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Abstract

:

Agriculture is the national economy’s primary industry, and its carbon emissions (CE) are one of the most significant factors influencing the environment. As a large agrarian province, reducing the carbon emission intensity (CEI) of agricultural is of great practical significance to the sustainable development of agriculture in Henan province. In this paper, the CEI of rice, maize, and wheat from 2001 to 2020 in 18 prefecture-level cities in Henan province was calculated, and its spatial-temporal evolution patterns were analyzed. The Spatial Dubin model was used to study the impact mechanism and spatial spillover effect of the main crops’ CEI. As a result, the following was determined: (1) The CEI of main crops in 18 cities of Henan province showed an inverted “V” shape, whereas the geographical distribution showed an oblique “T” shape mainly in the north and west. (2) The CEI of main crops was significantly different under different factors. Technical efficiency, agricultural openness, urbanization level, agriculture production agglomeration, and agriculture fiscal expenditure negatively impact the main crops’ CEI. The structure of the food industry and the cost of water for agriculture and forestry positively affect the CEI of main crops. (3) The spatial spillover effects of agricultural openness, production technology efficiency, environmental protection, and fiscal expenditure spread to the surrounding areas through factor flow, technology spillover, and policy spread. The efficiency of production technology and fiscal expenditure on environmental protection have a demonstrative effect, and the degree of agricultural openness has a siphon effect. Based on the research results, we should strengthen agriculture technology extension and investment and gradually improve technical efficiency. Agriculture should be financially supported by the government. We will actively promote the optimization of the structure of the grain industry by promoting orderly urbanization, strengthening the sharing of factors among regions, and reducing the CEI of main crops.
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1. Introduction


Global warming is one of the most serious environmental problems in the world today. This problem not only affects the sustainable development of the social economy but also seriously affects the survival and development of human beings. Although the secondary and tertiary industries have always been the main source of greenhouse gases, the CE generated by their production sectors cannot be underestimated. This is due to the widespread and common nature of agricultural activities. According to the UN’s Food and Agriculture Organization (FAO), CE from food and agriculture systems reached 17 billion tons in 2019. China accounts for about 14% of the world’s agricultural CE.



Among the country’s main crop production bases and modern farming bases, Henan province is responsible for approximately 10.04 percent of agricultural CE and 8.89 percent of main crops acreage annually. In the past 10 years, the output of main crops has accounted for 9.53 percent of the CE, ranking second in the world. As part of sustainable food production, we must reduce the use of agrochemical inputs, establish green farmland, and promote green prevention, while also ensuring food security, controlling products, and regulating technologies. To achieve a “Double carbon” target, scientific cultivation and production of grains are critical.



This paper analyzes the spatial and temporal characteristics and the impact mechanisms of the main crops in Henan province, thus contributing not only to the reduction of CE from differential main crops in this region, but also fostering the development of modern agriculture there.



Currently, scholars both domestically and internationally focus on the following aspects: First, agricultural CE measurement. —In agriculture, CE mainly come from farming, animal husbandry, soil respiration, and artificial agriculture [1,2]; there are six types of carbon sources in the process of cultivation and production: chemical, namely chemical fertilizer, pesticide, agriculture film, farming diesel oil, agriculture plowing, and irrigation [3,4,5,6,7,8]. West, T.O. et al. examined fertilizers, pesticides, irrigation, and seed cultivation to estimate the total CE from agriculture in the United States [9]. Johnson used land use, rice farming, livestock farming, and the open burning of straw to develop a detailed system of indicators for measuring total agricultural CE in the United States [10]. Some scholars have calculated Henan’s agricultural CE from the farm inputs used in the cultivation process. However, the categories chosen are different. They calculate agricultural CE based only on fertilizers, farming plowing, tractor machinery and irrigation [11], or use fertilizers, pesticides, mulch, agricultural machinery, and plowing to measure agricultural carbon emissions [12,13]. There are different indicators and measurement methods, as well as different results.



Second, the CEI of agriculture. —Agricultural carbon productivity is the ratio of farm output to CE, which intuitively reflects the CEI to some extent [14]. Alternatively, the CEI is the ratio of CE to food production per unit of output [15]. Previous studies have analyzed agricultural carbon productivity [14,15,16,17] from the perspectives of spatial differentiation, farmer specialization, regional agglomeration, and crop production.



Third, the driving factor of agricultural CE. —Studies were conducted from five perspectives: economy [18,19,20,21], technology [22,23,24], population [24,25,26], structure [21,27], and policy [20,28,29]. Furthermore, the LMDI decomposition model [18,19,25,26], GMM empirical study [22], mediating effect and regulating effect model [27,28], and Kaya identity [30,31,32] were used to analyze the influencing factors of agricultural CE, or use the spatial panel model to analyze the driving factors and regional differences of agricultural CE from time and space dimensions [20,21,23,24,29,33]. Numerous studies have covered the decomposition and spatial-temporal effects of CE factors of agriculture in general, which provides a reference for the analysis of spatial-temporal effects and the study of the driving factors of CE in prefecture-level cities.



According to the current estimates, the majority of agricultural CE is estimated at the provincial or national level, but for the prefecture-level cities, the study is relatively small, and the definition of agricultural carbon sources is different. However, in the context of Chinese advocacy for food security, there is a Simon Kuznets curve effect (environmental Simon Kuznets curve, EKC) [19] between food production and CE. That is to say, in the short term, if we increase food production, it will inevitably lead to an increase in CE. Therefore, to eliminate the difference in CE due to different grain yields, Francesco et al. and Dumortier and Elobeid looked at the CEI of staple crops, defined as the emission of greenhouse gases, such as CE, per unit of grain yield over a while [34,35]. Accordingly, the CEI is more in line with the concept of the low-carbon transformation of food production and sustainable development of food production. However, these results provide an appropriate reference for the study of the CEI of main crops in Henan province and the analysis of influencing factors.



To make up for the deficiency of current research, this paper uses chemical fertilizer, pesticide, agricultural film, agricultural diesel oil, agricultural plowing, and irrigation energy consumption as six kinds of carbon sources. This paper constructs the measurement system of the carbon emissions of main grain crops in Henan province, analyzes the spatial and temporal evolution pattern of CE and CEI, and adopts the dynamic spatial panel model to analyze the influence mechanism of CEI of main crops. Therefore, the marginal contribution of this paper has two main points: first is research perspective innovation—select prefecture-level cities as the object of study, as it is more focused; and the second is the innovation of research methods, including the possible spatial effects into the research framework, using the spatial dynamic panel model, so that the measurement results are more in line with the objective reality.




2. Materials and Methods


2.1. CEI Measurement Model


Taking into account the availability of data, this paper mainly calculates the CE and CEI of rice, maize, and wheat from 2001 to 2020 in 18 cities of Henan province. Since there were no statistics on crop irrigated areas in 2001–2007, the CE and CEI from crop irrigation were calculated from 2008 onward.



The formulas of CE and CEI of main crops were constructed as follows:


  C  E  i , t  T  =   ∑   λ = 1   C  E  t , λ  i  =   ∑   λ = 1   (  δ  t , λ  i  ⋅  T  t , λ  i  )  



(1)






  C E  I  i , t   = C  E  i , t  T  /  Y  i , t    



(2)







In the formula,   C  E  i , t  T    is the CE of the main grain in the  t  year of  i  city,    Y  i , t     is the total output of the main crops in the  t  year of  i  city,   C  E  t , λ  i    is the emission of the  λ -type carbon source of the main crops in the  t  year of  i  city,    δ  t , λ  i    is the carbon emission coefficient of class  λ  emission source in the  t  year of main crops in  i  city, and    T  t , λ  i    is the use(or production) of class  λ  emission source in the  t  year of main crops in  i  city.   C E  I  i , t     is the CEI of the main crops in the  t  year of  i  city, calculated by dividing the CE of the main crops by the total output of the main crops. For the short term, the increase in the yields of main crops will cause a continued increase in the accumulated amount of CE, more in line with the promotion of low-carbon transformation of food production, to ensure a sustainable development of food production. The carbon emission coefficients and sources of various carbon sources are shown in Table 1.




2.2. Spatial Econometric Models


2.2.1. Moran Index


The Moran Index is often employed by academics to measure geographic autocorrelation. The Moran Index consists of a Global Moran Index and a Partial Moran Index. The Global Moran Index is often used to analyze overall spatial clustering, and the Local Moran Index is designed to focus on the spatial clustering around a region. This paper uses the Global Moran Index to further explore the spatial-temporal characteristics of carbon emission intensity of staple crops in Henan province.



The Global Moran Index is calculated as follows:


  G M I =  n S      ∑   i = 1  n    ∑   j = 1  n   w  i , j    (   x i  −  x ¯   )   (   x j  −  x ¯   )      ∑   i = 1  n     (   x i  −  x ¯   )   2     



(3)






  S =   ∑   i = 1  n    ∑   j = 1  n   w  i j    



(4)






   Z I  =   G M I − E  (  G M I  )      V  (  G M I  )      , E  (  G M I  )  = −  1  n − 1   , V  (  G M I  )  = E  (  G M  I 2   )  − E    (  G M I  )   2   



(5)







In the formula,    w  i , j     is a spatial weight, and the Moran Index has a range of [−1, 1]; if the Global Moran Index is greater than zero, then it is a positive correlation; if it is less than zero, then it is a negative correlation; and if it is equal to zero, then there is no correlation. If the Local Moran Index is close to 1, then it has the same attribute aggregation, and close to −1, then it has a different attribute aggregation.




2.2.2. Spatial Panel Model


The spatial panel model of Henan province was established to study the regional difference in the influence of each factor on the CEI of the three main crops, and the influence mechanism of each factor on the CEI of the three main crops was deeply analyzed. The general form of building a spatial panel model is as follows:


   {       Q  i t   = α + ξ  Q  i , t − 1   + θ  w i   Q  i t   +  β i    ∑   j = 1  k   X  i , j , t   +  σ i   w i    ∑   j = 1  k   X  i , j , t   +  η t  +  μ i  +  ε  i t          ε  i t   = δ  m i   ε i  +  ψ  i t          



(6)







In the formula,    X  i , j , t     is the  J  factor in a module in  I  area,    w i    is the  i  row of the spatial weight matrix;  W  is the carbon weight matrix;    η t    is the time effect,    (   μ i  +  ε  i t    )    is the compound interference term;    m i    is the  i  row of the  M  matrix of the spatial weight of the interference term; when,    ξ ≠ 0  , the equation is a dynamic spatial panel model; when,    δ = 0  , this is the spatial Dubin model (SDM); when   δ = 0   and       σ = 0  , this model is a spatial autoregressive model (SAR); when   ξ = 0   and   σ = 0  , this model is a spatial autocorrelation model (SAC); and when   ξ = θ = 0   and   σ = 0  , this model is a spatial error model (SEM). The carbon emission characteristics of the investigated samples were described.




2.2.3. Variable Selection and Data Sources


	1.

	
Variable Selection







Studies have shown that production technology is the key factor affecting the CEI of staple grains [12,23]. Therefore, the technical efficiency (PE) of main crops is adopted, and the EBM model proposed by Tone (2010) is used to calculate the total sown area, direct cost, and employment quantity of rice, maize, and wheat as three input indexes. Taking the total output of the three as the output index, the total technical efficiency of main grain production is calculated [38]. This model makes up for the shortcoming of the traditional radial (CCR) model and the non-radial (SBM) model, it loosens the assumption of the same proportion change of factor input in the traditional method, and it makes the calculation result more accurate. The efficiency of production technology can be improved by the “Horizontal effect” of system reform, and the measures of precision fertilization and organic fertilizer substitution can be taken to promote factor saving, factor allocation, and technology spillover efficiency, helping reduce the CEI from staple foods.



The accumulation level of main crops production plays a crucial role in reducing CEI from staple crops [39]. The scale economy effect of the production agglomeration level of main crops not only can effectively promote the development level of the regional economy and optimize the structure of the grain industry, but it can also improve the spillover effect of the rapid development of the grain industry, promote the wide application and popularization of advanced farming technology, improve the efficiency of resource allocation, and promote the CEI reduction of staple grains. Therefore, the location entropy method was used to calculate the agglomeration level (PC) of major grain crops = (the total output value of rice, maize, and wheat in each city/the total output value of grain in each sub-city area)/(the total output value of rice, maize, and wheat in Henan province/the total output value of grain in Henan province). The grain industry structure (GIS) was determined by the proportion of the output value of rice, maize, and wheat to the total output value of grain. Using agricultural openness (AO) as a measure of the level of the economy, taking (municipal agriculture value added/gross national product) * the total amount of imports and exports of each municipality as the actual total amount of agricultural imports and exports of each municipality, calculate the proportion of the actual total amount of agricultural imports and exports in agriculture added value.



Urbanization has an impact on the CEI of staple grains [25], so the level of urbanization (UL) is used: calculated as the proportion of the urban population to the total population in each city. As the urbanization rate of the population and the urbanization rate of the economy increase, the land and human resources for the production of staple food will be greatly reduced, resulting in a large amount of investment in agricultural machinery and auxiliary means of production in the short term, causing a rise in CEI. However, when urbanization reaches a more mature stage, it will drive the continuous flow of rural population and resources to the cities in the long term. This will promote the scale operation and standardized production of the farming industry to reduce CEI.



In addition, policies have an impact on the CEI of staple foods [20]. In this paper, the proportion of agricultural expenditure (AE) and the proportion of total expenditure on environmental protection (EPE) were chosen as representative policies, and the proportion of agricultural expenditure was calculated by the proportion of the expenditure on agriculture, forestry, and water affairs to the total expenditure of each city, while the proportion of the total expenditure on environmental protection is calculated by the proportion of the expenditure on energy conservation and environmental protection in the total expenditure of each municipality. As the government continues to step up its support for agriculture, it is offering tax breaks or direct subsidies to companies that produce agricultural machinery or tools. These subsidies are designed to guide the transition to green production. However, this may be less efficient, discouraging the replacement of agricultural machinery and irrigation equipment. In addition, older agricultural machinery equipment increases energy consumption to some extent, a goal that is not conducive to reducing the CEI of main crops. Specific variables and definitions are shown in Table 2.



After selecting the factors that affect the CEI, the general form of the dynamic panel model of the CEI of main crops can be expressed as follows:


   C E  I  i t   = α + ξ C E  I  i , t − 1   + θ  w i  C E  I  i t   + ψ  w i  C E  I  i , t − 1   +  β 1  A  O  i t   +  β 2  P  E  i t   +  β 3  U  L  i t   +  β 4  P  C  i t      +  β 5  G I  S  i t   +  β 6  A  E  i t   +  β 7  E P  E  i t   +  σ i   w i  A  O  i t   +  σ 2   w i  P  E  i t   +  σ 3   w i  U  L  i t   +  σ 4   w i  P  C  i t      +  σ 5   w i  G I  S  i t   +  σ 6   w i  A  E  i t   +  σ 7   w i  E P  E  i t   +  η t  +  μ i  +  ε  i t     



(7)







	2.

	
Data Sources







The sampling time interval is 2001–2020. Among the variables involved, data on the sown area, yield, total population, urban population, rural population, crop irrigation area, total agricultural output value, number of primary industry employees, added value of agriculture, forestry, animal husbandry and fishery, added value of agriculture, gross national product (GNP), total grain output value of each municipality, total grain output value of Henan province, total fiscal expenditure of each municipality, expenditure on agriculture, forestry and water affairs, energy conservation, and environmental protection in each municipality were obtained from the Henan Province Statistical Yearbook. The total import and export volume of each municipality comes from the annual statistical bulletins of each municipality on national economic and social development; the direct costs of rice, corn, and wheat; the number of workers employed; fuel power costs; pesticide costs per mu; fertilizer costs per mu; total irrigation costs; and irrigation water costs from the “National compilation of cost and income of agricultural products”.






3. Results and Discussion


After calculating the CE and CEI from rice, maize, and wheat cultivation in 18 prefecture-level cities in Henan province, we constructed a spatial and temporal distribution map, as shown in Figure 1.



3.1. Temporal Characteristics of Total and Intensity Carbon Emissions from Main Grain Crops


3.1.1. Temporal Characteristics of CE from Main Crops


The total CE of main crops in Henan province fluctuated in an Inverted “V” shape pattern, first rising and then falling. From 2001 to 2020, the total CE from main crops in Henan province increased from 2,993,047.993 tons to 5,432,352.832 tons, with an average annual growth rate of 4.289%. From 2001 to 2017, the total CE from main crops in Henan province experienced an upward trend. This trend reached a peak in 2017, rising from 2,993,047.993 tons in 2001 to 7,821,591.335 tons in 2017, with an average annual growth rate of 10.083%. From 2017 to 2020, the total CE from main crops in Henan province showed a downward trend, from 7,821,591.335 tons in 2017 to 5,432,352.832 tons in 2020, with an anticipated annual growth rate of −10.182%.




3.1.2. Temporal Characteristics of CEI of Main Crops


Overall, 10 cities in Henan province saw a reduction in CEI from 2001 to 2020. However, Henan’s overall CEI rose slightly from 1.525 t/t in 2001 to 1.545 t/t in 2020, an increase of 1.311%.



In the year 2001, 13 regions in Henan province had carbon emission intensity above 0.075 t/t. There are two main reasons for this. First, it may be that some of these areas, such as Sanmenxiashi, are located in mountains and hills, while Nanyangshi is located in a basin. Although the area of cultivation is vast, it is difficult to cultivate. Second, since China acceded to the WTO in 2001, China has established an export support system for agricultural products. The north has been seriously affected by drought and flood disasters. Henan province, as one of the grain-producing areas in China, has seen an increase in foreign demand for grain crops, which, in turn, has prompted farmers to increase their grain output, as well as their usage of various agricultural inputs, ultimately resulting in a higher CEI.



In 2007 and 2013, the CEI of the main crops in the cities of Henan province overall was still relatively high, probably because we put forward a series of policies in 2005 to improve farmers’ enthusiasm for planting grains in order to ensure food security in our country. As a main crop-producing province, Henan province actively responds to the national policy of developing low-carbon agriculture, or organic agriculture. However, as a result of the lack of policy propaganda, as well as the fact that farmers cultivate a large amount of wasteland to grow grain and save the cost of cultivating grain, the CEI of main crops in some regions is still relatively high.



In 2020, 61.111% of the main crops in Henan province had a CEI below 0.091 t/t, and some prefecture-level cities had a largely downward trend compared with 2001. This may be due to President Xi’s joint statement on climate change in 2015. In addition, by 2017, the national emissions trading system was launched, and provinces responded. China’s People’s Government of Shandong Province issued a circular on the work plan for low-carbon development in Shandong province (2017–2020), and in 2017, Henan province formulated a fifteen-year plan to speed up the construction of modern agriculture, to reduce the CEI of main crops by increasing mechanization and promoting green agricultural technology. Cities have also adopted corresponding measures. For example, Xinyangshi has implemented the feedback from the fifth central ecological and environmental protection inspection group, strengthened the construction of demonstration zones, and increased the promotion and application of formula fertilizers, to increase the demonstration research and application of Green Prevention and control technology and to increase the promotion of large-scale and modern plant protection machinery, such as remote control UAVs for plant protection, long-distance sprayers for universities, and self-propelled spray-rod sprayers, etc., steadily increasing spraying, pest control, and pesticide use, significantly reducing pesticide use, and driving down CEI of main crops.





3.2. Spatial Characteristics of CE and CEI of Main Crops


3.2.1. Spatial Characteristics of CE from Main Crops


From 2001 to 2020, CE from main crops in Henan province decreased from Southern and Eastern Henan province to Central, Northern, and Western Henan, showing a counterclockwise trend of regional growth. Hebishi’s Northern Henan province has the lowest total CE from growing main crops. However, Nanyangshi, Zhumadianshi, and Zhoukoushi in the Southern Henan province have the highest total CE.



In particular, the total amount of CE grown on main crops in some prefecture-level cities in Western, Central, and Northern Henan is low. However, the total CE in Eastern and Southern Henan are higher. This is mainly because the state has always stressed food security, requiring provincial governments to pay attention to overall grain output, in order to maintain stable growth. On the other hand, these areas are large markets for growing food. As a necessity, small changes in food prices will lead to large changes in production. Operators will adopt a variety of ways to increase grain production, thereby increasing the income per unit of grain sown area. Ultimately, both governments and operators will strive to increase agricultural inputs in order to generate benefits that will keep CE from main crops at a high level.




3.2.2. Spatial Characteristics of CEI of Main Crops


As one of China’s main crops production areas, the eastern part of Henan is known as the national high-quality wheat production base. Because it is located on a plain and has favorable natural conditions and land-cultivation conditions, the CEI of the main crops there has been the lowest. In 2020, Henan South had a larger downward trend compared with 2001, with a decline of 14.73%. This is mainly because these regions have successively established many high-standard farmland demonstration zones “With standard construction, modern equipment, intelligent application, large-scale operation, and standardized management”, the use of green and low-carbon production technology to achieve increased food income and CEI reduction. Shangqiushi, for example, is a pioneer in green pesticide development, promoting the development of standardized bases of “Three products and one standard”, with 6.95 million mu of high-standard farmland; promoting experiments and demonstration applications of biodegradable agricultural films; and implementing actions to save water in agriculture and reduce the use of pesticides and fertilizers, this reduced carbon intensity by 21.010% compared with 2013. Zhumadianshi, known as the Central Plain’s “Granary”, is a “National model city for comprehensive standardization of agriculture”. It has formulated a “Guide for the construction of comprehensive standardization of agriculture demonstration project”. Currently, 8.38 million mu of high-standard farmland has been built. In 2021, we will continue to build 28 high-standard farmland projects totaling 1.07 million mu, which will help enhance the agricultural production capacity and promote the high-quality development of modern agriculture.



In particular, before 2001, the CEI of main crops in Henan province showed an oblique “T” type, with Southern and Western Henan as the primary directions. Sanmenxiashi, Nanyangshi, and Xinyangshi show a higher CEI than Puyangshi, Anyangshi, Xinxiangshi, and Shangqiushi. Between 2002 and 2007, the CEI of the main crops in Henan province was “L” type mainly in the north and west of Henan province and gradually decreased to the east and south of Henan province. The CEI of Zhengzhou, Nanyangshi, Pingdingshanshi, Sanmenxiashi, and Kaifeng is significantly higher than that of Eastern and Southern Henan. From 2008 to 2013, the CEI of the main crops in Henan province exhibited an oblique “O” shape in the northeast and southwest directions, while only Xinyangshi and Hebishi had the lowest CEI. From 2014 to 2020, the CEI of the three main crops in Henan province showed an oblique “T” pattern, mainly in the north and west of Henan province, and gradually spread to the south of Henan province.



In general, the CE from main crops are higher in some regions. On the other hand, the CEI of the main crops in these regions is low. This is mainly because farmers increase the use of various carbon sources in main crops in order to increase food production and increase food income, resulting in higher CE. However, the CEI is the amount of carbon emitted per unit of food production. A low CEI indicates that various carbon sources are used more efficiently, that there is no huge waste of resources, and that the level of production technology efficiency is superior. Therefore, it is more meaningful to study the CEI of the main crops.





3.3. Analysis of Influencing Factors and Spatial Effect of CEI of Main Crops


3.3.1. Analysis of Influencing Factors on CEI of Main Crops


It is necessary to test the spatial correlation of CEI of main crops before using the geo-econometric model for empirical analysis. Using the Global Moran Index, this paper examines the spatial correlation of the CEI of main crops in Henan province from 2001 to 2020. The results are shown in Table 3. The spatial correlation of the CEI of the main crops under the carbon emission matrix is significant. Therefore, this paper analyzes the geographic panel model under the carbon emission matrix. Drawing on the research of Elhorst [40], Wald and LR tests were used to judge the choice of specific models (SAR, SAC, SEM, and SDM), and the Hausman test was used to determine the final choice of fixed-effect model or random-effect model. With the help of STATA software, the fixed-effect SDM model was selected to analyze the influencing factors of CEI of the main crops in Henan province. The results are shown in Table 4. Under the carbon emission matrix, the scalar autoregressive coefficients were significant (1% and 5% confidence levels), the geographical autoregressive coefficients were significant (1% and 5% confidence levels), and the dynamic SDM model of the CEI of main crops has a significant geographic autoregressive effect; and the influencing factors and the spillover effect of CEI of main crops are discussed under carbon emission matrix.



It was found that production technology efficiency had a significant negative impact on the CEI of the main crops (−0.2354). This shows that the improvement of production technology efficiency is one of the main factors to lowering the CEI of main crops. In addition, the application of Advanced Production Technology and management mode has improved the efficiency of the use of various input factors in the production of main crops, which reduces the number of agricultural inputs (fertilizers, pesticides, mulch, diesel, water, electricity, etc.) and yields more, reducing the CEI of main crops per unit produced. Zhengzhou and Sanmenxiashi, for instance, have built a bridge between farmers, science and technology departments, and agriculture experts and scholars. This is in order to serve the “Three Agrarians”: adopting scientific and technological measures to grow grain, improving the efficiency of production technology, helping farmers to increase their income and become rich, and revitalizing the countryside, decreasing the CEI of Zhengzhou’s and Sanmenxiashi’s main crops by 2.29% and 11.73%, respectively, compared with 2019.



Agricultural openness has a negative effect on the CEI of main crops, but it is significant at a 5% confidence level. In the short term, economic development will improve the open level. Kuznets’s theorem suggests that there is an inverted “U” type relationship between economic development and environmental conditions, with development and economy creating pollution before treatment. The CE of main crops have reached “the turning point” in Henan Province, and their trend is downward as opening levels increase, but this is not yet evident. For example, Zhumadianshi, the country’s only international agricultural processing industrial park approved by the Ministry of Agriculture and rural areas, is conveniently located and has an extensive transportation network. It is the national agricultural products trade and logistics center. The city’s main crops is going to be internationalized and networked. However, the CEI of the main crops in the city has not been reduced because of the high level of opening up, but it is still high.



The effect of agri-production agglomeration level on the CEI of main crops was negative (−5.4758). Through the expansion of production scale and the agglomeration of industrial geographical space, the main grain crops can save input factors and improve production efficiency, thus promoting labor market sharing, production input factors, and standardized technology, thus producing a technology spillover, which is beneficial to reducing CEI of main crops. The construction of high-standard farmland for weak gluten wheat has already been realized in Xinyangshi, Henan province, where its cultivation area has reached 700,000 mu (600,000 hectares), accounting for 43.75% of the wheat sown area; with an average yield of 500.33 kg per mu, this has reduced the city’s CEI by 33.02% compared to 2001.



The influence of grain industrial structure on the CEI of main crops was positive (6.1852). With the improvement of the grain industrial structure in Henan province, the proportion of planting output value of main crops to total agricultural output value will increase. There will be a heightened concentration of agricultural production on these three main crops. However, farmers are not fully aware of the application of production technology innovation in the whole process of growing main crops, resulting in the unreasonable allocation and use of resources, which leads to an increase in the CEI of main crops. Rice, maize, and wheat, as the three main crops, are the dominant crops in the farming industry. In this situation, green and low-carbon production technologies are not as critical in concentrating the production of the three main crops, so the structural change of the grain industry will result in a significant increase in the CEI of main crops. For example, Anyangshi and Xinxiangshi in Northern Henan are tilting toward wheat cultivation. Currently, 1.3 million mu of high-quality wheat has been planted in Anyangshi, accounting for 21.74% of the total arable land area. In Xinxiangshi, 1.5 million mu of high-quality wheat has been planted, which accounted for 20.89% of the total sown area. At the same time, in order to increase the production and income of main crops, farmers have increased their input of various agricultural inputs. Farmers have increased the CEI of the region by 6.03% and 8.59% compared with 2001.



The effect of urbanization level on the CEI of main crops is negative, but it is not significant. With the development of urbanization, the populations of rural areas are gradually being transferred to urban areas on a large scale. It has led to the gradual scaling up of agricultural cultivation and the use of a variety of agricultural inputs in an efficient and intensive manner. This results in the reduction of CEI in the production of main crops. However, the urbanization rate of Shangqiushi, Zhoukoushi, Zhumadianshi, and Xinyangshi, which are located in the east and south of Henan Province, is still at a relatively low level. Therefore, the overall impact is not significant.



The impact of agriculture fiscal expenditure on CEI of main crops was negative (−0.0303), but the impact was not significant. The increase in agriculture financial expenditure means that agriculture production has been supported by more funds, which can significantly improve the production infrastructure and equipment, improve the efficiency of natural resource utilization, and expand the scale of farming operations, and then lead to the reduction of CEI of main crops. In Henan province, agricultural financial expenditures mainly cover agriculture, industry, and environmental protection, but the budget for the main crops is relatively small. Accordingly, agriculture fiscal expenditure does not have a significant impact on CEI of main crops.



The impact of environmental protection expenditure on the CEI of main crops is favorable. The increase in environmental protection expenditure is to reduce the CEI of main crops by increasing the investment in low-carbon technology research and development and the institutional cost of CEI. However, the regression results show that the impact of environmental protection expenditure on CEI of main crops is positive and not significant, which contradicts the conclusions of relevant scholars [28,29]. It may be that more of the city-level environmental protection expenditure is spent on environmental protection management, ecological monitoring, monitoring and pollution control by enterprises, natural forest protection projects, landscape beautification, etc., with scant or no money allocated to low-carbon technologies in agriculture, and the impact of government spending on the CEI of the three main crops is positive and not significant.




3.3.2. Spatial Spillover Effect Analysis of CEI of Main Crops


When each factor affects the CEI of the main crops in different regions, it will be transmitted to the adjacent regions through spatial spillover mechanisms, such as factor flow, technology spillover, and policy diffusion, producing the demonstration effect and siphon effect [41]. To more accurately demonstrate the mechanism of action and the extent of the actual impact of each factor on the CEI of main crops under the carbon emission matrix, this paper refers to the practice of Lesage et al. (2009) [42]; the results of regression estimation in Table 4 are unbiased treated by partial differential method and further decomposed into direct effect, spatial spillover effect, and total effect. There are two parts to the direct effects: first, the impact of various factors on the CEI of main crops in the region, and second, how each factor in the region affects the CEI of the main crops in the neighboring region, also known as the “intraregional spillover effect” or feedback effect. The spatial spillover effect is the indirect effect, which refers to the direction and degree of influence of various factors in neighboring regions on the CEI of main crops in this region. The immediate and spatial spillover effects of each factor on the CEI of main crops were calculated, and the results are shown in Table 5. When it comes to the decomposition of spatial effects, the efficiency of production technology and the fiscal expenditure on environmental protection have demonstrative effects. In addition, the degree of agricultural openness has a siphon effect.



The higher efficiency of production technology means that, through more specialized socialization of production service-type organizations, improvements are made to the degree of organization; to provide farmers with some links of agricultural-production specialized machinery operations, for example, mechanization of farming and harvesting, control of diseases and insect pests, sharing of information on agricultural resources, reduction of search costs for farmers, etc., in order to have a demonstration effect; and promote the gathering of production factors in the surrounding areas, and, in turn, the CEI of main crops in these regions will be reduced. Increasing expenditure on environmental protection means continuously optimizing the allocation of agricultural resources; continuously promoting the optimization, greening, and upgrading of agriculture; and achieving high-quality agriculture development and reducing the CEI of main crops in nearby areas. The higher the level of agricultural openness, the greater the advantages in terms of capital, labor, technology, and institutions; and the ability to provide new technologies and standardized socialization services for the agricultural production sector and to improve the efficiency of resource use, thus attracting the transfer of high-quality resources to the surrounding areas, will eventually increase the CEI of main crops in the surrounding areas. The efficiency of production technology and fiscal expenditure on environmental protection have demonstrative effects, and the degree of agricultural openness has a siphon effect.






4. Conclusions and Suggestions


4.1. Conclusions


Firstly, from the temporal and spatial evolution pattern of the CE of main crops, the total CE of main crops in Henan province showed an inverted “V” fluctuation, and the total CE of main crops in Southern and Eastern Henan province increased significantly. The spatial pattern of CEI is an inclined “T” shape. The total CE of South and East Henan are higher, and the CEI values of West, North and Middle Henan are higher. Hebishi’s overall CE and CEI are relatively low.



Secondly, different factors influence the CEI of main crops differently. This is in part because of the different production technologies of crops, the level of urban economic development, relevant policies, and resource endowments. The improvement of agricultural openness has a significant negative effect on the CEI of main crops. However, it is substantial at the level of 5%, and the efficiency of production technology has a pronounced negative effect on the CEI of main crops. Increasing the resource utilization ratio can reduce the CEI of main crops to a significant extent; the level of agriculture production agglomeration has a negative effect on the CEI of main crops. Agriculture fiscal expenditure has a negative impact on the CEI of main crops. However, environmental protection expenditure has a positive, but not substantial, impact. This indicates that fewer funds have been spent on agriculture by municipal environmental protection, and that the desired results were not reached.



Thirdly, the efficiency of production technology, the openness of agriculture, and the fiscal expenditure on environmental protection can enable factors to flow from one region to another, technology to spill over, and policy learning and other mechanisms to be transmitted to the surrounding areas, thus producing the demonstration effect and siphon effect. The efficiency of production technology and fiscal expenditure on environmental protection have a positive spatial spillover effect, while the openness of agriculture has a negative spatial spillover effect.




4.2. Suggestions


Combined with the theoretical and empirical results of this paper, the following will improve the relevant policy recommendations:




	(1)

	
To strengthen the extension and investment of agriculture technology and gradually improve technical efficiency. At the same time, we will adopt greener, low-carbon agricultural production technologies; enhance the service system for innovation in agricultural science and technology; promote the use of efficient, energy-saving, and emission-reduction farming machinery; and promote the appropriate scale of operation. By strengthening the cultivation of high-quality, high-yield, disease-resistant, and drought-resistant varieties and reducing the overuse of synthetic materials such as fertilizers, pesticides, and plastic film, we are able to improve the resource allocation efficiency of staple crops, gradually reducing the CEI from main crops. We can follow the example of Zhengzhou and Sanmenxiashi and implement the current advanced agricultural science and technology into agricultural production practice in a timely manner. We can organize scientific and technological personnel to teach agricultural science and technology methods in rural areas and realize the scientific cultivation of crops.




	(2)

	
The government should continue to expand financial support for agriculture. When the government increases the financial expenditure on agriculture, it needs to lean toward the cultivation of main crops, and the corresponding supporting policies should be more detailed. It focuses on the purchase of special agricultural machinery and the guidance of whole-course cultivation techniques, the construction of storage facilities, and the market and information services of the marketing links in the three main crops planting links. Environmental-protection-related agricultural-subsidy policies could also be introduced, for example, by providing incentives for producers to effectively prevent or mitigate agricultural pollution. Rice, maize, and wheat are the three main crops in our country, and Henan province is the plain area and one of the main crop-producing areas. We will increase support for low-carbon technologies for main crops.




	(3)

	
We will actively promote the optimization of the structure of the grain industry. All regions should fully combine local conditions such as soil characteristics, location economy, and various resources endowments in accordance with the policy of agricultural supply-side structural reform, to determine and popularize suitable crop varieties and practical technical regulations for high-quality and high-yield cultivation; actively popularize high-yield, high-quality, and high-efficiency crop varieties; and realize the optimization and reorganization of agricultural resources. At the same time, we will be market-oriented, create regional brands for crops, develop regional characteristics for main crops, and provide better conditions for low-carbon production.




	(4)

	
We will promote urbanization in an orderly manner and strengthen the sharing of elements among regions. We should give full play to the role of urbanization in boosting the non-agricultural employment of rural households and make use of the development of urbanization to foster technological innovation, knowledge progress, and human capital accumulation. It lays the foundation for the development of agricultural science and technology and the training of technical personnel. Nevertheless, it is imperative to avoid blindly pursuing urbanization-level improvement without considering actual economic development policy and local conditions, which could have negative effects. Meanwhile, we should take advantage of the resource-endowment advantages of each region; promote capital, labor, technology, digital, and other elements of resource flow; and then achieve low-carbon main crops through the spatial spillover effect of production technology efficiency. We need to perform basic work for achieving carbon neutrality and peak CE by 2030 and 2060.
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Figure 1. (a) CE of main crops in 2001, (b) CE of main crops in 2007, (c) CE of main crops in 2013, (d) CE of main crops in 2020, (e) CEI of main crops in 2001, (f) CEI of main crops in 2007, (g) CEI of main crops in 2013, and (h) CEI of main crops in 2020. 1: jiyuanshi, 2: xinyangshi, 3: zhumadianshi, 4: sanmenxiashi, 5: luoyangshi, 6: pingdingshanshi, 7: luoheshi, 8: xuchangshi, 9: zhengzhoushi, 10: jiaozuoshi, 11: anyangshi, 12: hebishi, 13: xinxiangshi, 14: kaifengshi, 15: zhoukoushi, 16: shangqiushi, 17: puyangshi, and 18: nanyangshi. 
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Table 1. Carbon emission factors and reference sources for various agricultural inputs or sources.






Table 1. Carbon emission factors and reference sources for various agricultural inputs or sources.





	Carbon Sources for Main Crops
	Carbon Emission Coefficient
	Reference Sources





	Fertilizer
	0.897 kg/kg
	Tian, Y. et al. [36]



	Pesticides
	4.9341 kg/kg
	Wang, X. et al. [37]



	Mulch for agriculture
	5.180 kg/kg
	Institute of Agricultural Resources and Nanjing Agricultural University



	Diesel fuel for agriculture
	0.593 kg/kg
	IPCC (UN Intergovernmental Panel on Climate Change)



	Agricultural plowing
	3.126 kg/hm2
	IABCAU (Institute of Agronomy and eco-environment, China Agricultural University)



	Irrigation uses energy
	19.8575 kg/hm2
	Wu, G.Y. et al. [14]







Data source: Based on the relevant data collated.
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Table 2. Various types of variables and definitions.






Table 2. Various types of variables and definitions.





	Variable Name
	Variable Symbol
	Variable Definition





	Technical efficiency of main grain crop production
	PE
	The total output of rice, maize, and wheat was calculated by EBM model, and the total sown area, direct cost, and employment quantity were taken as three input indexes



	Concentration level of staple crop production
	PC
	The total output value of rice, maize, and wheat of each city/total output value of grain of each sub-city area)/(total output value of rice, maize and wheat of Henan province/total output value of grain of Henan province



	Structure of grain industry
	GIS
	The actual total amount of agricultural import and export in each municipality accounts for the proportion of agricultural added value

(The actual total amount of agricultural import and export of each municipality = (agricultural value added/gross national product of each municipality) ∗ total amount of agricultural import and export of each municipality)



	The openness of agriculture
	AO
	The total output value of rice, corn, and wheat accounts for the proportion of the total output value of grain



	Level of Urbanization
	UL
	The population of cities and towns as a proportion of the total population



	Proportion of fiscal expenditure on agriculture
	AE
	The expenditure of agriculture, forestry, and water affairs accounts for the proportion of the total financial expenditure of each city



	Proportion of total fiscal expenditure on environmental protection
	EPE
	Each city energy conservation environmental protection expenditure accounts for each city finance total expenditure proportion
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Table 3. Global Moran Index of CEI for main crops.






Table 3. Global Moran Index of CEI for main crops.





	Year
	Carbon Matrix





	2001
	0.047 ***



	2002
	0.046 ***



	2003
	0.047 ***



	2004
	0.047 ***



	2005
	0.046 ***



	2006
	0.047 ***



	2007
	0.047 ***



	2008
	0.047 ***



	2009
	0.047 ***



	2010
	0.047 ***



	2011
	0.047 ***



	2012
	0.047 ***



	2013
	0.047 ***



	2014
	0.047 ***



	2015
	0.047 ***



	2016
	0.047 ***



	2017
	0.047 ***



	2018
	0.047 ***



	2019
	0.047 ***



	2020
	0.047 ***







Note: “***” indicate significance levels of 1%.
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Table 4. Dynamic SDM regressive results of main factors affecting CEI of main crops.
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Variable

	
Carbon Matrix




	
Estimate

	
Z Value






	
   C E I  (  − 1  )    

	
0.9597 ***

	
53.90




	
   P E   

	
−0.2354 ***

	
−5.43




	
   A O   

	
−0.089 **

	
−2.28




	
   U L   

	
−0.1028

	
−0.83




	
   P C   

	
−5.4758 ***

	
−3.79




	
   G I S   

	
6.1852 ***

	
3.93




	
   A E   

	
−0.0303

	
−0.76




	
   E P E   

	
0.1087

	
1.06




	
   W * P E   

	
0.9432 ***

	
2.82




	
   W * A O   

	
−0.7985 ***

	
−3.58




	
   S p a t i a l   

	
−0.4087 ***

	
−3.14




	
    R 2    

	
0.310




	
   L o g − l i k e h o o d   

	
−970.2440








Note: “**” and “***” indicate significance levels of 5% and 1%, respectively.
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Table 5. Spatial effect decomposition of CEI of main crops.
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Variable

	
Direct Effect

	
Spatial Spillover Effect

	
Total Effect




	
Estimate

	
Z Value

	
Estimate

	
Z Value

	
Estimate

	
Z Value






	
   C E I  (  − 1  )    

	
0.9436 ***

	
52.48

	
0.5020 ***

	
5.51

	
1.4456 ***

	
14.51




	
   P E   

	
−0.2645 ***

	
−7.24

	
0.7739 ***

	
2.80

	
0.5094 *

	
1.79




	
   A O   

	
−0.0682

	
−1.60

	
−0.5602 ***

	
−2.91

	
−0.6284 ***

	
−3.11




	
   U L   

	
−0.1152

	
−0.87

	
0.6740

	
1.37

	
0.5588

	
1.07




	
   P C   

	
−5.9440 ***

	
−3.63

	
5.7329

	
0.91

	
−0.2111

	
−0.03




	
   G I S   

	
6.6490 ***

	
3.72

	
−4.7028

	
−0.69

	
1.9462

	
0.27




	
   A E   

	
−0.0158

	
−0.41

	
−0.4051

	
−1.56

	
−0.4209

	
−1.62




	
   E P E   

	
0.0593

	
0.61

	
1.1441 *

	
1.72

	
1.2034 *

	
1.77








Note: “*” and “***” indicate significance levels of 10% and 1%, respectively.
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