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Abstract
Using a mathematical programming model, we estimated the potential biomass supply from
crop residues in China at various exogenously-given biomass prices and identified the areas that are
likely to produce crop residues. Our analysis indicated that China can potentially produce about 153.0–
244.2 million dry metric tons of crop residues per year when biomass prices are larger than $90 per
metric ton. Rice straw is expected to account for about 47% of total residue production across the
different biomass prices and residue production scenarios that we considered. Corn stover and wheat
straw contribute 28% and 25%, respectively, to total biomass production in China.
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Xiaoguang Chen
1. Introduction
To fuel its rapidly expanding economy, China’s demand for energy increased more than
four-fold during the past 30 years. At present, the primary energy source consumed in China is
coal, which represents about 66% of China’s domestic energy consumption, while crude oil and
natural gas account for 19% and 6%, respectively [1]. The remainder (about 9%) of the demand
for energy is mainly met by hydropower and renewable energy, including wind, solar PV, and
bioenergy. China’s heavy reliance on coal as the primary energy source has led to China
becoming the world's largest emitter of sulfur dioxide and greenhouse gases (GHG). Currently,
China is responsible for about 26% of annual global GHG emissions1. Coal combustion in
boilers has released a large amount of air pollutants, particularly particulate matter that can be
extremely harmful to human health [2-4].
To reduce over-reliance on coal for power and heat generation and to mitigate associated
environmental and health problems, China has implemented a series of regulatory policies. The
Renewable Energy Law was enacted in 2005, and seeks to promote the utilization of renewable
energy so as to reduce coal consumption. The Renewable Energy Law also has a particular focus
on the production/consumption of cellulosic biomass that can be co-fired with coal for power
generation purposes. In 2012, China published the report 12th Five-Year Plan for Renewable
Energy Development. This report established the goals of meeting 11% of its primary energy
consumption from non-fossil fuel sources by 2015, and 15% by 2020, again emphasizing the
utilization of cellulosic biomass for electricity generation.2
Cellulosic biomass can be derived from agricultural sources, such as crop residues and
perennial energy grasses, and forest sources, such as forest residues and woody biomass. Crop
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residues mainly include corn stover, wheat straw, and rice straw. Given that crop residues are byproducts of crop production, the collection of crop residues does not compete with food crops for
land. Thus, the negative impacts of cellulosic biomass production from crop residues on food
prices can be expected to be small. Although cellulosic feedstocks differ substantially in their
environmental performance [5], they can offer greater potential for various environmental
benefits when compared with the coal they will displace [6]. China is a major producer of corn,
wheat, and rice. It produced about 20% of the world’s corn and wheat, and 26% of the world’s
rice, in 2010 [7]. Therefore, China has the potential to produce a large amount of crop residues,
which can reduce China’s reliance on coal as a major energy source.
Because there are spatial differences in the yields of corn, rice, and wheat, the yields and
production costs of corn stover, rice straw, and wheat straw can be expected to differ across
regions. Sheehan et al. [8] estimated that there is a 1:1 grain-to-residue relationship between the
dry matter of crop grain and the dry matter of crop residues. Harvestable crop residues per unit of
land also depend on regional-specific crop production practices. The costs of producing crop
residues include fertilizer costs, harvesting costs (such as mowing, baling, and staging) and
storage costs, all of which are expected to differ across regions.
Several studies have assessed the technical feasibility of crop residue production in
China. Jiang et al. [9] used a GIS-based approach to examine the availability of crop residues in
China. They considered residues derived from various crops, including corn, beans, rice, wheat,
and others, and showed that China has the potential to supply about 506 million dry metric tons
(MT) of crop residues per year. Qiu et al. [10] used remote-sensing data and found that China
had 729 million MT of harvestable crop residues in 2010, of which about 147-334 million MT
could be used to replace coal, depending on regional competition with the traditional uses of crop
residues. Liu et al. [11] discovered that, during the period 1995-2005, about 630 million MT of
crop residues could be harvested per year. The difference in the estimated technical availability
of crop residues mentioned in these studies can be attributed to several factors, including the set
of crops considered, assumptions made about crop-to-residue ratios and residue collection
technology, and the data utilized. When estimating the technical potential of crop residues
production, the studies mentioned above did not consider the production costs of crop residues
and biomass prices. In reality, farmers’ willingness to collect crop residues depends critically on
the yields and production costs of crop residues as well as on the biomass prices provided in the
market. Specifically, the biomass prices offered must cover the costs of collecting crop residues.
In this paper, we first examine the potential supply of each type of crop residue in China
at various exogenously-given biomass prices, and then estimate the aggregate supply of crop
2
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residues at these prices. As regards crop residues, we consider corn stover, wheat straw, and rice
straw. Because of the yield and cost uncertainty, we derive the supply curves of crop residues
using alternative assumptions about the production costs of crop residues and residue collection
technology. We also examine the spatial mix of crop residues production.
We developed a multi-market, price-endogenous, nonlinear mathematical programming
model which we call the Chinese Agricultural Sector Model. The model determines the optimal
land allocation among various food/feed crops, crop production and prices in agricultural
commodity markets, and the quantity and mix of crop residues that are likely to be produced in
China at various exogenously-given biomass prices. In the model, each county is treated as a
decision unit for regional land use and crop and biomass production. Land availability, yields
and production costs of crops and crop residues are specified differently for each county.
2. Materials and Methods
The numerical simulation model used in this analysis is a multi-market, multi-period,
nonlinear mathematical programming model. The model takes into consideration the Chinese
agricultural sector and incorporates the trade of agricultural commodities with the rest of the
world (ROW). The model considers the markets for primary crop commodities (such as corn,
wheat, rice, cotton, etc.) and processed crop commodities (such as vegetable oil, sugar, etc.) and
cellulosic biomass derived from crop residues. The key endogenous variables determined in the
model are domestic consumption, the international trade of crop commodities, regional land
allocation among various crops, and the quantity and mix of crop residues produced. The market
equilibrium is determined by maximizing the sum of consumers’ and producers’ surpluses in the
agricultural sector, subject to market clearing conditions and resource availability constraints,
assuming that agricultural markets in China are perfectly competitive.
2.1 Algebraic Illustration of the Agricultural Sector Model
For the sake of convenience, in the following model illustration, exogenously-given
parameters/data are denoted using lower-case symbols, while endogenously-determined
variables are represented by upper-case symbols. The objective function in (1) represents the
sum of discounted consumers’ and producers’ surpluses in the agricultural sector over a planning
horizon of T with a discount factor ρ. The consumers’ and producers’ surpluses are obtained
from production, consumption, and international trade of various agricultural commodities:

3
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(1)
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The first term in the first line of the objective function (1) represents the revenues from
collecting crop residues ( BMSt ) at a market biomass price pb . Biomass price is given
exogenously to induce the collection of crop residues. The second integral term denotes the sum
of the areas under the demand functions from which consumers derive surplus from the
i
consumption of crop commodities. f (.) represents the inverse domestic demand function for
crop i. DEM t ,i denotes the endogenous domestic demand for crop i in year t. The third integral
term represents the areas under the demand functions for exported crops (denoted by EXPt ,i ),
i

while g (.) denotes the inverse demand function for exported crop i from the ROW. The last
integral term in this line accounts for the area under the supply functions for imported crops
i
(represented by IMPt ,i ). The import supply function for crop i is represented by h (.) . We assume
that the domestic demand functions, export demand functions, and import supply functions for
individual crops are linear and separable. These specifications lead to a quadratic objective
function. For simplicity, in the stylized model we do not consider processed goods (such as
sugar) which are incorporated into the numerical simulation model. We also do not consider
transportation of crops to consumers; thus, crop prices solved by the model represent producer
prices at the farm-gate.
The second line in the objective function (1) includes the costs of producing crops and
collecting crop residues. The land allocated to crop i in county r and year t is denoted by LAt ,r ,i .
The parameter that denotes the production costs of crop i in this county is rcr ,i . A Leontief
production function is assumed for crop production. The second term in this line represents the
costs of collecting crop residues, where rsr ,i and LARt ,r ,i denote residue collection costs per unit
land and the land under which crop residues are collected, respectively.

DEM t ,i  EXPt ,i   yi ,r LAt ,r ,i +IMPt ,i for all t , i

(2)

r

Constraint (2) is the material balance constraint for each crop, indicating that the sum of
domestic and export demands is restricted to the total supply of that crop, which is the sum of
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domestic production and imports from the ROW. The symbol yi ,r denotes the yield of crop i per
unit of land in county r. For simplicity, we assume that crops are homogenous in quality.
Therefore, a crop can either be imported from the ROW, or can be exported to the ROW from
China.
BMSt   yri ,r LARt ,r ,i for all t
(3)
i ,r

Constraint (3) relates the total production of crop residues to the regional supply of crop
residues. We use yri ,r to denote the yield per hectare of crop residue under crop i in county r.

 LA

t , r ,i

 lr for all r , t

(4)

i

LARt ,r ,i  LAt ,r ,i for all t , r , i

(5)

Constraint (4) states that the sum of land allocated to different food/feed crops in a
county (  LAt ,r ,i ) cannot exceed total land availability in that county (represented by lr ).
i

Constraint (5) requires that the land from which crop residues are harvested cannot
exceed the amount of land allocated to the crop which produces that particular type of crop
residue.
Lastly, constraint (6) below requires that all endogenous variables should be nonnegative.
(6)
BMSt , DEM t ,i , EXPt ,i , IMPt ,i , LAt ,r ,i , LARt ,r ,i  0
The model defined by (1)-(6) is a nonlinear (quadratic) mathematical program with linear
constraints. Following Chen and Önal [12], we also impose historical crop mix constraints to
avoid extreme specialization in regional land use and crop production.
2.2 Model Specification
The empirical model includes ten major crops produced in China (corn, soybeans,
wheat, cotton, peanuts, rice, sugarcane, sugar beets, potatoes, and rapeseed) and various
processed crop products (such as vegetable oil, sugar, soy meal, etc.). It also considers several
types of crop residues (corn stover, rice straw, and wheat straw) as cellulosic biomass. Primary
crops can be consumed domestically, traded with the ROW, or processed into final products.
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The model considers each county to be a decision unit for crop and biomass
production. Each county is represented by a profit-maximizing producer who allocates available
production resources (such as land) among a specified set of production activities to maximize
the total net returns from producing various crops and crop residues. Row crops can be produced
in various rotations with other row crops (such as continuous corn and corn-soybean rotations).
The model considers land as the only limited resource endowment, while other inputs for crop
and crop residue production can be purchased from markets at fixed market prices.
2.3 Data
County-specific total crop production and historical planted acres of major crops for the
years 2000 through 2010 were obtained from the National Bureau of Statistics of China (NBS),
which covers 2,570 Chinese counties. Crop yields were computed as total county-level
production divided by the respective planted acres in each county. We used ten-year (2001-2010)
average crop yields for each county as the representative crop yields for that county. We
computed the sum of the planted acres of major crops in 2010 as the total land availability for
each county. The costs of crop production were obtained from the crop budgets compiled by the
NBS and were used to construct county-level crop production costs. Crop production costs
include the costs of inputs such as seeds, inorganic and organic fertilizers, and chemicals; the
costs of irrigation, machinery, fuels, and repairs; interest payments for loans; and labor costs.
Yields and the production costs of crop residues differ across regions. County-specific
crop residue yields were computed based on the grain-to-residue ratios of the dry matter of crop
grains to the dry matter of crop residues, grain moisture content, and residue collection rates,
which are dependent on tillage practices. The grain-to-residue ratio is assumed to be 1:1 for corn
stover and 1:1.5 for wheat straw and rice straw. We assume that the moisture content of the grain
is 15%, which is similar to the assumption made in Sheehan et al.[8] and Graham et al. [13].
Following Malcolm [14], we assume that 50% of the residues can be collected if conservation
tillage is practiced, and 30% of the residues can be removed from the soil if conventional tillage
is practiced. Because the removal of crop residues from the soil may lead to the loss of nutrients
and soil organic matter, collecting crop residues results in additional costs for fertilizer. Residue
collection also involves harvesting and storage costs. Given the lack of relevant information on
crop residue production costs in China, we used the average crop residue production costs for the
U.S. as reported in Chen et al. [15] as the benchmark assumption. We consider alternative
scenarios regarding the production costs of crop residues to test the robustness of our results to
this assumption.
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Domestic and export demand functions and import supply functions are specified
differently for each crop, and are assumed to be linear. These demand and supply functions were
calibrated using prices, consumption, exports, and imports of crop commodities in 2010. We
compiled the data on crop prices, consumption, and trade from various sources, including the
U.S. Foreign Agricultural Service3 and the China Customs Statistics Yearbook in 2010, while
elasticities were obtained mainly from China’s Agricultural Policy Simulation Model [16].

Table 1. Simulated and observed land allocation in 2010 (million hectares)

Corn
Soybeans
Wheat
Rice
Cotton
Peanuts
Sugar beets
Sugarcane
Potatoes
Rapeseed

Observed
29.4
9.3
22.0
25.4
4.1
5.4
0.2
1.6
6.3
7.4

Simulated
25.0
9.7
21.5
24.9
4.2
6.0
0.2
1.6
6.2
7.6

% deviation
-15.2
4.1
-2.0
-2.1
2.6
11.8
2.6
0.1
-1.1
3.4

3. Results
Before proceeding to examine the potential supply of crop residues, we first validated the
mathematical programming model by comparing model results for land allocated to different
crops in China with observed values for 2010. As shown in Table 1, we found that the model can
accurately simulate farmers’ land use decisions. The percentage differences between simulated
and observed land allocation for major crops are typically less than 5%, with exceptions for corn
and peanuts, where the percentage differences are -15.2% and 11.8%, respectively.
We then estimated the supply of crop residues in four different scenarios at various
biomass prices that are exogenously given and range from $20/MT to $150/MT. Specifically, in
Scenario (1), we first considered a case with low production costs of crop residues, as described
in Chen et al. [15]. In Scenario (2), we considered a scenario with high residue collection rates.

3

http://www.fas.usda.gov/regions/china

7

Environment for Development

Chen

We assumed that 50% of corn stover can be collected if conventional tillage is practiced and that
70% of corn stover can be collected if conservation tillage is used. Residue collection rates for
wheat straw and rice straw were assumed to be 70% in this scenario. In Scenarios (3) and (4), we
assumed that residue production costs were 25% and 50%, respectively, higher than what was
assumed in Scenario (1). Figure 1 shows the aggregate supply and mix of crop residues that are
likely to be collected in 2010 at various biomass prices in different scenarios.

160
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140

Biomass price ($/MT)

Biomass price ($/MT)

Figure. 1 Supply of crop residues under different scenarios and different biomass prices
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3.1 Supply of Crop Residues under Different Scenarios
Figure 1 shows that biomass prices of $40-70/MT would be needed to induce Chinese
farmers to collect crop residues, depending on the scenario. In Scenario (1), with low production
costs of crop residues, the production of crop residues is expected to be economically viable at a
biomass price of $50/MT. In Scenario (2), with assumed high residue collection rates, a biomass
price of $40/MT would be required to trigger residue collection. In Scenarios (3)-(4), where crop
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residue production becomes very costly, biomass prices of $60-70/MT would be needed to make
the collection of crop residues economically viable.
China can potentially supply about 175.6 million MT of crop residues per year,
consisting of corn stover, wheat straw, and rice straw at a biomass price of $150/MT in Scenario
(1). At the same biomass price, total residue production would increase by 42%, relative to
Scenario (1), to 248.6 million MT in Scenario (2) with high residue collection rates. When
considering pessimistic views about the production costs of crop residues in Scenarios (3)-(4),
total residue availability would decrease slightly (less than 1%) to 174.6 and 174.4 million MT,
respectively, compared with Scenario (1). That is the case because the economic returns from the
collection of crop residues are considerably larger than the associated residue production costs at
a biomass price of $150/MT, despite assumed high production costs in these two scenarios.
As shown in Figure 1, we find that, once it becomes economically viable to produce crop
residues, the supply of crop residues does not change much as biomass price increases. For
instance, when the biomass price increases from $50/MT to $150/MT, rice straw production only
increases from 78.7 to 82.7 million MT in Scenario (1), while wheat straw production increases
from 37.2 to 44.0 million MT in that scenario. Rice straw and wheat straw represent about 47%
and 25%, respectively, of the total biomass production in this scenario. In comparison with
wheat straw and rice straw, corn stover is more costly to produce; a biomass price of $60/MT
would be required to make it economically viable. Corn stover production ranges between 30.049.0 million MT when the biomass price increases from $60/MT to $150/MT, accounting for
roughly 28% of the total biomass production after it becomes economically viable to produce.
We find that the supply curves of crop residues are very steep in other scenarios as well.
Rice straw production increases from 112.3 million MT to 117.5 million MT when the biomass
price increases from $50/MT to $150/MT in Scenario (2). With the same level of biomass price
increase, wheat straw production increases from 60.0 million MT to 62.5 million MT, while corn
stover production increases from 65.6 million MT to 68.7 million MT. The residue production in
Scenario (2) is about 40% larger than the corresponding residue production in Scenario (1). In
Scenarios (3)-(4), which feature high production costs for the crop residues, we find that biomass
prices of $60-70/MT would be needed to induce farmers to collect crop residues. However, when
biomass prices exceed $100/MT, the quantities of each type of crop residue collected in these
two scenarios are quite close to residue production in Scenario (1).
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3.2 Land Requirements for Crop Residue Production at Different Biomass Prices
Table 2 shows land used for residue collection when biomass prices are $60/MT and
$100/MT. At a biomass price of $60/MT, about 44.2 million hectares of land under corn, wheat,
and rice can be expected to be utilized for collecting crop residues in Scenario (1). As compared
to Scenario (1), the land used for residue collection would increase by 24% to 54.7 million
hectares in Scenario (2) with high residue collection rates. When the production costs of crop
residues are high in Scenario (3), only 8.5 million hectares of the land under corn, wheat, and
rice would be used for residue collection at a biomass price of $60/MT. It is not economically
viable to collect crop residues in Scenario (4) at a biomass price of $60/MT. When biomass price
is $100/MT, the differences in land used for collecting crop residues under different scenarios
become small, ranging between 52.7 and 55.6 million hectares.
The amount of crop residues produced varies substantially across the scenarios
considered here when the biomass price is $60/MT. In Scenario (1), total biomass production is
115.6 million MT. In Scenario (2), about 241.5 million MT of crop residues would be supplied,
whereas collecting crop residues is not economically feasible in Scenario (4) with assumed high
production costs for residues. In Scenario (3), total biomass production is 44.2 million MT at the
biomass price of $60/MT.
Table 2. Land used for crop residues collection under various production conditions

Corn stover
(million hectares)
Wheat straw
(million hectares)
Rice straw
(million hectares)
Total biomass
(million MT)

Biomass price
($/MT)
60
100
60
100
60
100
60
100

Scenario(1)
12.1
22.3
13.7
14.1
18.5
18.6
152.3
173.0

Scenario(2) Scenario(3)
22.0
22.4
14.1
14.3
18.6
18.9
241.5
244.5

0.0
22.0
0.2
14.1
8.3
18.6
44.2
172.5

Scenario(4)
0.0
20.2
0.0
14.0
0.0
18.6
0.0
169.5

3.3 Spatial Distribution of Crop Residue Production
Figure 2 shows the spatial distribution of crop residue collection in Scenario (1) when
biomass price is $100/MT. As shown in Figure 2(a), three northeastern provinces (Heilongjiang,
Jilin, and Liaoning) and Central China are likely to be the main areas for corn stover collection,
because of cost and yield advantages. These regions account for about 60% of total corn stover
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production at the biomass price of $100/MT. Figure 2(b) shows that the production of wheat
straw is fairly concentrated in Central China and the Northwest inland area (including the
Xinjiang Uygur Autonomous Region, Shan’xi, and Gansu). More than 80% of total wheat straw
is produced in these regions. Figure 2(c) shows that the collection of rice straw is expected to
occur in regions with yield and cost advantages for the production of rice, primarily in the
southern part of the country and Heilongjiang (a major rice-producing region in the northeastern
China). Therefore, considering corn stover, wheat straw, and rice straw as cellulosic biomass, the
regional supply of cellulosic biomass in China is expected to be widely distributed across the
country (see Figure 2(d)).
4. Conclusions
In this paper, we developed a mathematical programming model to evaluate the potential
supply of crop residues in China. Our results indicated that the supply of crop residues in China
depends on biomass prices and crop residue production conditions. We find that China can
produce 174.4-248.6 million MT of crop residues annually at a biomass price of $150/MT. Total
residue production increases significantly with higher residue collection rates. Among the chosen
set of crop residues considered in the model, rice straw is likely to be the main biomass type,
representing about 47% of total residue production across the various biomass prices and
production conditions considered. Corn stover and wheat straw can potentially contribute 28%
and 25%, respectively, to total biomass production in China.
To incentivize Chinese farmers to collect crop residues for bioenergy purposes, biomass
prices of $40-50/MT would be required under the baseline production conditions. When the
production costs of crop residues are assumed to be high, considerably higher biomass prices
(about $60-70/MT) would be needed to induce crop residue collection, which are consistent with
the findings in studies which have analyzed cellulosic biomass supply in other countries [17-20].
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Figure. 2 Spatial distribution of crop residues at the biomass price of $100/MT in Scenario (1) (Unit: 1000 MT)
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When estimating the potential supply of crop residues in China, our analysis uses the
production costs of crop residues in the U.S. as the baseline and considers scenarios with higher
residue production costs. Because production conditions of crop residues are expected to differ
substantially between the U.S. and China, our estimates of total residue availability might turn
out to be larger or smaller than the estimated residue production in Scenario (1). We find that
supply curves of crop residues are fairly steep and the differences in estimated total biomass
availability across scenarios differ only modestly (except for Scenario (2)), which suggests that
our results are not very sensitive to the assumptions made about residue production costs.
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