
air quality, and the climate system. Food crop production 
can generate multiple ecosystem dis- services with mag-
nitudes varying over time and space, and combining them 
to determine a net impact can be challenging. We propose 
using non- market monetary values of these ecosystem 
services to weight and combine these multiple external-
ities and assess the social costs of food crop production. 
We put forth the concept of “socially marginal land for 
food crops” as a normative definition of marginal land 
which combines the concept of economic returns to the 
land under food crop production (based on market prices) 
with the monetized value of the environmental impacts 
of crop production on that land to determine net social 
benefits of the land. Land that results in a zero net social 
return with food crop production should be considered 
socially marginal land for food crops. Similarly, the eco-
nomic returns to bioenergy crops can be combined with 
their monetized ecosystem services to estimate net social 
benefits, and thus the land that is socially beneficial or 
socially marginal for bioenergy crops. By defining mar-
ginal lands in this way, there is an expanded opportunity 
to design bioenergy cropping systems and broader agri-
cultural landscapes to maximize social benefits and en-
hance system sustainability.

Converting land that is socially marginal for food crops 
could support biomass production while limiting adverse im-
pacts on food crop production, minimizing opportunity costs 
of bioenergy crop production, and improving ecosystem ser-
vices. This builds on the notion of economically marginal land 
for food crops provided by Peterson and Galbraith (1932) and 
reiterated in the context of bioenergy crops in Richards et al. 
(2014). However, the concept of socially marginal land goes 

policy incentives. While there are challenges related to identifying this marginal land, 
satellite and other large- scale datasets increasingly enable such analysis at a fine spa-
tial resolution. We also discuss reasons why landowners might choose not to convert 
bioenergy- suitable land to bioenergy crops, and thus the need for policy incentives to 
support conversion of land that is socially beneficial for bioenergy crop production.
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bioenergy, biofuels, economically marginal, ecosystem services, land quality, marginal land, returns 
to land, socially marginal
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beyond prior definitions of economic marginality and includes 
additional considerations such as the value of the environmen-
tal damages due to food crop production on that land, as well 
as the positive ecosystem services of bioenergy crops.

In this concept paper, we review the definitions used in 
the existing literature to quantify marginal land and explore 
the extent to which these measures support achieving net 
social benefits in land use decision- making. We present 
a case for preferring social marginality over other defini-
tions of marginal land based on biophysical characteristics, 
prior land use transitions, or economic marginality alone. 
Defining a land parcel as marginal based on both its eco-
nomic returns and environmental outcomes requires consid-
eration of crop prices, production costs, and environmental 
services as affected by economic conditions, land use histo-
ries, soil and climate factors, and non- markets valuations, all 
of which can vary spatially and over time. We also explore 
how certain conventional marginal land definitions can fail 
to properly account for the ecosystem service value of cur-
rent land uses, for example, land that was abandoned from 
crop production and has since reverted to native grasses or 
secondary forests with high ecosystem service value. We 
discuss the challenges in incorporating these considerations 
into marginal land quantification based on readily available 
observational data.

Furthermore, we discuss the factors likely to affect the 
conversion of socially marginal land to bioenergy crops. For 
any particular land parcel, the combination of suitability for 
bioenergy crops, crop productivity, market prices, financial 
incentives, and other amenities from the land will deter-
mine the incentives to convert it to bioenergy crops. On the 
other hand, at high biomass prices and with other policy 
incentives for biomass production, landowners may decide 
to convert even productive annual cropland to perennial 
energy crops if it increases the returns to land while being 
unwilling to convert previously abandoned marginal land if 
the environmental amenities and other perceived benefits of 
that land in a natural state are valued very highly (Barham 
et al., 2016). We conclude with a discussion of directions 
for future research.

2 |  EXISTING DEFINITIONS OF 
MARGINAL LAND

Definitions of marginal land vary across different studies 
in the existing literature, as summarized in Table 1. These 
definitions can be classified into three categories based on (i) 
biophysical suitability of land for food crop production (ii) 
historical and current land use, and (iii) economic margin-
ality. These definitions of marginal land are not necessarily 
mutually exclusive, and a single study may rely on more than 
one type of definition.

2.1 | Biophysical suitability for food 
crop production

Studies in this category attempt to identify lands that have 
limited long- term productivity for food crop production. 
Such marginal lands can be mapped using three general 
approaches: (a) applying suitability thresholds to biophysi-
cal grids, (b) mapping derived productivity indices, or (c) 
identifying areas of degraded land quality. Studies using 
the first approach identify thresholds in climate conditions 
and specific land biophysical properties (e.g., slope, soil 
pH, soil salinization, drainage, etc.) that affect food crop 
production, and apply them to maps of the corresponding 
property to identify areas of suitability. Estimates based on 
this approach are sensitive to the data and assumptions un-
derlying the chosen thresholds and the maps to which they 
are applied.

The second approach integrates multiple biophysical 
characteristics of the land into an overall composite land 
productivity index. As an example, Cai et al. (2011) applied 
a fuzzy- logic rule to classify land productivity into low, 
marginal, and regular categories based on climate, slope, 
and soil properties. More recently, Yang et al. (2020) used 
machine learning to estimate yields of major crops and then 
applied a productivity- based threshold to estimate marginal 
land availability, incorporating uncertainty due to model 
assumptions and data availability. Other studies have used 
satellite data to identify cropland with low and unstable pro-
ductivity for growing food crops as an opportunity to pro-
duce energy crops with potentially lower land costs (Basso 
& Antle, 2020; Basso et al., 2019; Emery et al., 2017; Gu 
& Wylie, 2017).

The third approach considers soil fertility loss and deg-
radation due to intensive agricultural practices or contami-
nation as potential sources of marginal land. This land may 
be unsuitable for food crop production because of low yields, 
but may still have value for energy crop production (Shortall, 
2013). Specific types of degradation may include topsoil 
loss from erosion, groundwater contamination, or overex-
ploitation of local water resources (Gibbs & Salmon, 2015; 
Gopalakrishnan et al., 2011; Niblick & Landis, 2016; Tang 
et al., 2018).

2.2 | Historical and current land use

Studies have considered land with a particular land use his-
tory or with a specific current- day use to be marginal. Such 
land use categories include land that has been abandoned 
from agriculture, idle/fallow land, and cropland that has been 
put into conservation easements such as the Conservation 
Reserve Program (CRP). These types of land could possibly 
be converted to perennial energy crops with relatively low 
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environmental impacts, and, as these land use category names 
infer, without directly displacing food crops (Chen, Blanc- 
Betes, et al., 2021; Chen, Debnath, et al., 2021; Field et al., 
2008). Vegetated buffer zones along roads and rivers have 
also been considered suitable for the cultivation of perennial 
energy crops due to positive ecosystem services, including 
preventing soil erosion and pollutant runoff (Gopalakrishnan 

et al., 2011). Other non- cropland land use categories such as 
pasture and rangeland, forest, and nature reserves are typi-
cally not considered suitable for energy crops, since they have 
high cultural or regulating ecosystem service values and/or 
protected status, with often a combination of these benefits 
(Gopalakrishnan et al., 2011; Varvel et al., 2008; Zhuang 
et al., 2011).

T A B L E  1  Summary of representative studies identifying marginal land

Type of marginal 
land Criteria/variable Typical references Key comments

Biophysical 
characteristics for 
food crops

Soil quality Gelfand et al. (2013), Kang et al. (2013), 
Gopalakrishnan et al. (2011)

• Soil property variables including 
physical factors (slope, temperature, 
moisture, etc.) and chemical factors 
(PH, salinization, etc.)

• Soil properties not suitable for growing 
food crops

• Specific thresholds of soil property 
variables based on empirical and 
theoretical knowledge

Land productivity Cai et al. (2011), Yang et al. (2020) • Based on an overall land productivity 
index generated from soil biophysical 
factors

• Land productivity indices estimated 
based on fuzzy- logic rules or crop yield 
potentials

• Low- productive cropland and high- 
productive non- cropland are usually 
identified as marginal lands

Degraded land Gopalakrishnan et al. (2011), Niblick and 
Landis (2016)

• Eroded agricultural land
• Area with contaminated groundwater
• Brownfield sites

Land use Abandoned land Field et al. (2008), Hoogwijk et al (2003) • Historical abandoned agricultural land
• Future potential abandoned agricultural 

land because of food surplus

Idle land • Idle or fallow land
• Land enrolled in Conservation Reserve 

Program

Buffer zones Varvel et al. (2008), Gopalakrishnan et al. 
(2011)

• Buffer zones along rivers and roadways

Convertible non- crop land • Woodland (shrubland, sparse forest 
land), grassland, and barren land

• Pastureland, forest, and nature reserve 
lands are not included

Economically 
Marginality

Break- even price Kang et al. (2013) • Breakeven production level of corn 
grain is less than 5 Mg Ha−1

Richards et al. (2014), Stoof et al. (2015) • Potential returns at best break even with 
the cost of production

Suitability of 
bioenergy crops

Land rent Swinton et al. (2011) • Profits of energy crops are higher than 
those of food crops

Energy crop yield Jiang et al. (2019), Feng et al. (2017),
Varvel et al. (2008), Liu et al. (2012),  

Aust et al. (2014)

• Empirically or theoretically estimated 
land suitability index for energy crop 
production

• Model simulated energy crop yields
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2.3 | Economic marginality

Although the concept of marginal land was initially based on 
economic returns to the land (Peterson & Galbraith, 1932), 
only a few studies have identified marginal land using a for-
mal economic perspective (Gutierrez & Ponti, 2009; Kang 
et al., 2013; Richards et al., 2014; Stoof et al., 2015). These 
studies define marginal land as being unfit for economically 
viable crop cultivation (Gutierrez & Ponti, 2009; Richards 
et al., 2014), or at the margins of production where potential 
returns are at a breakeven point with production costs (Stoof 
et al., 2015). Kang et al. (2013) introduced a hierarchical 
framework that classified economically marginal land as a 
subcategory of land that is simultaneously physically mar-
ginal, biologically marginal, and environmentally marginal, 
with limited productive value for conventional food crops. 
While these studies note the concept of economic margin-
ality and the dynamic nature of marginal land (i.e., varying 
over time with changes in crop prices or costs of production), 
they do not explicitly calculate the economic returns of land 
use (as Richard et al. 2014) but rather simply use biophysi-
cal or land use definitions as proxies of economic marginal-
ity. Both Gutierrez and Ponti (2011) and Stoof et al. (2015) 
use abandoned agricultural cropland (land that was cleared 
for agriculture in the past but that is not currently producing 
crops or being used for pasture on farms) as a proxy for eco-
nomic marginality. Kang et al. (2013) consider economically 
marginal land in south- western Michigan to be land that pro-
duces less than 5 Mg per hectare of corn, but do not consider 
how changes in prices and costs might affect that threshold.

2.4 | Limitations of existing approaches of 
defining marginal land

The studies described above address some aspects of mar-
ginal land identification, but they do not necessarily identify 
areas where it is practical and socially beneficial to site bioen-
ergy crops. Estimates of marginal land based on biophysical 
characteristics or productivity alone disregard the economic 
factors that affect viability for food or bioenergy crop pro-
duction at any point of time, as well as the non- economic 
amenities that land may be providing. Even low- productivity 
land may be profitable for crop production if crop prices are 
sufficiently high, and thus economically marginal land is not 
necessarily a subset of biophysically marginal land as im-
plied by Kang et al. (2013).

Biophysical and crop productivity- based criteria do not 
consider the environmental implications of land use, and eco-
nomic profitability in crop production alone does not negate 
the possibility that the land could be generating significant 
environmental disservices (see Section 3). The hierarchical 
framework developed by Kang et al. (2013) recognizes that 

highly productive land could be environmentally degraded 
under crop production and should therefore be considered 
marginal land. However, while biophysical attributes such 
as slope, erodibility, and soil organic content are important 
determinants of environmental performance, they are not 
sufficient determinants of poor environmental outcomes. 
Non- point pollution, carbon emissions, and other ecosystem 
outcomes depend on the interaction of those biophysical risk 
factors with land use history, current management practices, 
and climate conditions. Using historical and current land use 
alone as a criterion for identifying marginal land disregards 
consideration of its environmental services. Land abandoned 
from crop production may be economically marginal but not 
socially marginal, if it has since reverted to secondary forest 
or native grassland.

3 |  A CONCEPTUAL 
FRAMEWORK FOR CLASSIFYING 
ECONOMICALLY AND SOCIALLY 
MARGINAL LAND

In Figure 1, we present a simple conceptual framework that 
merges both economic and environmental perspectives on 
marginal land identification and optimal land use. The figure 
illustrates the returns to land under different land uses on the 
y- axis, as a function of the biophysical productivity of the 
land for food crops on the x- axis.

3.1 | Economically marginal land

The average market- based returns to food crop production 
can be expected to decline as biophysical land productiv-
ity declines, as illustrated by the solid orange line with a y- 
intercept at CP. The slope and intercept of this relationship 
can vary over time and space, as can the shape of the curve, 
which could be linear or nonlinear. Point L4 represents the 
land productivity where market returns from food crops be-
come zero under average market, climate, and policy condi-
tions (which can also vary over time and space). Land with 
productivity near or below L4 is economically marginal for 
food crops, and any existing cropland with much lower pro-
ductivity is likely to be abandoned from agriculture and con-
verted to a non- crop use. This land has low opportunity costs 
(or foregone returns) of conversion to bioenergy production, 
and thus represents a target land base that both reduces bioen-
ergy production costs and minimizes interference with food 
production.

Land of intermediate productivity may be more suitable 
for growing deep- rooted perennial bioenergy crops, as illus-
trated in Figure 1 with the solid blue line with a y- intercept at 
EP. This line has a shallower negative slope than the blue food 
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crop lines since bioenergy crop yields are less sensitive to 
weather and landscape conditions than annual crops (Wilson 
et al., 2014) but are still reduced on poorly drained land or 
areas of extreme soil texture (Boyer et al., 2013; Mooney 
et al., 2009; Shield et al., 2012). Land to the right of point 
L2 would earn greater economic returns under energy crops 
than food crops. The extent to which this is the case will vary 
with energy crop species which differ in their tolerance to 
biophysical and climate conditions, including length of the 
growing season, precipitation, and frost conditions (Daly 
et al., 2018). The average market- based returns of using land 
with productivity to the right of L6 are lower than those with 
non- crop uses and, therefore, remains in natural land cover or 
abandoned. Returns to land of non- crop uses could be posi-
tive if the land is being used to provide marketable amenities 
(such as, hunting or wildlife viewing). We, therefore, define 
net market returns to crop production and bioenergy crop 
production as net of the returns to non- crop uses of the land. 
For ease of graphical representation, we assume the market 
returns to non- crop uses are zero.

The conceptual diagram in Figure 1 represents a sim-
plification of a more dynamic and complex reality of land 
use decisions. Although incorporating the profitability or 
breakeven production threshold sheds some light on identi-
fying marginal land from the economic perspective, it disre-
gards the role of riskiness of crop production on farmers' land 
use decisions. Weather events such as droughts and floods or 
other crop stresses can cause dramatic reductions in yield and 
profitability in some years but not others. These stresses play 
out differently on different parts of the landscape, in some 

cases driven by soils or topography such as steep slopes and 
floodplains, and they also impact different crops in differ-
ent ways (Martinez- Feria & Basso, 2020a). Farmers that are 
risk- averse and/or loss- averse would care not only about the 
average returns to land but also about the variance of those 
returns and the downside risks of income loss (Anand et al., 
2019; Liu & Basso, 2017; Miao & Khanna, 2014). Risk-  and 
loss- averse farmers are likely to be unwilling to produce 
crops on land that may have net positive returns on average 
but frequent individual years of negative returns. Thus, the 
position of point L4 should depend not only on average re-
turns but also riskiness of those returns. Additionally, it will 
also depend on access to subsidized crop insurance, disaster 
relief payments, and other commodity programs that can mit-
igate risks and make it profitable for low- productivity land to 
remain in food crop production (Yu et al., 2018).

3.2 | Incorporating a social benefits 
perspective

The basic model of economically marginal land described 
above does not consider the environmental externalities gen-
erated by producing food or bioenergy crops. Intensive land 
management for annual food crops can result in ecosystem 
disservices and other externalities, including greenhouse 
gas emissions (Carlson et al., 2017), loss of soil fertility 
(Tiessen et al., 1994), sedimentation of waterways (Knox, 
2006), hydrological impacts (Levia et al., 2020), and even 
human health damages from air or water pollution (Hill 

F I G U R E  1  Economically and socially beneficial land for bioenergy crops  
Note: Figure 1 illustrates the market- based and social returns of harvesting bioenergy crops and conventional crops on land with different soil 
quality and the range of economically and socially marginal land. The x- axis refers to the productivity of land while the y- axis refers to the returns 
per unit of land under food or bioenergy crop production net of the average market returns under non- crop use; for simplicity, this is assumed to 
be zero in this figure. The solid orange line with y- intercept at CP and the solid blue line with y- intercept at EP refer to the average market- based 
returns to food and bioenergy crop production relative to non- crop use returns, respectively. The dashed orange line with an intercept of CS, the 
dashed blue line with an intercept of ES, and dashed green line with an intercept of NS refer to the average total social returns to food, bioenergy 
crop production as well as native grass/forests relative to average market returns of non- crop use, respectively. Economically profitable land for 
bioenergy crops is L6- L2. Socially beneficial land for bioenergy crops is L5- L1. The area L4- L2 is not economically marginal land but is profitable to 
convert to bioenergy crops while L4- L1 is not economically marginal but socially beneficial to convert to bioenergy crops.
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et al., 2019). These externalities are multiple in nature and 
manifest at both the site level (e.g., wildlife habitat reduc-
tion) and beyond (e.g., non- point source pollution). Failure 
to consider these externalities can result in land use decisions 
that narrowly benefit individual landowners while imposing 
significant costs on society more broadly. These externalities 
depend both on the quality of the land and the management 
practices implemented on the land; the latter, in turn, will 
depend on the direct incentives or rewards to landowners for 
implementing environmentally friendly practices (Jack et al., 
2008).

With multiple externalities (positive and negative), one 
way to undertake a full accounting of the “total social returns” 
of a given land use decision involves tabulating all associated 
externalities (positive or negative) and applying non- market 
valuation techniques to monetize them so they can be consid-
ered alongside the pure economic market returns. In our con-
ceptual model illustrated in Figure 1, the externalities of food 
crop production are evaluated in comparison to the case of 
fallowing or idling that cropland. Production of annual crops 
can contribute to topsoil erosion and organic matter losses 
due to tillage disturbance, non- point source pollution due to 
nutrient and chemical application, and reductions in native 
biodiversity due to mono- cropping, as discussed in more de-
tail in Section 5. Subtracting the monetized value of these 
negative externalities from the market- based returns to the 
food crop production, we obtain the net social returns to crop-
land, the orange dashed line with a y- intercept of CS. Land 
near or to the right of point L3 has total net social returns 
close to zero, that is, socially marginal land for food crops. 
The negative environmental externalities of food production 
outweigh the economic value of that production on lands be-
tween L3 and L4. Thus, the socially marginal land area is ex-
pected to be larger than the economically marginal land area 
for food crop production.

Compared to fallow or idle land, managed perennial bio-
energy crops likely generate several positive environmental 
externalities (e.g., increased soil carbon, erosion stabiliza-
tion, etc., discussed further in Section 5). Monetizing these 
ecosystem services and adding them to the market returns 
gives the total net social returns to energy crop production, 
indicated by the dashed blue line with a y- intercept of ES. 
Accounting for both the positive externalities of energy crop 
production and the negative externalities of food crop pro-
duction, all land to the right of L1 has higher social net bene-
fits under energy crops.

While valuation of environmental externalities expands 
the amount of relatively high- productivity marginal land suit-
able for bioenergy crop production, it also reduces the amount 
of suitable low- productivity land, once the benefits that land 
can generate under other non- crop uses are considered. Some 
low- productivity lands might best remain in natural vegeta-
tion for biodiversity benefits, or if the soil carbon loss during 

conversion to bioenergy crops outweighs the greenhouse gas 
mitigation benefits (Field et al., 2020; Spawn et al., 2019). At 
some point L5, the social benefits of leaving land in natural 
uses (illustrated by the dashed green line with a y- intercept 
of NS in Figure 1) exceed that of converting it to bioenergy. 
Therefore, land to the right of point L5 is socially marginal for 
bioenergy crops, that is, its social benefits are no longer pos-
itive for bioenergy crops (as they were between L1 and L5); 
such land should be allowed to remain in natural land cover. 
The net social benefits of converting abandoned croplands 
to bioenergy crops can be highly sensitive to land use his-
tory, the length of the abandonment period, and the degree to 
which the ecosystem service value of the land has recovered 
(Field et al., 2018; Goldstein et al., 2020; Isbell et al., 2019).

4 |  APPROACHES FOR 
IDENTIFYING ECONOMICALLY 
MARGINAL AND BIOENERGY- 
SUITABLE LAND

Identifying economically marginal land at a fine spatial reso-
lution ideally requires information on the operating profits, 
debt, equity, and other financial data pertaining to current and 
potential future crop production. These data are not publicly 
available. While the financial profitability of a land parcel 
may be related in part to observable phenomena and features 
such as biophysical, environmental, and market conditions, it 
also depends on unobserved management practices, expecta-
tions about market and climate conditions and policy support 
that can vary spatially and in association with farmer demo-
graphics (Pröbstl- Haider et al., 2016; Skevas et al., 2014, 
2016). To this end, there is effectively no way to accurately 
map economically marginal land, and one must inevitably 
rely on reasonable but imperfect proxies and assumptions. 
We discuss some approaches that have used satellite data and 
computational modeling to identify land that can be classi-
fied as economically marginal for food crop production.

In a recent study, Jiang et al. (2021) identify economically 
marginal land as land that is frequently transitioning between 
crop and non- crop use using high- resolution land use data 
from the Cropland Data Layer from 2008 to 2016. They con-
sider frequent land use change as an indicator of land that is 
at the borderline of profitability in crop production and likely 
to switch easily between crop and non- crop in response to 
changes in market conditions (i.e., farmers choose to cultivate 
only in years when they perceive it likely to be profitable). 
These patterns can be readily observed using remotely sensed 
imagery supplemented with other gridded data where neces-
sary. This is an imperfect approach to identify economically 
marginal land because (a) land use change data from satellite 
images is subject to noisiness and (b) ex- ante assessments of 
profitability that guide crop planting decisions may differ from 
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ex- post realizations of profits given weather, market, and pol-
icy conditions. Jiang et al. (2021) use statistical algorithms 
to distinguish between land use changes that can be inferred 
as indicators of economic marginality with confidence from 
those that are in the statistical noise. They find that the area of 
land that can be confidently classified as economically mar-
ginal, and that is in the bioenergy- suitable rainfed region of the 
US, is substantially smaller than estimates from previous stud-
ies using biophysical criteria. Using similar methods based on 
remote sensing products, Lark et al. (2020) mapped recently 
transitioned croplands and showed that these areas were char-
acterized by less suitable biophysical conditions such as higher 
slopes and climate- water deficits as well as lower crop yields. 
Such findings suggest a level of consistency across marginal 
land definitions and the land so identified and add further sup-
port to such observational approaches to their identification.

Other approaches to identify land that is economically 
marginal rely on recent advances in the use of precision ag-
ricultural tools, including yield monitoring and satellite data, 
to show spatial heterogeneity in yields and returns to crop 
production within a field. Basso et al. (2019) used 8 years of 
high- resolution satellite imagery and other crop data layers to 
identify subfields in ten Midwestern States that could be clas-
sified as having stable low yield, unstable (low yield some 
years, high others) and stable high yield. These tools can be 
used to identify areas in a field that have negative profitabil-
ity under food crop production on a multi- year average, even 
if they are profitable in a “normal” year (Basso et al., 2019; 
Maestrini & Basso, 2018; Martinez- Feria & Basso, 2020b).

These approaches indicate opportunities to integrate en-
ergy crop production into working agricultural landscapes 
at sub- field scales, that is, “spatial intensification” (Heaton 
et al., 2013). Areas within a field that have negative or low 
profitability under food crop production have potential to be 
converted to energy crops and increase income from the field 
(Bonner et al., 2014). Spatially observable data can also be 
supplemented with economic models to estimate field- level 
profitability more explicitly. Brandes et al. (2016) estimated 
the profitability of corn/soy fields across Iowa by combining 
observable data such as crop yields, commodity price list-
ings, and cash rents gleaned from farmer surveys with esti-
mates of farm- specific production costs from a state- specific 
cost model. They found that a large portion of these fields 
were likely unprofitable in the year 2015, and that overall 
profitability could be increased by replacing low- yielding 
areas with low- input perennial crops.

Estimates of economically marginal or bioenergy- suitable 
land are only as good as the data and assumptions upon which 
they are based. Inference from temporal land use patterns, for 
example, is sensitive to the methods used for measurement and 
reporting, and such analyses should proactively address poten-
tial sources of bias and causes of spurious change detection 
(Lark et al., 2017; Lark et al., 2021). Likewise, profitability 

studies based on county- level crop yields may be improved by 
emerging remote sensing methods to accurately predict yields 
at high spatial resolution (Deines et al., 2021). Well- resolved 
socio- economic data like land value and ownership are spo-
radically available at the parcel level and could be used to im-
prove profitability assessment if efforts are made to harmonize 
them over large extents (e.g., Nolte, 2020). These data could 
also be joined to publicly available data on farm subsidies to 
directly infer farm- specific economic risk/instability. Further 
development of scalable economic models like that used by 
Brandes et al. (2016) will also continue to improve our ability 
to contextualize proxies in economic terms and fill voids left 
by unobservable or unavailable data. Collectively, these de-
velopments will improve our ability to identify economically 
marginal land, a necessary precursor for identifying land that 
is socially marginal for food crops and suitable for bioenergy 
crops.

We note that not all land that is marginal for food crops is 
equally suitable for growing bioenergy crops. Liu and Basso 
(2017) evaluated the amount of land in Michigan that can yield 
at least 8 tons per hectare of switchgrass. They found that of 
the productive, low- risk land for switchgrass production in 
Michigan, about 25% was marginal for food crop production, 
and that the suitability of such marginal land for switchgrass 
production tended to be constrained by nitrogen limitations. 
Feng et al. (2017) classified the suitability of land that was 
marginal for food crops into five classes (not- , poorly- , mod-
erately- , good- , and highly suitable) for growing switchgrass, 
miscanthus, and hybrid poplar. They show that 60% of that 
marginal land (approximately 6  million ha) in the Upper 
Mississippi River Basin is moderately to highly suitable for 
growth of switchgrass, miscanthus, and hybrid poplar.

5 |  CONSIDERATIONS FOR 
IDENTIFYING SOCIALLY 
MARGINAL LAND FOR FOOD 
CROPS

Identifying socially marginal lands for food crop produc-
tion starts with the quantification of economic returns as 
described in the previous section, and then adds in the so-
cial costs and benefits of environmental externalities from 
current and potential future land use. As with economically 
marginal land, these features can be assessed at any spatial 
scale/extent and will be different for bioenergy crops than for 
food crops, as well as for different agronomic practices used 
for any specific crop. All possible environmental impacts of 
land use should ideally be considered, though practical con-
siderations and tractability may require the specification of 
boundary conditions on the environmental externalities to be 
included. We contend that even partial accounting of envi-
ronmental externalities (and in some locations, using benefit 
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transfer approaches to monetize their effects) is preferable 
to ignoring them completely, since that implicitly sets their 
value at zero.

Below, we use a few well- studied examples to illustrate 
ways in which these externalities might be quantified and as-
sessed in the service of identifying socially marginal land. 
These example externalities are selected because they share 
(a) a good baseline scientific understanding of their impacts 
under both food and bioenergy crops, (b) a large degree of 
spatial heterogeneity across agricultural landscapes, and (c) a 
reasonably well- established basis for quantification and pric-
ing of their non- market impacts. There is also some precedent 
for considering these externalities among existing bioenergy 
landscape design and optimization studies (Mishra et al., 
2019; Wu et al., 2012; Zhang et al., 2010; Zheng et al., 2018). 
In most cases, these environmental impacts are difficult to 
observe or monitor directly, so assessment relies heavily on 
proxy measurements and statistical or process- based model-
ing to identify environmental “hotspots” where unfavorable 
underlying biophysical characteristics (e.g., slope, coarse soil 
texture, proximity to waterways) lead to disproportionate im-
pact (Saha et al., 2017), and opportunities for changing land 
use to increase environmental benefits (Cheng et al. 2020; 
Schulte et al., 2017). In addition to land use choices, environ-
mental performance in these areas is also highly sensitive to 
crop management decisions (Davis et al., 2013), so observed 
outcomes reflect the interaction between management prac-
tices and land biophysical characteristics.

5.1 | Soil carbon and greenhouse 
gas emissions

The greenhouse gas impact of conventional crop production 
is typically dominated by soil- related emissions, specifi-
cally changes in soil organic carbon (SOC) storage and soil 
emissions of nitrous oxide (N2O). The historic and ongoing 
clearing of native land covers for crop production has cre-
ated a substantial soil carbon debt (Sanderman et al., 2017). 
Cropland soils can be an ongoing moderate source or sink 
of carbon, depending on when they were first converted to 
crop production and how they are managed (EPA, 2020). 
In addition, application of nitrogen (N) fertilizers produces 
emissions of the potent greenhouse gas N2O (Crutzen et al., 
2008). Seasonal N2O emissions totals are largely driven by 
discreet events (e.g., fertilizer additions and precipitation 
events) and characterized by hotspots of anoxic conditions 
in fine- textured soils and local topographic depressions (Li 
et al. 2013). SOC and N2O outcomes are also highly sensitive 
to management. Conservation management techniques such 
as reduced tillage intensity or winter cover cropping can im-
prove SOC trajectories under annual crops (Liu et al., 2020; 
Minasny et al. 2017; Paustian et al., 2019), whereas careful 

fertilizer and irrigation management, use of denitrification 
inhibitors, or application of biochar can help to control N2O 
(Akiyama et al., 2009; Borchard et al., 2019; Jin et al., 2019; 
Liu et al., 2020)

Growing perennial bioenergy crops on lands that were pre-
viously row- cropped generally improves SOC accrual (Emery 
et al., 2017; Martinez- Feria & Basso, 2020b; Qin et al., 2016) 
and can create a large carbon sink with significant climate 
change mitigation value (Chen, Debnath, et al., 2021; Tilman 
et al. 2006). Rates of SOC sequestration depend on site- level 
specifics (e.g., soil texture, land use history) and duration of 
time after establishment (Abraha et al., 2019; Chen, Blanc- 
Betes, et al., 2021). A recent meta- analysis suggests that 
establishing the perennial energy grasses switchgrass and mis-
canthus on former cropland results in a median SOC accrual 
rate of 1.2 Mg C ha−1 year−1 (25– 75th percentile range of 0.4– 
2.9 Mg C ha−1 year−1) (Qin et al., 2016). Compared to annual 
crops, perennial energy crops also make much more efficient 
use of applied N and have lower relative N requirements, re-
sulting in lower per- area N2O emissions rates (Pedroso et al., 
2014; Tilman et al. 2006; Whitaker et al. 2018).

SOC levels are highly spatially heterogeneous, and time- 
consuming and costly to measure accurately via soil core 
collection and combustion- based carbon measurement. As a 
result, process- based ecosystem models (e.g., ecosys, EPIC, 
DayCent, SALUS) are often used to simulate SOC trends 
and N2O emissions over larger areas or in response to dif-
ferent hypothetical cropping scenarios dynamically over time 
(Grant et al. 2020; Zhou et al. 2021; Campbell et al. 2018; 
Dwivedi et al., 2015; Hudiburg et al., 2016). Such models 
use spatial data on weather/climate, soils, and historic man-
agement to drive simulations of carbon, water, nitrogen, and 
other nutrient cycling in agro- ecosystems (Martinez- Feria & 
Basso, 2020b). These models can be used to identify socially 
marginal cropland where SOC levels are significantly de-
pleted such that conversion of land to bioenergy crops would 
enhance the carbon mitigation services provided by that 
land. Alternately, more widespread adoption of the conser-
vation management practices described above would reduce 
the environmental impacts of conventional cropping even in 
biophysically challenging areas, and thus somewhat reduce 
the incidence of socially marginal cropland appropriate for 
bioenergy use.

While the examples above focus on the greenhouse gas 
sources and sinks within a field to assess broader societal 
costs and benefits, it may be desirable to consider extending 
the system boundaries. For both food and bioenergy crops, 
these could include downstream impacts associated with 
supply chains, processing, product consumption, and waste 
disposal, as well as upstream impacts associated with produc-
tion of fertilizer and other inputs. For the food system, these 
can result in net greenhouse gas emissions (Crippa et al., 
2021), whereas bioenergy crops processed into biofuels are 
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expected to accrue net social benefits including substitution 
credits relative to fossil fuel emissions and potentially carbon 
capture and storage (Field et al., 2020).

5.2 | Non- point pollution from 
crop production

Excess nutrient application for producing food crops is asso-
ciated with significant pollution of both air (Hill et al., 2019) 
and water (Basso et al., 2019; Brandes et al., 2018). Thus, 
the targeted integration of biomass feedstock crops into exist-
ing agricultural landscapes is a strategy for reducing nitrogen 
leaching compared to business- as- usual (Brandes et al., 2018; 
Davis et al., 2013; Wu et al., 2012). Basso et al. (2019) used 
8 years of satellite images to identify areas within corn and 
soybean fields that would constantly produce low yield (de-
fined as one standard deviation from the mean of the field), 
and associated high losses of N to the environment via leach-
ing and other processes. They found that nearly 30% of the 
US Midwest Corn Belt is under- productive with significant 
losses of N. Such water- pollution hotspots may be suitable 
for perennial bioenergy crops and can be considered socially 
marginal for annual crops even if they are profitable for food 
crop production in some years.

Annual crop production systems are also vulnerable to top-
soil erosion due to tillage practices that disrupt soil structure and 
the network of plant roots and leave fields bare and vulnerable 
to wind and water forces over the winter months. Erosion risk 
is a strong function of rainfall intensity and amount, topogra-
phy, and soil texture and varies spatially and over time. Across 
the US Corn Belt, topsoil erosion is estimated to reduce crop 
yields by ~6% causing $2.8 billion in annual economic losses 
(Thaler et al., 2021). Perennialization of agricultural systems 
can dramatically reduce erosion losses through the presence 
of an intact, undisturbed root zone holding soils in place, as 
well as the retention of protective aboveground biomass over 
the winter season. The strategic integration of perennial bio-
energy grasses into existing agricultural landscapes may offer 
many of these benefits (Wang et al., 2020). However, energy 
crop production still involves soil disturbance during initial 
field preparation, periodic replanting, harvest, and other farm 
operations, as well as reduced aboveground biomass cover di-
rectly following harvest, and thus may offer less benefit than 
other forms of land protection (e.g., CRP enrollment).

Nitrate leaching and gaseous losses of nitrogen are sub-
ject to high levels of spatial and temporal variability, and 
direct measurement is very expensive and time- consuming. 
Process- based models such as DNDC, SWAT, and AgroIBIS 
(Brandes et al., 2018; Ferin et al., 2021; Wu et al., 2012) and 
various statistical and machine learning approaches (Fezzi 
et al., 2015; Knoll et al., 2019; Paudel & Crago, 2021) are 
used to simulate responses to management at watershed and 

basin scales. Remote sensing can also be used to better con-
strain aboveground vegetation and processes represented in 
these models. For examples, high- resolution remote- sensing 
data have been used to improve the representation of land 
cover and land use in process- based models of nitrate leach-
ing (Hively et al., 2020), and in empirical models of soil ero-
sion (Phinzi & Ngetar, 2019).

While croplands with high rates of nutrient loss or erosion 
may be good candidates for bioenergy feedstock production, 
these issues can also be mitigated through adoption of best 
management practices in existing cropping systems. The 
N2O- reducing conservation measures discussed in the previ-
ous section also serve to reduce nitrogen losses via leaching 
and volatilization pathways. Similarly, cover cropping, tillage 
intensity reduction, contour tilling, and the use of riparian buf-
fers and perennial strips can help to control erosion losses and 
sedimentation issues (Rickson, 2014; Volk et al., 2010). The 
costs and effectiveness of these conservation practices relative 
to those of bioenergy crop production need to be considered 
in determining the net social benefits of alternative land uses.

5.3 | Biodiversity

Expansion of annual cropland contributes to the fragmenta-
tion and/or loss of perennial vegetation and can thus lead to 
species decline (Lark et al., 2020; Rosenberg et al., 2019). 
Such losses can be mitigated to a certain extent through 
conservation management practices such as winter cover 
cropping or no- till management that leaves significant resi-
due cover in place (VanBeek et al., 2014; Wilcoxen et al., 
2018). Alternately, conversion of cropland to perennial crops 
can improve habitat for various species of ecological, eco-
nomic, or aesthetic interest including pollinators and game 
species (Rupp & Ribic, 2019). Perennial bioenergy grasses 
have been shown to support greater diversity of insects and 
birds than corn cultivation, with switchgrass monocultures 
performing more similarly to native prairie grass mixtures 
than to corn monocultures (Werling et al., 2014). In highly 
cultivated landscapes, these lands may be particularly impor-
tant as the only remaining habitat patches in which species 
can seek refuge (Haddad et al., 2015). We note, however, 
that natural grassland and forests may provide better habitat 
and ecosystem services than bioenergy crops. Similarly, the 
biodiversity implications of CRP conversion to bioenergy 
crops are less clear (Haan & Landis, 2019a, 2019b; Rupp & 
Ribic, 2019). Further study is needed to identify bioenergy 
crop species mixes and management regimes that maintain or 
enhance habitat quality compared to cropland and CRP land 
(Chen, Debnath, et al., 2021; Dale & Polasky, 2007; Garbach 
et al. 2014; Zhang et al., 2007).

Assessing the habitat and biodiversity value of both pres-
ent and potential future land cover is particularly challenging 
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given the range of species and their requirements and their 
compounding complexity when considered as ecological as-
semblages. Unlike the previous examples, habitat quality and 
biodiversity are less reliably modeled at the relatively fine 
scales required by marginality assessment. Instead, these 
phenomena often still require field assessment which can be 
labor- intensive and subject to inconsistency in methods used. 
For example, the North American Breeding Bird Survey 
(BBS), a long- term monitoring of abundance and species of 
birds at fine resolution across a large spatial extent, requires 
months of field assessment that involves roadsides surveys 
conducted by thousands of high- skilled bird observers each 
year (Sauer et al. 2017). To address this challenge, it may be 
possible to identify “indicator” or “umbrella” species repre-
sentative of the requirements of the ecological community as 
a whole, greatly reducing the number of species that need to 
be assessed (Roberge & Angelstam, 2004). However, these 
approaches are inherently subjective and may overlook the 
needs of less abundant but important species. Recent studies 
suggest that remotely sensed indices of vegetation texture and 
phenology might serve as additional reliable proxies for hab-
itat complexity, habitat quality, and/or biodiversity (Farwell 
et al., 2021; Silveira et al., 2021).

5.4 | Within- field socially marginal land

By strategically combining production of perennial crops 
with annual crops within a field in areas that are less pro-
ductive and environmentally sensitive, it may be possible 
to enhance ecosystem services. Studies show that perennial 
crops can trap the run- off from other areas in the field (Basso, 
2021; Dimitriou et al. 2018; Englund et al., 2020; Kreig et al., 
2019; Schulte et al., 2006; Zhou et al., 2014). Integrating 
shrub willows on underproductive land in the corn belt and 
growing switchgrass in the space in- between rows of trees 
in the southern US can improve the overall sustainability of 
the landscape (Dimitriou et al. 2018; Englund et al., 2020). 
These studies show that with an integrated cropping system 
that combines bioenergy crops with food crops at a landscape 
scale, the bioenergy crop can intercept the nitrate applied to 
the upgradient portion of land and grow without direct ferti-
lizer application. Although there is no clear evidence in the 
literature about the net economic and environmental ben-
efits of wider implementation of these designs, experimen-
tal studies at few locations, such as in Iowa, Illinois and the 
coastal plain of North Carolina, show that heterogeneity in 
the soils, topography, and land use history of real- world ag-
ricultural landscapes provides an opportunity to strategically 
integrate energy crops in ways that further decrease nitrogen 
losses (Brandes et al., 2018) and N2O emissions (Adler et al. 
2012; Field et al., 2018). For instance, Brandes et al. (2018) 
show that a substantial reduction in nitrogen leaching can be 

achieved through the targeted replacement of annual crops 
such as corn and soybean with switchgrass on portions of 
fields in Iowa that are consistently underperforming in terms 
of corn/soybean yields as well as overall profitability.

5.5 | Non- market methods for quantifying 
social returns to land

There is a large literature assessing the monetized value of the 
ecosystem services/disservices from agricultural production 
(Chen, Debnath, et al., 2021; Dale & Polasky, 2007; Garbach 
et al., 2014; Zhang et al., 2007). While a formal review of the 
approaches and challenges in assessing such non- market values 
is beyond this paper's scope, below we present some examples 
for select externalities and how they might be applied to deter-
mine the net social benefits of food crops and energy crops.

A widely applied approach to valuing the greenhouse gas 
mitigation impacts of crop production is by using the social 
cost of carbon (SCC), the change in the discounted value of 
economic damages (loss in welfare) from an additional unit 
of carbon dioxide equivalent (CO2- equivalent) emissions 
(IWG, 2021; Nordhaus, 2017). There is considerable consen-
sus that $51 per metric ton of CO2 equivalent (Mg−1 CO2- eq) 
is a reasonable estimate of SCC with the 3% social discount 
rate and $76 Mg−1 CO2- eq at 2.5% discount rate (Havranek 
et al., 2015; IWG, 2021; Khanna et al., 2017). Applying a 
$51 Mg−1 CO2- eq SCC value to the Qin et al. (2016) median 
SOC accrual rate from perennial energy grass production on 
former cropland (1.2 Mg C ha−1 year−1) implies an additional 
social return of $224 ha−1, a substantial amount that could 
easily affect the choice of crop to grow. Chen, Blanc- Betes, 
et al. (2021) apply these estimates to systematically quantify 
the net monetary value of greenhouse gas savings (including 
soil carbon change) due to the conversion of CRP land to 
energy crops across the eastern US.

Similar to the SCC, the concept of social cost of nitro-
gen (SCN) has been developed and applied in the assessment 
of externalities from nitrate leaching and other forms of N 
loss. Despite the similarity in concept, estimating the SCN 
is more challenging since the impacts of nitrogen are highly 
spatially heterogeneous (Keeler et al., 2016). In the absence 
of spatially heterogeneous N leakage data and the environ-
mental damages due to it, studies such as Sobota et al. (2015) 
propose a simple unit value transfer method by compiling 
the damage costs associated with nitrogen application (air/
climate, freshwater, drinking water, and coastal- zone- related 
damages) based on information obtained from existing stud-
ies (Compton et al., 2011; Van Grinsven et al., 2013). The 
SCN estimated by Sobota et al. (2015) ranges from $5.5 to 
16.9 kg−1 N applied. Using these SCC and SCN values, Chen, 
Debnath, et al. (2021) quantified the net social costs and ben-
efits of producing biofuels from food crops and energy crops 
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by monetizing the change in greenhouse gas emissions and 
N- leakage.

The non- market value of other ecosystem dis- services due 
to crop production, such as soil erosion, biodiversity loss, and 
pesticide damage has also been estimated by studies (Adhikari 
& Nadella, 2011; Bartkowski et al., 2015; Florax, 2005; Plaas 
et al., 2019 and many others). While a thorough review of this 
literature is beyond the scope of this paper, analysts, policy de-
velopers, and other decision- makers can use a portfolio of such 
non- market values to assess the social net returns of crop pro-
duction depending on their objectives. We do, however, note 
the need for caution in simply adding up a series of indepen-
dent value estimates for different ecosystem services, which 
might result in a biased estimate due to the potential substitute 
or complementary nature of the relationship between these ser-
vices and dis- services (Hoehn & Loomis, 1993). Additionally, 
we also note that there is a need to distinguish between ecosys-
tem end- products (such as, drinking water, vegetation types, 
and wildlife species) and intermediate ecosystem services (such 
as, purification of water, dispersal of seeds, and maintenance of 
habitats for plants and animals) to avoid the problem of double- 
counting (Brown et al., 2007; Kroeger & Casey, 2007). Finally, 
the lack of formal markets and measurement uncertainties for 
most ecosystem services, as well as the varying objectives of 
policy developers and other decision- makers, requires strong 
stakeholder engagement and careful design including consider-
ation of qualitative measures and weighting factors, to develop 
meaningful multi- objective assessments (Marchand et al., 
2014; Ostrom, 1990; Parish et al., 2012).

6 |  INCENTIVES FOR 
CONVERTING LAND TO 
BIOENERGY CROP PRODUCTION

The incentives for converting land to energy crop production 
will depend on the market returns to bioenergy crop produc-
tion (defined as the revenue from biomass net of the costs of 
production) and the riskiness of those returns relative to those 
with the existing use of that land, which could be crop or non- 
crop use. They will also depend on farmer characteristics and 
behavioral preferences of landowners. We now discuss the 
factors likely to affect the conversion of land marginal for 
food crops to bioenergy crops and reasons that this conver-
sion need not be limited to marginal land only.

6.1 | Incentives for converting marginal land 
to bioenergy crops

Even when land is socially and economically marginal for 
food crops and suitable for energy crop production, farm-
ers may be unwilling to convert it. Breakeven analyses of 

various bioenergy crops shed light on the direct costs and 
opportunity costs of producing these crops and the incentives 
for farmers to convert various types of land to energy crops 
(Jain et al., 2010; Khanna et al., 2008; Mooney et al., 2009). 
Although the land to the right of L4 in Figure 1 has posi-
tive economic returns from bioenergy crop production that 
are higher than those from food crops, landowners may be 
reluctant to convert the land to energy crops for various non- 
economic or behavioral reasons, including socio- cultural and 
aesthetic factors. Promoting conversion of socially marginal 
lands to bioenergy crops will thus likely depend on additional 
policy incentives to further encourage shifts in land use.

Some studies show that the supply of marginal land for 
bioenergy crops is generally lower than the availability esti-
mated through conventional marginal land assessments. These 
discrepancies are due to landowners’ preferences, their belief 
that this land is not “in play” for production, high amenity 
values on marginal lands, high conversion costs, and inertia 
(Barham et al., 2016; Eaton et al., 2018, 2019). Two studies 
found that landowners are only willing to rent or supply land 
for bioenergy- crop production on 21% of available marginal 
land in the Northern Great Lakes Region, even when rental 
rates are twice as high as current rates (Swinton et al., 2017), 
and 27% of marginal lands in Lower Southern Michigan at 
typical rental rates (Skevas et al., 2016). Chen, Blanc- Betes, 
et al. (2021) show that converting CRP land to energy crops 
would require relatively high biomass prices if landowners 
were required to forego some or all of the relatively high rental 
payment for this land provided by the government.

Various farmer characteristics that have consistently been 
associated with a higher propensity to grow bioenergy crops 
include lower age, higher education levels, prior knowledge of 
bioenergy crops, use of alternative fuels, lower risk aversion, and 
less present- biasedness (Jiang et al., 2018; Khanna et al., 2017; 
Lynes et al., 2016; Mattia et al., 2018; Mooney et al., 2015; 
Qualls et al., 2012; Skevas et al., 2018; Swinton et al., 2017). 
Off- farm income has been shown to increase the willingness to 
supply bioenergy crops (Jensen et al., 2007; Qualls et al., 2012; 
Smith et al., 2018). Farm characteristics such as larger farms, 
higher percentage of farm leased, higher percentage of land in 
CRP, more marginal land, land already in a perennial land use 
such as hay, and the distance to bioenergy pellet facilities also 
contribute to a greater probability of bioenergy crop production 
(Jiang et al., 2018, 2019; Lynes et al., 2016). For a comprehen-
sive meta- analysis of the farmer characteristics that influence 
willingness to produce bioenergy crops, see Galik (2015).

6.2 | Incentives for converting cropland to 
energy crops

There is no regulatory or other “firewall” preventing land-
owners from converting land that is not socially marginal for 
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food crop production to bioenergy crops if the market condi-
tions make it profitable to do so. Figure 1 shows that in some 
cases, it may be appropriate to expect conversion of some 
productive cropland to bioenergy crop production. The area 
L4- L2 is not economically marginal land for food crops but is 
nonetheless profitable to convert to bioenergy crops, while L4- 
L1 is not economically marginal but socially beneficial to con-
vert to bioenergy crops. Land with unstable food crop yields, 
relatively low returns, and high risks may be more profitable 
under bioenergy crop production if food crop prices are low 
and biomass prices are high. For instance, energy crop pro-
duction on some portion of the cropland can diversify risks for 
a landowner. Miao and Khanna (2014) show that the risks and 
returns to land under food crop production and miscanthus 
production are negatively correlated and this can create incen-
tives to grow energy crops on cropland. Anand et al. (2019) 
show that considerations of risk aversion and loss aversion 
among farmers affect the type of land (and its location) that 
might be converted to miscanthus vs. switchgrass, since these 
crops differ in the spatial pattern of the riskiness of their re-
turns to land relative to corn and soybeans.

However, it is also worth noting that landowner willing-
ness to convert this type of non- marginal cropland to energy 
crops may require biomass prices that are significantly higher 
than the breakeven price to offset not only the opportunity 
costs of the existing land but also other costs such as learning 
risks, price risks as relevant bioenergy markets evolve, yield 
and price uncertainty, and the costs of reversing the land con-
version decision (Fewell et al., 2011; Li & Zipp, 2019; Song 
et al., 2011). Studies show that farmers may also be reluctant 
to convert cropland from annual to perennial crops due to 
lack of availability of equipment, uncertainties about future 
markets, and their own risk and time preferences (Eaton et al., 
2018, 2019; Fewell et al., 2011; Khanna et al., 2017). There is 
mixed evidence on the impact of net farm income on incen-
tives to grow energy crops, with Jensen et al. (2007) report-
ing a lower willingness to supply bioenergy crops for farmers 
with higher net farm income per hectare under the current 
land use due to the higher opportunity cost of converting 
land out of its current use, and Smith et al. (2018) reporting 
a smaller amount of acreage supplied with lower total farm 
income due to the higher aversion to risk and severe liquid-
ity constraints. Khanna et al. (2017) show that landowners 
with crop insurance for food crops are less likely to convert 
cropland to energy crops. The provision of subsidized crop 
insurance for food crops and no crop insurance for energy 
crops will increase the riskiness of producing energy crops.

7 |  CONCLUSION

The notion of using marginal land for bioenergy crop pro-
duction to avoid conflict with food crop production has 

generated a large literature on definitions of marginal land 
and a wide range of estimates of the amount of marginal land 
available. Differences in these definitions and the assump-
tions underlying them make it difficult to compare these 
estimates with each other. We propose a new conceptual 
framework wherein socially marginal land is defined as land 
earning a low return (close to zero) after accounting for its 
negative environmental impacts in its current use. This defi-
nition is likely to encompass land that is biophysically poor 
and land that is currently idle/fallow (economically marginal 
land for food crops), as well as land that is in crop produc-
tion but losing soil organic matter, suffering from erosion or 
high nutrient run- off, or foregoing significant habitat value 
(socially marginal land for food crops). A strong case can 
be made that strategically converting such lands to peren-
nial biomass crops would yield climate and environmental 
benefits while minimizing diversion of land from food crops. 
However, the thresholds for biophysical productivity or spe-
cific land covers that should be classified as marginal will be 
determined by climate conditions, market conditions, policy 
incentives, or disincentives for retiring environmentally sen-
sitive cropland and other amenities the land provides. As a 
result, the biophysical and economic thresholds for defining 
marginal land will vary spatially and over time.

While marginal lands suitable for bioenergy crops offer 
the potential for growing bioenergy crops without diverting 
land from food crops and of enhancing ecosystem services 
on the land, we note that not all land that is suitable for con-
version to bioenergy crops may be made available by land-
owners to do so. Future research is needed to understand the 
drivers of the incentives by landowners to convert this land to 
bioenergy crops, which may depend on various factors such 
as the yields of these crops, biomass prices, technology for 
converting these crops to bioenergy, and market demand for 
bioenergy. A key component of these incentives is the yield 
of bioenergy crops on low- quality marginal land relative to 
highly productive cropland and the changes in the yields of 
these crops as they become older. Future research that im-
proves our understanding of the yield performance of bioen-
ergy crops on marginal lands will enable better quantification 
of the economic potential for converting marginal lands for 
bioenergy crops. Future research also needs to develop strat-
egies for breeding bioenergy crops to demonstrate higher 
economic and environmental performance on marginal lands.

While the framework developed here is largely concep-
tual, expanding the definition of marginal land to consider 
environmental impacts and net social benefits may both ex-
pand the land area appropriate for bioenergy crop production 
and enhance the sustainability of agricultural landscapes. 
Such landscapes, designed to optimize the net social bene-
fits of food crops, bioenergy crops, and natural ecosystems, 
can deliver greater value to society, but will also require 
an expanded set of incentives for non- market attributes as 
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well as uncertainties and risks. Future research and inter-
disciplinary collaborations are needed to operationalize this 
framework and determine the amount of socially marginal 
land that is available for conversion to bioenergy crops, and 
the market and policy incentives needed to incentivize this 
conversion.
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