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Abstract: The theory on the carbon footprint of agriculture can systematically evaluate the
carbon emissions caused by artificial factors from the agricultural production process,
which is the theoretical basis for constructing low-carbon agriculture and has important
guiding significance for realizing low-carbon agriculture. Based on farm production survey
data from Jilin Province in 2014, this paper aims to obtain a clear understanding of the carbon
footprint of maize production through the following method: (1) one ton of maize production
was evaluated systematically by using the Life Cycle Assessment (LCA); (2) the carbon
emissions of the whole system were estimated based on field measurement data, (3) using
the emission factors we estimated Jilin’s carbon footprint for the period 2006-2013, and
forecasted it for the period from 2014 to 2020 using the grey system model GM (1, 1).
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1. Introduction

Maize is one of the most important agricultural crops since it is the highest-yielding grain crop in
the world, ranking 11th in the global production of all foods. Mainland China is the second largest
maize producer and consumer after the United States [1]. As maize cultivation increases year by year,
maize acreage is becoming the first choice for the most farmers. According to the Ministry of
Agriculture of the People’s Republic of China, the largest maize cultivation occurs in Northeast China,
wherein total maize productions account for 40.6% of China’s total production [2].

Thus, the maize cultivation of the Northeast has a large influence on the stability of food production
in China. In recent years, developments in Chinese society, including accelerated urbanization and
profound changes to the political system, have encouraged farmers to move to cities for work. As a
result, the ownership of farmland has become more concentrated under the control of a few individuals
and companies, resulting in many large-scale farms that have emerged in the Northeast. To address this
issue, large-scale farms have been encouraged to simultaneously adopt higher-yielding varieties and
greater mechanization. Compared with household farms, there are several advantages for large-scale
farms. For example, they have an increased total yield, an increased level of agricultural mechanization,
and help to promote new agricultural technologies [3,4]. However, agricultural mechanization may
create new or greater environmental impacts because the steps in the process of agricultural production
consume the most energy and cause severe environmental damage, though this remains unclear.
Therefore, handling these issues is important to reduce energy consumption and improve the
sustainability of agricultural mechanization production systems. According to the above
considerations, we introduce an energy evaluation of mechanization of maize production systems,
based on the Life Cycle Assessment (LCA) in this study.

LCA is one of several commonly used environmental management tools that assess a product or
service from “cradle to grave”, meaning that every stage of the life cycle is examined, from
raw-material acquisition through manufacturing, distribution, use, possible recycling, and until final
disposal[5]. LCA methodology is a useful tool for the environmental performance assessment of
agricultural production systems, and also for comparing different agricultural production systems from an
environmental perspective. Recently, some researchers have quantified the environmental impacts of a
multitude of agricultural products [6,7]. Brentrup et al. [8] adopted LCA methodology to appraise
sugar beet production using different forms of nitrogen fertilizer. Nie et al. [9] analyzed the effects of
different cropping systems using the LCA method. They found that intercropping maize with suitable
plants could reduce the adverse effects of the over-application of nitrogen fertilizer on the environment.
Wang [4] used LCA methodology to explore the ecological and economic effects of winter grain
cultivation in the North Plain and concluded that modernization of grain production will be important
in the future. Sahte ef al. [10] used the LCA methodology to investigate Ethiopian rose cultivation and
refine its nutrient and pesticide management to improve environmental performance. Xu ef al. [11]
comprehensively analyzed LCA energy consumption and greenhouse gas emissions of China’s six
current biofuel pathways. However, to our knowledge, no studies have estimated the carbon footprint
of the mechanization of maize production systems based on an LCA methodology. We divided the
agricultural process into production steps and analyzed the energy inputs and utilization of each step.
The result can be used to improve the mechanization of the maize production system in Northeast China.
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2. Materials and Methods

Various different versions of the carbon footprint concept have been represented in the
literature [12—14]. The definition of a carbon footprint is the measure of the exclusive total amount of
carbon dioxide emissions that are directly and indirectly caused by an activity or are accumulated over
the life stages of a product [15]. Dubey and Lal [14] highlight the impact of agricultural activities on
the environment in terms of the amount of Greenhouse Gas (GHGs) produced, and take into account
the total GHGs emissions in carbon equivalents through material added, and from mechanical
operations performed in a single whole cycle of crop production [16].

In our study, the carbon emissions include emissions from the manufacturing of agrochemicals
applied, and those from the mechanical operations for spraying and stubbing, tillage, and harvesting, as
well as for transportation. In addition, direct N2O emissions from croplands induced by the application
of chemical N fertilizer are also taken into account.

2.1. Goal and Scope Definition

The purpose of this paper is to (i) adjust the boundary system of the LCA and improve suitability of
emission factors for China’s conditions, in order to quantify the size and proportion of carbon inputs
involved in the maize production in Jilin Province; (ii) assess the overall carbon footprint and trace its
dynamics toward present day; and (iii) assist scientists in reducing carbon emissions in agronomic
practices that they may be studying at the field level. This study makes an important contribution to the
maize LCA literature by relying on a range of studies of field emission estimates for carbon emissions,
rather than estimating them based on some other region or system. In the analysis, suggestions are
offered for mitigation opportunities and technological development demands to reduce carbon
emissions. To make these suggestions, the mechanization of maize production in Jilin Province of
China is taken into account, and its carbon dioxide emissions are evaluated using the LCA approach.

Jilin Province is located in the hinterland of Northeast China (40°—42° N, 125°-128° E). It is known
as one of the three gold maize belts in the world. This study applied a random sampling investigation
method and selected 476 household farms within Jilin’s maize belt. Questionnaire content included
quantification of the amounts of fertilizer and topdressing, fertilizer varieties, and fertilization habits.
Additionally, the data for fertilizer addition per hectare each year are available in China’s rural
statistical yearbook series for the period 1985-2013 [17,18].

2.2. Function Unit

The functional unit describes the primary functions fulfilled by a product system, and indicates how
much of this function is to be considered in the LCA study [8]. Thus, the functional unit is used as a
reference when quantifying input and output data in the inventory analysis of an LCA study.
To conduct an LCA for agricultural systems, three functional units have been suggested [19].
These are: (i) the land management function, measured by cultivated hectares per year; (ii) the
financial function expressed as a currency unit; and (iii) the productive function described by physical
units (e.g., kg dry matter yield; MJ net energy for lactation). In this study one ton of produced maize
was selected as the single functional unit.
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2.3. System Boundary

Using the system boundary ensures that all emissions associated with inputs, within field activities
and after the product leaves the farm, are included [20]. In our study, the carbon emissions were
assessed by a single life cycle of mechanization of the maize production system, so the farm gate was
chosen as the system boundary from agricultural inputs (i.e., fertilizer, pesticide, and herbicide) to the
farm gate (transport of maize product). Note that we did not consider maize drying and waste disposal
of the production system in this study. Thus, this analysis included agricultural practices, agricultural
machinery, and energy carriers applied during maize cultivation from farm gate to farm gate (Figure 1).

HLand Preparation }—
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Figure 1. The scope of carbon emissions from maize production systems.
2.4. Methodology

In this study, carbon emissions in maize production were analyzed based on direct and indirect
energy sources including fuel, fertilizers, pesticides, and machinery, and other sources. In addition,
direct N2O emissions from croplands induced by the application of chemical N fertilizer were also
taken into account. Total GHGs emissions were determined as the sum of the input factors (A7)
multiplied by the appropriate carbon emissions conversion coefficient (£;) for each factor plus N2O
emissions GHGy, o from croplands. Hence, the equations for total GHG emissions for the overall

assessment of the carbon footprint of maize production were expressed as follows:

GHGs emission = 7| 4l; x E; + GHGy o (1)
44
GHG , = Fy X3, ><2—8><298 ()

where GHG emissions are the total carbon emissions; A/ is the agricultural input factors applied, e.g.,
fertilizer, pesticide, and diesel oil; and E; is the appropriate carbon emission conversion coefficient for
each factor of A/i. Emission conversion coefficients were investigated carefully and are represented in
Table 1, through which the maize production inputs were converted to energy coefficients (tCe per
unit). GHGy, o represents direct N2O emissions from the application of N fertilizer (tCe per unit); Fi
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is the quantity of N fertilizer (t) applied for crop production; 6, is the emission factor of N2O

emissions induced by N fertilizer application; 44/28 presents the molecular weight of N in relation to
N20; and 298 is the figure for the net global warming potential (GWP) in a 100-year horizon [21].

Table 1. Emission factors of agriculture inputs used in the estimation.

Emission Source Emission Factor Reference
N fertilizer 4.96 kg Ce/kg [22]
P fertilizer 1.35 kg Ce/kg [22]
K fertilizer 0.58 kg Ce/kg [22]
Pesticides 5.10 kg Ce/kg [15]
Herbicide 6.30 kg Ce/kg [15]
Diesel oil for machine 3.32 kg Ce/L [22]
Farm Labor 0.86 kg Ce/person [22]
Seeds 1.22 kg Ce/kg [11]
Farmland N,O 0.01 kg N/kg [23]

Hence, the formulations of the carbon footprint are follows:
CFy = GHGs emissions/Y (3)
CF; = GHGs emissions/V 4)

CFYy is the carbon footprint per unit yield; Y is the total mass of production; CFv is the carbon
footprint per unit production value of the maize production; and ¥ is the total value of maize.

3. Results and Discussion
3.1. Total Size of Carbon Footprint Emissions and Carbon Cost of Different Inputs

The estimation of the carbon emissions from the mechanization of maize production in Jilin
Province was 6.2 tCe/ha, which corresponds to 0.62 tCe for one ton of maize. The average maize yield
was estimated to be around 10 tons per hectare in 2014 (Table 2). The average yield in 2014 was
1.9 tons per hectare more than the average natural yield in 2013 [18]. The proportions of different
inputs to the carbon footprint are described in Figure 2. Overall, fertilizers represent the largest
proportion of emissions (41%) during maize production, and nitrogen fertilizers were responsible for
2.2 t/ha of the total carbon emissions in maize production. N2O from farmlands were the next major
source after fertilizer, and contributed 2.1 t/ha and accounted for 34% of total carbon emissions.
Moreover, fuels and farm machinery emitted 0.14 tCe for each ton of maize production. Others emission
sources in maize cultivation were pesticides, farm labors, and seed production with values of 1.2%,
0.8%, and 0.5%, respectively.

Nitrogen fertilizers released around 36% of the carbon emissions from maize production in 2014.
As shown in Figure 3, there is a significant correlation between carbon emissions and nitrogen
consumption in Jilin’s maize production between 1985 and 2013, with » = 0.95. It widely understood
that increased fertilizer use can increase maize yields. However, as increased amounts of fertilizer were
applied, the rate of yield increase reduces until a plateau is reached. In the current circumstances,
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reducing carbon emissions through reducing fertilizer use would decrease maize production and net
financial benefits to farmers; therefore, it is a considerable challenge to reduce carbon emissions
in agriculture.

The fuel consumption and carbon emissions from different agricultural operations are shown in
Table 3. Fuel is the third source of carbon emissions during maize production. More fuel was
consumed from harvesting and stubbing than from other agricultural operations. It was possible to
reduce fuel consumption and carbon emissions from stubbing and harvesting by using new methods,
and new and more efficient tractors and equipment [24]. The following highest carbon source was
tillage during maize production. However, some studies show that there was no clear positive or
negative response for the mitigation of carbon emissions by using conservation tillage and no tillage
instead of conventional tillage [23].

Table 2. Carbon emissions from maize cultivation (Jilin Province).

Activity Value Carbon Carbon Intensity
Emission Source Data Source Emission in Area in Production
L/ha tCe/ha tCe/t
Maize cultivation Stubbing 40 0.3984 0.0398
(Diesel fuel) Plow tillage 30 0.2988 0.0299
Seedling 7 0.1195 0.0120
Weeding by Machinery 1.5 0.0149 0.0015
Fertilizer by Machinery 10 0.0498 0.0050
Harvest 40 0.3984 0.0398
Transport 15 0.1494 0.0149
Farm labor 200 0.0490 0.0049
kg/ha tCe/ha tCel/t
Farm inputs Nitrogen N 450 2.2320 0.2232
Phosphorus P 151 0.2039 0.0204
Potassium K 125 0.0725 0.0073
Herbicide 9 0.0567 0.0057
Insecticide 2 0.0102 0.0010
Fungicide 1.05 0.0041 0.0004
Seeds 25 0.0305 0.0031
N2O emission from farmland 2.1073 0.2107
Total 6.1954 0.62

W Fertilizers W Pesticides
W Fuels and farm machinery M Labor

m Seed production ® N20 emission from Farmland

Figure 2. Relative proportions of carbon emissions from maize cultivation.
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Figure 3. Correlation between carbon footprint emissions and nitrogen consumption.

Table 3. Fuel consumption during maize production.

Stubbling Tillage Seedling Weeding by WC  Fertilizer by MC Harvest Transport Total

L/ha 40 30 12 1.5 5 40 15 143.5
t Ce/ha 0.40 0.30 0.12 0.01 0.05 0.40 0.15 1.43

3.2. Forecast of Carbon Footprint

In order to deeply analyze and assess the carbon emissions associated with Jilin’s maize production,
we traced the carbon footprint value by combining the results of the study with carbon emissions data
from 2006 to 2013 obtained via LCA. A grey system predicted model GM (1, 1) was adopted in order
to make a prediction of emissions from the Jilin maize production system.

Since the grey system theory was pioneered by professor Deng in 1982 [22], the theory stated that a
grey model for prediction and decision-making can be used for a system model with unclear or
incomplete information. For instance, if the internal features of a system are known, the system is
denoted as “white”. In contrast, “black” means that the internal features of a system are unknown.
Between white and black, there is a grey system indicating partially known internal features. The grey
system theory has been widely used in industrial, engineering, economy and many other fields.
Compared with other prognostic models, it may be superior in the context of small samples and poor
information [25,26]. The grey system theory can work with a limited amount of data and still provide
accurate results [27].

3.3. The Basis of the GM (1, 1) Model

Suppose that the sequence X'¥ = {xP(1), x?(2), -, xXY(n)} is an original data sequence,
and the sequence X M~ (x® 1), x(l)(Z), . xP(n)} is the accumulated generation sequence of
X©® where xPk) = Z{.‘zl x(i) . The sequence zW = ;O 1), z(l)(Z), e 2P (n)} is the mean

sequence of X, where zP(k) = %[x(())(k) + x9 + 1)1 . Then, the equation
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xOk) + azV (k) = b is called the basic form of the GM (1, 1) model. The parameters —a and b are
called the develop coefficient and grey input, respectively.
Hence, the time response function of GM (1, 1) is

0% + 1 = 0 - bla)e™™ + bla, k=12,-,n (5)

The accuracy is an important index to measure the ability of a forecasting method. We use the mean
absolute percentage error to check the effectiveness of the GM (1, 1) model. The errors can be
estimated by Equation (6).

V%) - FV%)
€ (k) = ( ) ) k = ],2,”',” (6)
xY (k)

In this paper, the data was collected from the Jilin Province statistical yearbook 2006 to 2013. The GM
(1, 1) model was performed by using Grey System software, we can get the parameters a = —0.038881
and b = 2.299626, and time response function x5+ = 61, 535542¢% 038881}k _ 59 144942 . The

simulative values and the relative simulative errors are shown in Table 4.

Table 4. The simulative and error values of grey system model GM (1, 1) (tCe/ha).

Time Actual Value Simulative Value Absolute Error
2006 2.3906 2.3906 0
2007 2.5158 2.4397 0.0302
2008 2.4587 2.5364 0.0316
2009 2.5964 2.6370 0.0156
2010 2.7393 2.7415 0.0008
2011 2.8722 2.8502 0.0077
2012 3.0358 2.9632 0.0239
2013 3.0337 3.0807 0.0155
£ (avg) 1.6%

The GM (1, 1) model has strong performance in the simulation of carbon emissions in the context
of short-term or small samples, since the mean absolute percentage error (1.6%) is less than 5%. We
obtained the 2014—2020 predictive values of the sequence ¥ (k + 1)(k = 2014, ---,2020) (Figure 4).
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Figure 4. Grey prediction of the carbon footprint during 2014-2020 (tCe/ha).
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From Figure 4, it is clear that there is an increasing trend in the carbon emissions of maize
production into the future. This implies that farms will increase production and will correspondingly
increase inputs in the fields. This suggests that farm inputs will be an important target in carbon
emission reduction programs. However, the predictive values are less than what we estimated by LCA
in Table 2. The survey data is more than the data supported by provincial statistics. Recently, the
credibility of national statistics has been questioned. For instance, national and provincial statistics
may be adjusted by the government [28-30].

3.4. Comparisons with Other Regions’ Carbon Estimates from Crop Production

Recent studies have characterized the carbon emissions of crop production in different regions. The
studies in [31-33] reported results of life cycle emissions of rice production from Californian, Japan, and
Italy at 1.551 kgCe/kg, 46 kgCe/kg, and 252-266 kgCe/ha, respectively. Mondelaers et al. [34]
estimated the carbon emissions of wheat from Europe and found a value of 0.08 kgCe/kg. Cheng and
Han [35] calculated the carbon emissions to 263 kgCe/ha for conventional-till maize in China.
However, in our study of maize production, the carbon footprint is generally higher than in other
research results. The main reasons for this are as follows: (1) fertilizer was a major contributor,
considering that the N fertilizer rate was almost four times higher than in California (107 kg/ha); and
(2) soil N20 emissions represent the major carbon emissions associated with fertilizer application, and
some study results do not include this component [36].

Around 60% of the world’s fertilizer demand comes from developing countries where it is used
mainly in cereal production [1]. China is now the world’s largest consumer of chemical fertilizers.
Without fertilizers the country cannot keep up with the food requirements of the increasing
population [37,38]. Fertilizers, particularly nitrogen, are the most important contributor to yield
increase. However, excess nitrogen fertilizer application does not always lead to higher yields,
especially at the higher yield levels [39,40]. The overuse of chemical fertilizers has had a negative
impact on groundwater quality and soil degradation. The questionnaires show that the farmers believed
that the more fertilizers they used, the higher the yields would be. For instance, the average amount
nitrogen actually used was 450 kg/ha with a range of 400480 kg/ha. About 61% of the farmers fell
into that category. However, we found that most of the farmers were not aware of the nutrient status of
their soils and did not know the crop-specific recommended application rates. Therefore, a free
training course should be arranged for the farmers by the government, providing them with
information about the basic components of soil fertility, the best management practices for nutrient
enrichment, and the returns obtained from fertilizer application relative to the cost, so that they can
make appropriate decisions on fertilizer application by taking into consideration the cost and returns,
as well as potential environmental and health hazards that might be induced by intensive fertilizer use.

In addition, the low cost of fertilizers is likely to contribute to fertilizer overuse. In China, the
government agricultural subsidy program links grain subsidy payments and price supports to increases
in farmers’ production costs. In 2011, the total amount of the fertilizer industry subsidy was up to
157 billion RMB, equivalent to 2480 RMB/t of fertilizers, which reduced fertilizer prices by 22.4% on
average, saving 30.8% of the fertilizer costs in crop production. Meanwhile, the relatively low price of
chemical fertilizer reduces the economic incentive for farmers to use organic nutrients, which not only
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wastes the organic nutrients, but also causes fertilizer overuse [41,42]. Recently there has been
increasing interest in phytoremediation as a viable measure to reduce the overuse of nitrogen fertilizers
on farmlands, for instance intercropping maize with soybeans [43,44]. Nie et al. [9] also showed that
intercropping maize with legume crops could reduce the adverse effects of high consumption of
external inputs such as chemical fertilizers on the environment.

3.5. Uncertainty of Carbon Emissions Assessment

Uncertainty in normalization results is caused by a combination of uncertainty in emission data and
uncertainty in characterization factors. In this paper, the assessment would be still an issue of
uncertainty. Firstly, uncertainty could arise from using emission factors since the data available from
Chinese literature is absent. The result of carbon emissions could be significant by using the different
emission factors. Apart from emission factors, for an LCA study, there would be a strong dependency
of the LCA result on the system boundary, functional unit, and data quality. Hence, there is still an
ongoing issue surrounding the methodologies of LCA. Nevertheless, the basic estimation in this work
may offer very fundamental information for assessing the carbon emissions of Jilin’s maize production.

4. Conclusions

In this study, the energy consumption and environmental impact of maize cultivation were
investigated in China’s Jilin Province using a LCA method. Maize cultivation was not only the most
important agricultural activity throughout Jilin Province but also a major contributor to the total maize
production in China. The results indicate that the highest carbon emissions were from fertilizers
during maize production. Therefore, new chemical components, accurate methods of application,
and better agricultural management techniques, e.g., rotations, timely sowing, soil testing, and fertilizer
recommendation, need to be developed to enhance the efficiency of fertilizer use on farms and
minimize the potential environmental degradation.

Reducing carbon emissions in agriculture is a complex process. There are numerous ways to
enhance the sustainability of agricultural systems. Several inputs from different scientific subjects, e.g.,
economics, ecology, engineering, genetics, chemistry, and soil science, are necessary to reduce carbon
releases into the atmosphere. A reduction in farm inputs would decrease carbon emissions on farms,
and it would also force farmers to change their production practices. However, in many regions, a
significant increase in agricultural production is essential to provide enough food for people. In
societies with a high rate of poverty and starvation, the reduction of agricultural production and
changes in the pattern of farm productions could create economic, social, and political instability. Farm
management and adequate education should be considered as a key factor in carbon emission reduction
programs in agriculture. Inefficient management and a lack of experience can waste considerable
amounts of fertilizer, fuel, and other inputs.

The results of this study describe the sensitive change of energy per unit production, and also reveal
the GHGs related energy usage for maize production. These results can be used by policy-makers and
relevant agencies for an improvement in energy efficiency, strategic mitigation of global warming-related
issues, managing agricultural systems and modern technologies, and improving the livelihood
of farmers.
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