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Abstract: Due to severe resource and environmental constraints, agricultural green development
is a vital step for the low-carbon development of China. How to achieve the goal of a win-win
scenario that simultaneously improves agricultural green total factor productivity (GTFP) and
farmers’ agricultural income was the main focus of this study. Based on the panel dataset for 31
provinces in China from 2000 to 2018, this study calculated the agricultural GTFP using the global
Malmquist-Luenberger (GML) index to measure the green development of agriculture. Furthermore,
this study investigated the relationship between the agricultural GTFP and agricultural income in an
environmental Kuznets curve (EKC) framework, together with the key factors affecting agricultural
GTFP. The main results show that, first, driven by technical progress, the agricultural GTFP gradually
increased across the country, while there existed a certain degree of heterogeneity in the growth of
different regions. Second, the relationships between the agricultural GTFP and agricultural income
exhibited a significant U-shape for the whole country and the four regions, indicating that a win-win
scenario can be achieved between green development and income level. Third, industrialization and
urbanization negatively affected agricultural GTFP, capital deepening played a positive role, and due
to the mediated effect of capital deepening, the outflow of the agricultural labor force did not cause
substantial harm to agricultural GTFP. The findings of our study provide useful policy implications
for the promotion and development of agriculture in China.

Keywords: agricultural green total factor productivity; agricultural income; the global Malmquist-
Luenberger index; the environmental Kuznets curve; U-shape

1. Introduction

Multiple achievements were obtained by China’s agricultural reform, making signifi-
cant contributions to the development of the world’s agriculture. However, the early stage
of development of China’s agricultural sector mainly relied on the substantial consumption
of fossil fuels, which brought a large amount of greenhouse gas (GHG) emissions and envi-
ronmental degradation. The Food and Agriculture Organization (FAO) highlighted that
the agricultural sector accounts for 30% of GHG emissions due to human activities [1]. Fur-
thermore, China’s agricultural sector accounts for approximately 11% of global agricultural
GHG emissions [2]. As the population grows, so do their needs. In 2018, the population of
China was 1.4054 billion, and the urbanization rate was 61.50%, but the arable land per
capita in China was almost half of the world’s average [3]. These situations imply that
the conflict over land use as the population rises will intensify with the acceleration of
urbanization. At the same time, China’s agricultural development relies more heavily on
the use of electricity and diesel oil, as well as chemical fertilizers and pesticides to secure
food supply. However, this growing demand for energy poses a serious risk to sustainable
development and the climate due to the energy-consumption-related GHG (ECR-GHG)
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emissions [4]. Additionally, climate change will increase the frequency of natural disasters
and exacerbate the possibility of a negative impact of natural disasters on agricultural
production [5]. In responding to the challenge of environmental degradation, the net-zero
emissions target became a long-term global strategy for sustainable development. China
committed to adopting effective policies to realize the peak of carbon emissions by 2030
and carbon neutrality by 2060 [6]. Given that agriculture is a major source of ECR-GHG
emissions, stimulating the green development of agriculture will significantly contribute to
the carbon neutralization of China. Scholars generally believe that the green total factor
productivity (GTFP) is one of the most representative indicators to measure industrial
sector green development performance [7]. Therefore, this study took the agricultural
GTEFP as a proxy variable to measure the green development of the agricultural sector.

Chinese farmers are dependent on agricultural income from farmlands, which has
been a concern of the Chinese government [8]. The Chinese government has taken measures
to make farming profitable, such as abolishing agricultural tax and providing financial
support. In addition, the Chinese government proposed a reform of the household contract
responsibility system and the 2010 to 2020 strategy of farmers’ income multiplication to
improve agricultural income. The 2020 Central No. 1 Document devoted a large amount
of attention to agricultural income, as well as agricultural production and supply. For a
long period, China’s policy emphasis was on ensuring sufficient agricultural output and
raising agricultural income, but not all developments were equally positive. Agricultural
income in China still increases erratically, and the total amount is much lower than that
of non-agricultural income [9]. These issues affect farmers” willingness to participate in
agricultural production [10]. For this reason, labor endowments cause farmers to transfer
their family labor to non-agricultural sectors [11]. Furthermore, limited by their low
agricultural income, farmers are less concerned with environmental conservation. They
consider the benefits of abusing farmland to be greater than its costs, particularly as they
are not individually responsible for paying the costs for the environmental damage [12].
However, the increase in efforts to boost the agricultural income per capita at the expense of
the environment corresponds to an increase in the negative impacts of these efforts on the
growth of agricultural income. Thus, can farmers make agricultural income gains without
damaging green development performance? This issue warrants careful investigation.

In light of the abovementioned discussions, low income has been established as
one of the major causes of environmental degradation as environmental degradation
increases with income until a certain income threshold is reached, after which continued
increases in income will reduce environmental pressure. This concept is known as the
environmental Kuznets curve (EKC) hypothesis expounded by Grossman and Krueger
(1992), which postulates an inverted U-shaped relationship between income per capita
and environmental degradation [13]. Since then, a large number of studies have tested the
validity of the EKC hypothesis using a panel dataset, including the performance of EKC
in different pollutants, such as CO,, NOx, CHy, and PM; 5 [14-17], regions with different
income levels [18], and different stages [19]. However, the major criticism of the EKC is that
it is sensitive to the measurement of environmental pollutions, and its empirical results vary
depending on the type of the pollutants [20]. Additionally, since pollutants are only outputs
of the production process, treating pollutants as an indicator of environmental performance
and analyzing the relationship between income and pollutants in such a simplified form
cannot reflect the process of converting factor inputs into desirable outputs and undesirable
outputs [21]. Even at higher income levels, the modification of the production process may
improve environmental quality and efficiency [22]. Furthermore, the common shortcoming
of the above-mentioned studies is that the notions of green and sustainability have not
been involved, which suggests maximizing economic development performance while
maintaining environmental quality. Therefore, this study made efforts to investigate the
implications of green development and its possible application in the EKC framework, that
is, further investigated the existence of the EKC relationship between GTFP and income
growth in the agricultural sector.
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The remainder of this paper is structured as follows. In Section 2, a brief review of
the relevant literature on the GTFP and EKC hypothesis applied in the agricultural sector
is provided. The study area, empirical methodology, and variables” data and sources are
explained in Section 3. In Section 4, the spatial-temporal evolution of agricultural GTFP
in China is described, and the green growth index is divided into technical efficiency
and technical progress. In Section 5, the empirical results of the relationships between
agricultural GTFP and agricultural income in the whole country and the four regions
are presented. The key factors affecting agricultural GTFP are discussed in Section 6. In
Section 7, conclusions are drawn and a discussion of recommendations for agricultural
policy is presented.

2. Literature Review

The total factor productivity (TFP), which can measure economic performance that
accounts for the influences of technical progress and efficiency, was proposed by Solow
(1957) [23]. However, the traditional TFP ignores environmental constraints and thus
exaggerates economic performance [24]. As an indicator of green development, GTFP
not only takes economic performance but also resource and environmental constraints
into consideration. The literature on agricultural GTFP is limited. First of all, using
the related data regarding energy from the energy balance sheet, the previous literature
calculated agricultural energy consumption by excluding indirect energy consumption;
therefore, energy consumption and ECR-GHG emissions of agricultural production were
underestimated [25-27]. Apart from direct energy consumption, such as electricity and
diesel, the production of diesel, electricity, pesticides, chemical fertilizers, agricultural
machinery, and plastic films consumes a large amount of energy and creates ECR-GHG
emissions. Second, agricultural GTFP must take the constraints of water resources into
consideration. Agriculture occupies more than 70% of global water resources and is the
largest user of water resources [28]. However, global freshwater is becoming increasingly
scarce [29]. At the same time, FAO (2020) highlighted that the growth of income and
urbanization was leading to a rising water demand for industry and services, as well as
for water-intensive foods [30]. These issues further aggravate the shortage of agricultural
water. In addition, China’s agricultural sector accounted for approximately 61.39% of total
water consumption in 2018, but the contribution rate to GDP was only 4.2%. Therefore,
the low utilization efficiency of water resources is among the key problems that restrict
China’s green agricultural development.

The application of the EKC hypothesis to agriculture is gaining interest. Scholars
have examined the relationship between economic development and carbon emissions
in the agricultural sector [14,15]. Nevertheless, green efficiency or productivity in EKC
hypothesis literature was rarely analyzed. In addition, the existing literature has ignored
the influence of income structure on the green development of agriculture [7]. Undoubtedly,
the higher the income from agricultural activities, the more farmers are willing to devote
themselves to agricultural production. However, Chinese farmers earn a higher income
from non-agricultural activities; at the same time, they care about the urban-rural income
gap [31]. Although China’s urban-rural income ratio began to decline from the peak
of 3.3 in 2009, the relatively lower agricultural income has not reversed the trend of a
massive wave of farmers abandoning agricultural production [32]. The net outflow of
the rural labor force inevitably must be substituted by agricultural machinery, pesticides,
and chemical fertilizers, leading to an increase in energy consumption and ECR-GHG
emissions. In conclusion, using an extensive production model to improve agricultural
income will cause damage to the environment and reduce agricultural GTFP; on the
other hand, agricultural income growth will increase farmers’ enthusiasm and improve
agricultural GTFP. Therefore, realizing a positive interaction between agricultural income
and agricultural GTFP is necessary.

As indicated above, a consensus was reached regarding the importance of green
agricultural development. However, few studies have quantified the indirect energy
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consumption of agricultural production and thus underestimate ECR-GHG emissions. One
contribution of this study is to consider direct and indirect energy consumption, ECR-GHG
emissions, and water resources in the calculation of agricultural GTFP. Although there
were studies on the EKC hypothesis in the agricultural sector, the empirical evidence on
the green development of agriculture and agricultural income is insufficient. Therefore,
this study intended to empirically determine the relationships between agricultural income
and GTFP in China to fill this gap.

3. Methods, Indicators, and Data

In this section, first, this study calculated direct and indirect energy consumption
and ECR-GHG emissions of agricultural production by sorting out the related conversion
coefficients in Section 3.1. Second, the global Malmquist-Luenberger (GML) index was
introduced to calculate agricultural GTFP in Section 3.2. Furthermore, panel regression
models were implemented to investigate the EKC hypothesis relative to the agricultural
GTFP and income in Section 3.3. Finally, the data and indicators were described in all
necessary detail in Section 3.4.

3.1. Methods for Determining Agricultural Energy Consumption and ECR-GHG Emissions

The demand for energy of agricultural production consists of direct and indirect
energy. First, direct energy consumption includes the diesel oil and electricity used to
operate agricultural machinery for sowing, irrigation, fertilization, weeding, and harvest-
ing. Second, indirect energy consumption includes the energy used during the production
process of agricultural machinery, pesticides, chemical fertilizers, plastic films, diesel oil,
and electricity [33,34]. This paper describes a method that uses the raw data multiplied
by related energy conversion coefficients to calculate agricultural energy consumption
(except for manpower and animal power) and converts the value of energy consumption
into standard coal [31]. The energy conversion coefficients were derived from the China
energy statistics yearbook and previous research [35-39].

For the purpose of measuring the environmental pressure caused by agricultural
production, ECR-GHG emissions were calculated for each type of energy consumption,
including the production or use of diesel oil, electricity, agricultural machinery, pesti-
cides, chemical fertilizers, and plastic films. This study converted the value of ECR-GHG
emissions into carbon dioxide equivalents using global warming potential (GWP) parame-
ters [40]. The emissions coefficients were from previous research [41-44].

3.2. Methods for Determining Agricultural GTFP

The GTFP was calculated using the Malmquist-Luenberger (ML) index by several
scholars [45]. The ML index and the directional distance function (DDF) were proposed
by Chung et al., (1997) to deal with both undesirable outputs and desirable outputs
simultaneously [46]. However, the progress of agricultural production is long-term and
continuous; meanwhile, the geometric mean of the ML index is not cumulative, meaning
that it is unsuitable for measuring long-term changes in GTFP. Moreover, the ML index
may face the problem of finding no solution for linear programming and non-transitivity.
On the basis of the ML index, Oh (2010) developed the global Malmquist-Luenberger
index, which could avoid finding no solution for linear programming [47]. To measure the
dynamic trend of agricultural GTFP and further explore the impact of technical progress
and efficiency on agricultural GTFP, this study adopted a GML index.

In this study, each province was defined as a decision-making unit (DMU). Based
onapanel of k = 1,...,KDMUs and t = 1,...,T periods, the DMUs use S inputs,
x = (xq,x2,%3,+ -+, X5) € Ri to produce N desirable outputs, y = (y1,Y2,¥3,- - - YN) €
Rﬂ\r], and M undesirable outputs, b = (by,by,bs,- - -, by) € R]f. Letg = (gy, g,) be a

direction vector, and g € Rf X Rﬂ\f. Then, the DDF was defined as D (x,y,b; gy,gh) =

max{ ,B’ (v + B8, b — Bg;) € P(x) } Since the indices require a heavy dose of additional
notations, this study omitted the direction vector g = (y, b) to save space when defining
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the indices in the remainder. For example, D (x,y,b; g,,g;) was replaced by D (x,y,b)

in all places. In defining the GML index, there were two definitions of the production

possibility set (PPS): a contemporaneous PPS and a global PPS. The contemporaneous PPS

was defined as P'(x') = { (v, b')|x! can produce (y', b')}. Additionally, the global PPS

was defined as P%(x) = P'(x!) UP?>(x2) U ---UPT(xT). By the definition of the global

PPS, the model of the GML index at period t and period ¢ + 1 can be expressed as follows:
14+ DG (!, yt, bt)

AL b b pt D b iy
GML"™ (2, Y, b,y b )_1_|_DG(xt+1,yt+1,bt+l) @

where the global DDF was defined as D®(x, y, b) = max{B|(y + By,b — Bb) € PS(x)},
G =t, t+ 1. The GML"*! represents the productivity at period t + 1 with respect to the
period t, where a value of GM Lt greater (lower) than 1 indicates an increase (decrease)
in GTFP. Additionally, the GML"*! was decomposed into technical efficiency (GEC) and
technical progress (GTC), as expressed in Equations (2)—(4):

1 +Dt(xt,yt, bt) 1+ DG(xt,yt, bt) 1 +Dt+1(xt+1,yt+1,bt+1)

BEL b o f b BT iy
GMLY (2, by, ) = 1+ DFFL (L, L py ™ | T4 DF(ad, yE bF) 1+ DO (xf+L, yi+1, el 2
GEct,t-‘rl — 1 + Dt(xt/ytl bt) (3)
1+ DL (3L, T pit)
1+ DG t’ t, bt 14+ Dt t+1’ t+1, pt+1
GTCL‘,I.‘+1 _ + (X Yy ) + (x y ) (4)

T 1+ D,y bty 14 DO (xbrl, ytt, i)

Therefore, the changes in GML include the changes in technical efficiency and techni-
cal progress:
GML = GEC x GTC ®)

where a value of GEC*1 greater or lower than 1 reflects a technical efficiency improvement
or loss, respectively, from period f to period ¢ + 1; a value of GTC“*1 greater or lower than
1 reflects technical progress or regress, respectively, from period f to period t + 1. Then, the
GML and its decomposition across many periods can be expressed as follows:

1+DG(xt yt bt) 1+DG(xt+l yt+1 bt—‘rl) 1+DG(xt yt bt)

tE+1 1042 Y ’ ’ _ rd s _ tt+2

GML"™ x GML T 14 DO (xf1, i+ piel) “1r DG (42, yi+2,p+2) — 14 DG (xt+2, yt+2, pi+2) GML (6)
GEct,H-Z — GECt't+1 % GEct-‘rl,t-‘rz (7)
GTct,t+2 —_ GTct,t+1 % GTct+1,t+2 (8)

3.3. Methods for Determining the EKC Relating Agricultural GTFP and Agricultural Income

This study used panel regression models based on the EKC hypothesis to analyze
the relationship between agricultural GTFP and farmers’ agricultural income. In addjition,
the quadratic polynomial model was used flexibly to judge the shape of the EKC, and the
logarithmic transformation of certain variables was processed to avoid large differences in
the magnitude of the variables [48]. The models were as follows:

GTFP; = wag + a1 AIPCj; + DLQAIPC% +a3Zip + Wi+ €i 9)

where i and t indicate the province and year, respectively; the a coefficients represent the
parameters to be estimated; p refers to the individual effect; e represents the random error
term; and GTFP denotes the agricultural GTFP. Given that the GML index is a dynamic
index, this study transformed it into a cumulative value for comparability and assumed
that the value of GTFP in 2000 was 1, and the GEC and GTC were treated in the same
way [49]. Additionally, AIPC denotes the logarithm of agricultural income per capita, and
agricultural per capita income was converted into the 2000 base period using the consumer
price indices for rural residents; ATPC? denotes the logarithm of the square of agricultural
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income per capita. According to the EKC hypothesis, if #; < 0 and ap > 0, then a U-shaped
curve is observed between agricultural GTFP and agricultural income, whereas if a; > 0
and ap < 0, then an inverse U-shaped curve is observed. Finally, Z denotes the set of
control variables, as shown in Table 1.

Table 1. Control variables of panel regression models.

Control Variable

Symbol Description

The proportion of the added value of the secondary and tertiary

Industrial structure Is industries to regional GDP.
Proportion of agricultural labor force PALF The proportion of agricultural labor force to the total labor force.
The logarithm of the proportion of agricultural real capital stock to the
Capital deepening CD agricultural labor force; the calculation of agricultural real capital stock is
based on Zhang et al., (2004) [50] and Zong et al., (2014) [51].
Educational level EL The proportion of the population with a high school degree anle above
among the population aged 6 years and above to total population.
R&D RD The proportion of R&D internal expenditure to regional GDP.
Governmental financial support GFS The prqportlon of agricultural financial expenditure to total financial
expenditure.
Relative price RP The proportion of the. price index of agricultural means of production to
the price index of agricultural products.
Environmental regulation ER The number of environmental regulations issued.
A dummy variable—the timing of the abolition of agricultural tax varies
Agriculture tax AT from province to province. When the agricultural tax was completely
abolished, AT = 1; otherwise, AT = 0.
External dependence ED The? proportion of total import and export of agriculture products to
regional GDP.
Natural disaster ratio NDR The proportion of sown area affected by natural disaster to the total sown

area of agriculture products.

The fixed effect (FE) and the random effect (RE) models are regression models that are
used for panel data, where the difference between the two depends on individual effects.
Specifically, individual effects may be present in the form of fixed and random effects and
are independent of other explanatory variables. Therefore, it was important to introduce
the Hausman test to examine whether there were individual effects and whether these
effects were associated with other explanatory variables so as to determine whether the
FE or RE model fit the data more accurately in this study [52]. The null hypothesis of the
Hausman test is that individual effects are not related to other explanatory variables. If the
results reject the null hypothesis, the FE model is adopted. In addition, as the value of the
dependent variable (GTFP) in this study is non-negative and truncated, the conventional
ordinary least squares regression (OLS) would have caused a biased estimation if used. As
a censored regression model, the Tobit model can be used to check the regression when the
dependent variables are observed only in a restricted way and the explanatory variables are
observable [53]. Therefore, this study used the Tobit model to judge whether the empirical
results were consistent and observe the reliability of the regression results. Finally, to
further analyze the regional differences in the relationship between agricultural GTFP and
agricultural income, the FE, RE, and Tobit models were employed for grouped regressions
in the same way.

3.4. Indicators and Data

Given the availability and integrity of data, this study used balanced panel data
from 2000 to 2018 of 31 provinces in China for the empirical tests, except for Hong Kong,
Macao, and Taiwan. According to the standard regional divisions of the National Bureau of
Statistics, the 31 provinces are divided into four regions, namely, the northeastern, eastern,
central, and western regions (see Figure 1 and Table A2).
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Figure 1. China’s regional divisions and study areas.

In this study, the indicators of the agricultural GTFP included agricultural input
and output. Specifically, agricultural outputs were divided into desirable outputs and
undesirable outputs (see Table 2).

Table 2. Input and output indicators of agricultural GTFP.

Indicator Description
Energy Direct and 1nd1re'ct energy
consumption
Input Water Water for irrigation
Land Sown area of agriculture products
Labor Agricultural labor force
Desirable output Agricultural products Output of agrlcu}tural products
. Added value of agriculture (reference
Added value of agriculture
year: 2000)
Undesirable output ECR-GHG Direct and 1nfilr.e ct ECR-GHG

emissions

To ensure the reliability of the original data, the data for this study were collected from
the official statistical database and governmental reports, including the China Statistical
Yearbook, the China Rural Statistical Yearbook, the China Statistical Yearbook on Science
and Technology, the China Agricultural Machinery Industry Yearbook, the China Energy
Statistics Yearbook, the China Water Resources Bulletin, the China Environmental Yearbook,
and the statistical yearbooks of each province. Additionally, this study converted the total
values of the import and export of agricultural products into the average annual price
of the RMB exchange rate. To reveal the real economic growth, agricultural income per
capita, the added value of the three industries, and regional GDP were all converted into
the 2000 base period using the consumer price indices of rural residents and regional gross
domestic product indices. The descriptive statistics of all the variables are shown in Table 3.
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Table 3. The statistical description of all the variables.

Variable Unit Obs Mean Std. Dev. Min Max
Energy 10% tee 589 4170.025 3473.415 88.010 14,690.959

Water 108 m3 589 734.812 561.307 36.390 2681.190

Land 10* hm? 589 399.283 306.031 9.604 1329.025

Labor 104 people 589 120.044 100.031 4.200 561.750

Agricultural products 10% t 589 513.067 370.701 10.379 1490.272

Added value of agriculture 108 CNY 589 968.570 739.538 37.090 3564.000

ECR-GHG 10% t CO, eq 589 2369.603 1795.009 49.902 7757.566
Agriculture GTFP 1 589 1.078 0.106 0.782 1.495

Agricultural income per capita CNY 589 2645.844 1441.147 544510 7579.670
Industrial structure 1 589 0.878 0.065 0.635 0.997
Proportion of agricultural labor force 1 589 0.401 0.160 0.030 0.883

Capital deepening CNY per person 589  13,366.334  15,168.976 868.504 140,739.980

Educational level 1 589 0.241 0.104 0.029 0.686
R&D 1 589 1.282 1.058 0.140 6.170
Governmental financial support 1 589 0.096 0.035 0.021 0.190
Relative price 1 589 0.712 0.117 0.392 1.000
Environmental regulation 1 589 1.003 1.717 0.000 18.000
Agriculture tax 1 589 0.745 0.436 0.000 1.000
External dependence 1 589 0.014 0.014 0.001 0.091
Natural disaster ratio 1 589 0.241 0.161 0.000 0.936

4. Empirical Analysis Results for Agricultural GTFP

In this section, the empirical findings based on the overall, regional, and provincial
levels were described to confirm the changing trend and driving factors of the agricultural
GTEFP. Figure 2 shows the values of the GTFP, GEC, and GTC indices.
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25 A 125 A
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Figure 2. Agricultural GTFP, GEC, and GTC indices in China and the four regions from 2000 to 2018.

4.1. Analysis of the Overall Agricultural GTFP

As seen from Table Al and Figure 2, the overall GTFP of agriculture in China showed
a gradual increase from 2000 to 2018, with a total growth of 20.61% and an average annual
growth rate of 1.15%. Additionally, the technical progress of agricultural production
increased by 21.53%, while technical efficiency decreased by 0.52% during this period.
Furthermore, there was a modest increase in the overall GTEP by 5.65% from 2000 to 2009,
during which time technical efficiency even showed negative growth; the overall GTFP
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had a significant increase from 2010 to 2018, during which time technical progress in 2018
was 3.14 times what it was in 2009. The results indicate that technical progress had a
positive impact on the overall agricultural GTFP, and the loss of technical efficiency played
a negative role.

4.2. Analysis of the Regional Agricultural GTFP

The agricultural GTFP in the northeastern, eastern, central, and western regions
increased by 24.12%, 26.39%, 16.49%, and 15.45%, respectively, from 2000 to 2018. Addi-
tionally, there were regional differences in the agricultural GTFPs. First, the growth range
of the GTFP in the eastern and northeastern regions was higher than that in the central and
western regions. Second, the agricultural GTFP in the eastern region was higher than the
overall average, while that in the central and western regions was lower than the overall
average, which was related to the imbalance of regional economic improvement. The cen-
tral region was among the main agricultural areas, but its slow agricultural GTFP increase
means that the agricultural achievements were likely at the expense of the environment.
Furthermore, the green development of agriculture was shown to be an urgent task for the
central and western regions. Third, technical efficiency in the northeastern, eastern, central,
and western regions changed by —4.98%, 3.61%, —1.18%, and 0.45%, respectively, from
2000 to 2018. Finally, technical progress in all four regions showed a remarkable increase.
Therefore, the growth of regional GTFP was due to the facilitation of technical progress
greater than the inhibition of technical efficiency loss.

From a temporal perspective, agricultural GTFPs in the regions had a slight increase
from 2000 to 2009 and a marked increase from 2010 to 2018. For the northeast region, its
agricultural GTFP was higher than the others from 2005 to 2016, during which time both
technical progress and technical efficiency promoted GTFP growth; however, its technical
efficiency decreased from 1.0462 in 2010 to 0.9502 in 2018, which led to a decline in GTFP
from 2016 to 2018. Furthermore, the technical efficiency in the eastern and central regions
declined from 2000 to 2009 and gradually became stable after 2014. For the western region,
its technical efficiency showed an increasing trend after 2015 with the agricultural GTFP
showing development potential.

4.3. Analysis of the Provincial Agricultural GTFP

According to Table A2 and Figure 3, there was one province where the agricultural
GTFP had negative growth in 2018, namely, Tibet. In the same year, there were six provinces
where the growth range of agricultural GTFP was more than 30%, most of which were in the
eastern region. The reasons for this finding were that the eastern region could strengthen
technological innovations and rapidly reach the frontier of production technologies.

Furthermore, there were provincial differences in agricultural GTFPs. First, due to
the greater promotion of technical progress than the inhibition of technical efficiency loss,
the agricultural GTFPs in ten provinces showed an increase from 2000 to 2018, namely,
Liaoning, Jilin, Hebei, Guangdong, Shanxi, Anhui, Hubei, Sichuan, Yunnan, and Xinjiang.
Second, due to technical progress and fixed technical efficiency, the agricultural GTFPs in
eight provinces showed positive growth, namely, Beijing, Tianjin, Shanghai, Shandong,
Hainan, Guangxi, Chongqing, and Guizhou. In addition, the rising GTFPs in twelve
provinces, namely, Heilongjiang, Jiangsu, Zhejiang, Fujian, Jiangxi, Henan, Hunan, Inner
Mongolia, Shaanxi, Gansu, Qinghai, and Ningxia, were due to both the promotion of
technical progress and technical efficiency gain. Eventually, due to technical efficiency loss
and technical regress, the agricultural GTFP in Tibet showed a decrease in 2018.

In terms of the contribution of provinces to regions, there were sixteen provinces in
which the agricultural GTFPs were lower than the related regional average in 2018, which
means that more than half of the provinces did not play a significant role in promoting
the region’s agricultural GTFPs, including major agricultural provinces in China, such as
Jilin, Shandong, Guangdong, Anhui, and Hunan. In conclusion, technical efficiency loss
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had a mainly inhibitory effect on the provincial GTFPs. Additionally, the main agricultural
provinces in China need to improve their agricultural GTFPs.
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Figure 3. Provincial agricultural GTFP in 2001, 2009, 2010, and 2018.

In this study, there was great synchronization between agricultural GTFP and technical
progress, but no strong link between agricultural GTFP and technical efficiency, which is
consistent with the conclusions drawn by Kumar (2006) [54] and Choi et al., (2015) [55].
Moreover, the average value of technical efficiency was lower than that of the agricultural
GTFP and technical progress. In short, technical progress made major contributions to
the improvement of agricultural GTFP in China, but technical efficiency loss played a
restrictive role.

5. Analysis of Empirical Results of the EKC
5.1. Analysis of the Overall EKC

According to the overall sample regression results in Table 4, regardless of the control
variables, the relationship between the agricultural GTFP and agricultural income exhib-
ited a U-shaped curve, which implies a win-win scenario for the green development of
agriculture and farmers’ agricultural incomes. Additionally, the results of the Hausman
tests were at least significant at the 5% level, indicating that the FE models fit the data
more accurately than the RE models for this study, and the reliability of FE models was
demonstrated by the regression results of the Tobit models.

Considering the control variables, the regression equation was obtained as being
GTFP = —1.442AIPC + 0.094AIPC?, and the threshold of the EKC between the agricul-
tural GTFP and agricultural income was approximately CNY 2143.54, which was obtained
via the following calculation: threshold = exp(—pB1/2B2) = exp[—0.094/2 x (—1.442)].
When the agricultural income per capita was lower than CNY 2143.54, the agricultural
GTFP decreased with an increase in agricultural income. Above the threshold, agricultural
income increased in step with the agricultural GTFP. In the early stages, farmers made agri-
cultural income gains but ignored protecting the environment, and the demand for water,
fossil energy, pesticides, and chemical fertilizers increased. Moreover, farmers’ awareness
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of their effects on the water and air that are public goods was insufficient, further leading
to ECR-GHG emissions and resource waste. As agricultural income increased, agricultural
GTFP improved as there were more advanced technologies and economic strengths to
reduce resource inputs and ECR-GHG emissions. Meanwhile, farmers” awareness of low
carbon started to strengthen, driving the sustainable development of agriculture.

Table 4. The overall empirical results of the EKC describing the relationship between agricultural
GTEFP and agricultural income.

D ) 3) @) (5) (6)
Variable : :
FE RE Tobit FE RE Tobit
pc _1354%%  _1403%%  _1398%%  _1442%%  _1458%%  _1.450**
(0.139) (0.138) (0.138) (0.144) (0.141) (0.139)
APC? 0.094 %% 0097  0.097**  0.094**  0.095%* 0095 **
(0.009) (0.009) (0.009) (0.009) (0.009) (0.009)
S 0566 —0.538 %+ —0.558
0.133 0.117 0.119)
AL —(0.281 - —(0.245 - —(0.252
(0.077) (0.066) (0.067)
D 0.028 %% 0.022%%  0.024%
(0.008) (0.008) (0.008)
. ~0.030 ~0.026 ~0.035
(0.105) (0.097) (0.097)
D 0.031** 0023 0025
(0.010) (0.009) (0.009)
0.011 0.024 0.022
GFS (0.150) (0.144) (0.143)
< 0089  —0.084*  —0.087*
(0.036) (0.035) (0.034)
R 0.003 * 0.003 * 0.003 *
(0.002) (0.002) (0.001)
AT 0.015 * 0.018 ** 0.017
(0.008) (0.008) (0.008)
D 0.401 0.104 0.169
(0.494) (0.441) (0.448)
0063 % —0.065**  —0.064 ***
NDR
0.021 0.021 0.020
59024 6100%%* 6077 % 6(.989 o 7(.023 o 7(.003 o
Constant (0.541) (0.538) (0.537) (0.575) (0.567) (0.558)
Resquared  0.4804 0.4802 0.5681 0.5661
H“;f:g“” 7.11 21.57 **
Obs 589 589 589 589 589 589
N 31 31 31 31 31 31

Note: ***, **, and * indicate that the statistical value was significant at 1%, 5%, and 10%, respectively; the standard
errors are in parentheses.

From the perspective of provinces, there are several interesting findings. The number
of provinces that passed the threshold increased after 2000. In 2018, more than 90% of
provinces’ agricultural income per capita was greater than CNY 2143.54, except Beijing and
Shanghai. Specifically, the secondary and tertiary industries and the residents’ daily life in
Beijing and Shanghai occupied the vast majority of land, labor force, and water resources,
which played a negative role in agricultural development. Moreover, the two provinces’
agricultural products were highly dependent on the supply of other provinces. Therefore,
under the shortage of agricultural labor force and farmland, Beijing and Shanghai were
bound to heavily depend on agricultural machinery, chemical fertilizers, and pesticides
to increase the energy consumption agricultural output per unit to a high level, which
reduced their agricultural GTFPs. In conclusion, it is of concern that the industry and
services sectors may affect the sustainable development of agriculture.
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5.2. Analysis of the Regional EKC

There were regional differences in economic development, industrial structure, and
natural environment. Therefore, it was expected that the impacts of agricultural income in
the northeastern, eastern, central, and western regions on their agricultural GTFPs would
be different.

According to Table 5, the relationships between the agricultural GTFP and agricultural
income were U-shaped in the regions, which was consistent with the overall regression
results. Thus, agricultural GTFP corresponded to the increase in farmers’ agricultural
income in the northeastern, eastern, central, and western regions. Second, although the
shapes of the regional EKCs were similar, the thresholds in the four regions were different,
with the gradual increase from the northeastern region to the central, eastern, and western
regions. Particularly, the threshold in the western region was higher than those in the other
regions. Third, the western region passed its threshold at the latest in 2014. In contrast,
economic development showed a backward trend in the vast majority of provinces in
the western region, reflecting the catch-up effect in backward areas. Finally, as China’s
major agricultural area, the northeastern and central regions realized the simultaneous
growth of agricultural GTFP and agricultural income early, which was positive for the
green development of China’s agriculture.
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Table 5. The regional empirical results of the EKC describing the relationship between agricultural GTFP and agricultural income.
Northeastern Eastern Central Western
Variable @) ®) ©) (10) (1) (12) (13) (14) (15) (16) 17) (18)
FE RE Tobit FE RE Tobit FE RE Tobit FE RE Tobit
AIPC —0.794 * —0.384 * —0.384 —1.457 *** —2.713 *** —1.681 *** —1.664 *** —1.166 *** —1.608 *** —0.935 *** —0.031 —0.838 ***
(0.517) (0.514) (0.446) (0.377) (0.348) (0.366) (0.383) (0.422) (0.361) (0.186) (0.241) (0.180)
AIPC2 0.055* 0.032 0.032 0.090 *** 0.173 *** 0.110 *** 0.113 *** 0.089 *** 0.111 *** 0.057 *** 0.005 0.052 ***
(0.032) (0.032) (0.027) (0.025) (0.023) (0.024) (0.024) (0.026) (0.023) (0.011) (0.015) (0.011)
IS —0.562 ** —0.886 *** —0.886 *** —0.467 —0.284 —0.998 ** 0.227 0.367 0.094 —0.595 *** —0.415 *** —0.570 ***
(0.248) (0.175) (0.152) (0.758) (0.263) (0.501) (0.303) (0.145) (0.252) (0.144) (0.146) (0.137)
PALE —1.128 *** —0.910 *** —0.910 *** —1.159 *** —0.376 ** —0.816 *** —0.539 *** —0.205 ** —0.429 *** 0.028 0.008 0.033
(0.184) (0.159) (0.138) (0.347) (0.177) (0.307) (0.159) (0.097) (0.159) (0.067) (0.067) (0.064)
cD —0.006 —0.005 —0.005 0.028 0.014 0.021 0.005 * 0.014 0.001 0.059 *** 0.024 ** 0.050 ***
(0.032) (0.032) (0.028) (0.019) (0.014) (0.017) (0.013) (0.013) (0.012) (0.012) (0.009) (0.011)
EL —0.187 —0.131 —0.131 —0.103 —0.438 ** —0.200 —0.211 —0.496 *** —0.304 * 0.107 0.813 0.182
(0.286) (0.269) (0.234) (0.240) (0.176) (0.222) (0.170) (0.156) (0.161) (0.124) (0.107) (0.120)
RD 0.018 0.025 0.025 0.060 ** 0.029 ** 0.023 0.084 *** 0.107 *** 0.078 *** 0.009 0.004 0.016
(0.037) (0.032) (0.028) (0.029) (0.014) (0.020) (0.029) (0.020) (0.026) (0.017) (0.010) (0.015)
GES 0.351 0.288 0.288 0.198 1.343 *** 0.612 0.022 —0.342 —0.031 0.142 —0.243 0.112
(0.427) (0.447) (0.388) (0.433) (0.376) (0.400) (0.286) (0.316) (0.270) (0.139) (0.173) (0.134)
RP —0.142* —0.101 ** —0.101 ** —0.081 —0.366 *** —0.215** —0.051 —0.166 *** —0.094 * 0.016 0.098 ** 0.003
(0.071) (0.051) (0.044) (0.097) (0.095) (0.094) (0.059) (0.049) (0.056) (0.041) (0.043) (0.040)
ER 0.008 * 0.009 ** 0.009 ** 0.002 0.003 0.004 0.001 0.000 0.001 0.000 0.001 —0.000
(0.005) (0.005) (0.004) (0.003) (0.003) (0.003) (0.002) (0.002) (0.002) (0.002) (0.004) (0.002)
AT —0.026 —0.026 —0.026 —0.098 —0.032 —0.058 0.005 0.009 0.000 0.053 *** 0.039 *** 0.052 ***
(0.021) (0.022) (0.019) (0.023) (0.020) (0.020) (0.014) (0.016) (0.013) (0.009) (0.013) (0.008)
ED 1.845* 0.589 0.589 0.226 0.660 0.004 4.332 0.440 2.593 —0.709 —0.729 0.596
(1.085) (1.008) (0.875) (0.866) (0.626) (0.801) (3.461) (3.100) (3.241) (0.809) (0.731) (0.759)
NDR —0.090 *** —0.100 *** —0.100 *** —0.003 —0.121 ** —0.020 —0.062 * —0.028 —0.057 * —0.064 *** —0.042 —0.064 ***
(0.027) (0.028) (0.025) (0.046) (0.051) (0.045) (0.036) (0.042) (0.034) (0.024) (0.030) (0.023)
Constant 5.009 ** 3.462 * 3.462 * 7.430 *** 12.247 *** 8.609 *** 7431 ** 4.576 *** 7.190 *** 4.758 *** 1.376 * 4.390 ***
(2.189) (2.181) (1.895) (1.753) (1.351) (1.534) (1.584) (1.688) (1.490) (0.725) (0.960) (0.703)
R-squared 0.9485 0.9424 0.5939 0.4852 0.7580 0.6751 0.6078 0.4584
Hagisman 5.75 * 58.04 *+* 33.76 *** 133.26 ***
Obs 57 57 57 190 190 190 114 114 114 228 228 228
N 3 3 3 10 10 10 6 6 6 12 12 12

Note: ***, ** and * indicate that the statistical value is significant at 1%, 5%, and 10%, respectively; the standard errors are in parentheses.
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6. Discussion

According to Section 4, all four regions in China achieved their agricultural GTFPs
gains during the sample period and had significant heterogeneity, which is consistent
with the recent works of Liu et al., (2021) [7] and Liu and Feng (2019) [56]. According to
Section 5, the relationship between the agricultural GTFP and agricultural income exhibited
a U-shaped curve. Green production is conducive to reducing environmental pollutants,
growing agricultural products, and thus increasing farmers’ income. At the same time, this
perceived gain will encourage farmers to engage in environmentally friendly production.
Farmers with higher agricultural income are more likely to invest more time and money
to adopt and master new technologies to improve GTFP; then, a win—win scenario can be
achieved between agricultural green development and income growth. This result is in
line with conclusions of Li et al., (2021) [10], Trujillo-Barrera et al., (2021) [57], and Li et al.
(2021) [58].

This study further discussed key factors affecting China’s agricultural GTFP from the
perspectives of the whole country and the four regions.

From the perspective of the overall sample: The estimated coefficient of IS was —0.566
at the 1% significance level, which means that the rising added value of the industry and
services in regional GDP had a significant inhibitory effect on the agricultural GTFP. First,
with the rapid growth of industrialization and urbanization, large-scale farmland was
occupied. Second, economic growth is associated with the transfer of the labor force from
the countryside to the cities and from the agriculture sector to the industrial and service
sector, which led to a decline in the quality and quantity of the agricultural labor force.
Furthermore, more pesticides and chemical fertilizers were used to relieve the pressure of
agricultural labor outflow, increasing energy consumption per unit of output. The findings
are consistent with those postulated by Wang et al., (2016) [59].

The coefficients of PALF and CD were —0.281 and 0.028, respectively, which were
significant at the 1% level. The results indicate that the outflow of the rural labor force had
not caused substantial harm to China’s agricultural GTFP. Additionally, capital deepening
played a significant positive role due to the research and development of agricultural
machinery, equipment, infrastructure, and new breeds with high quality and production.
Under the shortage of farmland and the rural labor force, the rational division of agriculture,
rising degree of specialization, and intensification of agricultural production typically
drove the sustainable growth of agriculture, which all benefited from capital deepening.
Therefore, capital deepening could be an effective factor substitution for the outflow of the
agricultural labor force. To confirm this speculation, this study used the FE model to further
estimate the mediated effect of the variable of CD [60]. According to Table A3, capital
deepening played a significant mediating role in the relationship between the proportion
of agricultural labor force and agricultural GTFP, approximately 60%, which is consistent
with the finding reported by Li et al., (2016) [61].

The coefficient of RD was 0.031 and significant at the 1% level; R&D investment
could promote the innovation of green agricultural technology, which is in line with the
conclusion of Adetutu and Ajayi (2020) [62]. The coefficient of RP was —0.089 at the
5% significance level; the agricultural production cost reduction and farmers’ disposable
income growth improved farmers’ enthusiasm for farming. However, the variables of
EL and GFS did not have a significant positive effect on agricultural GTFP, which was
different from our expectations. Farmers in education had more opportunities to hold
non-agricultural jobs, which caused the outflow of high-quality rural labor, thus hindering
the growth of agricultural GTFP. Additionally, governmental financial support must pay
further attention to the field of green and sustainable development of agriculture. Studies
by Yang et al., (2017) [63] and Xu et al., (2020) [64] support this study’s outcomes.

According to Table 4, the coefficients of ER and AT were 0.003 and 0.015, respectively,
which were significant. First, environmental regulation was an important means for
production management and pollutant supervision, with the advantages of convenient
operation and quick effects. Second, the abolition of agricultural tax increased farmers’
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enthusiasm for agricultural production. In addition, the coefficient of NDR was —0.063
and significant at the 1% level, indicating that the rising natural disaster ratio played a
significantly negative role in agricultural GTFP. These findings are aligned with those of
Zhan and Xu (2019) [65], Wang and Shen (2014) [66], and Xu et al., (2017) [5]. Finally, the
variable of ED positively affected the agricultural GTFP, as China could leverage external
trade to increase the import of virtual water and land to relieve the native pressure of the
resource shortage, which is consistent with the recent work of Li et al., (2021) [67].

From the perspective of the regional sample: First, the coefficient estimates indicating
the impact of IS on agricultural GTFP were found to be negative in most regions, but
positive and not statistically significant in the central regions, as the urbanization and
industrialization were lower than those in the eastern region [7]. Second, the coefficients of
PALF in the northeastern, eastern, and central regions were —1.128, —1.159, and —0.539,
respectively, at the 1% significance level, which was consistent with the whole country.
However, the variable of PALF in the western region played a weak role, which was related
to the fact that the western region was the main area of rural labor force output [61].
Moreover, capital deepening played a greater role in agricultural GTFP in western regions
than it did in the others, as the western region did not show obvious advantages in
infrastructure and technological innovation [7]. In addition, the coefficients of EL and
GFS were not significant in the four regions, which agreed with the overall regression
results. At the same time, R&D in the eastern and central regions played a significant role
in improving their agricultural GTFPs.

The role of RP in improving the GTFP was significant in most regions but not in
the western region. Although financial subsidies could reduce the price of agricultural
means of production, they inevitably caused farmers to use extensive amounts of chemical
fertilizers, pesticides, and agricultural plastic films to maintain agricultural output growth,
which caused ECR-GHG emissions [12]. Furthermore, the abolition of agricultural tax
played a greater role in promoting the GTFP in the central and western regions, due to
which the incentive effect on farmers was greater in the backward and major agricultural
regions, which is consistent with the finding reported by Xu et al., (2012) [68]. Finally,
the rising natural disaster ratio had a significant negative impact on agricultural GTFP,
which was corroborated in the four regions. This finding further summarizes that green
development is an essential way to realize the sustainable development of agriculture.

7. Conclusions and Suggestions

For most countries, energy conservation and GHG emissions reduction and improve-
ment of farmers’” agricultural income are the footholds of main policies in the agricultural
sector [31]. Thus, it is meaningful to discuss the relationship between green development
and income growth in the agricultural sector, especially for China, which is a large agricul-
tural country. In addition, since the regional development in China is imbalanced, a further
study of the regional EKCs is necessary to determine their spatial-temporal characteristics.
Different from current EKC literature, this study incorporated agricultural GTFP into the
EKC framework, providing insights into the planning of effective mitigation measures for
diminishing natural resources and deteriorating environment, together with the driving
factors of the regional differences. Using the panel dataset from 2000 to 2018 of China’s
31 provinces, this study first calculated the direct and indirect energy consumption and
ECR-GHG emissions during agricultural production. Next, the GML index was employed
to calculate the agricultural GTFP and its decompositions. Based on the EKC hypothesis,
this study used panel regression models to analyze the relationship between agricultural
GTFP and agricultural income, as well as the key factors affecting agricultural GTFP. The
main conclusions drawn from the empirical analysis are as follows:

(1) The overall agricultural GTFP in China increased by 20.61% from 2000 to 2018,
indicating China’s agricultural green performance followed a progression during the
sample period. There were regional and provincial differences in agricultural GTFPs. The
agricultural GFIPs in the central and western regions were lower than the overall average
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level. Additionally, the provinces with a higher growth range of agricultural GTFP were
mainly in the eastern region rather than the main agricultural regions. Hence, the central
and western regions should be the focus of improving the agricultural GTFP. Furthermore,
technical progress was the main driving force of China’s agricultural GTFP growth, while
technical efficiency loss played a restrictive role.

(2) There were U-shaped relationships between the agricultural GTFP and agricultural
income in the whole country and the four regions, indicating that agricultural income
gains were at the expense of the environment and the overexploitation of natural resources
at the early stage. With economic growth and technical progress, agricultural GTFP and
agricultural income growth could achieve a win-win scenario. Furthermore, the turning
point of the overall EKC was calculated, which corresponded to an agricultural income
per capita of CNY 2143.54. The thresholds of the regional U-shaped curves were different,
increasing from the northeastern region to the central, eastern, and western regions.

(3) The results suggest that several factors affected agricultural GTFP. First, there
was a significant negative correlation between industrial structure and agricultural GTFP,
indicating that the rising added value of the secondary and tertiary industries in regional
GDP had a significant negative impact on agricultural GTFP. Second, owing to capital
deepening, the outflow of the agricultural labor force did not cause substantial harm to the
agricultural GTFP. Second, capital deepening promoted the agricultural GTFP development;
at the same time, it played a mediating role in the relationship between the outflow of
agricultural labor and agricultural GTFP. Then, R&D investment, governmental financial
support, the relative price, external dependence, environmental regulation, and agriculture
tax all positively affected agricultural GTFP, but the growth of the educational level and
natural disasters were not conducive to agricultural GTFP development. Finally, due to
imbalanced development, there were differences in the factors affecting the agricultural
GTFP in the regions.

Based on the above and empirical conclusions, China’s agriculture sector is on a path to
resource conservation and environmental friendliness. However, different regions should
implement measures in agricultural green development based on specific circumstances as
indicated by differences in the GTFP. Furthermore, local government should strengthen
regional cooperation, especially emissions-reduction technologies transfer to the central
and western regions. Since the rapid development of industrialization and urbanization
negatively affected the agricultural sector, it is of great significance to optimize the efficient
allocation of resources between industries, build an efficient connection between agriculture
and industry, and encourage the technologies and capabilities of the industrial and service
sector to flow into the agriculture sector.

Technical progress is the main contributor to the agricultural GTFP growth across
China and in each region. Therefore, to increase investment and technological innovation
can make sense in energy conservation and emissions reduction and achieve the continuous
growth in the agricultural economy. China should take measures to optimize agricultural
machinery and facilitate the research and development of energy-saving and emissions-
reduction technologies.

Furthermore, the Chinese government could provide subsidies to encourage farmers
to purchase and use agricultural machinery that can save energy and reduce emissions,
with the purpose of phasing out energy-intensive and emissions-intensive agricultural
machinery. Meanwhile, the government needs to accelerate the production and effective
application of energy-efficient agricultural machinery, while also pay attention to the
degree of farmers’ acceptance of agricultural machinery. Thus, it is necessary to actively
cultivate scientific and technological talents, make advanced technologies of agricultural
green development effectively absorbed, and adopt policies suitable for different regions
to absorb agricultural labor with high quality and skill.

Besides agricultural machinery, the use of chemical fertilizers and pesticides is also
the main cause of ECR-GHG emissions. Hence, China should encourage the use of organic
fertilizers and pesticides, as well as agricultural plastic film recycling. In addition, China
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can strengthen international cooperation to expand the use of organic agricultural technolo-
gies, such as biological pesticides and fertilizers. Eventually, supervising and providing
subsidies for enterprises to produce organic fertilizers will be necessary.

This study mainly focused on the relationship between green development and income
growth in the agricultural sector based on the historical data. However, the trend prediction
for the energy consumption and ECR-GHG emissions of agricultural production has not
been taken into consideration, which is of significance in pushing for China’s carbon
neutrality by 2060. Future research on this aspect can be taken up.
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Appendix A

Table Al. The growth rate (%) of the GTFP, GEC and GTC indices in China and the four regions.

Y Northeastern Eastern Central Western China
€ar  GTFP GEC GTC GTFP GEC GTC GTFP GEC GTC GTFP GEC GTC GTFP GEC GTC

2001 118 —4.95 6.61 374 —-024 425 128 —-430 316 —-007 -163 1.65 089 =278 392
2002 425 —0.04 433 623 —012 6.61 1.61 —095 259 152 —-0.67 231 340 044 396
2003 417 =512 1022 6.87 —-0.66 8.18 1.69 —-230 4.10 1.83 —090 290 364 224 635
2004  3.11 1.25 3.01 7.68 0.81 7.10 244 —-1.04 354 2.61 0.24 2.48 3.96 0.32 4.03
2005 649 2.00 5.04 6.26 1.97 4.67 295 011 3.14 2.73 0.93 1.92 4.61 1.20 3.69
2006  7.35 3.80 391 2.70 1.84 1.31 1.68 —046 227 2.05 1.06 1.16 3.45 1.56 2.16
2007  6.90 2.03 5.54 4.62 1.45 3.88 480 —-232 7.37 294 —-0.08 320 4.82 0.27 5.00
2008 1298  3.42 9.87 7.04 091 6.54 396 =319 771 4.49 0.04 4.69 712 0.30 7.20
2009  8.20 0.88 8.00 674 —0.64 7.80 290 —-3.89 743 4.74 0.81 4.18 565 071 6.85
2010 1297 4.62 8.68 9.68 1.73 8.33 423 =234 7.06 4.22 0.27 4.10 7.78 1.07 7.04
2011 17.74 448 1320 1065 217 8.77 513 =235 8.00 398 024 443 9.38 1.02 8.60
2012 20.87 626 1437 12.00 4.04 8.16 591 245 8.87 446 168 631 1081 154 9.43
2013 2562 779 17.09 1470 5.01 9.82 6.05 275 944 561 —-126 700 13.00 220 10.84
2014 2541 706 1759 1783 386 13.87 11.18 -1.00 1238 692 121 829 1534 218 13.03
2015 2953 733 2099 1795 383 1385 1021 —-0.63 1118 6.83 —1.04 8.04 1613 237 13.52
2016 3136 546 2482 2216 370 18.03 1148 —-1.06 1293 911 057 983 1853 1.88 16.4
2017 2359 —1.22 2527 2455 356 2053 1411 -097 1543 1119 0.66 1075 1836 0.51  18.00
2018 2412 498 3076 2639 3.61 2225 1649 118 1811 1545 045 1501 20.61 —0.52 21.53

Note: the values of the GTFP, GEC, and GTC indices in 2000 were set to 1.
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Table A2. The cumulative values of the GTFP, GEC, and GTC indices in the provinces.

Region GTFP GEC GTC
8 2001 2010 2018 2001 2010 2018 2001 2010 2018
Liaoning (LN) 1.0239 1.1304 1.2613 0.9042 1.0002 0.8992 1.1324 1.1303 1.4027
Jilin (JL) 1.0038 1.1090 1.1322 0.9778 1.1578 0.9198 1.0265 0.9575 1.2305
Heilongjiang (HL]) 1.0078 1.1497 1.3301 0.9695 0.9807 1.0315 1.0395 1.1725 1.2895
Beijing (BJ) 1.0678 0.9869 1.1663 1.0000 1.0000 1.0000 1.0678 0.9869 1.1663
Tianjin (TJ) 1.1241 1.1241 1.1241 1.0000 1.0000 1.0000 1.1241 1.1241 1.1241
Hebei (HEB) 1.0179 1.0484 1.2712 0.9703 1.0137 0.9957 1.0490 1.0342 1.2769
Shanghai (SH) 1.0809 1.4345 1.2925 1.0000 1.0000 1.0000 1.0809 1.4346 1.2926
Jiangsu (JS) 1.0299 1.1895 1.4947 1.0364 1.2202 1.3281 0.9937 0.9749 1.1255
Zhejiang (Z]) 1.0012 1.0571 1.4396 1.1256 1.1258 1.1258 0.8895 0.9391 1.2790
Fujian (FJ) 1.0113 1.0425 1.3258 1.0000 0.8956 1.0001 1.0113 1.1641 1.3258
Shandong (SD) 0.9932 1.1016 1.2629 0.9309 1.0000 1.0000 1.0670 1.1016 1.2629
Guangdong (GD) 0.9850 1.0085 1.1308 0.9128 0.9180 0.9116 1.0790 1.0983 1.2399
Hainan (HN) 1.0627 0.9747 1.1315 1.0000 1.0000 1.0000 1.0627 0.9747 1.1315
Shanxi (SX) 0.9331 0.9460 1.0210 0.9109 0.8380 0.8344 1.0244 1.1293 1.2242
Anhui (AH) 0.9868 1.0240 1.1110 0.9502 0.9362 0.9379 1.0385 1.0937 1.1845
Jiangxi (JX) 1.0105 1.0436 1.2114 0.9738 1.0427 1.0825 1.0377 1.0010 1.1193
Henan (HEN) 0.9688 1.1748 1.3225 0.9731 1.0954 1.0954 0.9956 1.0727 1.2076
Hubei (HUB) 1.0155 1.0206 1.1824 0.9661 0.9186 0.9642 1.0512 1.1112 1.2265
Hunan (HUN) 1.0086 1.0446 1.1410 0.9678 1.0285 1.0145 1.0422 1.0156 1.1247
Inner Mongolia (INN) 0.9890 1.0519 1.2361 0.9526 1.0094 1.0482 1.0382 1.042 2 1.1794
Guangxi (GX) 1.0265 1.0915 1.1629 1.0000 1.0000 1.0000 1.0265 1.0915 1.1629
Chonggqing (CQ) 0.9582 1.0855 1.1238 1.0000 1.0000 1.0000 0.9582 1.0855 1.1238
Sichuan (SC) 0.9915 1.1005 1.2404 0.9713 1.0304 0.9917 1.0208 1.0681 1.2509
Guizhou (GZ) 1.0025 1.0510 1.3079 0.9179 0.9051 1.0000 1.0921 1.1613 1.3077
Yunnan (YN) 0.9978 0.9860 1.1462 0.9739 0.9065 0.9524 1.0246 1.0877 1.2033
Tibet (XZ) 0.9681 0.8421 0.9413 1.0000 0.9519 0.9050 0.9681 0.8847 1.0401
Shaanxi (SAX) 1.0063 1.0856 1.1444 0.9954 1.0436 1.0089 1.0110 1.0403 1.1342
Gansu (GS) 1.0059 1.0031 1.0990 0.9877 0.9912 1.0134 1.0185 1.0122 1.0843
Qinghai (QH) 1.0437 1.0877 1.2008 1.0325 1.1312 1.1277 1.0109 0.9615 1.0647
Ningxia (NX) 1.0035 1.0370 1.1394 0.9869 1.0269 1.0583 1.0169 1.0099 1.0770
Xinjiang (0:4)] 0.9984 1.0846 1.1121 0.9864 1.0360 0.9479 1.0121 1.0468 1.1729
Note: the values of GTFP, GEC, and GTC indices in 2000 were set to 1.
Table A3. Empirical results of the mediated effect of capital deepening.
Explanatory Variable (19) (20 (21) (22)
Explained Variable GTEP CD GTFP GTFP
—0.716 *** —8.964 *** —0.282 ***
PALF (0.042) (0.282) (0.066)
0.048 *** 0.069 ***
cb (0.006) (0.004)
Constant 1.365 *** 12.653 *** 0.753 *** 0.456 ***
(0.017) (0.115) (0.077) (0.033)
R-squared 0.3473 0.6454 0.4175 0.3984
Obs 589 589 589 589
N 31 31 31 31

Note: *** indicates that the statistical value is significant at 1%, respectively; the standard errors are in parentheses.
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