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Abstract

:

Currently, the disposal of waste tires is considered one of the priority environmental and public health problems worldwide. Every year, more than 1.4 billion unused tires are placed in landfills. Population growth, economic development, and a strong demand for vehicle production in the automotive industry increase this problem. In Mexico, nearly 36 million unused tires are deposited in landfills or clandestine deposits, the vast majority being burned or accumulated in the open air. The lack of regulations in the handling, disposal, and recycling of tires creates a worrying panorama for environmental care and the problems that this entails. The objective of this work is to propose a viable alternative for the final disposal and recycling of waste tires through the implementation of a company for the manufacture of products based on recycled rubber in the state of Tamaulipas, Mexico, reducing environmental pollution by these wastes and generating sources of employment through a sustainable company. For this purpose, a study was carried out in Tamaulipas, Mexico, through surveys to determine the number of tires that can be obtained and determine the feasibility of the business; subsequently, a prediction was made using simulation software to design and estimate the expected production in the manufacture of parking bumpers using two scenarios with two and four workers. Likewise, specialized software was used to optimize waste tire collection routes from the different tire stores to the company’s location. The results show that with an optimal design of the tire collection routes, up to 483 tons of waste tires can be recovered per year, representing 10% of the total unused tires in Tamaulipas. Because it is an environmental and social problem, installing a company manufacturing products based on recycled rubber is feasible and has a high probability of success for the region studied. According to the simulation, employing four workers increases productivity and decreases manufacturing costs. Through the simulation, three tire collection routes were determined considering the total number of tire stores in the city where the company is located.
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1. Introduction


The final disposal of municipal solid waste (MSW) and its recycling is a problem that affects all human beings worldwide and is closely related to environmental pollution, economic development, and social culture. In recent years, waste tire recycling has become one of the most complex MSW in its disposal and represents a serious environmental and public health problem [1,2,3]; for this reason, it is considered among the main ecological challenges worldwide [4,5,6]. Only scrap tires represent over 12% of all the solid waste in the world [7], and due to their size, shape, and physicochemical composition, they have become polymeric materials that are difficult to eliminate naturally. Their complex three-dimensional reticulated structure becomes resistant to many external factors. When deposited in landfills, they cause a high rate of risk to health and pollution of air, water resources, and soil [8,9,10,11].



Today, it is notable that in most developing countries, there is no control over the disposal of municipal solid waste, in addition to the fact that its recycling is significantly lower than in developed countries. In these countries, storage yards and uncontrolled landfills are the main options for disposing of waste tires. However, with the increase in waste rubber coupled with the increment in demand for tires in the world, in addition to the complexity of its recycling and its non-biodegradable chemical nature, in a few years, landfills will become a non-viable alternative for tire waste management [12,13]. Therefore, it is urgent to have regulations on the recycling of tires, disposal of this waste in landfills, sustainable management of these wastes, implementation of effective processes in the treatment of tires for energy generation, and their reuse for manufacturing products.



In most countries, the excessive and uncontrolled accumulation of waste tires is considered a serious environmental and public health problem; however, there is currently no satisfactory response to control this problem on the part of the industrial sector. Therefore, the recycling of waste tires has become a potentially profitable and growing business in the last decade, although still without being adequately exploited [14,15,16,17]. For this reason, governments and environmental organizations in many parts of the world have promoted and established ecological regulations on the management, recovery, and final disposal of waste tires to adopt effective measures that positively impact rubber recycling and environmental care [18,19,20,21,22]. In this sense, many countries in Europe and Asia, as well as the United States, occupy first place in recycling, with regulations and organizations dedicated to the management of end-of-use tires. These countries highlight that the effectiveness and success of the bylaws are due to the participation of all those involved (manufacturers, importers, industries dedicated to collection, consumers, and governments of each country) [23,24].



Although in the main developed countries such as the United Kingdom, Japan, Serbia, Norway, United States, Switzerland, and Turkey, among others, around 95% of the tires at the end of their useful life are collected, stored, and reused in different applications such as civil engineering, energy recovery, and recycling, at the other extreme in developing countries, only between 10 and 20% of their tire waste is properly collected and reused in the production of secondary products, and the rest remains exposed to the environment, causing serious environmental damage and health problems [8,25,26,27].



The growth in demand for global tire production is strongly influenced by population growth, the development of most economies worldwide, and mainly the strong development of the automotive sector [28,29,30]. Automotive industry consumption represents more than 75% of global rubber production, of which approximately 60% is used to manufacture tires for vehicles and trucks [31,32]. The remaining, approximately 15%, is used in producing automotive parts, such as hoses, moldings, rings, and seals, among others [33]. According to several researchers [34,35,36,37], global tire production has grown exponentially over the last 10 years by 17.5% since 2012. Currently, tire manufacturing is greater than 3.3 billion units per year and is forecast to increase to 4.1 billion per year until 2028. Asia-Pacific, Europe, and North America are the largest consumers of automobile tires, with more than 75% of the global production. In the year 2022, countries such as the United States and China were the largest consumers of tires in the world, with 450 and 320 million, respectively [38,39], while in Mexico, tire consumption recorded in 2020 was 33.2 million, maintaining an average growth rate of 1.6% annually in the last 7 years [40].



As a result of the accelerated growth in the automotive industry, pollution from unused tires has become one of the most worrying problems for humanity to solve. Currently, around 1.4 billion tires are disposed of into the environment yearly [41,42]. Several researchers [43,44] mention that the growth of waste tires has increased by around 13% annually, from 300 million in 2016 to more than 1,300 million in 2020. According to data presented in various studies, for every 1 billion tires produced, 3 million tons of rubber waste are generated per year, and it is estimated that the number of tires out of use by 2030 will be 1.2 billion Tons of tires per year [45,46]. Thailand annually generates about 600 thousand tons of waste tires [47], and China discards 112 million tons of tires per year, while the United States exceeds 246 million tons each year [48]. In the same sense, the European Union and Japan are also among the largest generators of tire waste. While Mexico reported 36 million waste tires per year in 2018, if this trend continues, in 5 years, 250 million waste tires will be added, plus another 200 million that have accumulated in the last decade. The above has been attributed mainly to population growth and the increase in vehicle consumption in the country [40,49].



The uncontrolled increase in clandestine landfills worldwide has represented a serious problem of environmental pollution and public health and important technological and scientific challenges for their control and elimination. Therefore, the various technological and research strategies and the circular economy related to sustainable development in the disposal and recycling of waste tires are sufficiently justified, as evidenced by the worldwide growth in research on these topics [50,51,52].



Waste tires obtained from cars and trucks represent the largest source of waste rubber in the world; its main components are natural and synthetic rubber, carbon black, metal, textile fabrics, and various additives according to the type of tire [4,50,53,54,55,56,57,58]. In Latin American countries and, more specifically, in Mexico, unfortunately, the progress in regulatory laws prohibiting the dumping of waste tires that encourage their reuse and recycling after their useful life is still insufficient, causing this situation to be even worse and increasingly complex. To reduce the problems generated by scrap tires, a significant number of countries in the world are using various efficient methods of reusing rubber due to its properties such as its low density, malleability, resistance to shocks, and moderate temperatures [59,60]; these methods include retreading and various applications in civil engineering [8,37,61], particularly in the production of concrete and asphalt; in the construction of playgrounds and sports surfacing, ground rubber applications, in addition to energy recovery (combustion in cement kilns and pyrolysis); and in blending polymeric types (thermoplastics, thermosets, or virgin rubber) [62,63,64,65,66].



It is of great interest for researchers and the public and private sectors to explore new applications and expand the markets for recycled tire rubber. Recycled rubber is the most used raw material for the subsequent processing of finished or semi-finished parts with a wide industrial application; recycled tire rubber, in addition to the applications mentioned above, is used in agricultural products and recreational and sports applications, in addition to many applications in engineering such as boat protection [67], conveyor belts [65], vibration reduction on railway tracks [68], footwear industry [69], lawn grounds [70], and playground flooring [71].



In the last 10 years, several investigations have focused on issues ranging from recycling to the manufacturing of parts using recycled tire rubber; the reported achievements are promising both environmentally and economically. Some studies have contributed to advances related to the value chain analysis for supply chain management [72]; decision making for waste tire management [73]; in the process of rubber recycling, collection, and processing; and potential customers [74]. Additionally, forecast models have been developed to estimate the volume of collected and the return time of out-of-use tires [75]. Finally, research related to the scenarios of collection, transportation and cutting, packaging, and bailing of products from recycled rubber has also been reported [76].



In Mexico, the final disposal of waste from out-of-use tires is considered a critical problem in public and environmental health issues. Although government institutions and the private sector have made significant efforts to regulate this problem, progress has been insufficient. The main reasons have been attributed to the lack of knowledge on waste management issues; lack of government regulations on final disposal, reuse, and recycling; the high cost of management and disposal; and the lack of knowledge of the population on issues related to environmental care. According to data from [77], from 2010 to 2020, the registration of vehicles and trucks increased from 31 to 51 million units in Mexico, representing an annual average growth of 6.4%. The forecast estimates about 83.5 million vehicles by 2030; the above exposes the inevitable increase in waste tires in landfills, warehouses, or clandestine places [78]. The state of Tamaulipas is in the north of Mexico, and with more than 370 km of border with the USA, it is a strategic state for the country’s economic development. Tamaulipas is divided into three economic zones that are important for the development of the state. The first is the "southern zone," and its main economic activities include the oil industry, energy generation, maritime services, and industrial and petrochemical sectors. Until 2020, the registered vehicle park was 385,217 units. The second corresponds to the "central zone," and its economic activities focus mainly on agriculture and livestock and educational and government services, with the registration of 195,243 vehicles; the third is the "northern zone" which has fourteen international bridges into the USA; its main economic activities focus on the manufacturing industry, international trade, and transportation, with more than 854,514 vehicles in circulation. Additionally, nearly 1.2 million transport units circulate to the United States each month [77]. The above exposes not only the large number of vehicles that circulate in the state and the exponential growth of the automotive industry but also the high volume of waste tires that will be generated and exposed in landfills, causing environmental pollution and health problems public, which require urgent regulation.



The above demonstrates for Tamaulipas important challenges related to the disposal of waste tires both to contribute to improving the prospects and conditions of climate change worldwide and to enter new business markets in tire recycling, positioning Mexico as a country committed to environmental issues and the circular economy.



According to a bibliographic review, waste tires have not only become a significant environmental, economic, and technological challenge but their components are also considered valuable secondary raw materials with a high potential for the manufacture of products and energy resources.



One of the alternatives of most significant interest to the industry in many countries is the recycling of tire rubber for its subsequent use in manufacturing parts and products. In this sense, numerous case studies have been carried out on using waste tires for energy generation, the use of metals, and reusing rubber to manufacture products [47,79,80,81,82,83]. The main contributions have been in establishing future research bases on the management of waste tires, their use as raw material, the generation of new sources of income for the industry, and reducing the serious environmental problems derived from the poor management of the disposal of tires.



The objective of the present study is to make a reliable diagnosis of the current situation that prevails in the state of Tamaulipas, Mexico, regarding the disposal and management issues related to the recycling of waste tires that impact the environment, public health, and economic development. The study also considers a feasibility study and a design proposal for a company to manufacture products based on rubber from recycled tires. Data for the present study were obtained through the published literature, academic sources, and research derived from governments and other sectors, in addition to electronic surveys and interviews with professionals; for the analysis, the population of the three economic zones of Tamaulipas (south, center, and north) was considered. For simulation in the design and evaluation stage of the process, the ProModel® 7.0 software was used, which is a powerful and useful tool for the manufacturing environment, production capacity planning, human resource optimization, and improvement of installation capacity. ArcGIS® 10.3.1 was used in the research because it is a widely used tool to manage, analyze, and visualize geospatial data. The analysis conducted with ArcGIS® 10.3.1 reveals the potential to define the optimal routes for collecting waste tires in the tire stores of the city where the company is installed and to ensure efficiency in collection and reduction in transportation costs.



The study’s results can be used to review and update data trends of out-of-use tires to improve efficiency in management, storage, and effective recycling methods. This will positively impact the quality of the environment and the economic development of Tamaulipas, Mexico.




2. Experimental Procedure


The present investigation was conducted in Tamaulipas, located north of Mexico and on the border with the United States. Tamaulipas is divided into 43 municipalities. For ease of analysis, the study was grouped into three zones (south, center, and north), as shown in Figure 1. According to data from (INEGI 2020), Tamaulipas has a population of 3,572,735 people. The study considerations were the economically active population, considering people between 20 and 60 years old with their own vehicle, the number of people in this range was 2,324,561; the type of vehicle; and the situation of automobile traffic in the areas studied (south, center, and north), in the north it is important to consider the proximity to the United States of America and the current situation of the final disposal of used tires.



The stratified random sample technique was used to select a representative population sample. This technique was used due to the need to obtain information from a particular group of the general population, with specific and clearly defined conditions, and with the objective of obtaining results that provide reliable data in the research. Equation (1) was used to determine the sample size.


  n =    N ∗   Z   2   ∗ p   1 − p       N − 1     E   2   +   Z   2   ∗ p   1 − p       



(1)




where n is the sample size; N is the population size; Z is the value for a 95% confidence level; p is the estimated proportion of the attribute present in the population; and E is the margin of error. Therefore, developing the formula, the result of the sample size is shown in Equation (2):


  n =    2,324,561 ∗     1.96     2   ∗ 0.5   1 − 0.5       2,324,561 − 1       0.05     2   +     1.96     2   ∗ 0.5   1 − 0.5      = 384  



(2)







According to Equation (2), the minimum population to study was 384 to obtain a reliability index of 95% and a margin of error of 5%. Once the sample was determined, the measurement instruments applied were electronic surveys using the Google Forms platform and personal interviews with vehicle owners. The instrument consisted of 6 questions to 634 people from the different zones. The questions were related to the type of vehicles and number of tires used (cars, motorcycles, and heavy load transport), in addition to the number of tires discarded in a period of time and the final disposal of this waste. The data collected in the surveys were analyzed, and tire consumption and disposal trends were calculated.



Simulation Model


The layout of the production line and the process operations will depend on each product to be manufactured. The considerations for the design in the manufacture of the products based on recycled rubber in the simulation were the place available for the installation of the process; the distribution of the equipment and delimitation of areas for the collection of raw materials, storage, spaces for the equipment and work areas; the capacity of product that can enter the system and this was related to the quantity of products required by the customers; the production capacity of the equipment; the production times; and the amount of human resources and the scheduling of input and output of product. A proposal was made for the design and distribution of a plant for the processing of ground rubber from recycled tires for the manufacture of consumer products. The proposed distribution is shown in Figure 2.



Ciudad Victoria is located in the central area of the state of Tamaulipas and was the study area for the project because this city is where the company that will collect, process, and produce products from recycled tire rubber is located. The growth of the population in recent years and the increase in the use of transportation vehicles has caused a considerable increase in the use of tires that, after their useful life, are deposited in clandestine dumps and open-air places, causing environmental and health problems. However, a significant amount of tires are deposited in tire sales stores after their useful life has expired, and these tires are collected by the businesses and accumulated for later disposal.



A good vehicle routing design is a key factor in the transportation industry to reduce distances and operating costs. Therefore, in the present investigation, the ArcGis® tool was used to design an optimal collection route for used tires in tire stores. The variables considered in the routing were operational efficiency, improvement in the collection service, environmental impact, and resource optimization. The North American Industrial Classification System, Mexico (SCIAN 2023) platform was used. The code for the filter was "468213," and the result obtained was that 146 businesses had commercial activity in the sale of tires in Ciudad Victoria, Tamaulipas, Mexico. Subsequently, a refinement was carried out considering businesses with more than five workers and a tire sales volume of more than 100 units per month. The result was that 22 businesses were considered for the optimal route design analysis process for the collection of used tires. Understanding the optimal flow of a process for manufacturing products and predicting with high precision the performance of a production system as a function of time makes process modeling and simulation a powerful tool for planning production systems. In this sense, the simulation of the plant production process for the manufacture of products from end-of-life tire rubber and polyurethane-based binder was carried out in the ProModel Student 7.5 ® software. The simulation model is considered from the stage of cutting and shredding tires to obtaining the finished product. The product proposed in the simulation is "parking stops rubber" with a weight of 4.4 kg, in the proportions of 3.2 kg (73%) of ground rubber and 1.2 kg (27%) of commercial polyurethane. The main workstations considered were a rubber crusher or mill, mixing station, molding area, curing area, and quality inspection point, in addition to the warehouses for raw materials and finished products, as shown in Figure 3. A total of two scenarios were established for the product to be manufactured.



For the first scenario (see Figure 4), the complete manufacturing process is simulated using two workers in a simple process. Worker one first recycles a full batch of tires before performing the mixing and individual molding operation of the parking stop rubber, a resin curing time of 120 minutes is allowed to be able to handle it safely, and quality inspection is carried out, and it finally ends up in the finished product warehouses.



In the second scenario (see Figure 5), the participation of four workers is considered, allowing the continuous operation of the process, and the use of a multiple matrix-type mold is also contemplated that allows the available raw material to be processed in small batches with a fluid speed at the workstations.



The simulation allows estimating processing times and operating costs for both cases only by modifying the number of workers and the fragmentation of small production batches in a 12-piece mold that has been designed to occupy the space of a standard pallet (1 × 1.2 m) that facilitates its manipulation.





3. Results


Figure 6 shows the results obtained from the surveys applied to the population of Tamaulipas on the use of private vehicles. The data indicate that 78.4% of those surveyed correspond to users who count automobiles as a means of transportation, 7.7% use motorcycles, only 2.4% have trucks or heavy trucks, and 11.5% of those surveyed responded that they do not have any vehicle.



Therefore, it can be mentioned that a considerable percentage of tires that will be out of use over some time will be of medium sizes that correspond to cars whose weight per tire is estimated between 7 and 9 kg. Other data indicate that the generation and accumulation of out-of-use tires are found in greater quantities in the north of the state in the order of 38.5%, this being the area with the largest population, having an extensive border with the USA, and where there is higher vehicular traffic. In the center and south of Tamaulipas, the accumulation of waste tires represents 32 and 29.5%, respectively, as can be seen in Figure 7.



In response to the question related to the frequency of the used tire change period, most people mentioned that they change their tires in 2 years or less, which represents 54% of the population. A total of 41% responded that they change used tires in a period between 3 and 4 years of use, and finally, a small part of the population mentioned that they do it every 4 years or more of use, see Figure 8. It should be noted that the surveys did not consider the kilometers traveled by vehicles after a tire change, which most manufacturers recommend changing when tire wear reaches its lower limit of useful life, which is approximately 50,000 km depending on the type of tire. Likewise, it is important to consider that in addition to the natural wear of the tires, punctures, damage from impacts, and tears cause a decrease in the life of the tires.



It is important to mention that of the sample surveyed, only 634 people had a vehicle to transport, generating about 700 out-of-use tires per year (~ one waste tire per person), and the number of people according to the economically active population (between 20 and 65 years) in the state of Tamaulipas is 2,324,561, while the number of vehicles circulating is 1,761,634; if this amount is multiplied by an average of 4 tires per vehicle and 8 kg per tire, the result is 56,372 tons of tire waste per year in Tamaulipas. Due to economic and population growth, Tamaulipas faces significant challenges in the management of used tires. Their disposal through appropriate methods and the use of technologies are priority issues. The generation of this type of project has a positive impact not only on the environment but also on the social sphere, improving the quality of life and economy of the region. In this sense, the results obtained demonstrate the economic potential of the management and recycling of used tires in Tamaulipas.



However, the management of collection, the process of shredding and grinding rubber, and its subsequent processing to transform it into commercial products are important challenges in the recycled rubber transformation industry. Therefore, they were considered in this research. For the collection stage, the study used the ArcGis® 3.10.1 software as a tool to define optimal routes for collecting used tires and focused on the first phase in tire sales businesses. It is important to mention that the tire collection stage is dynamic and requires adjustments to the model to obtain the greatest efficiency in tire collection. The analysis performed with ArcGis® 3.10.1 revealed the potential to determine optimal routes by minimizing distances traveled, reducing operating costs, and increasing the level of service through balanced routes that can effectively cover the businesses selected according to ArcGis® 3.10.1. Table 1 shows the location by coordinates and the volume of tires received on average per week in the selected companies in the study.



Subsequently, using the ArcGlobe 10.8 ® tool, the localization process was carried out using a satellite map of the company in the case study (blue point) and the tire sales businesses selected in the study (red points), see Figure 9.



After locating the businesses for the collection of used tires and using the rubber processing plant as a starting point, different analyses were carried out using the ArcGis® software to select the tire collection route that presented the greatest advantages in terms of travel times, collection capacity, and fuel consumption. The defined coordinates of the businesses selected in Table 1 were entered into the ArcGis® 3.10.1 software as input data, and within the interface, the variables of impedance, starting and ending points, the distribution of the network points for the route, vehicle characteristics, number of vehicles to be used, load capacity, and tire collection service areas were associated.



Figure 10 shows the results obtained using ArcGis® 3.10.1 for the collection routes for used tires from the selected companies in Ciudad Victoria, Tamaulipas, considering a study area of approximately 77 km2. For the selection of the routes, priority was given to minimizing travel distances and collection time, and reducing the costs related to tire transportation, for which it was proposed to use three collection routes: a heavy transport vehicle with a capacity of 1.5 Ton to collect 210 tires per trip, and a total of 2 trips per route/week would collect 5040 tires per month. The details and characteristics of each route are shown in Table 2.



In just 5 years, Tamaulipas increased its vehicle fleet from 1,225,196 to 1,761,634 (cars, vans, and heavy trucks). This represents a growth of 43.78%, and the trend shows an annual growth of 10%; considering an average of four tires per vehicle and a weight of 8 kg per tire, as well as a useful life period of 4 years per tire, there would be an accumulation per year of 39 thousand tons of out-of-use tires. In the case of Ciudad Victoria (location of the manufacturing company), the number of vehicles increased from 139,435 to 178,207 in the same period of time, which represents an increase of 27.80%. This represents a disposal of 4,461 tons of tires per year. By carrying out the tire collection proposal on the selected routes, more than 60 thousand waste tires can be collected, equivalent to 483 tons per year. This action would represent 10.82% of the collection of used tires in Ciudad Victoria and demonstrate the potential that the tire collection program has, both from an economic perspective and for contributing to reducing the environmental impact.



After collecting used tires, they will be transferred to a storage point within the company, and in the first stage, the process of crushing and separating rubber and other materials will be carried out. Rubber represents the main raw material used in the manufacture of products in the company.



To know an estimate of the production of granulated rubber, the specifications and technical sheets of different brands of crushing machines available on the market were considered, and according to the data consulted, it is possible to generate up to 2000 kg of granulated rubber in an approximate grinding time of 4 hours, these data being the reference value in the simulation scenarios. This has been the reference batch in the simulations, so 740 kg of binder have also been considered, generating a total of 625 finished pieces. For the first scenario, the manufacturing of the product with a manual procedure and two workers in the process, a total processing time of 112 hours was determined. Therefore, the resulting operating costs were USD 7.92 (see Table 3). In the second scenario, the production batch can be processed in a time of 22 hours with four workers for the process, obtaining an operation cost of USD 2.65 (see Table 4). Therefore, considering a manual production scheme with two workers, production costs are three times higher when compared to the scenario of using four workers in batch production. It is worth mentioning that for both simulation cases, the percentage of tasks for each worker has not been optimized, so in practice, their performance could be improved.




4. Discussion


Tamaulipas faces significant challenges related to the management of used tire waste that contributes to environmental pollution. The more than 56 thousand tons of tires per year that are deposited in landfills or illegal sites cause not only an environmental problem but also a social and public health problem that primarily affects developing economies. This amount and its negative effects will continue to increase due to population growth and the vehicular flow that is concentrated in the northern area of Tamaulipas due to its proximity to the United States of America. The final disposal of tires using efficient methods and technologies focused on rubber shredding, energy generation, material recovery, retreading, and recycling is a priority issue.



Developed economies such as the United States and the European Union recover between 75% and 92%, respectively, of tire rubber, applied in the recovery of energy for industrial use and materials for applications in civil engineering, manufacturing processes, and road repair [84,85,86]. Although Mexico does not present the same technological advancement and development as these countries, programs for the management of used tires and methods such as recycling that minimize the use of natural rubber for the benefit of future generations are being accepted in society and have a favorable impact on the economy of companies related to rubber processes in the country. In these challenges, the public government sector is involved with the implementation of regulations on the management of tire waste and the application of social programs for the benefit of the environment, society with participation in these programs, and the private sector with economic investment for the implementation of companies that contribute to the reduction in environmental pollution and economic growth.



In this sense, the study carried out for the implementation of a company for the manufacture of products based on recycled rubber arises through private investment, which guarantees the economic sustainability of the project. The feasibility study and financial justification involved aspects such as the number of used tires in the region; the logistics of the collection and transportation, the reception, classification, and storage of tires; and the production and marketing process. The study not only highlighted the challenges and areas of opportunity, such as the optimization of tire collection and the production and sales flow, but also demonstrated the economic potential in the management, recycling, and production of products based on used tires in Tamaulipas, Mexico. The expected benefits in the medium and long term with this type of project are economic growth through the creation of new companies and the increase in jobs, decreased costs of raw materials, reduction in environmental impact, and improvement in public health.



During the development of the project, some important challenges were identified such as (a) the initial investment by a consolidated private company in Tamaulipas, which expects sustainable economic growth; (b) knowledge of the rules and regulations for the treatment of these wastes in the environment; (c) logistics in tire collection, although the simulation using ArcGis® 3.10.1 presented the best option for collection routes, the variables at this stage are dynamic and adjustments must be made based on tire sales at tire shops; (d) marketing and sales, although there are 6,130 companies in Mexico dedicated to the trade in plastic, of which 77 are located in Tamaulipas [87], a small number is dedicated exclusively to the manufacture of products based on recycled rubber, therefore the level of production must be in accordance with the needs of the markets to be competitive at local and national levels; and (e) the manufacturing of products must reduce their impact on the environment, and this requires applying technologies that not only improve the applications and performance of the products, but also use production processes that are more environmentally responsible. In 2023, the international rubber trade and its manufacturing processes reached USD 13,495 million, where Tamaulipas ranked fifth nationwide with sales of USD 396 million, representing 8.35% [88]. This demonstrates an attractive market for this type of company; entering these requires not only manufacturing a good product, but also optimizing each stage in the process to be competitive in these markets.




5. Conclusions


In Tamaulipas, as in many parts of the world, pollution due to out-of-use tires is a serious environmental and public health problem. Currently, around 56,372 tons of waste tires are generated each year, and this trend continues to increase by an average of 10% due to economic development and vehicle growth. The problem of environmental pollution from out-of-use tires is a social responsibility. Currently, most of the government’s actions and management have focused on providing and adapting spaces for the collection of solid waste However, management in the collection and handling of tires in landfills is not sufficient due to the high percentage that is found in illegal sites, which is estimated to be over 60%. In this sense, in addition to implementing efficient strategies and establishing social programs for tire collection, actions must be established with companies that use rubber as raw material and develop technologies that improve their production processes to benefit the environment.



Therefore, the feasibility of implementing a company to manufacture "parking stops rubber" products based on recycled rubber represents an important market opportunity because it will not only generate jobs and economic growth, but will also reduce environmental pollution from out-of-use tires.



To determine the location and selection of strategic companies for the collection of used tires, the ArcGis® tool was first used to perform stratification based on monthly sales in tire stores. Additionally, the distances traveled, travel times, and transportation costs were considered. For the case study, 17 tire shops and 3 collection routes were considered. The simulations predict a collection capacity of 483 tons of tires per year, and although this value only represents 10% of the total waste tires, the consolidation of a company of this type is a starting point for the development of sustainable companies with economic and environmental benefits.



On the other hand, the simulations carried out in ProModel estimate that the mass production process of "parking stops rubber" using four workers is more efficient in terms of increasing production and reducing the cost per finished piece. However, this model will depend on the supply of raw materials, the demand for production, and the capacity of the equipment projected in the first stage. In addition, this proposal has been of interest to some businessmen in the state with whom efforts and agreements are being made to support matters related to the study of potential markets, technical analysis related to the acquisition of equipment and machines, and the process of production to make it a profitable company.



Therefore, as areas of opportunity, it is proposed to continue expanding this research and consolidate work teams with public institutions and the private sector in carrying out campaigns that promote the development of efficient methods and technologies in the collection, treatment, and production of products based on recycled rubber, in addition to promoting effective recycling programs in the community.
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Figure 1. Geographic location of the study zone. 
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Figure 2. Facility design and plant layout proposed. 
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Figure 3. Manufacturing process simulation scheme. 
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Figure 4. Simulation of the first scenario of the parking stop rubber production process considering 2 employees. 
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Figure 5. Simulation of the second scenario of the parking stop rubber production process considering 4 employees. 
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Figure 6. Distribution of used vehicle types in Tamaulipas. 
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Figure 7. Percentage of generation of out-of-use tires in the different areas studied. 
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Figure 8. Average time to change used tires. 
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Figure 9. ArcGIS map showing the rubber processing company (blue point), and the tire sales businesses and collection site (red points). 
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Figure 10. Optimal routes for the collection of used tires using ArcGis®. 
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Table 1. Geographic location of companies for the collection of used tires.
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	No.
	Latitude
	Longitude
	Zip Code
	Volume per Month





	1
	23.7714937
	−99.10897795
	87084
	345



	2
	23.75838008
	−99.14054089
	87025
	330



	3
	23.73799865
	−99.13060673
	87099
	290



	4
	23.75191317
	−99.13582153
	87020
	355



	5
	23.73630059
	−99.13655438
	87000
	265



	6
	23.73754865
	−99.14562349
	87000
	280



	7
	23.74148655
	−99.15123171
	87050
	280



	8
	23.73854219
	−99.13484738
	87058
	275



	9
	23.73851576
	−99.15384217
	87000
	315



	10
	23.73800776
	−99.13065426
	87092
	335



	11
	23.75828296
	−99.1405605
	87025
	280



	12
	23.72177642
	−99.16411794
	87070
	255



	13
	23.71989183
	−99.16504888
	87070
	320



	14
	23.73835656
	−99.13498066
	87090
	265



	15
	23.72165973
	−99.16399515
	87070
	285



	16
	23.73993653
	−99.13895657
	87050
	275



	17
	23.75773567
	−99.16493846
	87018
	290



	Total
	
	
	
	5040










 





Table 2. Details of proposed routes for tire collection.






Table 2. Details of proposed routes for tire collection.





	Route
	Distance Traveled (km) per Month
	Number of Tours

per Month
	Number of Tires

Collected
	Approximate

Weight (kg)





	1
	128
	8
	1320
	10,560



	2
	168
	8
	1750
	14,000



	3
	120
	8
	1970
	15,760



	Total
	416
	24
	5040
	40,320










 





Table 3. Simulation conditions in the first scenario.






Table 3. Simulation conditions in the first scenario.











	Resources
	Cost
	Programmed Hours
	Occupation





	Worker 1
	USD 30/h
	$ 112.33
	97.3%



	QC Inspector
	USD 35/h
	$ 112.33
	28.4%



	Tire shedder
	USD 111/h
	$ 112.33
	3.56%



	Binder
	USD 341 piece
	
	



	Total
	
	
	USD 4951.5










 





Table 4. Simulation conditions in the second scenario.






Table 4. Simulation conditions in the second scenario.











	Resources
	Cost
	Programmed Hours
	Occupation





	Shredder worker
	USD 30/h
	21.77
	19%



	Supplies worker
	USD 30/h
	21.77
	16.3%



	Mixing/molding worker
	USD 30/h
	21.77
	79.6%



	QC inspector
	USD 35/h
	21.77
	61.3%



	Tire shedder
	USD 111/h
	21.77
	18.4%



	Binder
	USD 343/piece
	
	



	Total
	
	
	USD 1657
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