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Abstract: It is imperative to use clean energy in order to achieve “carbon neutrality” and “carbon
peaking”. This research aims to explore the impact of the agricultural mechanization level, the rural
infrastructure construction level, and the rural economic development level on the utilization of
high-quality straw energy, and, resultingly, this study aims to help provide suggestions for promoting
high-quality straw energy utilization, develop the potential of high-quality straw energy, and alleviate
China’s energy shortage problem. This paper develops a measurement model using the ridge
regression model with panel fixed effects, which overcomes the multi-collinearity problem among
the various factors influencing the utilization of high-quality energy from straw. Panel data from
24 provinces and cities, from 2009 to 2017, are used. The results show that the improvements of the
agricultural mechanization level, the rural infrastructure construction level, and the rural economic
development level all promote the use of high-quality straw energy. Moreover, the level of rural
economic development plays a mediating role in the agricultural mechanization level and the rural
infrastructure construction level pertaining to straw-based high-quality energy. Policy implications
can be easy to derive based on our findings, and these include strengthening governmental investment
in agricultural machinery in rural areas, paying more attention to areas with backward rural energy
infrastructure construction, ensuring the steady improvement of economic development in rural
areas, providing the necessary economic foundation for agricultural supply, and promoting the use
of high-quality energy from straw.

Keywords: renewable energy; straw; high-quality energy; mechanization level; infrastructure
construction; ridge regression

1. Introduction

“Carbon neutrality” and “carbon peaking” have become hot topics in recent years.
China is actively formulating an action plan for peaking carbon emissions by 2030, while
optimizing its industrial structure and energy structure, and striving to achieve carbon
neutrality by 2060 [1]. In this context, the carbon emissions caused by fossil energy con-
sumption cannot be ignored, and it is imperative to seek the utilization of clean energy.
The utilization of Biomass as a renewable feedstock for the production of biofuels has been
attracting researchers and industrial attention in recent years [2]. Alongside the continu-
ous progress of science and technology, the utilization of straw as a biomass energy has
gradually garnered more and more attention. Straw is a renewable biological resource
with multiple uses. Straw-based high-quality energy can be divided into these categories:
straw pyrolysis gasification centralized gas supply, straw biogas centralized gas supply,
straw solidification molding, and straw carbonization [3]. In-depth study of straw-based
high-quality energy is of strategic significance in order to alleviate energy shortages [4].
Considering the energy crisis and the carbon emissions reduction target, the utilization of
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high-quality straw energy is an inevitable choice, as it is a necessary measure for environ-
mental protection, an important means to solve the problems of agriculture (rural areas
and farmers), and a feasible strategy to achieve “carbon neutrality”.

Research on straw has developed rapidly since the beginning of the 20th century. The
research mainly focuses on the measurement of straw resources, the harm of straw burn-
ing [5], the comprehensive utilization of straw [6-8], the distribution of straw resources [9],
and the utilization of straw based on the behavior of farmers [10-13].In summation, there
are numerous problems which remain unsolved in the existing studies. Firstly, the existing
research methods are relatively simple. Most empirical studies use survey data to answer
the questions of straw “burning” or “not burning”, and this same limited process applies to
straw utilization. Are there more macroscopic data, and more scientific methods, to explore
the comprehensive utilization of straw? These studies do not answer these questions.
Secondly, few existing studies focus on the quantitative analysis of the optimal utilization
of straw energy; there is a failure to answer the influencing factors, and this is not conducive
to further exploration of optimal straw energy utilization. In view of this, this paper studies
the factors affecting straw-based high-quality energy, in depth, in order to promote the
utilization of straw and make a contribution to carbon neutrality.

The higher the degree of agricultural mechanization in rural areas, the greater po-
tential for recycling straw for further utilization. The allocation of agricultural science
and technology resources is an important factor in order to promote the adjustment of
China’s agricultural structure, enhance the competitiveness of agriculture, and realize
agricultural growth and sustainable development [4]. Improving the utilization efficiency
of agricultural machinery is an important process to promote the development of agricul-
tural economy [14]. The rational use of machinery can both improve the productivity of
agricultural labor and free the rural labor force to engage in other production activities [15].
Farmers will choose a more environmentally friendly way to dispose of straw, and therefore,
the higher the level of agricultural machinery utilization, the better the effect of straw-based
high-quality energy.

The development level of rural energy infrastructure determines the quantity and
quality of energy supply. The better the development of rural energy infrastructure, the
easier it is to promote straw-based high-quality energy [16]. Strengthening the construction
of energy infrastructure is of great significance to alleviating energy poverty. Energy
infrastructure is positively correlated with the energy development index [17]. When the
level of rural energy infrastructure is represented by rural power supply, the greater the
power supply, and the greater the convenience for rural residents to use electricity. Further
improving rural power infrastructure construction is conducive to promoting clean energy
utilization [18], and the agricultural production efficiency increases with the increase of
rural per capita electricity consumption [19].

The higher the level of economic development in rural areas, the more likely farm-
ers are to use clean energy [20]. When studying the influencing factors of rural energy
consumption in karst areas, scholars found that the annual net income of the region has a
significant positive impact on the consumption of electricity and straw energy [21]. As per
capita household income increases, the proportion of non-commercial energy consumption
declines [22]. Improving farmers’ income levels can enhance these farmers’ ability to
pay for modern energy services, which can facilitate farmers” access to modern energy
equipment, and promote the utilization of high-quality straw energy [23,24].

The novelty of this paper is summarized in the following three points: firstly, straw-
based high-quality energy is placed under the background of carbon neutrality, and the
factors affecting the straw-based high-quality energy are explored to promote the develop-
ment of China’s circular economy in order to solve China’s energy dilemma; secondly, this
paper adopts the panel fixed effect ridge regression estimation method, which overcomes
the serious multicollinearity problem between various factors, and, resultingly, although
part of the accuracy is abandoned, a more realistic regression process can be obtained;
thirdly, in the aspect of model construction, the level of rural economic development
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is taken into account, as a mediator variable, in order to clarify the mechanism of the
rural mechanization level and the rural infrastructure construction level pertaining to
high-quality straw energy utilization.

This paper is arranged as follows: Section 1 contains the introduction and a review of
the literature; Section 2 presents the materials and methods; Section 3 presents the results
and discussion, and, finally, Section 4 presents conclusions, policy implications, limitations,
and future scope.

2. Materials and Methods
2.1. Variable Definitions

Considering the availability of data, the data exclude the Hong Kong, Macao, and
Taiwan regions. This paper also considers each city’s agricultural proportion, and the
problems pertaining to crop planting structure. The sample was derived from Shanghai,
Fujian, Hainan, Tibet, Shaanxi, Qinghai, and Xinjiang. The statistical yearbook did not
start publishing the data pertaining to optimal straw energy utilization until 2009, and,
as a result, the final research of this paper includes 24 provincial administrative regions.
The sample data are balanced panel data from 2009 to 2017, and the sample observation
values include 216 data. Data are collected from the China Statistical Yearbook, China Rural
Statistical Data, the China Energy Statistical Yearbook, the China Financial Yearbook, and
from other statistical databases. The variables used in this article are shown in Table 1.

Table 1. Variable definitions.

Variable Types

Variable Name Variable Code Variable Declaration

Explained Variable

Straw-based high-quality

energy utilization Utilize t, high-quality energy utilization of crop straw

Core Explanatory

10,000 kW, expressed by the total power of
agricultural machinery, mainly including

Variables Rural mechanization level SRS agricultural tractors, combine harvesters,
motorized threshers and other machinery
.Rural energy 100 million kW-h, expressed in rural
infrastructure ele electricity consumption
construction level ty P
Mediating Variable Income lt?vel of income Yuan/person, per capita disposable income of
rural residents rural households
Control Variable Rural population popula 10,000, rural population
Financial 100 million yuan, local fiscal
. . edu . . .
education expenditure expenditure-education expenditure

100 million yuan, local fiscal
ag_expen expenditure-expenditure on agriculture,
forestry and water affairs

Fiscal expenditure on
agricultural support

Per capita disposable income of urban
Urban-rural income gap income_gap households/per capita disposable income of
rural households

10,000 t, the amount of chemical fertilizers
fert actually used in agricultural production this
year, calculated by the discount method

Amount of
agricultural fertilizer

Total sown area of crops c_area 1000 hm?, total sown area of crops

Number of large livestock 10,000, large livestock, pigs, sheep, poultry and

stocks at the end of fives other livestock and poultry number
the year
Straw yield straw 10,000 t, calculated by the method of

“grass-valley ratio”
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1.  Explained variable: straw-based high-quality energy utilization.

Straw-based high-quality energy utilization includes the following: straw pyrolysis
gasification centralized gas supply, straw biogas centralized gas supply, straw solidification
molding, and straw carbonization. Conversion standards for gasification, solidification,
and carbonization of straw [23] are shown in Table 2.

Table 2. Conversion standards for gasification, curing, and carbonization of straw.

Project

Centralized Gas Supply
by Pyrolysis and
Gasification of Straw

Straw Methane Straw Straw
Centralized Gas Supply Curing Molding Fuel Carbonization

Convert Standard

Medium temperature

Air gasification: 1 kg fermentation, straw gas
strav; i?; 1251?1;2}% asis pé?g;::lgﬁogagf;;{o’ 1.1 t straw to produce 1 t straw to produce
household needs 3 m3 of 0.97 kg/ m3, the average molding fuel 1 t 0.3 t biochar
gas every day household needs to use
1 m3 per day

According to the preliminary data pertaining to straw gasification for centralized gas
supply, straw biogas for centralized gas supply, straw solidification molding, and straw
carbonization (in China Agricultural Statistics, and from the conversion criteria in the table
above), the amount of excellent straw energy utilized in 24 provincial administrative units
in China, from 2009 to 2017, can be calculated as Figure 1.
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Figure 1. Straw-based high-quality energy utilization in each province from 2009 to 2017.

2. Core explanatory variables: the agricultural mechanization level, and the rural energy
infrastructure construction level.

In this paper, the total power of agricultural machinery (MACHINE) is used to repre-
sent the level of agricultural mechanization in various provinces and cities. The total power
of agricultural machinery refers to the sum of the rated power of all agricultural machinery.
Agricultural machinery refers to machinery and equipment used in farming, animal hus-
bandry, fishery, primary processing of agricultural products, agricultural transportation,
and farmland capital construction. Based on existing studies, this paper uses electricity to
represent the construction level of rural energy infrastructure in each province.
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3. Intermediate variable: rural economic development level.

The per capita disposable income of rural households is selected to represent the level
of rural economic development.

4.  Control variables.

Variables pertaining to rural population, financial education expenditure, financial
agricultural expenditure, income gap between urban and rural areas, agricultural fertilizer
application amount, total sown area of crops, the number of large livestock at the end of
the year, and straw outputs are all selected as the control variables to measure different
regions.

It should be noted that the amount of straw is calculated from the economic output of
main crops according to the straw-valley ratio method [12]. Straw-valley ratio is the ratio
of crop straw yield to crop yield. When straw-valley ratio and crop yield are known, straw
yield can be obtained.

2.2. Empirical and Econometric Steps

The test methods pertaining to the mediating effect mainly include stepwise regression,
Sobel test, and Bootstrap test, among which stepwise regression is the most widely used.
The step by step test method has the highest reliability, although it has lower test power [25].
Therefore, this paper adopts the stepwise regression test in order to test whether the level of
rural economic development is the intermediary variable of the agricultural mechanization
level and the rural energy infrastructure construction level affecting straw optimized energy
utilization. The test in this paper will be divided into the following two stages:

Stage 1: Test the mediating effect of the rural economic development level on agri-
cultural mechanization and optimal straw energy utilization. In order to increase the
stability of variables and eliminate the problem of heteroscedasticity, the 9-year data, of
the 24 provinces, corresponding to all indicators except the urban-rural income gap in the
model, are taken logarithms. The model is set to:

Inutiliz;y = a1 + B1 Inmachine;; + picontrolsj + €1 @)
Inincome;; = wy + B Inmachine;; 4+ ppcontrolsiy + € 2)
Inutilizyy = az + B3 Inmachine;; + Az Inincome;; + pzcontrolss + €3 (3)

where, i represents province, t represents year, « represents constant term, , p, and
A represent regression coefficient, and e represents error term. The general forms and
procedures are similar to those adopted by Joseph et al. [26], Gucheng et al. [27], and Hao
et al. [28], who used similar control variables to assess straw-based high-quality energy. In
addition to the work of these researchers, we added the mediating variable. This paper is
the first analysis to apply these econometric empirical steps to straw-based high-quality
energy, particularly at a macro level.

Equation (1) tests whether the level of agricultural mechanization has a significant
impact on straw-based high-quality energy. Equation (2) tests whether the level of agri-
cultural mechanization has a significant impact on the intermediate variable (the level of
agricultural economic development). Equation (3) tests whether the mediating variable
(the level of rural economic development) has a significant impact on straw optimized
energy utilization after controlling the level of agricultural mechanization. The verification
mechanism of the first stage is shown in Figure 2.



Energies 2022, 15, 1724

6 of 14

Rural Economic
Development Level

(Intermediary
Variable
@) ) 3)
Agricultural

Mechanization St'l‘aW-baS'ed

Level hlgh-ql.lzflhty.
(Core Explanatory Eenelr gyeliltﬂlza'tlgrll
Variable) (1) (Explained Variable

Figure 2. The first stage inspection mechanism.

Stage 2: Test the mediating effect between the level of rural economic development
and the level of rural energy infrastructure construction pertaining to straw optimized
energy utilization. Where ele is rural electricity consumption.

Inutiliziyy = ay + PgInele;; + pycontrols; + €4 4)
Inincome;; = as + BsInele; + pscontrols;y + €5 (5)
Inutilizjy = ag + Be Inele;; + Ag Inincome;; + pgcontrolsy + e 6)

Equation (4) tests whether the construction level of rural energy infrastructure has
a significant impact on optimal straw energy utilization. Equation (5) tests whether the
construction level of rural energy infrastructure has a significant impact on the intermediary
variable (rural economic development level). Equation (6) tests whether the mediating
variable (rural economic development level) has a significant impact on optimal straw
energy utilization after controlling the construction level of rural energy infrastructure. The
inspection mechanism of the second valence paragraph is shown in Figure 3.

Rural Economic
Development Level

(Intermediary
Variable
) : (6)
Rural Energy Straw-based
Infrastructure hich-qualit
Construction Level &07q 1 y
(Core Explanatory energy utilization
Variable) (4) (Explained Variable

Figure 3. The second stage inspection mechanism.

3. Results and Discussion
3.1. Descriptive Statistical Analysis

Considering that the urban-rural income gap is the result of taking ratio, logarith-
mic processing is not carried out for the time being, and logarithms are taken for the
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core explanatory variables and control variables except the urban-rural income gap. The
descriptive statistics of variables involved in this paper are shown in Table 3.

Table 3. Descriptive statistics of variables (2009-2017).

Variable Observations Mean Median Std. Dev. Minimum Maximum
In utiliz 216 10.02 10.08 2.813 3.466 14.47
In machine 216 7.930 8.025 0.912 4.894 9.499
In income 216 9.086 9.118 0.438 8.000 10.13
In ele 216 4.903 4.580 1.182 2.313 7.543
In popula 216 7.514 7.712 0.823 5.565 8.684
In edu 216 6.393 6.410 0.637 4.151 7.854
In fert 216 5.062 5415 0.925 2.140 6.574
In lives 216 5513 6.082 1.222 2.587 7.010
Inag 216 5.977 6.058 0.569 4.154 6.931
expen
In c area 216 8.445 8.685 0.982 4.795 9.609
In straw 216 7.776 8.016 1.059 4224 9312
m;z;ne 216 2.759 2.644 0.507 1.845 4.281

LLC Test and Fisher-ADF are used to test the stationarity of each variable, and it is
found that each variable meets the first-order integration condition. The co-integration
test of the Kao method confirms that at the significance level of 1%, there is a long-term
stable relationship between the variables of the model, which could be established for
regression analysis.

3.2. Colinear Diagnosis of Variables

Before empirical regression, multicollinearity test is conducted between core explana-
tory variables and control variables. In this paper, the variance inflation factor (VIF) is used
to test multicollinearity.

The size of VIF reflects the existence of multicollinearity between independent vari-
ables. The weaker the multicollinearity between independent variables, the closer VIF
is to 1. The higher the VIF is, and the smaller 1/VIF is, the more serious the impact of
multicollinearity is. As there is no VIF threshold table, we use a rule of thumb. When VIF
>= 10, it indicates that there is serious multicollinearity between the independent variable
and the control variable, and such collinearity may unduly affect the least squares estimate.
As shown in Table 4, the maximum VIF is 42.50. The VIF of In c_area, In straw, In income,
In fert, In popular, In edu, and In ag_expen are all greater than 10, and the average VIF
is 19.87.

Table 4. Multicollinearity test among dependent variables.

Variable VIF 1/VIF

In c_area 42.50 0.0235

In straw 33.34 0.0300

In income 29.87 0.0335

In fert 22.79 0.0439

In popula 20.84 0.0480

In edu 16.61 0.0602

In ag_expen 14.56 0.0687

Income_gap 9.370 0.107

In ele 4.620 0.216

In lives 4.250 0.235
Mean VIF 19.87

From the above output results, there is significant multicollinearity among various
variables. As there is significant multicollinearity between core explanatory variables and
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control variables, this paper adopts the ridge regression analysis method for regression
analysis, proposed by Hoerl and Kennard [29,30]. The ridge regression analysis method
is a statistical method that fundamentally eliminates the multicollinearity effect between
independent variables. This is, for all intents and purposes, an improved least square
method, which seeks a more realistic regression process at the cost of giving up the unbiased
nature of least squares and partial accuracy.

To illustrate the basic idea of ridge regression analysis: when there is multicollinearity
of explanatory variables in the multiple linear regression model, that is, |X’ X| = 0,itis
assumed that X’ X is added with a normal number matrix kI(k > 0, I is the identity matrix),
then X'X + kI is much further from the singular matrix than X’X. k is the ridge parameter,
reflecting the deviation degree of the ridge regression estimator. When k = 0, it is the least
square estimator; When k > 0, the ridge regression coefficient is biased, but it is often more
stable than the ordinary least square estimator. To obtain ridge regression equation, the
value of ridge parameter k must be determined first.

In this paper, k is determined according to ridge trace map. When k is slightly away
from 0, the estimated value of regression coefficient may fluctuate violently, and even
change the sign of positive and negative. However, k increases further, the estimated value
of the regression coefficient tends to change slowly. Since ridge regression estimation
is biased, it is necessary to select a k value as small as possible to make the regression
coefficient more stable.

Figure 4 is a ridge trace diagram of various factors influencing the utilization of
high-quality straw energy. As shown in Figure 4, the regression coefficients of each core
explanatory variable and control variable vary greatly with the increase of the ridge pa-
rameter k value. The trace method can be obtained, when the ridge parameter k is equal to
0.2, the coefficient of each variable tends to be stable, thus this article sets the optimal ridge
parameter kg to 0.2.

2.00

@ |n_machine
In_income
In_ele
In_road

100 e |n_polula

e n_edu

e n_fert

e— 1 _ives

0.00
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Figure 4. Ridge trace diagram of panel fixed effect ridge regression.

Panel ridge regression is divided into fixed-effect ridge regression and random-effect
ridge regression [29]. The Hausman test in Table 5 indicates that the fixed effects model
should be used [31].
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Table 5. Summary of inspection results.

Test Type Testing Purpose Test Value Test Results
FE Model or F (23,181) = 11.706,
F Test POOL Model? p = 0.000 FE Model
BP Test PIE)EOML‘;&EL‘;; x2(1) = 188.242, p = 0.000 RE Model
Hausman Test FREEhﬁggllc;r x2(11) = 21.471, p = 0.029 FE Model

3.3. Regression Analysis

The regression results are shown in Table 6. Models 1, 2, and 3 test the mediating
effect of the rural economic development level on agricultural mechanization and straw
quality energy use. Model 1 tests the influence of the agricultural mechanization level
on the optimal energy utilization of straw. The regression coefficient of the total power
of agricultural machinery is 0.186, which is significant at the level of 1%, indicating that
the improvement of the agricultural mechanization level promotes the optimal energy

utilization of straw.

Table 6. Regression results of the fixed-effect ridge regression model.

Variable Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
In_income 0.679 *** 0.651 ***
6.06 6.830
In_machine 0.186 *** 0.00962 ** 0.179 ***
2.990 2.140 2.89
In_ele 0.0492 *** 0.0267 *** 0.0318 ***
2.72 17.17 1.830
In_popula —0.0893 *** —0.0277 *** —0.0705 *** —0.0728 *** —0.0238 *** —0.0573 ***
—4.740 -20.27 —4.030 —5.460 —-20.71 —4.700
In_edu 0.664 *** 0.242 *** 0.499 *** 0.582 *** 0.221 *** 0.438 ***
7.210 36.29 5.96 7.7 33.85 6.740
In_fert 0.0621 ** 0.00587 *** 0.0582*** 0.0500 ** 0.00565 *** 0.0464 ***
2.210 2.890 2.07 2.51 3.290 2.330
In_lives 0.0333 —0.0138 *** 0.0427 0.0197 —0.0111 *** 0.0269
1.100 —6.310 1.43 0.950 —6.160 1.310
In_ag_expen 0.618 *** 0.325 *** 0.397 *** 0.580 *** 0.292 *** 0.389 ***
5.310 38.53 3.980 5.990 35.01 4.890
In_c_area 0.136 *** —0.00183 0.137 *** 0.0964 *** —0.00105 0.0971 ***
4.480 —0.830 4.530 4.440 —0.560 4.480
income_gap —0.502 *** —0.246 *** —0.335 *** —0.477 *** —0.220 *** —0.334 ***
—3.280 —-22.13 —2.300 —4.020 —21.53 —3.010
In_straw 0.153 *** 0.0158 *** 0.142 *** 0.114 **= 0.0135 *** 0.105 ***
4.060 5.780 3.800 4.290 5.870 4.000
R? 0.9885 0.9657 0.9886 0.9882 0.9502 0.9883
Adj-R2 0.9865 0.9597 0.9865 0.9816 0.9415 0.9862
F 11.1791 300.2139 10.1201 10.9178 207.0911 9.9763

Note: the values in brackets are t values of each statistic; *** and ** indicate passing the test at the significance

level of 1%, 5%, and 10%, respectively.

The increase in the degree of agricultural mechanization in rural areas will help liberate
the labor force to engage in other production activities, and more time and energy will be
saved to choose other methods of straw utilization. Mechanized agricultural production
methods help to extract the straw from the field. Various high-quality straw energy
utilization methods are also inseparable from advanced agricultural machinery. Therefore,
the improvement of the level of agricultural mechanization will help promote straw-based

high-quality energy.
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Model 2 tests the influence of the agricultural mechanization level on the level of rural
economic development. The regression coefficient of total power of agricultural machinery
is 0.00962, which is significant at the 1% level, indicating that the improvement of the
agricultural mechanization level will promote the level of rural economic development.

The work efficiency of farmers has been significantly improved due to the popular-
ization of agricultural mechanization. Farmers can use the time saved to expand their
food production, or to choose other jobs that are more efficient and economical. Therefore,
farmers’ income has generally increased.

Model 3 examines the mediating effect of the level of rural economic development
between agricultural mechanization and high-quality straw energy utilization. The regres-
sion results show that the regression coefficient of the per capita disposable income of
rural households is 0.679, and the regression coefficient of the total power of agricultural
machinery is 0.179. However, the regression coefficient of the total power of agricultural
machinery is smaller in Model 3 than in Model 1, indicating that the level of rural economic
development serves as mediation between agricultural mechanization and high-quality
straw energy utilization. The higher the household income per capita, the more capital
farmers have to choose high-quality commodities, and they will be more inclined to choose
clean energies that will increase well-being. Increasing income levels can enhance farmers’
ability to pay for clean energy services.

Models 4, 5, and 6 test the mediating effect of the level of rural economic develop-
ment between the level of rural energy infrastructure construction and the utilization of
high-quality straw energy. Specifically, Model 4 examines the impact of the rural energy
infrastructure construction level on high-quality straw energy utilization. The regression co-
efficient of rural electricity consumption is 0.0492, and it is significant at the 1% significance
level. This shows that the level of rural energy infrastructure construction can promote
high-quality straw energy utilization. Energy infrastructure construction is conducive to the
operation of straw pyrolysis gasification, biogasification, solidification, and carbonization.
It promotes farmers to choose high-quality straw energy utilization methods.

Model 5 examines the impact of rural energy infrastructure construction on the level
of rural economic development. The coefficient of rural electricity consumption is 0.0267,
and it is significant at a significance level of 1%, indicating that the construction of rural
energy infrastructure is conducive to the improvement of rural economic development.

Model 6 examines the mediating effect of the level of rural economic development
between the level of rural energy infrastructure construction and the utilization of high-
quality straw energy. The regression results show that the regression coefficient of the
per capita disposable income of rural households is 0.651, and the regression coefficient
of rural electricity consumption is 0.0318. The regression coefficient of rural electricity
consumption is smaller in Model 6 than in Model 3, and both are significant at the 1%
level. This shows that the level of rural economic development acts as part of the mediating
effect between the level of rural energy infrastructure construction and the utilization of
high-quality straw energy. Both the per capita disposable income of rural households in
Models 3 and 6 pass the significance test, indicating that the improvement of the level of
rural economic development has promoted the use of high-quality straw energy. From
the perspective of supply, the increase of the rural income level will lead to accumulated
funds for production and operation, and productivity will be effectively improved due to
sufficient funds, which will facilitate the collection, storage, and transportation of straw,
thus the straw-based high-quality energy will be improved. From the perspective of
demand, the improvement of the rural economic level leads to the increase of farmers’
purchasing power. Productivity has been improved due to increased investment, and, at
the same time, technology has been accumulated, while technical support for straw-based
high-quality energy has been realized.
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3.4. Robustness Test

In order to test the robustness of the model, the per capita disposable income of
rural households is replaced by the consumption level of rural residents (Consumption) to
measure the level of economic development in rural areas. Re-estimating Models 1-6 gives
the results as shown in Table 7.

Table 7. Robustness test results.

Variable Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
In_consum 0.457 *** 0.471 ***
3.970 5
In_machine 0.186 *** 0.00737 * 0.184 ***
2.990 1.86 2.950
In_ele 0.0492 *** 0.0316 *** 0.0343 **
2.72 15.04 1.970
In_popula —0.0893 *** —0.0233 *** —0.0739 *** —0.0728 *** —0.0286 *** —0.0594 ***
—4.740 —18.52 —4.250 —5.460 —18.43 —4.890
In_edu 0.664 *** 0.226 *** 0.531 *** 0.582 *** 0.262 *** 0.458 ***
7.210 26.38 6.340 7.7 29.84 7.070
In_fert 0.0621 ** 0.00399 ** 0.0609 ** 0.0500 ** 0.00353 0.0484 **
2.210 2.28 2.160 2.51 1.520 2.420
In_lives 0.0333 —0.0100 *** 0.0406 0.0197 —0.0130 *** 0.0258
1.100 —5.480 1.350 0.950 —5.350 1.250
In_ag_expen 0.618 *** 0.295 *** 0.440 *** 0.580 *** 0.346 *** 0.416 ***
5.310 26.84 4.370 5.990 30.79 5.210
In_c_area 0.136 *** —0.000689 0.136 *** 0.0964 *** —0.001 0.0969 ***
4.480 —0.360 4.490 4.440 —0.410 4.450
income_gap —0.502 *** 0.0118 *** 0.145 *** —0.477 *** 0.0146 *** 0.107 ***
—3.280 5.01 3.860 —4.020 4.720 4.050
In_straw 0.153 *** —0.196 *** —0.392 *** 0.114 *** —0.222 *** —0.373 ***
4.060 —16.31 —2.570 4.290 —16.07 —3.220
R? 0.9885 0.9997 0.9885 0.9882 0.9310 0.9882
Adj—R2 0.9865 0.9996 0.9864 0.9816 0.9189 0.9861
F 11.1791 98.9215 10.3166 10.9178 151.6225 10.0881

Note: The values in parentheses are the t-values of each statistic; ***, **, and * indicate passing the test at the
significance level of 1%, 5%, and 10%, respectively.

Comparing the regression results in Tables 6 and 7, it is found that the coefficients
and significance of the core explanatory variables change very little, and the signs of the
coefficients of the control variables are approximately consistent with the benchmark model,
which shows that the model established in this paper has good robustness.

4. Conclusions and Policy Implications

Using the 2009-2017 provincial panel data of 24 provinces and cities in China, this
paper empirically analyzes the relationship between the agricultural mechanization level,
the rural energy infrastructure construction level, the rural economic development level,
and straw-based high-quality energy by using the fixed-effect ridge regression method. It
is expected to promote the utilization of high-quality straw energy, reduce the frequency of
straw burning, reduce air pollution, increase the proportion of renewable energy, and help
accomplish the goal of “carbon neutrality”. The results are detailed herein.

Firstly, the improvement of the agricultural mechanization level helps to promote
excellent straw energy utilization. Rational use of agricultural machinery can help to utilize
straw for environmentally friendly recycling. The improvement of agricultural mecha-
nization in rural areas helps to liberate labor to engage in other production activities, and
farmers have more time and energy to choose other ways of straw utilization. The pyrolytic
gasification, biogas, solidification molding, and carbonization of straw are inseparable from
high-precision mechanization. The improvement of the agricultural mechanization level
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will promote the improvement of equipment for straw’s excellent energy utilization, and
the straw’s excellent energy utilization will also be further improved.

Secondly, the improvement of energy infrastructure construction in rural areas is
conducive to the optimization of straw energy utilization. In this paper, the rural energy
infrastructure construction level is represented by rural electricity consumption. A potential
hypothesis for this relationship emerges: in the case of sufficient electricity supply in rural
areas, farmers may reduce the proportion of burning straw instead of firewood, while
choosing cleaner electricity or gas. In addition, good energy infrastructure construction is
conducive to the operation of straw pyrolysis and gasification, biogas, solidification and
molding, and carbonization, which will further promote farmers to choose excellent energy
utilization modes of straw.

Thirdly, the improvement of the rural economic development level is conducive
to promoting the utilization of high-quality straw energy. This paper uses the per capita
disposable income of rural households to represent the level of rural economic development.
One hypothesis is: the higher the per capita income of households, the more capital farmers
have to choose high-quality goods, and the more inclined they are to choose clean energy
that will increase their well-being. In addition, the improvement of income levels can
enhance farmers’ ability to pay for modern energy services, and it can promote farmers to
choose high-quality straw energy utilization.

Fourthly, the level of rural economic development plays a partial intermediary effect
between the level of agricultural mechanization and the impact of rural energy infrastruc-
ture construction on optimized straw energy utilization. Our country’s agriculture has
developed rapidly in recent years,, agricultural production efficiency is rapidly increasing,
and the rapid popularization of the rural power grid for the farmers’ life brings a new form
of energy supply, and, at the same time, brings great convenience for farmers to receive
outside information, creating a steady rise in farmers’ income, and gradually promoting
the conversion of farmers’ cognition of energy utilization, thus promoting the development
of high-quality straw energy utilization.

Based on the above theoretical findings, the following policy suggestions are put forward:

Firstly, the government should strengthen the investment in the rural areas of agri-
cultural machinery, facilitating increased purchasing of agricultural machinery and tools,
while providing suitable advice to farmers in the purchase of agricultural machinery. It will
rationalize the configuration of farm machinery and tools for farmers’ families, with the
minimum cost to achieve the largest agricultural modernization, and this will maximize
and liberate the workforce while promoting the various energy uses straw.

Secondly, the government should pay more attention to areas with backward energy
infrastructure construction in rural areas, formulate reasonable energy use policies accord-
ing to local conditions, appropriately reduce electricity charges in areas with significant
straw burning, stimulate farmers to use clean energy, reduce the straw burning rate, and
guide farmers to choose high-quality straw energy use.

Thirdly, the government should strengthen financial services in rural areas to ensure
the steady improvement of economic development in rural areas. The level of economic
development is the material basis of agricultural development in rural areas. It is necessary
to promote the healthy development of the rural economy, maintain moderate economic
growth scale, provide necessary economic basis for agricultural supply, and stimulate the
vitality of high-quality straw energy utilization.

This paper proposes a new possibility for the utilization of high-quality straw energy,
and it anticipates the use of renewable energy in relieving energy pressures. This evidence
can contribute to China’s carbon neutrality and carbon peaking goals. However, the
research in this paper still has some limitations. At present, we only use data from China to
conduct relevant research. In the next step, we expect to use data from around the world to
test our results, and this should make a contribution to carbon emission reduction around
the world.
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