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Abstract

Climate change induced by greenhouse gas emissions is currently one of the most important
challenges of the world. Against this backdrop, we deeply explore the temporal variation
characteristics of vegetable production in Guangdong Province, a major province of China
from the carbon footprint perspective. The aim is to promote the reduction of greenhouse
gas emissions from agricultural production and carbon sequestration, as well as sustainable
agricultural development. We primarily adopted the carbon emission coefficient provided
by Intergovernmental Panel on Climate Change and utilized data from the China Rural
Statistical Yearbook and the Guangdong Rural Statistical Yearbook from 1990 to 2022 to analyze
the changing characteristics of the carbon footprint of vegetable production in Guangdong
Province. In addition, we used the grey prediction model GM (1, 1) to estimate the
parameters and test the residual. Then, the carbon emission of vegetable production in
Guangdong province was predicted from 2023 to 2060. The research results show that
agricultural input is the largest source of carbon emissions, accounting for 51.99-66.55%,
followed by farmland soil utilization (33.45-48.01%). Within agricultural input, fertilizers,
pesticides, and mulching films are the main sources of carbon emissions. Based on the data
from 2011 to 2022, it is predicted that the net carbon emissions of vegetable production in
Guangdong Province will continue to decline after 2022. Based on the above findings, it is
suggested to promote the sustainable development of the vegetable industry by increasing
policy support for the R&D and promotion of green and low-carbon technologies and green
vegetable production, reducing agricultural input, and promoting the formation of the
low-carbon production concept.

Keywords: sustainable development; carbon emission; grey models; carbon footprint;
Guangdong province

1. Introduction

Agroecosystems play an important role in the global carbon cycle. They not only
assume the role of carbon sinks but are also one of the main sources of global greenhouse
gases. According to statistics released by the Intergovernmental Panel on Climate Change
(IPCC) in 2022, greenhouse gas emissions generated by the agricultural sector accounted
for 13-21% of total global greenhouse gas emissions. In China, agricultural greenhouse
gas emissions account for 7-8% of the total [1], and greenhouse gas emissions increased
by nearly 46% from 1980 to 2020 [2]. To this end, in recent years, China has attached great
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importance to the reduction of agricultural carbon emissions and has actively participated
in global governance of climate change. For example, China has successively signed agree-
ments on global climate governance such as the United Nations Framework Convention
on Climate Change and the Paris Agreement. China has also proposed the “dual carbon”
goal of achieving carbon peak by 2030 and carbon neutrality by 2060, along with the imple-
mentation of a series of action plans. In fact, the main ways to achieve the “dual carbon”
goal include both emission reduction and carbon sink increase. For agriculture, particularly
planting, naturally holding the dual roles of carbon source and carbon sink, is generally
considered to be the largest and most promising carbon sink. To sum up, the realization of
China’s “dual carbon” goal relies on the in-depth participation of the agricultural sector. A
full understanding of the current status of agricultural carbon emissions is the first step in
exploring how to achieve the “dual carbon” goal.

With the superior climate and environmental conditions, the annual agricultural
output of Guangdong has consistently ranked among the top in China. According to
data from the National Bureau of Statistics, the added value of the primary industry in
Guangdong Province was CNY 583.703 billion in 2024, ranking second in China. Notably,
Guangdong Province is also an important hub for trade in agricultural products and foreign
trade in China, providing important support for national food safety in the Guangdong-
Hong Kong-Macao Greater Bay Area. In Guangdong Province, the vegetable industry
is the second-largest planting industry, with the planting area accounting for nearly one-
third (1.4284 million hectares) of the total in 2022. The total vegetable production reached
39.9911 million tons, and the total output value was CNY 163.42 billion. The vegetable
industry of Guangdong has created about 40% of the output value of the planting industry
with 19% of the planting area, playing an important role in increasing farmers’ income and
ensuring stable vegetable supply.

The other key basis for selecting the vegetable industry as the research target in this
study is that most vegetables have shallow root systems with weak nutrient absorption
capacity, requiring high nutrient input [3]. Moreover, due to the climate characteristics
of high temperature and humidity, vegetable production in Guangdong is characterized
by severe pests and diseases, high cropping intensity, and high inputs of fertilizers and
pesticides. For example, in 2022, Guangdong Province’s fertilizer and pesticide application
amounts were 2.0874 and 7.6042 million tons, respectively, ranking among the top in China.
The large amounts of agricultural inputs undoubtedly increase the emissions of greenhouse
gases, such as CO, and NOy, and also restrict the sustainable development of the vegetable
industry. In summary, selecting the vegetable industry in Guangdong for exploring the
carbon footprint of vegetable production has a certain practical significance for promoting
sustainable agricultural development.

Scholars have carried out substantial research in the field of agricultural carbon emis-
sions. First, in studies on carbon emissions from China’s vegetable production system, it
was found that the greenhouse gas emissions from China’s northern vegetable production
system were significantly higher than those in the northern regions, with nitrogen fertilizer
being the largest source of greenhouse gases. Among these studies, a study on Hubei
Province found that the carbon footprint of greenhouse gas emissions caused by electricity
and diesel showed the largest increase [4,5]. Secondly, both domestically and internation-
ally, studies have been conducted to measure and evaluate the carbon footprint of specific
vegetable production systems such as those used for greenhouse tomatoes and open-field
peppers [6-8]. Notably, some scholars have employed the life cycle assessment method to
compare the environmental benefits of different vegetable varieties, aiming to provide pol-
icy recommendations for reducing greenhouse gas emissions [9-11]. Furthermore, experts
in the field have systematically measured greenhouse gas emissions from vegetables based
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on different cultivation management practices, revealing that various fertilization methods
and agricultural management models yield distinct environmental benefits [12-15]. Addi-
tionally, the contribution rates of different production inputs to greenhouse gas emissions
have been extensively studied and quantified [16,17]. By reviewing the literature, it can be
found that the initial research on agricultural carbon emissions mainly originated in Euro-
pean countries such as Spain and Italy. Since 2015, the issue of agricultural carbon emissions
in different regions has begun to attract the attention of Chinese scholars. Further classified
by vegetable planting categories, the vegetable varieties that domestic and foreign scholars
have focused on currently include solanaceous plants, cucumbers, chili, lettuce, and lettuce,
among which the cultivation method of facility planting has always been the research focus
of scholars. In conclusion, the existing research findings provide valuable references for
this paper in terms of carbon emission accounting indicators, decoupling effects of carbon
emissions, and carbon emission trends across different agricultural production systems.

As for the research of this article, although there are no shortage of academic achieve-
ments on carbon emissions in Guangdong Province and its neighboring provinces, there
are limited studies in the agricultural field in Guangdong. Moreover, given the signif-
icant role of Guangdong’s agriculture and economy in China, the research conclusions
using Guangdong’s agricultural industry as a typical subject are highly representative
and persuasive. However, the academic community has not yet concentrated on present-
ing research achievements in this field. The limited literature associated with this topic
typically covers shorter research periods, resulting in conclusions with relatively lower
forward-looking relevance and reference value. Finally, considering Guangdong’s unique
agricultural climate conditions and consumption habits, the vegetable industry in Guang-
dong serves as an excellent starting point for studying agricultural carbon emissions. Yet,
the lack of research in this area also urgently needs to be addressed. The lack of existing
literature provides space for this paper to break through the research limitations and create
marginal contribution. We intend to measure carbon emissions, carbon sinks, net carbon
emissions (net carbon emissions (NCEs) are the net amount of carbon emissions deter-
mined by accounting for both carbon emissions and carbon absorption; this metric covers
direct emissions, indirect emissions, and carbon removal and is closely related to carbon
capture and storage technologies, as well as carbon sinks), carbon emission intensity, and
net carbon emission intensity of vegetable production in Guangdong Province from 1990 to
2022 to analyze the carbon footprint. Finally, we use the gray prediction model GM (1, 1) to
predict the carbon emissions of vegetable production in Guangdong Province from 2023 to
2060 to objectively evaluate the impact of vegetable production in Guangdong Province
on greenhouse gas emissions. The study findings will provide reference for the transfor-
mation to low-carbon vegetable production in Guangdong Province and also provide a
practical basis for promoting the sustainable and healthy development of Guangdong’s
vegetable industry.

2. Materials and Methods
2.1. Data Source

The data were collected from the Guangdong Statistical Yearbook (1991-2023), the Guang-
dong Rural Statistical Yearbook (1991-2023), and the China Rural Statistical Yearbook (2010-
2023). Due to the inability to collect separate data on pesticides, mulching films, fertilizers,
the area of irrigated farmlands, and the use of agricultural machines in vegetable produc-
tion, we calculated carbon emissions from agricultural inputs according to Li et al. [18].
Specifically, the coefficient A (vegetable sowing area/crop sowing area) was calculated to
divide different inputs used for vegetable production. The calculation of inputs, such as
pesticides, mulching films, and fertilizers, was based on the actual amount of usage in each
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year, while the data on the area of irrigated farmlands was collected from the statistics of
the area of effective irrigation in each year. In addition, the use of agricultural machines
was expressed by the total power of agricultural machinery in each year. The area of tilled
farmlands was expressed by the sown area of vegetables. In the calculation of carbon
emissions and carbon sinks in farmland soil utilization, the data on the sown area and
yield of vegetables were collected based on the actual sown area and yield of each year. In
addition, since statistics on vegetable output after 2010 were available only, we calculated
the carbon emission intensity from 2010 to 2022.

Given the data limitations of this study and the specific parameters used in measuring
greenhouse gas emissions, it is essential to conduct a sensitivity analysis or uncertainty
assessment prior to the main analysis. Firstly, in terms of material input, considering the
scarcity of relevant data on the usage of agricultural films, pesticides, and fertilizers, it
is more rigorous to estimate by drawing on the relatively mature research methods of
predecessors. Secondly, regarding the delineation of the system boundary, this study pri-
marily focuses on the vegetable production process from material and labor inputs to final
harvest. Whether essential pre-production infrastructure and soil carbon sequestration are
included remains controversial, and their inclusion would significantly impact the research
outcomes. Therefore, defining the scope of agricultural production is crucial. Thirdly, con-
cerning parameter selection, different emission parameters may yield varying results. This
paper adopts the widely recognized methodology currently referenced by scholars globally.
Although parameter selection may introduce uncertainty into the results, the calculation
and research approaches presented in this paper can still provide a foundational reference
for studying greenhouse gas emissions from China’s vegetable production systems.

2.2. Carbon Emission Calculation

We used the carbon emission coefficient provided by IPCC (Intergovernmental Panel
on Climate Change) to calculate carbon emissions from vegetable production in Guangdong
Province. The formula is as follows:

C=)Ci=) (T xd) (1)

where C is the total carbon emissions from vegetable production (10,000 tons), C; is the
carbon emissions of each sources (10,000 tons), T; is the activity level of each carbon
emission source, and J; is the coefficient of carbon emissions from each source, kg (C)/kg,
kg (C)/kW, kg (C)/hm?, kg (N,O)/hm?.

Carbon emissions for vegetable production are mainly divided into the inevitable
carbon emissions of agricultural input and the N,O emissions from farmland soil utilization.
Specifically, the carbon emissions from agricultural input are mainly composed of carbon
emissions from fertilizers, pesticides, mulching films, agricultural machines, irrigation, and
tillage. The carbon emissions from farmland soil utilization are mainly reflected in the N,O
generated in the vegetable production process. Table 1 shows the carbon emission sources,
carbon emission coefficients, and selection basis of data. We calculated relevant indicators
by referring to the fifth evaluation report of IPCC (based on the molecular weight). The
coefficients for converting C, N,O, and CHy to CO; are %, 265, and 28, respectively [19].
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Table 1. Carbon emission sources, carbon emission coefficients, and data sources.
Carbon Emission Source Carbon Emission Coefficient Data Source
Fertilizers 0.896 kg (C)/kg Oak Ridge National Laboratory (West et al. [20])
. Oak Ridge National Laboratory (West et al. [20];
Pesticides 4934 kg (C)/kg Su etal. [21])
Institute of Agricultural Resources and
Mulching films 5.180 kg (C)/kg Eco-Environment, Nanjing Agricultural University
(Cheng et al. [22])
Agricultural machines 0.180 kg (C)/kW Li [23]
Irrigation 20.476 kg (C)/hm? Li et al. [24]
Tillage 3.126 kg (C) /hm? Wu et al. [25]
Soil utilization 4.944 kg (NL0)/hm? Min et al. [26]

2.3. Calculation of Carbon Sink

This study focuses on the carbon fixed by net primary productivity in vegetable
production. The calculation formula is as follows:

CS=Crx Y x (1—W)/H )

where CS represents the carbon fixed by vegetable production (10,000 tons), Y represents
the economic yield (fresh weight) of vegetables (10,000 tons), and C, W, and H represent
the carbon sequestration rate, moisture content (%), and coefficient of vegetable production,
respectively. According to the research results of Han et al. [27], the values of C, W, and H
are 0.450 kg (CO,)/kg, 90%, and 0.6, respectively.

2.4. Calculation of Carbon Emission Intensity

We selected carbon emission intensity of soil utilization, yield, and income to evaluate
the carbon emissions of vegetable production. The calculation formula is as follows:

B=C/H 3)

where § is the land carbon intensity (t/hm?), and H is the land area (hm?). The larger the ,
the greater the carbon emissions generated by the production of vegetables per unit of land.

The carbon intensity of yield represents the carbon emissions generated for every 1 t
of vegetables produced. The calculation formula is as follows:

y=C/Y 4)

where 7 is the carbon emission intensity (kg/t). The larger the 7, the greater the carbon
emissions generated by the production of vegetables per unit of yield.
The carbon intensity of income represents the carbon cost per CNY. The calculation
formula is as follows:
I=C/I (5)

where [ represents the carbon intensity of income (g/CNY), and I represents the output
value of vegetable production (CNY). The larger the /, the greater the carbon emissions
from vegetable production.
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2.5. Prediction of Carbon Emissions from Vegetable Production

In this study, the carbon emission data of vegetable production of three periods
(1991-2021, 20012021, and 2011-2021) were used as samples to build a gray prediction
model GM (1, 1). The aim was to predict the changing trend of carbon emissions from
vegetable production in Guangdong Province from 2023 to 2060 [28]. The hypothesis
of GM (1, 1) model is based on the grey system theory, which holds that all random
variables are grey functions and grey processes changing within a certain range and a
certain period of time. The basic idea of this model is to use the original data to form the
original sequence (0). Then, the sequence (1) is generated by the accumulation generation
method, which can weaken the randomness of the original data and make it present a more
obvious characteristic rule. The first order differential equation model is established for the
transformed sequence (1), which is called GM (1, 1) model. This model has the advantages
of requiring less samples and of not requiring calculation of the statistical characteristic
quantity. It is widely used in the fields of industry, the environment, and economy because
of its short-term prediction effectiveness.

Firstly, based on the original sequence carbon emission data (x(?)), we calculated the
ratio of adjacent items in the data sequence using Equation (6):

xO(t—1)

A0 (1) = O

L t=1,2,3,...,n (6)

1fAO) (1) € (en;fl, e ), the original sequence can be used to build a gray prediction
model GM (1, 1). Otherwise, the original data needs to be converted to obtain a new
sequence x(! to meet the modeling requirements.

Secondly, we built a differential equation of carbon emissions (Equation (7)):

d(x)*(t)

(1) _
= +ax() =y @)

where x((t) is the cumulative sequence, a is the development of grey number, and y is the
endogenous control grey number. The a and y were solved using the least squares method.
The calculation formula is as follows:

m = (BT x B) ' x BT x y, (8)

Thirdly, we input the grey parameters into the time function to obtain Equation (9):

(1) = [x0(1) - E]emetn 4 B ©)

The carbon emissions were then predicted using Equation (10).

MO 1) = Ail)(t—irl) - /\S)(t), t=1,2,3...n—1 (10)

The calculated value of the development coefficient a of the grey differential equation
is between 0.3 and 0.5, and the model is suitable for short-term prediction. Before predicting
the carbon emissions of vegetable production in Guangdong Province from 2023 to 2060,
the model’s validity was tested using the residual test.
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3. Results

3.1. The Temporal Characteristics of Carbon Emissions from Vegetable Production
in Guangdong Province

From 1990 to 2022, the total carbon emissions from vegetable production in Guang-
dong Province generally showed a trend of first increasing and then decreasing (Table 2).
Specifically, the total carbon emissions increased from 1.4119 million tons in 1990 to
5.4125 million tons in 2015 and then gradually decreased to 4.8677 million tons in 2022.
Consistent with the trend of the total carbon emissions, the net carbon emissions of veg-
etable production also showed a trend of first increasing and then decreasing. They reached
a maximum of 2.8334 million tons in 2015 and then gradually fell to 1.8683 million tons in
2022. The above results are in line with the rapid development trend of China’s agricultural
economy, and the overall trend is close to the conclusions of related domestic and foreign
research [8,11]. At its root, China began to place greater emphasis on the importance
of “ecological civilization construction” from the later stage of the 12th Five-Year Plan,
especially after the convening of the 18th National Congress, and continued to practice
the “Two Mountains Theory” (“Lucid waters and lush mountains are invaluable assets”)
and the “dual carbon strategy”. As a result, since the period of the 13th Five-Year Plan,
total carbon emissions have shown a significant downward trend. On the other hand,
due to the continuous increase in planting area and yield, the carbon sink of vegetable
production has increased year by year from 732,600 tons in 1990 to 2.9993 million tons in
2022, with a growth rate of 309.40%. This increasing rate is greater than that in the total
carbon emissions. Overall, the growth rate exceeds that of total carbon emissions; the rate
of increase in net carbon emissions was 175.05%, which was lower than the rate of increase
in total carbon emissions.

Table 2. The carbon emissions, carbon sinks, and net carbon emissions from vegetable production in
Guangdong Province from 1990 to 2022.

Agricultural Input Farmland Soil Utilization
Total Carbon Carbon Net Carbon
Year Ca.rb‘on Proportion Ce.lrb'on Proportion Emissions Sinks Emissions
Emissions (%) Emissions %) (10,000 t) (10,000 (10,000 t)
(10,000 t) (10,000 t)
1990 7341 51.99 67.78 48.01 141.19 73.26 67.93
1995 140.17 56.31 108.74 43.69 24891 127.79 121.12
2000 163.20 55.22 132.34 44.78 295.54 166.11 129.43
2005 227.58 59.90 152.33 40.10 379.91 194.70 185.21
2010 285.90 64.91 154.57 35.09 440.47 203.89 236.57
2015 360.19 66.55 181.06 33.45 541.25 257.91 283.34
2020 306.40 63.17 178.65 36.83 485.05 278.01 207.04
2022 299.63 61.55 187.14 38.45 486.77 299.93 186.83
Growth rate 308.15% 18.39% 176.11% —19.91% 244.76% 309.40% 175.05%

3.2. Carbon Emissions from Different Sources in Vegetable Production

According to Table 2, agricultural input is the main carbon emission source for veg-
etable production in Guangdong Province. From 1990 to 2022, the overall emissions and
proportion showed a trend of first increasing and then decreasing, reaching the maximum
value in 2015 (the carbon emissions and proportion were 3.6019 million tons and 66.55%,
respectively). As of 2022, the above two values have increased by 308.15% and 18.39%,
respectively. However, during this period, the carbon emissions from farmland soil use in
vegetable production in Guangdong Province also showed a growth trend, with a cumula-
tive increase of 176.11% over 32 years. From the perspective of the proportion change, the
proportion gradually decreased from 1990 to 2015 but slowly increased after 2016.
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Figure 1 indicates that among all agricultural inputs, fertilizers are the most important
carbon source. Combining various policies, guidance, and regulations issued in recent
years, reducing fertilizer use becomes the main focus of carbon reduction. Specifically,
from 1990 to 2022, the carbon emissions from fertilizer input ranged from 486,600 to
2578,900 tons. They showed a trend of rapid increasing and then gradual decreasing,
peaking in 2015. In 2022, 2,151,000 tons of carbon emissions were reported; this increased
by 342.01% over the past 30 years. The proportion of carbon emissions from fertiliz-
ers ranged from 62.43% to 72.21%, showing a sustained and slow upward trend. The
largest proportion was in 2021, with an increase of 8.29% over 32 years. Pesticides are the
second-largest source of carbon emissions from agricultural inputs. From 1990 to 2022,
the carbon emissions from pesticides ranged from 131,200 to 581,100 tons, with an overall
trend of first increasing and then decreasing. The highest emissions were in 2015, increas-
ing by 228.94% over 32 years. The proportion of carbon emissions from pesticides was
14.40-21.72%, showing a decreasing trend. It reached its minimum value in 2022, decreasing
by 3.47% over 32 years. Mulching film is the third-largest source of carbon emissions from
agricultural inputs. From 1990 to 2022, the carbon emissions from mulching film ranged
from 54,700 to 292,800 tons. They showed a trend of continuous increase and then gradual
decrease, reaching a maximum value in 2015. The carbon emissions from mulching film
reached 269,800 tons in 2022, with a significant increase of 324.67% over 32 years. The
proportion of carbon emissions from mulching film was 5.34-9.00%, showing a trend of
gradual decrease and then increase. It reached its minimum value in 1998. In 2022, the
proportion reached 9.00%, slightly higher than that (8.65%) in 1990. The carbon emissions
from agricultural machines, irrigation, and tillage were 32,000-91,600, 14,800-43,800, and
5900-16,400 tons, accounting for 2.50-4.36%, 1.15-2.02%, and 0.44-0.81% of the total carbon
emissions, respectively. The carbon emissions from these three sources have shown an
upward trend, but their proportions have shown an opposite trend.

400
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Figure 1. The carbon emissions from various sources in vegetable production and their proportions
in Guangdong Province from 1990 to 2022.
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3.3. Characteristics of Carbon Emission Intensity of Vegetable Production in Guangdong Province

Due to the continued and stable growth in the planting area, yield, and output value,
the carbon emission intensity and net carbon emission intensity of income, land, and yield
of vegetable production in Guangdong Province have all decreased significantly from 1990
to 2022, although they did increase slightly in 2015 (Table 3). This result indicates that
the environmental cost of vegetable production in Guangdong Province has gradually
decreased. Among them, the carbon emission intensity and net carbon emission intensity
of income fell the most, followed by those of yield.

Table 3. Intensity of carbon emissions from vegetable production in Guangdong Province from 2009
to 2022.

Carbon Emission Net Carbon Carbon Emissi Net Carbon Carbon Emissi Net Carbon
Year Intensity of Emission Intensity Inatlt‘zn(;rilty I:flis;ﬁg Emission Intensity Inath(;ri‘ty I;}lesile(;g Emission ‘Intensity
Income of Income (t CO,/hm?) of Land (kg COL/t) of Yield
(g CO,/CNY) (g CO,/CNY) 2 (t CO2/hm?) 8402 (kg CO/t)
2009 69.49 37.89 3.72 2.03 164.92 89.92
2010 60.09 32.27 3.73 2.01 162.02 87.02
2011 59.14 31.49 3.78 2.02 160.44 85.44
2012 52.66 27.33 3.78 1.96 155.92 80.92
2013 47.41 24.47 3.73 1.92 154.96 79.96
2014 46.97 24.23 3.76 1.94 154.89 79.89
2015 47.23 24.72 3.92 2.05 157.40 82.40
2016 39.80 20.32 391 2.00 153.24 78.24
2017 38.80 19.37 3.88 1.94 149.74 74.74
2018 35.80 17.24 3.79 1.82 144.69 69.69
2019 35.85 16.29 3.67 1.67 137.47 62.47
2020 34.14 14.57 3.56 1.52 130.85 55.85
2021 31.61 12.65 3.46 1.39 125.04 50.04
2022 29.79 11.43 341 1.31 121.72 46.72
Grr‘;:‘:h ~57.13% —69.82% —8.37% —35.50% —26.20% —48.05%
3.4. Prediction of Carbon Emissions from Vegetable Production in Guangdong Province
We construct a grey prediction model GM (1, 1) to predict the carbon emissions from
vegetable production, net carbon emissions, and trends in Guangdong Province using
carbon emissions and net carbon emissions data of 1991-2022, 2001-2022, and 2011-2022.
Due to space limitations, we only present the specific prediction values for the ending year
of each five-year plan (Table 4).
Table 4. Prediction of carbon emissions and net carbon emissions in Guangdong Province.
Prediction of Carbon Emissions (10,000 t) Prediction of Net Carbon Emissions (10,000 t)
Year Carbon Carbon Carbon Net Carbon Net Carbon Net Carbon
Emissions Data Emissions Data Emissions Data Emissions Data Emissions Data Emissions Data
of 1991-2022 of 2001-2022 of 2011-2022 of 1991-2022 of 2001-2022 of 2011-2022
2025 608.96 644.35 503.26 285.01 265.25 114.81
2030 696.62 699.08 506.54 321.80 276.67 101.46
2040 911.59 822.87 513.15 410.25 301.03 79.24
2050 1192.90 968.59 519.84 523.01 327.52 61.89
2060 1561.01 1140.12 526.63 666.77 356.35 48.34

The prediction results of carbon emissions based on the data of 1991-2022, 20012022,
and 2011-2022 show that although the carbon emissions from vegetable production in
Guangdong will continue to increase, there are significant differences in the growth rate for
different periods. Among them, the predictions obtained based on the data of 1991-2022
are the largest, and the increase is also the largest; i.e., the emissions in 2030, 2040, 2050,
and 2060 will increase by 43.11%, 87.27%, 145.07%, and 220.69%, respectively, compared
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with that in 2022. The predictions based on the data of 2011-2022 were the smallest, with
predicted values for 2030, 2040, 2050, and 2060 increasing by 4.06%, 5.42%, 6.80%, and
8.19%, respectively, compared with that in 2022. Overall, it can be seen that the carbon
emissions from the vegetable industry in Guangdong province will continue to increase,
mainly due to the continuous expansion of vegetable yield and planting area. Notably,
the predicted results of future carbon emissions based on long-term data are not very
optimistic, while those based on the latest data from the past decade are more in line with
China’s green and low-carbon policies.

The prediction results of net carbon emissions based on different data show a certain
difference in trends. Among them, the predictions based on the data of 1991-2022 and
2001-2022 both predict a continuous increasing trend in the net carbon emissions of veg-
etable production in Guangdong Province after 2023, but the specific increase will vary.
Specifically, the prediction based on the data of 1991-2022 yields the largest predictions and
the fastest growth rate. However, the prediction based on the data of 2011-2022 predicts a
continuous decline trend in the net carbon emissions of vegetable production in Guangdong
Province after 2022, with the predicted values in 2030, 2040, 2050, and 2060 decreasing by
45.69%, 57.59%, 66.87%, and 74.13%, respectively, compared with that in 2022. This result
once again verifies the guiding role of national policies and also reflects the remarkable
achievements of a series of strategic layouts in ecological civilization construction of China,
such as green agricultural development, the dual carbon strategy in agriculture, and the
reduction and efficiency enhancement of chemical fertilizers.

4. Discussion and Conclusions
4.1. Discussion

From the perspective of the overall spatiotemporal evolution trend in carbon emissions,
the total and net carbon emissions from vegetable production in Guangdong Province
showed a trend of continuous increase and then gradually decline from 1990 to 2022, with
a peak in 2015. Compared to 1990, the carbon sink in 2022 showed a significant increase,
which contradicts the findings of the Guangdong Province agricultural carbon emissions
study [29,30]. On the contrary, the vegetable planting area has increased continuously,
reaching 1.4284 million hm? in 2022, 1.76 times the 517,300 hm? in 1990. This judgment
is also evidenced by the temporal characteristics of carbon sinks. From 1990 to 2022,
the carbon sink volume from vegetable production in Guangdong Province increased
significantly, with a growth rate of 309.40%, exceeding the growth rate in total carbon
emissions. Overall, vegetable production requires more frequent pesticide and fertilizer
applications. With the expansion of the planting scale and the increase in yield targets,
the amount of inputs, such as pesticides, fertilizers, and mulching films, has increased
significantly, leading to a marked rise in carbon emissions from vegetable production. The
pivotal turning point occurred around 2015, when Guangdong’s vegetable production
carbon emissions began to decline steadily, driven by the national strategy for ecological
civilization development. This progress was particularly notable in the agricultural sector,
where initiatives to reduce pesticide and fertilizer use, along with the promotion of green
production technologies, were implemented. The forecast results indicate that, except for
the net carbon emissions from vegetable production predicted using 2011-2022 data, which
showed a sustained decline after 2023, the carbon emissions and net carbon emissions
predicted by other annual time-series samples all exhibited a continuous upward trend
post-2023, though the growth rates varied. These findings also differ from the carbon
emission prediction trends observed in other regions of Guangdong Province [30]. The
reason for this is that the data period used in this paper is longer, and the time node of
the study is relatively new, which takes into account more recent policies, so the carbon
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emission trend is more optimistic. In any case, the conclusion of this paper can provide
reference for the sustainable development of vegetable production.

4.2. Conclusions

In terms of carbon emissions, the total carbon emissions from vegetable production
in Guangdong Province from 1990 to 2022 generally showed a trend of first continuous
increase and then gradual decline. The reason for this is that before 2015, the rapid growth
of China’s agriculture and overall economy kept pace with the synchronous development
trend of agricultural production carbon emissions. However, China began to attach great
importance to the construction of ecological civilization and its low-carbon development
strategy around 2015, leading to an immediate decline in indicators such as agricultural
production carbon emissions. Meanwhile, thanks to the continuous expansion of vegetable
cultivation areas and yields, the carbon sequestration from crop production increased
steadily from 1990 to 2022, with its growth rate significantly outpacing the overall rise
in carbon emissions. Therefore, the vegetable industry in Guangdong has made posi-
tive contributions to the implementation of the sustainable development concept and
implementation of the double carbon strategy.

The analysis reveals that factor inputs consistently represent the dominant agricultural
carbon source during the research period, accounting for 51.99-66.55% of total emissions.
Both the quantity and proportion initially rose before gradually declining during the re-
search period. Fertilizers, pesticides, and mulching films are the main inputs that cause
carbon emissions, accounting for more than 90% of the total carbon emissions from agricul-
tural inputs. The overall trend of carbon emissions from farmland soil use is increasing,
with a growth rate of 176.11% over 32 years. However, the trend shows that the number
of cases gradually decreased from 1990 to 2015 and then increased slowly after 2016. The
reason for the inconsistency in the proportion and trend of the main carbon sources is that
the focus of national agricultural green development is changing. Prior to the period of the
13th Five-Year Plan, the Chinese government placed significant emphasis on strategies for
fallow land management, no-till farming, and soil fertility enhancement. Since 2015, China
has strictly enforced its red line on arable land to ensure national food security, and has
paid more attention to the control of factor input in the process of ecological civilization
construction. The conclusion of this study can be supported by policies and experiences.

In terms of prediction of carbon emissions, except for the net carbon emissions of
vegetable production predicted by the sample data of 2011-2022, which showed a continu-
ous decreasing trend after 2023, the carbon emissions and net carbon emissions predicted
by the sample data of other years showed a continuous increasing trend in the future,
but the increase rate varied. Specifically, since the 21st century, the Chinese government
has prioritized balancing ecological conservation with economic development. This has
led to a noticeable decline in key environmental indicators. Consequently, projections
based on data from the past two decades show the lowest growth rate in carbon emissions.
Carbon emission projections based on post-2010 data show the slowest growth rate, which
is particularly significant for achieving carbon peaking and carbon neutrality goals. This
trend also reflects the remarkable progress in China’s ecological governance in recent years.

5. Policy Implications

Fertilizers, pesticides, and mulching films have been proven to be the main sources
of carbon emissions in vegetable production, so efforts should be made to continuously
promote the reduction of agricultural inputs in the future. Firstly, it is necessary to formu-
late different fertilization guidance for different soil types and to promote soil test-based
fertilization, quota management of nitrogen fertilizer, and efficient and advanced fertil-
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ization technologies such as unmanned aerial vehicle-based fertilization and fertigation.
It is also recommended to promote the replacement of chemical fertilizers with organic
fertilizers and the use of methods such as foliar spraying to increase fertilizer use effi-
ciency. These measures can reduce nitrous oxide emissions from vegetable fields, helping
realize the green and low-carbon transformation. At the same time, crop rotations, i.e.,
vegetables—soybeans-rapeseed, can be adopted to increase soil organic matter, contributing
to a reduction in fertilizers. Then, in response to the call for pesticide reduction, the gov-
ernment can stimulate the R&D and promotion of green and low-carbon prevention and
control technologies and pesticide reduction technologies and promote the development of
professional social service organizations with high-performance equipment, standardized
management, and high-quality services. Efficient and low-risk pesticides and other green
prevention and control measures can also be incorporated into the unified prevention and
control services, promoting the integration of green prevention and control with unified
prevention and control. Finally, it is necessary to promote the rational use of mulching
films and establish a system for the recycling, utilization, and harmless disposal of waste
mulching films, according to local conditions, to achieve recycling and reuse of waste films.

It is necessary to strengthen the R&D and promotion of green and low-carbon pro-
duction technologies for vegetables. It is recommended to control the inputs, accelerate
the formulation or revision of resource-saving and environmentally friendly vegetable
production standards, and continuously optimize the standard system for green production
of vegetables. In particular, it is necessary to focus on the implementation of low-carbon
technologies, such as fertilizer and pesticide reductions, and green pest control at key
and weak links in vegetable production. At the same time, the government should vigor-
ously support major scientific research institutions and relevant agricultural enterprises to
carry out joint research. For example, by using the advantages and conditions of policies,
resources, technologies, and talents in relevant scientific research institutes and universi-
ties, technical guidance and other services can be provided to enterprises to jointly solve
problems in green vegetable production. The government can stimulate experts in the
field of green agricultural development to provide technical services and promote green
varieties, advanced technologies, and high-performance equipment. Based on resource
conditions, production modes, and the degree of acceptance of farmers in various places,
the R&D and promotion of advanced agricultural models such as “pig-biogas—vegetable”
and “fruit-vegetable—tea” can be strengthened.

Policy support for green vegetable production can be increased to promote the es-
tablishment of the concept of low-carbon vegetable production. In combination with
current major agricultural projects, such as modern agricultural industrial parks and towns,
financial support for green and low-carbon production of vegetables can be increased.
The government can also establish an incentive system to promote the commercialization
of scientific and technological achievements of green vegetable production. Given the
advantages of agricultural cooperatives and enterprises in the adoption of new varieties,
green technologies, and new equipment, the government can guide them to develop green
agriculture, take the lead in using green vegetable production technologies, and carry out
standardized production. Furthermore, the demonstration effect of agricultural coopera-
tives and enterprises can provide professional and full-process green technology services to
small farmers, driving them to carry out green vegetable production. The government can
also increase farmers” awareness of green development by strengthening farmers’ resource
conservation and conceptions of green development and their related training. Green
production technology training can be provided, and social service systems, such as unified
farming, fertilization, pest and disease prevention and control, and harvesting, can be
established to improve the green level of vegetable production for small farmers. The
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government can also promote consumption of green and high-quality agricultural products
by subsidizing some promotional activities.
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