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Abstract

:

Cotton, as an important cash crop and strategic material, is widely planted in Xinjiang, China. In the traditional way, the management of the cotton field is extensive and the cost is huge. This paper analyzed the economic benefits and the related influence factors of cotton field management digitalization by collecting costs from 2020 of four major tasks in field management in Xinjiang, China. These four main tasks included field scouting, plant protection, topping and irrigation. By analyzing the intersection of the average cost curves of each major task in field management, we obtained the critical size of digital agriculture replacing traditional agriculture. Then, we used sensitivity analysis to find the main factors affecting the promotion and application of digital agricultural equipment. The results show: (1) at a certain critical size, the use of digital agricultural equipment can reduce the cost of production compared to traditional agriculture. However, the critical size varies for different management segments. (2) Fixed equipment costs, labor costs, water costs and energy costs have a large impact on the critical size. On large-scale cotton farms, digital agriculture tends to be more economical than traditional agriculture. In the future, as the cost of fixed equipment decreases, and labor costs and water costs rise, the critical size of digital agriculture replacing traditional agriculture will get smaller, and the scope of the economic benefits of digital cotton field management will increase further.






Keywords:


technological progress in agriculture; digital agriculture; cotton field; cost analysis; sensitivity analysis












1. Introduction


Cotton is the most significant cash crop and the backbone of the global textile industry [1]. China is the most important consumer and producer of cotton in the world [2,3]. Cotton is not only the main commercial crop but also an important strategic material. Cotton plays a vital role in the development of the national economy. The cotton region of Xinjiang was the first major cotton-producing area in China [4]. The cotton sowing area was 2,540,500 ha in 2019, accounting for 76.07% of the national planting area [5]. Cotton planting is beneficial to the development of the local economy and farmers’ income, in Xinjiang. At the same time, Xinjiang cotton has played an important role in protecting the stability of the international cotton textile supply chain. China has always attached great importance to the development of the cotton industry and the interests of cotton farmers in Xinjiang. In 2014, China launched the target price policy of cotton and considered the reform undertaken in Xinjiang as a pilot. We are increasingly aware of the urgent need to promote the cotton industry in developing high-quality, high-yielding and efficient processes in line with the current economic and social situation.



In recent years, the cost of cotton production has been increasing. In 2018, the cost of cotton production in China was 3.4 times that of the United States and 4.3 times that of India. Among the cotton production costs [6], the labor cost was the highest, which is rising at an average annual growth rate of 7.9%, accounting for 55.9% of the total cost, followed by service costs and the cost of agricultural materials, such as chemical fertilizers and pesticides, accounting for 31.2% of the total cost [7]. The “China Agricultural Products Cost-Benefit Compilation of Information” showed that, in 2018, the labor cost of cotton production in Xinjiang was 13,950 CNY per ha, accounting for 50.6% of the production costs. Therefore, how to effectively reduce the cost of cotton cultivation, to improve the profitability of cotton farmers and the international competitiveness of cotton, is one of the outstanding issues that needs to be addressed. Hou et al. [8] found that improving agricultural mechanization, reducing labor costs, and taking technical measures to save on water and fertilizer costs helped to reduce cotton production costs and increase farmers’ returns. However, the “China Agricultural Mechanization Yearbook” showed the production of cotton in China in 2020, where the mechanized plowing rate was 98.76%, the mechanized sowing rate was 88.16% and the mechanized harvesting rate was 60.08%. In the production of cotton in Xinjiang, the mechanized plowing rate was 99.91%, the mechanized sowing rate was 99.34% and the mechanized harvesting rate was 75.58%.



In the case of cotton planting, harvesting mechanization has reached a high level and we must continue to reduce costs, not only from the dimension of mechanization, but also from the dimension of information technology and intelligence, to save costs and improve efficiency [9]. Cotton has a long growth cycle and is greatly affected by natural factors [10]. Its management process is relatively complex; therefore, the management link of the cotton field has always been at a low level of mechanization and intelligence in China [11]. At present, high labor costs are required for the cotton field management process, particularly field scouting, plant protection, topping and irrigation [12]. In terms of water and fertilizer irrigation, this has mainly relied on the experience of farmers. This not only led to poor farming results but has also caused a lot of wasted water, fertilizer and pesticides [13,14,15,16]. Therefore, we should improve the level of information technology and intelligence in cotton fields as it is conducive to promoting the quality and efficiency of the cotton industry in Xinjiang and the international competitiveness of Xinjiang cotton.



With the advent of the 5G era, the development of the Internet of Things, big data and artificial intelligence has brought a new definition to agriculture. Tang et al. [17] proposed that the framework of digital agriculture was composed of basic information databases of agriculture, real-time information collecting systems, digital network transmission systems, central processing systems and digitized agricultural machinery. We can collect agricultural data through field sensors, agricultural drones and smart agriculture decision systems. Data-based farm management decisions effectively have improved economic and environmental benefits [18,19,20,21]. Farmers can also access new information through the internet to change traditional agricultural operations. For example, early warning of pests and diseases [14] and improved efficiency of fertilizer [22] have been achieved through diversified information.



In the case of cotton production, Chen et al. [23] proposed to improve the mechanization, precision and intelligence of the cotton field management through the development of digital agriculture. He argued that this could help reduce the cost of cotton production and increase the profitability of farmers. Jamil et al. [24] found that it was important to achieve climate resilient agriculture (CRA) through digital technologies in the cotton production process to help improve cotton productivity and sustainability. Meanwhile, a study found that, in the practice of cotton production in Xinjiang, application of Beidou satellite navigation technology effectively improved automation in the cotton production process. This had good economic, social and ecological benefits for cotton production [25]. In addition, the application of digital agriculture technology has allowed farmers to minimize the costs and maximize the benefits of cotton management using a minimum number of managers. It could be seen that digital management is an important way to achieve “cost reduction and efficiency gains” in modern cotton fields.



The digitalization of agricultural production not only reduced farmers’ costs but also promoted farmers’ economic efficiency [26,27]. As with many mechanical technologies, the economic benefits of applying digital technologies on large farms seems to be the greatest [28]. However, the fact is that not all farmers would reduce their operating costs through digital agriculture. Wang et al. [29] showed that land size affected the decision to innovate in cotton production. Because of the difference in the size of operation, farmers would make different cotton field management decisions from a cost–benefit perspective. The following questions therefore remain: What is the critical size for digital management compared to traditional management? What are the factors that have a crucial impact on the critical size of digital management instead of traditional management? In this paper, through cost–benefit analysis and sensitivity analysis, cotton fields A, B and X are used as examples to address the above questions.




2. Methods and Data


Cost–benefit analysis is an analogy of financial analysis in a business; it also assesses social benefits and costs, which have an effect on agriculture [30]. There are some researchers who have conducted a cost–benefit analysis of agricultural production. The cost side of the analysis contained investment costs (purchase and installation of equipment, consultations associated with the implementation of technology) and operating costs (labor, agricultural materials, maintenance) [31,32,33]. Verlicchi et al. evaluated the technical and economic feasibility of the corresponding construction, operational and maintenance costs of a treatment train for zootechnical farm wastewater by means of a cost–benefit analysis [34]. Meanwhile, Erdal et al. found that the highest energy costs of sugar beet production were labor, land renting, depreciation and fertilizer [35]. Some studies also conducted a sensitivity analysis to further illustrate the impact of each factor on cost. Coppola et al. studied that the economic profitability of hazelnut production in central Italy, where conventional and organic farming systems were evaluated using the cost–benefit analysis and sensitivity analysis methodology [36]. Current problems in cotton field management are often used as a pilot study for new methods and technologies. There remains the management cost aspects of cotton fields, about which relatively little is researched. Therefore, this paper uses a cost–benefit analysis and sensitivity analysis to compare the cost of different cotton field management methods.



2.1. Methods


2.1.1. Cost–Benefit Analysis


Cost–benefit analysis is a method to analyze and judge the implementation effect of decision-making [37] and evaluate the value of a project according to the relationship between benefit and cost. Under the same conditions of “cultivation and harvest”, we analyzed the advantages of different management methods for the cotton fields from the perspective of economics. Assuming that the output (income) of cotton is the same, we compared the input (cost) of different technologies in cotton management. In this paper, we studied the cost advantages of digital agriculture based on modern equipment instead of traditional agriculture based on human operation.



Firstly, the cost of different management methods for the cotton fields should be calculated. According to the nature of cost, it can be divided into fixed costs and variable costs. In terms of each management link of the cotton field, the fixed costs include the investment of fixed equipment. The variable costs include the investment of labor, water, electricity, fertilizer, purchasing agricultural machinery services and the costs associated with a supporting software system (theoretically, the supporting software system is a fixed input, but the wisdom of the cotton field system development industry leader X developed smart agriculture systems, for example, based on the billing method for small- and medium-sized farms, including the first year fixed costs and variable costs; renewal years only include variable costs. At the same time, the supporting software system service costs are converted into the 2 links of field scouting and irrigation according to the variable cost calculation.) [29]. Therefore, the total cost (CT) of cotton field management is:


   C T   S  =  C f  + n S  C v   



(1)




where Cf represents fixed costs under cotton field management (CNY/year); Cv represents variable costs under cotton field management (CNY/(ha. time)); among them, the variable costs refer to the investment of labor, water, electricity, fertilizer, purchasing agricultural machinery services and the costs associated with a supporting software system; n represents the number of annual operations (time/year); S represents cotton field size (ha).


    C f    =     E + R    T    



(2)




where E represents the purchasing price of equipment (CNY/unit); R represents the total maintenance cost within the service life of the equipment (CNY/unit); T represents the service life of equipment (year); N represents the number of pieces of equipment required in the cotton field (unit).


  N = ⌊  S  f t   ⌋  



(3)




where f represents work efficiency (ha/(unit. day)); t represents the optimal operation time (day).


   C A   S  =    C T   S   S   



(4)




where CA represents average cost per unit area.


   S *  =    C  f , i   −  C  f , j     n    C  v , j   −  C  v , i        



(5)




where S* represents the critical planting size of two technologies or equipment adoption (ha/year) (that is, it is more economical to choose equipment i operation in a scale smaller than S*, and it is more economical to choose equipment j operation in a scale larger than S*.); Cf,i and Cf,j represent the fixed cost of i and j technologies or equipment (CNY/(ha. time)); Cv,i and Cv,j represent the variable cost of i and j technologies or equipment (CNY/(ha. time)).




2.1.2. Sensitivity Analysis


Sensitivity analysis refers to analyzing the degree of influence and sensitivity of this variable on economic evaluation indicators by considering changes in one factor, while the factors remain relatively independent and other factors remain constant [38]. If a certain factor changes in a small range, the research results change in a large range. This shows that these factors are key factors and should be taken into account when making decisions. If a factor changes in a large range, the research results change in a small range. This shows that these factors are not key factors and should not be considered first in decision making. Through sensitivity analysis, we studied the influence of changes in the cost of fixed equipment, maintenance, operation efficiency, labor, the supporting software system, water, electricity, and fertilizer and pesticides on the critical planting size of different management methods of the cotton field, which is expressed by p.


  p =    S    + 20 %    *     S *     



(6)









2.2. Data Source


The geographical area considered in this study is the province of Xinjiang, more specifically the Korla (41°45’20.24” N, 86°8’51.16” E) area (Figure 1), where cotton production is concentrated. The data used for the study were collected from traditional corporate farm A, traditional individual farm B and digital corporate farm X, in 2021. These three cotton fields contained the current management method in Xinjiang. The managers of traditional corporate farm A and traditional individual farm B had many years of experience in cotton farming and a detailed mastery of all aspects of cotton production. They provided data with a certain degree of professionalism and representativeness. Super Cotton Field was China’s first application of the digital management of cotton fields; its data had a certain typicality and representativeness. The Super Cotton Field was a project that managed cotton fields by using the digital equipment and data services provided by X enterprise. They were responsible for 200 ha of cotton field plowing, sowing, management and harvesting links. Through unmanned equipment, robots, IoT equipment, artificial intelligence and other technologies, they achieved scientific production planning, and accurate and efficient production operations. Because the current cotton production of plowing, sowing and harvesting links are mechanized at a higher level, this paper focuses on the field management link for analysis.



To ensure the accuracy of the research data, questionnaires and data forms were designed and detailed interviews were recorded face-to-face with cotton field managers. The data were returned and verified with the accountant, enterprise manager, and farmers around the cotton fields. We repeatedly verified this information to ensure that the basic parameters were as accurate as possible.



According to the available literature and research, the cotton field management process included 4 parts: field scouting, plant protection, topping and irrigation. Unlike the traditional labor-based management of cotton fields, the digital management method was managed through a combination of automated equipment and agricultural AI technology. In the digital management process, by pairing it with the use of smart agriculture systems, we can have precise information on the farm. This made possible the automatic sensing, unmanned collection, automatic analysis and execution of farm data, which enabled the use of digital technology in agriculture.



In the field scouting segment, skilled agricultural workers and long-time agricultural workers were employed to scout the fields in the traditional method. The skilled agricultural workers were responsible for controlling the quality of the cotton. The long-time agricultural workers were responsible for the environmental, pest and weed monitoring, and a series of specific tasks in the cotton field during the growth process. However, all of those jobs were carried out by remote sensing drones and agricultural IoT equipment in the digital method. The high-definition maps and AI prescription maps of the cotton fields were taken by remote sensing drones. Then, the images, and the meteorological and soil data of the cotton fields were collected through monitoring by agricultural IoT equipment. Finally, cotton growth was monitored by managers using cell phones and computers.



In the plant protection segment, the spraying of insecticides was achieved by purchasing agricultural tractor services in the traditional method. However, the operational travel path of the tractor can cause the tractor to accidentally injure the cotton plant. This can lead to mechanical damage and yield a reduction in cotton. The spraying of insecticides was achieved by purchasing agricultural drones or agricultural drone services. Wang et al. found that the hanging damage of small tractors to cotton plants was less than 2% when the tractors were guaranteed to travel in the machinery-specific lanes set up in the cotton fields [39]. However, even if the loss was 1%, based on a cotton yield of 4498 kg/ha, the loss was 44.98 kg/ha, which was a loss of up to 359.84 CNY based on receiving 8 CNY/kg of cotton. Obviously, the agricultural drone flying mode, without direct contact with cotton operations, was superior to the tractor-mounted spray-boom-type plant protection machinery operation mode, in reducing cotton losses.



In the topping segment, a large number of laborers were hired for short periods of time to top the cotton plants by hand in the traditional method. In the digital method, this was carried out by using agricultural drones to spray plant growth regulators, which can forcibly inhibit the apical growth of cotton. Thus, the nutritional and reproductive growth of cotton was regulated by chemical topping.



In the irrigation segment, fertilizer and irrigation water were put in the mixing tower manually in the traditional method, and the pipe switch for irrigation was also controlled by hand. However, all of those jobs were carried out by a fully automated device in the digital method.



The agricultural equipment used in the Super Cotton Field X management segments is shown in Table 1 and Figure 2.



To calculate the critical planting area of digital and traditional methods, we collected parameters related to 4 aspects of the two cotton field management processes: field scouting, plant protection, topping and irrigation. The main data that were collected included equipment purchase costs, maintenance costs, operational efficiency, labor wages, smart agriculture system costs, water costs, electricity costs, fertilizer costs, pesticide costs, operation times and optimal operation days [32]. We set the life cycle of the equipment to 3 years, with a zero salvage value and an annual maintenance cost of 2% of the purchase price of the machinery. Since the automated water and fertilizer irrigation system was a new type of equipment, there were no perfect related products on the market for electric valves. The failure rate was high, and the annual maintenance cost was 5% of the equipment purchase price. Especially considering the short life cycle of the equipment, the time cost of capital was ignored in order to simplify the calculation. At the same time, the pricing model of the smart agriculture system was based on the area and time of use. It was known that its first year price was (165 + 300,000/S) CNY. Where S represented the area of cotton field. The system also played a role in the sensory flight, decision making and execution stages of the cotton production process. Therefore, it was assumed that the cost of the smart agriculture system in field scouting and irrigation was 0.3 of the total cost of the smart agriculture system, respectively. The collected data were organized as shown in Table 2.





3. Results


3.1. Cost–Benefit Analysis Results


In the study of the cotton field management segment, according to the cost parameters in Table 2 of the different operations in the cotton field. We analyzed the economic advantages of a digital operation and a traditional operation, and the economic advantages of purchasing agricultural machinery and agricultural machinery services. According to Equations (1)–(5), we calculated and compared the average total fixed cost, average total variable cost, minimum average cost, critical size and average cost saving for a year of smart equipment operation, instead of the traditional equipment operation. We also calculated the critical size and average cost saving of purchasing agricultural equipment instead of purchasing agricultural machinery services in each section of the cotton field. The results are shown in Table 3, Table 4 and Table 5. In this case, the minimum average cost was the average cost of the maximum operating scale of a piece of equipment during the optimal operation time. In particular, it was noted that agricultural drones can be used in both plant protection and topping segments, in which plant protection and topping were not carried out at the same time. Therefore, we increased the combination of plant protection and topping segments.



According to Table 3, Table 4 and Table 5 we can see that:



In the field scouting segment, we used remote sensing drones and agricultural IOT equipment to scout the fields. This is more economical than manual scouting. The lowest average cost of remote sensing drones and agricultural IoT equipment is 1065.75 CNY/ha, which saves 1184.25 CNY/ha compared to the cost of manual field scouting. Therefore, remote sensing drones and agricultural IoT equipment are more cost-effective than manual field scouting when the planting size exceeds 9.59 ha. It can be seen that the use of smart equipment will significantly reduce production costs by saving a large amount of labor. With the lower cost of smart equipment, a smaller land size could achieve an economy of production for farmers. As the scale of land operations increases, the more obvious it becomes for farmers to produce economically.



In the plant protection segment, the economy of purchasing agricultural drone services for plant protection is always higher than the economy of purchasing tractor services for plant protection. The lowest average cost of purchasing agricultural drone services is 627.00 CNY/ha lower than the lowest cost of purchasing tractor services. At the same time, when farmers’ planting size exceeds 20.54 ha, the cost of directly purchasing agricultural drones for plant protection is 700.80 CNY/ha lower than the cost of purchasing tractor services. When farmers’ planting size exceeds 52.35 ha, the cost of directly purchasing agricultural drones for plant protection is 73.80 CNY/ha lower than the cost of purchasing agricultural drone services.



In the topping segment, the economy of purchasing agricultural drone services for topping is always higher than the economy of manual topping. The cost for farmers to purchase agricultural drone services is 360 CNY/ha less than the cost of manual topping. Meanwhile, when farmers’ planting size exceeds 52.35 ha, the cost of directly purchasing agricultural drones for topping is 184.20 CNY/ha lower than the cost of manual topping,. However, the cost of directly purchasing agricultural drones for topping alone is always higher than the cost of directly purchasing agricultural drone services for topping.



In fact, the same agricultural drone can be used for both plant protection and topping. If we do not consider the optimal operation time when the planting size is larger than 14.75 ha, it is more cost-effective to purchase an agricultural drone operation than traditional tractor operation and manual operation, saving 1105.80 CNY/ha. When the planting size is larger than 47.11 ha, it is more economical to purchase an agricultural drone operation than agricultural drone service operation, saving 118.80 CNY/ha. If the optimal operation days for the agricultural drone is 2 days, then the maximum operating size of agricultural drones is 64 ha. Among them, the traditional method of operation is not limited by the maximum operating size. As can be seen from Figure 3, the cost of purchasing agricultural drone services is always lower than the cost of operating by traditional methods. When the average cost of traditional operation methods is lower than the average cost of purchasing agricultural drones, the planting size is 14.75 ha. When the average cost of purchasing agricultural drone services is lower than the average cost of purchasing agricultural drones, the minimum planting size is 47.11 ha. If the planting size is larger than 64 ha, the farmer needs to purchase another agricultural drone, but then the average cost is higher than the cost of purchasing agricultural drone services. In this instance, farmers should buy agricultural drone services to make up for this, rather than buying more agricultural drones. If the planting size reaches 94.22 ha, the farmer should purchase an agricultural drone operation according to the actual planting size.



In the irrigation segment, an automated water and fertilizer irrigation system can irrigate up to 100 ha of land, and one electric valve controls an average of 0.67–1 ha of land. Consequently, automated water and fertilizer irrigation systems have a high cost, while traditional water and fertilizer irrigation systems have a relatively low cost. From the calculation, when the farmer’s planting size is greater than 29.29 ha, the economy of the automated water and fertilizer irrigation system shown in Figure 4 is always greater than that of traditional water and fertilizer management systems, saving 1253.70 CNY/ha. However, the application of automated water and fertilizer system is based on high-standard farmland. If we include the drip irrigation cost of 15,000 CNY/ha invested by the government for the renovation of high-standard farmland, the cost of automated water and fertilizer irrigation is much larger than that of traditional water and fertilizer irrigation systems.



In general, with the improvement in agricultural digitalization, although there are some fluctuations in the average cost of various aspects of the cotton field management process, the general trend in the average cost is declining. Digitization of agriculture provides efficient and accurate data on crop growth and environmental conditions. Through the application of unmanned technology, scientific production planning, and precise and efficient farming execution can be realized. At the same time, this reduces a large amount of input resources such as labor, water, fertilizer and pesticides. Digital development in agriculture not only improves agricultural production and productivity but also reduces production costs and increases farmers’ income.




3.2. Sensitivity Analysis Results


According to the sensitivity analysis, the eight influencing factors of fixed cost, variable cost, labor wage, wage for farm machinery operator, smart agriculture system cost, water cost, electricity cost, and fertilizer and pesticide cost were increased by 20%, and the degree of change in the critical planting size of a smart equipment operation instead of a traditional operation was calculated, as shown in Table 6.



Fixed equipment costs are the main factor in whether the digital method is economical to replace the traditional method. However, the impact of variable equipment costs on the critical scale cannot be ignored. When fixed equipment costs increase by 20%, the critical planting size increases by more than 10%. When variable equipment costs increase by 20%, the critical planting size increases by more than 5%. The higher the cost of digital equipment, the larger the critical planting size for the digital management method. In the future, with the development of science and technology and the cost of digital equipment continuing to reduce, it will be possible for small-scale land operators to achieve digital management of cotton fields.



Labor wages are a major factor in whether the digital method is an economical alternative to the traditional method. When labor wages increase by 20%, the critical planting size reduction is greater than 9%. The higher the labor wages, the higher the cost of traditional operation methods and the smaller the critical planting size for the digital method. In the future, as the cost of agricultural labor increases, more farmers will choose digital management methods to manage their land.



Water costs are also an important factor in whether the digital method is an economical alternative to the traditional method. In the irrigation segment, when the cost of water increases by 20%, the critical planting size decreases by 11.39%. Where there is water, there is agriculture. The conservation of water resources is of great importance for the protection of the ecological environment and the economics of cotton fields. In the future, water will be a scarce resource. As the price of water increases, farmers will be more willing to adopt digital management equipment to improve water utilization and reduce production costs.



To some extent, electricity costs have a greater impact on the digital method versus the traditional method. In the irrigation segment, when the cost of electricity increases by 20%, the critical planting size decreases by 8.51%. Furthermore, cotton fields can reduce electricity by approximately 70% by using automated water and fertilizer systems for irrigation. In fact, the current electricity supply is still mainly generated by thermal power, and the effective use of electricity resources can reduce the tension of energy required for power generation, thus improving the social economy. As people pay more attention to electricity resources in the future, more farmers will choose to use energy-saving and environmentally friendly methods for agricultural production.



To some extent, wages for farm machinery operators have an impact on the digital method instead of the traditional method. When the wage for farm machinery operators increases by 20%, the critical planting size increases by about 5%.



The impact of fertilizer and pesticide costs on the critical planting size cannot be ignored either. Although the use of pesticides and fertilizers can increase the yield of cotton under certain circumstances, the excessive use of pesticides and fertilizers not only decreases the yield of cotton but also causes pollution to the ecological environment. In the future, green agriculture will be an important direction for the development of various countries. The application of digital technology not only realizes the precise operation of agriculture but also improves the utilization rate of pesticides and fertilizers. Therefore, it is beneficial to reduce the cost of agricultural production.



The cost of smart agriculture systems has an impact on the economics of the digital method, as an alternative to the traditional method. When the cost of smart agriculture systems increases by 20%, the critical planting size increases by 2% to 10%. However, as the cost of agricultural software development decreases in the future, more farmers will choose to purchase smart management systems to manage their agriculture.



In summary, it can be seen that fixed equipment costs, labor wages, water costs and electricity costs have a large impact on the critical planting size of cotton fields. Variable equipment costs, mechanic wages, agriculture system costs and wages for farm machinery operators also have an impact on the critical planting size of cotton fields. In the future, we will face problems such as an increasing aging population, a shortage of agricultural labor, a deteriorating ecological environment and a shortage of resources. In the presence of rising human and natural capital costs, farmers can use digital equipment to replace manual management of cotton fields at a lower critical scale. This can effectively reduce production costs and improve the economics of cotton fields.





4. Discussion


This paper analyzed the economic advantages of digital management, mainly from a theoretical cost perspective. In fact, digital management methods could be effective in achieving increased agricultural production and income, which contributes to the development of agriculture in the world [45]. Unlike traditional management decisions that rely on experience, digital management improved the monitoring accuracy of cotton and provided effective solutions [46]. Among them, IoT equipment and agricultural drones were two of the most important technologies to transform traditional agriculture into digital agriculture [47]. Remote sensing drones were less costly and time-consuming than manual labor for the field scouting. Agricultural IoT equipment can collect agricultural production information more accurately and comprehensively. This contributed to the systematic popularization of the agricultural farming experience. Otherwise, optimizing the data collection helped to minimize operating costs and maximize agricultural profits [48]. Agricultural drones were beneficial for improving the quality of pesticide sprays, reducing the number of pesticides and amount of water used, increasing the utilization rate of pesticides and fertilizers [49,50] and reducing the harm of pesticides to operators. Automated water and fertilizer irrigation systems improved the reliability and accuracy of irrigation and fertilization, and had the advantages of saving water, fertilizer and labor [51,52].



In addition, digital management also had the advantage of social and ecological benefits. The application and development of digital technology have brought smart equipment into farmland to solve the problem of the agricultural labor shortage. It also realized the traceability of agricultural production. This ensured the quality and safety of agricultural products. The development of agricultural technology not only created new agricultural employment opportunities but also promoted the cultivation of new agricultural business models. At the same time, in the agricultural production process, it reduced water consumption, pesticide used and agricultural equipment carbon emissions, and promoted ecological sustainability. Therefore, the digital management of cotton fields in the future is an inevitable trend. We should vigorously develop agricultural technology, reduce the cost of equipment and improve the level of agricultural digitalization.



In this study, we focused on the feasibility of the digital method in improving the economic benefits of cotton production. The comparisons were obtained by calculating the cost of cotton fields with traditional and digital methods. This paper presents a cost analysis of three typical cotton field production operations in Xinjiang, China, as an example. By using a cost–benefit analysis and sensitivity analysis, we can see that, when the farmers’ planting area reaches a certain scale, the digital management of each link is less costly than traditional management. The critical planting scale was positively influenced by the cost of equipment, the wage for farm machinery operators and the smart agriculture system cost. On the contrary, the critical planting scale was negatively influenced by the labor wage, water cost and electricity cost. Fertilizer and pesticide cost has different impacts on the critical planting scale in different management links. The acquisition of these data provides some reference value for the study of the digital management of cotton fields. In particular, it provides some data support and experience for the cost acquisition of cotton fields in the coming year.



However, there are several limitations to this research. First, cotton cultivation is a complex production project and any unnoticed factors may affect production costs. In particular, with the improvement of high-standard farmland construction in China, more cost influencing factors can be added to better evaluate the economics of the digital management of cotton fields. Second, with the cost data from the first digital cotton field management in China for analysis, the technology of digital management may not be mature yet. However, with the maturity of digital technology, the cost–benefit of digital management will be more favorable. Last, in Xinjiang, the weather is unpredictable, therefore the weather is a greater uncontrollable factor in the production of cotton. This also poses great limitations and challenges to the digital management of cotton fields.



Therefore, interdisciplinary discussions would also augment the potential value of these findings. This is not an immediate approach and research will continue to be conducted to digitally manage crops to increase profits. Future studies will focus on multidimensional analysis in terms of region, environment, crop yield, annualized earnings, etc. I also hope to do some cost analysis on the digital management of other crops. This will help to further reflect the cost difference between traditional management and digital management.




5. Conclusions


The results of a cost–benefit analysis and sensitivity analysis study on cotton fields showed that:



The economics of digital management of cotton fields was optimal when the farmers’ planting area was larger than the critical planting size. We assumed that the equipment was fault-free and at the best operating efficiency during the optimal operation time. The critical planting size was 15.94 ha. We took 200 ha of Super Cotton Field X as an example; the current management method can save 3463.20 CNY/ha for the whole year. However, this value may be greater, as the automated water and fertilizer system is currently in the experimental stage. At the same time, China’s agricultural labor force population is decreasing; agricultural mechanization and intelligent development are the inevitable trend of future agriculture to solve the problem of having an aging population. However, the current smart agricultural machinery is in its infancy, and digital technology is not widely used. Further cost reductions will be achieved in future market applications.



The main factors affecting the critical planting size of the digital management economy were equipment costs, labor wages, water costs and electricity costs. This meant that the lower the cost of equipment, the higher the cost of labor, water and electricity. Consequently, the smaller the critical planting size of the digital management of cotton fields to replace traditional management, the easier it will be to promote digital management models.







Author Contributions


Conceptualization, L.S. and Z.Z.; methodology, L.S., M.Z. and Z.Z.; software, L.S., M.Z. and Z.Z.; validation, W.F., J.G., L.S., M.Z. and Z.Z.; formal analysis, L.S.; investigation, W.F. and L.S.; resources, J.G.; data curation, W.F.; writing—original draft preparation, L.S.; writing—review and editing, M.Z. and Z.Z.; visualization, J.G.; supervision, Z.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (Grant No. 71973074), the National Social Science Foundation of China (Grant No. 21ZDA056) and the National Social Science Foundation of China (Grant No. 21ZDA054).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bakhsh, A.; Anayol, E.; Özcan, S.F.; Hussain, T.; Aasim, M.; Khawar, K.M.; Özcan, S. An insight into cotton genetic engineering (Gossypium hirsutum L.): Current endeavors and prospects. Acta Physiol. Plant. 2015, 37, 117. [Google Scholar] [CrossRef]

	



Qian, J.F.; Li, H.S. Subsidy policy adjustment, comparative benefit change and farmers’ cotton production decisions: Based on the provincial dynamic panel data of the major producing areas. J. Hunan Agric. Univ. Soc. Sci. 2020, 21, 1–7. [Google Scholar]

	



Wang, W.; Zhang, C.M.; Song, J.H.; Xu, D.D. The impact of target price policy on cotton cultivation: Analysis of county-level panel data from China. Agriculture 2021, 11, 988. [Google Scholar] [CrossRef]

	



Li, J.M.; Wang, K. Factors influencing Xinjiang cotton’s participation in different organization. Modes Soc. Sci. 2017, 6, 101–104. [Google Scholar]

	



National Bureau of Statistics. Available online: http://www.stats.gov.cn/tjsj/tjgb/ndtjgb/ (accessed on 18 April 2022).

	



Rouzi, A.; Halik, Ü.; Thevs, N.; Welp, M.; Aishan, T. Water efficient alternative crops for sustainable agriculture along the Tarim Basin: A comparison of the economic potentials of apocynum pictum, Chinese red date and cotton in Xinjiang, China. Sustainability 2018, 10, 35. [Google Scholar] [CrossRef]

	



Qian, J.F.; Song, Y.L.; Yuan, R.L.; Feng, L. China’s cotton industry safety issues and development strategies under open conditions. Chin. J. Agric. Resour. Reg. Plan. 2020, 41, 140–145. [Google Scholar]

	



Hou, Y.L.; Ma, Q.; He, L.J. Study on the changing trend of cotton production factors’s cost-profit and returns to scale in Xinjiang—Based on the questionnaire survey data of 465 farm households. Chin. J. Agric. Resour. Reg. Plan. 2021, 42, 243–252. [Google Scholar]

	



Feng, L.; Dai, J.; Tian, L.; Zhang, H.; Li, W.; Dong, H. Review of the technology for high-yielding and efficient cotton cultivation in the northwest inland cotton-growing region of China. Field Crops Res. 2017, 208, 18–26. [Google Scholar] [CrossRef]

	



Mahan, J.; Payton, P. An agrocentric analysis of regional rain patterns as they relate to a rained cotton cropping system on the Southern High Plains of Texas. Agriculture 2017, 7, 93. [Google Scholar] [CrossRef]

	



Lu, X.R.; Jia, X.Y.; Niu, J.H. The present situation and prospects of cotton industry development in China. Sci. Agric. Sin. 2018, 51, 26–36. [Google Scholar]

	



Wu, C.Y.; Feng, J.; Chen, C.Q.; Wang, J.H.; Liu, C.; Liu, Y.; Kang, J.M. Analysis of the status quo and mechanization development of cotton producing industry in China. J. Chin. Agric. Mech. 2021, 42, 215–221. [Google Scholar]

	



Hou, T.Y.; Hao, T.L.; Wang, H.J.; Zhang, Z.; Lv, X. Advances in cotton growth and development modelling and its applications in China. Sci. Agric. Sin. 2021, 54, 1112–1126. [Google Scholar]

	



Madasamy, B.; Balasubramaniam, P.; Dutta, R. Microclimate-based pest and disease management through a forewarning system for sustainable cotton production. Agriculture 2020, 10, 641. [Google Scholar] [CrossRef]

	



Nie, J.J.; Dai, J.L.; Du, M.W.; Zhang, Y.J.; Tian, X.L.; Li, Z.H.; Dong, H.Z. New development of modern cotton farming theory and technology in China—Concentrated maturation cultivation of cotton. Sci. Agric. Sin. 2021, 54, 4286–4298. [Google Scholar]

	



Zhu, H.H.; Geng, L. Analysis of technical efficiency and factors of cotton production in Xinjiang corps. Sci. Technol. Manag. Res. 2015, 35, 90–94. [Google Scholar]

	



Tang, S.; Zhu, Q.; Zhou, X.; Liu, S.; Wu, M. A conception of digital agriculture. In Proceedings of the IEEE International Geoscience and Remote Sensing Symposium, Toronto, ON, Canada, 24–28 June 2002; pp. 3026–3028. [Google Scholar]

	



Bullock, D.S.; Boerngen, M.; Tao, H.; Maxwell, B.D.; Martin, N.F. The Data-Intensive farm management project: Changing agronomic research through on-farm precision experimentation. Agron. J. 2019, 111, 2736–2746. [Google Scholar] [CrossRef]

	



Haseeb, K.; Din, I.U.; Almogren, A.; Islam, N. An energy efficient and secure IoT-based WSN framework: An application to smart agriculture. Sensors 2020, 20, 2081. [Google Scholar] [CrossRef]

	



Li, J.Y.; Hu, X.D.; Lan, Y.B.; Deng, X.L. Research advance on worldwide agricultural UAVs in 2001–2020 based on bibliometrics. Trans. Chin. Soc. Agric. Eng. 2021, 37, 328–339. [Google Scholar]

	



Wang, Y.S.; Li, Y.L.; Wu, H.R.; Guo, W.; Chen, C.; Meng, S.C. Design and application of digital system for agricultural park based on panorama GIS. Trans. Chin. Soc. Agric. Eng. 2018, 34, 143–149. [Google Scholar]

	



Kaila, H.; Masters, W.A.; Shively, G.E. Can the Internet improve agricultural production? Evidence from Viet Nam. Agric. Econ. 2019, 50, 675–691. [Google Scholar] [CrossRef]

	



Chen, H.X.; Han, Y.C.; Feng, L.; Yang, B.F.; Lei, Y.P.; Wang, Z.B.; Li, Y.B. Application of smart agriculture in cotton production management. Cotton Sci. 2020, 32, 269–278. [Google Scholar]

	



Jamil, I.; Wen, J.; Mughal, B.; Wheed, J.; Waseem, M. Agricultural innovation: A comparative analysis of economic benefits gained by farmers under climate resilient and conventional agricultural practices. Land Use Policy 2021, 108, 105581. [Google Scholar] [CrossRef]

	



Zhao, Y.; Chen, X.G.; Wen, H.J. Application of the development of precision agriculture and the China’s Beidou Satellite navigation System in agricultural production in The Xinjiang Production and Construction Corps. J. Shihezi Univ. Nat. Sci. 2018, 36, 397–404. [Google Scholar]

	



Shelkovnikov, S.A.; Petukhova, M.S.; Alekseev, A.A. Theoretical bases of managing agricultural production based on digital technologies. RUDN J. Econ. 2020, 28, 137–145. [Google Scholar] [CrossRef]

	



Wang, Y.; Cheng, J.H. Digitalization of agricultural production and management and economic benefits of farmers. J. Soc. Sci. 2021, 8, 80–90. [Google Scholar]

	



Basso, B.; Antle, J. Digital agriculture to design sustainable agricultural systems. Nat. Sustain. 2020, 3, 254–256. [Google Scholar] [CrossRef]

	



Wang, P.; Sun, L.Y.; Wang, L. Has the rise of labor cost forced cotton to upgrade its total factor productivity in China?—Based on the mediating effect of factor input structure. J. Agrotech. Econ. 2020, 12, 122–132. [Google Scholar]

	



Macháč, J.; Trantinová, M.; Zaňková, L. Externalities in agriculture: How to include their monetary value in decision-making? Int. J. Environ. Sci. Technol. 2021, 18, 3–20. [Google Scholar] [CrossRef]

	



Galioto, F.; Marconi, V.; Raggi, M.; Viaggi, D. An assessment of disproportionate costs in WFD: The experience of Emilia-Romagna. Water 2013, 5, 1967–1995. [Google Scholar] [CrossRef]

	



Lv, Y.Q.; Zhang, Z.Y.; Lv, X.L. Analysis of economic benefit of orchard mechanization: Taking Yejia pear orchard in Jiangsu as an example. J. China Agric. Univ. 2021, 26, 222–231. [Google Scholar]

	



Macháč, J.; Brabec, J. Assessment of disproportionate costs according to the WFD: Comparison of applications of two approaches in the catchment of the Stanovice Reservoir (Czech Republic). Water Resour. Manag. 2018, 32, 1453–1466. [Google Scholar] [CrossRef]

	



Verlicchi, P.; Sacoto, E.C.A.; Zanni, G. Zootechnical farm wastewaters in Ecuador: A treatment proposal and cost-benefit analysis. Water 2019, 11, 779. [Google Scholar] [CrossRef]

	



Erdal, G.; Esengün, K.; Erdal, H.; Gündüz, O. Energy use and economical analysis of sugar beet production in Tokat province of Turkey. Energy 2007, 32, 35–41. [Google Scholar] [CrossRef]

	



Coppola, G.; Costantini, M.; Orsi, L.; Facchinetti, D.; Santoro, F.; Pessina, D.; Bacenetti, J. A comparative cost-benefit analysis of conventional and organic hazelnuts production systems in center Italy. Agriculture 2020, 10, 409. [Google Scholar] [CrossRef]

	



Fu, W.F.; Guo, J.; Ou, M.H.; Meng, L.; Yin, S. Cost-benefit, policy recognition and households’ compensation satisfaction of rural settlements consolidation. China Popul. Resour. Environ. 2017, 27, 138–145. [Google Scholar]

	



Zhang, Z.Y.; Cao, G.Q.; Yi, Z.Y. Economic evaluation of several brands combine of rice and wheat. J. Chin. Agric. Mech. 2010, 5, 6–9, 27. [Google Scholar]

	



Wang, J.M.; Zhang, L.; Zhao, S.S. Study on cotton plant protection mechanization technology. Hebei Agric. Mach. 1995, 3, 25. [Google Scholar]

	



Liu, J.; Yao, W. Intelligent agriculture system based on LoRa and Qt technology. In Proceedings of the 2019 Chinese Control And Decision Conference (CCDC), Nanchang, China, 3–5 June 2019; pp. 4755–4760. [Google Scholar]

	



Heble, S.; Kumar, A.; Prasad, K.V.V.D.; Samirana, S.; Rajalakshmi, P.; Desai, U.B. A low power IoT network for smart agriculture. In Proceedings of the 2018 IEEE 4th World Forum on Internet of Things (WF-IoT), Singapore, 5–8 February 2018; pp. 609–614. [Google Scholar]

	



Xu, W.C.; Lan, Y.B.; Li, Y.H.; Luo, Y.F.; He, Z.Y. Classification method of cultivated land based on UAV visible light remote sensing. Int. J. Agric. Biol. Eng. 2019, 12, 103–109. [Google Scholar] [CrossRef]

	



He, X.K. Rapid development of Unmanned Aerial Vehicles (UAV) for plant protection and application technology in China. Outlooks Pest Manag. 2018, 29, 162–167. [Google Scholar] [CrossRef]

	



Nawandar, N.K.; Satpute, V.R. IoT based low cost and intelligent module for smart irrigation system. Comput. Electron. Agric. 2019, 162, 979–990. [Google Scholar] [CrossRef]

	



Cao, B.X.; Li, J.; Feng, X.; He, F. Development status, path, and countermeasures of smart agriculture in China. Res. Agric. Mod. 2021, 42, 785–794. [Google Scholar]

	



Adhao, A.S.; Pawar, V.R. Automatic cotton leaf disease diagnosis and controlling using raspberry Pi and IoT. In Proceedings of the Intelligent Communication and Computational Technologies, Singapore, 24 October 2017; pp. 157–167. [Google Scholar]

	



Boursianis, A.D.; Papadopoulou, M.S.; Diamantoulakis, P.; Liopa-Tsakalidi, A.; Goudos, S.K. Internet of Things (IoT) and agricultural Unmanned Aerial Vehicles (UAVs) in smart farming: A comprehensive review. Internet Things 2020, 18, 100187. [Google Scholar] [CrossRef]

	



Ruan, J.H.; Liu, T.J.; Feng, X.C.; Qiao, Z.W.; Huo, X.X.; Zhu, Y.C.; Hu, X.P. Digital agriculture operation and management: Key issues, methodology and demonstration project. Manag. World 2020, 36, 222–233. [Google Scholar]

	



Hu, H.Y.; Ren, X.L.; Jiang, W.L.; Ma, X.Y.; Ma, Y.J.; Wang, D.; Ma, Y. Pesticide spray distribution of plant protection UAV in cotton field. J. Huazhong Agric. Univ. 2018, 37, 59–64. [Google Scholar]

	



Wu, J.L.; Feng, H.Z.; Ma, X.Y.; Wang, L.; Zhang, Y.L.; Wu, G. Screening of fly control agents for cotton aphid in cotton fields in Xinjiang and preliminary report of pesticide reduction and efficiency improvement. Xinjiang Agric. Sci. 2020, 57, 167–172. [Google Scholar]

	



Bhattacharjee, D.; Prakash, O.; Islam, H. Smart fertilizer dispensary system for automated drip irrigation. In Proceedings of the 2018 3rd IEEE International Conference on Recent Trends in Electronics, Information & Commnication Technology (RTEICT), Bangalore, India, 18–19 May 2018; pp. 1458–1462. [Google Scholar]

	



Liu, Y.H.; Yu, W.D.; Shen, M.X.; Kong, D.Z. Research and development of automatic control system for precision irrigation fertilization. Water Sav. Irrig. 2014, 12, 80–83. [Google Scholar]








[image: Agriculture 12 01105 g001 550] 





Figure 1. Survey areas in China (created by the authors using Gaode Maps). 
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Figure 2. Agricultural equipment: (a) Smart agriculture system; (b) Agricultural IoT equipment; (c) Remote sensing drone; and (d) Agricultural drone. 
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Figure 3. Effect of planting size on the average cost of plant protection and topping. 
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Figure 4. Effect of planting size on the average cost of water and fertilizer irrigation. 
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Table 1. Smart devices are used in the management of Super Cotton Field X.
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Agricultural Equipment

	
Function

	
Advantage






	
Smart agriculture system

	
Sensory flight (smart identification), decision making (planting plan, traceability: view operation records/problems), execution (generate tasks to send to drones, self-pilot devices, irrigation systems, etc.)

	
This is conducive to improving the quality and management efficiency of cotton field management and precise operation to effectively reduce costs [40].




	
Agricultural IoT equipment

	
Agricultural smart camera

	
Monitoring crop growth, remote crop management

	
This improves data accuracy and accessibility and reduces human capital investment [41].




	
Agricultural weather stations

	
Accurate measurement of meteorological elements such as air pressure, temperature, humidity, light, rainfall, wind speed and wind direction




	
Soil monitor

	
Monitoring soil temperature, water content, conductivity




	
Remote sensing drone

	
Intelligent identification of plot boundaries, generation of multispectral images to monitor pests and weeds

	
This improves the efficiency of cotton field operations and saves a lot of labor [42].




	
Agricultural drone

	
Spraying pesticides, defoliants, chemical weed control, etc.

	
This improves the utilization rate and operational efficiency of pesticides and saves a lot of labor [43].




	
Automatic water and fertilizer irrigation system

	
Irrigation water and fertilizer

	
This improves the utilization of resources such as water and electricity, reduces the waste of fertilizers and saves a lot of labor [44].
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Table 2. Operational cost parameters for cotton field management.
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Management Link

	
Operation Method

	
Equipment Purchase Cost/(CNY/unit)

	
Equipment Cost/(CNY/Year)

	
Maintenance Cost/(CNY/Year)

	
Purchase Agricultural Machinery Service cost/(CNY/m2)

	
Crop Damage from Mechanical Operations/(CNY/ha)

	
Operation Efficiency/ha/(Unit. Day)

	
Labor Wage/(CNY/ha)

	
Smart Agriculture System Cost/(CNY/ha)






	
Field scouting

	
Traditional method

	
Manual work

	
-

	
-

	
-

	
-

	
-

	
-

	
long-time agricultural workers 1500.00skilled agricultural workers 750.00

	
-




	
Super Cotton Field

	
Remote sensing drone

	
17,000.00

	
5666.67

	
340.00

	
-

	
-

	
320.00

	
15.00

	
49.50 + 90,000/S




	
IoT equipment

	
900.00

CNY/ha

	
300.00

CNY/

(ha.year)

	
18.00

CNY/

(ha.year)

	
-

	
-

	
-

	
-




	
Plant protection

	
Traditional method

	
Tractor

	
-

	
-

	
-

	
60.00

	
312.00

	
-

	
-

	
-




	
Super Cotton Field

	
Agricultural drone

	
-

	
-

	
-

	
90.00

	
-

	
32.00

	
-

	
-




	
Purchasing machinery

	
60,000.00

	
20,000.00

	
1200.00

	
-

	
-

	
45.00

	
-




	
Topping

	
Traditional method

	
Manual work

	
-

	
-

	
-

	
-

	
-

	
-

	
750.00

	
-




	
Super Cotton Field

	
Agricultural drone

	
-

	
-

	
-

	
90.00

	
-

	
32.00

	
-

	
-




	
Purchasing machinery

	
60,000.00

	
20,000.00

	
1200.00

	
-

	
-

	
45.00

	
-




	
Irrigation

	
Traditional method

	
Traditional water and fertilizer irrigation system

	
-

	
-

	
-

	
-

	
-

	
-

	
1500.00

	
-




	
Super Cotton Field

	
Automatic water and fertilizer irrigation system

	
130,000.00

	
43,333.33

	
2600.00

	
-

	
-

	
100.00

	
45.00

	
49.50 + 90,000/S




	
Electric valve

	
3150.00

CNY/ha

	
1050.00 CNY/

(ha.year)

	
157.50

CNY

/(ha.year)

	
-

	
-

	
-

	
-

	
-




	
Management Link

	
Operation Method

	
Drip Irrigation Belt/(CNY/ha)

	
Water Cost/(CNY/ha)

	
Electricity Cost/(CNY/ha)

	
Fertilizer Cost/(CNY/ha)

	
Pesticide Cost/(CNY/ha)

	
Operation Time/(Time)

	
Optimal Operation Day/(Day)




	
Field scouting

	
Traditional method

	
Manual work

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Super Cotton Field

	
Remote sensing drone

	
-

	
-

	
-

	
-

	
-

	
42.00

	
2.00




	
Agricultural IoT equipment

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Plant protection

	
Traditional method

	
Tractor

	
-

	
-

	
-

	
-

	
120.00

	
10.00

	
-




	
Super Cotton Field

	
Agricultural drone

	
-

	
-

	
-

	
-

	
75.00

	
9.00

	
-




	
Purchasing machinery

	
-

	
-

	
-

	
-

	
75.00

	
9.00

	
2.00




	
Topping

	
Traditional method

	
Manual work

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
Super Cotton Field

	
Agricultural drone

	
-

	
-

	
-

	
-

	
300.00

	
1.00

	
-




	
Purchasing machinery

	
-

	
-

	
-

	
-

	
300.00

	
1.00

	
3.00




	
Irrigation

	
Traditional method

	
Traditional water and fertilizer irrigation system

	
1200.00

	
3750.00

	
1200.00

	
5250.00

	
-

	
-

	
-




	
Super Cotton Field

	
Automatic water and fertilizer irrigation system

	
1440.00

	
2610.00

	
375.00

	
4995.00

	
-

	
10.00

	
1.00




	
Electric valve

	
-

	
-

	
-

	
-

	
-

	
-

	
-








Note: The “S” in smart agriculture system cost represents the area of cotton field.
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Table 3. The results of the evaluation of the economics of the Super Cotton Field X management link and the traditional management link operation.
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Management Link

	
Operation Method

	
Fixed Cost/(CNY/Year)

	
Variable Cost/(CNY/ha)

	
Lowest Average Cost/(CNY/ha)

	
Critical Size/(ha)

	
Average Cost Saving/(CNY/ha)






	
Field scouting

	
Manual work

	
-

	
2250.00

	
2250.00

	
-

	
-




	
Remote sensing drone and agricultural IoT equipment

	
6006.67

	
997.50 + 90,000/S

	
1065.75

	
9.59

	
1184.25




	
Plant protection

	
Purchase tractor service

	
-

	
2112.00

	
2112.00

	
-

	
-




	
Purchase agricultural drone service

	
-

	
1485.00

	
1485.00

	
0.00

	
627.00




	
Topping

	
Manual work

	
-

	
750.00

	
750.00

	
-

	
-




	
Purchase agricultural drone service

	
-

	
390.00

	
390.00

	
0.00

	
360.00




	
Irrigation

	
Traditional water and fertilizer irrigation system

	
-

	
12,900.00

	
12,900.00

	
-

	
-




	
Automatic water and fertilizer irrigation system

	
45,933.33

	
11,127.00 + 90,000/S

	
11,646.30

	
29.29

	
1253.70








Note: The “S” in variable cost represents the area of cotton field.
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Table 4. The results of the economic evaluation of the traditional operation and purchase of agricultural drones for plant protection and topping operations.
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Management Link

	
Operation Method

	
Fixed Cost/(CNY/Year)

	
Variable Cost/(CNY/ha)

	
Lowest Average Cost/(CNY/ha)

	
Critical Size/(ha)

	
Average Cost Saving/(CNY/ha)






	
Plant protection

	
Purchase tractor service

	
-

	
2112.00

	
2112.00

	
-

	
-




	
Purchase agricultural drone

	
21,200.00

	
1080.00

	
1411.20

	
20.54

	
700.80




	
Topping

	
Manual work

	
-

	
750.00

	
750.00

	
-

	
-




	
Purchase agricultural drone

	
21,200.00

	
345.00

	
565.80

	
52.35

	
184.20




	
Plant protection and topping combinations

	
Traditional method

	
-

	
2862.00

	
2862.00

	
-

	
-




	
Purchase agricultural drone

	
21,200.00

	
1425.00

	
1756.20

	
14.75

	
1105.80
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Table 5. The results of the economic evaluation of the purchase of agricultural drone services and the purchase of agricultural drones for the operation of plant protection and topping.
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Management Link

	
Operation Method

	
Fixed Cost/(CNY/Year)

	
Variable Cost/(CNY/ha)

	
Lowest Average Cost/(CNY/ha)

	
Critical Size/(ha)

	
Average Cost Saving/(CNY/ha)






	
Plant protection

	
Purchase agricultural drone service

	
-

	
1485.00

	
1485.00

	
-

	
-




	
Purchase agricultural drone

	
21,200.00

	
1080.00

	
1411.20

	
52.35

	
73.80




	
Topping

	
Purchase agricultural drone service

	
-

	
390.00

	
390.00

	
-

	
-




	
Purchase agricultural drone

	
21,200.00

	
345.00

	
565.80

	
0.00

	
−175.80




	
Plant protection and topping combinations

	
Purchase agricultural drone service

	
-

	
1875.00

	
1875.00

	
-

	
-




	
Purchase agricultural drone

	
21,200.00

	
1425.00

	
1756.20

	
47.11

	
118.80
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Table 6. Percentage change in the degree of change in the critical planting size corresponding to a 20% increase in the factors influencing the digital management of cotton fields.
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	Operation Method
	Fixed Equipment Cost
	Variable Equipment Cost
	Labor Wage
	Wages for Farm Machinery Operators
	Smart Agriculture System
	Water Cost
	Electricity Cost
	Fertilizer and Pesticide Cost





	Digital field scouting
	10.01
	5.35
	−26.43
	11.19
	10.87
	0.00
	0.00
	0.00



	Purchase agricultural drone for plant protection
	20.00
	0.00
	0.00
	2.15
	0.00
	0.00
	0.00
	−2.66



	Purchase agricultural drone for topping
	20.00
	0.00
	−27.03
	2.27
	0.00
	0.00
	0.00
	17.39



	Purchase agricultural drone for plant protection and topping
	20.00
	0.00
	−9.45
	6.68
	0.00
	0.00
	0.00
	−3.04



	Automatic water and fertilizer irrigation system
	17.69
	15.77
	−10.59
	0.00
	2.89
	−11.39
	−8.51
	−2.80
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