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Abstract: The rapid growth of crop yield in China was maintained by more fossil fuel inputs in the
past years, causing concern about the greenhouse gas (GHG) emissions related to crop production.
Therefore, this study analyzed historical dynamics of carbon footprint (CF) of 11 major crops in
China during 2000–2016 and estimated possible GHG emissions of the system in 2020 under different
scenarios. Results indicated that the GHG emissions of the Chinese crop system increased by 20.07%
from 2000 to 2016, in which the grain crops contributed to more than 80% of the total emissions.
The GHG emissions from grain crops including maize, wheat, and rice as well as sugar crops including
sugarcane and sugar beet were increased by 28.07% and 14.27% in the study period, respectively,
making up the primary factor of increased GHG emissions of crop system in China. Moreover, if
the cropping pattern and agricultural practices is not improved in the future, the GHG emissions
from Chinese crop system are estimated to increase by 346.19 million tons in 2020. If advanced
agricultural policies and practices are implemented, the GHGs emissions of crop system in China in
2020 are estimated to be 2.92–12.62% lower than that in 2016. Overall, this study illustrated that the
crop system in China contributed to the growth of GHG emissions in China over the past decades.
Improving utilization efficiency of fertilizers and crop structure in China are the most important ways
to reduce GHG emissions from the Chinese crop system.

Keywords: carbon footprint; crop production; historical dynamic; future estimation; scenario
analysis; China

1. Introduction

Global warming is a significant challenge that humans have to confront. The global surface
average temperature is likely to rise 0.3 ◦C to 1.7 ◦C and 2.6 ◦C to 4.8 ◦C in the lowest and highest
emissions scenarios, respectively, toward the end of the 21st century [1]. The climate warming may
result in melting glaciers, meteorological disaster, and ecological degradation. The recent IPCC report
addressed that the climate-related risks for natural and human systems were higher for global warming
of 1.5 ◦C than at present [2]. A sharp increase in anthropogenic greenhouse gas (GHG) emissions
is a major contributor to rising temperatures. Greenhouse gases absorb radiant energy, accelerating
the potential for global warming (GWP). Therefore, how to reduce the diffusion of GHG into the
atmosphere by different sectors to reduce global warming has become an important issue.

Agriculture has an important role in mitigating climate change [3,4], contributing to about 14%
to the total GWP in the world [5]. Annual total non-CO2 GHG emissions from agriculture in 2010
were estimated to be 5.2–5.8 Gt CO2-eq per year, comprising about 10–12% of global anthropogenic
emissions [6]. Globally, feed production, processing, and transport contributed about 3.2 Gt CO2-eq,

Sustainability 2019, 11, 4931; doi:10.3390/su11184931 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://dx.doi.org/10.3390/su11184931
http://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/11/18/4931?type=check_update&version=2


Sustainability 2019, 11, 4931 2 of 18

accounting for about 45% of the livestock sector’s emissions [7]. Gan et al. [8] reported that agriculture
in Canada produced approximately 62 million tons of CO2-equivalent emissions in 2008, about 8%
of Canada’s total emissions. Webb et al. [9] showed that agricultural production caused about 9.0%
of GHG emissions in UK in 2012. Edenhofer [10] indicated that GHG emissions from agriculture,
forestry and relative sectors accounted for 24% of total anthropogenic GHG emissions activity in 2010,
among which agricultural emissions from livestock, soil, and nutrient management held a dominating
share. Thus, agriculture sector has become increasingly important as a global solution to stabilize
anthropogenic GHG emissions [11].

China is one of the largest agricultural countries in the world. In the past decades, the crop sector in
China has developed rapidly in its yields and varieties. For example, the production quantities of grain and
oil crops in China increased by 42.90% and 15.07% from 2000 to 2016, respectively [12]. However, the rapid
growths of crop yields were primarily maintained by more agricultural inputs. In 2016, 59.8 million tons of
chemical fertilizers and 923.8 billion kWh of electricity were consumed on 166.94 million ha arable land for
crop production in China [10]. These inputs result in GHG emissions after the application of agricultural
inputs on field, and a large amount of GHG are also generated during the inputs’ upstream production [13].
Hence, the quantitative analysis on the GHG emissions of the cropping system in China contributes to
setting a research foundation for the reduction of GWP in the Chinese crop sector.

Carbon footprint (CF) refers to calculating the sum of greenhouse gas emission and consumption
in the production system based on the life-cycle assessment method and evaluating the impact on
climate change in the form of CO2-equivalent [14]. By now, the CF has been widely applied to the
studies of agricultural systems and products over the world, such as durum wheat in Canada [15],
tomato in Spain and Portugal [16], soybean and maize in Argentina [17], etc. A few researchers have
paid attention on the CF quantification of crop products in China in recent years. Huang et al. [18]
calculated the regional carbon footprints of rice, maize, and soybean production in Northeast China
during 2004–2013 using provincial statistical data. Huang et al. [19] quantified the CFs of rice, wheat,
and maize production based on agricultural inputs from 1978 to 2012. Zhang et al. [13] investigated
the CFs of the same crops by matching local emission factors to production practices in the current
cropping system. Wang et al. [20] analyzed the change of CFs of maize, rice, wheat, and soybean
during 2000–2015. Moreover, some studies calculated the CFs of crop production by comparing the
diversified cropping systems. For example, Yang et al. [21] compared the CFs of five cropping rotation
systems in the North China Plain, which referred to peanut, cotton, and sweet potato, besides the main
grains. Wang et al. [22] quantitatively analyzed the CFs of the cotton system in the North China Plain in
different fertilization and irrigation conditions. Ma et al. [23] analyzed the CFs of maize in a continuous
monoculture and in rotation with a leguminous crop. China is one of the largest agricultural countries
in the world and the crop sector in China has developed rapidly in its yields and varieties in the
past decades. Researches have made great contributions to further the understanding of the effects
of crop production in China on GWP. However, the published studies primarily focused on grain
crops including wheat, rice, and maize, while the CFs of other crops that accounted for large area in
China are rarely reported. This limit has resulted in the exact situation of the GWP of cropping system
in China not being comprehensively reflected. Meanwhile, the majority of published papers only
considered CFs from the upstream production of agricultural inputs but neglected on-farm emissions
from agricultural operation, leading to incomplete quantitative results. Moreover, the studies have
only paid attention to the historical change of CFs of specific crops but do not estimate the future trend
of CFs of the cropping system in China.

Based on the considerations above, in this article, the CFs of primary cropping products in China were
calculated based on the national statistical data during 2000–2016. Then, the total GHGs emissions of the
cropping system in China were calculated based on the CFs achieved in this study. Finally, possible quantity
of GHGs emissions of crop production in China in 2020 was estimated under different scenarios. This new
information contributes to comprehensively understanding the GHGs emissions of Chinese agriculture.
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2. Methods

2.1. Research Boundary

This study considered the primary crop products in mainland China including maize, wheat, rice,
soybean, peanut, cotton, oilseed rape, sugarcane, sugar beet, mulberry, and tobacco. The seeding area
of the crops accounted for over 71% of total seeding area in China in 2016 [10]. Thus, the quantification
of CF on the cropping systems could reflect the basic characteristics of GHG emissions of the cropping
system in China.

Figure 1 presents the system boundary of CF accounting of the crops. The 11 crops were divided
into four categories in this study, including grain, oil, sugar, and other cash crops. The GHGs considered
in the study include CO2, CH4, and N2O of crop production.
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The CF calculation of the cropping systems consisted of two components based on the Equation
(1)—those (CFinputs) from the manufacturing and transportation of agricultural inputs such as fertilizers,
pesticides, agricultural films, electricity, and diesel fuel, as well as those (CFon-field) from the application
of fertilizer and fuel for field operations.

CFi = CFinputs,i + CFon− f ield,i (1)

where i referred to the crop types.

2.2. Carbon Footprint Calculation

2.2.1. CFinputs Estimation

The CFinputs,i emissions (kg CO2-eq ha−1) was calculated according to Equation (2) as follows:

CFinputs,i =
∑

In,i × Cn,i (2)

where i referred to the crop types; In,i was the amount of agricultural input; Cn,i was the emission
factor of the nth agricultural input (Table 1).

Table 1. Greenhouse gases (GHGs) emission coefficients of agricultural input used in the case.

Agricultural Inputs Units Coefficient Reference

N fertilizer (N) kg CO2-eq kg−1 2.12 Chen et al. [24]
P fertilizer (P2O5) kg CO2-eq kg−1 0.64 Chen et al. [24]
K fertilizer (K2O) kg CO2-eq kg−1 0.18 Chen et al. [24]

Compound fertilizer kg CO2-eq kg−1 1.77 Huang et al. [19]
Animal manure kg CO2-eq kg−1 0.19 Zhang et al. [13]

Diesel 1 kg CO2-eq kg−1 3.93 Huang et al. [25]
Pesticide kg CO2-eq kg−1 13.7 Huang et al. [19]

Electricity kg CO2 kwh−1 1.23 Huang et al. [19]
Agricultural film kg CO2-eq kg−1 22.70 Huang et al. [19]

1 The coefficient of diesel refers to the GHGs emission from diesel production upstream and burning on-field.
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2.2.2. CFon-field Estimation

The CFon-field (kg CO2-eq ha−1) is primarily derived from the emissions of N2O, CO2, and CH4.
The CFon-field emissions were calculated according to Equation (3). It should be noted that the CH4

emission is normally negligible for the upland crops, expect for rice.

CFon− f ield,i = CFN2O,i + CFCO2,i + CFCH4,i (3)

where i referred the crop types.
The anthropogenic emission of N2O (CFN2O,i, kg CO2-eq ha−1) generally occurs through a direct

pathway (N2O–NF,i) (application of chemical nitrogen fertilizer and manure on field, crop straw
burning, crop straw returned directly to the field, and residual nitrogen in the root stubble) and through
two indirect pathways (following volatilization of NH3 and NOx (NH3 −NF,i) and after leaching and
runoff of N from managed soils (NO−3 −NF,i) [26]. In this study, the N2O emissions from crop burning,
straw returning, and root stubble on field were not considered due to the unavailable data. Therefore,
the CFN2O,i was calculated according to Equation (4) as follows:

CFN2O,i =
(
N2O−NF,i × EF1 + NH3 −NF,i × EF2 + NO−3 −NF,i × EF3

)
×C× 265 (4)

where i referred to the crop types; EF1 was the factor of the direct N2O emission, which was
0.01 according to IPCC [26]; the factors of indirect N2O emission from NH3 volatilization and N
leaching/runoff, which were 1% (EF2) and 0.75% (EF3), respectively [26]; C was the conversion factor of
N2O (1.57) [26]; the single molecule warming potential of N2O is 265 times than that of CO2 [27].

NH3−NF,i was calculated according to the following Equation (5):

NH3 −NF,i = mc,i × EF4 + mm,i × EF5 (5)

where i referred to the crop types; EF4 and EF5 were the factors of NH3 volatilization, which were
estimated for 10% (EF4) of N application from chemical nitrogen fertilizers and 20% from animal
manure (EF5), respectively [26]; mc,i and mm,i referred to the application amount of chemical nitrogen
fertilizer and manure for i crop, respectively.

NO−3 −NF,i was calculated according to the following Equation (6):

NO−3 −NF,i = mN,i × EF6 (6)

where i referred to the crop types; EF6 was the factor of N leaching/runoff, which was estimated for
30% of total N input based on IPCC [26]; mN,i referred to the N inputs from chemical fertilizer and
manure for i crop.

According to IPCC [26], the CO2 emission on field primarily derives from fuel burning and urea
fertilization on field. In this study, the CF of fuel burning was included in the calculation of indirect
CFs. Thus, only the CF of urea fertilization was estimated by Equation (7):

CFCO2,i = mu,i × EF7 (7)

where i referred to the crop types; CFCO2,i referred to the CO2 emissions for crop i, kg CO2-eq ha−1;
mu,i referred to the input amount of urea fertilization; the emission factor (EF7) was 0.20 [26].

The CH4 emission from rice field was estimated based on Equation (8) [26]

CFCH4 = t × EFC × SFW × SFP × (1 + ROA×CFOA) × 10−3
× 28 (8)

where CFCH4 referred to the CH4 emissions of rice field, kg CO2-eq ha−1; t was the cultivation period
of rice, which was estimated to 180 days in the case; EFC referred to the baseline emission factor for
continuously flooded fields without organic amendments, which was 1.30 kg CH4 ha−1 d−1; SFW
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referred to the scaling factor to account for the differences in water regime during the cultivation
period, which was 0.78; SFP was 1.00, referring to the scaling factor to account for the differences in
water regime in the pre-season before the cultivation [26]; ROA referred to the application amount of
manure on field each year; CFOA referred the conversion factor for manure, which was 0.14 according
to Zhang [13]. The 100-year GWP of CH4 is 28 times the intensity of CO2 on a mass basis [27].

2.3. CF Indices

The CFs accounting of agricultural systems is always expressed in terms of the CF on unit area. In
order to avoid the one-sided result deriving from the application of a single functional unit, this study
analyzed the CFs of different crops based on a multiple perspectives, including the CFs on unit area
(CFA, kg CO2-eq ha−1) and on unit yield (CFY, kg CO2-eq kg−1).

2.4. Total GHGs Emission Estimation of Cropping System in China

There is practical significance in the calculation of total GHG emissions of cropping system in
China, especially when determining the potential scale of reducing emissions. The total GHG emissions
of the cropping system in China was estimated by Equation (9) as follows:

CFtotal =
∑

(CFA,i × Si) (9)

where i refers to the crop types; CFtotal (kg CO2-eq) referred to the total GHG emissions of cropping
system in China; Si (ha) was the seeding area of the crop i; CFA, i (kg CO2-eq ha−1) was the CF of the
crop i on unit area.

2.5. Scenario Analysis

Based on the historical CFs accounting of the main crops in China, this study intended to estimate
the GHG emissions of cropping system in China in the following several years. Therefore, we set five
possible scenarios of affecting the GHG emissions of crop system in China according to China’s official
agricultural policies and FAO’s projection (Table 2).

Table 2. Potential scenarios affecting the GHG emissions of the crop system in China.

Order Scenarios Description

A Population change Total population in China would be 1.44 billion in 2020 [28].

B Improved crops structure

Rice 30.0 million ha, wheat 24.0 million ha, maize, 33.3 million ha,
soybean 9.3 million ha, peanut 4.7 million ha, oilseed rape 6.7

million ha, sugarcane 1.4 million ha, sugar-beet 20.0 thousand ha,
cotton 3.3 million ha, tobacco 858.3 thousand ha, data unavailable

for mulberry [12,29].
C Reduced fertilizer input Use efficiency of mineral fertilizer reaches to more than 40% [30].
D Integrated livestock-cropping approach Nutrient returning rate of animal manure increases by 10% [30].
E Increase biodiversity Utilization rate of pesticides increases by about 5% [30].

2.5.1. Scenario A: Population Change

If the dietary structure of Chinese was assumed to be constant in the following several years, the
ratios of grain, oil, sugar crops, cotton, tobacco, and mulberry accounting for the cropping system in
China would be considered to be stable. In this context, the total GHGs of the cropping system in
China would be positively correlated to the population in China. According to the projection of United
Nations [28], the total population in China will be 1.44 billion in 2020. Accordingly, the total GHGs
emissions of Chinese crop production in 2020 were estimated under the scenario A.

2.5.2. Scenario B: Improved Crops Structure

In 2016, the Ministry of Agriculture and Rural Affairs in China issued a “National plan for
adjustment of planting sector structure” [29]. This official document set a series of goals of adjust the
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seeding area of crops in China by 2020 (Table 2). The objectives were selected as basis to estimate the
possible GHG emissions of the crop system in China. Moreover, the seeding area of tobacco in China
was estimated to be 858.3 thousand ha in 2020 based on the annual declined rate of 7.4% from 2013
to 2017 [12]. The GHG emissions of mulberry production was not considered in Scenario B due to
unavailable data source.

2.5.3. Scenario C: Reduced Fertilizer Input

In order to deal with the excessive application of chemical fertilizer in China, the Ministry of
Agriculture and Rural Affairs in China issued an official plan named “zero growth action plan for
mineral fertilizer and pesticide use by 2020” in 2015 [30]. According to the plan, the use efficiency of
chemical fertilizer (UECF) was expected to increase by more than 40% by 2020. In general, the UECF
in China was presently considered to be only about 30% [31]. Therefore, Scenario C estimates that
the application amount of mineral fertilizer will be reduced by 10% if the UECF in China reaches its
official objective in 2020.

2.5.4. Scenario D: Integrated Livestock-Cropping Approach

An integrated livestock-cropping agricultural system is an important approach to develop organic
agriculture. Today, there are a few significant policies and practical experimentations in China meant
to reconstruct the integrated agricultural system. One of their core points is to increase the application
proportion of animal manure to farmland. According to the Chinese government’s plan, the nutrient
returning rate of animal manure should be increased by 10% by 2020 [30]. These objectives were
selected as basis to estimate the possible GHG emissions of crop system in China.

2.5.5. Scenario E: Increase Biodiversity

Biological control was an effective approach to increase biodiversity in farmland and reduce the
pesticide use. According to the official “zero growth action plan for mineral fertilizer and pesticide use
by 2020”, the proportion of biological control in farmland in China was expected to be 10% higher in
2020 than that in 2014 [30]. Accordingly, this study assumed that the application quantity of pesticide in
cropping system in China would be reduced by 5% by 2020 due to the larger area of biological control.

2.6. Raw Data Sources

In this study, three data sets were applied. The first one was about inputs and outputs details of
each crop, which were from the National Agricultural Cost-Benefit Data Assembly [32] and the Price
Yearbook of China [33] during 2000–2016. The inputs of pesticide, agricultural film, and electricity
were recorded in money (RMB) per unit area in the National Agricultural Cost-Benefit Data Assembly),
thus the consumed quantities of the inputs were calculated according to the price and the money input
for each crop. The data set was used for the CFs calculation of different crops. The second data set was
the seeding area of the crops in China over the same period [12], which were applied for estimating the
total GHG emissions of the cropping system in China. The third data set was raw data for scenario
analysis in the study, which were specifically indicated in the scenario analysis section.

3. Results

3.1. Total GHG Emissions of Cropping System in China

As shown in Table 3, the total GHGs of cropping system in China was increased from 272.37
million tons CO2-eq in 2000 to 332.48 million tons CO2-eq in 2016. During the period, there was a
reduction from 2000 to 2005 and then a steady increase in the following years. The variation trend of
GHGs of the grain and oil crops was consistent with the total variation trend. The GHGs from grain
and oil crops increased by 28.07% and 0.43% during 2000–2016, respectively. The GHGs of sugar crop
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showed the highest increased ratio (14.27%), from 5.80 million tons CO2-eq in 2000 to 6.63 million tons
CO2-eq in 2016. However, the other cash crops decreased by 6.11% from 2000 to 2016.

Table 3. The total GHGs of crop systems in China (unit: million tons CO2-eq).

Crop Category 2000 2005 2010 2016 Change 1
Proportion 2

2000 2016

Grain crop 216.29 202.29 242.87 277.01 28.07% 79.41% 83.32%
Oil crop 25.07 24.40 25.00 25.18 0.43% 9.20% 7.57%

Sugar crop 5.80 6.03 7.86 6.63 14.27% 2.13% 1.99%
Other cash crop 25.21 21.71 21.54 23.67 −6.11% 9.25% 7.12%

Total 272.37 254.44 297.27 332.48 20.07% 100.00% 100.00%
1 The increased ratio of GHGs of the crop types from 2000 to 2016. 2 The percentages of GHGs from different crop
types accounting for the total GHGs of crop system in China in 2000 and 2016.

The proportion of GHG emissions from grain crops has always been the highest, and the proportion
was slightly increased from 79.41% in 2000 to 83.32% in 2016. Instead, the GHG emissions of oil and
other cash crops both showed a reduction, from 9.20% and 9.25% in 2000 to 7.65% and 5.70% in 2016,
respectively. The share of GHG emissions of sugar crops was also decreased from 2.13% in 2000 to
1.99% in 2016. Generally, the total GHGs of the cropping system in China was increased by 20.07%
during 2000–2016. This increase in GHGs was mainly derived from the increased agricultural inputs of
grain and sugar crops during the past few years. On the other hand, the reduced planting areas of
tobacco, cotton, and mulberry contributed to the decreased GHG emissions of other cash crop.

3.2. CFs of Different Crops in China During 2000–2016

3.2.1. Grain Crops

Figure 2a,b, respectively, show the change of CFA and CFY of the grain crops including maize,
wheat, and rice from 2000 to 2016. The CFA of wheat increased by 21.73% in this period, reaching
to 3186.33 kg CO2-eq ha−1 in 2016. The CFY of wheat showed an obvious fluctuation in the same
period, from 0.67 kg CO2-eq kg−1 in 2000 to 0.42 kg CO2-eq kg−1 in 2008, and then from the lowest
point to 0.52 kg CO2-eq kg−1 in 2016. Nevertheless, the CFY of wheat still decreased by 22.4% during
2000–2016. The CFA of maize showed a slight growth of 3.90% from 2000 to 2016, while the CFY of
maize reduced by 22.73% in the same period. Additionally, the CFA of rice changed insignificantly, but
the CFY of rice showed a stable decline trend, from 0.50 kg CO2-eq kg−1 in 2000 to 0.41 kg CO2-eq kg−1

in 2016. Generally, an increasing trend could be seen in the CFA of wheat and maize during 2000–2016,
while the CFA of rice basically remained stable during this period. The CFY of grain crops presented a
declining trend.
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Figure 2. The change of CFA and CFY of 11 types of crops between 2000 and 2016.

3.2.2. Oil Crops

Figure 2c,d illustrated the change of the CFA and CFY of oil crops including peanut, oilseed rape,
and soybean during 2000–2016. The CFA of peanut in 2016 was increased by 36.10% compared to that
in 2000. The CFA of soybean rose up by 19.43% during 2000–2016. A different tendency was reflected
to the CFA of oilseed rape, which showed a bit reduction rate of 3.53% over the same decades. The CFY

of oil crops showed the similar fluctuation from 2000 to 2016. However, the CFY of peanut and oilseed
rape, respectively, dropped by 6.46% and 8.52% during the period, while the CFY of soybean in 2016
was increased by 20.43% compared to that in 2000. Generally, the CFs of oil crops were not significantly
changed during the past years, except for the rapid growth of peanut CFA.

3.2.3. Sugar Crops

Figure 2e,f indicated the change of CFA and CFY of sugar crops including sugarcane and sugar-beet
from 2000 to 2016. There was an overall upward trend for the CFA of sugar-beet, from 3024.87 kg
CO2-eq ha−1 in 2000 to 4531.40 kg CO2-eq ha−1 in 2016. Rather, the CFA of sugarcane decreased from
5287.15 kg CO2-eq ha−1 in 2000 to 4531.40 kg CO2-eq ha−1 in 2016. For the CFY, a reduction trend is
presented for both of the sugar beet and sugarcane from 2000 to 2004. After that, the CFY of the crops
were closed during 2004–2014. Since 2015, however, the CFY of sugar beet rose gradually to 0.07951 kg
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CO2-eq kg−1 while the CFY of sugarcane went down to 0.05274 kg CO2-eq kg−1 in 2016. Generally, the
CFY of sugar beet and sugarcane in 2016 were 9.12% and 29.28% lower than that in 2000, respectively.

3.2.4. Other Cash Crops

Figure 2g,h showed the change of CFA and CFY of cotton, tobacco, and mulberry during 2000–2016.
The CFA of cotton, tobacco, and mulberry grew up during the past years with an increasing rate of
48.83%, 43.74%, and 11.79%, respectively. Meanwhile, the CFY of cotton, tobacco, and mulberry in
2016 were increased by 1.94%, 3.61%, and 2.56%, respectively, compared to 2000. In general, the CF of
other cash crops presented a clear growth trend during 2000–2016.

3.3. Contributions Analysis

Figure 3 showed the source of the carbon footprint of cropping system in China during 2000–2016.
On-field emission from fertilization was continuously the largest source of GHG during the study
period, although the percentage of it to the total GHG was decreased from 51.82% in 2000 to 38.67% in
2016. The contribution from upstream emissions of fertilizers remained approximately 22.38% during
2000–2016, making up the second largest item. Moreover, the contribution of pesticides, electricity, and
fuel for total GHG emissions of the cropping system in China continuously increased during 2000–2016.
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Figure 3. The source of the carbon footprint of crop systems in China from 2000 to 2016.

3.4. Scenario Analysis

The estimated GHGs emissions of cropping system in China in 2020 are presented in Table 4.
Compared to the GHGs emissions of the Chinese crop system in 2016, the GHG emissions will rise to
346.19 million tons CO2-eq in 2020 if only considering the change in the Chinese population. Under the
scenario of improved cropping structure, the value will be reduced to 301.90 million tons CO2-eq in
2020. Compared to the GHGs emissions in 2016, the emissions under scenarios C, D, and E will decrease
by 0.41−6.77% if the plan of “zero growth action for mineral fertilizer and pesticide use” can be well
implemented by 2020. Therefore, the reduction of mineral fertilizer input would be the most effective
approach. In addition, if all the scenarios are comprehensively considered, the GHGs emissions of
crop system in China in 2020 are estimated to be 2.92−12.62% lower than in 2016. This result reflects
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that the GHGs emissions of the Chinese cropping system can be expected to be reduced when the
advanced agricultural policies and practices were well performed in the following years.

Table 4. Scenario analysis of GHGs emission from crop system in China in 2020 (Unit: million tons
CO2-eq).

Scenario Grain Crop Oil Crop Sugar Crop Other Cash Crop Total

A 288.47 26.22 6.90 24.64 346.19
B 246.19 27.15 6.02 22.54 301.90
C 257.73 23.49 6.09 22.67 309.98
D 275.68 25.03 6.61 23.58 330.90
E 275.92 25.03 6.60 23.56 331.11

A×B 256.34 28.27 6.27 23.47 314.34
A×C 268.35 24.46 6.34 23.60 322.76
A×D 287.05 26.06 6.88 24.55 344.54
A×E 287.29 26.06 6.87 24.53 344.75

A×B×C 255.29 28.10 6.23 23.36 312.99
A×B×D 255.12 28.10 6.25 23.39 312.86
A×B×E 238.57 26.39 5.75 22.45 293.15

A×B×C×D×E 236.47 26.08 5.70 22.26 290.51
2016 277.01 25.18 6.63 23.67 332.48

4. Discussion

4.1. Historical Dynamics of GHG Emissions from the Cropping System in China

This study quantitatively accounted the GHG emissions of cropping system in China during
2000–2016. The results showed a fluctuating rising state of the total GHGs of the system in the study
period. The total GHGs of cropping system in China was 332.48 million tons CO2-eq in 2016, increasing
by 20.07% compared to that in 2000. At present, China has been the largest contributor to global CO2

emissions, with 29% of global CO2 emission in 2015 [34]. The Chinese government promised to reach
tthe highest point of GHG emissions in 2030 through diversified technologies for reducing emissions.
This promise means that the amount of GHG emissions in China are required to decrease by 4.98 billion
tons CO2-eq before 2030 [35]. Recently, it was reported that the CO2 emissions in China have reduced
by 0.2% or 0.5% in 2016 compared to 2015 [34]. This result implied that the cropping system in China
did not contribute to the reduction of GHGs emissions during the past decade. Instead, the cropping
system was pushing up the growth of GHGs emissions in China. Duan et al. [36] found similar results,
indicating the GHG intensity of farmland in China was increased from 0.46 t ha−1 in 1990 to 0.71 t ha−1

in 2009. Zhen et al. [37] reported that the agricultural GHG emissions in China exhibited an increasing
trend from 1997 to 2014. Liu et al. [35] indicated that the carbon emission of China’s crops production
increased significantly during 1993–2013. Therefore, the studies illustrated that the mission of lowering
GHG emissions from cropping sector should receive more attention from the Chinese government.

According to the results in the study, the proportion of GHG emissions from grain crops has
been the highest from 2000 to 2016. Specifically, the CFA of wheat and maize was on the rise, while
that of rice was basically stable during this period. Zhang et al. [38] simulated CH4 emissions of rice
cultivation in China and showed that the amount of CH4 emissions gradually increased to 6.85 Tg
yr−1 in 2009. Xu and Lan [39] reported that the GHG emissions from wheat, maize, and rice increased
by 1.94% each year from 2004 to 2013. Huang et al. [19] indicated that the average increase rates for
rice, wheat and maize production in China from 1978 to 2012 were correspondingly 41, 60 and 41 kg
CO2-eq ha−1 per year. Clearly, the GHGs emissions of grain crops in China kept an uptrend for a long
time. Therefore, wheat production presented the most rapid growth of GHG emissions during the past
few years, followed by maize and rice.

Other economic crops including cotton, tobacco, and mulberry showed the fastest growth for
the GHGs emission from 2000 to 2016. Specifically, the CF of cotton, tobacco, and mulberry in China
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presented the obvious rising trend during the research period. Wang et al. [22] analyzed the CF of
cotton production in Hebei province in China and concluded that the CF per unit area reached to
3.27 t CO2-eq ha−1. Günther et al. [40] showed the average increase rate of cotton’s CF in Xinjiang
region in China was 21.29% during 2007–2012. Liu et al. [41] reported that the cotton cropping system
functioned as a large GHG source, averagely producing 4.60 t CO2-eq ha−1 yr−1 in China. Moreover,
the information on CF of tobacco and mulberry in China has been lacking. The rapid growths of GHG
emissions from cotton, tobacco, and mulberry in China can be expected because the economic crops
always require more agricultural inputs to increase their yields. The result in the present case also
implies that more attention should be paid to the GHG emissions from the economic crops in China in
the future due to the obvious increase during 2000–2016.

Furthermore, the CFs of oil crops did not change significantly in the past years, except for the rapid
growth of peanut CF on unit area. The CFs of sugar crops also maintained an increase trend from 2004
to 2016, in which sugar beet CF per unit area rapidly increased by 154.7% in 2016 compared to 2004.
Cheng et al. [42] presented that the CF of soybean in China was 222 kg CO2-eq ha−1. Huang et al. [18]
calculated the CF of soybean production in the Northeast China Plain during 2004–2013, showing a
similar increased trend. Zou et al. [43] reported the CF of peanut on unit area in Shandong province in
China was 3.93 t CO2-eq ha−1. However, the studies did not show the temporal patterns of the crops’
CFs. Meanwhile, the research on the CFs of peanut, sugarcane, and sugar beet in China have been
rarely reported. Nevertheless, the increased trend of GHG emissions from the crops, especially the
peanut and sugar beet, in China in the research period has been noticed.

In conclusion, the GHG emission of the cropping system in China generally showed an obvious
growth during the past few decades. Therefore, the increase rates of CF on unit area of wheat, peanut,
sugar beet, cotton, tobacco, and mulberry were clearly higher than other crops in China.

4.2. Comparison of Crops’ CFs in Different Nations

CF has been widely accepted as an effective indictor to compare the amount of GHG emissions
induced by agricultural production in different nations. According to the results of this research,
the average CFs of grain, oil, sugar, and other cash crops were, respectively, 2.67 t CO2-eq ha−1,
1.33 t CO2-eq ha−1, 3.62 t CO2-eq ha−1, and 4.53 t CO2-eq ha−1 in China during the past few years
(Table 5). It should be noted that the CF values of the crops showed clear difference with the ones in
other countries.

Nicola et al. [44] indicated that the CF of durum wheat in Italy was 2.34 t CO2-eq ha−1 and 22.69%
lower than that in China. Pittelkow et al. [45] presented that the CFA of rice in Uruguay was 1.06 t
CO2-eq ha−1, while the CF of rice in China was 63.93% higher than that. Vetter et al. [46] reported that
the CF of wheat production in India was decreased by 67.77% compared to that in China. Singh and
Ahlawat [47] found that the CFs of peanut and cotton production in India were 1.06 t and 1.30 t CO2-eq
ha−1, respectively, which were 50.12% and 73.79% lower than that in China. García et al. [48] reported
that the CF of sugarcane in Mexico was 3.44 t CO2-eq ha−1, reducing by 20.17% compared to the one
in China. Of course, the CFs of agricultural products in some regions are always higher than that in
China. For instance, Arrieta et al. [17] found that the average CF of soybean in Argentine was 2.18 t
CO2-eq ha−1, which was 179.03% higher than that in China. Forleo et al. [49] found the average CF of
Italian oilseed rape was 1.47 t CO2-eq ha−1, which was 3.55% higher than that in China. Arrieta et
al. [17] reported that the CF of maize in Argentine was 5.41 t CO2-eq ha−1, 124.26% higher than that of
Chinese maize.

Generally, the difference among the results might be caused by various climate factors in different
regions that influenced the selections of crop varieties and agricultural practices. On the other hand,
the higher level of CFs of crops in China, compared to some nations, possibly showed the existing
potential to lower the CFs of these Chinese crops in the future. Moreover, the results also implied that
the GHG emissions of a country could be reduced by importing some agricultural products, which
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were domestically produced with the higher CFs, from other countries that produces the crops with
the lower CF. The point is being paid more attention all over the world [50–52].

Table 5. Comparison of Crops’ CFs in different nations (unit: million tons CO2-eq).

Crops Value Unit Country References

Wheat 2.34 t CO2-eq ha−1 Italy [44]
1.06 t CO2-eq ha−1 Uruguay [45]
1.03 t CO2-eq ha−1 India [46]
2.66 t CO2-eq ha−1 China This study 1

Maize 5.41 t CO2-eq ha−1 Argentine [17]
2.32 t CO2-eq ha−1 China This study 1

Rice 3.04 t CO2-eq ha−1 China This study 1

Peanut 1.06 t CO2-eq ha−1 India [47]
3.93 t CO2-eq ha−1 China [43]
1.85 t CO2-eq ha−1 China This study 1

Soybean 2.18 t CO2-eq ha−1 Argentine [17]
0.22 t CO2-eq ha−1 China [42]
0.73 t CO2-eq ha−1 China This study 1

Oilseed rape 1.42 t CO2-eq ha−1 Italy [49]
1.45 t CO2-eq ha−1 China This study 1

Sugarcane 3.44 t CO2-eq ha−1 Mexico [48]
4.27 t CO2-eq ha−1 China This study 1

Sugar-beet 2.97 t CO2-eq ha−1 China This study 1

Cotton 1.30 t CO2-eq ha−1 India [47]
3.27 t CO2-eq ha−1 China [22]
4.60 t CO2-eq ha−1 China [41]
4.27 t CO2-eq ha−1 China This study 1

Tobacco 4.72 t CO2-eq ha−1 China This study 1

Mulberry 4.62 t CO2-eq ha−1 China This study 1

1 The CF is the average value of the crop in China during 2000–2016.

4.3. Future Estimation of GHGs from Cropping System in China

In this study, the total GHG emissions from cropping system in China was estimated to be 346.19
million tons CO2-eq in 2020 under current agricultural condition, increasing by 4.10% compared to
that in 2016. It showed that the challenge of lowering GHG from cropping system in China would still
be huge and even be aggravated in 2020 because the Chinese government promised a heavy task to
reduce GHG in the future. In fact, considering the rapid growth rate of CFs of crops in China during
2000–2016, the total GHG emissions from the cropping system in China would likely be higher than
the current estimated results in the study. In addition, the estimated results in the paper were based on
the assumption of unchanged planting areas of different crops. However, according to the forecast
of the agricultural outlook report on the production of major agricultural products in China [53], the
consumption of animal products in China will maintain a rapid growth due to increased incomes and
accelerated urbanization. For example, the requirements for egg, meat, and milk were expected to
be 40.98, 156.34, and 83.72 million tons by 2050 [53], respectively. As a result, the demand of crop
products, especially corn, soybean, etc., will likely be increased. In other words, Chinese demand for
crop products will be higher than the direct demand resulted from population growth in the future.

Of course, the Chinese government issued an official plan named the “zero growth action plan
for mineral fertilizer and pesticide use by 2020” in 2015 [30]. The GHG from the cropping system
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in China will be reduced if the objectives of this plan can be well implemented. According to the
official statistics in China [12], the application quantity of mineral fertilizer in China decreased from
60.23 million tons in 2015 to 58.59 million tons in 2017. The results in this study demonstrate that the
GHG emissions derived from the upstream production and application of field of mineral fertilizer
was the largest contribution to the cropping system. Therefore, we can expect the possibility of GHG
reduction for crop production in China in the future due to the implementation of the official plans.
The scenario analysis results also demonstrated the projection.

Generally, the problem about how to reduce GHG emissions from cropping system in the future
will still be a severe challenge for China, although we can expect some positive changes due to the
effective implementation of restricting the use of mineral fertilizers and pesticides.

4.4. Mitigation Measures

This study illustrated that the GHG emissions from the cropping system in China increased during
2000–2016 and will still cause huge pressure in the future for developing a low-carbon economy in
China. Therefore, the urgent task faced by the Chinese government is how to effectively mitigate the
GHG emissions from the cropping system in China.

First, we found that the crops’ CFs on unit area and unit yield normally presented different
change trend during the research period. For example, the CFA of grain crops were rapidly increased
from 2000 to 2016, while CFY showed downtrend in the same period. Wang et al. [54] also presented
decreased CFs per unit yield for wheat, maize, rice, and soybean in China during 2000–2015. In fact,
the change trends of CFA and CFY primarily resulted from the fact that output was not taken into
account during the calculation of CFA. In other words, crop products with higher CFA and higher
yields possibly showed the lower CFY. Wang et al. [54] indicated that the increase of crop production
input could result in the decrease of CFY. Thus, it implied that increasing yield would be an effective
way to reduce GWP in cropping systems.

Moreover, improved agricultural practices can significantly reduce GHG emissions of agricultural
production [55]. The GHG from mineral fertilizer including production and application on field was
continuously the largest source of GHGs of cropping system during the study period. The result
is consistent with other studies [8,47,48]. Therefore, the most key point for GHG mitigation of the
cropping system is to improve the utilization rate of mineral fertilizer. Gan et al. [8] indicated that the
CFs of canola and wheat could be decreased by 7% if the use efficiency of nitrogen fertilizer increased
by 10%. Cheng [42] found improved nitrogen fertilization for maize and wheat in China could reduce
N2O emission to 540 kg and 760 kg CO2-eq ha−1 per year, respectively. Zhang [13] reported that the
CFA of wheat, maize, and rice, respectively, would be reduced by 304, 1349, and 798 kg CO2-eq ha−1

when applying advanced techniques for nitrogen fertilizer.
Irrigation, agricultural machines, and pesticide are also important reasons for the GHG emission

of the cropping system. Carrillo Cobo et al. [56] found that an advanced irrigation pattern could reduce
the current GHG emissions of crop production by 8.56% in Spain. Singh and Ahlawat [47] reported that
transgenic technology could reduce the use of pesticides and increase the yield of cotton production in
India. García et al. [48] indicated that improving irrigation technology contributed to reduce the CF of
sugarcane production in Mexico.

Meanwhile, a diversified cropping system also contributes to the development of low-carbon
agriculture in China. Gan et al. [8] suggested a rotation system including nitrogen fixation crops and
durum wheat could reduce CF by 20% compared to a monoculture cereal system. Chai et al. [57]
illustrated that maize intercropping with rape, pea and wheat in arid irrigation areas produced 68−256%
more energy yield with 42−52% less carbon emission compared with the sole maize crop. Gan et al. [58]
reported the per-area CF of the rotation system of lentil-wheat was 226.22% lower than the traditional
fallow-wheat-wheat system. Zou et al. [43] showed that the intercropping of maize and peanut led to
lower CF on unit area than monoculture system. Samarappuli et al. [59] suggested that maize-forage
sorghum intercrop could reduce CF by 7.3% compared to the maize mono-cropping system.
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Finally, it is worth considering that the Chinese government should adjust the cropping structure
in China. Zhang et al. [13] and Wang et al. [20] both indicated the GHG emissions from grain crops
could be reduced by substituting a higher CF crops with lower CF ones. The Ministry of Agriculture
and Rural Affairs of China also issued the “adjustment plan of national planting structure during
2016–2020” [29]. Consequently, it will be of significant importance to adjust the cropping structure in
China based on a low-carbon perspective in the future.

Advanced agricultural practices contribute to reduce GHG emissions of a cropping system.
Improved crop layout at the national level is also an important factor to lower the total GHG of the
cropping system in China. Of course, regional advantages and disadvantages are quite various due
to large differences of natural and economic conditions in different areas in China. Thus, the effects
and costs of specific technologies that are suitable for the cropping systems in different regions should
be carefully considered. In other words, it is very necessary to apply a comprehensive evaluation
method, based on ecological, economic, and social perspectives, to estimate the potentials of low-carbon
agricultural technologies and policies in different regions in the future.

4.5. Limitations in the Study

We noticed that the specific CF values of the are slightly different between the present study
and other published papers. For example, the results from Huang et al. [19] and Xu and Lan [39]
were smaller than that from this study in the same year. The CF of cotton from Wang et al. [20]
was lower than the results in this study. The difference among the results mainly derived from
different system boundaries among the studies. The majority of published papers on CF accounting of
agricultural products in China only considered the GHG emissions from upstream (indirect emissions)
of agricultural inputs but ignored the direct emissions from crop production on field. The calculation
always resulted in the underestimation of GHG emissions from agricultural production. This study
and some other published papers have demonstrated that the on-field emissions derived from nitrogen
fertilizer application was the largest contribution to the GHG emissions of a cropping system [11,18,20].
Therefore, it is necessary to include the direct emissions from agricultural operation during calculating
the CFs of agricultural systems.

Recently, Zhang [13] reported that maize, wheat, and rice production in China were 4.05 t, 5.46 t,
and 11.88 t CO2-eq ha−1 in 2013, which were 72.74%, 84.14%, and 300.16% higher than that in this
study, respectively. The primary reason leading to the significant difference of the results was derived
from the use of local models on N2O emissions, N leaching/runoff, and N volatilization in the study
of Zhang [13]. The models were calculated and published based on a huge number of field trials
in China [60]. Therefore, this seems to imply that the GHG emissions of the cropping system in
China is underestimated when calculating through the default factors provided by IPCC [26] instead
of available country-specific factors. In other words, the actual situation on GHG emissions of the
cropping system in China is likely much higher than the calculation results in the present study.

In addition, this study did not consider the sequestering carbon of the cropping system due to
the lack of available data. Crop production actually plays an important role in carbon sequestration.
Gan et al. [59] introduced soil carbon sequestration into the CF calculation of wheat production in
Canada. Yang et al. [21] also considered soil carbon storage as comparing the CF of different rotation
cropping systems in the North China Plain. Liu et al. [41] indicated that the wheat-maize cropping
system still behaved as an important GHG sink because of the tremendous net carbon sequestration,
although high irrigation water and chemical fertilizer inputs stimulated N2O emissions of the system.
Therefore, the function of carbon sequestration of the cropping system should be considered when
evaluating the GHG emissions of agricultural production. Otherwise, it is not fair for the GWP
evaluation of a cropping system. Nevertheless, Gao et al [61] recently illustrated that Chinese cropping
systems were a net source of greenhouse gases despite soil carbon sequestration. These results showed
that the general conclusion “crop production pushes up greenhouse gases emissions in China” in the
present paper would not be changed if soil carbon sequestration was considered.
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5. Conclusions

Crop production in China is exhibiting a trend of rapid yield growth. However, the high yield
of the cropping system is always maintained by more fossil fuel inputs such as mineral fertilizer,
pesticides, and electricity. Thus, the discussion about the cost of energy and climate change related to
crop production needs to be had. Developing low-carbon agriculture has become an important way
to cope with global climate change. By analyzing the historical dynamics of the CFs of main crops
in China during 2000–2016 and estimating the possible future GHG emissions, this study drew the
following conclusions.

First, the GHG emissions of the Chinese cropping system generally increased from 2000 to 2016,
although the lowest point was observed in 2005. The increased GHGs were mainly derived from the
grain crops and other economic crops.

Second, the grain crops have been the largest contribution to the GHG emissions of the cropping
system in China since 2000, followed by oil and other economic and sugar crops. Therein, the increase
rates of CFs on unit area of wheat, peanut, sugar beet, cotton, tobacco, and mulberry were clearly
higher than other crops in China.

Third, if the cropping pattern and agricultural practices are improved in China in the future,
the GHG emissions from the Chinese cropping system are projected to increase from 2016 to 2020.
However, these emissions could be expected to decrease by 12.62% by 2020 due to the implementation
of advanced agricultural policies and practices.

Fourth, the CFs of crop production in China could be reduced by some effective measures.
Improving utilization efficiency of fertilizers was the most important method to reduce GHG emissions
from the cropping system in China. Meanwhile, other advanced agricultural practices including
irrigation, machine service, weed and pest control, and diversified cropping patterns could also
contribute to the development of low-carbon agriculture in China. Moreover, improving the yield of
crops on unit area was an indirect way to decrease the CF of crop production.

Overall, this study illustrated that the cropping system in China is pushing up the growth of GHG
emissions in China. Also, the challenge of reducing GHG emissions of crop production is more serious
for China. The Chinese government should pay more attention to develop various advanced measures
for solving this problem.
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