
TYPE Original Research

PUBLISHED 02 March 2023

DOI 10.3389/fsufs.2023.1096381

OPEN ACCESS

EDITED BY

Eduardo Aguilera,

Centro de Estudios e Investigación para la

Gestión de Riesgos Agrarios y

Medioambientales (CEIGRAM), Spain

REVIEWED BY

László Vasa,

Széchenyi István University, Hungary

Zhang Yucui,

Chinese Academy of Sciences (CAS), China

*CORRESPONDENCE

Zhu Hongbin

zhhbin02@nwsuaf.edu.cn

SPECIALTY SECTION

This article was submitted to

Climate-Smart Food Systems,

a section of the journal

Frontiers in Sustainable Food Systems

RECEIVED 30 November 2022

ACCEPTED 06 February 2023

PUBLISHED 02 March 2023

CITATION

Xinxing S, Sarkar A, Yue D, Hongbin Z and

Fangyuan T (2023) The influences of the

advancement of green technology on

agricultural CO2 release reduction: A case of

Chinese agricultural industry.

Front. Sustain. Food Syst. 7:1096381.

doi: 10.3389/fsufs.2023.1096381

COPYRIGHT

© 2023 Xinxing, Sarkar, Yue, Hongbin and

Fangyuan. This is an open-access article

distributed under the terms of the Creative

Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is

permitted, provided the original author(s) and

the copyright owner(s) are credited and that

the original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

The influences of the
advancement of green
technology on agricultural CO2

release reduction: A case of
Chinese agricultural industry

Shi Xinxing1, Apurbo Sarkar2, Deng Yue3, Zhu Hongbin1* and

Tian Fangyuan3

1College of Humanities and Social Development, Northwest A&F University, Xianyang, Shaanxi, China,
2School of Agriculture and Food Sciences, University of Queensland, Brisbane, QLD, Australia, 3School of

Management, Xi’an University of Science and Technology, Xi’an, China

The development of green technology (GT) may have a vital influence in

decreasing carbon releases, and the linkage between the advancement of GT and

CO2 releases in China’s agricultural industry has not attracted enough attention.

The main objectives of this study are to assess the influence of agricultural green

technology advancement on e�ciency enhancement, release control capabilities,

agricultural energy structure, and agriculture industrial structure. This article

decomposes the advancement of green technology (AGTP) in the agricultural

industry in China into resource-saving green technology advancement (AEGTP)

and emission reduction green technology advancement (ACGTP). At the same

time, to evaluate the intermediary impact of green technology advancement, a

two-step econometric model and an intermediary impact model were utilized

to evaluate the panel data of 30 provinces in China from 1998 to 2018. The

role of AGTP (including ACGTP and AEGTP) and CO2 release concentration

has also been explored critically. The results show that (i) under the two-step

measurement method, AGTP has substantial favorable impacts on agricultural

energy e�ciency (EF) and possesses a negative impact on agriculture industrial

structure (PS) and agricultural energy structure (ES). Agricultural energy e�ciency

(EF) and agriculture industrial structure (PS) under AGTP will reduce CO2 release

concentration, but the path of agricultural energy structure (ES) will increase

CO2 release concentration. (ii) At the national level, AGTP has an immediate

unfavorable influence on CO2 releases. After introducing the intermediary

variables, the intermediary impact of AGTP on CO2 releases through agricultural

energy e�ciency (EF), agriculture industrial structure (PS), and agricultural energy

structure (ES) is also significantly negative, and the direct impacts of each variable

are higher than the intermediary impact. (iii) In terms of di�erent zones, the direct

impacts of AGTP are all significant. The order of significance of the direct impacts

of di�erent zones is west to central and central to eastern. The overall significance

ranking of the mediating impact is ACGTP > AEGTP > AGTP, and the significance

ranking of each index is ES > EF > PS. Finally, this article puts forward some policy

recommendations to reduce CO2 releases.
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green, technological advancement, energy e�ciency, agriculture, industrial structure,
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1. Introduction

Greenhouse gas releases seriously threaten the global ecological

environment and all countries’ sustainable development goals, and

are considered a major global crisis (Bennett, 2017; Kumar et al.,

2019). Though China’s CO2 release concentration reduced from

1.328 million tons in 2010 to 754,000 tons in 2017, the proportion

is nearly double that of the worldwide average emissions (Liu

et al., 2021; Tang et al., 2021). Since China retained the “Paris

Agreement” in 2016 and committed to at least 60% lessening

of CO2 releases by 2005 to 2030 (Gallagher et al., 2019), the

notion of green technological development gained much more

attention from the governmental agendas. In the general debate

of the 75th United Nations General Assembly, China projected

that CO2 releases should be under control before 2030, and will

attempt to accomplish the goal of becoming a carbon-neutral

nation by 2060 (Wei et al., 2020). As an essential part of CO2

releases, agriculture accounts for 17% of total CO2 releases (Hong

et al., 2021). Therefore, in March 2021, China initiated the “14th

Five-Year Plan (2021–2025),” which highlights environmental

safety and a green transition and also highlights the importance

of green production by availing responsible usage of natural

resources (Wang et al., 2021) and focusing on reducing CO2

releases (Xu et al., 2020). It also proposed “high-efficiency,

high-quality and multi-resistance technology,” “environmental-

friendly and high-efficiency fertilizers,” and “agricultural pesticides,

and 20 kinds of green agricultural technologies,” including

biological preparation technology, energy-conservation, and low-

consumption intelligent agricultural equipment technology (Xiong

et al., 2016). It shows the determination of China to broaden the

development of green agriculture, promote the advancement of

GT, and reduce CO2 releases. Notably, the agricultural industry

is a crucial sector that not only influences the local economy

but also amends as a decisive factor in altering comprehensive

food security and supply, which influences people’s livelihoods

and determines the development of any country’s gross domestic

product (GDP). Therefore, a comprehensive understanding of how

and to what extent the development of green production

technology reduces CO2 undoubtedly holds outstanding

empirical significance.

In this case, there has been aroused a profound ground

of potentiality of researching how the advancement of green

technology applications to facilitate a well-optimized, innovative

allocation of production factors that can ensure agricultural CO2

release reduction and eventually formulate green development of

agriculture (Chen Z. et al., 2021). This is a prime motivation

for the study to explore the impacts of mechanisms on green

technology development toward agricultural carbon emission

reduction. Tracing the advancement of green technology is a

complex phenomenon that may depend on various internal and

external factors (Norse, 2012). It mainly denotes two distinct

varieties, resource-conservation green technology advancement

and emissions reduction green technology advancement (Cui

et al., 2021b), which need to be explored critically. Moreover, the

advancement of green technology in China possesses profound

regional individuality, and different economic and social structures

may impact the advancement process (Xu et al., 2019). Thus, it

should be explored in the prospects of heterogeneity.

This article contributes to the existing corpus in five

distinct approaches. First, the green technological advancement

(AGTP) of China’s plantation industry is decomposed into

resource-conservation green technology advancement (AEGTP)

and emissions reduction green technology advancement (ACGTP),

which will be one of the first attempts to the best of our knowledge.

Second, this article empirically explores the effect of different

forms of AGTP on CO2 and draws corresponding conclusions and

findings. Third, it discusses the influence paths of different forms of

AGTP on CO2 in the eastern, central, and western zones and gives

precise conclusions and discoveries of direct and indirect impacts.

Fourth, we split green technological advancement (AGTP) into

emission-reducing green technological advancement (ACGTP) and

resource-conservation green technological advancement (AEGTP)

and analyze the effects of those on CO2 release concentration.

Finally, the intermediary path impacts of green technology

advancement (AGTP) in different zones are studied. To a certain

extent, the assessment can be used as a base point for formulating

corresponding green technology application plans and supervision

structures in different parts of the world.

2. Literature review

Global population expansions, the current era of modern

lifestyle, and updated consumption patterns continuously pose

severe demands to existing worldwide production patterns. This

“pioneer revolution” had hardly begun in 1850, yet had reached

on peak within the twentieth century, which massively changed

the way of producing food and fiber (Sarkar et al., 2021). The

change was almost synchronous worldwide and must have led to

the release of substantial quantities of CO2 into the atmosphere

(DeAngelo et al., 2022). Moreover, the sector is liable for CO2

outputs from using natural organisms (mostly woods and natural

forest ecologies) to land and as non-carbon emissions from crop

and animal operations at the farm gate (Karimi Alavijeh et al.,

2022), which is responsible for 24% of greenhouse gases emissions

in the world (Yurtkuran, 2021). Existing literature (such as Tang

and Wang, 2023; Zhao et al., 2023) indicates that, like most

other major sectors, agriculture significantly contributes to massive

carbon emissions. According to a study by Frank et al. (2018),

ever-increasing carbon emissions from the agriculture sector cause

serious environmental concerns, as it is the most significant reason

for accelerating global warming and global climate change. Due

to this, several initiatives emerged. Countries that have signed

international climate accords (such as the Kyoto Protocol in 1997

and the Paris Agreement in 2015) have committed to keeping global

warming below 2◦C and working toward keeping it below 1.5◦C

(Sarkar et al., 2022).

Therefore, technological advancement has been established to

be an impactive manifestation of reducing CO2 releases in the

agriculture sector, and every nation on earth hasmade a plea to raise

its degree of technological advancement to combat climate change,

global warming, and uneven seasonal changes (Moore et al., 2017),

primarily through green technology (Abou-Elela, 2019). “Green

technology” is a term referring to a technology mechanism that

has the potential to decrease consumption and contamination of

natural resources while simultaneously improving the ecosystem
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(Du and Li, 2019). However, in the existing literature, the

influence of green technology on reducing CO2 releases has been

explored widely. Such as Du et al. (2019) explored 71 countries’

data from 1996 to 2012 and found that green technology and

energy consumption significantly influenced CO2 release. In a

study of time-series data from Singapore, Meirun et al. (2021)

highlighted an optimistic connection between green technological

interventions and carbon release in both the long and short

run. “Energy Development Action Plan 2014–2020 of China” also

pointed out that promoting innovative technological advancements

can considerably decrease energy-based CO2 releases.

Moreover, various researchers have found that technological

advancement can impassively reduce CO2 concentration (Tian

et al., 2019), and some researchers found that the notion can foster

low emissions-based development (such as Mulugetta and Urban,

2010; Kang et al., 2018; Wang and Feng, 2020). In a study of

APEC economies, Wu et al. (2016) evaluated the effect of GTA

on CO2 releases and highlighted its prominent effects on lowering

CO2 releases. Similarly, based on China’s core environmental data,

Zhao et al. (2017) outlined that the direct impact of energy-

conservation technological advancement is more significant than

that of emission reduction technology. Similarly, Yan et al. (2020)

found that green technology, which favors energy conservation,

release reduction, and cleaner production, is the prime influencer

for facilitating the notion of low-carbonization growth of the

industrial structure. Song et al. (2022) evaluated the resource-based

enterprises of China and found that the advancement of green

technology has a positive influence on the development of green

industrial productivity and the expansion of a low-carbon base

economic transition, and the impact is significantly higher than the

impact of GT efficiency.

In agriculture, mainstream exploration primarily emphasizes

the research on the influence of agricultural technology

advancement on carbon release reduction. Then, Paroussos et al.

(2020) explored Italian green growth and identified that renewable

power innovation reduces the total factor CO2 performance index.

As an improvement or innovation of agricultural technology

(Chen Z. et al., 2021), the advancement of green agricultural

technology can favor the development of green technologies for

energy conservation and cleaner production and increase the

marginal output of green agricultural products (Zhang and Chen,

2021). Ge et al. (2022) found technological advancement through

research on pig breeding. They also revealed that impactive and

environmentally friendly waste management could significantly

cut carbon release growth. Hu (2018) identified that agricultural

technological advancement and technological efficiency negatively

impact CO2 release concentration, and technological efficiency

mainly significantly reduces releases through scale efficiency. In

a study of agricultural CO2 concentration in China, Zhong et al.

(2022) depicted that the development and structural changes

in agricultural activities have increased the total amount of

agricultural carbon releases, but it is also conducive to the

reduction of agricultural CO2 release concentration.

Researchers and policymakers from a variety of fields are

looking for methods and techniques in order to mitigate the ever-

increasing effects on the environment and guarantee the protection

of the natural world. In recent years, green technologies have

arisen as an innovative form of interdisciplinary progress that

may be used to combat the serious environmental sustainability

concerns that are now being faced by reducing harmful

emissions, improving farm-level energy efficiencies, and reducing

other detrimental environmental impacts. Such technologies are

environmentally friendly and resource-efficient and positively

impact public wellbeing.

Technological advancement affects energy efficiency by

conserving relatively cheap production factors and reducing

energy usage per unit of output, thereby helping to reduce CO2

release concentration (Yang et al., 2021). Though technological

advancement is not always neutral, to fully grasp the benefit

of certain production factors and individuals in the economy,

technological advancement will reduce CO2 release concentration

through different paths (Chen et al., 2020; Hasanov et al.,

2021). However, the biased theoretical analysis of technological

advancement believes that factor substitution substantially

controls energy competence (Liao and Ren, 2020). Interestingly,

technological advancement tends to save relatively expensive

production factors such as the cost of new energy technologies and

promote the efficient use of agricultural resources.

In the agriculture sector, the notion of carbon emission

reduction is fostered through organic fertilizers, biological control,

physical control, and other green prevention and control

technologies. Then, it increases the proportion of biomass fuels,

wind, and solar power by changing the input ratio of production

factors in agricultural production supplies (Yue et al., 2021). Aldieri

et al. (2021) utilized the technological advancement framework

to assess the influence of techno-ecological advancement on CO2

release reduction and found that it significantly reduced the cost of

carbon release reduction through the learning impact and increased

the social benefits of carbon release reduction. The last is the path of

the agricultural industry structure. Technological advancement is

biased to alter the industrial structure to increase the competence of

agro-production and change the marginal output of factors (Frank

et al., 2018), breaking the equilibrium state of the original factor

allocation among industries, and promoting the complementarity

or substitution between factors. This, in turn, affects the industrial

structure (Shen et al., 2018). Technological advancement tends

to change the supply of production resources in society through

innovation or alternative resource elements (Frank et al., 2019)

and speed up the development of specific industries. However,

when input and output structures are highly interrelated, the

coordination of industrial development is also high, which leads

to the rational allocation and proficient use of production factors

(Grzelak et al., 2019; Han et al., 2021).

However, the study mentioned earlier has explored the

impact of green technological advancement on carbon release or

concentration and the path of action from different perspectives.

Moreover, those sets of research still have several limitations. For

example, based on heterogeneity, limited articles have examined

the influence of technological advancement on CO2 release

concentration. Carbon release concentration is different, as the

impact of different green technology advances. Therefore, various

technological attributes demand a much more comprehensive

analysis and comprise the following research questions. (i) What

is the path of green technological advancement on carbon release
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concentration? (ii) Especially from a perspective of heterogeneity

analysis, what are the different pathways of various green

technological advancements on carbon release concentration?

(iii) What are the strategies to promote green technological

advancement in different zones to achieve low-carbon releases?

(iv) What are the spatial effects of various GT on carbon release

concentrations? The study intends to answer the aforementioned

questions. The central motivation of this article is to make in-depth

assessments of the emission reduction effect of GT and provide

comprehensive recommendations for the government.

3. Material and methods

In the article, we have focused on the planting industry and

measured how the advancement of green agricultural technology

reduces agricultural carbon emissions. Regarding the research

of Mohammadi et al. (2013), Rebolledo-Leiva et al. (2017), and

Khoshroo et al. (2018), the study used Data Envelopment Analysis

(DEA) to craft its findings. The prime reason for choosing DEA

is that it is a benchmarking tool that efficiently evaluates the

performance of any specific phenomenon by using the input to

outputs. More specifically, we have crafted our findings from

two perspectives: the first is based on resource-saving aspects,

which primarily involves minimizing the use of input materials

related to the production process, which involves explicitly

hidden carbon sources, such as chemical fertilizers, pesticides,

and agricultural films. The second is the prospect of emission

reduction from direct fossil fuel and other energy usages to

agricultural production. As mentioned earlier, the resource-saving

green technology advancement and emission reduction green

technology advancement may provide an intermediary impact on

agricultural carbon emission reduction performance. Therefore,

by following the study of Balcombe et al. (2008), Naseem and

Guang Ji (2021), and Hong et al. (2022), we have used the two-step

econometric and intermediary impact model to measure the two

prospects’ combined impact.

3.1. Model construction

3.1.1. Green technology advancement model and
its decomposition model

Currently, there aremanymeasuringmethods for technological

advancement and CO2 releases. However, a non-parametric

assessment technique such as Data Envelopment Analysis (DEA)

is commonly manifested (Feng et al., 2015; Syp et al., 2015),

and it does not involve predetermined production processes

and capabilities to effectively assess linkages that have been

concealed or overlooked in ecological processes (Nabavi-Pelesaraei

et al., 2014). Moreover, it can objectively analyze the poor

efficiency of non-impactful judgment mechanisms (Khoshnevisan

et al., 2013). Interestingly, Total Factor Productivity (TFP) is

often utilized as a metric for productivity. Conversely, it does

not include the energy-conservation technologies that might

significantly minimize production element usage and pollution

(Mohammadi et al., 2013). Therefore, to solve the issue, Lovell

(2003) segmented the Malmquist index into technical (TECH)

and efficiency (EFFCH) adjustments and subsequently dissected

the TECH indicator into the MATECH, OBTECH, and IBTECH

metrics. This technique conceptually analyzes the scope of biased

technological development based on the rotation and radial

deviation of productivity frontiers. Moreover, it is limited to

assessing just two input parameters, while AGTP is characterized

by various inputs and outcomes (Song et al., 2017). Thus, we

adjust the constraints of AGTP and use an advanced slacks-

based measure (SBM) model to quantify and decompose AGTP as

recommended by van derWerf (2008), Song andWang (2018), and

Yang et al. (2020). The methods include both energy-conservation

and emission-controlling technological advancements (Yue et al.,

2021), and the specific equations are as follows.

minρ =

{

1−
1

m+t

(

∑m
i=1

s−xi
xio
+

∑m
i=1

s−ei
eio

)}

{

1+
1

p+q

(

∑p
i=1

s+yi
yio
+

∑mq
i=1

s−
bi
bio

) }

s.t.

m
∑

j=1

λjxij+s−xi=xio,i = 1,2,. . . ,m

n
∑

j=1

λjeij+s−ei=eio,i = 1,2,. . . ,t

n
∑

j=1

λjyij−s+yi=eio,i = 1,2,. . . ,p (1)

n
∑

j=1

λjbij+s−
bi
=eio,i = 1,2,. . . ,q

s−xi ,s
−

ei ,s
+

yi ,s
−

bi
≥0; λ≥0

where x, e, y, and b are input variables, energy input, anticipated

return, and undesirable output, respectively. While s signifies the

slack factor and ρB is the conservational effectiveness. Seemingly,

the Malmquist index of AGTP is interpreted as follows.

AcGTP =

√

ρS
B(xs,ys)/ρ

S
B(xT,yT)

ρT
B (xs,ys)/ρ

T
B (xT,yT)

/
ρS
BX(xs,ys)/ρ

S
X(xT,yT)

ρT
X (xs,ys)/ρ

T
X (xT,yT)

(2)

AeGTP =

√

ρS
E(xs,ys)/ρ

S
E(xT,yT)

ρT
E (xs,ys)/ρ

T
E (xT,yT)

/
ρS
X(xs,ys)/ρ

S
X(xT,yT)

ρT
X (xs,ys)/ρ

T
X (xT,yT)

(3)

Here, x and y denote input and output variables, s and t

highlight two different times, and ρX rectifies the competence

measured according to the variable-return-to-scale framework.

However, the AGTP is calculated by:

AGTP = ACGTP∗AeGTP (4)
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3.1.2. Two-step econometric model
Concerning the framework used by Sjöholm and Lundin (2013,

p.49–75) and Yang et al. (2020), this research employs a two-step

econometric framework to measure the impact of AGTP on EF,

PS, and ES (to save space, both AcGTP and AeGTP are included

in AGTP). The assessment follows the subsequent model to explore

the impacts of AGTP on EF, PS, and ES. The formula is as follows.

EF = a1 + a2AGit + σXit + εit (5)

PS = a1 + a2AGit + σXit + εit (6)

ES = a1 + a2AGit + σXit + εit (7)

Among them, AG stands for AGTP, AcGTP, and AeGTP; EF

stands for agricultural energy efficiency; PS stands for agriculture

industrial structure; and ES stands for agricultural energy structure,

where i and t represent province and year, respectively, and ε is a

random disturbance term. In addition, we also use the five control

variables denoted by X, namely, imperative environmental policy,

incentive environmental policy, voluntary environmental policy,

incremental agricultural productivity, and per capita agricultural

production. Whereas, to measure the influence of AGTP and EF,

PS, and ES on carbon release concentration, we set the following

model AGTP and the influence of EF, PS, and ES on carbon release

concentration, and the formula is as follows.

CO2it = a1 + a2AGit + βEF ++σXit + εit (8)

CO2it = a1 + a2AGit + βPSPS++σXit + εit (9)

CO2it = a1 + a2AGit + βES++σXit + εi (10)

Among them, AG stands for AGTP, AcGTP, and AeGTP; EF

stands for agricultural energy efficiency; PS stands for agriculture

industrial structure; and ES stands for agricultural energy structure.

Seemingly, i and t represent province and year, respectively; and

ε is a random disturbance term. In addition, we also use the five

control variables denoted by X, namely, imperative environmental

policy, incentive environmental policy, voluntary environmental

policy, incremental agricultural production value, and per capita

agricultural production value.

3.1.3. Mediating impact model
To assess the intermediary influences of agricultural

energy efficiency (EF), agriculture industrial structure (PS),

and agricultural energy structure (ES) in AGTP and carbon release

concentration, respectively, the current research endorses the

criterion proposed by Baron and Kenny (1986). First, according

to the AGTP analysis and introduction of the mechanism of

carbon release concentration and its multiple intermediary

models, this article sets the following basic measurement models

to test the impact of AGTP, AcGTP, and AeGTP on carbon

release concentration.

CO2 = ϕ0+ϕ11AG+η12X+µi+bi+εit (11)

Among them, CO2 is the explained variable; AG is the

prime explanatory variable, representing AGTP, AeGTP, and

AcGTP, respectively; and X is the control variable, which contains

several variables that are independent of the influence of AG

on CO2. Seemingly, µ_i represents the unobservable individual

fixed impacts of variables; b_i is the unobservable fixed impacts

of time variables; and ε_it is the random disturbance term.

According to existing research (Ismael et al., 2018; Xu et al.,

2019), AGT may influence CO2 release concentration through

agricultural energy efficiency (EF), agriculture industrial structure

(PS), and agricultural energy structure (ES). Similarly, to test

the intermediary impacts of agricultural energy efficiency (EF),

agricultural industry structure (PS), and agricultural energy

structure (ES) in the process of AGT’s impact on carbon release

concentration, this article utilizes a multiple mediator impact

framework. The framework is set as follows.

CO2 = ϕ0+ϕ21AGTP+η22X+µi+bi+εit (12)

EF = β0+β11CO2+ε11X
′

+µ
′

i+b
′

i+ε
′

it (13)

PS = γ0+γ11CO2+ε11X
′′

+µ
′′

i+b
′′

i+ε
′′

it (14)

ES = σ0+σ11CO2+ε11X
′′′

+µ
′′′

i +b
′′′

i +ε
′′′

it (15)

CO2 = ∅0+∅11EBTP+∅12ef+∅13ps+∅14es

+ε13X+µi+bi+εit (16)

Among them, agricultural energy efficiency (EF), agriculture

industrial structure (PS), and agricultural energy structure

(ES) are the intermediary variables. Equations (12–16) list the

AGTP’s influence on the CO2 regression equation through the

intermediary variables of agricultural energy efficiency (EF),

agriculture industrial structure (PS), and agricultural energy

structure (ES). Seemingly, X∧′, X∧”, and X∧′” are control variables,

which contain several variables that are independent of the impact

of AGTP on CO2 release concentration; µ_i
∧′, µ_i∧”’, and µ_i∧′”

represent unobservable variables and individual fixed impacts;

b_i∧′, b_i∧”, and b_i∧′” are unobservable fixed impacts of time

variables. According to the multiple mediation impact model, the

mediation impacts of specific paths are β11∅2, γ 11∅3, and σ11∅4;

the overall mediation impact is β11∅13+γ11∅13+σ11∅14; and

the direct impact is φ_1. Combining formulas (12–16), the

multiple mediation impacts are judged by sequentially testing the

regression coefficients.

3.2. The explained variable

3.2.1. Carbon release concentration (CEI)
The CO2 releases and the gross production value of the planting

industry measured by the carbon measurement model are used

to measure the CO2 release concentration in each province (Pang

et al., 2020).

3.2.2. Green technological advancement (AGTP)
As per the conceptual viewpoint, the Green Technological

Advancement of China has been rectified by environmentally

friendly green technological advancement, and it

has been decomposed into emission-reducing green
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technological advancement and resource-conservation green

technology advancement.

3.3. Intermediary variables

3.3.1. Agricultural energy e�ciency
Improving energy efficiency in agricultural production is a

crucial tactic to facilitate green and low-carbon-based agricultural

development at present and in the future. The level of national

energy usage in agriculture is predominantly significant. The

higher agricultural energy competence denotes the control of

the CO2 release concentration. Therefore, it is imperative to

expand the competence of agrarian energy use. This article

selects the proportion of the added value of agricultural, forestry,

livestock, and fisheries to the total agricultural energy consumption

to measure. The larger ratio usually lowers agricultural energy

competence and vice-versa (Zhao et al., 2020).

3.3.2. Agriculture industrial structure (PS)
Agriculture industrial structure denotes the modification and

amendment of the modernization of agrarian structure. The

adjustment of industrial structure may improve agricultural

performance, cause excessive input of production factors, and is not

favorable for improving agricultural productivity (Li et al., 2021).

Moreover, industry restructuring will also affect the advancement

and application of green technology to a certain extent, thereby

affecting CO2 releases (Feng et al., 2015). The selection of

agriculture industrial structure indicators must consider the

dynamic process that reflects the evolution of agricultural structure.

Therefore, this article introduces the Moore value of the structural

change coefficient and uses various agricultural sectors as a

dynamic whole to measure the level of change (Moore, 2015). The

formula for calculating the Moore value (for more details, read

Schaller, 1997) is as follows.

Mt =

n
∑

i=1

(

Wi,tWi,t−1

)

/[(

n
∑

i=1

(

Wi,t2
)

)

1/2

(

n
∑

i=1

(

W
i,(t−1

2)

)

)

1/2

]

Here, M_t denotes the ratio of Moore structure change;

W_(i,t−1) represents the proportion of the ith industry in period t-

1, and W_(i,t) signifies the proportion of the ith industry in period

t. The Moore value of each period represents the relative change in

the level of the PS in the current period. Let us define the angle of

change between industrial vectors in different periods as θ_t, where

θ_t=arccosM_t. The θ value in each period represents the relative

change degree of the agriculture industrial structure in the current

period (Carrillo, 2021).

3.3.3. Agricultural energy structure
The agricultural energy structure reflects the usage of various

types of energy in the processes of agrarian intervention, and

the influence of different types of energy consumption on carbon

release concentration varies. This article selects the proportion

of total energy consumption in the current year to measure ES.

The larger the ratio, the higher the proportion of agricultural

energy utilization, and vice versa, the ratio of agricultural energy-

conservation (Xu et al., 2021).

3.4. Control variables

The control factors set in this article comprise command-

based environmental regulations (mlgov), incentive-based

environmental regulations (jlgov), voluntary environmental

regulations (zygov), incremental agricultural production (IAP),

and total agricultural production per capita (PGDP). The

command-based environmental regulation (mlgov) reflects

“regulatory guidelines.” This means the government created

guidelines for dealing with actual or projected ecological issues

and is essential for enacting agrarian carbon release reduction

strategies. This article uses the quantitative indicators of the

ecological parameter strategies adopted by the provinces in the

year (Guo and Yuan, 2020). In the case of incentive ecological

regulation (jlgov), this article uses the CO2 release trading market

as the basis of the incentive environmental regulation, drawing

lessons from the research of Lin Zhang et al. (2013). Voluntary

environmental regulation (zygov) denotes the costs of resolving

real and possible ecological issues to inspire, control, and direct

carbon release reduction policies (Gonzalez-Martinez et al., 2021).

We utilize the level of investment accomplished in contamination

mechanism developments to GDP to measure it (Zhang et al.,

2020). The increment of Agricultural Product Value (IAP) reflects

the proportion of agrarian economic expansion, and the higher the

value of the increment, the higher the impact on CO2 releases. This

article utilizes the incremental value of the planting industry’s total

output to characterize the per capita agricultural product (PGDP).

The per capita agricultural product reflects the proportion

of agrarian economic expansion, and the more advanced the

proportion of economic expansion, the higher the impact on

carbon releases. This article uses the planting sector’s total output

level to characterize the per capita agricultural production value.

3.5. Data sources

This article takes planting as the research object and

selects 30 provinces in China (excluding Hong Kong, Macao,

Taiwan, and Tibet) as the research area, and the period is

set from 1998 to 2018 (due to the complete availability of

the set of information). Aligned with the existing literature

(such as Lin and Xu, 2018; Chen Y. et al., 2021; Zhou et al.,

2022), the input elements used in the data include synthetic

fertilizers, insecticides, agricultural film, agricultural fuel usage,

used machinery, crop planting area, and labor supply. The

output data include the planting industry’s total productivity

and expected output, and the CO2 release concentration has

been set as undesired output. All data are collected from the

“China Rural Statistical Yearbook,” “China Agricultural Statistical

Yearbook,” and “China Fishery Statistical Yearbook.” The datasets

were collected in April 2022. Table 1 presents the details of

each variable.

Frontiers in Sustainable FoodSystems 06 frontiersin.org

https://doi.org/10.3389/fsufs.2023.1096381
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Xinxing et al. 10.3389/fsufs.2023.1096381

TABLE 1 Descriptive statistics of variables.

Variable
type

Variable
name

Indicator description Minimum
value

Maximum
value

Mean Standard
deviation

Explained

variable

CO2 release

concentration (CEI)

Total CO2 releases of planting industry/total

output value of planting industry (KgC/100

million yuan)

104 3,737 918.33 738.57

Agricultural green

technology

advancement

(AGTP)

Measures of loose measurement model 1 2 1 0.12

Explanatory

variables

Agricultural green

energy conservation

technology

advancement

(AcGTP)

Measured and decomposed based on the relaxed

measurement (Sbm) model

1 2 1.03 0.17

Agricultural green

release reduction

technology

advancement

(AeGTP)

Measured and decomposed based on the relaxed

measurement (Sbm) model

0 4 1.05 0.30

Intermediary

variable

Agricultural energy

efficiency (EF)

Gross production of agriculture, forestry, animal

husbandry, and fishery/total agricultural energy

consumption

0 98 3.15 4.78

Agriculture

industrial structure

(PS)

Measured by Moore’s structural change method 0 1 0.53 0.09

Agricultural energy

structure (ES)

Total agricultural energy consumption/total

energy consumption

0 0 0.03 0.02

Control

variable

Mandatory

environmental

policy (mlgov)

The number of ecological regulation strategies

executed by each province in the current year

(pieces)

0 388 25.3 39.87

Incentive-based

environment policy

(jlgov)

After the CO2 release trading market is activated,

the value is 1, and if no, then 0

0 1 0.13 0.34

Voluntary

environmental

policy (zygov)

Investment in pollution control projects

completed this year/Gdp (%)

1 99 16.76 13.89

Agricultural

productivity

increase (Iap)

Incremental value of total output value of planting

industry (100 million yuan)

13 10,945 783.63 928.03

Gross agricultural

product per capita

(PGDP)

Gross output value of planting industry/total

agricultural population (%)

0 11 2.69 2.18

4. Results

4.1. The impact of green technology
advancement on intermediary variables

Interestingly, this article makes a preliminary judgment

on the relationship between mediation variables and carbon

release concentration indicators to verify the mediation impact.

This article uses STATA 15 statistical software and selects

a fixed-impact model to investigate the correlation between

green technological advancement and the intermediary factors

by employing Hausman’s test. The estimated outcomes of the

framework are shown in Table 2. Columns (1–3) of Table 2 consider

the influence of AGTP on EF. The calculation results show that

for each increase of AGTP, AcGTP, and AeGTP by 1 unit, EF will

increase by 0.87, 1.45, and 1.09 units, respectively. This means that

AGTP, AcGTP, and AeGTP can impactive and improve agricultural

energy efficiency (EF) levels. This is consistent with the research

of Chen and Liu (2021). Technological advancement increases

energy competence by aggregating the marginal factor efficiency

or changing the input and competence of factors in different

proportions. The first strategy involves increasing the productive

capacity of elements while maintaining a similar percentage,

whereas the second strategy involves adjusting the inflow and

utilizing the components’ effectiveness in varying quantities.

In columns (4–6), we consider the influence of GTA on the

agricultural industry structure (PS), and at the same time, AGTP,

AcGTP, and AeGTP have a substantial undesirable influence on the

agrarian industry structure (PS). This means that AGTP, AcGTP,

and AeGTP will moderate the rationality of the agrarian industrial
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TABLE 2 Empirical results of green technological advancement on intermediary variables.

EF PS ES

(1) (2) (3) (4) (5) (6) (7) (8) (9)

AGTP 0.87∗∗ −0.02∗∗ −0.01∗∗∗

(0.34) (0.01) (0.00)

ACGTP 1.45∗∗ −0.03∗∗ −0.02∗∗∗

(0.72) (0.02) (0.00)

AEGTP 1.09∗∗ −0.02∗∗ −0.02∗∗∗

(0.52) (0.01) (0.00)

adgov 0.45∗∗∗ 0.31∗∗∗ 0.30∗∗∗ −0.01∗∗∗ −0.01∗∗∗ −0.01∗∗∗ −0.01 −0.01 −0.01

(0.11) (0.12) (0.11) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

egov 0.19 0.06 −0.02 −0.03∗∗∗ −0.03∗∗∗ −0.03∗∗∗ −0.01 −0.01 0.01

(0.32) (0.24) (0.24) (0.01) (0.01) (0.01) (0.00) (0.00) (0.00)

zygov −0.24∗∗ −0.21∗∗ −0.23∗∗ −0.01∗∗∗ −0.01∗∗∗ −0.01∗∗∗ 0.01 0.01 0.01

(0.10) (0.10) (0.10) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

IAP 1.65∗∗∗ 0.99∗∗∗ 0.98∗∗∗ −0.01∗∗∗ −0.01∗∗∗ −0.01∗∗∗ −0.01 −0.01 −0.01

(0.13) (0.16) (0.16) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

PGDP −0.17 0.77∗∗∗ 0.80∗∗∗ 0.01∗∗∗ 0.01∗∗∗ 0.011∗∗∗ −0.05∗∗∗ −0.01∗∗∗ −0.01∗∗∗

(0.12) (0.14) (0.13) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Constant 3.58∗∗∗ 3.05∗∗∗ 3.38∗∗∗ 0.18∗∗∗ 0.20∗∗∗ 0.19∗∗∗ 0.04∗∗∗ 0.05∗∗∗ 0.05∗∗∗

(0.37) (0.73) (0.54) (0.01) (0.02) (0.01) (0.00) (0.00) (0.00)

Observations 630 630 630 630 630 630 630 630 630

R-squared 0.34 0.44 0.46 0.18 0.18 0.18 0.30 0.28 0.29

Ajust_R2 0.33 0.41 0.42 0.17 0.17 0.17 0.26 0.24 0.25

F_value 53.49 77.92 82.71 22.8 22.52 22.54 42.82 38.69 41.11

Standard errors in parentheses and ∗∗∗p < 0.01,∗∗p < 0.05,∗p < 0.1 denote significant levels.

structure (PS). In columns (7–9), we include the influence of

GTA on the ES. The possible explanation is that technological

advancement usually means mutual substitution between old and

new technologies, and different technologies may be used in

different industries (production content). Under the condition

of limited production factors, green technologies are substituted.

The process will cause different industries (production content)

to use relatively scarce green production factors competitively.

However, the scarcity of green production factors does not mean

the rationality of the industrial structure, such as the “high

carbon-low efficiency” characteristics of the planting industry itself.

Compared with other “low carbon-high-efficiency” agricultural

industries, there is no green development advantage (Yun, 2016),

and the reduction in the planting proportion does not mean that

the industrial structure is reasonable.

It can be seen that AGTP, AcGTP, and AeGTP all have a

substantial adverse influence on ES, but the coefficient is small.

When ACGTP is increased by 1 unit, ES will decrease by

0.01, 0.02, and 0.02 units. This means that AGTP, AcGTP, and

AeGTP are not favorable to the rationality of the agricultural

energy structure (ES). This is inconsistent with expectations.

The possible explanation is that AGTP, AcGTP, and AeGTP

can better force farmers or agricultural enterprises to make

technological innovations to compensate for high costs and

adjust the agricultural industry structure, thereby improving the

eminence of economic development and minimizing the issues

of resource and environmental protection. However, technological

improvements through AGTP, AcGTP, and AeGTP have increased

the input demand for production factors, so its impact on the

agricultural energy structure is substantially adverse. The projected

outcomes of the control variables are presented in Table 2. The

control variables substantially influence the agricultural industry

structure (PS). However, the values of Adgov and Zygov are

significant for agricultural energy efficiency (EF). Except for PGDP,

all control variables are more significant to the intermediary

variable agricultural energy structure (ES).

4.2. The influence of AGTA and
intermediary variables on carbon release
concentration

At the same time, after introducing intermediary variables,

this article examines the influence of GTA and intermediary
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TABLE 3 Empirical outcomes of the influence of GTA and intermediary variables on carbon release concentration.

(1) (2) (3) (4) (5) (6) (7) (8) (9)

AGTP −444.20∗∗∗ −275.10∗∗∗ −286.00∗∗∗

(80.19) (70.62) (77.08)

ACGTP −616.80∗∗∗ −428.40∗∗ −367.20∗∗

(188.80) (169.80) (181.20)

AEGTP −789.20∗∗∗ −528.20∗∗∗ −554.80∗∗∗

(131.40) (121.60) (128.60)

EF −110.00∗∗∗ −112.80∗∗∗ −109.70∗∗∗

(10.36) (10.51) (10.31)

PS −1,086.00∗∗∗ −1,019.00∗∗ −1,081.00∗∗∗

(418.80) (421.30) (417.20)

ES 12,742.00∗∗∗ 13,196.00∗∗∗ 12,706.00∗∗∗

(1,415.00) (1,415.00) (1408.00)

adgov −118.60∗∗∗ −41.34∗ −70.97∗∗∗ −115.40∗∗∗ −40.05∗ −68.63∗∗∗ −121.20∗∗∗ −41.05∗ −72.36∗∗∗

(28.52) (22.31) (25.72) (28.99) (22.47) (25.90) (28.41) (22.25) (25.64)

egov 86.57 91.11 105.6∗ 84.54 82.41 102.90∗ 101.90∗ 97.51 113.8∗

(59.88) (66.59) (61.17) (61.32) (67.18) (61.99) (59.46) (66.40) (60.84)

zygov 29.70 30.52 54.42∗∗ 23.31 28.73 50.95∗∗ 30.13 27.41 53.52∗∗

(24.73) (22.14) (23.27) (25.09) (22.29) (23.42) (24.62) (22.04) (23.17)

IAP −128.20∗∗∗ −130.20∗∗∗ −150.10∗∗∗ −138.50∗∗∗ −135.10∗∗∗ −158.3∗∗∗ −127.40∗∗∗ −129.80∗∗∗ −148.70∗∗∗

(40.87) (27.04) (32.81) (41.47) (27.20) (32.92) (40.68) (26.94) (32.70)

PGDP −237.70∗∗∗ −509.80∗∗∗ −366.70∗∗∗ −239.80∗∗∗ −505.80∗∗∗ −365.10∗∗∗ −238.80∗∗∗ −510.40∗∗∗ −366.40∗∗∗

(34.30) (24.27) (29.06) (34.94) (24.45) (29.28) (34.13) (24.20) (28.98)

Constant 1,858.00∗∗∗ 1,363.00∗∗∗ 830.50∗∗∗ 2,024.00∗∗∗ 1,495.00∗∗∗ 886.50∗∗∗ 2,203.00∗∗∗ 1,618.00∗∗∗ 1,103.00∗∗∗

(94.73) (107.60) (102.60) (194.20) (190.50) (195.40) (140.80) (148.90) (148.80)

Observations 630.00 630.00 630.00 630.00 630.00 630.00 630.00 630.00 630.00

R-squared 0.64 0.60 0.30 0.62 0.60 0.28 0.64 0.61 0.29

Ajust_R2 0.61 0.60 . 0.60 0.59 . 0.62 0.60 .

F_value 147.90 135.10 . 140.40 132.10 . 149.90 136.40 .

Standard errors in parentheses and ∗∗∗p < 0.01,∗∗p < 0.05,∗p < 0.1 denote significant levels.

variables on carbon release concentration. The outcomes are

revealed in Table 3. Among them, columns (1–3), respectively,

show the estimated impact of AGTP and intermediary variables

[agricultural energy efficiency (EF), agriculture industrial structure

(PS), and agricultural energy structure (ES)] on carbon release

concentration results. As a result of the combined impact of AGTP

and intermediary variables, AGTP negatively affects the carbon

release concentration, which is in line with basic expectations.

When the EF increases by 1 unit, the carbon release concentration

decrease by 110 units, and when the agriculture industrial structure

(PS) escalates by 1 unit, the carbon release concentration increases

by 1,086 units, and the agricultural energy structure (ES) increases

by 1 unit. Moreover, the carbon release concentration increased

by 12,742 units. This means that under AGTP, agricultural

energy efficiency (EF) and agriculture industrial structure (PS)

will reduce CO2 release concentration, but agricultural energy

structure (ES) will increase CO2 release concentration. The

possible explanation is similar to the results in Table 2. Seemingly,

AGTP can better force farmers or agricultural enterprises to

adopt technology to compensate for rising costs and adjust the

agricultural industry structure to solve the problems of resource

scarcity and environmental protection (Sá et al., 2017). At the same

time, AGTP will further increase the input of production factors,

so its impact on the agricultural energy structure is significantly

negative, increasing the carbon release concentration. Columns

(4–6), respectively, show the estimated results of the combined

impacts of AcGTP and the intermediary variable agricultural

energy efficiency (EF), agriculture industrial structure (PS), and

agricultural energy structure (ES) on carbon release concentration.

Columns (7–9), respectively, show the estimated results of the

impacts of AeGTP and the intermediary variables [agricultural

energy efficiency (EF), agriculture industrial structure (PS), and
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agricultural energy structure (ES)] on CO2 release concentration

under the combined action of AeGTP. The significant impacts of

these two parts are the same as those in columns (1–3). The above

are all preliminary observations, and a more accurate intermediary

relationship between the variables can only be obtained after

regression analysis and testing. In addition, the estimated outcomes

of the control factors (Table 3) are consistent with Table 2, and this

article will not elaborate.

4.3. Analysis of the intermediary impact at
the national level

This article first examines the impact of AGTP on carbon

from the national level. Formulas (11–16), respectively, correspond

to the regression outcomes of the framework in Table 4. In

Model (1), the coefficient of AGTP is −518.3, with a 1% level of

significance, representing that AGTP has a direct and substantial

negative impact on CO2 releases and AGTP can reduce carbon

releases. Among them, the mediation and direct impact need to

be analyzed according to the calculation method given previously

and collectively with the outcomes in Table 4. First, let us analyze

the mediating impact of a specific path. This specifies that

AGTP negatively impacts carbon release concentration through

the agricultural energy efficiency (EF) approach. The intermediary

impact (−54.88) of AGTP through the EF is the product of the

AGTP coefficient (0.87) in column (2) and the agricultural energy

efficiency (EF) coefficient (−62.86) in the Model (5) and with the

impact at the 5% level of significance; that is, for every 1% increase

in AGTP, 54.88% points of CO2 release reduction will be achieved

through this approach.

It illustrates that AGTP significantly reduces the carbon release

concentration through the intermediary impact of the agricultural

industry structure (PS). The mediating impact of AGTP through

the agriculture industrial structure (PS) is−22.12 (−0.01× 1,400),

and it is significant at the 5% level. The mediating impact of

AGTP through the agricultural energy structure (ES) is −182.40

(−0.01× 13,818), which is significant at the 1% level. This specifies

that AGTP reduces CO2 release concentration by optimizing the

agricultural energy structure (ES). Every 1% growth in AGTP will

decrease the CO2 release concentration by 182.40 units. In addition,

the mediating impact produced a higher value than the mediating

impact of the combined impact of agricultural energy efficiency

(EF) and agriculture industrial structure (PS).

Second, from the overall mediation impact analysis, the

total mediation impact is 259.21 (54.88 + 22.12 + 182.40)

by adding the aforementioned specific mediation impacts, and

the overall mediation impact is statistically significant. It shows

that green technological advancement decreases the overall

carbon concentration through agricultural energy efficiency (EF),

agriculture industrial structure (PS), and agricultural energy

structure (ES). Third, let us analyze the contrast mediation impact.

The previous analysis depicts that the intermediary impacts of

AGTP on carbon emissions control through the three paths of

agricultural energy efficiency (EF), agriculture industrial structure

(PS), and agricultural energy structure (ES) are 54.88, 22.12, and

182.40, respectively, which account for respective proportions in

TABLE 4 Outcomes of full sample empirical model.

(1) CEI (2) EF (3) PS (4) ES (5) CEI

AGTP −518.30∗∗∗ 0.87∗∗ −0.02∗∗ −0.01∗∗∗ −298.40∗∗∗

(87.08) (0.34) (0.01) (0.00) (80.20)

EF – – – – −62.86∗∗∗

– – – – (13.12)

PS – – – – 1,400.00∗∗

– – – – (600.60)

ES – – – – 13,818.00∗∗∗

– – – – (2,185.00)

adgov −151.40∗∗∗ 0.45∗∗∗ −0.01∗∗∗ −0.01 −124.20∗∗∗

(30.90) (0.11) (0.00) (0.00) (27.27)

egov 86.13 0.19 −0.03∗∗∗ −0.01 107.00∗

(65.27) (0.32) (0.01) (0.00) (57.66)

zygov 55.40∗∗ −0.24∗∗ −0.01∗∗∗ 0.01 31.04

(26.82) (0.10) (0.00) (0.00) (23.63)

IAP −235.80∗∗∗ 1.65∗∗∗ −0.01∗∗∗ −0.01 −145.30∗∗∗

(43.15) (0.13) (0.00) (0.00) (40.20)

PGDP −324.80∗∗∗ −0.17 0.01∗∗∗ −0.01∗∗∗ −210.00∗∗∗

(36.30) (0.12) (0.00) (0.00) (32.98)

Constant 1,44∗∗∗ 3.58∗∗∗ 0.18∗∗∗ 0.04∗∗∗ 867.10∗∗∗

(93.93) (0.37) (0.01) (0.00) (159.00)

Observations 630 630 630 630 630

R-squared 0.57 0.34 0.18 0.30 0.67

Ajust_R2 0.54 0.33 0.17 0.26 0.65

F_value 129.40 53.49 22.8 42.82 132.40

Standard errors in parentheses and ∗∗∗p < 0.01,∗∗p < 0.05,∗p < 0.1 denote significant levels.

the overall intermediary impact. They are 21.16, 8.52, and 70.32%,

whereas the mediating influence of agricultural energy structure

(ES) is more robust than that of agricultural energy efficiency

(EF) and agriculture industrial structure (PS). In Model (4), the

coefficient of AGTP is −298.40, which reflects the direct impact of

AGTP on CO2, indicating that every 1% point increase in AGTP

will directly reduce the CO2 release concentration by 298.40 units.

This shows that in addition to the intermediary impact produced

by the three paths of agricultural energy efficiency (EF), agriculture

industrial structure (PS), and agricultural energy structure (ES),

AGTPwill also have a direct influence on carbon concentration. For

the national level of CO2 release concentration, the direct impact

of AGTP is higher than the mediating impact. After excluding the

intermediary impacts as mentioned earlier, the immediate release

reduction impact of AGTP itself on CO2 concentration is still very

obvious. In addition, the direct impact can also be estimated by the

coefficient of AGTP (-518.30) in Model 1 of Table 4, and the total

influence of AGTP on CO2 concentration minus the value of the

just obtained overall mediating impact (259.40), the result is 258.90.

In Model (5), this value is not much different from −298.40, and
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the selection error of the disturbance term and the control variable

mainly cause the difference.

Similarly, this article also measures the mediation path impact

of AcGTP and AeGTP on carbon concentration. Both AcGTP and

AeGTP can reduce CO2 concentration. Table 5 presents that the

impacts of AcGTP and AeGTP on CO2 concentration through

agricultural energy efficiency (EF), agriculture industrial structure

(PS), and agricultural energy structure (ES) are consistent with the

results of AGTP and are more significant than AGTP. From the

overall mediating impact, the overall mediating impacts of AcGTP

and AeGTP are−470.99 and−413.11, respectively, which are more

significant thanAGTP. Regarding direct impacts, the direct impacts

of AcGTP and AeGTP are −329.30 and −570.70, respectively,

which are more significant than AGTP. The significance levels

of AcGTP and AeGTP are higher than AGTP because AGTP,

as a general technological advancement, has too many types

of technologies, while AcGTP and AeGTP, release-reduction

and resource-conservation technological advancements, influence

agricultural energy competence. The impacts of (EF), agricultural

industry structure (PS), and agricultural energy structure (ES) are

easier to distinguish and more direct, thus, the impact on CO2

concentration is relatively higher.

4.4. Analysis of mediating impact by area

The existing literature found that green technology

advancement has a significant influence on carbon concentration

through the three paths of agricultural energy efficiency (EF),

agriculture industrial structure (PS), and agricultural energy

structure (ES) at the national level. After excluding the above

three intermediary impacts, the direct promotion of CO2 release

decrease by green technological advancement is still very obvious.

Since AGTP, AcGTP, AeGTP, agricultural energy efficiency (EF),

agricultural industry structure (PS), and agricultural energy

structure (ES) are diverse in different zones, it is essential to

examine whether the mediating influence of GTA on CO2

release concentration is significant heterogeneity. According to

economic growth, this article divides China into the middle east

and the west. Moreover, it verifies that the AGTP, AcGTP, and

AeGTP in the east, middle, and west have passed agricultural

energy efficiency (EF), agriculture industrial structure (PS), and

agricultural energy structure (ES). Table 5 presents the mediating

impact of agricultural energy structure (ES) on the influence of

carbon concentration.

4.5. Analysis of the intermediary impact in
the eastern area

The mediating impact of AGTP in the eastern area through

agricultural energy efficiency (EF) is 19.69 (0.71 × 27.54), but it

is not statistically significant; its mediating impact through the

agriculture industrial structure (PS) is 5.62 (−0.04 × −134.50),

it is still not statistically significant; and its mediating impact

through the agricultural energy structure (ES) is −178.53 (−0.01

× 13,525), with 1% level of significance. The mediating impact of

AcGTP through agricultural energy efficiency (EF) in the eastern

area is 13.96 (1.71 × 8.16), which is not statistically significant.

The mediating impact of AcGTP through the agriculture industrial

structure (PS) is 95.53 (−0.12 × −816.50), with a 5% level

of significance, which is inconsistent with the outcomes at

the national level. The influence of the agriculture industrial

structure (PS) in the eastern area on CO2 release concentration

is different from that of the national PS. The influence of

the PS in the eastern area on CO2 release concentration is

considered undesirable, but the national agricultural industry.

The influence of agriculture industrial structure (PS) on CO2

release concentration is considerably positive; that is, the AcGTP

in the eastern area cannot impactive endorse optimizing and

upgrading the agricultural and industrial configuration, which is

not conducive to CO2 release reduction. The probable cause of

that the eastern area has a relatively developed economy and

an advanced agricultural system, but it is highly dependent on

AcGTP for agricultural production energy. However, as agriculture

is a particular sector, the reduction in the proportion of high-

energy planting does not mean the advancement of the PS,

thus, changes in the agriculture industrial structure do not

mean release reduction. Another explanation is that the planting

industry’s own “high carbon2-low efficiency” characteristics do

not have the advantage of carbon release reduction compared

with other agricultural industries with “low carbon-high efficiency”

characteristics (Piwowar, 2019).

However, the advancement of release reduction technology

has increased the proportion of the plantation industry, and

CO2 sequestration will reduce the CO2 releases of the plantation

industry. Conversely, it will also increase the input of production

factors, which is evenmore detrimental to carbon release reduction.

The mediating impact of AcGTP in the eastern area through the

agricultural energy structure (ES) is−48.97 (−0.03× 1,951), which

is significant at 5%. The intermediary effect of AeGTP through

agricultural energy efficiency (EF) and agriculture industrial

structure (PS) in the eastern area is not statistically significant;

the intermediary impact through agricultural energy structure

(ES) is −261.04 (−0.02 × 13,387), which is at 1% significance

level. Overall, AGTP, AcGTP, and AeGTP in the eastern area

have no substantial mediating influence on the impact of CO2

release concentration. It is apparent that the agricultural energy

structure (ES) in the east has significantly minimized the CO2

release concentration, but the agricultural energy efficiency (EF)

and the agriculture industrial structure (PS) are not entirely

significant. For the above results, the probable explanation is

that the eastern area is a pioneer area of reform and opening

up, actively participating in and integrating into the global

competition, and market-based resource allocation has a decisive

role. Relying on market competition, mechanisms can stimulate

enterprise technological innovation and promote agricultural

energy structure optimization and upgrade. At the same time,

many provinces in the eastern area have already actively explored

the path to the sustainable development of ecological safeguard

and economic development. Agricultural energy competence is

relatively high, and the impact of green technology advancement

on agricultural energy efficiency is relatively small. The market

dominates the agricultural industry structure in the eastern area,

thus, the advancement of green technology has little impact on the
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TABLE 5 Analysis of the mediating impact of AGTP, AcGTP, and AeGTP on carbon in the whole sample and sub-zones.

Direct impact Analysis of the mediating impact of a
specific path and its proportion

Overall mediating impact

EF PS ES

AGTP Full sample −298.40∗∗∗ −54.69∗∗ −28.00∗∗ −138.18∗∗∗ 220.87∗∗

0.87×−62.86 −0.02× 1,400.00 −0.01× 13,818.00

East −162.30∗∗ 19.83 5.38 −135.25∗∗∗ 160.46

0.72× 27.54 −0.04×−134.50 −0.01× 13,525.00

Central −216.70∗∗ 217.99∗∗∗ 16.55 −213.43∗∗∗ 447.97

3.32× 65.66 0.02× 827.60 −0.01× 21,343.00

West −425.10∗∗∗ 79.90 −157.74∗∗∗ −87.35∗∗ 324.99

−0.69×−115.80 −0.03× 5,258.00 −0.01× 8,735.00

ACGTP Full sample −329.30∗ −57.52∗∗∗ −39.30∗∗ −305.20∗∗∗ 402.02∗∗

0.97×−59.30 −0.03× 1,310.00 −0.02× 15,260.00

East −410.60∗∗ 13.95 97.98∗∗ −58.53∗∗ 170.46

1.71× 8.16 −0.12×−816.50 −0.03× 1,951.00

Central −498.50∗∗ 387.36∗∗∗ −98.72 −518.10∗∗∗ 1,004.18

6.54× 59.23 0.08×−1,234.00 −0.03× 17,270.00

West −498.50∗∗ 233.79∗∗ −397.01∗∗∗ −65.48 696.28

−2.41×−97.01 −0.07× 4,232.00 −0.02× 3,274.00

AEGTP Full sample −570.70∗∗∗ −106.06∗∗∗ −41.64∗∗ −274.20∗∗∗ 421.90∗∗

1.69×−62.76 −0.03× 1,388.00 −0.02× 13,710.00

East −313.00∗∗∗ 15.61 5.34 −274.20∗∗∗ 295.15

0.58× 26.91 −0.04×−133.60 −0.02× 13,387.00

Central −407.20∗∗ 349.97∗∗∗ 16.29 −417.30∗∗∗ 783.56

5.41× 64.69 0.02× 814.60 −0.02× 20,865.00

West −899.20∗∗∗ 152.36 −218.28∗∗∗ −170.92∗∗ 541.56

−1.30×−117.20 −0.04× 5,456.00∗∗∗ −0.02× 8,546.00∗∗

Standard errors in parentheses and ∗∗∗p < 0.01,∗∗p < 0.05,∗p < 0.1 denote significant levels.

agricultural industry structure (PS). These may be the reasons for

the insignificant mediation impact.

4.6. Analysis of the intermediary impact in
the central area

The mediating impact of AGTP in the central area through

agricultural energy efficiency (EF) is 217.99 (3.32× 65.66), which is

statistically significant at 1%. This shows that AGTP in the central

area improves CO2 release concentration through agricultural

energy efficiency (EF). This is inconsistent with expectations.

From the variable point of view, 3.32 and 65.66 are both

positive and significant, which is inconsistent with the substantial

adverse influence of agricultural energy efficiency on CO2 release

concentration at the national level. Thus, the AGTP in the central

area reduces agricultural energy efficiency (EF). This fosters growth

in the concentration of agricultural carbon releases. The mediating

impact of the AGTP in the central area through the agricultural

industry structure (PS) is 16.30 (−0.02 × 827.60), which is not

statistically significant, while the mediating impact of the AGTP

through the agricultural energy structure (ES) is −262.51 (−0.01

× 21,343), with a 1% level of significance. The mediating impact of

AcGTP in the central area through agricultural energy efficiency

(EF) is 387.30 (6.54 × 59.23), with a 5% significance level. The

mediating impact through the agriculture industrial structure (PS)

is−97.36 (0.08×−1,234), which is not statistically significant, and

themediating impact through the agricultural energy structure (ES)

is−433.47 (−0.03× 17,270), with 1% level of significance.

The mediating impact of AeGTP through agricultural energy

efficiency (EF) in the central area is 349.77 (5.41 × 64.69), and

the mediating impact through the agriculture industrial structure

(PS) is not statistically significant; the mediating impact through

agricultural energy structure (ES) is −394.35 (−0.02 × 20,865),

with 1% level of significance. Overall, AGTP, AcGTP, and AeGTP in

the central area had no substantial mediating impact onCO2 release

concentration during the research period. The significant results

show that the impacts of AcGTP, AeGTP, and AGTP in the central
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area on CO2 release concentration through EF are all significantly

positive. A possible explanation is that AGTP has the same rebound

impact as an industry (Brookes, 1990). The probable explanation is

that the process of agricultural expansion in the central provinces

inevitably caused the development issue of “high input, high

pollution, high consumption, non-circulation, and low efficiency”

(Gao et al., 2014). The development of advanced foreign technology

reduces energy depletion and decreases pollutant discharges, but

the high cost will lead to the reduction of subsequent profits,

which hinders the improvement of energy competence (Song

et al., 2018). Seemingly, the concentration of CO2 released has not

decreased but increased. Another possible explanation is that the

expansion of AGT has gradually enhanced the use competence of

energy production factors, but the improvement in efficiency may

also increase resource usage, and therefore its impact on carbon

release reduction is not apparent. Seemingly, after technological

improvement, the input of a specific high-carbon element in

agricultural production factors will be increased, while the input

of other low-carbon elements will remain unchanged, increasing

carbon release concentration (He et al., 2021).

4.7. Analysis of the intermediary impact in
the western area

The mediating impact of AGTP in the western area through

agricultural energy efficiency (EF) is 79.67 (−0.69 × −115.80), but

it is not statistically significant; the mediating impact through the

agriculture industrial structure (PS) is −136.18 (−0.03 × 5,258),

with 1% level of significance. The mediating impact through the

agricultural energy structure (ES) is −100.45 (−0.01 × 8,735),

which is significant at the 5% level. Themediating impact of AcGTP

in the western area through agricultural energy efficiency (EF)

is 233.30 (−2.41 × −97.01), with a 5% significance level. The

probable cause is that, like the central area, advanced production

technology fosters energy efficiencies and decreases pollutant

discharges, thereby improving the extensive development mode to

a certain extent. Because of the excessively high technical input cost,

it will lead to later profits.

The analysis of the intermediary impact mentioned earlier

shows that only the agricultural industry structure (PS) and the

agricultural energy structure (ES) have a significant intermediary

impact between green technological advancement and CO2 release

concentration in the western area. The mediating impact of AcGTP

in the western area through the agriculture industrial structure

(PS) is −307.67 (−0.07 × 4,232), which is significant at 1%; the

mediating impact of the AcGTP through the agricultural energy

structure (ES) is −71.05 (−0.02 × 3,274) but not statistically

significant. The mediating impact of AeGTP through agricultural

energy efficiency (EF) in the western area is 151.89 (−1.30 ×

−117.20), which is not statistically significant. After the green

technological progress of agriculture has increased the input

of non-clean elements in the planting industry, farmers and

enterprises have made technological innovations to make up

for the high cost and adjust the agricultural industry structure.

However, technological progress and structural adjustment will also

promote rapid economic growth, thus generating new demand

for energy and partially offsetting the saved energy (Yue et al.,

2021), which is insignificant. The mediating impact through the

agriculture industrial structure (PS) is −241.16 (−0.04 × 5,456),

with a 5% significance level. Seemingly, the mediating impact

through the agricultural energy structure (ES) is −133.32 (−0.02

× 8,546), which is significant at the 5% level. The mediating

impact of agricultural energy efficiency (EF) in the western area

between AcGTP and carbon release concentration is insignificant.

The possible reason is that the agricultural energy competence

in the west has always been high, and AcGTP has little impact

on agricultural energy competence, thus, the mediation impact

is insignificant.

4.8. Regional horizontal comparison

To sum up, there is apparent heterogeneity of intermediary

impacts across the country and sub-zones. Regarding direct

impacts, the direct impacts of sub-zones are all significant,

with west>central>eastern. The possible reason is that the

western area has unique advantages in natural resources, coupled

with abundant light resources and biological resources, and

relatively more ecological functional zones. The advantages

of farmland green and environmentally green products

are more significant than those in the central and eastern

zones. Consequently, the release reduction impact of its green

technological advancement is higher than in central and eastern

zones. The direct impacts of the three indicators of AeGTP,

AcGTP, and AGTP as AeGTP > AcGTP > AGTP prove that

the impact of resource-conservation technological advancement

is more evident than that of release-reducing technological

advancement. It is crucial to develop resource-conservation

technological advancements.

In terms of the overall mediation impact, only the national

mediation impact is significant, and the mediation impact in

different zones is not completely significant. From the overall

mediating impact of AeGTP, AcGTP, and AGTP, AcGTP >

AeGTP > AGTP, the secondary influence of release reduction

technology on CO2 release concentration is the most important.

From the viewpoint of intermediary factors, the significance

of the intermediary variables is ES > EF > PS. Compared

with agricultural energy efficiency (EF) and agriculture industrial

structure (PS), agricultural energy structure (ES) has a significant

mediating impact. For this result, the probable explanation is

the substitution of agrarian production factors. Under limited

economic production factors, the substitution mentioned earlier

will cause different production units to use scarce production

factors competitively, thus triggering changes in the production

structure (Malerba, 2007). Agricultural energy efficiency (EF)

mainly aims to increase the adoption rate of production factors

through marginal impacts, but the production factors that it

changes are limited, so its carbon release reduction impact is

not strong.
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5. Discussion

Based on China planting industry data, the study evaluated

the impact of green agricultural technology on carbon emission

reduction within the prospects of resource-saving and emission

reduction green technology. We also have explored the mediation

impact by comprising national, regional, and horizontal

perspectives of the emission reduction impact of agricultural

GT. The study found that the impact of green technology

progress on agricultural efficiency (EF) is significantly positive,

and the impact on agricultural industrial and energy structures

is significantly negative. The possible reason for this is that

the energy efficiency of China’s agricultural sector is low (Zhao

et al., 2018), and the potential for energy conservation and

emission reduction is relatively large (Ji and Hoti, 2022). Thus,

the government should increase investment in environmentally

biased technological innovation, especially in technologies

that reduce release and energy-conservation bias. They should

distinguish the differences in CO2 release reduction of different

technologies under different paths, emphasize the development

of AcGTP’s carbon release reduction advancement, and solve the

CO2 release problem from the perspective of energy conservation.

Moreover, the layout of the agricultural industry structure needs

to be adjusted effectively. The degree of agglomeration of the

agricultural industry is not enough to form a specific comparative

advantage (He et al., 2022). Therefore, it needs to be expanded

appropriately to form a professional market grid prospect by

integrating planting, production, processing, and sales in a proper

organizational structure.

As per the path analysis of the study, the path of agricultural

energy efficiency and industrial structure reduces carbon emissions,

but the path of agricultural energy structure increases carbon

emissions. Currently, China is facing contradictions between

agricultural development and environmental protection (Xu

and Lin, 2017), and the traditional carbon-based agricultural

development model is no longer suitable for current agricultural

production. The unreasonable consumption structure of China’s

agriculture, dominated by chemical fertilizers and pesticides, has

been maintained for a long time (Sarkar et al., 2022). However,

the continuously increasing energy input to improve the economic

benefits of agricultural products in the traditional production

process not only has a significant impact on the ecological

environment but also leads to agricultural carbon emission

pollution becoming more and more serious (Balsalobre-Lorente

et al., 2019). Therefore, adjusting the unreasonable agricultural

energy structure has become one of the significant problems to

be solved urgently in China’s agricultural low-carbon emission

reduction. The optimization and improvement in the agricultural

energy structure (ES) should be strengthened and actively promote

the role of green technological advancement to enhance the

agricultural energy framework and decrease unreasonable input of

energy elements in agricultural production.

The excessive dependence on fossil fuels should be lowered,

and an increase in the use of biomass energy and biogas should

be endorsed within core agricultural activities. The government

should reasonably lower the total amount of agricultural energy

consumption of agricultural production, gradually change

the structure of agricultural energy utilization, and promote

high-efficiency, energy-saving, and green emission reduction

technologies in agriculture. The proper use of chemical fertilizers

and pesticides has to be confirmed to reduce environmental

pollution. The present findings add to the existing corpus of

knowledge and facilitate quantitative measures of how green

technology affects the decrease of carbon emissions. Moreover,

the results align with prior studies (Ismael et al., 2018; Liu

and Yang, 2021). The study also articulated that the impacts

of AcGTP, AeGTP, and AGTP in the central area on carbon

release concentration through EF are all significantly positive.

The direct effect of the agricultural GT progress within China’s

western region is greater than that of the central region and more

significant than that of the eastern region. This outcome is parallel

to the study of Xu et al. (2019). For this reason, the Chinese

government vigorously develops and promotes modern industries

that can be facilitated resource efficiencies and environmental

safety, strengthen ecological restoration, and gradually become a

regionally crucial ecological area. The state restricts Western China

as a development zone for its weak resource endowment capacity

(Chen Y. et al., 2021).

Previous research (such as Tian et al., 2014; Han et al., 2018;

Cui et al., 2022) identified that the level of agricultural carbon

emissions in the eastern region is lower than the national average

and reached the highest point of total agricultural carbon emissions

in 2010, and has continued to decline since then, with the level of

carbon emission reduction at a top level. The current study also

found similar findings. The main reason is that the eastern region

has superior natural resources, promising economic development,

and the best technology, capital, and infrastructure, which provide

favorable support for solving the problems of high agricultural

investment (Cui et al., 2021a). Thus, the space for carbon emission

reduction in eastern China is lower than that of the middle

western region. Therefore, the progress of green technology in

Western China is better, which also shows that China has achieved

remarkable results in green and low-carbon construction in the

west. The government should implement regionally differentiated

agricultural energy conservation and emission reduction strategies:

Improve agricultural energy efficiency (EF), emphasize the

demonstration and leading role of advantageous zones, and

realize cooperation and cross-regional synergy improvement of

agricultural energy efficiency between each zone. Within the area,

identify target zones with the same production conditions and

similar industrial characteristics, especially contiguous zones where

large-scale operations are operable. Lastly, use a point-to-face

approach to promote the experience that can be used for reference.

The intermediary influence of AcGTP in the eastern area

through the agriculture industrial structure (PS) is significantly

positive, and the direction of agricultural development should

be continuously adjusted to reduce the degree of dependence

on agricultural production energy. Thus, the government should

aim at the heterogeneity of agricultural energy efficiency (EF) in

Western China and design improvement strategies based on its

characteristics. In the eastern area, the government should promote

agricultural technology innovation, encourage the development of

high-value-added agricultural practices such as organic agriculture,

urban agriculture, and facility agriculture, and continue to explore
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the introduction of modern industrial development concepts.

The government should endorse innovation-driven development

by significantly emphasizing the central and western zones.

Similarly, according to the current policy scenario of each region

and combining the specific characteristics of different zones,

agricultural carbon release reduction policies should be modified.

6. Conclusion

China is acknowledged as the nation with the highest CO2

emissions due to its massive population and rapid economic

growth. However, as socioeconomic progress accelerates, more

fossil fuel is used by advanced technologies, which impacts

agricultural economic expansion both explicitly and implicitly.

Based on the bottlenecks of carbon emissions, the Chinese

government has set a target date of 2060 for reaching carbon

neutrality. Therefore, based on the empirical data from the planting

industry in China, the study aims to explore the impacts of

agricultural green technology advancement on agricultural carbon

emission reduction. In the study, we used data envelopment

analysis to outline the core framework of the study. In addition,

we have critically revealed the intermediary impact of green

technology advancement by utilizing the intermediary impact

model. First of all, the agricultural green technology advancement

has been outlined as dual approaches of resource-saving and

emission reduction green technological advancement and thus used

a two-way econometric model to outline the impacts of both

approaches. Then, the structure of the whole sector has been

divided into industry and energy structures. After that, the whole

sample of China’s planting industry was divided into three distinct

regions (east, central, and west) to evaluate the impact of regions.

Empirical findings indicate that energy and resource-saving

technology positively impact reducing carbon emissions. At the

same time, the impact on the agricultural industry structure and

agricultural energy structure is significantly negative, and the path

of carbon reduction intensity is energy and resource efficiency,

followed by agricultural industry structure and agricultural energy

structure. The study also indicated that carbon emission is

substantially increased in the region where the agricultural industry

structure is well-developed. In terms of region, the western area has

a more significant direct impact than either the central or eastern

regions. These findings contribute to a better understanding of

the association between green technology advancement and carbon

emission reduction. However, the model and setup used in the

study can be extended to explore relatively larger regions. More

specifically, a multination perspective should provide more robust

outcomes. This article is mainly from the macro point of view to

consider the mechanism of analysis, but in fact, the impact of green

technology progress on carbon emissions is a more micro-level

behavioral change. Because of the limitations of the data, micro-

mechanisms have not been studied in this article. In the future, it is

worth further exploring the mechanism of technological progress

on carbon emissions under the micro-mechanism and exploring

farmers’ preferences under spatial heterogeneity. The study utilized

data envelopment analysis. However, DEA does not allow project

comparisons using multiple measures. Thus, future studies should

implement more structured tools, such as the slacks-based model

(SBM) and the structural equation model (SEM), for managing

multiple measures.
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