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Abstract

:

Circular economy is an upward trending notion that has drawn worldwide attention of policymakers, industry administrators, environmentalist as well as academic researchers. Though there are several tools developed for monitoring the material recovery, a very few number of research have been conducted to integrate circular economy principles with end-of-life (EOL) management strategies. This paper proposes an EOL-driven circular economy framework for the management of materials flow so as to extend the lifetime of materials through improved durability as well as to provide more social, economic and environmental benefits through less material waste. A case study from the agricultural waste industry is presented in order to test the model and validate its performance. The results show that the proposed framework has a good potential for small and medium enterprises (SME) advances.






Keywords:


sustainability; circular economy; end-of-life management; agricultural waste management; materials recovery












1. Introduction


In September 2015, the United Nations formally announced 17 Sustainable Development Goals to transform the world. These goals indicated a holistic approach to achieve sustainable development in all areas by 2030. Since sustainability considers harmony between human beings and the natural world [1], it concentrates on how to keep balance between the needs of technological and economic development and the needs of protecting natural systems and remaining diverse [2]. It not only emphasises the environment protection, but also focuses on both economic and social development.



As to economic part, circular economy is an increasingly popular topic which has received a lot of attention [3] all over the world, since it provides an ideal opportunity to optimise production and promote consumption [4] in a sustainable way. Combining with creative design and new business models [5], circular economy is taking redefine products and services into consideration, while minimising the negative reliance of economic development on natural resources [6]. As a new way of changing the traditional linear economy model [7], which is simple for the process of take, make and dispose, the circular economy transits the conventional model into systematic thinking that induces restoration and regeneration [8] by designing out waste [9]. It is dedicated to achieving sustainable development [10] and building environmental protection, social inclusion and economic impacts [11]. Moreover, scholars have defined a few number of key essentials of circular economy [12] which provide a clear association with the concept [13]. To summarise, circular economy is based on a service-level which regards energy as the basic element, it should be shared with and reach to a high value by proper asset management, it requires a deep understanding of the customer’s needs, especially hidden needs, so that it brings the capital of the company to service level agreement. In other words, circular economy is all about ecology of things and emphasises the power of design, it highlights the value of cooperation and creates both effective and efficient utilisation of ecosystem, economic and product cycles by closing loops for all the related resource flows [14].



In global contexts, several leading countries pave the way to make a difference in distinctive ways. In United Kingdom, Ellen MacArthur Foundation (EMF) has long been an icon which influenced policy level in business circles [15]. In China, the Standing Committee of the National People’s Congress has passed the Circular Economy Promotion Law [16] in 2008, which marked that the country was ready to develop circular economy according to laws. In European Union, a target for recycling 75% of packaging waste by 2030 [17] is taken into action. This target will not only reduce the waste but also will protect the environment, specifically in Nordic countries, with the aim of inspiring the most valuable insight to the dynamics of circularity and the impacts on climate, environment and social economy [18]. In North America, Canada announced the key strategies of implementing circular economy including product life extension, circular supply chains and sharing platforms and services [19].



As to the real-world business whilst applying the circular economy model, there are global pioneers using cutting-edge technologies to achieve more benefits. For instance, Unilever has committed to improve design [20] so that all of its plastic packaging will be reusable, compostable or recyclable by 2025 [21]. Nestle [22] also has set a vision to make its packaging 100% recyclable or reusable by the year of 2025. Mid-UK Recycling [23] developed a technology to separate the synthetic fibres in carpets, which filled the gap for waste that would otherwise be buried in the landfill [24]. McKinsey & Company [25] has published a number of high quality papers, providing extraordinary insights from the EMF and World Economic Forum (WEF). Philips [26] put forward its unique Diamond Select program to provide pre-owned, refurbished health-care products such as magnetic resonance imaging (MRI) scanners, which marked the great progress in medical imaging instead of computed tomography (CT).



There are a lot of tools and strategies of circular economy implementation, which cover all parts of the value chain [27]. To start from materials sourcing to design, tools including life cycle assessment, design for recycling, eco-design can be applied; from manufacturing to distribution and sales, tools including energy efficiency, reproducible and adaptable manufacturing, optimised packaging design can be considered; from consumption and use to collection and disposal, tools including eco-labelling, sharing, extended producer responsibility, take-back and trade-in systems can be used; from recycling and recovery to remanufacturing, tools including down cycling, energy recovery, up cycling, upgrading, maintenance and repair, and bio-based materials can be taken into account. On the other hand, the 3-R’s (reduce, reuse and recycle) [28] is the basic strategy within EOL management [29], for example, the fashion brand H&M has started a project that blends around 20% of recycled fibres into new yarns to turn old clothes into new garments. There are several methods that can be used to support decision-making for product EOL strategy in different scenarios. For example, for the materials having low technological obsolescence but high inherent value, the remanufacturing, reconditioning or refurbishing would be a suitable strategy. In Renault’s Choisy-le-Roi plant in Paris, the remanufacturing of gearboxes and engines accounts for about 75% and 38% of the used parts respectively. For those organic or certified compostable type of materials, composting may be the most suitable strategy. Deming circle, or plan-do-check-act (PDCA), is an ideal method used for business control and product improvement. The traffic light framework was proposed in the application of healthcare industry as an indicator to show different patients’ needs and conditions. In the application of supply chain management, an advanced repair-to-order and disassembly-to-order model was put forward to handle products which are embedded with sensors and monitoring devices [30].



By referring to relevant literature, there are a range of tools and principles of circular economy and relevant business models contributing to EOL management strategies in different contexts, such as modular building [31] and circular building [32], food waste management [33], ship recycling [34], waste tire [35], electronic waste [36], etc. However, a very few number of research have been conducted to integrate circular economy principles with EOL management strategies. Thus, this paper proposes an EOL-driven circular economy framework for the management of materials flow so as to extend the lifetime of materials through improved durability as well as to provide more social, economic and environmental benefits through less material waste. A case study from the agricultural waste industry is presented in order to test the model and validate its performance.




2. Methods


Circular economy has received major considerations among academic researchers. Weetman [37] developed the principles of circular economy into four concepts: circular economy design, new innovative business models, reverse cycles, and enablers and favourable system conditions. To make it specifically, circular economy design aims to design for easy EOL management of products and focuses on material selection and standardised components; new innovative business models appeal major companies to use their scale and vertical integration to drive and inspire circularity into the public’s attentions; reverse cycles provide holistic systems for EOL products to support the business case for circular design, from logistics to storage, from sorting to treatment, from new materials to the industrial production; enablers and favourable system conditions refers to reusing materials and the productivity of higher resources, including governmental policymakers, higher educational institutions, specialists in related fields, etc. Thus, to pay more attention on reusing and recycling of the existing products and materials.



The model was complemented with the strategy of Deming’s circle as represented in plan, do, check and act, to build a bottom up approach as illustrated in Figure 1. For the purpose of covering the gap in extending the life of materials, we put principles into practices to achieve several milestones, create the closed loops through materials flow combing with circular economy principles and EOL management strategies.



Our proposed model in Figure 2 consists of five building blocks, each of them representing one phase of processing the materials flow. This begins from understanding the industrial ecology and is followed by waste characterisation, identifying materials flow scenarios for circularity, material prototyping for validation, and last but not least, proof of concept. These steps are explained in detail in the following sections.



2.1. Industrial Ecology


The notion of industrial ecology was put forward in the late 1980s [38] for the first time. It originates from natural ecosystems, aiming to transfer it from a linear to a closed loop system [39]. The central tenet of industrial ecology is to fully understand the circulation of materials and energy flow [40]. Basically, it refers to preserved materials and energy ‘embedded’ in a product with the aids of other processes, which could help industries gain better understanding of how to use key resources and manage a product throughout its life-cycle. Industrial ecology aims to change the usage of resource from the beginning to the end of the life-cycle and will contribute to achieving and maintaining sustainability [41,42].



Figure 3 represents the process of conducting industrial ecology study in our proposed model for EOI-driven circular economy. The process begins with defining what sustainability is and then analysing the current situations of implementing sustainability in leading countries as a way of focusing on the whole world and seeing the big picture. After having a better understanding of the global context, a specific region needs to be positioned as the targeted orientation to concentrate on. By looking for whether the government and policymakers are in favour of sustainable development and make every effort to develop circular economy, the next step should be to find the suitable industry and identify enough waste which is craving for transforming its business model by changing the way they do as usual. In terms of documentation, depending on the amount of wastes that the industry may produce every year, a decision can be made on whether the industry is deserved to deal with or go back to the starting point to keep an eye on other industries who produce significant waste.



To make a move to the next step, two actions need to be taken at the same time. On the one hand, according to the industry selected, seeking for local resources is both economical and beneficial than exporting materials and processing manufacturing in other countries. This will not only make the most use of its rich resources, save more time on logistics and transportation, but also will provide more job opportunities for their citizens and promote the strong sense of national pride. On the other hand, as the three pillars of sustainability refer to environmental, social and economic [43] aspects, finding out the weaknesses in each aspect of the positioning industry is necessary before we put forward the hypothesis and continue the research.



The environmental sustainability requires to establish the harmonious systemic conditions that human activities should not disturb natural cycles in any regional level on the planet. At the same time, contemporaries should not use up all the natural resources only in their lives, and future generations should have equal rights to access the same environmental space and natural capital as we have [44]. With respect to social sustainability, though it usually gained the least consideration [45] when carrying out sustainable solutions in previous years, it has received an increasing attention recently [46]. The social sustainability focuses on creating a healthy and innovative liveable space for society transformations [47], which not only offers a good quality life conditions but also has an equitable, connected and diverse living environment. From the business point of view, social sustainability refers to understanding the effects of corporations on consumers, people and the society. Enterprises should take the responsibility of progressing social sustainability to some extent [48]. While considering the economic sustainability, we should define the goals of a successful business which are not only to achieve maximum profit and satisfy shareholders benefits [49] but also to make a positive impact on educational and ethical [50] levels when planning firm development strategies.



After gaining access to local resources and analysing characteristics of sustainability, it is the time to choose relevant application sector, identify the manufacturing process and propose hypothesis, and lastly, to prepare for the next phase.




2.2. Waste Characterisation


Moving forward to the second phase, Figure 4 represents the process of conducting waste characterisation. Before synthesising any properties from the waste materials, it is necessary to carry out relevant pre-treatment of the waste. Pre-treatment refers to choosing the most appropriate chemical compounds, which are prepared for the following phsico-chemical procedures [51]. To this extent, it means that waste must change its characteristics during the process of treatment. The importance of waste pre-treatment is significant, as it contributes to decreasing the volume of the waste, reducing the hazardous nature, helping to recovery, or enhancing further handling.



In general, before carrying out the waste pre-treatment, a set of work needs to be carried out. These include collection of the waste from areas, transporting them to specific place, doing proper basic cleaning and then preparing for waste characterisation. There are a few number of methods for implementing pre-treatment in various types of waste, some of them may be based on different regional conditions. For most of the cosmetic waste, thermal treatment [52] is the common method, which is in full operation at industrial scale, since it has the extraordinary capability of removing pathogenic substances and reducing digestate viscosity [53]. As to disposal of food waste in China, anaerobic digestion [54] is the curtail and economical treatment which is used in more than 70% [55] of the demonstration projects to increase the rates of methane yield via anaerobic digestion [56]. With regard to green waste, a successful experimental research has been conducted in Thailand that used alkaline pre-treatment methods to manage municipal solid waste and enhance the decomposition during the composting process [57].



Regarding the waste characterisation, it contains both physical and chemical parts. The physical properties refer to the size, geometry and the natural structure of the waste. The chemical properties represent the chemical composition of the waste. The results should be analysed after the pre-treatment work in order to identify the candidate pre-treatment. As for phase 2, successful waste characterisation will contribute to effective ongoing monitoring of waste via screening life cycle analysis (LCA) method, since the candidate pre-treatment will help to assess the quantity and quality of the waste.




2.3. Waste Matrix Evaluation


The third phase Figure 5 is the process of waste matrix evaluation. After characterising the waste material, it is necessary to refine the targeted sector and identify the potential matrix. In terms of the potential matrix, it refers to the component of the product, consisting of waste plus matrix, such as polyethylene terephthalate (PET), polypropylene (PP) and polylactic acid (PLA). After the potential matrix is confirmed, a new material is ready to be prototyped and a formal material safety data sheet (MSDS) can be generated. Regarding MSDS, it should contain several key information [58], including how to identify the substance, what the composition of the physical and chemical properties are, if there are any potential hazards, how to conduct with it safely, if there are relevant first-aid measures, how to store and dispose it, etc. A successful generation of MSDS will lead to creating a circular economy business model. According to Walter R. Stahel, circular economy business models fall into two groups. One is to foster reuse, extend service life by repair, remanufacture, upgrades and retrofits. The other is to turn old goods into new resources through recycling materials [59]. Circular business models in the current value chain could be grouped into circular design, circular use and circular recovery [60]. The three basic principles which were put forward by EMF [61] included using renewable resources and increasing natural capital; designing and optimizing materials for circular use; and improving the effectiveness of the whole system and decreasing the negative effects [62] including faster cycling with less energy, cycling for longer, cascaded usage and pure regenerative cycles.



Analysing the key properties of the potential matrix will help to enhance testing work and decisions, and also search the existing standards for the matrix. In order to choose the best material from the industrial ecology perspective and certify it with relevant standards, such as ISO standards, it is necessary to ensure that the material is both compatible and interoperable. After all preparation tasks are complemented, it will move to an important step to set the ratios for the potential matrix. In this step, a Benefit Cost Ratio (BCR) analysis can be conducted to measure whether the waste ratio is considered worthwhile or not [63]. In this context, the value of BCR should consider both financial and environmental aspects. If the value of BCR is greater than 1, it means the ratio sounds reasonable and is worth of recycling; if the value of BCR equals 1, it represents that the expected profit of recycling equals the costs; and if the value of BCR is less than 1, it may not be taken into consideration for recycling as the costs outweigh the benefits. If the value of BCR is not reasonable after evaluation, in this case, it should go back to re-identify the waste matrix.



The next step is to test the waste ratios in the laboratory so as to evaluate whether the matrix is compatible or not. After confirming the waste matrix compatibility, a relevant circular economy business model could be applied. A circular economy business model drives for innovation [64] and indicates the way how a company is running the business [65]. Figure 6 shows a framework for a circular economy business model [66], which provides a holistic overview from preparation to the end of evaluation, so that to help companies understand certain challenges in advance. However, there is no absolutely right business model for every companies, so administrators should be flexible when choosing or developing any business model for real application and transform the concept into an effective and practical way.



After proposing the circular economy business model, it is necessary to conduct an intermediate LCA. As for the LCA method, most of the studies follow a bottom-up approach [67]. Chapagain and James used LCA to analyse the carbon footprint of various kinds of household food waste in the UK to provide recommendations for regional administrators to make related policies [68]. Sanchez and her colleagues conducted a research on food waste management in Denmark by using life-cycle costing method combined with LCA, and demonstrated the waste strategies for food industry [69]. Venkat calculated the emission of greenhouse gas and analysed its economic impact on food waste by applying LCA method, which added value to an ongoing sustainable development in the United States [70]. Matsuda carried out an analysis of household waste in Japan within specific scenarios by using LCA, reaching to the result that separate collection contributes to prevention of food waste and reduction in the emission of greenhouse gases [71].




2.4. Material Prototyping for Validation as Raw Materials


After finishing the process of an intermediate LCA, we move forward to the fourth phase. Figure 7 shows the process for a new composite material prototyping. Before carrying out in the laboratory, the first task is to prepare enough pre-treated waste. In terms of the new composite material prototyping, it is a process of testing new composite material properties of the chosen pre-treated waste using the modern technology. A good result of prototyping will promote the following work to go smoothly.



When determining the new composite material prototyping, a few factors need to be considered in advance. These factors include the total costs of budget for prototyping, any certified standards that operators can follow, the clear understanding of the material properties, such as, what the stress is, how the elasticity is, if it is resistant for heat, moisture and impact, etc. After testing the material prototype, it is necessary to assess the materials degradation because of the continuous change of materials on different occasions. In terms of degradation, it refers to the loss of some properties of materials [72] during the interaction and exposure to environmental conditions, such as molecular changes, corrosion, stress cracking, etc.



To this extend, the EOL management method called Fuzzy Intelligent Traffic Signal (FITS) tool is applied [73] in this study to examine whether the material ratio is conformed to the standards of sustainability or not.



The proposed FITS approach originated from managing system control [74], which offers an economic, quick and direct approach to know about the system’s condition. In this context, if the signal turns on red, it means the material ratio is not good enough for recycling and thus it is better to dispose it; if the signal turns on yellow, it shows the condition is in the middle and the decision for recycling depends on other factors; and if the signal turns on green, it represents that the material ratio is perfect for recycling. If the assessment fails to meet the FITS conditions, and a defect is found in the materials ratio, then it should go back to the new composite material ratio prototyping to decide it again. When receiving the good result from the similar material comparison, an approach to measuring circularity is upcoming. The material circularity indicator (MCI) is responsible for measuring how restorative the material is that flows on a product level. EMF defined a value between 0 and 1 [75] for MCI which represents that the higher score it achieved, the more values it indicates to the circularity. A few inputs can be used to calculate the MCI according to EMF, such as the percentage of the virgin materials, reused component and recycled materials within a product during the process of production; the life time of utility, which refers to the total usage period of the product when compared with similar industry product; the destination after use, which means when the product life cycle is coming to the end, where is the product going, whether it goes to landfill, energy recovery or go for recycling and reuse; the efficiency of recycling, which regards to evaluate the efficiency of recycle materials after use and the efficiency of the process during recycling. A higher MCI will contribute to future decision-making, so at the end of the phase 4, is the task of final LCA. Since there are four steps of operating LCA based on certified standards [76]: (1) define the goal and scope; (2) analyse the inventory over the whole life cycle of the system [77]; (3) assess the impact based on various models; (4) interpretation. The final LCA task in this context equals the interpretation step, which refers to summarise a basis for conclusions or recommendations with respect to fulfil the objections and pave the way for the last phase.




2.5. Proof of Concept


The last phase Figure 8 is the New Composite Material Proof of Concept. After implementing the material prototyping and final LCA, it will begin to build the ASTM Lab-scale Prototyping, to produce the product with the new material which was identified, then to pave the way for the next step, to do the new composite characterisation. Based on the results of the characterisation, a new composite material data sheet could be generated. If it is not qualified for sustainable development, in this case, it should go back and re-consider sustainability in the process of prototyping again. When they get the approval from the stakeholder, it implies that the process of new composite materials life extension is completed, and both the operation and implementation are successful from the beginning till now. Last but not least, during the whole model, it is an interdisciplinary combination which involves a variety fields of knowledge, so before coming to an end, hearing feedback from different participants would be very helpful to realise the defects and limitations, and also would benefit to future research.





3. Preliminary Application


3.1. Global Context of Sustainability


Looking around the world, New Zealand is a green leader that both sets a great example and has a strong impact on other countries which are on a similar path [78], since the country conducted a successful sustainable reform including substituting renewable resources with non-renewable resources when they are feasible, controlling emissions into the atmosphere, regenerating natural capital to remain health, infiltrating virtuous human–earth relationship into education, government, business and public systems, setting strict import criteria and refusing unsustainable practices offshore, etc. In addition, Scandinavian countries including Sweden, Denmark, Norway and Finland are always at the top of the world in leading the trend of sustainable development goals [79]. A number of effective measures were carried out in Nordic region and every effort was made to reach perfection. For example, shifting energy systems to low-carbon primary energy, designing more flexible and multifunctional buildings which could last longer, supporting young people to shoulder the responsibility to redefine consumer behaviours, transferring knowledge to come up with new circular solutions, offering opportunities to small stakeholders and small or medium-sized firms, etc. These actions are worth recommending to other countries who have the same high level of economic development. Moreover, according to the global report of Sustainable Development Goals Index [80], every country is facing challenge in achieving sustainability, however, in general summarisation, wealthier countries performed better than poor countries, and developed countries done well when compared with developing countries on average. It is no doubt that in order to fulfil sustainable development goals in every region of the world, those successful countries which are leading the way in sustainability may serve as a good example of positive incentives. At the same time, other countries may follow the principle of circular economy with national characteristics according to local conditions.




3.2. Agricultural Waste


In global platform, agriculture accounts for a huge percentage of environmental impact which is mainly reflected in the following field: it occupies 37% of the land on the earth; produces about 25% of greenhouse gas and utilises 70% of fresh water from lakes and rivers according to the survey of agriculture’s share of global environmental impact in 2010 [81]. These realistic figures predict an enormous challenge that the conflict between agricultural production and environment protection will rise year after year. The modern systems of agricultural waste management are usually considered as energy, resources and environment impacts; however, the environmental assessment of agricultural waste has long been regarded as a challenge since the supply chain is from around the world and the existing evaluation tools are limited. The road to circular economy and sustainable development needs everyone to make a change.




3.3. Case Study


3.3.1. Case Selection


In the year of 2019, the Mexican Ministry of the Environment and Natural Resources published a report [82], clearly stated that the world population is projected to reach to 9 billion by 2050, that will bring a huge burden to earth [83]. In terms of Mexico, with the growing population, there will be more production, more consumption and more CO2 footprint. Moreover, Mexican generates more than 44 million tons of waste per year. In order to satisfy the supply balance of the natural resources, the Mexican government should take certain actions to commit to promote sustainable development with a long-term perspective. Since Mexico is an extraordinary modernised agricultural country with rich natural resources and abundant raw materials, thus the background of this paper was positioned in agriculture industry. On average, a range of agricultural waste is produced in Mexico per year. For example, more than 1 million tons of waste of agave bagasse left [84] after using the agave cooked-head to produce the national beverages such as Tequila and Mezcal; the amount of annual consumption of avocado is more than 780,000 tons in restaurants, hotels and school, but the waste percentage is reaching 40% [85].




3.3.2. Case Analysis


According to the survey, the annual estimates of bagasse production have regularly exceeded 300,000 t [86]. Following the sequences of the model of materials life extension, after identifying that there are enough agave bagasse wastes in Mexico, a documentation of the waste is the next step. Then for the next two tasks which can be conducted in parallel, on the one hand, concerning with the local resources and manufacturing, agave is a succulent plant which can be classified into 140 species [87], they are suitable for semi-arid or arid environmental conditions [88]. On the other hand, to analyse the sustainability pillars in three aspects. In terms of the environmental aspect, since a huge number of tequila were made every year in Mexico, numerous wastes were left after cooking the stems and extracting sugar to make Tequila, they could potentially be a burden to the environment if they continue to be consumed without finding a better solution to the existing environmental problems; as to the social aspect, all certified tequila companies listed on the website of CRT [89] could take an active part in undertaking corporate social responsibilities so as to provide a better living environment for Mexicans; when concerned with the economic aspect, the traditional way of handling bagasse is to use them for animal feeding [90] or composting among others [91], however, due to the large amount of bagasse produced and left every year, an alternative way of making the most use of the bagasse is to seek an alternative solution, for instance, to create a new composite material conformed with the principles of circular economy. Thus, based on these facts, we may propose the hypothesis that, are there any possibilities we could take full advantages of using agave bagasse? In other words, to transform the wastes into a new composite material, turn the new composite material into real world usage.




3.3.3. Case Application


After choosing the agave waste as the target and analysing the situation of industrial ecology in Mexico, the next step is to carry out the pre-treatment. Firstly, the waste of the agave stems should be collected, transported to designated area and washed with clean water. The next step is to carry out the pre-treatment. The oven conditions are set manually at a temperature of 60 °C for 24 h to carry out the drying process [92] and then a machine is used to separate them into fractions [93]. Then the processed waste of the stems is called agave bagasse (Figure 9).



Evaluation of waste pre-treatment was conducted by environmental scanning electron microscopy and energy disperse X-ray analysis. Looking from the appearance, its colour is light brown [94]. Through the experiments it was found that bagasse contains bundles of natural fibres, and its physical and chemical properties could be understood. After the bagasse characterisation, waste pre-treatment process was carried out. Since the processed agave bagasse consists of abundant heterogeneous fibres, our study focused on analysing those fibres. The parameters of the fibres vary from 23 cm to 52 cm in length and from 0.6 mm to 13 mm in width. Moreover, the ultimate fibre in bagasse is 1.6 mm long and 25 μm wide on average [95]. Research was conducted at the Cranfield University. The fibres from bagasse were mixed with biodegradable polymer(s) in the laboratory to generate a new composite material which will suit the Mexican context. By referring to ISO standard 14855-2 [96], PLA is an ideal choice for the mixture because of its biodegradability, hydro-degradability and bio-renewability properties [97]. Moreover, the method of sample preparation for bit-degradation test followed the standard of ISO 10210 [98]. Moreover, to make every effort to meet the requirements of circular economy for new materials, design and production strictly conform to the rules. Through several experiments, the final matrix ratios were finalised using 40% of bagasse waste mixed with 60% PLA. It takes the relationship between the cost and mechanical properties into account, and cost is less when using more waste, while the properties were not different from the material when less waste was used. According to the experiment results conducted by Cranfield University, it is feasible to generate new composite material by making the most of the agave bagasse fibres, specifically, a higher fibre load content could be achieved by using alkali-treated fibres [92] and it could be manufactured by PLA-based green composites [93]. More technical details of the experiment results could be found in reference [92] and [93]. Hence, based on the experiment results, which shows a positive relation between the new material generation and recycling, as well as conform to the principles of sustainability, the BCR could be considered greater than one. To this extend, the new composite material was generated successfully. Then LCA is screened to assess the impact. Then the targeted sector and packaging industry are refined, and the potential matrix is identified. The samples of agave bagasse and PLA should be prepared first. In order to test the water absorption properties of the new composite material, a comparison experiment was conducted. Two samples of 10 cm × 0.8 cm × 0.5 cm material prototypes were used. The sample one was placed in water for 60 days, and sample two was just left at room conditions. After 60 days, the sample one which was immersed in water changed colour, and became darker compared to sample two, and sample two had air bubbles around bagasse fibres but the colour did not change.



Next, an enzymatic degradation experiment was conducted by choosing 1 g of ground sample and immersing them in 30 mL of deionised water at a temperature of 37 °C for 24 h. The sample showed a similar rate of degradation as the composite’s. By assessing this result with the EOL management tool FITS, the green light should be turned on, which means, the material is a competitive eco-friendly one and is confirmed for recycling. By comparing this new material with other similar materials which are already being use, it will pave the way to evaluate the circularity indicator. When it comes to evaluating the circularity of this new material, four aspects should be considered (1) during the process of new material generation, 40% of waste bagasse were used as a strong input; (2) the life cycle for this material can be used for a very long time and the business models which put forward conformed to the principles of circular economy and met the requirement of sustainability; (3) the new material has the potential to be used for automobile industry and go for recycling or reuse; (4) the process of the recycling will be an efficient way.






4. Discussions


4.1. Discussion of the Key Issues Associated with Designing and Developing the Model of Materials Life Extension


Circular economy is an up-rising concept which was first put forward in the 1970s [99]. Nowadays, it has received more and more attention and rapid developments. Scholars may have various definitions about circular economy; however, a common value is shared to keep resources in productive use for a long time at their highest quality [100]. It should be accomplished by product design for sustainability to make it easy to repair and recycle. Moreover, it dedicates to building an efficient economic system that makes the most use of the products and services at every stage of its life cycle, which could improve the wellbeing of the whole society [101], promote the economic development, as well as protect the environment. EOL management is an increasingly important context in manufacturing [102]. Applying EOL strategies for industry products will benefit the whole process of managing operations, reduce the waste of energy, resources and materials as well as address market needs [103]. Integrating circular economy principles with EOL management tools which is aiming at designing the closed loops for extending the material’s life shows that the interdisciplinary combination is feasible and practical. From the materials perspective, former researchers have developed tools and frameworks that enable designing with more sustainable material choices, including the SPICE [104] and the MAT to models [105], as well as the framework for material change [106]. However, previous research were mainly based on existing materials and no new materials were developed. Moreover, they did not address the by-product reuse. Up to date, from the industrial ecology perspective, there is no general applicable framework to outline the steps to implement materials life extension for a specific industry sector to follow. So, this study finds the existing gap, design and develop the framework and provide novelty in this field. Thus, following the principles of circular economy, a model for materials’ life extension was proposed to convert waste material to useful raw material without changing its inherent properties of the recycled material. This framework is an empirical proposal built upon the materials development and performance evaluation of the authors expertise. The sequence of these five blocks has been interactively developed and evaluated through multiple interdisciplinary research projects carried out at Cranfield University since 2013. By focusing on agricultural waste industry, we choose the proper wastes agave bagasse as the case study. It suggested a whole systematic thinking for accelerating the transition from liner economy to circular economy. Meanwhile, relevant EOL management strategies have been applied to evaluate the model of the materials’ life extension at several key steps. During the implementation of the model, it demonstrated a clear need for collaboration across different fields including materials, design, waste management, quality control, manufacturing, supply chain, marketing and economy. The logic of designing the model of materials’ life extension was based on a bottom-up approach. This approach focused on agricultural waste industry fundamentals and provided a step-by-step guide from materials characterisation to assessment of physical and chemical properties of the waste, and waste matrix evaluation. Through different tests, the final matrix ratios were finalised to 40% of fibres with 60% of PLA, which satisfy the requirements by evaluating the BCR for every EOL management strategy. Based on this, the circular economy business model could be put forward and new composite material prototyping is ready to be carried out. The evaluation of EOL management tool with FITS, it conforms to recycling and remains at a good level of material circularity.



The results provided various insights to industrial system [107] and proposed cases and strategies for improving it. Hence, the first phase of implementing the model starts with industrial ecology, which is the very strong part of designing such a model. This phase aims to seek alternatives to decrease the negative impacts of industrial systems on the environment [108] and for achieving the ultimate purpose of optimising the whole system [109] by transforming waste into raw material. In the first phase, region and industry were positioned, types of wastes were identified, aspects of sustainability pillars were analysed and hypothesis was put forward. In order to find the useful materials in the waste, we moved to the second phase that is waste characterisation. By analysing the physical and chemical properties of the waste, key components within the waste were founded and they were used for new material generation. So, the third phase moves to waste matrix evaluation. By applying BCR analysis to different EOL management strategies, the waste/matrix ratio was confirmed to meet the requirement of sustainability, new composite material was generated and a circular economy business model was proposed. In order to validate the new composite material, it arrives to the fourth phase that is new composite material prototyping. Using the EOL management tool of FITS, the green light is turned on, leading to feasible material circularity indicator and final LCA.



The design and development of this model of materials’ life extension are characterised by the principle of circular economy with EOL management strategies. It represents the principles used in this paper including combined circular economy concepts with EOL management strategies. Future researchers are recommended to verify this material model in other contexts while applying it.




4.2. Limitation


The work could benefit if LCA is continued to be implemented by future researchers since LCA is supported by ISO standards and is a widely used methodology in waste management to decrease the harmfulness on ecology [110]. Moreover, future researchers are highly recommended to identify the real numbers of BCR to enforce it while conforming with the circular economy principles and using EOL management tools proposed in this paper.





5. Conclusions


This paper aimed at designing an integrated circular economy model with EOL management strategies for keeping materials in use while providing an impact to sustainable development. During the design, development and application of the model, several objectives were met, including the analysis of the global context of sustainability to reduce waste, adopting the principles of circular economy with a bottom-up approach, by following Deming’s circle of PDCA, combing with FITS, BCR and LCA. A business case study was proposed and validated so as to prove it practicability. Several findings were demonstrated in a phase-by-phase fashion.



Phase 1: The context was set in Mexico, while focusing on agricultural waste. Since a huge number of bagasse waste would cause environmental issues, a hypothesis was put forward that whether we can transform bagasse waste into a new composite material and apply it for industrial use. Thus, to evaluate this research hypothesis, the following phases were carried out.



Phase 2: After choosing the targeted wastes, we collect and transport them to a specific location and do some basic cleaning, and then characterise them. In this phase, the key step is to conduct waste characterisation and define the physical and chemical properties of the waste. Through the environmental scanning, electron microscope and energy disperse X-ray, relevant waste properties can be sought and analysed, so that it will contribute to effective ongoing monitoring of materials via LCA in later steps.



Phase 3: In this phase, we evaluate the waste matrix and identify the material circularity indicator by testing the waste/matrix ratios. Though bio-degradation test which followed the standard ISO 10210, final matrix ratios were finalised using 40% of waste mixed with 60% PLA. By applying BCR analysis to evaluate EOL management strategies, a value of greater than 1 signifies a good notion of recycling. Based on this, MSDS can be generated to give instructions for making use of the new composite material in a correct and safe way. Considering the pillars of sustainability, relevant circular economy business model should take economic, social and environmental aspects into account.



Phase 4: New composite material prototyping was made by using extrusion process. A comparison experiment of placing two prototype samples in different environmental conditions was conducted. This was followed by an enzymatic degradation experiment to indicate similar rate of degradation in composite materials. While applying the FITS tool, the green light is turned on to show that the new material is conformed with sustainability. In terms of the new material generation, 40% of the waste bagasse were used as a strong input. Therefore, this new composite material can be used in real world business cases and eventually to be recycled and reused, which contribute to circular economy and sustainable development.



In conclusion, the final results and the case study demonstrated that the interdisciplinary research between circular economy principles and EOL management strategies is feasible and practical.
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Figure 1. A bottom up approach for EOL-driven circular economy of materials. 






Figure 1. A bottom up approach for EOL-driven circular economy of materials.



[image: Sustainability 14 04244 g001]







[image: Sustainability 14 04244 g002 550] 





Figure 2. A model of materials life extension. 
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Figure 3. The process of conducting an industrial ecology study. 
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Figure 4. The process of conducting waste characterisation. 
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Figure 5. The process of waste matrix evaluation. 
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Figure 6. The framework for a circular economy business model [66]. 
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Figure 7. The process of material prototyping for validation as raw materials. 
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Figure 8. New composite material proof of concept. 
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Figure 9. (a) Example of as-received agave bagasse waste for laboratory scale experiments. (b) Example of the preliminary resulted material prototype agave fibres and PLA. 
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