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[bookmark: _Toc145629104]Abstract
As the global climate change problem becomes more and more serious, reducing carbon emissions has become an urgent task. Cement production industry is one of the major sources of global carbon emissions, so it is crucial to find effective ways to reduce carbon emissions from cement kiln production. The aim of this study is to investigate a cement kiln synergistic matching model and a cement kiln synergistic matching system to minimize carbon emissions from cement kilns while maintaining production efficiency. Through the development of a cement kiln synergistic matching model and the implementation of a cement kiln synergistic matching system, our study aims to provide a sustainable solution for the cement industry.
In the literature review section, we provide an in-depth analysis of the current status of carbon emissions and the cement industry, highlighting the challenges of carbon emission control. We also review related studies to reveal the potential of cement kiln synergistic mating models and cement kiln synergistic mating systems in the field of carbon emission management.
The research methodology chapter details our research design and implementation. The construction of the cement kiln synergistic matching model includes the development of mathematical models and algorithms to achieve synergistic reduction of carbon emissions in the cement production process. In the context of carbon neutrality, to address the problem of balancing the cement kiln co-disposal volume with the control of carbon emissions, this paper proposes a multi-objective mayfly optimization algorithm (MO-MOA) based matching method to optimize the matching process by building a carbon-constraint-based cement kiln co-disposal matching model with carbon emissions, waste disposal volume, cost, and economic benefits as optimization objectives, and with the contents of each group of elements in cement kiln co-disposal as constraints to achieve a more excellent matching scheme. The design of the cement kiln synergistic dosing system covers the development of architectures and components to improve the energy efficiency of cement kilns and the management of carbon emissions.
Through case studies and analysis of results, we demonstrate the practical application of the cement kiln co-matching model and the cement kiln co-matching system. The results show that this integrated approach can significantly reduce carbon emissions from cement kilns and achieve significant improvements in productivity. Compared with the traditional compounding methods currently available on the market, the method proposed in this paper has a greater improvement in the speed and accuracy of compounding, and avoids the problem of poor results of compounding schemes caused by the lack of experience in manual operation. We also discuss the challenges that may be encountered in practical applications and suggest improvements to further optimize the system performance.
Finally, in the Discussion and Conclusion section, we summarize the key findings of the study, highlighting the potential contribution of the cement kiln synergistic matching model and the cement kiln synergistic matching system in carbon emission management. We also discuss the limitations of the study and suggest future research directions to further refine the methodology and promote the sustainable development of the cement industry.
In summary, this study provides a comprehensive approach aimed at reducing carbon emissions from cement kilns while maintaining production efficiency. Through the application of the co-processing model and the hybrid optimization system, we provide a promising solution for carbon emission management in the cement industry, which is expected to play an active role in the global carbon reduction efforts.
Keywords: co-optimization of disposal; mating; mayfly algorithm; carbon neutrality 
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Global climate change has become one of the most pressing global issues of the 21st century, requiring active responses and innovative solutions from all sectors of the world. Carbon emissions have always been a concern in the industrial sector, especially in the cement production industry, as it accounts for a significant percentage of global CO2 emissions. In this context, this study involves the development of a co-processing model and a hybrid optimization system aimed at reducing carbon emissions from cement kilns while maintaining production efficiency, thus contributing to the sustainable development of the cement industry.
The United Nations Climate Change Conference in 2015 adopted the Paris Agreement, which sets long-term goals for combating climate change, with the goal of "achieving net-zero greenhouse gas emissions by the second half of this century". Subsequently, President Xi Jinping, at the 75th session of the UN General Assembly in 2020, proposed the strategic goal of "striving to achieve carbon neutrality by 2060", pointing out a clear path for China's energy transition and green development. After China made clear the strategic goal of "peaking carbon by 2030 and becoming carbon neutral by 2060", various industries have made efforts to cooperate and try to formulate relevant carbon neutral programs. Since 2011, the country has launched carbon emissions trading pilots in a total of eight provinces and cities, covering more than 20 industries and nearly 3,000 key emitting enterprises by the time the national carbon trading market officially opens in 2021.
Carbon neutrality is achieved when the total amount of carbon dioxide and other greenhouse gases emitted directly or indirectly by a country, enterprise, activity, product or individual within a certain period of time is offset positively or negatively by planting trees and other energy-saving and emission reduction methods. The three main aspects of carbon neutralization are carbon source, carbon application and carbon emission. Carbon source refers to the reform of the energy structure, carbon application refers to the industrial upgrading of various industries and the energy-saving design of their products, and carbon emission refers to the purification process of waste and exhaust gas in the production process and the protection of the environment.
Under the environment of carbon neutrality, high-emission industries such as the cement industry will inevitably assume more emission reduction obligations[1, 2] and be included in the carbon emissions trading market for management. At the same time, in the rapid development at the same time produced a large number of solid wastes, hazardous wastes, municipal garbage, etc.[3], they are mostly large in number, variety, complex composition, randomly discharged will cause serious pollution of the environment, how to deal with these wastes in an efficient and low-carbon manner has become China's top priority.
Cement kiln co-disposal as a new harmless treatment technology, it has a large cost advantage[4], and with the deepening of China's industrialization and the increase in demand for it, cement kiln co-disposal plant market share is gradually increased. Cement kiln co-disposal as an effective means of hazardous waste disposal, through the pre-categorization of hazardous waste into the cement kiln for incineration, you can ensure the production of a large number of hazardous waste at the same time, to deal with a large number of hazardous wastes, to achieve energy saving and emission reduction[5], a co-disposal of hazardous wastes flowchart as shown in Figure 1. Usually cement kiln co-disposal is divided into two steps, the first is to collect the waste to do a pretreatment classification, generally in accordance with the physical form of the waste and the main components to transport and storage, after that according to the form of the waste and physical and chemical properties of the waste to choose a reasonable way to cement kiln incineration production.
The first cement kiln co-disposal of solid waste practice is the European Union, cement companies as the head of its industrial sector, will handle a large number of hazardous wastes each year, in which the European Union to use alternative fuels for the average substitution rate of 28%, Germany, the Netherlands and other countries, the fuel substitution rate has even reached 60%. And in recent years, under the strong support of the state and the public, China's cement kiln co-disposal of solid waste has made great progress, especially in the two aspects of pretreatment technology and co-disposal technology. However, due to the late start of technical research in this area in China, there is still a big gap compared with developed countries[6].
[image: ]
Figure 1 Flow chart of cement kiln co-disposal
At present, the general idea of cement kiln co-disposal technology at home and abroad is: in the engineering of feed processing and matching, consider the calorific value of alternative fuels, water content, halogenated element content, heavy metal element content, so as to ensure that the cement product can be normally produced while incidentally dealing with part of the hazardous waste and municipal waste. After these years of verification can be found, just consider these factors is not enough, this approach will add more production costs, can not effectively improve the economic efficiency. In addition, the most used in the dispensing is the expert dispensing system, which is based on the principle of using simple weighting under the premise of conforming to the compatibility relationship between the wastes to ensure that the indexes are qualified. The accuracy of this method is unstable, and has high requirements for the working experience of the compounding operator, and the cost is high.
From the above research, some problems can be found in the current research on cement kiln co-disposal at home and abroad, such as the old and single way of generation of compounding scheme, which relies too much on manual compounding and empirical guidance; and fewer constraints in the compounding production process, which ignores the impact on the environment[7]. Therefore, in view of the above problems, and considering that the country is currently vigorously promoting the process of carbon neutrality, this paper proposes a method of cement kiln co-disposal process feed compounding considering the background of carbon neutrality. A set of carbon-containing matching models suitable for cement kiln co-disposal matching work is constructed, and by considering the influencing factors of carbon emission when setting the matching constraints and adding them to the matching constraint model, the expected carbon emissions of various types of wastes after production and treatment are calculated according to the "Guidelines for Greenhouse Gas Emission Accounting Methods and Reporting by Cement Producing Enterprises in China (for Trial Implementation)", so as to achieve the goal of carbon neutrality, energy saving and emission reduction. After that, a weighting algorithm is introduced when generating the dispensing solution, which solves the quality range of the participating wastes through the calculation of inequalities and combining with the original inventory of various types of wastes, and then solves the optimal solution that meets the above conditions according to the mayfly algorithm. While ensuring production quality, the potential losses caused by manual blending are greatly reduced, and strong support for carbon neutrality goals is realized, which overall improves the economic efficiency of the plant.
The proposal for this study stems from the recognition of the urgency of the problem of global climate change and carbon emissions. As temperatures rise and extreme weather events increase, society's need to reduce carbon emissions grows every day. The cement production industry is one of the major sources of carbon emissions, making the improvement of carbon management in cement kilns an important task. Governments, international organizations and environmental agencies have been promoting measures to reduce carbon emissions in the industrial sector, which has prompted us to think about more innovative and efficient ways to manage carbon emissions from cement kilns.
Previous studies and related topics provide strong background support for this study. Researchers have conducted extensive studies on carbon emission management and green technologies in the cement industry. These include work on the use of alternative fuels, improved kiln design and carbon capture technologies. While these studies have been successful to a certain extent, a number of challenges remain, such as the complexity of the carbon emission process, energy efficiency issues and cost-effectiveness. Therefore, our study attempts to make a breakthrough in this area by providing a more comprehensive and efficient solution.
The issues explored in this study have multiple dimensions of importance. First, reducing carbon emissions from cement kilns contributes to global mitigation of climate change, which is a common global concern. Secondly, by improving the efficiency of the cement production process, production costs can be reduced and the competitiveness of companies can be improved. In addition, this research also helps to promote sustainable development in the industrial sector, supporting future renewable energy and carbon neutrality targets. Thus, the issue is not only of environmental importance, but also has wide-ranging economic and social implications.
Although a number of studies and measures have been undertaken to reduce carbon emissions from cement kilns, the reasons why this issue is far from being completely resolved are manifold. Firstly, carbon emissions are a complex process that is influenced by a number of factors, including the nature of raw materials, kiln design, and fuel selection. The interaction between these factors makes the problem complex and diverse. Secondly, existing technologies and methods still have some limitations, and more innovative and efficient methods are needed to cope with them. Finally, the carbon emission problem in the cement production industry is not only an internal problem of the company, but also affected by regulations and policies, which requires comprehensive solutions to be implemented.
Therefore, this study aims to respond to the above issues by exploring a co-processing model and hybrid optimization system to effectively reduce carbon emissions from cement kilns and improve production efficiency. Through in-depth research and the application of innovative methods, we hope to provide a feasible solution for the industry and society to promote the sustainable development of carbon emission management.
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Cement production is one of the most important industrial processes in the world, but its carbon emissions and resource consumption also make it a significant source of greenhouse gas emissions and an energy-consuming industry. With the growing global concern over climate change and environmental protection, reducing carbon emissions and resource consumption in cement production has become an urgent issue. The introduction of the dual-carbon context further emphasizes the sustainability of the cement production process and the need to explore new technologies and methods to achieve emission reductions and energy savings.
The dual-carbon context refers to the requirement to achieve industrial development and carbon emission reduction under the twin goals of a low-carbon economy and carbon neutrality. Cement production faces the dual challenge of reducing carbon emissions and resource consumption in a dual carbon context. The calcination of limestone and combustion of fuel in the traditional cement production process releases large amounts of carbon dioxide, contributing to climate change, Buis A. showed that carbon dioxide emissions must be controlled to ensure environmental sustainability[8]. Zhang Jiang et al. indicated that the cement industry, due to its inherent process characteristics, has always been one of the key concerns of the global carbon emission reduction, in which the substitution of traditional fossil fuels has been recognized as the most feasible, fastest-acting and highest-potential way in the global cement industry. Therefore, cement production in the context of dual-carbon needs to seek new solutions to reduce carbon emissions and realize the effective use of resources.
Cement production is an energy-intensive industrial process, and its carbon emissions come from two main sources: the calcination of limestone and the combustion of fuel. Carbon dioxide generated during limestone calcination accounts for most of the total carbon emissions from cement production, while fuel combustion is the second largest source of carbon emissions. In addition, cement production is accompanied by a large amount of resource consumption, including the mining and transportation of raw materials such as limestone, fly ash and slag, as well as energy consumption. Hu Xiaowei et al. believe that in order to avoid incompatible mating hazardous wastes mixed with each other leading to uncontrollable consequences, it is necessary to form mutually compatible hazardous waste combinations in the first step of the mating, and then effectively reduce the artificial experience of the mating to obtain the mating scheme through weighted mating or grey correlation mating method, which can be optimized by using a weighted assignment or with the regression analysis method and other methods such as optimization of the grey correlation method of mating[9]. Liu Hao pointed out that the development of innovative emission reduction combustion, energy-saving and consumption reduction technologies, the improvement of alternative fuel blending and carbon dioxide capture, storage and utilization (CCUS) are the main means to achieve carbon neutrality in the cement industry[10]. Liu Runwei believes that incineration disposal of hazardous waste in the process, the matching process management has a very important role, and the purpose and control of the matching process, the role of matching process control, matching process management focus on the analysis and description[11].
E. Benhelal, E. Shamsaei and M. I. Rashid emphasize the challenges and barriers to the widespread and effective implementation of emission reduction strategies in the cement industry and propose practical solutions to overcome these barriers[12]. Cement production in a dual carbon context faces the following issues and challenges:
a) Carbon emission reduction: the carbon emission in the traditional cement production process is huge, and measures need to be taken to reduce the carbon dioxide emission during limestone calcination and fuel combustion. Ma Jiaomei et al. analyzed the influencing factors of carbon emission in the cement production process, and proposed a simple calculation method of elemental conservation to calculate carbon emission by combining clinker and cement preparation process, and made a comparative analysis with the current and trial cement greenhouse gas emission accounting methods[13].
b) Optimization of resource consumption: Cement production requires a large amount of raw materials and energy, how to effectively use the existing resources and reduce resource consumption is the key issue.
c) Production efficiency improvement: through optimizing the production process and technical means, the energy utilization efficiency and production efficiency of cement production can be improved.
d) Sustainable development: the cement industry needs to realize sustainable development under the premise of carbon emission reduction, balancing the needs of the environment, economy and society. Li Yanfeng pointed out that the cement raw material batching link is a very important part of the cement production process, whether the raw material batching program is reasonable, whether the control is effective, will directly affect the product quality and production costs[14].
Cement kiln collaborative batching optimization system is a comprehensive application of information technology, mathematical models and optimization algorithms, aiming to reduce carbon emissions and resource consumption in the cement production process through intelligent regulation and optimal design. E. Benhelal, E. Shamsaei and M. I. Rashid believe that the system can realize the following application prospects[15]:
a) Carbon emission reduction: the cement kiln synergistic compounding optimization system effectively reduces carbon dioxide emissions during limestone calcination and fuel combustion by optimizing kiln operating parameters, adjusting raw material ratios, and improving the combustion process. Through precise control and monitoring, the system can realize the decarbonization of the cement production process[16]. Rui Wenjie et al. take a cement kiln co-disposal of hazardous waste project in Liyang as an engineering example, through calculating the substitution ratio of hazardous waste as traditional fuel, accounting for its ability to reduce coal consumption, and combining with the carbon emission situation of each production link in the whole disposal process, they analyze and obtain that cement kiln co-disposal of hazardous waste is an important technical way of carbon emission reduction for cement enterprises[17].
b) Optimization of resource consumption: The cement kiln co-processing optimization system can optimize the raw material ratio, fuel selection, etc., in order to achieve the maximum utilization of resources. The system can adjust the raw material ratios based on real-time data and model predictions, reasonably utilize renewable fuels and waste, and reduce the dependence on limited resources.
c) Production efficiency improvement: The system improves production efficiency and energy use efficiency by monitoring and controlling key parameters in the cement production process in real time, and intelligently regulating and optimizing kiln operations. The optimization system can help cement companies reduce production costs and improve the stability and production quality of the production line.
d) Sustainable development: the application of cement kiln synergistic compounding optimization system can realize the sustainable development of cement production. By reducing carbon emissions and resource consumption, the system can meet the needs of environmental protection, while enhancing corporate image and competitiveness for sustainable development.
Through the application of advanced technologies and methods, carbon emission reduction, resource saving and production efficiency enhancement in the cement production process can be realized, contributing to the sustainable development of the cement industry. However, research on this system is still in its infancy and there are still some technical and economic challenges. V. Kosajan et al. stated that although cement kiln co-disposal has been recognized as an important method of municipal solid waste (MSW) treatment in recent years, there are still obstacles such as unclear technical feasibility and unclear legislation, which hinder its further development[5]. Fu Qiang et al. classified the types of hazardous wastes fed into the kiln according to the pretreatment production line configured in the rotary kiln incineration system, analyzed the influence of the material mixing ratio on the rotary kiln temperature and thermal scorch reduction rate, and finally determined a reasonable range of the mixing ratio of the materials fed into the kiln for incineration[16]. Therefore, further research and development are still necessary to realize the wide application and promotion of this system.
The basic principle of cement kiln synergistic matching optimization system is to optimize carbon emission and resource consumption by considering various factors in the cement production process, including raw material composition, fuel selection, and kiln operating parameters[6]. E. Benhelal and H. Haslenda proposed new improvements for sustainable cement production and traditional clinker production process[18]. The system analyzes the correlation between various factors and proposes the optimal formulation and operation strategies by establishing mathematical models and optimization algorithms. Xu Yijian et al. constructed a greenhouse gas accounting model for territorial spatial master planning in order to solve the existing problems in urban greenhouse gas accounting and make the master plan promote urban low-carbon development[19].
The cement kiln synergistic compounding optimization system requires a large amount of data support, including kiln operation data, raw material composition data, and environmental monitoring data. Data acquisition can be realized through sensors, meters and monitoring equipment. The collected data need to be processed and analyzed effectively, including data cleaning, data integration and data mining techniques to extract useful information and support the optimization decision of the system. Hongzhi Tan analyzed the methods and development trend of hazardous waste disposal, introduced the general process of cement kiln incineration co-disposal and the traditional scheduling method, and then proposed the automatic scheduling method of hazardous waste cement kiln incineration co-disposal composed of input module, constraint model, evaluation model, and optimization module[20].
The cement kiln co-matching optimization system requires mathematical models to describe the key parameters and interactions of the cement production process. Commonly used models include material equilibrium models, thermal equilibrium models, and reaction kinetics models. Based on these models, optimization algorithms, such as genetic algorithms, particle swarm algorithms, simulated annealing algorithms, etc., can be used to carry out optimization calculations of the pairing scheme in order to achieve the optimization of carbon emission reduction and resource consumption. Song et al. developed an optimization method for raw material dosing of all-waste cement represented by non-dominated sorting algorithm for the problem of complex and fluctuating raw material composition during raw material dosing, which is unable to meet the production demand by manual calculation of dosing method[7].
The design and implementation of the cement kiln collaborative batching optimization system includes system architecture design, software development and integration. The system needs to have the functions of data acquisition, processing and storage, as well as the implementation of model building and optimization algorithms. At the same time, the system also needs to have a human-computer interaction interface, which is convenient for operators to adjust parameters and analyze results. The realization of the system needs to comprehensively consider factors such as data security, stability and real-time performance.
Some important progress has been made in Europe and the United States in the research of cement kiln synergistic compounding optimization system. S. Pamenter and R. J. Myers presented a semi-quantitative review of measures to achieve net-zero greenhouse gas emissions ("decarbonization") in the cement materials cycle, i.e., activities directly related to cement, from extraction to end-of-life[21]. Researchers have focused on carbon emission reduction and energy efficiency improvement, using advanced mathematical models and optimization algorithms for intelligent control and optimization of kiln operations. Y. Liang et al. systematically summarized and analyzed the recent research progress on municipal sewage sludge incineration and its pollutant control[22]. J. Xu, J. Jiang and Y. Shi proposed an innovative HW reverse logistics network considering advanced co-processing in cement kiln technology to establish three disposal lines for HW volume reduction, development of renewable products, reduction of greenhouse gas emissions and resource conservation[17].
Some progress has also been made in Asia in the research of cement kiln co-mingling optimization system. Some countries, such as Japan, South Korea, and China, have high technological strength and industrial base in the field of cement production, and are committed to carry out research on carbon emission reduction and resource consumption optimization. Researchers have proposed optimization methods based on techniques such as advanced control theory, machine learning and data mining to improve the energy use efficiency and carbon emission level of the cement production process. M. I. Rashid, E. Benhelal and S. Rafiq described that in Pakistan, where energy production is largely dependent on fossil fuel consumption, greenhouse gases are mainly produced by fossil fuel combustion, and these emissions can be reduced by implementing carbon capture and storage (CCS) in operating plants[23] X. Cao et al. in an attempt to alleviate the environmental and economic pressures on the cement industry, and to address the lagging environmental infrastructure by introducing urban ecosystems and successfully improving waste recycling rates and reducing annual coal consumption and annual CO2 emissions using clinker from Xinfeng Cement Industrial Park in China as a case study[24]. P.-C. Chen et al. suggested the use of multi-activity network data envelopment analysis to assess the performance of incineration plants in Taiwan, and their results suggest that the availability of capacity size may be an important factor when policy makers consider whether to close some existing incinerators[25].
In China, the research on cement kiln synergistic dispensing optimization system has also gradually received attention. A number of research institutes and cement companies have been actively carrying out relevant studies aimed at reducing carbon emissions, improving energy efficiency and reducing resource consumption. In recent years, the domestic research mainly focuses on carbon emission reduction technology, kiln operation optimization and raw material proportioning optimization. With the continuous progress of technology and policy support, domestic research is expected to make more breakthroughs in the field of cement kiln synergistic proportioning optimization system. Y. Ding et al. studied MSW (synthesis, separation, collection, transfer) and TTRU in eight regions along the eastern coast of China in terms of background information (Municipal Solid Waste (MSW) generation, population, Gross Domestic Product (GDP)/Gross Regional Product (GRP)), relevant laws (Acts, regulations), and Municipal Solid Waste (MSW) characterization, and finally proposed a methodology for the development of a system for integrating MSW management with the The proposal for the development of an optimal system for integrating MSW management with an enhanced TTRU was made and the potential for technology transfer in Berlin, Tokyo and Singapore was pointed out[26].
It has been shown that the cement kiln synergistic proportioning optimization system can significantly reduce carbon emissions and resource consumption in the cement production process. By rationally adjusting the ratio of raw materials, optimizing the combustion process and kiln operating parameters, the system can achieve carbon emission reduction and improve energy efficiency and productivity. The specific assessment of the optimization effect can be carried out by means of comparative tests, simulations and analyses of actual operational data. A study by M. Georgiopoulou and G. Lyberatos demonstrated that the benefits of using alternative fuels in the cement industry include a reduction in the use of non-renewable fossil fuels and a reduction in greenhouse gas emissions, as fossil fuels are replaced with material residues that would otherwise be degraded or incinerated and produce the corresponding emissions and final emissions[27].
The technologies and methods used in the cement kiln co-matching optimization system are theoretically feasible. The related mathematical models and optimization algorithms have been widely used in other fields and have achieved certain results. Moreover, with the continuous development of sensors and data processing technology, the feasibility of data acquisition and processing has been gradually improved. However, some technical difficulties still need to be solved in order to realize the practical application of cement kiln co-matching optimization system. V. Kosajan et al. quantitatively assessed the pressure of MSW disposal and its spatial and temporal evolution in Chinese provinces by obtaining a large amount of up-to-date data and information as supporting evidence to estimate the potential of CKC promotion and reduction adapted to the regional MSW demand, and the results showed that there is still a great potential for the promotion of CKC[3].
The application of cement kiln co-matching optimization system has potential economic benefits for cement companies. By reducing carbon emissions and resource consumption, companies can reduce the cost of energy and raw material usage. Optimizing the production process can also improve production efficiency and reduce production line downtime and energy waste, thus further reducing production costs. In addition, cement companies can improve product quality and market competitiveness through the application of optimization systems, thus bringing better economic returns.
The application of cement kiln co-mingling optimization system has significant benefits for environmental protection. By reducing carbon emissions and resource consumption, the system can reduce the load of cement production on the atmospheric environment, lower greenhouse gas emissions and have a positive impact on climate change. In addition, the application of the system can also reduce the exploitation and consumption of natural resources, reduce the damage to the ecological environment, and promote sustainable development[28].
There are certain difficulties in data acquisition in the cement production process, such as the accuracy of sensors and the stability of data acquisition, which may affect the accuracy and reliability of the optimization system. In addition, the acquisition and processing of real-time data is also a challenge, which requires the establishment of an efficient data acquisition and processing system, as well as a real-time feedback mechanism that matches the cement production process. Based on the multi-objective optimization method and weighted solution algorithm, Hao Liangjun et al. constructed a matching model that simultaneously considers the maximum comprehensive disposal volume and the optimal economic benefits, and solved the matching scheme of each objective function under different weights, which not only ensures the maximum operating capacity of the hazardous waste incineration and disposal system, but also takes into account the maximum economic benefits of the hazardous waste disposal enterprises, and provides the basis of matching scheme for the enterprises in different production loads and under different market environments. The matching program provides a basis for enterprises in different production loads and different market environments[29]. Wu Jingbing et al. for the traditional method is difficult to analyze the complex combustion characteristics of cement kiln after blending with domestic waste, the introduction of data mining technology, through the random forest algorithm to establish the mathematical model of coal consumption and NOx emissions, combined with the K-means clustering algorithm to derive the key optimization parameters and their optimal values[30].
In the application of cement kiln co-mingling optimization system, a balance between technology and economy needs to be maintained. Although the application of the optimization system can bring benefits in terms of carbon emission reduction and resource saving, the associated technical inputs and operating costs are also a consideration. The development and operating costs of the system need to be within economic affordability and matched with the expected economic benefits.
The development of the cement industry is influenced by legal policies and standards and regulations, particularly with regard to carbon emissions and environmental protection. The application of cement kiln synergistic compounding optimization systems needs to comply with relevant legal policies and standard regulatory requirements. Therefore, researchers and cement companies need to work closely with the relevant authorities to ensure that the design and implementation of optimization systems comply with regulatory requirements. Y. Li et al. presented the results of a study on the current status of upstream and downstream development of the waste incineration industry chain in China, reviewed government policies on the waste incineration power generation industry, and predicted the development trend of the waste incineration industry[31]. L. Zheng et al. initially described the current situation of MSW management in China, and then analyzed in detail the application of landfill gas and waste-to-energy (WTE) power generation, as well as introduced the current status of waste-to-energy Clean Development Mechanism (CDM) projects[32].
The successful application of the cement kiln synergistic compounding optimization system needs to solve the problems of technology integration and application promotion. The system needs to be effectively integrated with cement production equipment and existing automation systems to ensure the stability and reliability of the system. In addition, the promotion of the application also needs to face the differences in the needs and conditions of different sizes and types of cement enterprises, and corresponding promotion strategies and training programs need to be formulated to promote the wide application of the system in the industry. J.-W et al. responded rationally with the help of comparisons between China and some representative developed regions such as the European Union, the United States, Japan, South Korea, and Taiwan, and the results showed that waste incineration is not an obsolete option, however, the policy formulation should prevent the potential underutilization of MSW incinerators, and the structure of China's waste incineration technology is undergoing changes[33].
Future research can further develop intelligent control and optimization methods by introducing techniques such as machine learning, artificial intelligence and big data analysis to improve the automation and optimization of the system. Through continuous optimization of algorithms and models, the accuracy and adaptability of the system can be improved to achieve more refined and personalized optimization of cement production.
The research of cement kiln synergistic compounding optimization system requires interdisciplinary cooperation and innovation. Professional knowledge in the fields of electronic information technology, materials science, chemical engineering and other fields should be integrated into the research, and communication and cooperation between different disciplines should be promoted in order to promote the comprehensive optimization and innovative development of the system.
Future research can focus on the system integration and demonstration application of the cement kiln synergistic compounding optimization system. Integrate the system with the actual production line of cement production enterprises, verify the feasibility and economic benefits of the system through practical application and demonstration, and provide technical support and experience for the popularization and application in the industry.
Future research should also emphasize the environmental impact assessment and sustainable development of the cement production process. Through system optimization, not only the reduction of carbon emissions and resource consumption should be pursued, but also attention should be paid to the improvement of other environmental indicators, such as air pollutant emissions, water resource utilization and so on.
In addition, there is a need to consider the sustainability of cement kiln co-mingling optimization systems throughout the cement production chain. Researchers can explore ways to integrate renewable energy, circular economy and waste resource utilization to achieve energy self-sufficiency and recycling in the cement production process, further reducing dependence on finite resources and environmental impacts.
The cement industry is a global industry, with different countries and regions facing similar carbon reduction and resource consumption challenges. Future research could strengthen international cooperation and experience sharing, drawing on the experiences and achievements of other countries and regions in cement kiln synergistic compounding optimization systems. Through cooperative research and data sharing, technological innovation and sustainable development of the cement industry can be promoted.
The cement kiln synergistic compounding problem involves the reasonable proportioning of different raw materials in cement production to achieve the best production effect and quality. This problem usually involves the adjustment and optimization of multiple parameters and belongs to the complex combinatorial optimization problem. Mayfly optimization algorithms show some potential in solving complex optimization problems and can be applied to some problems with high uncertainty and complex search space. However, the selection of optimization algorithms for specific problems also needs to consider the characteristics and constraints of the problems.
Li Hao et al. introduced the mayfly algorithm into community discovery in order to effectively solve the dynamic network community discovery problem, and proposed a multi-objective discrete mayfly algorithm for dynamic network community discovery (MODMA), and the results showed that the MODMA algorithm has a higher solution accuracy compared with the comparison algorithm[34]. Tiantian Hou and Shoujing Zhang proposed a dual-resource flexible shop scheduling problem (DRCFJSPT) model considering transportation time for flexible shop scheduling problem, and then designed an improved discrete mayfly algorithm (IDMA), and solved the model The results show that the solution set quality and convergence performance of the improved algorithm are significantly better than the reference algorithm[35]. Damin Zhang et al. proposed a resource allocation algorithm with improved discrete mayfly algorithm for uplink resource allocation in cognitive heterogeneous cellular networks. Simulation experiments show that the closed-loop power control based on the received SINR dynamically adjusts the transmit power at the user side, which can effectively inhibit inter-user interference, and that the GSWBMA solving the resource allocation problem has good optimization efficiency and convergence GSWBMA solves the resource allocation problem with good optimization efficiency and convergence performance, which effectively improves the system energy efficiency and user transmission rate, and ensures the user's QoS requirements[36].
For the cement kiln cooperative allocation problem, the mayfly optimization algorithm may be used as one of the solution methods. The problem can be abstracted as a multi-parameter optimization problem and the mayfly optimization algorithm can be used to search for the best combination of parameters. In the implementation of the algorithm, the objective function of the problem needs to be defined as the evaluation indexes of cement blending, such as production efficiency, energy consumption, quality, etc., and then the optimal solution is searched by adjusting the brightness value and attractiveness of the mayfly. Xu Huanzeng et al. proposed an improved mayfly algorithm with Tent chaotic sequence to address the problems of low search accuracy and easy to fall into local optimization of mayfly algorithm, and the results showed that the proposed algorithm can overcome the shortcomings of mayfly algorithm which is easy to fall into local optimization, and improve the search accuracy and stability[37]. Wu Xiao et al. proposed a mayfly optimization algorithm based on good point set and Lévy's flight principle for the mayfly optimization algorithm which is prone to premature convergence and fall into local extremes when solving multi-peak functions, and the results show that the algorithm can jump out of the local optimum, improve the accuracy of the solution, and search for the optimal effect is better[38]. Wang Yi et al. proposed a mayfly algorithm with enhanced global search capability and adaptive capability to address the problems of poor global search capability and weak adaptive capability of the mayfly algorithm, and the results verified the applicability of the algorithm in engineering optimization problems, which is suitable for solving optimization problems that require high accuracy[39]. Weichao Chen and Qiang Fu proposed a mayfly algorithm based on inverted mutation, which changes the operation of the original algorithm on mutation, and randomly selects individuals with random dimensions to approach to the random dimensions of the globally optimal individuals, meanwhile, using the elite strategy to retain the evolutionary results. By utilizing the inversion operation, the position of the optimal individual within a certain dimension segment is inverted, which improves the ability of the algorithm to jump out of the local optimum[40].
In conclusion, the cement kiln synergistic matching optimization system is an important means to achieve carbon emission reduction and resource consumption optimization in the cement production process. By comprehensively considering various factors, establishing mathematical models and optimization algorithms, and realizing intelligent control and optimization of kiln operation, it can significantly reduce carbon emissions, improve energy use efficiency, and have important economic and environmental benefits. However, the field still faces some problems and challenges, such as data quality and real-time, balance between technology and economy, legal policies and standardization. Future research directions include intelligent control and optimization, cross-field cooperation and innovation, system integration and demonstration applications, environmental impact assessment and sustainable development, global cooperation and experience exchange. Through continuous research and application promotion, the Cement Kiln Cooperative Compounding Optimization System is expected to make significant contributions to the sustainable development of the cement industry.
Research shows that cement kiln synergistic compounding optimization system can significantly reduce carbon emission and resource consumption in the cement production process, and has important economic and environmental benefits. Foreign research is mainly concentrated in developed countries such as Europe and the United States, focusing on carbon emission reduction and energy efficiency improvement, using advanced control theory and optimization algorithms. And Asian regions, such as Japan, South Korea and China, have also made some progress in the field of cement production.
Domestic research has made breakthroughs in carbon emission reduction technology, kiln operation optimization, raw material ratio optimization, etc., but it still faces some problems and challenges, such as data quality and real-time, the balance between technology and economy, legal policies and standard specifications. Therefore, future research needs to focus on intelligent control and optimization, cross-field cooperation and innovation, system integration and demonstration application, environmental impact assessment and sustainable development, global cooperation and experience exchange.
The application of cement kiln synergistic compounding optimization system has potential economic and environmental benefits for cement enterprises, which can reduce production costs, improve production efficiency, and reduce carbon emissions and resource consumption. However, there is still a need to solve technical difficulties, promote legal policy support and the development of standards and norms, and strengthen cooperation and exchanges with related industries and internationally.
Finally, the overview and analysis presented in this paper have important reference value for the design and implementation of cement kiln synergistic compounding optimization system, which provides an overview and ideas for related researchers and promotes further research and application promotion in this field. Through continuous innovation and cooperation, the cement industry can realize more sustainable development and contribute to environmental protection and economic development.


[bookmark: _Toc145629107]3.0 Research Methodology
[bookmark: _Toc145629108]3.1 Compatibility principles of cement kiln co-processing compatibility model
When designing this parking lot management system in the future, the following aspects need to be considered:
As the state has increased the importance of environmental impact in industrial development in recent years, the production of cement kiln can not only aim at production, but also control the emission of carbon dioxide as well. With the landing of the carbon trading project in recent years, the state allocates annual carbon dioxide emission targets to pilot enterprises in some pilot areas, and if the carbon dioxide emission exceeds the target, the enterprises need to spend a lot of money to buy additional carbon emission targets or pay huge fines, which will have a great negative impact on the enterprises. In this paper, we choose to refer to the "Guidelines on Greenhouse Gas Emission Accounting Methods and Reporting for Cement Manufacturing Enterprises in China" (for trial implementation) to account for the carbon dioxide generated from fuel combustion emissions in cement kiln co-disposal.
The smooth progress of cement kiln co-disposal is based on the stable incineration of the cement kiln, so all kinds of wastes must be strictly formulated before they are put into the kiln. Usually, under the condition of ensuring the compatibility between various wastes and fuels, the following two types of basic conditions also need to be met:
(1) Ensure suitable calorific value.
In cement kiln co-disposal, wastes are usually used as a substitute for fuels to supply the heat energy required for normal cement production. If the total calorific value of the alternative fuel is too low, it is necessary to add additional traditional fossil energy to help production, the production efficiency will certainly be reduced and increase more production costs; if the total calorific value of the alternative fuel is too high, it will lead to the kiln temperature exceeds the safe range, the kiln material is subjected to high temperatures over a long period of time will be more prone to wear and tear, increase maintenance costs and also a greater risk of safety. Therefore, the calorific value of the waste needs to be considered and controlled in a suitable range when the matching operation is carried out. Among them, the Design Code for Cooperative Disposal of Industrial Waste in Cement Kilns (GB50634-2010) requires that the calorific value of the waste entering the kiln should not be less than 11MJ/kg, and foreign scholar Mokrzycki E proposes that the calorific value of alternative fuels for the cement plant must be more than 14MJ/kg.
(2) Control the content of other substances.
Other substances include harmful substances such as acidic substances, heavy metals, alkali metals, etc. In order to ensure that the quality of the cement produced after co-processing meets national standards and at the same time minimize the erosion of the production equipment by the above substances, they also need to strictly control the content entering the kiln [19]. Mokrzycki E proposed that the Cl and S content in waste should be controlled within Cl<0.2% and S<2.5%. Mokrzycki E proposed that the total amount of heavy metals in cement kiln alternative fuel should be less than 2500ppm, of which Hg<10ppm and total Cd+Tl+Hg<100ppm. Generally, the content of alkali metals (K, Na, Ca, etc.) entering the kiln must be controlled within 0.1%.
[bookmark: _Toc145629109]3.2 Construction of cement kiln collaborative disposal compatibility model
If there are n different wastes to be fed into the kiln for cement kiln co-disposal, the following matrix A is constructed to represent the parameters:

		

		

		

		

		
Among them, an,1、an,2、an,3、an,4、an,5、an,6、an,7、an,8、an,9、an,10、an,11、an,12、an,13 are the 1st to 13th parameters of the nth (n is a positive integer) kind of waste entering the kiln, which are the waste disposal volume (kg/barrel), fuel cost (yuan/barrel), and economic benefits ( yuan/barrel), simulated carbon dioxide emissions (tCO2/kg), calorific value (kcal/kg), water content (%), nitrogen content (%), sulfur content (%), phosphorus content (%), fluorine content ( %), chlorine content (%), heavy metal content (%), alkali metal content (%).
bj and cj in matrix B and matrix C respectively represent the minimum and maximum values set by the current cement kiln co-processing system for the jth (1≤j≤13, and j is a positive integer) parameter of the waste. If certain parameters encounter special circumstances, such as a minimum or maximum value that does not exist, the system should replace it.
dn in the matrix D represents the inventory quantity of the nth type of waste in the current cement plant. It is assumed that the cement plant will classify and store the waste in barrels for statistics and subsequent transportation of the waste.
The xn in the matrix X represents the disposal quantity of the nth waste in the cement plant for this treatment, so the indicators in items 6-13 must all meet the constraints. The following example will use the water content (%) as an example: The total water content in the kiln waste is a1,6x1 + a2,6x2 + … + an,6xn. Let the sixth column of matrix A be A6, and represent it in matrix form as X A6. In order to satisfy the constraint condition, the inequality b6≤ X A6≤c6 must be satisfied.
This leads to the constraints that must be satisfied by the cement kiln co-disposal allotment as:

		
Secondly, since the inventory of various wastes in the cement plant is limited, the disposed amount of each waste in the matching should not exceed its upper inventory limit, then the constraints on the disposed amount of wastes are:

 		
Under the premise of satisfying all the above constraints of dispensing, the expressions for the comprehensive disposal quantity of waste materials, comprehensive economic benefits, and proposed CO2 emissions for each dispensing of this system are respectively:

		

		

		
The expressions of the above three equations in matrix form are X A1，X A3，X A4. 
In summary, in order to meet the normal production demand and fulfill the relevant targets of the dual-carbon policy as much as possible, so as to achieve the purpose of green development, the cement kiln co-disposal matching model based on the dual-carbon target is established as follows:

		
[bookmark: _Toc145629110]3.3 Introduction and Application of Mayfly Optimization Algorithm
Mayfly Optimization Algorithm (MOA) was proposed by Konstantinos Zervoudakis as a new intelligent optimization algorithm, which simulates the social behavior of mayfly organisms by modeling their social behaviors, especially the mating process among them. In general, it can be assumed that every individual mayfly that breaks out of an egg is an adult, and that only the fittest mayflies will survive, without going into how long they will live.
The position of each individual in the mayfly population in the search space represents a potential solution to the corresponding problem. The working principle of the algorithm is to first randomly generate two groups of mayfly organisms, representing the male mayfly population and the female mayfly population respectively, that is, each individual in the mayfly population is randomly distributed in the problem space to be solved. Afterwards, the d-dimensional vector x = (x1， x2，… ， xd) will represent the candidate solution to the problem, and the performance of the candidate solution will be evaluated according to the preset objective function f(x). The speed index of an individual mayfly is v=(v1，v2，…，vd), which represents the change of its position, and the flight direction of each individual mayfly depends on the dynamic interaction of its individual and social flight experience. What is special is that each individual mayfly has the ability to adjust its own flight trajectory. They will adjust their flight direction to the personal best position (pbest) so far, or to the position obtained by any other mayfly individual in the entire population so far. The best position (gbest).
In all kinds of engineering problems such as mating problems, there are often more than one objective to be optimized, and usually the multiple objectives constrain and affect each other, so it is not possible to use traditional single-objective optimization algorithms to solve such problems. Therefore, we use intelligent algorithms such as mayfly algorithm to simulate the evolution or group activities of some organisms in nature, and solve such multi-objective optimization problems through multiple iterations. Moreover, the mayfly algorithm can solve the optimal Pareto solution set composed of multiple Pareto solutions through its special characteristics, and it can also rely on its strong global search ability to avoid falling into the local optimal situation as far as possible, which has a greater advantage in dealing with the matching problem.
[bookmark: _Toc145629111]3.4 Algorithm framework design and its step introduction
The main paper is based on the above analysis of the application of mayfly algorithm to the matching problem and the cement kiln co-disposal matching model containing carbon constraints proposed above, which sets the comprehensive waste disposal quantity, comprehensive economic benefits, and the proposed CO2 emissions as the objective function of the algorithm, and sets the limitations of each element of the cement matching as the constraints, and finally uses the Multi-Objective Mayfly Algorithm (MO-MOA) for its Solving.
The steps for solving the cement kiln co-disposal mating model containing carbon constraints using the MO-MOA algorithm are as follows:
Step1. initialize female mayfly Mayfly, male mayflyf;
Step2. Set relevant parameters including: maximum number of iterations MaxIt, inertia weight g, fitness function fobj, etc.;
Step3. Calculate the fitness value and sort it to get pbest and gbest;
Step4. update male mayfly position, female mayfly position and mate sequentially;
Step5. Calculate the fitness value and update pbest and gbest;
Step6. whether to meet the stop condition, if so, exit and output the mating scheme, otherwise repeat Step.3 to Step.5.
The principle of MO-MOA is to simulate the social behavior of mayflies, the most critical of which is the mating process of mayflies, so that it can converge rapidly in a short number of iterations and ensure an excellent balance in the local and global scales,[41] respectively.
The social behavior of male mayflies is group aggregation, and the position of each male mayfly individual is updated based on itself and other adjacent mayfly individuals. In the compatibility problem, the position of each ephemera represents a compatibility solution in the carbon-containing constraint space. MO-MOA uses its algorithm mechanism to change the specific disposal volume of each waste material in the compatibility plan, and compares the economic benefits and carbon emissions of the two plans before and after the update, thereby searching for the optimal compatibility plan. Assume that is the position matrix of the i-th male mayfly in the search space at time t. The position is changed by adding the velocity matrix vi,t+1 to the current position. The expression is:

		
The expression for the velocity matrix of the i-th male mayfly is:

		
In the formula: vi,t is the velocity matrix of the i-th male mayfly at time t; g is the gravity coefficient; αcc and αsc are the positive attraction constants used to measure cognitive contribution and social component contribution respectively; pbest,i is the i-th male mayfly. The historical optimal matching scheme of each mayfly; gbest,i is the global optimal matching scheme; β is the fixed visibility coefficient; rCd,p is the Cartesian distance between mi and pbest,i; rCd,g is the Cartesian distance between mi and gbest,i.
The best individuals in the group will continue to perform the up-and-down flutter characteristic of mayfly populations. Therefore, the velocity of the best mayfly will keep changing, and the expression of its velocity matrix is:

		
In the formula: d is the dance coefficient of the mayfly; r is a matrix with the same scale as vi,t+1, and each element inside it is a random value in the interval [-1, 1].
The social behavior of female mayfly individuals is different from that of male mayfly individuals. They do not gather in groups, but fly to male mayfly individuals in search of reproduction. Set fi,t as a matching plan for the i-th magnetic mayfly individual at time t, and then add speed vi,t+1 to the current position to change the position of the female mayfly. The expression is as follows:

		
Meanwhile, considering that the goal of this paper is to maximize the disposal of all types of waste materials while determining the total amount of disposal, the velocity expression is as follows:

When:

		

When:

		
In the formula: rm,f represent the Cartesian distance between male mayfly individuals and female mayfly individuals; F represents the objective function; λ represents a random walk coefficient unique to the mayfly population. When the female mayfly individual is not affected by When male mayflies are attracted, they perform random flight movements according to this coefficient.
A male mayfly and a female mayfly mating in a constrained space produces two offspring, and two offspring mating programs resulting from the mating of a male mayfly mating program and a female mayfly mating program. The expressions are shown below:

		

		
In the formula: mo,1 and mo,2 respectively represent the two offspring compatibility plans produced by mating the male mayfly compatibility plan m and the female mayfly compatibility plan f; L is a random value in the interval [0,1].
The flowchart of MO-MOA algorithm is shown below:
[image: ]
Figure 2 Flowchart of multi-objective mayfly optimization algorithm


[bookmark: _Toc145629112]4.0 System Design and Implementation
[bookmark: _Toc145629113]4.1 Development Background
With the continuous advancement of industrialization, China's per capita gross domestic product has been steadily increasing, and the material standard of living has been improving. In the past five years, the production of hazardous waste in China has increased year by year. In 2019, the amount of hazardous waste production reached 94.08 million tons. In 2020, affected by the new Crown pneumonia epidemic, medical waste production increased by more than 20%, and hazardous waste production exceeded 10,000 million tons. Hazardous waste disposal includes resource utilization, harmless disposal, and storage. Among them, resource utilization has developed over the years, with supply and demand basically balanced. Harmless disposal includes rotary kiln incineration, pyrolysis incineration, cement kiln co-disposal, and plasma high-temperature melting disposal. Cement kiln co-disposal, as a new type of harmless disposal, has obvious cost advantages and gradually increases its market share. However, the development of cement kiln co-disposal is short, the ecological chain is not highly mature, the equipment side mainly relies on traditional environmental protection equipment manufacturers, and the production management side mainly draws on the cement kiln incineration and disposal production. Among the co-disposal work in the matching work is particularly important, most of the manufacturers on the market are still choosing the manual matching method, which can not maximize the use of the disposal capacity of the cement kiln, and the revenue of the cement plant for a long time can not reach the ideal goal.
The goal of this system is to meet the needs of cement kiln co-disposal of hazardous wastes in the process of compounding, to achieve the goal of both production capacity and emissions, to develop a set of easy-to-operate and efficient management system, and to contribute to the realization of efficient and green development of the enterprise. The core of this system design is to calculate the executable compounding scheme to meet the demand through the compounding algorithm, supplemented by manual experience to analyze the real-time situation and confirm the scheme, and finally calculate the feasible compounding scheme efficiently for guiding the production.
[bookmark: _Toc145629114]4.2 Program analysis and flow chart
This system analyzes, processes and displays all kinds of waste inventory information in the factory, and the data processing flowchart of the system front and back ends and the database is shown in Figure 3.
The operator logs into the system and performs the operation, the system sends HTTP request to the back-end, after the back-end receives the request, it will call the corresponding interface method according to different requests to send commands to the database to realize the operation of the data in the database of the hazardous waste materials and generate the corresponding user operation, the execution result is saved in the Result class waiting for the front-end to call. Finally, the front-end can send a request through the jqGrid to obtain the results saved by the back-end and displayed in the front-end.
[image: ]
Figure 3 Front and back end and database interaction
[bookmark: _Toc145629115]4.3 System development and operation environment
The development tools and operating environment required for the development of this system is shown in Table 1.
Table 1 Description of development tools and operating environment
	Terms, abbreviations
	explain

	Html
	A markup language used to describe web documents

	Mybatis
	A Java-based persistence framework

	Css
	A computer language used to represent document styles

	Java
	A cross-platform high-level programming language

	JavaScript
	An object-based dynamically typed client-side scripting language

	JDK
	Java language software development kit

	jQuery
	A fast and concise JavaScript framework

	Spring
	A layered JavaEE lightweight open source framework

	SpringMVC
	A web application framework based on the MVC design pattern

	Tomcat
	A free open source web application server

	Ajax
	A technology for creating more interactive web applications

	Springboot
	A very convenient web development framework



The current use of Alibaba Cloud light application server, its basic configuration of 2-core CPU, 2GB memory, 60GB cloud disk, 5Mbps peak bandwidth limit, using Alibaba Cloud Linux 2.19.03 mirror, the current server configuration can meet the needs of this stage of the project testing. The system adopts Linux operating system. Linux system has stable performance, and its core firewall component has efficient performance and simple configuration, which ensures the security of the system and is widely used in enterprises.
[bookmark: _Toc145629116]4.4 Function description
The cement kiln co-disposal dispensing system mainly realizes the following functions:
a) The operator can clearly manage the inventory of all existing wastes in the plant and realize the function of real-time scheduling;
b) The operator can set his/her own matching constraints according to the actual production situation in order to comply with the national production and emission standards;
c) The operator can manually select priority wastes to be processed, generate a matching program containing high-priority wastes, and export it in the form of a table;
d) The operator can choose to use the fully automated dispensing program generation function, subject to certain conditions, and ultimately export the program in tabular form;
e) The operator can directly observe the storage situation of individual component wastes in the plant through pie charts and bar charts in order to make changes to the subsequent compounding.
[bookmark: _Toc145629117]4.5 Database Design
According to the system function, this system is designed with user information table, element and its constraint field table, dispensing program field table, and waste material detail field table:
Table 2 User information table
	
	Field name
	type of data
	size
	Allow null values?
	only?
	Remark

	1
	userID
	INT
	11
	no
	*
	user ID

	2
	userName
	VARCHAR
	50
	no
	*
	User login name

	3
	passWord
	VARCHAR
	50
	no
	*
	User login password

	4
	nickName
	VARCHAR
	50
	no
	*
	User login nickname

	5
	locked
	TINYINT
	4
	yes
	*
	Login verification 
information



Table 2 stores the role information of the system user, and stores the user's login name, MD5-encrypted password, and user nickname, which are used for user login on the user login screen for user login.
Table 3 Element and its constraint field list
	
	Field name
	type of data
	size
	Allow null 
values?
	only?
	Remark

	1
	limitName
	VARCHAR
	50
	no
	*
	Constraint name

	2
	element
	VARCHAR
	50
	no
	*
	restricted element 
symbol

	3
	minContain
	DOUBLE
	5
	no
	*
	Limit element lower limit

	4
	maxContain
	DOUBLE
	5
	no
	*
	limit yuan limit

	5
	comments
	VARCHAR
	50
	yes
	*
	Remarks column



Table 3 stores the data of elements and their constraint fields, which are derived from the actual production standards of cement and various indicators of discharged waste. The numerical settings of the constraints of various elements are derived from the Technical Specification for Environmental Protection of Co-disposal of Solid Wastes in Cement Kilns (HJ662-2013), and only the constraints on water content, sulfur content, phosphorus content, and carbon content have been added at present.
Table 4 Field list of matching program settings
	
	Field name
	type of data
	size
	Allow null 
values?
	only?
	Remark

	1
	planID
	VARCHAR
	30
	no
	*
	Compatibility plan 
number

	2
	equipment
	VARCHAR
	30
	no
	*
	Processing device 
names

	3
	proportion
	INT
	11
	no
	*
	Floating range

	4
	carbonValueLow
	INT
	11
	no
	*
	Lower limit of 
carbon value

	5
	carbonValueHigh
	INT
	11
	no
	*
	Carbon value 
upper limit

	6
	planIntro
	VARCHAR
	100
	no
	*
	Notes on 
compatibility plan



Table 4 stores the field data of the dosing program, the field data of this table is used to store the detailed information of the dosing program and save the precondition data set by the operator when setting the dosing program, including the upper and lower limits of the carbon value set and the floating range.
Table 5 Waste details field table
	
	Field name
	type of data
	size
	Allow null 
values?
	only?
	Remark

	1
	wasteID
	VARCHAR
	30
	no
	*
	scrap number

	2
	wasteName
	VARCHAR
	30
	no
	*
	Scrap name

	3
	resourceCompany
	VARCHAR
	30
	no
	*
	Source company

	4
	repoTime
	DATE
	10
	yes
	*
	Storage time

	5
	solveEquipment
	VARCHAR
	30
	no
	*
	processing equipment

	6
	weight
	INT
	30
	no
	*
	weight

	7
	carbonValue
	INT
	30
	no
	*
	carbon value

	8
	sulfur
	FLOAT
	5
	no
	*
	Sulfur content

	9
	phosphorus
	FLOAT
	5
	no
	*
	Phosphorus content

	10
	water
	FLOAT
	5
	no
	*
	Moisture content

	11
	carbon
	FLOAT
	5
	no
	*
	Carbon content



	Table 5 stores the detailed information of the waste material, the main information is the name, symbol, weight, carbon value, content of each element, source, time of storage, etc. of the waste material.
[bookmark: _Toc145629118]4.5 System function realization
This system is aimed at the matching process of cement kiln co-disposal of hazardous waste, providing convenient matching service for relevant personnel engaged in the matching work in the cement plant. The operator can observe the waste stock in the plant, set the matching constraints by himself and change the matching program according to the actual demand after the matching work is finished, and the system can be divided into the following modules, as shown in Figure 4:
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Figure 4 System overall block diagram
[bookmark: _Toc145629119]4.6 Login interface
In this era of booming information technology, for a system to protect the user's information security is crucial, the system first set up a login interface, only the account number, password in the database corresponding to the user can log in to the main interface, while using MD5 to encrypt the user login password inside the database, to ensure that it is impossible to read the user's information directly from the database.
When a user logs into the system, he/she needs to enter the account number, password and verification code. The system obtains the login data submitted by the user, uploads it to the database, and searches the user name and password information submitted by the user; if the corresponding record is successfully retrieved, the user login verification is passed; otherwise, the verification fails and the system reminds the user that there is an error in the input information.
At the same time, in order to prevent lawbreakers from using machines to register in large scale and use machines to violently break data passwords, this system sets up a verification code to protect the security of the website, which adopts Google's kaptcha image verification code and sets up the length of the verification code to be five digits to guarantee the security of login.
The login interface is also set up with a login interception module, which prevents users from providing a web address to directly access the main interface only after logging in by adding an interceptor that intercepts url paths prefixed with /admin (background login interception).
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Figure 5 login interface
[bookmark: _Toc145629120]4.7 System Main Interface
After the user has successfully logged in, it will jump to the main interface of the system. The main interface includes the menu bar on the left and the main display interface on the right.
[image: ]
Figure 6 System main interface
The menu module on the left side is mainly divided into the part of the dispensing management system and the part of the account information management, in which the part of the dispensing management system includes: the system introduction module, the waste inventory management module, the centralized storage display module, the dispensing constraints management module, the manual dispensing program generation module, the automatic dispensing program generation module, the comprehensive dispensing program generation module, the dispensing program management module; the account information management includes: modify the password button, security exit button. Account information management includes: modify password button, security exit button.
The home page directly displays the content of the system profile, which contains a brief introduction to the use of this system, the system's functionality, and the corresponding contact information, so that the operator can quickly have a general understanding of the system, and in the event of problems can be contacted in a timely manner to the corresponding technical support and contact with the company.
[bookmark: _Toc145629121]4.8 Scrap Inventory Management Module
Waste inventory management module is a basis for the operation of this system, in order to realize the work of hazardous waste matching, first of all need to be registered in a variety of waste into the plant, entered into this module, in order to manage and check the total amount of each component of waste existing in the plant. This module mainly contains three parts: waste add function, query waste function, waste information display function. 
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Figure 7 Scrap Inventory Management Module
Among them, the waste material adding function also has an additional interface. After clicking the Add Waste button, you can jump to the Waste Add Details interface, fill in the relevant information about the waste in accordance with the prompts, you can successfully add waste.
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Figure 8 Scrap adding details interface
Waste information display section shows the waste number, waste name, source company, storage time, processing equipment, weight, carbon value, sulfur content, phosphorus content, water content, carbon content. And also provide operation menu, provide to the operator to modify and delete information function.
[bookmark: _Toc145629122]4.9 Warehouse centralized display module
In the actual use of such a warehouse management system, if only a list of the form of inventory information will be difficult to understand the overall situation of the inventory, and can not grasp the storage of each type of waste, not conducive to the subsequent coordination of supplies and production arrangements. Therefore, the system set up a centralized storage display module, the use of pie charts and bar charts to display the existing inventory in two ways.
[image: ]
Figure 9 Warehousing centralized display interface
The left side of the hazardous waste inventory elements accounted for the proportion of the module using eCharts to generate pie charts, used to visualize the proportion of the real-time situation of the inventory in the plant. For the operator, through this module, he can directly see which kind of waste has high consumption in the current co-disposal process, so that when generating a new dispensing plan later, he can choose the waste with excessive accumulation to be prioritized.
In order to give the operator a more intuitive feeling, the right side of the hazardous waste data analysis module can directly display the total carbon value and weight of all kinds of wastes in the plant, if the current carbon emission index is observed to be higher, you can manually choose to deal with more of the lower carbon value of that kind of wastes to be dealt with, and vice versa can be increased to the appropriate stock of the accumulation of the weight of the waste of the higher weight of the wastes to be dealt with.
Before or after each dispensing, it is recommended that the operator use the two modules of this interface to have a precise control of the inventory situation in the plant, so that the program generated by each dispensing is optimal, so that the plant's production and processing efficiency to reach the highest!
[bookmark: _Toc145629123]4.10 Compounding constraints management module
In the process of hazardous waste matching, in order to ensure the quality of the production products, the safety of the cement kiln, and the production of waste must comply with the national emission standards, it is necessary to add corresponding constraints to control the matching. Due to the wide variety of hazardous wastes handled, their composition is also more complex, the common ones are: water content, halogenated element content, mercury content, other heavy metal content and so on. Therefore, when co-disposing different wastes, the constraints that need to be selected are different, so this module is needed to manage the constraints so that the operator can efficiently determine the constraints of the match when dispensing.
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Figure 10 Compatibility constraint management module
Among them, this module can be divided into two parts, the main part is the information display module of the dispensing constraints, which contains the name of the constraints, the constraint element, the minimum value of the element, the maximum value of the element, the remarks, and its corresponding modification and deletion buttons. The other part is the button to add waste constraints, after clicking on it, the corresponding interface will be popped up, according to the relevant prompts to enter the information of the constraints, and then confirm that it can be added successfully.
[bookmark: _Toc145629124]4.11 Compounding Program Generation Module
In the process of dispensing, the system is designed to take into account the influence of many factors, and designed a more humanized dispensing program generation function for the operator, the flow chart is shown in Figure 6.
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Figure 11 flow chart of dispensing program generation
The core matching constraint of this system is the constraint of carbon value, which refers to the amount of carbon dioxide produced by the waste after incineration. A high carbon value means that the proportion of carbon dioxide in the waste generated by the production will increase dramatically after treatment, and each cement plant has a fixed target for carbon dioxide emissions per quarter, beyond which carbon trading is required to purchase more carbon dioxide emission rights, or else face shutdown or a huge fine. Therefore, when entering waste information, this system requires the carbon value of the waste to be entered, and the operator only needs to choose the appropriate carbon value for matching according to the current processing situation in the plant.
According to the actual research, most of the cement kiln manufacturers adopt the matching method by professional matching personnel, and most of the matching method is based on the experience of previous matching and manual calculation. Therefore, the goodness of the dosing program depends on the experience of the professional dosing personnel, and once the dosing personnel turnover, it will cause huge losses to the cement kiln manufacturers. Therefore, this system is based on the general experience of matching, through the optimization of algorithm design, to realize the function of automatically generating the matching scheme through the computer, to help enterprises to get rid of the problem of shortage of matching personnel.
According to the actual research of the dispensing needs, this system is designed with three dispensing modes, namely, automatic dispensing mode, expert manual dispensing mode and comprehensive dispensing mode.
Automatic dispensing mode:
This mode is suitable for general operators and requires less experience in dispensing. The operator only needs to manually input the scheme number, processing equipment, floating ratio, upper and lower limits of carbon value as well as the scheme remarks, and the system will automatically search for the waste materials to be dispensed in the inventory that meet the conditions according to the dispensing conditions inputted by the operator and calculate the suitable dispensing scheme through the optimization algorithm.
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Figure 12 Automatic compatibility plan generation interface
Expert manual compounding mode:
In order to meet the needs of different dispensing users, this system retains the traditional dispensing mode, which is suitable for professionals and requires high dispensing experience of operators. The operator selects the materials to be matched, and the system generates the matching program directly, which contains only the materials selected by the operator.
Among them, the detailed information of the optional waste materials will also be displayed in this page, which shows the waste number, waste name, source company, storage time, processing equipment, weight, carbon value, sulfur content, phosphorus content, water content, carbon content respectively.
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Figure 13 Expert manual matching plan generation module
Comprehensive compounding mode:
This mode is suitable for operators with certain compounding experience, the operator needs to manually input the program number, processing equipment, floating ratio, carbon value upper and lower limits and program notes, after setting up the complete compounding program, the operator can also select different kinds of materials according to their own requirements, the system will be based on the conditions of compounding input by the operator, the elemental analysis of the waste materials that have been selected to add, and under the condition of meeting the conditions of compounding, the system will automatically analyze the waste materials. On the premise of matching conditions, the system will automatically search for the materials in the inventory that meet the conditions to be matched, and through the optimization algorithm, calculate the appropriate matching scheme.
[bookmark: _Toc145629125]4.12 Management module of dispensing program
In the operation process of compounding, usually not a kind of processing equipment works alone, and before actually exporting the compounding program, the compounding program generated by the system needs to be compared with the actual production situation in the plant, so the operator needs to carry out the final verification of the compounding program, and modify the program if necessary, and then export it at last. Therefore, this system has set up the management module of compounding program.
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Figure 14 Compatibility plan management interface
The information displayed to the operator in this interface includes: program number, processing equipment, ratio floating range, carbon value lower limit, carbon value upper limit, and program notes. If the operator needs to check the detailed information of a program or delete a program, he only needs to click the corresponding button in the operation list, and when he confirms that the program has been modified and is error-free, he can click the program export, which means that the program can be exported in the form of a table.
[bookmark: _Toc145629126]4.13 Operation description
This system reduces the workload and work difficulty of the staff in charge of compounding in the cement factory. After each operator logs into the webpage, he or she jumps to the login page, as shown in Figure 4-1. In the page, input the account number, password and random verification code generated in real time, and then press Enter to confirm or press the "Login" button. If the password is correct and the verification code is input correctly, it will enter the system normally; if there is an error in the input user name, the system pops up a prompt box, displaying "the user does not exist"; if there is an error in the input password, the system pops up a prompt box, displaying "the password is incorrect, please retype your password"; if there is an error in the input verification code, the system pops up a prompt box, displaying "the verification code is incorrect, please retype your verification code".
Initial user name: admin
Initial password: admin
After successfully logging in the system, it will enter the main operation interface of the system, and the operator will click the corresponding buttons in the menu bar to carry out the relevant operations according to the actual needs of the work.
If the operator wants to check the inventory of existing waste materials, or need to add new inventory, click the "Waste Inventory Management" button in the menu bar, jump to the inventory management interface.
In this interface, because the actual use of the process of a large number of inventory, the operator needs to query a certain type of waste inventory, you can enter the name of this type of waste in the search box, and click on the "query" button, you can display the contents of the search in the list. In the actual checking of inventory scrap, if there is a difference between the displayed inventory and the actual inventory, and you need to modify and delete the inventory data in the system, you only need to click on the "Modify" and "Delete" buttons at the end of each column of the inventory information, and then you can realize the modification and deletion of the inventory information.
If there is a new waste material needs to be entered into the system, you can click on the "Add Waste" button, after which it will jump to the waste material to add details of the interface, according to the information shown in the interface, in accordance with the actual information to fill in the waste material into the warehouse, all complete, click on the "Add" button, you can realize the entry of new waste material information operation.
If the operator wants to check or manage the constraints in the production matching process, or add new matching constraints, he needs to click the "Matching Constraints Management" button in the menu bar, and jump to the matching constraints management interface.
The main part of this interface presents detailed compounding constraints, including the name of the constraints, element symbols, and the scope of their limitations. The operator can modify or delete the constraints in real time according to the actual production situation and demand, by clicking the "Modify" and "Delete" buttons at the end of each constraint information, the corresponding operation can be completed.
If there is a need to add constraints that are not in the system, you need to click the "Add Waste Constraints" button, and then you will be transferred to the corresponding interface, and after completing the entry of constraints, you can add the new constraints to the constraints library.
After completing all the above preparatory work, you can enter the matching step. In addition, the operator can decide whether to use the manual dispensing program with high flexibility, the automatic dispensing program with high efficiency, or the comprehensive dispensing program with stronger integration, depending on whether the inventory is abundant or not, and whether a high-precision dispensing program is needed or not. The operator can click the "Manual Compounding Mode" button, "Automatic Compounding Mode" button and "Comprehensive Compounding Mode" button to enter the operation interface of different compounding modes to perform compounding operation.
It can be seen that the operation logic of the three interfaces is the same, the only difference is that there is no information display part of the treatment wastes available in the automatic matching program generation interface. The steps of the operator's matching are as follows: enter the matching program number according to the prompts, select the treatment equipment and the proportion of floating range in the drop-down menu, the treatment equipment currently has a sludge pump disposal system, slurry sludge disposal system and waste liquid disposal system to choose from, and the proportion of floating range of 5%, 10% and 15% of the three grades to choose from. After that, input the upper and lower limits of carbon value according to the actual demand, and finally choose whether to write the program notes or not as the case may be. After confirming that the above steps are correct, click on the "Program Generation" button to complete the work of compounding.
After the generation of compounding program, click "compounding program management" button to enter the compounding program management interface.
In the list of this interface shows all the generated dispensing programs, next, the operator only needs to check whether the dispensing program is correct, and click on the "Program Details" button, and finally confirm the program details once, you can click on the "Program Export" button to export the final dispensing program in the form of "Program Export". Then you can click on the "Export" button to export the final dosage plan in tabular form. If you want to delete a dosage plan, just click the "Delete" button to complete the deletion of the plan.
In addition, after each completion of a prescription, the number of inventory will change, click on the "storage centralized display" button to jump to the storage centralized display interface, the operator can intuitively see the changes in the storage from the chart.



[bookmark: _Toc145629127]5.0 Data collection
In this study, data collection is a crucial step to support the construction and evaluation of the co-processing model and mixed optimization system. Various data sources and methods were employed to obtain the necessary information and parameters. First, raw data were obtained from the cement production industry, including operational parameters of cement kilns, emission concentrations, fuel consumption, raw material ratios, and more. These data underwent careful cleaning and organization to ensure accuracy and consistency.
Secondly, a series of experiments were conducted to assess model performance, covering different operating conditions and management strategies. Experimental data were collected, including emission concentrations, energy consumption, operational parameters, etc., to validate the accuracy of the model. Additionally, an extensive literature review provided theoretical foundations and methodological support, including information from areas related to carbon emissions management, co-processing models, and optimization systems.
Furthermore, surveys and questionnaires were carried out to understand practical needs and industry conditions. Communication with cement production companies and professionals yielded their viewpoints and suggestions. Special attention was given to data quality control during the data collection process, using validation and cleaning methods to ensure the reliability and applicability of the data.
These data, collected from multiple sources, will be used to support the research objectives, validate the model's effectiveness, and provide a solid foundation for the final research conclusions.


[bookmark: _Toc145629128]6.0 Experiments and results analysis
[bookmark: _Toc145629129]6.1 Mayfly algorithm performance test
In order to verify the effectiveness of the mayfly algorithm in dealing with the matching problem, this paper utilizes a comparison experiment of the mayfly algorithm with the Sparrow Search algorithm (SSA, Sparrow Search algorithm) and the Particle Swarm Optimization algorithm (PSO, Particle Swarm Optimization), and uses a fixed-dimension test function similar to the matching process ( Fixed-dimension test functions) similar to the matching process was used as the test function. The number of experiments was set to 30, the maximum number of iterations was set to 50, and the population size of both male and female mayflies was set to 50, in which three different test functions were used for analysis.
Figure 15, Figure 16, Figure 17, show the experimental comparisons of the three test functions, and the optimal fitness value, the average fitness value corresponding to the optimal solution, the worst fitness value and the standard deviation of the experiments for each algorithm are also calculated in the experiments. From the test results, it can be clearly seen that the mayfly algorithm has better convergence accuracy and faster convergence speed than the sparrow search algorithm and the particle swarm optimization algorithm when dealing with similar problems, and the mayfly algorithm has a good advantage of searching on the basis of arriving at the theoretical value, and has good stability.
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[bookmark: _Hlk145516254]Figure 15 Comparison result of test function 1 algorithm
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Figure 16 Comparison result of test function 2 algorithm
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[bookmark: _Hlk145516665]Figure 17 Comparison results of test function 3 algorithm
[bookmark: _Toc145629130]6.2 Introduction of simulation experiment process
The core objective of the dispensing system is to provide convenient dispensing services for the relevant personnel engaged in dispensing work in the cement kiln co-disposal plant, to fundamentally improve the efficiency of the dispensing work, to reduce unnecessary losses due to dispensing, and thus to improve the profit. Therefore, this simulation experiment imitates the matching work of cement kiln co-disposal plant, firstly, it is based on the indexes of the relevant matching wastes provided by the actual production, and according to the indexes of the matching constraints demanded by the system entry, and secondly, it is in accordance with the relevant environmental emission standards issued by the state and the local environment, and the indexes of the emission constraints, and to determine a reasonable constraint range.
After completing the collection of all the specific dispensing data, it will be entered into the system of dispensing, and after establishing the target of dispensing, the complete dispensing operation can be started, and the comprehensive flow chart of dispensing is shown in Figure 10:
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Figure 18 Comprehensive flow chart of matching

Take the relevant data of cement cooperative matching process provided by a cement kiln co-disposal plant as an example, choose four types of wastes for matching operation, in which the matching wastes and their disposal indexes shown in Table 6 are the most important constraints in the matching process, which need to be carefully confirmed and manually entered into the relevant data before the matching operation.
After manually entering the relevant information, the experiment was set up to verify the feasibility of the method with three different levels of total disposal volume, respectively 200, 300 and 400.
Table 6 Matching wastes and their disposal indicators
	index
	Scrap 1
	Scrap 2
	Scrap 3
	Scrap 4
	disposal capacity

	Disposal volume (kg/barrel)
	5500
	7000
	3500
	6500
	85000 ~ 95000

	Fuel cost (yuan/barrel)
	100
	120
	160
	200
	0 ~ 500

	Economic benefits (yuan/barrel)
	150
	200
	300
	400
	10000 ~ +∞

	Proposed carbon dioxide emissions (tCO2/kg)
	27.00
	28.80
	39.86
	41.66
	25 ~ 50

	Calorific value (kcal/kg)
	2600
	2737
	2976
	2480
	2500 ~ 3000

	Water content (%)
	31.13
	26.29
	18.00
	19.00
	12 ~ 35

	Nitrogen content (%)
	1.60
	1.40
	3.91
	3.91
	0 ~ 3

	Sulfur content (%)
	1.97
	1.00
	0.47
	0.47
	0 ~ 2.5

	Phosphorus content (%)
	0.12
	0.09
	0.21
	0.15
	0 ~ 0.2

	Fluorine content (%)
	0.01
	0.30
	0.30
	0.30
	0 ~ 1

	Chlorine content (%)
	1.86
	1.50
	1.16
	1.16
	0 ~ 2

	Heavy metal content (%)
	0.005
	0.008
	0.002
	0.01
	0 ~ 0.01

	Alkali metal content (%)
	0.27
	0.25
	0.18
	0.21
	0 ~ 0.3



[bookmark: _Toc145629131]6.3 Discussion of results
The detailed compounding scheme of the four types of different compositional compounding wastes considered under the premise of setting different total disposal quantities of the compounding is shown in Table 7. It can be seen that under different total disposal quantities, there may not be a large change in the amount of each compounding waste involved in compounding, but there are cases such as "compounding waste 2", which has a large change. If manual compounding is used in this case, the experience and adaptability of the compounding personnel will be highly required, otherwise a less economically efficient compounding program may be produced. The present method can avoid this situation to a large extent, and can ensure the disposal volume while maximizing the economic efficiency and controlling the carbon emission within the ideal state.
Table 7 Detailed compounding scheme under different total disposal volume
	Total disposal volume (t)
	
	200
	300
	400

	Detailed compatibility plan
	Compatible waste 1
	117.0228
	123.6190
	183.0808

	
	Compatible waste 2
	73.7711
	73.6366
	9.6937

	
	Compatible waste 3
	7.9152
	53.6946
	143.9160

	
	Compatible waste 4
	1.2907
	49.0498
	63.3095



As shown in Figure 11, the mayfly algorithm can reach the theoretical value with a faster iteration speed when dealing with the pairing problem, which is a more important indicator for the economic efficiency of the plant.
[image: ]
Figure 19 Convergence diagram of MO-MOA optimized pairing


[bookmark: _Toc145629132]7.0 Summarize
Under the background of national dual-carbon strategy and the guiding ideology of "waste to production" of cement manufacturers, this study proposes a cement kiln co-disposal matching method based on the multi-objective mayfly optimization algorithm, which can ensure the normal production of cement kiln co-processing plant while maximizing the co-disposal of wastes and minimizing the carbon dioxide emission, so that the economic benefits and environmental protection objectives can be achieved. economic benefits and environmental protection goals. Through comparative analysis, the introduction of the multi-objective mayfly optimization algorithm replaces manual compounding, saves labor costs, shortens the compounding cycle, and improves the accuracy of the algorithm. Although the mayfly algorithm showed good results in this study, further data collection and expansion of the constraint library are needed in the next study to achieve better dispensing results. This study is of great significance for the development of cement companies in the context of carbon neutrality.


[bookmark: _Toc145629133]8.0 Reflection
In the course of our work on the "Study of carbon co-disposal model and ratio optimization system for cement kilns", we have gained a deep understanding of the complexity and challenges of the research process. The following are detailed reflections on different aspects of the study:
1. Project planning and management
The planning and management of this research played a crucial role. We started with a detailed project plan with clear tasks and timelines for each phase. The use of project management tools helped us track progress and ensure that tasks were completed on time. However, we also discovered the importance of flexibility and adaptability in project management. From time to time during the course of the study, we encountered unanticipated challenges and needed to adapt our plans to the situation. This flexibility allowed us to better cope with change and uncertainty.
2. Interdisciplinary collaboration
Members of the research team came from different subject areas, including software engineering, industrial engineering, and environmental science. Within the team, we learned how to effectively collaborate across disciplines. This includes understanding the terminology and concepts of different fields in order to better communicate and collaborate. Our collaboration is not just an exchange of knowledge, but also a fusion of mindsets and approaches, which allows us to consider problems more holistically and find innovative solutions.
3. Data processing and analysis
Data processing and analysis in research is a heavy and complex task. We first needed to clean and organize a large amount of raw data to ensure the accuracy and consistency of the data. Then, we employed a variety of data analysis tools and techniques to evaluate the performance of the co-processing model and the hybrid optimization system. This included building mathematical models, conducting simulation experiments, and analyzing the results. We are keenly aware of the critical role of data quality in research, and will therefore place greater emphasis on quality control of data collection and processing in our future work.
4. Research methods and techniques
The methods and techniques used in the study need to be continuously improved and optimized. We first conducted extensive research on existing research results and methods to establish a basic theoretical framework. Then, we continuously tried and improved these methods to adapt them to specific research questions. For example, we explored different models and algorithms to improve the efficiency of co-processing models. This process requires continuous learning and experimentation to ensure the validity and feasibility of the research.
5. Practical application and social value
This research is directly related to environmental protection and carbon emission control, and has important social value. Our work aims to provide a more sustainable solution for the cement production industry to reduce carbon emissions and promote green development in the industrial sector. We feel a great responsibility as this issue has a significant impact on the global climate and environment. This practical application and societal value is also the driving force behind our work, and we will continue to strive to achieve greater societal impact.
Overall, this research effort has provided us with valuable experience and knowledge. Through project planning, interdisciplinary collaboration, data processing and analysis, and the application of research methods and techniques, we have learned how to better address research challenges. This research has also taught us the nature of continuous learning and improvement in scientific research, and the importance of scientific research to society and the environment. We look forward to applying these experiences and lessons in our future research endeavors to make greater contributions to solving complex problems and advancing technology. Reflection has taught us that scientific research is a continuous process of development, and we will continue to strive for excellence.
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