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Abstract: Global warming caused by greenhouse gas emissions is highly concerning. Both the envi-
ronmental Kuznets curve (EKC) hypothesis and decoupling analysis indicate a dynamic relationship
between economic growth and environmental pollution, and each method has its own emphasis. The
objective of this paper is to investigate the nexus between grain production and agricultural carbon
emissions for the main grain-producing areas in China. Taking Henan Province, the second largest
agricultural province, as an example, this paper examines the relationship between grain produc-
tion and agricultural CO, emissions during 2000-2019, using the EKC hypothesis and decoupling
analysis. The results are as follows: (1) The estimation model of CO, EKC shows the climbing stage
of an inverted U-shaped relationship, which suggests that agricultural economic growth occurred
at the cost of an increase in agricultural CO, emissions in Henan Province during the past 20 years.
(2) The results of the decoupling analysis show that incidences of weak decoupling and expansive
coupling states took up most of the study period, accompanied by an occasionally strong decoupling
state; decoupling and coupling states alternated irregularly, and no clear development trends were
observed. (3) Considering the shape of the CO, EKC and the decoupling state, environmental policies
encouraged decoupling, but suffered from time lags and poor continuity; long-term incentives,
such as an ecological compensation policy, could perhaps drive carbon emission reduction. On
this basis, Chinese agricultural policy should combine environmentally targeted interventions with
measures supporting production and farmers’ incomes, and environmental policy should also adapt
to economic growth. Only when both supplement each other can sustainable agricultural goals
be achieved.

Keywords: EKC hypothesis; decoupling analysis; agricultural CO, emissions

1. Introduction

In the past 50 years, the economic growth mode of high inputs and high emissions has
caused a series of environmental problems, which have affected the sustainable develop-
ment of the economy and society [1]. As global warming becomes increasingly prominent,
the question of how to deal with the economy—environment relationship is increasingly
becoming a global concern, and green new deals to improve the development mode and
reduce pollutant emissions are being promoted. Meanwhile, in academic circles, there is
a large body of studies on the relationship between economic growth and environmen-
tal pressure. The environmental Kuznets curve (EKC) hypothesis [2] and decoupling
analysis [3] are widely accepted methods of sustainability assessment. The shape of the
economy—environment relationship or the decoupling/coupling state has implications for
environmental policymaking [4,5].

With the extensive use of fossil energy materials, such as chemical fertilizers and
pesticides, the rapid growth of crop-production-induced carbon emissions has brought
public attention to low-carbon agricultural development [6-9]. According to a report by the
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Food and Agriculture Organization (FAO), agriculture is now the second largest source of
greenhouse gas (GHG) emissions [10]. As a major agricultural country, China’s main grain-
producing areas shoulder the important burden of maintaining food security. From 1999 to
2003, grain output declined year on year, resulting in insufficient production. Especially in
2003, the grain planting area dropped to the lowest level since the founding of the People’s
Republic of China, shaking national food security. In this situation, grain-producing areas
were set, and beneficial policy support was provided in order to stabilize national food
production. Since 2004, China’s grain production has increased in 18 consecutive years, to
which major grain-producing areas have significantly contributed. However, the excessive
application of fertilizer not only promotes agricultural production efficiency, but also exac-
erbates GHG emissions [11]. Especially for major grain-producing areas, under the goal
of high yield, agricultural production in these areas is intensified, and the contradictions
and conflicts between agricultural economic growth and ecological environment protec-
tion are more concentrated. Agricultural nonpoint source pollution increased with the
increase in production scale, resulting in growing environmental pollution [12]. Currently,
China’s agricultural development goals include high yield, high quality, high efficiency,
eco-environmental safety, and competitiveness. How can China substantially contribute to
addressing global climate change while ensuring food security and the effective supply of
agricultural products? Obviously, this depends on the policy guidance and the path choice
of low-carbon agriculture.

Henan Province is the second largest agricultural province in China, which takes up
one-quarter of China’s wheat output and feeds about 380 million people every year. Since
2014, the use of fertilizer in Henan Province has been the highest in China. Taking Henan
Province as an example, the rest of this paper reports on the following: (1) Following the
EKC hypothesis of an inverted U shape and a cubic function model estimation, the CO,
EKC was empirically tested between grain production and agricultural carbon emissions
in Henan Province over the last 20 years. (2) Further, the decoupling degree of the rela-
tionship between grain production and agricultural carbon emissions was determined by
the decoupling elasticity coefficient. (3) The results of the CO, EKC fitting and decoupling
analysis were evaluated and compared. Finally, in this article, policy suggestions are given
for existing problems.

2. Literature Review

According to the EKC hypothesis, the economy-environment relationship follows an
inverted U shape: in the process of economic growth, pollutant emissions rise from the
beginning, peak in the middle, and fall at the end [2,13-18]. In fact, many EKC studies show
that there is also an N shape [19,20], a linear shape [21,22], or even an irregular shape [23,24].
Recently, an increasing number of EKC studies have expanded from traditional pollutant
indicators (including atmosphere, water, and land) to new indicators (such as ecological
footprint and carbon footprint) [25,26], from indicators of emissions per capita to total
emissions [23]. Regardless of the different methods employed in previous EKC studies,
almost all follow a similar cubic function model [27-29]. Sarkodie and Strezov tested
EKC hypotheses for Australia, China, Ghana, and the USA during 1971-2013, in order to
determine the factors driving GHG emissions in their economic development [30]. Yan
and Chen [31] examined the relationship between agricultural nonpoint pollution and
economic development in China, and found that an inverted U-shaped relationship existed
during 1998-2015. In further studies on a provincial scale in China, Shang et al. [32]
found that pesticide application intensity and agricultural output value in Heilongjiang
Province showed an inverted U shape, while the relationship between fertilizer application
intensity and agricultural output value was N-shaped. Yan et al. [33] found that there
was an N-shaped curve between fertilizer application intensity and agricultural output
value in Henan Province during 1997-2017. As mentioned above, a high diversity of EKC
estimations exist across spatial scales, from one country to a whole region, and over time.
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In 2002, the OECD borrowed the concept of decoupling to estimate the economy-—
environment relationship [3] and provided an indicator for the judgement of decoupling
degree. According to its classification, absolute decoupling means that the economy grows
but environmental pressure remains unchanged or declines, whereas relative decoupling
means that the economy grows faster than the rate of environmental degradation. In 2005,
Tapio further developed an elastic coefficient as a decoupling index, which overcame the
shortage due to base selection [34]. Subsequently, Vehas et al. [35] put forward suggestions
for improving decoupling indicators. In an empirical study, Chen et al. [36] found that
agricultural production and carbon emissions in Heilongjiang Province experienced an
expansion and connection stage, a weak decoupling stage, a strong coupling stage, and
a strong decoupling stage, from 2008 to 2017. For example, during 2014-2015, the use of
agricultural chemicals in crop production was relatively high, as were agricultural carbon
emissions; however, under the influence of the national policy of reducing the price of
temporary storage, the income of corn and soybean production significantly decreased,
which caused a strong coupling relationship between crop production and agricultural
carbon emissions; that is, the economy shrank and the environment deteriorated. After
the Ministry of Agriculture in China issued the Action Plan of Zero Growth of Chemical
Fertilizer Usage by 2020 in 2015, Heilongjiang Province implemented clean technology in
agricultural production and achieved the zero growth target of chemical fertilizer usage in
advance. In this sense, the sustainable development goal from coupling to decoupling can
be achieved on the basis of environmental policy interventions.

Considering ways through which to further explore the relationship between eco-
nomic growth and pollutant emissions, the United Nations Environment Program (UNEP)
suggested that decoupling analysis may be linked with the EKC hypothesis [37]. From this
perspective, Lv et al. [38] examined the relationship between economic growth and the
carbon emissions of the manufacturing industry in China during 1995-2017, integrating
EKC with decoupling, and the fitting result was acceptable from the perspective of the
whole manufacturing industry. Nonetheless, more relevant empirical explorations are
needed [39]. In this regard, this study examines the nexus between grain production and
agricultural carbon emissions in Henan Province during 2000-2019, using both the EKC
hypothesis and decoupling analysis, so as to provide suggestions for achieving food and
environmental security in Henan Province.

3. Materials and Method
3.1. Study Area

Wheat is one of China’s two staple foods, and Henan Province takes up one-quarter of
China’s wheat output, which plays an important role in ensuring national food security.
During 2000-2019, the proportion of sown grain area in Henan Province increased from
69% to 74%, the value added to agriculture increased from 1264.3 hundred million yuan to
2941.3 hundred million yuan (that is, it more than doubled), and rural per capita annual
disposable income increased from 1986 yuan to 8578 yuan. Meanwhile, there was also a
significant increase in agricultural chemical inputs: the use of chemical fertilizers increased
from 419.5 x 10* tons to 692.8 x 10* tons, and has ranked first in China since 2014; the use
of pesticides increased from 9.55 x 10% tons to 11.36 x 10 tons; the use of agricultural diesel
increased from 79.6 x 10%* tons to 103.9 x 10% tons; and the use of plastic films increased
from 9.2 x 10* tons to 15.3 x 10* tons. All greatly increased agricultural carbon emissions
and exerted great pressure on farmland ecosystems. Additionally, accompanied by rapid
urbanization, the change in the agricultural labor force was significant. For example, the
rural nonagricultural employment rate increased from 24.5% to 47.3%, and the aging rate of
the agricultural labor force increased from 7.3% to 12.3%, which also indirectly influenced
agricultural carbon emissions through agricultural chemical inputs.
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3.2. Estimation and Data Source of Agricultural CO, Emissions

According to the calculation method in China and elsewhere, the agricultural CO,
emission calculation follows Equation (1):

i=6
C= EiXTi (1)

i

Il
—_

where C represents the estimation value of grain-production-based carbon emissions con-
verted into CO; equivalents, i is the agricultural input or source, E; is the amount of each
agricultural input or source i (including fertilizers, pesticides, plastic films, agricultural
diesel, tillage, and electricity for irrigation), and T; is the emission factor following existing
research [40-42].

Following previous studies [43,44], agricultural carbon emission intensity (CI), also
called agricultural production efficiency or carbon productivity, reflects the progress in
low-carbon agricultural production mode, namely, CI in decline indicates agricultural
carbon emission reduction due to improvements in technology, policy, and management.
Here, Cl is expressed by Equation (2):

Cl = c )
where CI represents CO; emissions per unit of value added to grain production (unit:
tons per 10,000 yuan), C is agricultural CO, emissions (unit: tons), and G is agricultural
economic performance, measured by value added to grain production (unit: 10,000 yuan).

In data processing, we deflated the value added to agriculture and total agricultural
output value in Henan Province according to the standard of the year 2000. Additionally,
we took logarithms of the data of the variables to reduce the order of magnitude of the raw
data, thereby reducing its volatility. Table 1 reports the descriptive statistical results of the
variables, and further statistical analysis can be conducted.

Table 1. Descriptive statistics of variables and data sources.

Variables Obs. S.D. Mean Min. Max. Data Source

China Rural Statistical
Yearbook (2001-2020)
Henan Statistical
Yearbook (2001-2020)

InC 20 0.239 7.041 6.645 7.393

InG 20 0.287 7.593 7.142 8.037

3.3. EKC Hypothesis and Model Specification

On the basis of the above research on EKC, and considering the agricultural devel-
opment process in the main grain-producing areas in China, the goal of high grain yield
was achieved at the cost of high material input and high pollutant emissions. We assume
an EKC hypothesis, according to which there is an inverted U-shaped relationship be-
tween grain production and agriculturally driven carbon emissions in Henan Province
during 2000-2019; that is, in the process of agricultural economic growth, agricultural
carbon emissions increase in the beginning, and gradually decline after the turning point.
Following David [45] and Selden and Song [46], the model specification of CO, EKC for
the relationship between grain production and agricultural carbon emissions in Henan
Province is expressed in reduced form as Equation (3):

InC = by 4 byInG + by (InG)* + b3 (InG)* 3)

where C is agricultural carbon emissions; G is value added to agriculture; In indicates the
natural logarithm; by is the constant term; by, by, and b3 are the coefficient estimates of the
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regressors; and ¢ is random error. If b; >0, by <0, and the significance test is passed, an
inverted U-shaped EKC can result; otherwise, an inverted U-shaped EKC does not exist.

3.4. Decoupling Index

Following Tapio [34], we constructed a decoupling index (DI) to examine the nexus
between grain production and agricultural CO, emissions in Henan Province. The equation

is expressed as:
AC  (Cy—Cwm)/Cy
pr= AG  (Gn—Gp)/Gp @)

where DI indicates the change in agricultural CO, emissions with respect to the value
added to agriculture during the base period m and the last time #; we chose one year as the
time interval in this paper. AC and AG denote the change in agricultural CO, emissions and
the value added to agriculture for a period of one year, respectively; C;, and C,, represent
agricultural CO, emissions for a period one year, respectively, and G, and G, represent the
value added to agriculture within a year, respectively.

Decoupling degrees are determined according to environmental pressure (AC), eco-
nomic growth (AG), and DI values (Table 2).

Table 2. Decoupling degrees and features.

. Environmental Economic Growth
Decoupling Degrees Pressure (AC) (AG) DI Features
. . Economy grows while the

Expansive coupling AC>0 AG>0 br>1 environment rapidly deteriorates.

Strong coupling AC>0 AG <0 DI<0 Ecopomy shrinks a.nd the
environment deteriorates.
Economic recession is faster than the

Weak coupling AC<0 AG <0 0<DI<1 rate of the environmental
improvement.

Weak decoupling AC >0 AG >0 0<DI<1 Economic growth is faster than~the
rate of environmental degradation.

Strong decoupling AC <0 AG>0 DI<0 Er}Vlrogmeptal pressure declines
with a rise in economy:.

Recessive decoupling AC<0 AG <0 DI>1 Ecopomy shrllnks while the
environment improves.

4. Results

4.1. Results of Agricultural CO, Emission Estimation

According to Equations (1) and (2), both the agricultural CO, emissions and the
agricultural carbon emission intensity (CI) of Henan Province from 2000 to 2019 were
estimated (Figure 1). Along with rising agricultural economic growth, except in 2003, when
farmers’ willingness to plant bottomed out, agricultural CO, emissions generally showed
a trend of rising in fluctuations, with a low point in 2003 (768.9 x 10* tons) and a high
point in 2019 (1624.3 x 10* tons). The agricultural CO, emission intensity (CI) rose and
fell, with a high point in 2005 (0.61 tons per 10* yuan). During the most recent decade,
agricultural carbon emission intensity (CI) dropped in fluctuation and fell to a new low
in 2018 (0.48 tons per 10* yuan); however, it had a slight recovery in 2019 (0.53 tons per
10* yuan). As a whole, there was a downward trend in agricultural CO, emission intensity
(CI), which indicates that Henan Province has the potential for a low-carbon agriculture,
despite its unclear development path.
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Figure 1. Agricultural carbon emissions and agricultural carbon emission intensity (CI) in Henan
Province during 2000-2019.
4.2. Results of CO, EKC Fitting

On the basis of data for the value added to agriculture and agricultural CO, emissions
(2000-2019), a scatter diagram of grain production and agricultural carbon emissions in
Henan Province was further fitted, as shown in Figure 2.
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Figure 2. Scatter diagram of value added to agriculture and agricultural carbon emissions in Henan
Province (2000-2019).

It is not certain that the shape of the EKC in Figure 2 belongs to a linear or nonlinear
case. Therefore, we next estimated the CO, EKC on the basis of Equation (3). In order
to prevent the occurrence of serial pseudo-regression, the ADF test method was used to
test the stability of the series, and in order to eliminate the effect of heteroscedasticity and
improve the accuracy of the estimation, the variables in the form of a natural logarithm
were adopted. Table 3 shows the unit root test results of the variables; the value added
to agriculture and agricultural carbon emissions in the form of natural logarithms was
stationary at significance levels of 5% and 10%, respectively.
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Table 3. Unit root test results of variables.
Inspection Type  ADF Test Critical Values at Different Levels of Significance
Variable T p Value Result
(ct,q) Statistics 1% 5% 10%
C (¢,0,3) —1.613 —-3.920 —3.066 —2.673 0.453 Nonstationary
G (¢,0,3) 1.007 —3.920 —3.066 —2.673 0.994 Nonstationary
InC (c,0,3) —2.686 —3.920 —3.066 —2.673 0.098 Stationary
InG (¢,0,3) —3.949 —-3.920 —3.066 —2.673 0.010 Stationary

Note: In the inspection type (c, t, q), ¢, t, and q represent the constant term, time trend, and lag order, respectively.
The lag order was obtained according to the SIC criterion.

Next, the Granger causality test was conducted for the correlational analysis of the
variables. As shown in Table 4, the null hypothesis that “InG is not the Granger cause for
InC” was rejected at a significance level of 10%, and the null hypothesis that “InC is not
the Granger cause of [nG” was not rejected. The results showed that agricultural economic
growth was the cause of the increase in agricultural carbon emissions.

Table 4. Results of Granger causality test.

Null Hypothesis F-Statistics p Value Results
InG is not Granger reason for [nC 3.268 0.090 Rejected
InC is not Granger reason for InG 0.001 0.978 Accepted

We performed the EKC fitting according to Equation (3), and results are shown in
Table 5; we obtained the nonlinear curve fitting as Equation (5):

InC = —28.519 + 8.588InG — 0.514(InG)? (5)

Table 5. Results of EKC fitting for Henan Province (2000-2019).

Variables Model (1) Model (2) Model (3)
Constant term 0.888 ** —28.519 *** 117.668
(2.639) (-3.862) (0.451)
G 0.810 *** 8.588 *** —49.338
(18.303) (4.399) (—0.477)
2 —0.514 *** 7.131
(InG) (—3.985) (0.522)
3 —0.336
(InG) (—0.560)
Adjusted R? 0.946 0.971 0.969
Fostatistic 334.986 313.890 200.916
(0.000) (0.000) (0.000)

Note: ** and *** are significance levels at 5% and 1%, respectively.

Table 5 suggests that there was an inverted U-shaped relationship between grain
production and agricultural carbon emissions in Henan Province, which is currently at the
climbing stage of an inverted U-shaped EKC (Figure 2), indicating that agricultural carbon
emissions kept rising along with agricultural economic growth during the past 20 years,
and no peak has yet appeared.

4.3. Results of Decoupling Analysis

There were four kinds of decoupling or coupling states in Henan Province during
2000-2019 (Table 6). Weak decoupling appeared for 8 years, expansive coupling appeared
for 7 years, strong decoupling occurred for 3 years, and weak coupling appeared for 1 year.
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In addition, as seen from the time series, a decoupling state irregularly alternated with a
coupling state.

Table 6. Decoupling states in Henan Province (2000-2019).

Year AC AG DI Decoupling States
2000-2001 0.029 0.054 0.540 Weak decoupling
2001-2002 0.048 0.049 0.987 Weak decoupling
2002-2003 —0.075 —0.096 0.781 Weak coupling
2003-2004 0.085 0.188 0.452 Weak decoupling
2004-2005 0.237 0.077 3.078 Expansive coupling
2005-2006 0.047 0.081 0.579 Weak decoupling
2006-2007 0.031 0.047 0.663 Weak decoupling
2007-2008 0.055 0.051 1.080 Expansive coupling
2008-2009 —0.008 0.031 —0.252 Strong decoupling
2009-2010 0.041 0.043 0.964 Weak decoupling
2010-2011 0.066 0.043 1.532 Expansive coupling
2011-2012 0.048 0.042 1.142 Expansive coupling
2012-2013 —0.038 0.041 —0.932 Strong decoupling
2013-2014 0.051 0.039 1.299 Expansive coupling
2014-2015 0.079 0.056 1.406 Expansive coupling
2015-2016 —0.047 0.053 —0.896 Strong decoupling
2016-2017 0.001 0.050 0.020 Weak decoupling
2017-2018 0.003 0.036 0.073 Weak decoupling
2018-2019 0.150 0.052 2.895 Expansive coupling

Following Table 2, strong decoupling refers to a state in which the agricultural economy
grows while agricultural carbon emissions decline. Table 6 shows that strong decoupling
states appeared in 2009, 2013, and 2016 in Henan Province; here, we attempted to associate
them with relevant environmental policies issued by the Chinese government since the
beginning of the 21st century. For example, after the National Action Plan on Climate
Change was introduced in 2007, and a target of reducing 40-45% of CO, emissions per
unit of GDP by 2020 against 2005 levels was set by the Chinese government in 2009, the
use of chemical fertilizers, especially nitrogen fertilizers, decreased by 0.94% and 0.05%,
respectively. As a result, the first strong decoupling state occurred in Henan Province in
2009. Additionally, after the goal of building a resource-conserving and environmentally
friendly society was put forward in 2012, the reduction in chemical fertilizers attracted
more attention, and agricultural carbon emissions showed a negative growth rate one year
later, so a second strong decoupling state arose. Similarly, the Soil Pollution Prevention
and Control Action Plan was issued in 2016, which promoted fertilizer reduction in grain
production, and a third strong decoupling state reappeared in 2016. As mentioned above,
we found tentative evidence that environmental policies encouraged the decoupling of
agricultural carbon emissions from grain production in Henan Province during 2000-2019.

Weak decoupling refers to a state in which the growth rate of the economy is higher
than the rate at which the state of the environment worsens. The occurrence of the weak
decoupling state in Henan Province mostly appeared in the years when some environmen-
tal policies were issued, including the Clean Production Promotion Law issued in 2002, the
Soil Pollution Prevention and Control Action Plan issued in 2017, and the writing of “Eco-
logical Civilization” into the Chinese Constitution in 2018. Combing weak decoupling and
strong decoupling states, we found that environmental policies played a role in reducing
agricultural carbon emissions, despite time lags and poor continuity.

Expansive coupling means a state in which the agricultural economy grows at the
cost of an increase in agricultural carbon emissions. In fact, the expansive coupling state
occurred more frequently and often followed different degrees of decoupling state in Henan
Province. The single occurrence of weak coupling occurred due to some specific factors,
such as farmers’ low willingness to grow crops, with negative change rates in value added
to agriculture and agricultural carbon emissions in 2003.
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To sum up, strong decoupling has taken place since 2009; however, this situation
has not lasted long. The high diversity in decoupling or coupling states indicated that
the rising environmental costs and negative environmental impact affected sustainable
agricultural production in Henan Province, and many challenges to Henan’s decoupling
ambition are evident. Addressing these challenges requires a complex combination of
scientific strategies, environmental policies, and farmers’ actions, and there is much room
for policy improvement.

4.4. Results of Integrating EKC with Decoupling

Generally, the EKC hypothesis describes the long-term characteristics of the economy-
environment relationship, and decoupling analysis reveals the short-term characteristics
of the economy—environment relationship; both have their priorities. According to the
UNEP [37], from the perspective of sustainability assessment, in the process of continued
economic growth, the value of the decoupling index may be linked with three stages of the
inverted U-shaped EKC (Figure 3).

Alressures on environment (P)

Economic growth (Y)

Figure 3. Diagram of integrating EKC with decoupling. Adapted from Ref. [37].

As shown in Figure 3, area A in an inverted U-shaped EKC, the climbing stage,
corresponds to the section of DI > 1, which means economic growth at the cost of high
environmental pressure, and no decoupling occurred; area B corresponds to the section
of 0 < DI < 1, which means that weak decoupling appeared; in other words, the economic
growth rate was higher than that of the environmental degradation; similarly, area C, the
declining stage, corresponds to the section of DI < 0, which means that economic growth
decoupled from environmental pressures. DI = 1 means that a turning point between strong
coupling and weak decoupling appeared, and DI = 0 means that a turning point between
weak decoupling and strong decoupling appeared.

Following UNEP [37], in the case of grain-production-induced carbon emissions in
Henan Province, we integrated the agricultural CO, EKC with decoupling analysis, after
the data in 2003 were removed due to negative economic growth. Figure 4 illustrates
that the climbing stage of an inverted U-shaped EKC accompanied by mixed decoupling
performance, namely, coupling states and decoupling states alternated irregularly; nei-
ther DI = 0 nor DI = 1 appeared, and we found no inflection point, which indicated that
agricultural economic growth in Henan Province still took place at the cost of increasing
agricultural carbon emissions, although it had the potential to occasionally enter a decou-
pling state (the value of DI < 0 appeared sporadically, although the section of area C does
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not appear in Figure 4). Henan Province is facing the dual pressure of food security and
environmental protection.

1600

—_
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Figure 4. Results of integrating EKC with decoupling analysis in Henan Province.

In view of the relationship between grain production and agricultural carbon emissions
in Henan Province, although the ideal combination of EKC and decoupling, as in Figure 3,
did not appear, Figure 4 displays the current status of Henan Province, which reminded
us to adjust the agricultural production mode for the goals of ensuring food security and
low-carbon agricultural development, especially for similar main grain-producing areas in
China. More improvements are needed in agricultural scientific technology, policymaking,
and strengthening field management. This empirical case focuses on the first steps, followed
by problem diagnosis, so as to provide suggestions for more targeted policy interventions.

5. Discussion

(1) From the perspective of sustainability assessment, the EKC describes the long-
term relationship between economic growth and environmental pressure, and decoupling
analysis indicates the extent to which environmental pressure decouples from economic
growth in the short term. The shape of the economy-environment relationship and the de-
coupling/coupling state each have their implications for environmental policymaking [4,5],
so comprehensive analyses based on EKC and decoupling are conducive to constructive
policies focused on green economic growth. For example, Xia and Zhong [39] combined
these two methods to examine the relationship between economic growth and SO, emis-
sions in 271 cities in China during 2004-2013, and further explored the relationship between
the decoupling elasticity coefficient and per capita GDP, when there was an inverted U-
shaped curve. Taking their cue from UNEP [37], Lv et al. [38] investigated the nexus
between the manufacturing industry and CO; emissions in China from a long-term trend
and short-term changes (Figure 5). Compared to Figure 3, despite the absence of a section
of area A (which corresponds to the section of DI > 1), areas B and C in Figure 5 correspond
to the sections of 0 < DI < 1 and DI < 0, respectively. According to Figure 5, we found
tentative evidence that the overall manufacturing-industry-induced carbon emissions over
the past 20 years passed the first inflection point (DI = 1) and the second inflection point
(DI = 0), and entered the declining stage across the peak of the inverted U-shaped EKC. In
fact, not every empirical case is consistent with the UNEP’s idea [37]. However, this idea is
worth adopting.
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Figure 5. Relationship between manufacturing industry and CO, emissions in China during
1995-2017 based on EKC and decoupling. Reprinted from Ref. [38].

In this case study, with regard to the relationship between grain production and agri-
cultural carbon emissions in Henan Province during 2000-2019, on the one hand, the results
of the CO, EKC estimation showed the climbing stage of an inverted U-shaped relationship,
which indicated a poor relationship over the years; on the other hand, according to the
annual decoupling analysis, various decoupling states occurred. However, they were
interrupted frequently by expansive coupling states, which testified that existing policies
need to be improved in order to achieve the goal of low-carbon agricultural development.

(2) From a policy perspective, more efficient policy interventions, such as the Common
Agricultural Policy (CAP) in the EU, are worth learning from. In the CAP, the European
Environment Agency successfully combined measures of environmentally targeted inter-
ventions and support for agricultural production and farmers’ incomes, which played key
role in inhibiting greenhouse gas emissions, including the progressive shift in support from
coupled to decoupled subsidy, in addition to measures that provide incentives towards
sustainable and low-carbon practices and behaviors [47-49].

China is in the process of rapid urbanization. With its rural transformation, Henan’s
countryside is faced with a large outflow of young adults and an aging agricultural labor
force, which directly or indirectly lead to the excessive application of chemical fertilizers,
pesticides, and other agricultural materials (the use of fertilizer in Henan Province has been
the highest in China since 2014). In this paper, through the integration of EKC and decou-
pling, we found that existing environmental policies had time lags and poor continuity; the
main reason probably lies in the shortage of long-run incentives for farmers. Therefore, this
paper emphasizes an agricultural ecological compensation policy for promoting the devel-
opment of low-carbon agriculture in China. Farmers, after all, are followers of agricultural
economic interests, and the implementers of green and low-carbon agriculture.

The Chinese government has issued a series of agricultural benefit policies since
2004, including direct grain subsidies, subsidies for the purchase of agricultural machinery
and tools, comprehensive subsidies for agricultural materials, and agricultural insurance.
The purpose of the above policies is to stimulate farmers’ enthusiasm for growing grain,
increasing farmers’ production and income. However, high output in agriculture often
becomes the main driving factor of high pollutant emissions, which in turn undermines
sustainable agricultural development. In 2005, the Chinese government proposed the
establishment of an ecological compensation mechanism for the first time. In order to solve
integral problems, such as single financial payments, a low compensation standard, and an
unsustainable compensation mechanism, in practice, new policies have been intensively
introduced in recent years. For example, “Opinions on Improving the Compensation
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Mechanism for Ecological Protection” was issued in 2016, and the establishment of a
market-oriented and diversified ecological compensation mechanism was put forward
in 2017. In particular, “Opinions on Deepening the Reform of the Ecological Protection
Compensation System” was set out in 2021, which set clear requirements for vertical and
horizontal compensation, and advocated a diversified compensation mechanism led by the
government and involving the market. All the above policy interventions help to form a
positive interaction between ecological protectors and ecological beneficiaries, and provide
institutional support for the development of low-carbon agriculture in China.

Moreover, many studies focus on agricultural ecological compensation. Considering
that the agricultural ecosystem has the dual properties of carbon source and carbon sink,
Chen and Jiang [50] constructed the carbon account of the whole agricultural production
process, and calculated the net agricultural carbon sink of each province in China from
2007 to 2015. Wu et al. [51] explored the spatial spillover effect, and found that agricultural
economic growth had a positive impact on the agricultural carbon offset rate, while the
size of the agricultural labor force and the intensity of chemical fertilizer application had a
negative effect. Lastly, regional cooperation was suggested for exploring the diversified
paths of carbon emission reduction. Zhu et al. [52] identified the determining factors
in farmers’ willingness to participate in the market-based ecological compensation, and
provided suggestions for stimulating farmers” willingness to participate. All the above
studies put forward suggestions for policymaking towards low-carbon agriculture in China.

(3) Policy suggestions. Under low-carbon agriculture targets, we provide the following
policy suggestions on the basis of the above findings: (D) Agricultural environmental objec-
tives should be strengthened through the formulation and implementation of agricultural
subsidy policies. With a single economic policy or environmental policy, it is difficult to
achieve a globally beneficial effect, especially for major grain-producing areas, such as
Henan Province, which performs the dual tasks of food security and environmental security.
Therefore, new agricultural policies should give equal weight to environmental protection;
besides, fiscal and tax policy support for agricultural scientific and technological innovation
should be increased, both for increasing grain output and for building environmentally
friendly production modes, so as to minimize pollutant emissions from production sources.
@ The agricultural ecological compensation policy should be improved, and detailed and
operable implementation rules should be set out, according to voluntary and incentive-
based policy measures, and by means of transfer payments from the central finance system.
Farmers who input low-carbon agricultural materials (such as organic fertilizer) or adopt
low-carbon agricultural activities (such as no tillage and returning straw to the field) and
enterprises producing low-carbon agricultural materials should receive loss subsidies,
rewards, and financial discount loans. The long-acting incentive mechanism will give full
play to farmers’ initiatives towards emission reduction, which will produce twice the result
with half the effort. 3) We will focus on regional integration and build a platform for the
regional collaborative promotion of agricultural carbon reduction, especially for major
grain-producing areas in China. Since the reward and punishment funds mainly come from
the financial expenditure of each region, in practice, the national level is responsible for
overall coordination and optimizing the flow of reward and punishment funds. In short, it
is a difficult task to achieve food and environmental security, especially for a country with
a large population; however, continuous efforts are being undertaken towards achieving
sustainable and low-carbon agriculture.

6. Conclusions

The objective of this paper was to investigate the nexus between grain production and
agricultural carbon emissions in Henan Province during 2000-2019, using both the EKC
hypothesis and decoupling analysis, so as to promote the stable sustainable development
of agriculture and consolidate the strategic position of food security in Henan Province.

The results of the CO, EKC estimation showed an inverted U-shape EKC during
2000-2019, and the current status is at the climbing stage, which indicates a poor rela-
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tionship between grain production and agricultural carbon emissions. The results of the
decoupling analysis showed that weak decoupling and expansive coupling were prevalent
during the study phase, and decoupling and coupling states alternated irregularly, which
indicates that Henan Province has the potential for low-carbon agricultural development,
although opportunities and pressure coexist.

On the basis of integrating the EKC hypothesis with decoupling analysis, we found
that the environmental policies promulgated by the Chinese government in the 21st cen-
tury have helped to mitigate agricultural carbon emissions, but they also showed time
lags and poor continuity. The main reason for this may lie in the shortage of long-term
incentives, such as an ecological compensation system for farmers. Lastly, this paper high-
lights the great importance of agricultural subsidy policies to environmental impact, and
suggests that agricultural subsidy policies should give equal weight to farmers” incomes
and environmental protection in order to achieve low-carbon agricultural goals.
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