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Abstract As co-products, agricultural and forestry residues represent a potential low cost,
low carbon, source for bioenergy. A method is developed for estimating the maximum
sustainable amount of energy potentially available from agricultural and forestry residues
by converting crop production statistics into associated residue, while allocating some of
this resource to remain on the field to mitigate erosion and maintain soil nutrients.
Currently, we estimate that the world produces residue biomass that could be sustainably
harvested and converted into nearly 50 EJ yr−1 of energy. The top three countries where this
resource is estimated to be most abundant are currently net energy importers: China, the
United States (US), and India. The global potential from residue biomass is estimated to
increase to approximately 50–100 EJ yr−1 by mid- to late- century, depending on physical
assumptions such as of future crop yields and the amount of residue sustainably
harvestable. The future market for biomass residues was simulated using the Object-
Oriented Energy, Climate, and Technology Systems Mini Climate Assessment Model
(ObjECTS MiniCAM). Utilization of residue biomass as an energy source is projected for
the next century under different climate policy scenarios. Total global use of residue
biomass is estimated to be 20–100 EJ yr−1 by mid- to late- century, depending on the
presence of a climate policy and the economics of harvesting, aggregating, and transporting
residue. Much of this potential is in developing regions of the world, including China, Latin
America, Southeast Asia, and India.
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1 Introduction

Currently, the world consumes nearly 500 EJ of primary energy annually (BP 2008).
Eighty-six percent of this energy is in the form of fossil fuels (EIA 2007) (coal, petroleum,
and natural gas), resulting in over 8.5 Gt C yr−1 of carbon dioxide (CO2) emissions
(Marland et al. 2009). As global supplies of fossil resources tighten and concerns about
climate change mount, interest is growing in biomass energy as a means to replace some
part of the energy portfolio currently occupied by fossil fuels. The response to the energy
and climate challenges will require a dramatic restructuring of the global energy portfolio,
with bioenergy likely to play an increasing role.

Recent years have witnessed a dramatic expansion of bioenergy production, particularly
biofuels for the transportation sector, motivated by efforts to increase domestic energy
supplies, boost rural agricultural economies, and to reduce greenhouse gas (GHG) emissions
by replacing fossil fuels (Kojima and Johnson 2005; Shapouri et al. 2002; Turhollow and
Perlack 1991). Between 1997 and 2007, United States (US) ethanol production [almost
exclusively from fermenting corn (Zea mays L.)] increased by a factor of five (EIA 2008);
in the European Union (EU), biodiesel production has increased by a factor of ten (EBB
2008). Total global bioenergy consumption (including fuel wood and traditional biomass) is
estimated to have increased by 70% during 1950–2000 (Fernandes et al. 2007).

In the face of such rapid growth, some have expressed concern over the aggressive
expansion of bioenergy production, pointing to many potential negative consequences.
Land and resource constraints create economic pressure between the various anthropogenic
uses of biomass, the so-called six f’s (fuel, food, feed, feedstock, fiber, and fertilizer)
(Rosillo-Calle 2007). Estimates of food price increases due to increased bioenergy demand
have been from 2% to 12% (Ranses et al. 1998) to over 100% (Johansson and Azar 2007).
In addition, expansion of biomass production can potentially lead to increases in the
conversion of natural areas to agricultural use (Righelato and Spracklen 2007; Wise et al.
2009) and losses in biodiversity (Raghu et al. 2006). Others have expressed concern that the
intensification of agriculture that would result from the expanding US bioenergy economy
would bring much of the Conservation Reserve Program (CRP) land back into production,
leading to a loss of wildlife habitat (Bies 2006). Fargione et al. (2008) recently introduced
the idea of a “carbon debt,” which occurs when virgin lands, particularly in tropical regions,
are converted into bioenergy plantations. Expansion of crops into marginal lands could also
exacerbate soil erosion (Kort et al. 1998), increase consumption of water resources
(Berndes 2002), and increase nutrient run-off and eutrophication of riparian and aquatic
systems (Hill et al. 2006). Furthermore, a number of life-cycle studies have shown that the
energy yield (particularly with corn-based ethanol) tends to hover near a break-even balance
when accounting for the energy consumed in the production and processing biofuel energy
crops (Shapouri et al. 2002).

These drawbacks can be assuaged to some degree by utilizing residue biomass;
byproducts of practices already taking place. Current research in bioenergy potential has
focused primarily on developing novel, dedicated cropping systems and assessing the
potential of dramatically expanding energy crop agriculture [see, for example (Hanegraaf et
al. 1998)]. In contrast, less research is being conducted in utilizing residue biomass, though
this resource is already produced. Sources of residue biomass include agriculture residue
(stalks, stover, chaff, etc.), forestry residue (tree tops, branches, slash), and mill residue
(sawdust, scraps, pulping liquors). Utilization of biomass residues allows for the same land
and production practices to produce multiple products, reducing both the resource inputs
and the demand for land associated with producing dedicated energy crops.
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Considering the global magnitude of agriculture and forestry production, residue
biomass is potentially a large and under-utilized resource. However, estimates of the
magnitude of future residue biomass utilization vary widely (by as much as a factor of five)
due to challenges in accurately defining the resource, the high degree of heterogeneity in
feedstock sources, the uncertainties in its technical availability and sustainable recover-
ability, and challenges in determining the economic viability of residue biomass utilization
(Rosillo-Calle 2007). Ultimately, utilization of residue biomass is an economic decision,
influenced by competing crop and energy prices as well as the price of carbon. The
difficulty in tracking the various biomass residue streams led Gillingham et al. (2007) to
model residue biomass by calibrating to 1990 values and allowing total production to grow
as a function of Gross Domestic Product (GDP) in a study that examined the future
potential for bioenergy with respect to projected land and energy demand. Other studies
have taken a more detailed approach by assuming some fraction of availability for various
residue streams to estimate potential global supply of biomass; Fischer and Schrattenholzer
(2001) estimated the 2050 potential for bioenergy from agricultural residues to be
35 EJ yr−1, with another 100 EJ yr−1 from forestry (which includes both forestry residues
and purpose-grown forest biomass), based on mean biomass productivity rates and global
land cover. In a review of several studies, Hoogwijk et al. (2003) estimated the potential for
modern primary energy from biomass residues to range between 30 EJ yr−1 and 108 EJ yr−1

by 2050; about 14 EJ yr−1 are produced currently, largely from mill residues. Of note here
is that the range for total modern (as opposed to traditional) biomass utilization (which
includes dedicated energy crops) varies widely from 33 EJ yr−1 to 1,135 EJ yr−1, depending
on assumptions about the availability of land for biomass crop production. In a hypothetical
future scenario where all available cropland is used to produce food and fiber, or where
converting virgin land for biomass crop incurs a unacceptable carbon debt (Fargione et al.
2008), then residue biomass could provide the major feedstock for expanding bioenergy
production. The objectives of this study are to quantify and characterize the current
potential supply of residue biomass, and to model the utilization this resource in the 21st
century.

2 Methods

2.1 Current available residue biomass

The framework for projecting the potential for residue biomass functions in two parts. First,
the maximum available sustainable supply of biomass residue is estimated based on crop
and forestry production statistics and crop-specific parameters. To determine the maximum
available supply of biomass residue, national agricultural and forestry production statistics
were obtained from the Food and Agriculture Organization of the United Nations (FAO)
database (FAOSTAT 2008a, b). For each crop, the harvest index, water content, and residue
energy content were estimated from various sources. In addition, for each crop, we
estimated an residue retention value- the amount of residue needed to mitigate soil loss and
preserve soil nutrients. Taken together these allow an estimate of the total potential supply
of residue biomass.

Second, to project the future production of residue biomass, a market is simulated to
estimate the fraction of the maximum sustainable supply of residue biomass that would be
collected and utilized. The utilization of residue biomass is simulated and projected with an
integrated assessment model for the next century for 14 aggregated regions of the world.
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The total amount of residue produced is estimated using harvest index (HIdry) statistics,
which represent the dry mass ratio of the harvested crop to the total aboveground biomass,
taken from the Environment Policy Integrated Climate (EPIC) model inputs (Williams
1990). For root crops, such as sugar beet (Beta vulgaris L.), the harvested crop is below
ground biomass, and thus these crops can have reported harvest indices greater than one.
The harvest index, HIroot, is adjusted by the following equation for root crops:

HIroot ¼ HIdry
HIdry þ 1

Additionally, for orchard and tree crops, we define the harvest index to be the ratio of the
harvested crop mass to the sum of the masses of the harvested crop mass and pruned
material. Forest and mill parameters were estimated from Perlack et al. (2005) and from a
report to the US Department of Energy National Renewable Energy Laboratory by the
Antares Group (1999).

Because crop and forestry production statistics are reported on a wet mass basis, the
harvest index is adjusted to account for the mass of water in the crop by the following
formula:

HIwet ¼ HIdry
water content � HIdry � 1

� �þ 1

This adjustment allows the determination of residue biomass ratio (dry basis) for every
crop in the FAO database by inversion of the HIwet value. The useful form is the Residue
Ratio, which when multiplied by crop production, gives the total amount of aboveground
crop residue:

Residue Ratio ¼ HI�1
wet � 1

� �

Not all residue is logistically harvestable, however. Moreover, additional residue
biomass must remain uncollected to sustain soil nutrients and to prevent erosion. While
soil nutrient levels and erosion are a function of local topography, climate, soil, and
management practices, here we assume a Reside Retention parameter, general crop-specific
values in terms of mass of residue per unit area to remain on the field.

Residue Biomass Available ¼ Production � Residue Ratio� Residue Retention � Harvested Areað Þ

The initial values for Residue Retention parameter are calculated by taking a percentage
of the total available residue based on the mean global 1990 and 2005 FAO yield statistics
(FAOSTAT 2008a) and the Residue Ratio given above. These crop-specific values are then
kept constant for all locations and time periods. This allows for greater amounts of residue
to be harvested as yields increase, and less residue to be harvested if agriculture expands
into marginal land that is more susceptible to soil and nutrient loss. Though historically,
harvest indices and the residue ratio has decreased with time through judicious breeding
and genetic modification (Sinclair 1998), we assume here that these values will not change
much in the future, as the maximum harvest index is limited by nitrogen availability
(Sinclair 1998) and some amount of plant structure is necessary to support the food portion
of the crop.

For major grain and oil crops [corn, wheat (Triticum aestivum), barley (Hordeum vulgare L.),
oats (Avena sativa L.), rapeseed (Brassica napus L.), etc.] we assume that the residue
retention is 70% of the calculated total available residue (a maximum residue harvest rate of
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30%) (Graham et al. 2007; Wilhelm et al. 2007). Likewise, it is assumed that for pruned
crops [grapes (Vitis spp.), oranges (Citrus spp.), tree nuts, etc.] 99% of the estimated residue
is recoverable (1% is retained), and for root crops [potatoes (Solanum tuberosum L.), sugar
beets, etc.]—where the entire plant is harvested—95% of the residue is recoverable (5%
retained). For rice (Oryza sativa), and all other miscellaneous crops (fruits, vegetables, etc.),
it is assumed that 75% of the residue is recoverable (25% retained). These percentages are
then converted to crop-specific mass values based on the mean global average 1990 and
2005 production and harvested area statistics in the FAO database (FAOSTAT 2008a)
(Table 1). For forests, the residue retention value is estimated to be 20 Mg ha−1 (Table 1),
based on recommendations to maintain fungi and soil organic matter; this number is at the
upper range recommended by Graham et al. (1994) and the lower range of that
recommended by Harvey et al. (1981). As a point of reference, 20 Mg ha−1 would be
approximately 25% of the estimated aboveground biomass residue from a 40-year clear cut
rotation of Japanese Cedar (Cryptomeria japonica) with average productivity (Nishizono et
al. 2005). In practice, the residue retention values will vary depending on local climate, soil,
topography, and management practices (Gregg and Izaurralde 2010), and therefore these
values represent only global averages.

Finally, the net energy content (lower heating values) of residue biomass is estimated on
a dry mass basis for each crop (Goswami et al. 2000; Tyagi 1989). For all crop and forest
parameters, missing values are estimated by using values for similar crops where data are
available.

The maximum supply of agricultural residues is thus a function of crop-specific attributes,
crop production, and harvested area. For forestry, two residue streams are considered: timber
harvesting residue (tree tops, slash, and branches), and mill residue (wood scraps, sawdust,
and recovered pulping liquors). As with agricultural crops, the harvest index, milling
efficiencies, wood energy content, and residue retention values are used to estimate the total
potential supply of forestry residues (Table 1). Specifically, for a given region and given
crop type, the total amount of biomass is estimated by the following formulation:

Maximum Residue Biomass Energy Available

¼ Production � Residue Ratio� Residue Retention � Harvested Areað Þ½ � � Energy Content

Table 1 Summary of input parameters. Presented here are weighted global means; regional values vary
based upon the mix of crop and timber production within groups

Residue
source

Residue ratio (dry residue
mass/wet crop mass)

Residue retention
(Mg ha−1)

Residue energy
content (MJ kg−1)

Curve
exponent b

Midprice
(2,005$)

Wheat 1.49 2.81 16.22 10.83 2.08

Rice 0.99 0.94 13.55 10.83 2.08

Corn 0.74 2.20 16.86 10.83 2.08

Other Grain 1.02 1.09 15.20 10.83 2.08

Oil Crops 1.28 1.26 13.26 10.83 2.08

Sugar Crops 0.28 1.24 15.21 10.83 2.08

Misc Crops 0.38 0.38 8.17 10.83 2.08

Timber 0.33 20.00 18.93 7.024 2.48

Mill 0.30 0.00 20.00 3.439 1.46
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This formula is used for agricultural, forestry, and mill residue, though for mill residue the
residue retention parameter is zero. This formula is employed for all crop types, forestry,
and mills, for all countries in the FAO database.

2.2 Future role of residue biomass

To estimate the future role for this resource, the economic dimension is added and the
previous parameter estimates are aggregated into 14 world regions (Fig. 1) and seven crop
types by using a weighted mean of the 1990 and 2005 FAO (2008a) crop production
statistics (Table 1). The economics of harvesting residue biomass is simulated using data
generated for the EIA NEMS (Energy Information Administration National Energy
Modeling System), a model developed by the US Department of Energy to forecast US
energy markets (supply, demand, prices, etc.) in order to inform energy policy decisions
(EIA 2003). The input data for the EIA NEMS estimates the amount of biomass energy
produced per NEMS coal region in the US given a price for bioenergy. The cost curve data
represent the cost for harvesting, aggregating and delivering residue biomass, assuming the
maximum economic distance of transportation to be 50 miles (80 km) from farm gate to
processing plant. Transport costs, which are included in the cost curves, are assumed to be
between $10 and $13 (2005$) per short ton ($11 Mg−1 and $14 Mg−1) (EIA 2006). For mill
wastes, the maximum economic travel distance is 100 miles (160 km) (EIA 2006). Cost of
transport for these wastes is calculated stepwise for 25, 50, 75, and 100 miles (40, 80, 120,
160 km) with the price being $0.26 per short ton–mile ($0.17 Mg−1 km−1) (the national
average freight shipping rate) and adjusted by state transportation indices (EIA 2006).
Furthermore, the EIA assumes that there is no trading across different US coal districts
when deriving the point data (EIA 2006). Separate EIA NEMS cost curve data are available
for agricultural residue, forestry residue, and mill residue. Moreover, the EIA NEMS
projected cost curves evolve through time as biomass harvesting is assumed to become less
expensive.

For this study, the regional EIA NEMS cost curves are aggregated into a single set of
data points for the entire US, by calculating the mean of estimated residue biomass
production at each cost increment. These data points are then converted to relative

USA
Canada
Western Europe
Japan
Australia & NZ
Former Soviet Union
Centrally Planned Asia
Middle East
Africa
Latin America
Southeast Asia
Eastern Europe
South Korea
India

Fig. 1 Map of aggregated world regions for the ObjECTS MiniCAM
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proportions of the maximum production. A logistic curve is fit to these point data and is
defined by the following equation:

p ¼ priceb

Midpriceb þ priceb

where p is the dimensionless proportion, varying from 0 to 1, of the maximum residue
biomass energy that is supplied to market. The price is the independent variable and
represents the equilibrium price for biomass energy in 2005 US dollars per GJ. The curve is
defined by the Midprice, the price where half of the total available is demanded, and b, an
exponent controlling the steepness of the curve. Distinct curves are created for agricultural
residue, forestry residue, and mill residue (Fig. 2). However, for this study, it is assumed
that there is no regional variability or evolution in the curves and prices for residue
biomass; the same curves are used for all 14 regions of the globe and all time steps, though
they are scaled to the total available residue supply for each region and time period.

To harvest crop or forest residue, there will be a collection cost and a point where the price
for the residue makes collection of residue profitable. Because no global market for residue
biomass currently exists (though there has recently been some international trade of wood
pellets), there is a lot of uncertainty concerning the form of the cost curve for the future
residue biomass market. The NEMS model estimates a steep cost curve: there is small range
of prices between very little residue biomass and the near maximum theoretical amount of
residue biomass being supplied the market (Haq and Easterly 2006). The sensitivity of the
modeling results to these assumptions, which are admittedly uncertain, is examined below.

In future years, the NEMS cost curves evolve with expanding biomass production;
however, for purposes of this study, only the initial cost curve is used since we directly
account for expanding residue biomass production by modeling future agriculture and
forestry production with an integrated assessment model, the Object-Oriented Energy,
Climate, and Technology Systems Mini Climate Assessment Model (ObjECTS MiniCAM).

Global and regional supply and demand for energy from residue biomass is modeled
with the ObjECTS MiniCAM, a modular, object-oriented, partial equilibrium, integrated
economic model that simulates long term changes in energy markets, land use, and
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Fig. 2 Cost curves for residue
biomass from agriculture,
forestry, and mills. Data from
EIA NEMS (2003). See Table 1
for curve fit parameters
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greenhouse gas emissions over the next century under various GHG stabilization climate
policy scenarios. Development of the general model structure can be found in Edmonds et
al. (2004) and is based on Edmonds and Reilly (1985). The model operates on 15-year time
steps from 1990 to 2095 for 14 aggregated regions of the world (Fig. 1), and uses current
aggregated economic, demographic, energy consumption, agricultural, forestry, and land
use data to calibrate the historical years of 1990 and 2005. For each region, the model
estimates GDP based on assumptions about labor productivity and then estimates energy
demand by end use. The model is designed to simulate, under various carbon markets, the
integrated interactions between energy production (coal, petroleum, natural gas, nuclear,
solar, geothermal, hydro, wind, biomass, and future exotic energy sources), energy
transformation (e.g., refining, electricity production, hydrogen production), energy end use
(buildings, industry, transportation), agricultural production (corn, wheat, rice, other grains,
oil crops, sugar crops, fiber crops, fodder crops, miscellaneous, and biomass crops), forestry
and forest production (both for managed and unmanaged forestland), rangeland and animal
production, as well as land allocation dynamics. The ObjECTS MiniCAM employs the
Model for the Assessment of Greenhouse gas Induced Climate Change (MAGICC), a
simple climate model, which balances equations for sources and sinks of carbon across six
reservoirs (ocean, atmosphere, and four terrestrial types) and estimates a range of feedbacks
based on modeled temperature changes (Wigley 1993). Both the ObjECTS MiniCAM and
MAGICC have been used in numerous IPCC reports to develop emissions and climate
scenarios.

The projected global economic development and population growth pathways are from
Clarke et al. (2007), a scenario similar to the IPCC B2 scenario from the Special Report on
Emissions Scenarios (SRES) (Nakićenović et al. 2000). This scenario features a
continuously growing population (leveling off at about 9.5 billion people by the end of
the century), and intermediate economic growth (Clarke et al. 2007). Global policy GHG
stabilization pathways are based on Wigley et al. (1996) and are designed to optimally
reach the target atmospheric CO2 concentration by the end of the century. For this study, the
ObjECTS MiniCAM is used to simulate the future market for residue biomass under both a
reference scenario and a policy scenario that reaches 450 ppm atmospheric concentration of
CO2 by the end of the century.

3 Results and discussion

3.1 Current available residue biomass

In 2005, if all sustainably collectable residue were converted to energy, it could have
supplied nearly 50 EJ to the global energy market (Table 2), roughly half the annual energy
consumption of the US. Table 2 gives the leading countries in terms of total potential
residue biomass available in 2005, as well as its source. Major agricultural producers such
as China, India, and the US, top the list, each with the potential to produce about 5 EJ yr−1

or greater from this resource.
The relative size of the 2005 potential resource by continent in shown in Figs. 3, 4, 5, 6,

7, and 8, though the scales change between figures. In Africa, the majority of the current
potential residue biomass is primarily in forestry and mill residues, and miscellaneous crops
(Fig. 3). Nigeria, Ethiopia, and Egypt represent the countries within Africa with the largest
estimated amount of residue biomass available, with Egypt the only country in Africa with
significant grain residue. China and India are the main countries in Asia with respect to
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residue biomass availability (Fig. 4). This biomass is primarily in the form of wheat stalks
and rice stalks in China and sugarcane bagasse and rice stalks in India. Oil palm residue
from Indonesia and Malaysia is also substantial potential residue biomass resource (Fig. 4).
In Europe, wheat straw is the major component to residue biomass, except in northern
Europe and the Russian Federation where forest and mill residue potentially plays a larger
role (Fig. 5). France, Germany, and the Russian Federation are the countries with the
greatest amount of residue biomass in Europe (Fig. 5). In North America, the US is the
leading country in terms of the size of the residue biomass resource, primarily in the form
of corn stover, and mill residue (Fig. 6). In Canada, the forests and mills provide a larger
proportion of residue biomass and in Mexico sugarcane bagasse is a larger potential
resource than the US (Fig. 6). Sugarcane bagasse is also the dominant source of residue
biomass in Australia, the leading producer of residue biomass in Oceania (Fig. 7), though
the amount of residue available in Oceania is considerably smaller than that of other
continents. Residue biomass in South America is also dominated by sugarcane bagasse,
primarily in Brazil (Fig. 8).

In the 21st century, as global population expands and demand for food and forest
products increase, the potential residue biomass supply is expected to also increase.
Increasing global crop production is expected to occur through increasing crop yields on
current agricultural land, and through bringing more land into production. Assumptions
about the future trends of crop yields and agricultural expansion affect the cost and the total
future sustainable supply of this resource.

3.2 Future role of residue biomass

To project future scenarios, the price for biomass is computed based on total energy demand
and the prices for competing sources of energy. Under a climate policy scenario, fossil
energy sources become more expensive; thus demand and price for biomass increase. In the
policy scenario, the total available supply of residue biomass (∼84 EJ yr−1) is projected to
be utilized as energy by mid- to late-century (Fig. 9b and d). In the reference scenario, with
no price of carbon, much of the residue biomass is still utilized as energy demand and

Table 2 Potential residue biomass energy for 2005 (EJ). Listed countries could produce over 1 EJ yr−1 of
bioenergy from current residue biomass

Residue source Wheat Corn Rice Other
grain

Oil
crops

Sugar
crops

Misc
crops

Forest Mill Total

China 1.31 0.76 2.07 0.10 0.92 0.41 0.45 0.35 0.77 7.13

United States 0.49 2.39 0.12 0.15 0.53 0.13 0.10 0.47 1.07 5.44

India 0.45 0.00 1.31 0.08 0.28 1.10 0.24 0.64 0.77 4.86

Brazil 0.00 0.01 0.13 0.02 0.20 1.97 0.30 0.51 0.59 3.73

Indonesia 0.00 0.02 0.57 0.00 1.53 0.14 0.22 0.21 0.24 2.93

Malaysia 0.00 0.00 0.02 0.00 1.72 0.01 0.01 0.06 0.05 1.87

Canada 0.20 0.08 0.00 0.13 0.18 0.00 0.05 0.24 0.49 1.36

France 0.65 0.11 0.00 0.18 0.13 0.02 0.04 0.07 0.14 1.33

Nigeria 0.00 0.00 0.02 0.10 0.32 0.00 0.47 0.15 0.16 1.23

Germany 0.43 0.03 0.00 0.26 0.14 0.02 0.02 0.06 0.12 1.08

Global total 5.58 4.16 6.51 2.01 7.41 6.17 3.89 5.14 7.85 48.71
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energy prices increase, reaching a projected global output of approximately 75 EJ yr−1

(Fig. 9a and c).
Centrally Planned Asia (China), Latin America, Southeast Asia, and India have the highest

residue biomass production; each of these regions could produce over 10 EJ yr−1 from this
resource, particularly under a climate policy scenario (Fig. 2b). Though the composition of
the residue varies from region to region (China and Southeast Asia are projected to produce
more rice straw, Latin America is projected to produce more timber residue, etc.), globally,
mill residues represent the largest utilized resource, followed by oil crops, wheat, sugar
crops, rice, miscellaneous crops, corn, forest, then other grains (Fig. 2c and d).

Given the cost curve and assumed price structures, residue biomass, which requires no
additional land to produce, is more economically competitive than dedicated biomass crops
[e.g., switchgrass (Panicum virgatum) or hybrid poplar (Populus spp.)]. For example, in the
450 ppm CO2 atmospheric concentration policy scenario, residue biomass meets nearly all
the current biomass energy demand, over two-thirds by mid century, and still over half by
the end of the century. Dedicated biomass becomes economical at higher biomass prices
when the maximum global output of residue biomass approximates 90 EJ yr−1. Dedicated
biomass is projected to contribute an additional 65 EJ yr−1 of energy by the end of the
century, but is generally more expensive if land carbon is incorporated in the price of
production as assumed in these scenarios (Wise et al. 2009).

2005 Residue Biomass (EJ)

Wheat Rice Corn

Other Grain Oil Crops Sugar Crops

Misc Crops Forest Mill

10

1.23

-6

Fig. 3 Potential bioenergy from residue biomass sources, Africa, 2005
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2005 Residue Biomass (EJ)

Wheat Rice Corn

Other Grain Oil Crops Sugar Crops

Misc Crops Forest Mill

10-4

1.33

(Russian Federation)

Fig. 5 Potential bioenergy from residue biomass sources, Europe, 2005

2005 Residue Biomass (EJ)

Wheat Rice Corn

Other Grain Oil Crops Sugar Crops

Misc Crops Forest Mill

10

7.13

-8

Fig. 4 Potential bioenergy from residue biomass sources, Asia, 2005

Mitig Adapt Strateg Glob Change (2010) 15:241–262 251



While this resource requires little new technology to produce (it is already available as a
co-product of farming and forestry), full utilization will depend on technological and
economic optimization of processing mixed streams of biomass feedstocks. This could
include co-firing for electricity, pyrolysis and gasification (perhaps with biochar returned to
the soil), or conversion of cellulose to ethanol. Figures 3, 4, 5, 6, 7, and 8 suggest that
biomass processing facilities would receive feedstocks from seasonally consistent sources
and thus the engineering processes may be optimized for the local feedstocks and energy
markets (i.e., liquid fuels, electricity, etc.).

4 Sensitivity analysis

The limiting factors for supply of residue biomass feedstock are both physical and
economic. Physical factors include assumptions about future agricultural and forest
productivity, and the amount of residue that must be left on the field to mitigate soil
erosion and maintain soil nutrients (the residue retention parameter). Economic factors
include the cost of collection, aggregation, and transport—captured by the Midprice
parameter—and assumptions about the shape of the cost curve (b) as parameterized in the
equations. Because no large-scale energy market currently exists that demands residue
biomass, projection of future utilization depends on assumptions about these initial
conditions. Therefore, a series of sensitivity tests were conducted to determine the effect
these parameters have on the projected utilization or residue biomass.

2005 Residue Biomass (EJ)

Wheat Rice Corn

Other Grain Oil Crops Sugar Crops

Misc Crops Forest Mill

0.55

5.44

Fig. 6 Potential bioenergy from residue biomass sources, North America, 2005
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The largest uncertainty for projecting the amount of energy from residue biomass in the
future rests in assumptions about future crop productivity. The default scenarios assume
modest increases in agricultural yields for the rest of century, in line with historical
increases in crop yields. This reference scenario is based on a FAO report that projects crop
yield change to 2030, and assumes yields improve at a slightly faster rate in the developing
world, and retain the historical yield increase rate for the developed world. After 2030, we
assume the yield changes converge to 0.25% by 2050 for all crops in all regions. Two other
scenarios were tested, one in which agricultural yields were held steady at current levels (no
yield increases), and one assuming advanced technological developments that increase crop
yields dramatically (approximately double the reference rate) in the next century.
Assumptions about future agricultural yields have a large impact on residue availability,
more so than the presence of a climate policy (Fig. 10a). More residue is expected to be
supplied under the reference scenario with high or default yield assumptions than the policy
scenario with a low yield assumption (Fig. 10a). This is because as yields increase, more
residue becomes available (Fig. 10b). Thus, more residue can be supplied to as an energy
feedstock (Fig. 10a). This effect could be more pronounced than modeled here, because if
there is more residue available per area, per mass collection costs would likely decrease and
the cost curve would change accordingly. The magnitude of the yield effect is non-linear,
however, because if future yields are high for all crops, there would be more agricultural
land available to grow dedicated biomass, it would be less expensive to produce (because of
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Fig. 7 Potential bioenergy from residue biomass sources, Oceania, 2005
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higher yields), and would therefore be more competitive with residue biomass by the end of
the century.

On the other hand, if yields do not increase much in the future, agriculture must expand
into less fertile land to produce more food for the growing world population. In this
scenario, residue is spread out over larger areas, a higher proportion of the residue must
remain on the field to mitigate erosion and less residue biomass is projected to be supplied
as an energy feedstock.

The residue retention parameter was also tested by altering the initial default values by
50% and 200%. More stringent residue retention requirements reduce the amount of residue
supplied. Varying the residue retention parameter by 50–200% of the default value has
about a 35% effect on the global residue supplied by the end of the century (Fig. 10c), and
little effect on the projected price (Fig. 10d). Because the various streams of residue are
substitute goods, the market demands more residue from sources that do not have strict
residue retention requirements, such as rice stalks and mill residue. On the other hand, high
residue retention requirements significantly reduce the amount of residue available from dry
field crops such as corn, wheat, and other grains (Fig. 11a). Forest residue is almost
unavailable if the residue retention parameter is 40 Mg ha−1 (200% the default value in
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Fig. 8 Potential bioenergy from residue biomass sources, South America, 2005
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Table 1), though evidence suggests that this would be counter-productive to ecosystem
health (Harvey et al. 1981). As a result, high residue retention requirements do not affect
regions such as Southeast Asia, Korea and Japan (which have a larger proportion of residue
in the form of rice, mill, and non-field oil crops) as much as the US, Canada, Eastern
Europe and the Former Soviet Union (which have a larger proportion of residue in the form
of dry grains and forestry) (Fig. 11b). In the model, residue retention only affects the
maximum potential residue supply for each crop; no feedbacks are modeled between
unsustainable residue retention, yield, collection price, and chemical inputs. If, for example,
unsustainable residue removal were to reduce crop productivity, then the residue retention
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variable could have a much larger effect on global residue supply, as seen in Fig. 10a and b
when assumptions about future crop yields were varied.

In terms of the economic assumptions, the Midprice, which would represent the average
cost of collecting, processing and delivering this resource. Changes in this parameter will
either advance (in a scenario where the Midprice values are 50% of the default values) or
delay (in a scenario where the Midprice values are 200% of the default values) the
utilization of biomass residue (Fig. 12a). This variable makes little difference in the
projected total supply delivered by the end of the century, except in the reference scenario
with high MidPrice (Fig. 12a). In that scenario, the equilibrium price for residue biomass
never gets above the Midprice (Fig. 12b) and most of the biomass demand is met by
dedicated biomass crops. Under the high Midprice scenario without a climate policy, most
residue biomass is too expensive to collect, and only a meager amount is supplied to the
market, primarily from less expensive mill residue. Thus, the reference scenario is more
sensitive to the Midprice variable than the policy scenario, because the under the policy
scenario, where premiums on carbon-intensive fuels drive up the price for all fuels, the
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equilibrium price is high enough to accommodate a high value for the Midprice. In other
words, the presence of a climate policy is able to drive the price for biomass high enough
(because to the carbon premium added to fossil fuels) to maximize the supply despite a
higher cost for residue collection and processing.
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The EIA NEMS model assumes a steep cost curve (high elasticity of supply) (EIA 2003;
Haq and Easterly 2006), so once the price increases slightly beyond the Midprice, the
supply of residue biomass is maximized, and as the price continues to rise beyond this
point, dedicated biomass crops are necessary to meet demand. Reducing the curve exponent
(b) to 25% and 50% the default values has a similar effect to increasing the Midprice, in
that it takes longer to maximize the utilization of residue biomass (Fig. 12c). Altering the
curve exponent has little effect on the price of biomass (Fig. 12d), but it allows for a more
gradual development of both residue biomass and dedicated biomass crops.

5 Conclusions

Our global analysis of crop and forestry statistics indicates that approximately 50 EJ yr−1 of
residue biomass is currently available on a sustainable basis. The principal source of
uncertainty in this estimate is the amount of residue that needs to be left behind to reduce
soil erosion. The potential supply of residue biomass increases over the 21st century to
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perhaps twice the current figure, as the scale of agricultural and forestry activities expand to
meet the food and fiber needs of a more affluent and larger world population. In addition to
residue retention constraints, the future potential supply of residue biomass depends on the
degree to which agricultural yields increase. An increase in yields has a twofold impact on
residue supply: increased product yields imply increased residue production, and increased
yields mean that more residue per unit area can be sustainably removed without a large
increase in erosion and impacts on crop productivity.

The amount of biomass that is used depends on the cost of collecting and processing
residues, the cost of competing energy technologies, and any environmental incentives. We
find that, residue biomass is projected to be increasingly used by mid- to late- century for
bioenergy production. In the reference scenario, between 20–75 EJ yr−1 of residue biomass
is projected to be produced globally. This wide variation, for a reference scenario without
climate policy, is due to differences in both economic assumptions regarding the cost of
residue collection, and physical assumptions regarding the total amount of sustainable
residue available. In climate policy scenarios, where a premium is paid for carbon-free
energy such as residue biomass, nearly all of the potential residue biomass resource is used
for energy with projected use increasing to 60–100 EJ yr−1 globally. Assumptions about
collection costs have little impact later in the century on policy scenarios as costs for
residue biomass become low relative to alternatives. The primary uncertainty in policy
scenarios are the assumptions on residue retention requirements and future agricultural
productivity.

The International Energy Agency (IEA) (2006) estimates that 45 EJ of primary solid
biomass was consumed globally in 2005, of which 70% is consumed in the residential
sector, primarily in developing countries. It is not clear how much of this is sustainably
produced biomass as defined here; it is likely that much, if not the majority, of the biomass
used in developing countries is from unsustainable collection and deforestation. The
projections presented here, therefore, imply a large increase in the fraction of sustainable
residue biomass that is used for energy purposes. This near-term increase is a consequence
of the steep shape of the default cost curve used here. In the near-term, the utilization of
residue biomass is likely to be highly sensitive to the cost of collection and processing. The
cost curves used in this study are specific to the US and further research in this area would
be valuable to better elucidate the near-term trajectories for residue biomass consumption.

In the long-term, however, we find that collection and processing costs have little impact
once the carbon price, the premium that is paid for carbon-free energy, increases under a
climate policy. This is because the carbon price is controlled by the marginal cost of
mitigation, that is the cost of the most expensive option that has been put into place.
Residue biomass is a low-cost option that is utilized early once climate policy is put into
place. At this point, the primary determinants of residue biomass supply are changes in
agricultural productivity and constraints imposed due to residue retention for erosion
control. For this study a generic crop-specific formulation of residue retention for erosion
control in terms of Mg ha−1 of residue retained in the field was applied. This may prove to
be overly simplistic, and a further elaboration of the tradeoffs in terms of soil nutrients, crop
yields, and erosion that come with the removal of crop residues is needed.

Removal of residue will reduce the carbon entering the soil, though this can be alleviated
to some extent with conservation management practices (Gregg and Izaurralde 2010).
Furthermore, even if no residue is harvested, the majority of the residue carbon is returned
to the atmosphere (Huggins et al. 2007). On the whole, while long-term soil carbon could
be reduced in agricultural land, net emissions to the atmosphere will be reduced if residue
biomass energy is used in place of fossil energy.
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Given the potential for bioenergy from residue biomass, further research is needed as to
how to most sustainably harvest this resource, and how to most efficiently convert it to
energy. Certainly a number of logistical and technological challenges will need to be
addressed. Inter-annual variability in local residue production will need to be buffered by
appropriate storage and transport systems, coupled with national and international biomass
markets. The ability to use residue from different sources interchangeably at the end-use,
would also help buffer local variations in supply, although this is likely easier to achieve for
combustion and gasification technologies than for biologically-based technologies such as
cellulosic ethanol conversion. Assessing the potential for energy from residue biomass
given the economic conditions and the climate policy landscape is essential to forming
prudent decisions about our future energy portfolio. Our finding that residue biomass is
likely to be heavily utilized under a climate policy implies that polices need to be in place to
ensure that residue removal is conducted in a sustainable manner.
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