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This paper is a systematic review of studies that used multicriteria decision analysis (MCDA) to address plastic waste management. A literature search for scientific articles in online databases (Web of Science and Scopus) enabled us to identify 20 relevant papers from 2008 to 2021, spanning case studies in three continents. These studies focus on: plastics as a resource (material), plastics as a product (reverse logistics), and plastics as a problem (pollution). Content analysis methodology was used, with the focus being on how the authors used MCDA for managing plastic waste, which has relevance for researchers and practitioners. Alternative solutions were found for the selection of disposal methods for almost all types of plastic categorized in this review. The most popular method was AHP, followed by TOPSIS, outranking methods, MAUT/MAVT and simple weighted sums, with some studies including more than one method. The choice of criteria spanned operational (mostly), but also environmental and economic aspects to evaluate the alternatives. Less frequently, one finds criteria related to social, managerial, and political aspects. The weighting of the criteria was performed mainly by consulting experts, followed by decision makers. Representatives of the affected population or other stakeholders have been consulted only on a few occasions. The authors of the studies consider their application of MCDA was successful, highlighting mainly the importance of being able to encompass different dimensions in the evaluation of the alternatives and the transparency of the process. In most cases, a winning alternative emerged clearly, which sometimes was a combination of multiple strategies. We also report other recommendations of these authors concerning marine and terrestrial plastic waste management.
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INTRODUCTION

The invention of plastic as a material dates back to 1909. It has improved the comfort, quality, and safety of our societies. As the world population increased and new technological developments gave rise to a very extensive use of commercial and industrial plastic-based materials, these resources became essential in the various different supply chains of many goods. However, the effects of these plastics have relatively recently turned out to be considered a major concern to sustainable development. More and more activities are focused on the life-cycle of plastics and on design innovation for end-of-life actions, to reduce the environmental impact of plastic pollution.

When a plastic component or plastic based good no longer works within the specified parameters which it has been designed for, it has reached its end-of-life. At this point it frequently becomes waste. Increasingly often, it turns out to be considered a valuable resource. However, there are still end-of-life options just using landfills for its disposal. Around the world, a huge number of plastic objects are abandoned or rejected without any concern about the consequences for the environment. Sources of plastic waste are multiple: sanitation and sewage, electrical components, automotive and air industries, commercial fishing activities, tourism, health care systems, construction, agriculture, and packaging, among many others. Terrestrial and marine settings are being impacted and aquatic wildlife and ecosystems (both freshwater and marine) are being radically harmed.

Chrissley et al. (2017) found that 80% of the eight billion kilograms of human generated debris reaching the oceans in 2010 (growing exponentially by 10% each year) consisted of plastic. Many activities, such as marine transportation and fishing industries, are suffering extensive damage. Plastics take a long time to decompose, and they become persistent pollution (see Besseling et al., 2017; Lebreton et al., 2017; Thiel et al., 2018).

Therefore life-cycle, particularly end-of-life plastics management actions are a growing priority and key political issue. From fundamental research to the integration of knowledge sourced from different areas, to industry, consumer behaviors and the public, regulatory, and business worlds, this must be a collective will.

The European Union defined a waste hierarchy that shall apply as a priority order in waste prevention and management legislation and policy: (a) prevention; (b) preparing for re-use; (c) recycling; (d) other recovery, e.g., energy recovery; and (e) disposal (European Council, 2008).

Improving the development of sound solutions for responding to these sustainability challenges has to be the focus. These are quite complex problems involving many actors with conflicting perspectives, including industry, tourism, fishing activities, vessel owners, environmentalists, consumers, financial institutions, governments, etc. This is crucial because the decision-making process depends on the input of the different points of view provided by all the stakeholders. Multicriteria decision analysis (MCDA) can offer a clear, well-organized way to better inform decision-making. It can simultaneously encompass so many different facets covering all the different issues at stake and account for the priorities set by stakeholders for evaluating solutions for plastic waste management (Bachér et al., 2018; Cunha et al., 2019).

Multicriteria decision analysis is a way to address problems in which the decision alternatives to improve a problematic situation can be evaluated according to multiple criteria. According to Ishizaka and Nemery (2013), MCDA can be used to solve any problem where a significant decision needs to be made: choosing the single best option, sorting options, ranking alternatives, describing options and their consequences, eliminating alternatives, and identifying or creating a new strategy. MCDA helps to find better decisions not only by using an appropriate method but also, as Keeney (1996) notes, because of the insights provided throughout the reasoning process and “value-focused glasses” perspective used. The values approach guides the decision-maker not only to find better suited alternatives but also to recognize improved decision situations. MCDA fosters the use of a value-based perspective aggregating multiple dimensions, with a recognized potential to involve the concerns and aspirations of multiple stakeholders.

This is a systematic review paper whose main purpose is answering the following questions: (a) How do studies use multicriteria decision methods to manage plastic waste in the marine and terrestrial environments? (b)What are the recommendations to address marine and terrestrial plastic management?

The study presents an overview of existing multicriteria decision methods for managing plastic waste and related approaches in an increasingly plastic-using context. A systematic literature search delivered 20 papers matching the purpose of this review. 80% of them were published in the last 5 years, showing this is an emerging area of research. Although these studies are ultimately addressing pollution by plastics they have different foci. Some studies focus on plastic as a resource, seen as a beneficial material that offers unparalleled functionality, so how to maintain and improve it through recycling and reuse is the issue. Other studies focus on plastics as a product through reverse logistics, a process that offers customers the chance to return end-of-life plastics or raw equipment to suppliers or manufacturers and, as such, can be revaluated and reintroduced into the supply chain. And another group focuses on plastics as a problem, causing great damage when they reach the environment. This is why it is essential to devise actions to address the negative impacts of this pollution on the most diverse natural terrestrial, freshwater and marine habitats. Content analysis methodology was used, and the focus was on how the authors used the multicriteria decision approaches for managing plastic waste. Figure 1 provides a graphical summary of the characteristics of the studies analyzed in this review. This can help to better understand the use of this methodology for decision making in this field. It can also provide benchmarking for carrying out subsequent studies and to create guidelines for policy and practices.
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FIGURE 1. Characteristics of the studies analyzed in this review.


Previous systematic reviews have also addressed specific aspects or applications in environmental sciences, including waste management issues as in Huang et al. (2011) and Cegan et al. (2017). Achillas et al. (2013) just tackled waste management problems, while energy systems, including waste energy generation appears in Martín-Gamboa et al. (2017). More generally, Juul et al. (2013) reviewed five models addressing waste treatment problems: MCDA models, simulation models, forecasting models, cost-benefit analyses and optimization models. To the best of our knowledge the present work is the first review to focus on MCDA applied to marine and terrestrial plastics waste management.

This systematic review has five sections, which are structured as follows: after this introduction, the second section shows how this review was carried out; the third section looks at the alternatives to cope with plastic waste management and describes and discusses the MCDA methods used along with their criteria and weights; recommendations for plastics waste management decision making issues are set out in the fourth section, before the conclusion in the final section.



MATERIALS AND METHODS

This study is based on a scientific literature review. Articles using the online databases Web of Science™ and Scopus® were searched for, with the following queries: (multicriteria OR multi-criteria OR multiattribute OR multi-attribute OR MCDA OR MCDM OR AHP) AND (Plastic). April 22nd (2021) was the last time the data bases were checked, returning 233 results from Web of Science and 360 from Scopus, although 176 documents were referenced in both databases (417 different documents in total).

The abstracts of these documents were analyzed to find studies in which a multicriteria decision approach for solving a problem with plastic waste in the environment or general marine litter including plastics was used. Sometimes the entire manuscript was examined to see if they could be added to this review. These findings comprise 20 papers in 19 sources from 2008 to 2021 (see Table 1), referring to case studies on three continents (including one in a laboratory).


TABLE 1. List of papers.
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These 20 papers were fully analyzed and the information categorized in Table 1 and Supplementary Tables 1, 2, and commented on in the next sections of this paper.

A content analysis of these selected papers has been performed, we developed categorizations and coding using ATLAS.ti (2021) software. Considering the studies addressed different purposes and contexts, our focus was about the alternative solutions proposed, their evaluation criteria and how they used the MCDA approach. The studies were organized through two main groups such as: marine and terrestrial.

The selected articles exclude studies focused on: supply chains selection; choosing locations or routing models; design or alternative material choice; theoretical studies (reviews); specific products with plastic components (e.g., batteries and vehicles) or studies addressing general waste. For marine studies, however, we kept papers that do not involve an exclusive plastic focus, namely three studies on marine debris which include plastic pollution litter (e.g., beach litter and fishing gear).



RESULTS AND DISCUSSION


Overview

Table 1 presents an overview of the 20 papers reviewed using different types of information and categorization. After the author’s name, the main purpose of the paper and decision focus are briefly presented. The type of settings (marine or terrestrial) addressed by each paper, geographic information (continent, region, country, or city), the type of plastic dealt with and type of company or place involved in the case study are then mentioned. The next two columns are about the MCDA methods applied to solve problem proposed and the weighting strategy used. The last column summarizes the main conclusions of each paper.

Most studies are concerned with terrestrial settings (80%). Bachér et al. (2018) evaluated bottlenecks in the recycling value chains and waste collection methods is the subject of Balwada et al. (2021). A large part of terrestrial environment studies deals with end-of-life options (Gomes et al., 2008; Cardoso et al., 2009; Rochat et al., 2013; Vinodh et al., 2014; Bhagat et al., 2016; Husáková et al., 2016; Nirmala and Uthra, 2017; Delvere et al., 2019; Mikusová et al., 2019; Vo Dong et al., 2019; Geetha et al., 2021). Different disposal options (including recycling options) are considered in the MCDA frameworks built for each of these papers. Reverse logistics is examined by Mavi et al. (2017); Senthil et al. (2018), and Jimenez et al. (2019) (see Table 1).

Meanwhile, the MCDA case studies in a marine setting deal with plastic litter management, namely, Chrissley et al. (2017) present cleaning options for marine debris removal systems and Deshpande et al. (2020) look at end-of-life issues. Risks associated with human activities are assessed by Lieske et al. (2019), and the effectiveness of plastic reduction consumer-based actions is studied by Marazzi et al. (2020) (see Table 1).

Case studies reported in the reviewed articles span three continents and more than 12 countries, with some studies covering larger regions (please see column Country/Region of Table 1, where 3 regions are mentioned). For seven of these studies, the location of the first author was used to define the place of the study (Cardoso et al., 2009; Husáková et al., 2016; Chrissley et al., 2017; Nirmala and Uthra, 2017; Delvere et al., 2019; Mikusová et al., 2019; Geetha et al., 2021).

Europe and Asia are viewed as the continents with most studies in MCDA papers in the environmental field (Huang et al., 2011) and this review corroborates this (see Figure 2). By country, India leads with six studies. However, the analysis by country is debatable because some studies are focused on more extensive regions rather than a country, for example, the European Union; the Western North Atlantic Ocean; and Europe. The oldest study in this review concerns Brazil and was published in 2008 in Omega-International Journal of Management Science, and few articles appeared between then and 2015 (Figure 2). Since 2016, on average three papers have been published per year.
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FIGURE 2. Number of papers per setting (marine or terrestrial), geography, and year.




Alternatives

Many types of alternatives to manage plastic waste have been considered. It is important to group the alternatives so that the studies can be compared. Supplementary Table 1 depicts an organized presentation of different types of alternatives. There are three levels of categorization: Aim, Alternative type, and Alternatives (detailed for each paper).

Figure 3 shows the number of distinct alternatives (some options are repeated through the studies, such as recycling, for example) considering the choices proposed in the studies when the type of plastic (using classification assigned by the author) dealt with is the issue (combined information from Table 1 and Supplementary Table 1).
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FIGURE 3. Number of alternatives by plastic type and aim. *HDPE, High-Density PolyEthylene; LDPE, Low-Density PolyEthylene; PET, PolyEthylene Terephthalates; PP, PolyPropylene; PS, PolyStyrene; PVC, PolyVinyl Chloride.


Alternatives concerning the selection of cleaning methods (e.g., waste collection systems and cleaning plastics from the seas) and disposal alternatives were found in almost all types of plastic categorized in this review. The most common purpose is to make a choice from the end-of-life disposal options, such as different forms of recycling, incineration, landfilling, etc. (Supplementary Table 1). This also involves choosing technological devices.

Actions and processes group of alternatives include the work of Bachér et al. (2018) who proposed the assessment and prioritization of five bottlenecks in the recycling value chains to improve the co-operation between stakeholders and the circular economy. Also the work of Marazzi et al. (2020) evaluated 27 consumer-based plastic reduction actions. In fact, people’s individual behavior in consuming single-use plastics is an active focus of concern for the management of plastics pollution in rivers, since in far too many cases this plastic waste ends up in coastal areas and seas, where it impacts aquatic wildlife and ecosystems (both freshwater and marine). Alternatives about selecting methods of cleaning and disposal options are numerous (34 alternatives are mentioned in Supplementary Table 1) and are those used by the highest number of authors (15 authors are mentioned in the same table).

Regarding removing plastics from a marine environment or freshwater systems, seven cleaning alternatives have been considered for plastic cleaning by Chrissley et al. (2017). They assessed options such as vacuum, vessel, barge (two types) and artificial floating island (three types). Although they found that an autonomous vacuum had the most favorable cost, the artificial floating island (types with motor and a sail) are too close to the first option to make a clear-cut decision possible about which is the best solution to this problem. They also added that the development (by increasing its rate of removal or capacity) of the artificial floating island (with motor) concept could alter the values of the scores achieved by the alternatives and new better positioned alternatives could emerge.

In terrestrial settings, regarding capturing and removing, Balwada et al. (2021) assess plastic waste collection methods to support the circular economy. Their results state that the deposit and refund method is the best option compared with vehicular or curbside collection, drop-off recycling or buy-back center options.

Several disposal options are evaluated as alternatives in 12 papers. Five types of recycling were examined in the selected studies: mechanical, chemical, feedstock, thermal, and bottle-to-bottle. These options were evaluated individually or in combination with other strategies.

In some studies, the traditional (or mechanical) recycling is the leading alternative for general plastic waste, marine debris, and reinforced plastic: either individually (Vinodh et al., 2014; Delvere et al., 2019; Deshpande et al., 2020), or associated with incineration (Bhagat et al., 2016). However, Nirmala and Uthra (2017) found thermal recycling the best option, with the possibility of recovering embodied energy in plastics by incineration or by using it in industry as a substitute fuel.

Pyrolysis alternatives did not perform well for Bhagat et al. (2016). This was because the technique was associated with increased incidence of air pollution and long-term illness, although techniques like plasma pyrolysis technology (PPT) could be cleaner and more efficient. Microwave pyrolysis was performed in laboratory conditions on small material samples of FRP (fiber reinforced plastics) by Delvere et al. (2019). For them, this technique is very similar to pyrolysis where waste is subjected to very high temperatures in the absence of oxygen. The outcome is a recycled fiber with almost the same tensile strength as that of the virgin fiber.

In the case of polyethylene terephthalate (PET) waste management, Rochat et al. (2013) have chosen bottle-to-bottle recycling as the best option. They assert that bottle-to-bottle recycling is a combination of conventional mechanical recycling and chemical recycling. Furthermore, this leads to a product that can be reused straightaway for food and drinks because the quality does not infringe any legal requirements stipulated for such use. For fiber reinforced plastics (FRP), Delvere et al. (2019) reports that studies suggest that chemical recycling can recover high quality fibers.

Gomes et al. (2008) and Cardoso et al. (2009) observed that there are many different kinds of plastic with specific properties (chemical and mechanical), so they studied just one type, high-density polyethylene—HDPE. These two studies were the only ones that considered a reuse alternative, and both concluded it was the best option (in Gomes et al., 2008 mechanical recycling is also in joint first place together with reuse). Geetha et al. (2021), meanwhile, compared recycling methods for six plastic types: the preferred methods are chemical recycling for HDPE; mechanical recycling for PET (polyethylene terephthalates) and PP (polypropylene); feedstock recycling for PVC (polyvinyl chloride) and PS (polystyrene); and incineration with energy recovery for LDPE (low-density polyethylene).

Landfilling is addressed for general waste, marine debris, and polyethylene. That option was in general ranked as the least favored (Gomes et al., 2008; Cardoso et al., 2009; Rochat et al., 2013; Bhagat et al., 2016). That option was also evaluated by Cardoso et al. (2009), who noted it could be the alternative that requires less energy but it does not generate income with selling products. Rochat et al. (2013) assert that landfilling plastics can be an economic loss since plastic is a reusable resource.

Bhagat et al. (2016) refer to landfilling as being a significant source of contamination, and they used mixing landfill alternatives along with recycling or incineration. However, this mixing was not enough to put alternatives of that kind in the top places. The study by Deshpande et al. (2020) identified with stakeholders two main factors (transport and the processing cost of fishing tackle and rope waste) that could result in landfilling being preferred over recycling or incineration.

For Gomes et al. (2008), landfilling was considered to have the lowest CO2 emission. However, Rochat et al. (2013) asserted that in theory the amounts of carbon dioxide (CO2) emitted to the atmosphere over a very long time horizon should be the same for landfilling and incineration. Rochat et al. (2013) were the only researchers that used a landfill with extract and burning gases as an alternative. Still, even that was not enough to be better than recycling, which they consider could provide employment and profits.

Referring to the choice of a location for recycling, Deshpande et al. (2020) highlight the importance of recycling operations within the region because the possible positive effects for the environment and society could lead to improved economic benefits from resource conservation and energy recovery. These situations depend on how the authors designed their studies. For example, Deshpande et al. (2020) did not consider the energy recovered, plastic resources conserved, and the revenue generated from recycling (occurring outside the system boundaries) for exported litter, and so they considered only the transport costs of exports. Two studies analyzed technological devices for recycling, both in Slovakia (Husáková et al., 2016; Mikusová et al., 2019). They evaluated variants of knife mill devices and both chose an option with similar characteristics and price.

Vo Dong et al. (2019) developed a “multi-period approach for the deployment of new recycling sites (Grinding, Pyrolysis, Supercritical Water, Microwave)” in France, relating to aerospace carbon fiber reinforced polymer waste. They perform their alternative evaluation through scenarios pondering the amount of waste generated per 20 years: “business as usual,” “strong/light increase,” and “strong/light decrease.” They stated that “the compromise strategy for both economic and environmental objectives lead to centralized configurations at the regions close to significant waste sources.”

Reverse logistics is a process for moving materials and raw equipment back through the supply chain, i.e., from customers to suppliers or manufacturers. Returns are managed efficiently and economically to extract as much value as possible and they become a competitive advantage (Panigrahi et al., 2018). Reverse logistics is turning out to be a promising activity of interest for many practitioners (Panigrahi et al., 2018). Three papers were analyzed in this context: Jimenez et al. (2019), to identify “good practices and trends” in the plastic industry companies; Mavi et al. (2017), to choose the most suitable third-party reverse logistic provider for a plastics factory; and Senthil et al. (2018), to analyze and prioritize the different potential risks in reverse logistics for providing useful insight to the supply chain managers and researchers for decision making.

A rather different type of study is a specific assessment (hierarchization) of different seabird species sensitivity to the risk associated with human activities in the marine environment (Lieske et al., 2019). In fact, the alternatives (i.e., the object of the evaluation) dealt with in this case study are living organisms (seabird species) as mentioned in Supplementary Table 1 and not end-of-life options or reverse logistics issues. Fisheries bycatch (particularly when involving suspended gill nets) was “identified as the greatest risk across a wide range of species.”



Multicriteria Decision Analysis Methods, Criteria, and Weights

It is challenging to find the best options when they have very different (often conflicting) impacts. Multicriteria decision analysis (MCDA) is a way to embrace different dimensions and values to inform decision making.

Many MCDA methodologies and techniques were used in the studies reviewed. Five MCDA approaches were used by the authors of the studies to address plastic waste:

In these five approaches (Table 2 and Figure 4), the most frequent are the analytic hierarchy process (AHP) followed by TOPSIS and outranking approaches (ELECTRE III, PROMETHEE, and THOR). This trend and popularity of AHP is also mentioned in the studies by Huang et al. (2011) and Cegan et al. (2017). They suggest it is because of the accessibility and user-friendliness of the AHP method. Some studies used different MCDA methods to address the same case or plastic type (Table 1).


TABLE 2. MCDA methods.
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FIGURE 4. Number of sources by MCDA methods.


The AHP is also the method most often combined with other methods: MAVT/MAUT, TOPSIS, or Outranking (Vinodh et al., 2014; Bachér et al., 2018; Senthil et al., 2018; Delvere et al., 2019). Vo Dong et al. (2019) used Outranking (PROMETHEE) and TOPSIS in their study, while Geetha et al. (2021) used Outranking (ELECTRE III) to choose their alternatives and TOPSIS for a comparative analysis.

The criteria (Supplementary Table 2 and Figure 5) are grouped into a small number of dimensions (economic, environmental, operational, other managerial, political, and social). The operational dimension is the most frequent, being found in 43 studies, followed by the environmental dimension that is casted in 37 studies and still the economic dimension appearing also in a large number of studies (22). The political criteria were not present in marine environment studies, although international border issues do emerge in these cases.
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FIGURE 5. Number of criteria by marine and terrestrial environments.


Some patterns were found in the criteria used by the authors through the dimensions. These were grouped in categories and subcategories (Supplementary Table 2). Comparing the criteria from the studies showed that “Performance” is an intersectional area since diverse criteria are carrying it out in different dimensions (e.g., financial performance in the “Economic” dimension; production, resources consumption, and waste reduction performance in the “Environmental” dimension; and managerial performance in “Other managerial” dimension). “Organizational” is another intersectional category that can be found in different dimension (e.g. leadership and planning in the “Environmental” dimension; reverse logistics and service in the “Operational” dimension; feasibility, stakeholder in “Other managerial” dimension; and labor and workers safety in the “Social” dimension). It can also be noticed that “risk” is an important subcategory of criteria.

MCDA typically requires setting the value of the method’s parameters that reflect preferences, namely, the criteria weights. These parameters are elicited from the decision makers, experts, or other actors involved in the construction of the MCDA evaluation model. The actors most often consulted were identified as experts and followed those identified as decision makers (see Figure 6). It is important to mention that some authors distinguish between experts and decision makers, and that some professionals can be experts as well as decision makers. The authors of a study may be experts themselves and in some studies the criteria weights were chosen by them.
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FIGURE 6. Multi-actor weighting decisions.


Some of these weights were assigned by panels in the context of workshops (Rochat et al., 2013; Bhagat et al., 2016; Bachér et al., 2018) or inquired about through questionnaires or surveys (Mavi et al., 2017; Jimenez et al., 2019; Deshpande et al., 2020).



Recommendations for Marine and Terrestrial Plastic Management

The literature reviewed includes several recommendations stemming from the analysis of the alternatives that were assessed and the MCDA method’s results. Supplementary Tables 1, 2 present an extensive list of alternatives and criteria used in the studies reviewed here, which can serve either as a checklist or as a source of inspiration when using MCDA to address marine and terrestrial plastic waste management. In the following discussion we also mention the studies of Andreoni et al. (2015) and Rodrigues et al. (2018), which computed impacts on multiple criteria but did not aggregate the results using an MCDA method.

The recommendations of a study depend on the alternatives and criteria considered, and can also be contingent on specific aspects, such as the resources and culture of each company in business decisions (Jimenez et al., 2019). In some of the studies a clear winning solution emerged. For instance, Andreoni et al. (2015) found that socio-economic and environmental benefits across the EU would be significant if their recommended alternative was implemented, e.g., reducing approximately 1.5 × 106 tons of CO2 eq emissions and saving tens of millions of euro in waste management costs. The same authors suggest these benefits might be even larger, if technological developments or faster adoption paths were considered. The study by Marazzi et al. (2020) found several of their top-ranked solutions to reduce plastic pollution in rivers were actually actions already implemented in several countries (e.g., banning plastic straws). Other results reflected the conflicting nature of different criteria, e.g., economic viability vs. other qualities (Delvere et al., 2019), leading those authors to conclude that much work remains to be done to develop better solutions.

The best alternative is often a combination of multiple strategies, e.g., combining recycling and incineration (Bhagat et al., 2016), combining alternatives to benefit from different types of litter removal (Chrissley et al., 2017), or combining technologies in a waste supply chain (Vo Dong et al., 2019). Yet, in their analysis of recycling alternatives, Rochat et al. (2013) point out that the interest of recycling options depends on wider factors, such as collection rate or the availability of other traditional outlets for recycled plastic. Similarly, Gomes et al. (2008) remark that solutions such as recycling methods often cannot be fully appraised without considering the logistics system in which these recycling solutions will be included. Therefore, if the best alternative is a combination of multiple elements, it must be kept in mind that the number of potential combinations when considering a broader system can be even larger.

As policy recommendations, Andreoni et al. (2015) suggest that more challenging targets could be set by the EU or its Member States, while taking into account the associated costs and the feasibility of meeting such targets, alongside the potential benefits. Bachér et al. (2018) call for the drafting of detailed statistics on waste across the EU and technological solutions to enable the flow of materials to be tracked. This would include both quantitative and qualitative data encompassing economic, social, and environmental aspects. Improving data collection methods is also important to determine the relevant material flows (Rochat et al., 2013). Marazzi et al. (2020) call for more data on impacts such as water consumption and carbon emission impacts, and the use of life cycle assessment in combination with MCDA (on this topic, see also Rochat et al., 2013; Dias et al., 2019). Delvere et al. (2019) point out that MCDA results might depend on just a few criteria in cases where data is available only for those criteria, but not for other ones. Also concerning data, specifically on microplastics, Rodrigues et al. (2018) call for improved monitoring and the adoption of more stringent size limits, in order to not underestimate the problem and also to allow comparing the results of different research works.

For Deshpande et al. (2020), it is important to engage communities, and MCDA can be instrumental in this regard. Focusing on end of life alternatives, they recommend clearer regulations on recycling and more work on the assessment of environmental and economic impacts of different alternatives so that choices can be made with less uncertainty in the context of the EU’s circular economy strategy for plastics. Clear incentives for consumers to change their behavior and favor pro-environmental behaviors have also been suggested (Marazzi et al., 2020).

Complementing these analyses, Khandelwal and Barua (2020) evaluated several policy-related barriers to implementing a circular economy in the plastics industry. Per their results, more active measures from governments are needed. In particular, economic incentives and tax benefits are needed for organizations to build technology and innovation. Training and awareness programs to enhance the knowledge and skills of stakeholders are also a priority.

In general, the authors of the studies reviewed recommended MCDA as a tool for choosing the best solutions for clearing marine litter or, more generally, in environmental management (e.g., Bhagat et al., 2016). MCDA proved to be useful in that it enabled environmental, socioeconomic, and other criteria to be considered simultaneously. The possibility of considering qualitative criteria has also been praised, along with the possibility of involving different stakeholders (Bhagat et al., 2016; Deshpande et al., 2020). In participatory decision making, participants have the opportunity to learn from each other. Feedback from the stakeholders and experts involved in MCDA has been reported to be positive (Bachér et al., 2018). Another reported advantage of MCDA is its transparency (Bhagat et al., 2016; Deshpande et al., 2020).

However, most authors point out that MCDA is limited by the availability of comprehensive, updated and sufficiently detailed data. Also, results are often based on inputs provided by experts, reflecting their interpretation of the available information, and thus being dependent on the situation and possibly varying in time (Bachér et al., 2018). In contexts involving value chains, they recommend involving experts in the analysis at all stages of the chain and having a clearly defined goal for MCDA. Some authors also remark that MCDA requires resources such as time and money to gather all the information required (Bachér et al., 2018). Finally, MCDA results can also depend on a number of modeling choices, including choice of variables and normalization operations (Rochat et al., 2013).




CONCLUSION

This review provides an account of studies that used multicriteria decision approaches to address plastic waste in terrestrial and marine environments. The content analysis methodology was chosen for this purpose. Based on this review, the solutions considered were then summarized and discussed in terms of how they were evaluated.

A first surprising conclusion is the very low number of MCDA studies addressing the issue of plastic waste in terrestrial and marine environments. MCDA is a well-known evaluation tool that has been applied in many fields, and plastics is no exception with over 400 articles found for this review. However, most of the MCDA applications found either address general waste or address alternative ways of making or transporting plastics, or products incorporating plastics, and managerial decisions concerning location, supply chain and distribution options. MCDA has only recently been used to address the issue of plastic waste in terrestrial and marine environments (first article in 2008) and authors are based mainly in Europe, followed by Asia and the Americas. The most common purpose has been to choose an end-of-life disposal option, such as different forms of recycling, incineration, landfilling, etc., which could prevent plastics from reaching marine environments. A few other studies address options for getting rid of plastics that have already reached these environments.

With regard to how the MCDA was performed, this review has analyzed the methods selected, the criteria considered, and the criteria weighting process. The reviewed studies are quite diverse in the modeling choices they make, which are specific for their purposes. Therefore, a consolidated best practice pattern does not emerge from this review.

The most popular method was AHP, followed by TOPSIS and outranking methods, and then MAUT/MAVT and simple weighted sums. Some authors have used more than one method to analyze the same problem. Overall, the choice of criteria spans operational (mostly), but also environmental and economic aspects to evaluate the alternatives. Less often, criteria are found to be related to social, managerial, and political factors. However, the studies addressing the marine environment emphasize the environmental dimension in their choice of evaluation criteria. The weighting of the criteria, required by all the MCDA methods that were used, was performed mainly by consulting experts, followed by decision makers. In a few cases the authors themselves proposed the weights. Representatives of the affected population or other stakeholders have been consulted on a few occasions. Apart from these panel-based methods, no other approaches to weighting, such as using monetization techniques or finding the weights based solely on statistical considerations, were found.

Overall, the authors of the studies consider their application of MCDA was successful. They stress the importance of being able to encompass environmental, socioeconomic, and operational factors in the evaluation of the alternatives. Other strengths identified were transparency, the possibility of using qualitative assessments, and the potential for involving stakeholders. When stakeholders were involved, the authors report their feedback was positive. However, the authors pointed out that MCDA can be limited by the availability of data and resources for its implementation, as well as the evolving nature of the perspectives of experts and stakeholders. Some authors called for improved monitoring and data collection methods to better appraise the performance of the alternatives on multiple indicators. MCDA results can also depend on the choice of indicators and other modeling choices.

When analyzing the problems that they addressed, the authors in most cases have managed to identify a clearly winning alternative, which was sometimes a combination of several strategies. But some authors pointed out that the number of possible combinations can lead to a large number of alternatives, and their analysis can be limited by the need to make assumptions about factors and choices related to parts of the overall system outside the scope of their studies.

Given the urgent need to tackle the impact of plastic waste on terrestrial and marine environments, more studies are clearly needed to identify the most adequate solutions. Such solutions involve not only developing technologies, but also creating or updating policies and regulations. The authors hope this review will help to raise awareness of the problem and the need to address it with MCDA, thereby taking into account its environmental, economic, social, and technical dimensions.
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(2018) recycling value chains for the efficient recycling waste the circular - MAVT residents decision-making approaches to create joint learning
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Mikusova et al. To evaluate a technological ~ End-of-life options Terrestrial Slovakia General plastic waste  Production - AHP Experts The results show that the most suitable device for

(2019) device for recycling of enterprise plastic waste recycling process is a knife mill (Variant
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Nirmala and Uthra  To select the best method  End-of-life options Terrestrial India General plastic waste  Plastic industry - Fuzzy AHP Decision- makers ~ Thermal recycling is the best option, with the

(2017) for plastic recycling. possibility of recovering embodied energy in plastics

by incineration or by using it in industry as a
substitute fuel.

Rochat et al. To choose the best End-of-life options Terrestrial Colombia PET plastic City - MAUT Professionals Recycling scenarios are the choice of best end-of-life

(2013) end-of-life scenarios for scenarios for polyethylene terephthalate (PET) waste
polyethylene terephthalate in a municipality of a developing country.

(PET) waste.

Senthil et al. To analyze and prioritize the Reverse logistics Terrestrial India PET plastic PET bottle Hybridization of Decision- makers ~ The major contribution of this work lies in the

(2018) different potential risks in recycling methods: development of linkages among the various
reverse logistics for company - AHP functions in reverse logistics. The results indicate
providing useful insight to - Fuzzy AHP that managing inventory is highly prioritized.
the supply chain managers - Fuzzy TOPSIS
and researchers for - PROMETHEE
decision making.

Vinodh et al. To select the best plastic End-of-life options Terrestrial India Fiber reinforced plastic Automotive - Fuzzy AHP Decision- makers  Mechanical recycling process is identified as the

(2014) recycling method. (FRP) industry -TOPSIS best plastic recycling process for an automotive

component manufacturing industry.

Vo Dong et al. To develop a framework for  End-of-life options Terrestrial France Carbon fiber reinforced Aerospace - PROMETHEE Authors The best compromise strategy for both economic

(2019) the multiperiod polymer (CFRP) industry - M-TOPSIS and environmental objectives lead to centralized
deployment and design of (Integrated with a configurations for the deployment of recycling sites
aerospace CFRP waste multi-period Mixed at the regions close to significant waste sources of
supply chain. Integer aerospace carbon fiber reinforced polymer waste.

Linear Programming
model)

AHR Analytic Hierarchy Process; ELECTRE, Elimination and Choice Expressing Reality; MAUT, Multi-attribute Ultility Theory; MAVT, Multi-Attribute Value Theory; MOORA, Multi-Objective Optimization on the basis of
Ratio Analysis; PROMETHEE, Preference Ranking Organization Method for Enrichment Evaluations; THOR, Multicriteria Decision Aiding Hybrid Algorithm; TOPSIS, Technique for Order Preference by Similarity to Ideal
Solution; HDPE, High-Density PolyEthylene; LDPE, Low-Density PolyEthylene; PET, PolyEthylene Terephthalates; PR, PolyPropylene; PS, PolyStyrene; PVC, PolyVinyl Chlo.
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Description

The analytic hierarchy process (AHP), from Saaty (1980), is based on organizing criteria, sub-criteria and alternatives into a hierarchical
structure, possibly with feedback (in the ANP Saaty, 1996 variant). At each node of the hierarchy elements are compared pair by pair,
estimating the priority of each element over each other element on a semantic scale and translating these judgments on a ratio scale.

Muilti Attribute Utility Theory (MAUT) and Multi Attribute Value Theory (MAVT) are based on a set of axioms of rationality (Keeney and Raiffa,
1976). A value function needs to be defined for each criterion in MAVT, translating performance into value according to the decision makers
preferences. Then, the value functions can be aggregated, usually considering an additive model. In MAUT, utility functions are used in the
place of value functions, modeling the attitude toward risk of the decision makers, allowing its use for probabilistic uncertain outcomes.
Outranking approaches used to rank alternatives are methods that typically compare alternatives one pair at a time, assessing their relative
advantages and disadvantages. An alternative’s relative standing is thus a function of how well it compares against the set of the remaining
alternatives.

Three types of outranking approaches were found in the studies:

— PROMETHEE —Preference Ranking Organization Method for Enrichment Evaluation (Brans and Vincke, 1985),

— ELECTRE—Elimination and Choice Expressing Reality (Roy, 1968),

— THOR —Multicriteria Decision Aiding Hybrid Algorithm (Gomes et al., 2008; Cardoso et al., 2009).

The TOPSIS (Technique for Order Preference by Similarity) method (Hwang and Yoon, 1981) defines an ideal alternative (based on the best
observed performance on all criteria) and an anti-ideal alternative (based on the worst observed performance on all criteria). Then, it ranks
all the alternatives based on how near they are to the ideal and how far they are from the anti-ideal alternatives. Usually a weighted
Euclidean distance is used, requiring normalization of the scales.

This method simply multiplies the alternatives performances (after normalizing the scales) by the weights of the respective criteria.

Two types of Weighted Sum approaches were found in the studies:

Weighted Sum (Fishburn, 1967)

MOORA —Multi-Objective Optimization on the basis

of Ratio Analysis (Brauers and Zavadskas, 2006)
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