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Introduction: Tobacco, as a significant cash crop in China, warrants a
comprehensive investigation into the spatiotemporal dynamics of its carbon
footprint in order to address greenhouse gas (GHG) emissions and foster low-
carbon, environmentally friendly agricultural practices.

Methods: Employing the life cycle assessment (LCA) methodology, this study
aims to scrutinize the temporal variations in the carbon footprint across different
functional units of tobacco production in China from 2004 to 2017, thereby
elucidating its composition and key influencing factors.

Results and Discussion: The findings reveal that the average carbon footprint per
unit area and per unit yield of tobacco production in China during the
aforementioned period amounted to 4,098.99 kg CO2-eq·ha−1 and 1.97 kg
CO2-eq·kg−1, respectively, exhibiting an upward trend over time. Notably,
fertilizer and agricultural films emerged as the primary sources of greenhouse
gas emissions in Chinese tobacco production, accounting for 26.63% and 24.54%
of the total emissions, respectively. Remarkably divergent carbon footprints were
observed among various provinces in China. Specifically, Jiangxi, Hunan, and
Guangdong exhibited the highest carbon footprints per unit area, with values of
4,908.65 kg CO2-eq·ha−1, 4,852.90 kg CO2-eq·ha−1 and 4,833.56 kg CO2-eq·ha−1,
respectively. Likewise, Jiangxi, Fujian, and Yunnan recorded the highest carbon
footprints per unit yield, reaching 2.31 kg CO2-eq·kg−1, 2.23 kg CO2-eq·kg−1 and
2.22 kg CO2-eq·kg-1, respectively. Conversely, Inner Mongolia, Hebei, Jilin, and
Heilongjiang exhibited lower carbon footprints per unit area, namely, 3,952.06 kg
CO2-eq·ha−1, 3,751.08 kg CO2-eq·ha−1, 2,935.81 kg CO2-eq·ha−1, 3,264.83 kg
CO2-eq·ha−1 and 2,830.92 kg CO2-eq·ha−1, respectively. Moreover, these
regions displayed both high yield and productivity. This investigation highlights
the significance of implementing measures such as scientific fertilization,
reducing agricultural film usage, and expediting the mechanization process of
tobacco cultivation to foster the development of an environmentally sustainable
tobacco industry in China.
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1 Introduction

Global climate change, caused by excessive greenhouse gas
emissions, has become an indisputable fact, and reducing
greenhouse gas emissions and promoting low-carbon industries
have become the focus of industrial development in countries
around the world. The critical link between the overuse of fossil
fuels in production systems and global climate change is well-
established, with excessive emissions of greenhouse gases being a
key contributor (Peng et al., 2019; Abbas et al., 2022; Elahi et al.,
2022; Elahi and Khalid, 2022). This recognition has led countries
globally to increasingly focus on reducing greenhouse gas emissions
and promoting the development of low-carbon industries as part of
their industrial advancement strategies (Abbas et al., 2023). China is
the world’s largest greenhouse gas emitter, and the State Council
GovernmentWork Report in 2021 stated that it should do a solid job
of carbon peaking and carbon neutral work and develop an action
plan for carbon peaking by 2030 (Lin, 2021). Greenhouse gas
emissions from agricultural ecosystems account for 13.5%
(Montzka et al., 2011) of global greenhouse gas emissions, and
how to develop effective measures to reduce agricultural greenhouse
gas emissions is an urgent issue for agricultural development. The
quantitative assessment of greenhouse gas emissions across various
stages of agricultural ecosystem production plays a crucial role in
formulating effective emission reduction strategies in agriculture.
The concept of the carbon footprint, pivotal in this context, evaluates
greenhouse gas emissions attributable to specific human activities.
Originally derived from the ecological footprint concept, the term
“carbon footprint” was first introduced by British scholars in 2009.
Over the years, the carbon footprint theory has evolved significantly.
To standardize its calculation, the International Organization for
Standardization (ISO). (2018) in 2018 defined the carbon footprint
as the total direct and indirect greenhouse gas emissions of a product
or activity across its life cycle, ascertained using the life cycle
assessment (LCA) method.

In the field of agricultural carbon footprint research, there has
been a considerable global scholarly focus on the production of
different crops in recent years. Studies indicate that in China, the
carbon footprints and GHG emissions per unit area for wheat and
corn have been on an upward trend over the past decade.
Specifically, fertilizer use contributes to over half of the wheat’s
carbon emissions (Yan et al., 2015; Zhang et al., 2023). In the case of
rice production, while the carbon footprint per unit area has
increased (Wang et al., 2017), the carbon footprint per unit yield
has exhibited a decreasing trend during the same period. In addition
to crop types, farming practices, altitude, latitude and longitude and
soil properties will have an impact on the carbon footprint of
agroecosystems, and the scale and intensification of agricultural
production will become the main measures to reduce the carbon
footprint of farmland in the future (Wang et al., 2016; Tian et al.,
2021). Previous studies have mostly focused on food crops; however,
few studies have reported on the carbon footprint of cash crop
production.

Tobacco, a key cash crop in China, encompassed a planting area
of 887,533 ha in 2019 (Liu and Huang, 2020). The entire tobacco
production process, which includes growing, curing, processing,
cigarette manufacturing, marketing, consumption, and waste
disposal, contributes significantly to climate change, emitting

approximately 84 million tonnes of CO2 equivalent annually.
This accounts for about 0.2% of the total global GHG emissions
(Zafeiridou et al., 2018), with the stages of tobacco growing, cigarette
manufacturing, and tobacco curing identified as primary
contributors. While cigarette enterprises’ sustainability reports
(British American Tobacco, 2016) have disclosed emissions from
cigarette production, the carbon emissions attributable to tobacco
cultivation remain largely underestimated. Previous research on the
carbon footprint of tobacco has been limited by short study
durations and small geographical coverage (Hussain et al., 2014),
highlighting a gap in comprehensive, large-scale assessments of
tobacco’s environmental impact. In the context of green
agricultural development, the quantitative evaluation of
greenhouse gas emissions caused by various agricultural inputs
and their use during tobacco cultivation in different tobacco
regions of China is important to mitigate greenhouse gas
emissions from tobacco farmlands and to promote the
development of green tobacco agriculture. Based on statistical
data, this study systematically analyzed the spatial and temporal
dynamics of the carbon footprint and the carbon footprint
composition of tobacco production in China from 2004 to
2017 using carbon footprint theory and the LCA method in
order to provide theoretical references for the construction of
green and low-carbon tobacco agriculture in China.

2 Materials and methods

2.1 Data sources

The study area included 20 provincial administrative regions of
Hebei, Inner Mongolia, Liaoning, Jilin, Heilongjiang, Anhui, Fujian,
Jiangxi, Shandong, Henan, Hubei, Hunan, Guangdong, Guangxi,

FIGURE 1
Tobacco growing areas in China.
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Chongqing, Sichuan, Guizhou, Yunnan, Shaanxi and Gansu,
covering the entire area of tobacco cultivation in China Figure 1.
Due to difficulties in obtaining data, Hong Kong, Macao and Taiwan
were not covered in this study. Data on tobacco production and
cultivated area from 2004 to 2017 were obtained from the China
Agricultural Statistical Yearbook. Agricultural inputs (fertilizers
such as nitrogen, phosphorus, potassium, compound fertilizers,
organic fertilizers, diesel, labor, pesticides, etc.) in tobacco
production from 2004 to 2017 were obtained from the China
Agricultural Statistical Yearbook and the National Compilation of
Information on Costs and Benefits of Agricultural Products.

2.2 Research boundary

The system boundary of this study was the whole process from
seedling transplanting to harvesting, and it mainly accounted for the
potential GHG emissions caused by agricultural inputs such as
fertilizer, diesel, pesticides and seedlings as well as soil non-CO2

GHG emissions produced during tobacco production in
China Figure 2.

2.3 Carbon footprint calculation method

In this study, the LCA method was used to quantitatively
estimate direct and indirect GHG emissions produced during the
production cycle of Chinese tobacco farmland with reference to the
ISO 140674 product carbon footprint accounting standard. The
carbon footprint of the tobacco production process was calculated as
Eq. 1.

CFT � CFinput + CFN2O (1)

In the above equation (Eq. 1), CFT is the carbon emissions from
tobacco production, CFinput is the potential greenhouse gas
emissions from various agricultural inputs produced during the
whole process of tobacco production from transplanting to
harvesting, and CFN2O is the N2O emissions from agricultural
soils; CFinput was calculated as Eq. 2.

CFinput � ∑
n

i�1
Qi × EFi (2)

In Eq. 2, Qi is the amount of each production material input
(kg·ha-1) during tobacco farm production, and EFi is the emission
factor of each production material input; the emission parameters
are shown in Table 1, mainly referring to the China Life Cycle
Database and Ecoinvent database.

CFN2O was calculated with reference to the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories and was
accounted for as Eq. 3.

CFN2O � DCFN2O + GCFN2O + LCFN2O (3)

FIGURE 2
Calculation boundary of carbon footprint of tobacco production in China.

TABLE 1 Greenhouse gas emission factors for agricultural inputs.

Item Coefficient Data source

Diesel 4.9866t(CO2-
eq)·t−1

Zhang et al.
(2017)

Organic fertilizer 0.223t(CO2-eq)·t−1 Zhang et al.
(2017)

Labor 0.86t(CO2-eq)·t−1 Zhang et al.
(2017)

Pesticide 12.44t(CO2-eq)·t−1 Ecoinvent 2.2

N fertilizer Urine 2.39t(CO2-eq)·t−1 Ecoinvent 2.2

Ammonium carbide 0.6484t(CO2-
eq)·t−1

Ecoinvent 2.2

Other nitrogen fertilizer 1.526t(CO2-eq)·t−1 Ecoinvent 2.2

P fertilizer Calcium perphosphate 2.676t(CO2-eq)·t−1 Ecoinvent 2.2

Other phosphate
fertilizer

1.631t(CO2-eq)·t−1 Ecoinvent 2.2

K fertilizer Potassium chloride 0.7079t(CO2-
eq)·t−1

Ecoinvent 2.2

Other potash fertilizer 0.6545t(CO2-
eq)·t−1

Ecoinvent 2.2

Compound fertilizer 1.772t(CO2-eq)·t−1 CLCD 0.7

Agricultural film 22.72t(CO2-eq)·t−1 Ecoinvent2.2
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DCFN2O � N × F1 ×
44
28

× 298 (4)

GCFN2O � N × FG × F2 ×
44
28

× 298 (5)

LCFN2O � N × FL × F3 ×
44
28

× 298 (6)

In Eqs 3–6, DCFN2O is the direct soil N2O emissions produced
due to N fertilizer input (kgCO2·eq·ha-1); GCFN2O is the indirect
N2O emissions produced due to volatilization of NH3 and NOx from
tobacco field soil to the atmosphere after deposition (kgCO2·eq·ha-1);
LCFN2O is the indirect N2O emissions produced due to groundwater
leaching (kgCO2·eq·ha-1); F1, F2 and F3 are the direct N2O emission
factors from nitrogen fertilizer inputs, indirect N2O emission factors
from nitrogen deposition and indirect N2O emission factors from
leaching and runoff losses, with emission factors of 0.01, 0.01 and
0.0075, respectively; FG refers to the proportion of fertilizer that is in
the form of volatilized NH3 and NOx (0.1 kg kg

−1); FL refers to the
proportion of N lost through groundwater leaching and surface
runoff (0.3 kg kg−1); 44/28 is the proportion of molecular weights of
N2O to N2; 298 is the global warming potential (GWP) of N2O to
CO2 on a 100-year scale (Xue et al., 2016) and is uniformly expressed
as CO2 equivalent.

The carbon footprint per unit area and carbon footprint per unit
yield of tobacco production were calculated as follows (Eqs 7, 8):

CFr � CFT

a
(7)

CFy � CFT

y
(8)

In the above equation (Eqs 7, 8), a is tobacco planting area, and y
is the tobacco yield (t·ha-1).

2.4 Data processing and analysis

Microsoft Excel 2011 and SPSS 26 software were used to process
and analyze the data, and Microsoft Excel 2011 and ArcGIS
10.2 software were used to make the graphs.

3 Results and analysis

3.1 Overall trend of carbon footprint of
tobacco production in China

The average carbon footprint per unit area of tobacco
production in China from 2004 to 2017 was 4,098.99 kg CO2-
eq·ha−1, with an overall trend of a slow increase Figure 3. The
carbon footprint per unit area of tobacco production increased
from 3,626.61 kg CO2-eq·ha−1 in 2004–4,585.96 kg CO2-eq·ha−1
in 2017, with an average annual increase of 1.82% (y = 57.64x -
111,787, R2 = 0.8418); the average carbon footprint per unit
production of tobacco production in China from 2004 to
2017 was 1.97 kg CO2-eq kg −1, with an overall slow upward
trend and an average annual increase of 0.98% (y = 0.019x -
36.139, R2 = 0.4422). The carbon footprint per unit of production
of tobacco production increased from 1.92 kg CO2-eq·kg−1 in
2004 to 2.18 kg CO2-eq·kg−1 in 2017, with the lowest value of
1.78 kg CO2-eq·kg−1 in 2010.

FIGURE 3
Change in carbon footprint per unit area and carbon footprint per unit production of tobacco production in China from 2004 to 2017.

FIGURE 4
Interannual variation in the composition of the carbon footprint
of tobacco production in China from 2004 to 2017.
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3.2 Interannual variation in the composition
of the carbon footprint of tobacco
production in China

The proportion of the carbon footprints generated by various
agricultural inputs during tobacco production have varied widely
Figure 4. Fertilizer inputs had the highest carbon footprint of
26.63%, and N2O emissions from agricultural soils produced due
to N fertilizer application accounted for 23.08%; agricultural film
inputs were the second largest contributor, accounting for 24.54%;
pesticide inputs had the lowest carbon footprint of about 1.48%; and
diesel inputs and labor inputs accounted for 13.65% and 10.63%,
respectively. The share of the carbon footprint caused by agricultural
film inputs increased significantly from 24.11% in 2004 to 32.43% in
2017, with an average annual increase of 2.31%, mainly due to the
dramatic increase in the use of agricultural film in the tobacco
production process over the last 15 years (Gao et al., 2022).

3.3 Factors influencing the carbon footprint
of tobacco production in China

Based on the absolute values of the carbon footprint
components of China’s tobacco production system, nine actual
amounts of agricultural inputs, namely, nitrogen fertilizer,
phosphate fertilizer, potash fertilizer, compound fertilizer,
pesticide, diesel fuel, labor, agricultural film and organic
fertilizer, were selected for a stepwise regression analysis of
the carbon footprint per unit area and the carbon footprint
per yield of tobacco production in China from 2004 to 2017,
respectively. The carbon footprint per unit area of tobacco
production in China during 2004–2017 showed a gradual
increase Figure 3. The influence of a compound fertilizer input
(X4), pesticide input (X5) and agricultural film input (X8) showed
a positive correlation; the coefficient of determination was

0.912 in which the compound fertilizer input showed a
significantly positive correlation, with a significance level of
5%, and in which the agricultural film input showed a very
significant positive correlation, with a significance level of 1%
Table 2. It can be expressed as Y1 = 0.105X4 + 4.994X5 + 1.107X8

+ 2013.268. The main factor influencing the increase in the
carbon footprint per unit yield of tobacco leaf production in
China from 2004 to 2017 was the actual agricultural film input
(X8), which showed a positive correlation, with a coefficient of
determination of 0.613. At a significance level of 1%, it could be
expressed as Y2 = 0.001X8 + 1.267.

3.4 Analysis of the carbon footprint of
tobacco production by province in China

There are obvious differences in the tobacco planting areas
among the Chinese provinces Figure 5. Yunnan Province has the
largest average annual planting area of 424.97 ha, while Hebei
Province has the lowest of 2.18 ha. The rate of change in the
planted area of tobacco by province ranged
from −1.067–8.257 ha·a−1 from 2004 to 2017, with nine provinces
showing an overall increasing trend year by year. Yunnan Province
showed the largest increase, with an average annual rate of change of
8.257 ha·a−1. The lowest rate of change of −1.067 ha·a−1 was in
Shandong Province. The average annual tobacco production per
unit area in China’s provinces ranged from 1719.00 to
3,835.00 kg ha−1, with Inner Mongolia having the highest average
annual production per unit area of 3,835 kg ha−1. Guangxi was the
lowest at 1719.00 kg ha−1. The annual average yield per unit area in
each province in China ranged from −4.46–75.15 kg ha-1·a−1, with an
overall increasing trend from northeast to southwest. The highest
annual average rate of change was found in Gansu Province at
75.15 kg ha-1·a−1, and the lowest value was found in Sichuan
Province at −4.46 kg ha-1·a−1.

TABLE 2 Regression equation of carbon footprint of tobacco production in China from 2004 to 2017.

Item Unit area carbon footprint Carbon footprint per unit of output

Regression equation Y1 = 0.105X4 + 4.994X5 + 1.107X8 + 2013.268 Y2 = 0.001X8 + 1.267

Decision factor R2 0.912 0.613

Standard regression coefficient

Nitrogen fertilizer X1

Phosphate fertilizer X2

Potash fertilizer X3

Compound fertilizer X4 0.366*

Pesticide X5 0.297

Diesel X6

Artificial X7

Agricultural film X8 0.491** 0.801**

Organic fertilizer X9

*p < 0.05; **p < 0.01.
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There are significant differences in the average annual carbon
footprints of tobacco production among the Chinese provinces
Figure 6. The highest annual average carbon footprint per unit
area was found in Jiangxi Province at 4,908.65 kg CO2-eq·ha−1,
while Heilongjiang Province had the lowest annual average
carbon footprint of 2,830.92 kg CO2-eq·ha−1. The results
reveals notable regional differences in the annual average
change rates of the carbon footprint for tobacco production
across China, with a particular concentration of higher rates
in the western provinces. Inner Mongolia experienced the most
significant decrease in carbon footprint per unit area, indicating a
substantial annual average reduction rate. There is a discernible
trend in the annual average carbon footprint per unit of
production, displaying a skewed pattern from the south to the
north of China. Provinces in southwest China particularly
exhibited higher increases in carbon footprint per unit
production. Notably, Guangdong Province achieved the largest
reduction in carbon footprint per unit of production, recording
an average annual rate of change of −0.051 kg CO2-eq·kg-1·a−1.

3.5 Comparison of carbon cost production
and revenue of tobacco production in each
province of China

The 20 tobacco-growing provinces of China were divided into four
categories, or regions, based on the average annual carbon footprint per
unit area and the average annual yield: high emissions–high yield, high
emissions–low yield, low emissions–high yield and low emissions–low
yield Figure 7. The Shandong, Anhui and Jiangxi provinces were located
in the high-emissions–high-yield region, while the Yunnan, Hunan,
Gansu, Guangdong and Fujian provinces were located in the high-
emissions–low-yield region. This was especially accurate for Gansu
Province, which exhibited significantly higher carbon emissions
accompanied by lower yields. Seven provinces, Sichuan, Chongqing,
Liaoning, Shaanxi, Hubei, Guangxi and Guizhou Province, were in the
low-emissions–low-yield region. Heilongjiang, Jilin, Hebei and Inner
Mongolia were in the low-emissions–high-yield region, and this was
especially accurate for Inner Mongolia, which exhibited significantly
low-effect carbon emissions accompanied by high yields.

FIGURE 5
Distribution of tobacco planted area, yield per unit area and its rate of change by province in China from 2003 to 2017. (A) Distribution of tobacco
planted area (unit is ha), (B) distribution of the rate of change of tobacco planted area (unit is ha·a−1), (C) distribution of yield per unit area (unit is kg·ha) and
(D) distribution of the rate of change of yield per unit area (unit is kg·ha−1·a−1).
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FIGURE 6
Distribution of carbon footprint per unit area, carbon footprint per unit production and the change rate of tobacco production by province in China
from 2003 to 2017. (A) Distribution of carbon footprint per unit area in kg CO2-eq·ha−1, (B) distribution of carbon footprint change rate per unit area in kg
CO2-eq·ha−1·a−1, (C) distribution of carbon footprint per unit production in kg CO2-eq·kg−1 and (D) distribution of carbon footprint change rate per unit
production in kg CO2-eq·kg−1·a−1.

FIGURE 7
Distribution of annual carbon emissions and yield per unit area of
tobacco production in different provinces of China from
2004 to 2017.

FIGURE 8
Distribution of annual carbon emissions and revenue per unit
area of tobacco production in different provinces of China from
2004 to 2017.
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The 20 tobacco-growing provinces of China were divided into
four categories, or regions, based on the average annual carbon
footprint per unit area and the average annual net profit: high
emissions–high benefit, high emissions–low benefit, low
emissions–high benefit and low emissions–low benefit Figure 8.
Shandong, Anhui and Gansu Province were located in the high-
emissions–high-benefit region, while Fujian, Yunnan, Hunan,
Guangdong and Jiangxi were located in the high-emissions–low-
benefit region, with Fujian Province exhibiting a significantly low
benefit combined with high levels of carbon emissions. Chongqing,
Sichuan, Shaanxi, Hubei, Guizhou and Guangxi were in the low-
emissions–low-yield region, and Heilongjiang, Henan, Jilin, Hebei,
Liaoning and Inner Mongolia were in the low-emissions–high-yield
region, with Inner Mongolia in particular exhibiting significantly
low-effect carbon emissions combined with a high yield. The
Yunnan, Guangdong and Hunan provinces were located in the
high-emissions regions with both a low yield and low revenue, and
five provinces, Inner Mongolia, Hebei, Jilin, Heilongjiang and
Henan Province, were located in the low-emissions regions with
both a high yield and high revenue.

4 Discussion

4.1 Carbon footprint of tobacco production
in China

Since the formation of the China National Tobacco Corporation
(CNTC), which has significantly contributed to China’s financial
revenue, there has been a notable shift in focus towards ecological
sustainability. This change was particularly emphasized following
the 18th Party Congress, which integrated the construction of
ecological civilization into China’s comprehensive ‘Five-in-One’
development strategy, with green agricultural development being
a key component of this initiative (Jin et al., 2021). In the years
2021 and 2022, the tobacco industry in China took decisive steps by
issuing implementation opinions aimed at promoting the green
transformation of the tobacco sector. These steps include aligning
with the ‘double carbon’ objectives - carbon peaking and carbon
neutrality - as part of the industry’s commitment to high-quality
development (Dongfang, 2022). Li et al. (2017) analyzed the carbon
footprint of the manufacturing section of a domestic brand of
cigarette based on the LCA method. Wang et al. (2018)
developed a comprehensive energy consumption model to
provide a theoretical basis for reducing emissions in the cigarette
yarn-making section. No carbon footprint studies have been
reported for tobacco growing, which is an important stage of
tobacco production. Therefore, there is an urgent need to
account for the carbon footprint of the tobacco growing process
and to analyze its composition and dynamic changes. From 2004 to
2017, the carbon footprint of tobacco production in China exhibited
an upward trend, with a notable increase in 2006 primarily due to
the rising carbon footprint from fertilizer use. This increase
coincided with the abolition of the agricultural tax in China in
2006, which, coupled with escalating food prices, spurred farmers’
enthusiasm for cultivation and increased fertilizer demand (Xu et al.,
2020). This surge in fertilizer usage led to an upswing in domestic
production capacity, subsequently elevating the carbon footprint.

However, the introduction and widespread adoption of scientific
fertilization methods have since contributed to a gradual
deceleration in the carbon footprint’s growth rate. In recent
years, China’s tobacco leaf production has shown a fluctuating
pattern. Initially, it increased annually, driven by the domestic
macroeconomic improvement, population growth, and rising per
capita income, which stimulated cigarette consumption. The
production peaked in 2010 but has since been on a decline. This
downward trend can be attributed to growing health consciousness
among the public, leading to reduced cigarette demand and
consequently, a decrease in tobacco leaf production. The results
of this study show that the carbon footprint per unit area of tobacco
production in China is 4,098.99 kg CO2-eq·ha−1, which is higher
than China’s average carbon footprint per unit area of maize
production of 3,934 kg CO2-eq·ha−1 and higher than China’s
average carbon footprint per unit area of wheat production of
2,786 kg CO2-eq·ha−2 (Wu, 2022). Therefore, the carbon footprint
per unit area of these three crops in China can be shown as tobacco >
maize > wheat. Therefore, in the future crop production layout, the
tobacco planting area can be appropriately reduced, and the wheat
and corn planting areas can be appropriately expanded to reduce
planting carbon emissions.

4.2 Carbon footprint composition of
tobacco production in China

Multiple studies have shown that the main source of greenhouse
gas emissions from fields is fertilizer application of which the carbon
emissions caused by N fertilizer application account for more than
half (Yan et al., 2015), and this study also found that fertilizer input
makes up the highest proportion of the carbon footprint per unit
area of tobacco, reaching 26.63%, of which N fertilizer input causes
23.08% of farmland soil emissions. Additionally, this study shows
that the utilization rate of fertilizer in China is low through the
utilization rates of nitrogen, phosphorus and potassium fertilizers.
Some studies have shown that the fertilizer utilization rates in China
are low, with rates of 30%–45%, 10%–20% and 35%–40% for
nitrogen fertilizer, phosphorus fertilizer and potassium fertilizer,
respectively, which is less than half of the utilization rates in
developed countries (Zhang et al., 2013; Yang et al., 2015), and
they have shown that low fertilizer application rates are generally
accompanied by the excessive application of nitrogen fertilizer (Ke
et al., 2018). In China, a prevalent issue among tobacco farmers is the
lack of scientific fertilization knowledge, which leads to an elevated
carbon footprint from fertilizer use in tobacco production. This
challenge is not unique to tobacco but is also common in the
production of various grain crops across the country. To mitigate
nitrogen fertilizer loss and reduce the fertilizer’s carbon footprint,
one potential strategy is to increase the frequency of topdressing
appropriately. Furthermore, this study highlights that the use of
agricultural film constitutes 24.54% of the carbon footprint per unit
area in tobacco production, ranking as the second largest emission
source after fertilizer. The reliance on agricultural film, increasing by
an average of 2.31% annually, is part of the mainstream tobacco
cultivation practice in China. While it improves the economic
efficiency of tobacco farming, it also leads to issues like seedling
collapse and white pollution (Cheng et al., 2014). Some studies have
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shown that the amount of film used in tobacco cultivation is high,
and some tobacco farmers use agricultural film of a substandard
thickness, which cannot be recycled (Chen and Wang, 2022). This
study also found that the amount of agricultural film used in tobacco
production in Yunnan Province is as high as 57.87 kg ha−1, which
has the highest carbon footprint in China, and the use of agricultural
film in Yunnan Province accounts for 28.48% of the carbon
footprint per unit area of tobacco production, which is higher
than most provinces in China. Therefore, reducing the amount of
agricultural film is the key to reducing emissions in tobacco
production in Yunnan Province. The China National Tobacco
Corporation’s Guizhou Province Company initiated a notable
pilot project in Zunyi for agricultural film recycling. In 2017, this
project successfully removed and processed 71,260 ha of used
tobacco mulch, covering 71.07% of the total mulched area in
Guizhou Province. This endeavor resulted in the recycling of
7,520 tons of waste mulch, which was repurposed to produce
2,915 tons of materials such as plastic trays and seedling trays, as
reported (Guizhou Provincial Committee of the Communist Party
of China, 2019). This model of recycling used agricultural film
presents a commendable approach for all tobacco planting regions.
Similarly, the waste agricultural film generated from corn cultivation
in Southwest China and winter wheat farming in the Huanghuai
Plain could be repurposed using this method. To promote the
reduction and recycling of agricultural film, vigorous supervision,
subsidies for farmers who adopt emission reduction practices, and
improved verification standards are necessary. Straw and grass
mulching are widely used in the United States, Japan and other
developed countries for crops such as apples and grapefruit (Tu
et al., 2021), and they are worthy of reference in tobacco production.
In addition, the labor cost is the highest part of the total cost of
tobacco production in China, exceeding the cost of land and other
agricultural inputs, andmachinery, instead of manual work, is one of
the effective ways to improve the efficiency of tobacco cultivation
in China.

4.3 Differences in the carbon footprints of
tobacco production among the provincial
regions in China

There are significant regional differences in the carbon footprints
per unit area and the carbon footprints per unit production of tobacco
production in the different provinces of China, which are related to the
differences in climate, topography and soil in different tobacco growing
regions in China as well as the differences in the main tobacco varieties
planted in each province. In this study, we found that the carbon
footprint and the cost input of tobacco production in Guangdong
Province are both at a high level in China. Due to urbanization, the
tobacco growing areas in Guangdong Province have gradually shifted
from the plains to remote mountainous areas (Zhen et al., 2017),
resulting in the low penetration of tobacco growing machinery and
high labor costs in tobacco production, with the highest cost reaching
130 CNY·p−1·d-1. This study also found that Inner Mongolia exhibits
significantly lower emissions combined with higher yields and
production values. Inner Mongolia is located in the midlatitude
region, with simultaneous rain and heat, which is conducive to the
growth of tobacco leaves (Tian, 2020). The average annual tobacco

yield in Inner Mongolia is 3,450 kg ha−1, which is mainly in Chifeng
City; its subordinate county-level cities are all national or provincial
poverty-stricken counties, where tobacco is a major cash crop and
where it enjoys policy advantages. The cost of agricultural inputs is
lower than that of resource-poor areas, and the labor cost is much
lower than that of coastal provinces. Meanwhile, agricultural carbon
emission intensity is influenced by agricultural technical efficiency
(Guo et al., 2022), which is at a higher level in eastern China and which
is significantly better than in the central and western regions. The
intensity of agricultural carbon emissions is higher in nongrain-
producing regions than in grain-producing regions because the
implementation of agricultural emission reduction measures
effectively reduces greenhouse gas emissions in grain-producing
regions (Yang et al., 2021). At the same time, the high standard of
safety requirements for food rations inhibits farmers from
overapplying medicines and performing other high-carbon-emission
behaviors (Gelfand et al., 2013; Sun et al., 2021), and the carbon
emission of the food crop production process is lower than that of cash
crops. Therefore, appropriately expanding the cultivation area of food
crops in the crop layout and improving agricultural technology
efficiency are important ways to reduce regional agricultural
carbon emissions.

4.4 Emission reduction strategies for
tobacco production in China

This study underscores that optimizing scientific fertilization
and managing tobacco field mulch effectively are crucial for
reducing emissions in China’s tobacco production. Prioritizing
soil testing and balanced fertilization practices is essential. This
includes applying the correct amount of base fertilizer, avoiding
excessive single-application fertilization, increasing fertilization
frequency, and utilizing slow-release fertilizers to minimize
nitrogen loss and enhance nutrient utilization. While high-
efficiency fertilizers present a viable solution for scientific
fertilization, their widespread adoption among farmers is
hampered by cost concerns. Additionally, increasing the
frequency of top-dressing fertilization raises labor inputs and
presents challenges in standardization. To address these issues,
the implementation of subsidy policies and enforcement
mechanisms is necessary to incentivize and standardize these
practices. Rational crop rotation is an important way to reduce
greenhouse gas emissions from farmland soils. With the same
amount of fertilizer, N2O emissions from a roasted tobacco–corn
rotation are reduced by more than half compared with those of
continuous roasted tobacco crops (Jiang et al., 2020). According to
the differences in the climate and soil conditions in different tobacco
growing provinces, we should develop suitable emission reduction
policies. To balance the reduction of agricultural film use with
maintaining tobacco leaf yield, region-specific strategies are
essential. In areas prone to droughts and low temperatures
during the transplanting period, substantial reductions in
agricultural film use may be challenging. Here, the focus should
shift to effective recycling of waste agricultural film and avoiding the
use of ultra-thin films. Concurrently, the trend towards planting
mechanization, essential for large-scale production, faces obstacles
in tobacco cultivation due to its labor-intensive nature. This
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challenge is particularly pronounced in major producing areas like
Yunnan and Sichuan, where complex terrain limits large-scale
mechanical operations. Therefore, in such regions, emphasis
should be placed on small-scale farming and the widespread
adoption of compact agricultural machinery to reduce labor
costs. Sustainable tobacco production also relies heavily on
supportive policies and robust regulatory systems. High standards
set by cigarette companies for raw materials not only address
consumer demands for food safety but also incentivize farmers
towards scientific production practices. This approach indirectly
reduces carbon emissions associated with the overuse of fertilizers
and pesticides. Additionally, the establishment of specialized
supervision departments at local tobacco stations can play a
crucial role. By conducting regular visits and overseeing the
planting process, these departments can ensure the
implementation of low-carbon measures by farmers, thereby
facilitating effective emission reduction at the source.

4.5 Limitations of this study

This study used the LCA method to account for the carbon
footprint of tobacco production in China based on relevant national
statistical data, and the calculation process considered the carbon
emissions caused by the nine most important agricultural inputs in
tobacco production as well as the greenhouse gas emissions from
farmland, achieving a more comprehensive calculation measurement
and comparison under the same standard. However, the calculation
method of direct GHG emissions from farmland soils in this study
refers to previous research results, and the differences in the climatic
conditions and soil properties in the study area led to some deviations
between the measured results and the actual data. Secondly, the
pesticide used a single emission factor without further refinement,
which would also cause some differences between the measured results
and the actual values. In a subsequent in-depth study, the emission
factors of each input should be refined, and carbon footprint calculation
formulas that meet different research geographical conditions should be
adopted so as to obtain more accurate carbon footprint values.

5 Conclusion

This study, employing the LCA method, meticulously analyzes
the carbon footprint of various functional units in China’s tobacco
production from 2004 to 2017, delineating its composition,
influencing factors, and dynamic changes. The key findings and
conclusions are as follows:

• The average values of the carbon footprint per unit area and
the carbon footprint per unit yield of tobacco production in
China from 2004 to 2017 were 4,098.99 kg CO2-eq·ha−1 and
1.97 kg CO2-eq·kg−1, respectively, and both showed an
increasing trend with an increase in the years.

• The carbon footprints caused by fertilizer inputs in the tobacco
production process were the highest at 24.31%–28.70%
followed by agricultural film inputs at 21.27%–32.43%.

• Notable regional disparities were observed in the carbon
footprints of tobacco production among different provinces.

Jiangxi, Guangdong, Hunan, and Yunnan reported higher
values for both per unit area and per unit yield.
Conversely, Inner Mongolia, Hebei, Henan, Jilin, and
Heilongjiang exhibited lower carbon footprints per unit
area, alongside high yields and benefits.

In light of these findings, the study underscores the importance
of scientific fertilization, minimizing agricultural film usage,
strategic adjustment of tobacco planting layouts, and the
acceleration of mechanization in tobacco cultivation as critical
measures for reducing carbon emissions in China’s
tobacco industry.
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