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Abstract

:

Solid waste management (SWM) in rural areas of many low- and middle-income countries (LMICs) represents a critical and underrated topic. However, almost half of the world’s population still lives in rural areas and an adequate SWM is crucial in reducing environmental and health threats. A lack of knowledge and appropriate tools often leads to inappropriate practices such as waste dumping and uncontrolled burning. However, appropriate methods can transform waste into resources and even guarantee a revenue source. This manuscript provides an overview of the state of the knowledge characterising SWM in rural communities of LMICs, analysing common practices and principal issues. Different solid waste fractions are considered. Virtuous approaches are presented, taking into account recent sustainable solutions. Considering that a relevant part of the world population is still living in rural areas, the benefits associated with an appropriate SWM may be enormous. Such activities may improve local conditions from social, environmental and health perspectives; furthermore, they may have a global impact on facing climate change and environmental pollution.
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1. Introduction


Solid waste represents a growing challenge at the global level that, when not adequately managed, poses risks to the environment and human health [1,2,3]. The matter is particularly critical in low- and middle-income countries (LMICs); indeed, such areas often face more economic and technical hurdles than industrialised countries [4,5]. Moreover, people living in rural areas often encounter additional challenges making solid waste more difficult to manage [6]. Notwithstanding, modern products and, consequently, new waste fractions have reached rural areas over the years. Indeed, plastic and e-waste can be found in such contexts [7,8]. Unfortunately, people from rural areas often lack the proper awareness and tools to manage solid waste appropriately and turn to dangerous practices such as open burning or waste dumping [9,10]. Although some rural communities have been trying to make resources from waste, recover precious flows and increase their revenues, they have been using polluting practices in many cases [7].



In addition, it was estimated that total greenhouse gas (GHG) emissions from solid waste contribute approximately 5% of overall GHG emissions into the atmosphere [11], making the sector crucial in fighting climate change through appropriate practices. On the other hand, solid waste disposal sites worldwide are vulnerable to emerging phenomena related to climate change, such as increased rainfall and wind speed [12].



Furthermore, not negligible differences persist between rural areas of low- and high-income countries, starting with road infrastructures being usually worse in LMICs [13], making their rural communities more isolated. In addition, waste characteristics are significantly different and solid waste management (SWM) practices are weaker [4]. Han et al. [14] found a linear relationship between the domestic waste generation rate and the gross national income per capita in rural areas; however, the study had a very low correlation (R2 = 0.3024). More recently, Gómez-Sanabria et al. [10] projected municipal solid waste (MSW) generation until 2050 in each continent, both in urban and rural areas. The authors assumed different scenarios based on the Shared Socioeconomic Pathways. As expected, MSW generation in rural areas was always the lowest.



However, it is necessary to underscore that an estimated 45% of the world population was living in rural areas in 2018, representing about two-thirds of the people in LMICs [15]. Notwithstanding, challenges affecting SWM in rural communities of LMICs often represent an underrated topic [14]. In many cases, authors have focused more on managing the organic fraction of solid waste. For instance, Patwa et al. [16] conducted a review on solid waste characterisation and treatment technologies in rural areas of India, also analysing other international case studies. However, they only discussed treatment technologies for the organic fraction, overlooking different waste categories, even assuming that rural areas were free of toxic waste. Nevertheless, other waste categories are also critical in rural communities and may pose additional threats. In addition, Anwar et al. [17] assessed which waste management configuration could represent the optimum cost solution for rural villages in developing countries. The authors compared centralised, clustered, and decentralised MSW management systems associated with different technologies (e.g., incineration, landfilling, composting) and made available valuable data in terms of cost for each piece of equipment. In addition, their results showed that an improved waste treatment increased the net profit, i.e., composting and other waste recycling practices resulted in more sustainability than landfilling from an economic perspective. The results can be integrated with the findings of Araya-Córdova et al. [18], who recently highlighted how efficient policy to support recycling programs can be crucial for the most vulnerable population, especially those in rural areas. The policy aspects mentioned by Araya-Córdova et al. [18] appear appropriate, particularly when the authors noted that the lack of economic resources at the national level in MSW management might significantly affect rural areas. However, the approach and conclusions of Anwar et al. [17] overlooked crucial aspects and appeared excessively simplified. Indeed, on the one hand, people from rural communities tend to reduce the cost associated with waste management through illegal dumping and uncontrolled burning of waste [9]; thus, the unsafe but almost unexpansive practices were ignored by the authors. On the other hand, most of the technological approaches described by Anwar et al. [17] could be unsustainable in rural villages of LMICs because of constraints that usually characterise these areas. For instance, it may be challenging in rural villages to organise a centralised waste collection system due to unpaved roads. Furthermore, access to electricity tends to be very low, and it is hard to identify a waste recycling strategy that is technically, economically, and environmentally sustainable [5,9,13,19]. Thus, site-specific strategies and appropriate practices must be analysed in detail before implementation. Such an approach should be based on the circular economy principle, turning goods at the end of their service life into resources and minimising waste generation [4]. Thus, waste reduction, reuse and recycling play a crucial role. The importance of developing expertise in SWM and treatment in rural areas of LMICs was also highlighted in an editorial by He [20].



Despite the topic’s relevance, only Patwa et al. [16] conducted a review on SWM in rural communities of LMICs. Still, as anticipated, the authors solely focused on managing the organic fraction of solid waste, underestimating crucial aspects. Therefore, the scope of this review is to fill the scientific gap on a currently underrated topic. It provides an overview of the state of the knowledge characterising SWM in rural communities of LMICs, analysing common practices and main issues. Different solid waste fractions are considered. Virtuous approaches are presented, taking into account recent sustainable solutions. Finally, future perspectives are discussed.




2. Overview of the SWM in Rural Areas of LMICs


2.1. General Aspects Characterising Rural Communities of LMICs


It was estimated that just under half of the world’s population lived in rural areas in 2018 [15]. This corresponded to the majority of people living in LMICs. From a geographic perspective, all LMICs are located in Asia, Africa, Latin America and Oceania [21].



It is essential to consider that rural areas of LMICs are usually affected by more constraints than urban ones. For instance, in Ghana, the proportion of people living below the international poverty line in 2017 was 22.1% and 1.9% in rural and urban areas, respectively [22]. In the same country, the proportion of the population using improved drinking water sources in 2017 was 17.9% (rural) and 65.0% (urban) [22]. In Haiti, the population using safely managed sanitation services (SDG6.2.1a) in 2020 was 25% in rural areas and 46% in urban areas [23]. In Mozambique, the difference between urban and rural areas related to SDG6.2.1a was even bigger: 21% (rural) and 61% (urban) [24]. As discussed hereinafter, the difference is also significant in SWM practices and services. Such aspects must be considered when interventions to improve environmental, social and health conditions are conceived.




2.2. Waste Characterisation


The waste generation per capita in rural areas of LMICs tends to be lower than elsewhere [10]. This is mainly due to lower lifestyle, income, and resource consumption [14,16]. Poverty and lack of materials can make people more environmentally sustainable; indeed, they give decisive importance to product reuse [25,26]. In this aspect, such communities have a more sustainable approach than others. They are more in line with the circular economy and waste management hierarchy principles that conceive waste reduction and material reuse as essential [27]. The downside is that people should not be induced to have such an approach because of poverty. Environmental and social sustainability may not be opposed.



Table 1 shows the waste generation rate per capita in rural communities of developing countries, taking recent scientific literature as a reference [28,29,30,31,32,33]. As can be seen, the values vary substantially, in this case, from 0.18 to 0.57 kg/(inhabitant × day). However, depending on the abovementioned factors, it is possible to find values outside this range. Indeed, the values mentioned by Rajpal et al. [28] and Rodrigo-Ilarri et al. [33] were obtained in the present manuscript as an average from the villages surveyed by the authors. Furthermore, local legislation can effectively reduce some waste flow, as the ban on plastic bags in some African countries has proven [34]. Other factors can contribute to reducing waste generation in rural communities; for example, people sometimes use food waste as animal feed [35] or green waste for cooking [36].



Waste composition is crucial in identifying the main challenges and the best waste management strategies. It can vary significantly depending on local conditions. Table 2 shows waste composition in rural communities of developing countries. NA stands for Not Available information. Organic waste always represents the prevalent fraction. As shown in Table 2, in which recent scientific literature was taken as a reference [8,28,29,30,32,37,38,39], the organic fraction is usually above 50%, even reaching 90% in very isolated communities [37]. Though some authors have found lower values, i.e., around 40% [8,32,38], factors such as the use of food as animal feed may have influenced the percentage [35]. Plastic is usually the second representative waste fraction, with values ranging from 4% to 20%. However, paper waste can also represent a significant fraction, around 10% in some cases [8,38]. Metals and glass have a substantial variation, between 0.34% and 6.32% for metals and between 0.40% and 4.42% for glass. In addition, in one case [32], soil, dirt and sand (defined as other waste) were the predominant fractions. It can be due to specific habits and material consumption. However, informal waste pickers or local markets for such potentially valuable recyclables may also influence the percentage of metals and glass that become waste [40,41]. Among the other waste categories, hazardous waste is worth mentioning. Indeed, such a waste fraction (including e-waste) was identified by many studies in rural villages of developing countries [8,37,38,39]. This contrasts with the assertion from the review of Patwa et al. [16], in which rural areas were assumed to be free of toxic waste.




2.3. Constraints and Typical Waste Management Practices


Constraints associated with bad road connections to urban areas make waste collection and management exceptionally challenging in rural areas. Indeed, in many cases, big waste trucks can encounter difficulties travelling for long stretches of unpaved roads, and communities or isolated households need to organise themselves independently [6]. Indeed, while in urban areas of low- and lower-middle-income countries, Kaza et al. [4] estimated a waste collection rate of 48% and 71%, respectively, the same authors estimated that in rural areas, the waste collection was much lower, i.e., 26% and 33%, respectively. As a consequence, typical waste management practices at the community level consist of uncontrolled burning of waste, waste dumping, waste burying and reuse of unsorted waste as fertiliser [5,6,9,42,43]. Gómez-Sanabria et al. [10] highlighted that about 80% of waste burning in rural areas involves the uncollected fraction. In addition, waste recycling and livestock feeding can be illegally carried out in dumpsites, as Taghipour et al. [29] reported. All such practices are associated with significant environmental and health risks, such as soil, air and water contamination, infectious diseases, and bioaccumulation of contaminants through the food chain [1,44,45]. In some circumstances, informal waste pickers are involved in collecting precious waste flows, i.e., recyclables [7,46]. However, waste pickers usually do not use personal protective equipment or are unaware of the risks of such an informal job [47].



Improper SWM also affects rural coastal areas [48]. Plastic pollution is one of the most evident effects [49]. In specific contexts, fishery activities may play a substantial role in plastic pollution, both in the Ocean and freshwater ecosystems [50,51]. For instance, research on fisher communities in India and Bangladesh along the Gange River explored the behavioural drivers of plastic waste input [51]. It identified short gear lifespans, high turnover rates, a lack of appropriate end-of-life gear disposal methods, and ineffective fisheries regulations. Research carried out in the Goiana Estuary, Northeast Brazil, assessed plastic debris in the stomach of catfish species [52], finding that nylon fragments from cables used in fishery activities played a significant role. Research conducted in the Beibu Gulf, China, focused on the impacts of fishery activities on microplastics in sediments finding dominant contaminants (polypropylene and polyethylene fibres) that might originate from the abrasion of fishing gear [50].



Another aspect that should not be underestimated concerns the diffusion of renewable energies, such as photovoltaic systems for rural electrification in LMICs [53]. Indeed, such access to energy may offer significant benefits to the rural population, but the inadequate management of e-waste can pose many environmental and health threats [54]. Indeed, it has to be considered that e-waste is not easy to manage and brings dangerous substances (e.g., heavy metals and metalloids) [55].



Furthermore, although it is not very common, rural villages can specialise in e-waste management. For instance, until recent years, e-waste was informally recycled in rural Chinese villages at the cost of substantial environmental and health issues. An emblematic case is Guiyu. As Li et al. [56] explained, before 1995, it was a poor, rural rice-growing area. Between 1996 and 2015, Guiyu became one of the largest e-waste recycling centres in the world, and many e-waste workshops appeared without any technical support. As a result, environmental pollution and related diseases highly affected this area [57]. Finally, the small workshops were closed, and a government-run industrial park with stricter environmental controls was created [56].



Additionally, the concept of rural environmental injustice should be taken into account. For example, it happens when the urban population obtains most of its food from rural areas causing additional waste flows and pollution in rural regions [58]. It is important to note that acute poisoning by agricultural pesticides is an important cause of adverse human health outcomes worldwide, with millions of farmworkers annually exposed to pesticides in developing countries, often without adequate protective equipment [59].





3. SWM in Rural Communities of LMICs: Analysis of Recent Trends and Approaches


3.1. Management of the Organic Fraction of Solid Waste


Considering that the organic fraction is prevalent, Patwa et al. [16] mentioned composting as the best suitable treatment of solid waste in rural communities. With this in mind, the authors stated that vermicomposting and windrow composting were the most convenient. In particular, they were vermicomposting in terms of higher nutrient contents and lowering GHG emissions, while windrow composting was the most accessible method.



But even such techniques need to be contextualised and cannot always be considered the most appropriate. Indeed, in rural settlements, windrow composting appears more appropriate (1) when a waste collection system involving one or more rural communities is feasible or (2) when big farms are involved [60,61]. In the first case, taking into account that dirt roads usually characterise these areas, waste collection with donkey carts could represent the best choice [6,62,63]. Instead, in the case of big farms that produce a significant amount of agricultural waste, a waste collection system involving other waste producers could not be necessary if such farmers could manage their composting plants [64]. At the same time, the benefits of decentralised composting regarding appropriate waste management and GHG emissions reduction cannot be underestimated, as Yeo et al. [65] have discussed in a case study from Côte d’Ivoire. However, waste composting needs to be combined with source-separated collection to ensure the production of high-quality compost, reducing the risk of contamination [66].



Concerning vermicomposting, further research is still necessary to understand the exact mechanisms involved in pathogen reduction, the composition of bacterial communities, effect on heavy metal content [67,68]. The optimum temperature for earthworms in the vermicomposting process is assumed to be up to 35 °C, and it is usually not enough to remove adequate pathogens. As a consequence, Ali et al. [69] proposed composting and vermicomposting integration. Thus, vermicomposting currently seems more appropriate when communities of farmers are involved, and they can also handle windrow composting.



A good alternative for biowaste management can be represented by composting bins at the household level. The main advantage is represented by the economic and technical sustainability characterising it. Indeed, it would not require any waste collection system; people would only need a waste bin. The study of Mihai and Ingrao [70] offers valuable hints. Indeed, even if it did not concern LMICs but rural settlements from Romania, the results can be employed for other contexts. In particular, the authors pointed out the role of home composting in diverting the biowaste from landfills and illegal dumpsites for the regions not covered by waste collection services. In addition, a good design based on appropriate technologies can improve the home composting performance in terms of compost quality and net GHG savings compared to landfilling, open dumping and the need for collection with motor vehicles. Such an approach was followed in a project for local development in Ghana involving rural communities [6]. It is crucial to consider that awareness and systematic behaviour change campaigns are fundamental [71]. Furthermore, in a study conducted in rural Vietnam, Loan et al. [72] found that households’ decisions to become involved in a home composting scheme and the level of participation were affected by motivational factors such as knowledge about home composting, attitude toward it, and owning a garden.



Furthermore, Manomaivibool et al. [39] presented community-based management (CBM) approach to promote source separation in rural areas of Thailand. In the project followed by the authors, it was asked rural households:




	(1)

	
to install a composting bin;




	(2)

	
to separate recyclables;




	(3)

	
to use the compost they produced in the homegrown garden.









In the 18 pilot villages involved, overall, such a CBM approach was successful. However, this study conceived the use of composting bins at the household level.



A further method to valorise biowaste, which has been seeing growing interest over the last few years, consists of anaerobic digestion to produce biogas at the household level [73]. This is a biological process whereby organic matter is decomposed in the absence of oxygen. The anaerobic digestion process treats biodegradable organic matter in airproof reactor tanks to produce biogas, i.e., energy. It can represent a positive solution from many perspectives. Indeed, rural communities of LMICs often face energy constraints [19]. Energy is required to cook and carry out other daily activities. In many cases, people burn charcoal or wood, contributing to air pollution and deforestation. An often proposed alternative consists of photovoltaic systems or wind turbines [74,75]. However, as discussed in the previous section, even such green technologies can hyde environmental pitfalls. Indeed, at the end of their life cycle, they became e-waste challenging to manage in rural areas of LMICs, which also contain toxic pollutants. In such a scenario, the benefits of anaerobic digestion are evident in offering an alternative energy source. As mentioned, it can even be applied at the household level [73]. However, attention needs to be posed to the management of the unit. Furthermore, the waste inflow represents a critical element. Indeed, as Cucina et al. [76] highlighted, in the case of cattle or pig manure, lack of stabilisation and pathogens’ presence represented the main issues for the agricultural reuse of digestate. This has also been highlighted by Amato et al. [77]. Here, the authors found that, although biodigester cookstoves can reduce household air pollution, children’s diarrhoea may be an unintended health risk when human and animal sludges are used. Vögeli et al. [73] underscored that food and green waste have a significantly lower pathogen content, and using them (without sludge or manures) can reduce the presence of pathogens in the digestate. As a consequence, it could already be used as fertiliser. However, the effluent usually has a high COD concentration; thus, if digestate is not used as an organic fertiliser but is instead discharged to a water body without additional treatments, this would contribute to water pollution [73]. Furthermore, the guide of Ulrich et al. [78] can be taken as a reference for liquid digestate treatment aiming to improve effluent quality, particularly when pathogens are expected. If the digestate has a high solid content and pathogens are forecasted, the process can be followed by composting [79]. Digestate reuse in agriculture is as strategic as biogas for rural households and small-scale farms of LMICs, and applications already exist [80,81]. It must be noted that in terms of GHG emissions, biogas from solid waste use must be carefully evaluated. Indeed, on the one hand, methane has a greenhouse potential of more than 20 times higher than CO2. Thus, converting methane into CO2 through complete combustion is another way to mitigate GHG emissions; on the other hand, such an assumption is valid when the treated organic materials would otherwise undergo anaerobic decomposition, thereby releasing methane [73]. As a consequence, in terms of GHG emissions, other biowaste treatment methods such as decentralised composting [65] are usually more beneficial.



Another alternative, studied by Fajfrlíková et al. [82], is the organic waste treatment to obtain low-pressure briquettes. Such an approach would lead to producing solid fuels to be used in rural areas in place of firewood. In the research, waste agricultural and household biowaste were considered using a manual wooden low-pressure briquetting press. The authors found a positive correlation between education and the level of potential investments.




3.2. Management of Other Waste Fractions


Few examples from the scientific literature are available concerning the recycling of other waste fractions in rural villages from LMICs. In particular, plastic recycling could appear like an excessively challenging solution in rural settlements of LMICs. It represents a practice that only a few authors have discussed. Salhofer et al. [7] analysed this in detail by considering a case study from Vietnam. In this case, plastic waste was sent to rural craft villages for recycling, where it was processed manually and with outdated technology. The basic production unit in such villages was a household enterprise specialising in one or two activities (e.g., waste collection, separation, shredding, or extrusion). Such recycling activities operated under unregulated and uncontrolled conditions, posing significant health hazards and polluting the environment and the surrounding communities. Salhofer et al. [7] described the following plastic recycling activities held in the villages they assessed:




	
Purchase and sorting of plastic waste;



	
Washing of plastic;



	
Burning of sorted-out plastics;



	
Shredding;



	
Plastic extrusion and granulation.








The authors concluded with the following list of measures that should be taken to improve the situation:




	
More selective material intake to the recycling facilities;



	
Personal protective equipment (PPE);



	
Treatment of wastewater from washing and shredding;



	
Gaseous emissions reduction for extrusion and granulation, for example, by using filters;



	
To better organise the disposal of residues.








Notably, only Villa et al. [83] have recently discussed the design of a sustainable treatment plant for wastewater generated from a small-scale centre for plastic sorting (CPS) in a developing country (Mozambique). The CPS was designed according to a classical layout, which includes the acceptance and sorting area, the primary storage for loose material, a washing and drying area, a shredding area, and a secondary storage area for treated material. In addition, the washing tank was connected to the wastewater treatment system with the following units: a septic tank, a grease trap, and a subsurface flow constructed wetland. Therefore, the procedure implemented by the authors could be taken as a reference to improve environmental conditions associated with plastic recycling in LMICs.



Considering that plastic recycling in rural villages may represent a source of new revenues, efforts to fulfil such measures should be made. National or international funds (for instance, through international cooperation projects) should be allocated. Otherwise, it would be better to shift to other solutions, such as those discussed below. However, if in rural villages people have already been involved in plastic recycling activities, as in the Vietnam context, it would be more appropriate to improve the environmental situation without causing a loss of jobs and revenues.



In addition, Mihai et al. [84] highlighted the need for circular economy solutions to reduce plastic pollution in rural areas. The authors mentioned a series of possible interventions, such as replacing conventional plastics with more environmentally friendly materials; redesigning products with optimal recyclability; promoting reuse and return schemes by providing local infrastructure and incentives; and promoting creative recycling practices at household and community levels.



As anticipated, another approach that people from poor areas often practice consists of reusing packaging and other materials. It is the first way to reduce waste at the source, and it is mentioned by international agencies [27]. A good reference to following such an approach is discussed in a document from the Ellen MacArthur Foundation [85], in which 69 reuse examples are presented.



A similar approach also came from Nair et al. [86]. The authors described how to make photovoltaic systems in rural areas of developing countries by reusing commonly available waste (e.g., plastic bottles) for some components.



Another strategy to follow should consist of a plastic ban. As Godfrey [87] discussed, countries worldwide are taking action to minimise the impact of plastic waste. Banning single-use plastics represents one promising approach that has proven successful in African countries such as Rwanda and Kenya [34]. Overall, plastic waste prevention should be a top priority also to reduce marine pollution [88]. Indeed, it is essential to note that waste collection is not always the best way to face marine pollution, as González-Fernández et al. [89] recently highlighted. Indeed, the authors estimated that more than 300 million litter items are released annually from Europe into the Ocean, with plastic representing 82%. It has to be noted that in Europe, waste collection is already significantly higher than in Africa or Latin America [4].



Another SWM practice was discussed by Yang et al. [90]. The authors assessed the implementation of small-scale incinerators in rural communities. The combusted materials mainly included plastic, household, livestock and poultry waste. No filters were installed to reduce air pollution. However, such an approach appears detrimental from environmental and health perspectives. Indeed, persistent by-products such as dioxins can be generated [2].



Raut et al. [91] discussed recycling paper mill waste in rural areas. The authors proposed a simple procedure to make construction bricks. The machinery used could even work in rural areas of developing countries.



Wang et al. [92] noted that structural factors are crucial for ensuring proper solid waste disposal in rural villages. Multiple collection points should be made available in areas where the distance from a disposal site is more than 2 km.



Furthermore, Struk and Bakoš [93] analysed the long-term benefits of intermunicipal cooperation for small municipalities. The authors underscored the benefits of reducing service costs and other qualitative and non-financial benefits, such as better service quality and the possibility of sharing infrastructures. It is something that neighbouring rural villages should take into account. In addition, as anticipated, Araya-Córdova et al. [18] recently highlighted how efficient municipal resources allocation policy to support recycling programs can be crucial in improving conditions in rural areas of developing countries.



Moreover, the involvement of informal waste pickers can play a substantial role in recovering potentially valuable waste (e.g., metals and glass) [40,41].



In general, it must be considered that if a rural area is close to an urban area, it may be easier to find recyclers. However, in remote areas, the transportation cost of recyclable waste represents an obstacle that cannot be underestimated. Therefore, a preliminary value chain analysis is recommended.



Thus, other solutions could be represented by the temporary storage of recyclable waste that is not simple to recycle in rural settlements of developing countries [20]. Such storage could occur at the community level in a proper area. With a specific frequency, based on local waste production, the availability of waste collection vehicles, and the roads’ quality, such waste should be collected and brought to recycling centres. Such an approach should be followed for recyclable wastes, but the organic fraction should not be involved. Indeed, it appears more sustainable when treated nearby, considering its high biodegradation rate. In the case of plastic, sorting polymer waste within the communities can be pivotal. Informal waste workers could be involved. A similar approach can be followed to dispose of unrecyclable wastes in sanitary landfills. Indeed, keeping in mind that sanitary landfills can be expensive and challenging to manage in LMICs, conceiving such systems near more urbanised areas with adequate road connections would represent the most sustainable solution. Furthermore, transfer stations could be conceived to face economic and technical constraints and improve the system’s efficiency [94].




3.3. Summary of the Best Approaches


The best approaches discussed in Section 3.1 and Section 3.2 are summarised in Table 3.





4. Conclusions


As the list of challenges above has highlighted, site-specific conditions need to be evaluated in proposing sustainable waste management practices in rural communities of LMICs. However, successful approaches are already available.



At the same time, uncertainties affecting biowaste management techniques, such as vermicomposting and anaerobic digestion, must be studied further. Indeed, additional studies will be necessary concerning vermicomposting to understand the pathogens’ removal rate better. Similar matters concern digestate from anaerobic digesters.



Besides, in the future, additional SWM emerging techniques and their potential implementation in rural communities of LMICs could be investigated.



In addition, although waste recycling represents a positive solution, waste reduction and reuse should receive substantial attention. Indeed, as van Ewijk et al. [95] recently underscored, the potential environmental benefits of recycling are unclear or contested for some materials. Therefore, recycling from a circular economy perspective should be scrutinised for its energy requirements and GHG emissions. A value chain analysis would also be beneficial.



To make recourse to transfer stations for waste collection and recycling or disposal in appropriate units may represent an additional solution. Moreover, a long-term perspective should conceive the improvement of the quality of road connections.



Remembering that a relevant part of the world population is still living in rural areas, the benefits associated with an appropriate SWM may be enormous. Such activities may improve local conditions from social, environmental and health perspectives; furthermore, they may have a global impact on facing climate change and environmental pollution.



National or international funds should be allocated, considering the growing interest in solid waste pollution [96] and climate change [97]. A more vital link between local stakeholders and research centres should be realised to improve the benefits and outputs of many research and development projects. In addition, the training of local stakeholders and the diffusion of systematic behaviour change and awareness campaigns may play a crucial role.







Author Contributions


Conceptualisation, methodology, investigation, data curation, writing—original draft preparation, and writing—review and editing, G.V.; Validation, and supervision, M.V. All authors have read and agreed to the published version of the manuscript.




Funding


G.V. was funded by a grant to the University of Brescia from the European Union in the context of the “Sustainable Livelihoods” project. The “Sustainable Livelihoods” project is led by Cooperazione Internazionale Sud Sud (CISS) NGO in partnership with CeTAmb (University of Brescia) and two Ghanaian NGOs (NECPAD and RUDEYA). The project is co-funded by the European Union in the framework of the CSO RISE programme–Civil Society Organisations in Research and Innovation for Sustainable Development.




Data Availability Statement


The data will be made available at reasonable request.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Vinti, G.; Bauza, V.; Clasen, T.; Medlicott, K.; Tudor, T.; Zurbrügg, C.; Vaccari, M. Municipal Solid Waste Management and Adverse Health Outcomes: A Systematic Review. Int. J. Environ. Res. Public Health 2021, 18, 4331. [Google Scholar] [CrossRef] [PubMed]

	



Velis, C.; Cook, E. Mismanagement of Plastic Waste through Open Burning with Emphasis on the Global South: A Systematic Review of Risks to Occupational and Public Health. Environ. Sci. Technol. 2021, 55, 7186–7207. [Google Scholar] [CrossRef] [PubMed]

	



Tesseme, A.; Vinti, G.; Vaccari, M. Pollution Potential of Dumping Sites on Surface Water Quality in Ethiopia Using Leachate and Comprehensive Pollution Indices. Environ. Monit. Assess. 2022, 19, 545. [Google Scholar] [CrossRef] [PubMed]

	



Kaza, S.; Yao, L.C.; Bhada-Tata, P.; Van Woerden, F. What a Waste 2.0: A Global Snapshot of Solid Waste Management to 2050; World Bank Publications: Washington, DC, USA, 2018. [Google Scholar]

	



Ferronato, N.; Torretta, V. Waste Mismanagement in Developing Countries: A Review of Global Issues. Int. J. Environ. Res. Public Health 2019, 16, 1060. [Google Scholar] [CrossRef]

	



Vinti, G. Municipal Solid Waste Management and Health Risks: Is it Time for a Solid Waste Safety Plan? Analysis of Case Studies from Serbia and Ghana. Ph.D. Thesis, University of Brescia, Brescia, Italy, 2021. [Google Scholar]

	



Salhofer, S.; Jandric, A.; Soudachanh, S.; Le Xuan, T.; Tran, T.D. Plastic Recycling Practices in Vietnam and Related Hazards for Health and the Environment. Int. J. Environ. Res. Public Health 2021, 18, 4203. [Google Scholar] [CrossRef] [PubMed]

	



Taboada-González, P.; Aguilar-Virgen, Q.; Ojeda-Benítez, S.; Armijo, C. Waste characterization and waste management perception in rural communities in Mexico: A case study. Environ. Eng. Manag. J. 2011, 10, 1751–1759. [Google Scholar] [CrossRef]

	



Cook, E.; Velis, C. Global Review on Safer End of Engineered Life; Royal Academy of Engineering: London, UK, 2020. [Google Scholar]

	



Gómez-Sanabria, A.; Kiesewetter, G.; Klimont, Z.; Haberl, H. Potential for future reductions of global GHG and air pollutants from circular waste management systems. Nat. Commun. 2022, 13, 106. [Google Scholar] [CrossRef]

	



Gautam, M.; Agrawal, M. Greenhouse Gas Emissions from Municipal Solid Waste Management: A Review of Global Scenario. In Carbon Footprint Case Studies: Environmental Footprints and Eco-Design of Products and Processes; Muthu, S., Ed.; Springer Nature: Singapore, 2021. [Google Scholar]

	



Fei, X.; Fang, M.; Wang, Y. Climate change affects land-disposed waste. Nat. Clim. Chang. 2021, 11, 1004–1005. [Google Scholar] [CrossRef]

	



Guerrero, L.A.; Maas, G.; Hogland, W. Solid waste management challenges for cities in developing countries. Waste Manag. 2013, 33, 220–232. [Google Scholar] [CrossRef]

	



Han, Z.; Liu, Y.; Zhong, M.; Shi, G.; Li, Q.; Zeng, D.; Zhang, Y.; Fei, Y.; Xie, Y. Influencing factors of domestic waste characteristics in rural areas of developing countries. Waste Manag. 2018, 72, 45–54. [Google Scholar] [CrossRef]

	



World Bank. World Development Indicators: Rural Environment and Land Use. 2017. Available online: http://wdi.worldbank.org/table/3.1 (accessed on 19 October 2021).

	



Patwa, A.; Parde, D.; Dohare, D.; Vijay, R.; Kumar, R. Solid waste characterization and treatment technologies in rural areas: An Indian and international review. Environ. Technol. Innov. 2020, 20, 101066. [Google Scholar] [CrossRef]

	



Anwar, S.; Elagroudy, S.; Abdel Razik, M.; Gaber, A.; Bong CP, C.; Ho, W.S. Optimization of solid waste management in rural villages of developing countries. Clean Technol. Env. Policy 2018, 20, 489–502. [Google Scholar] [CrossRef]

	



Araya-Córdova, P.; Dávila, S.; Valenzuela-Levi, N.; Vásquez, O. Income inequality and efficient resources allocation policy for the adoption of a recycling program by municipalities in developing countries: The case of Chile. J. Clean Prod. 2021, 309, 127305. [Google Scholar] [CrossRef]

	



Kaygusuz, K. Energy for sustainable development: A case of developing countries. Renew. Sustain. Energy Rev. 2012, 16, 1116–1126. [Google Scholar] [CrossRef]

	



He, P. Municipal solid waste in rural areas of developing country: Do we need special treatment mode ? Waste Manag. 2021, 32, 1289–1290. [Google Scholar] [CrossRef]

	



World Bank. GNI Per Capita, Atlas Method. 2021. Available online: https://data.worldbank.org/indicator/NY.GNP.PCAP.CD (accessed on 15 November 2021).

	



Government of Ghana. Ghana—Voluntary National Review (VNR) Report on the Implementation of the 2030 Agenda for Sustainable Development; Government of Ghana: Accra, Ghana, 2019.

	



United Nations. SDG 6 Snapshot in Haiti. 2020. Available online: https://www.sdg6data.org/country-or-area/Haiti#anchor_6.2.1b (accessed on 17 March 2022).

	



United Nations. SDG 6 Snapshot in Mozambique. 2020. Available online: https://www.sdg6data.org/country-or-area/Mozambique (accessed on 1 March 2022).

	



Murad, W.; Hashim, N.M.N. Does poverty cause environmental degradation? Evidence from waste management practices of the squatter and low-cost flat housholds in Kuala Lumpur. World J. Sci. Technol. Sustain. Dev. 2010, 7, 275–289. [Google Scholar] [CrossRef]

	



Gutberlet, J. Informal and Cooperative Recycling as a Poverty Eradication Strategy. Geogr. Compass 2012, 6, 19–34. [Google Scholar] [CrossRef]

	



WHO. Compendium of WHO and Other UN Guidance on Health and Environment; World Health Organisation: Geneva, Switzerland, 2021. [Google Scholar]

	



Rajpal, A.; Kazmi, A.; Tyagi, V. Solid waste management in rural areas nearby river Ganga at Haridwar in Uttarakhand, India. J. Appl. Nat. Sci. 2020, 12, 592–598. [Google Scholar] [CrossRef]

	



Taghipour, H.; Amjad, Z.; Aslani, H.; Armanfar, F. Characterizing and quantifying solid waste of rural communities. J. Mater. Cycles Waste Manag. 2016, 18, 790–797. [Google Scholar] [CrossRef]

	



Asgari, A.; Ghorbanian, T.; Dadashzadeh, D.; Khalili, F.; Yari, A.R.; Bagheri, A.; Yousefi, N.; Ghadiri, S.K.; Talebi, S.S. Solid Waste Characterization and Management Practices in Rural Communities, Tehran and Alborz (Iran). J. Solid Waste Technol. Manag. 2019, 45, 111–118. [Google Scholar] [CrossRef]

	



Elhamdouni, D.; Arioua, A.; Karaoui, I.; Baaddi, A.; Ouhamchich, K.A. Household solid waste sustainable management in the Khenifra region, Morocco. Arab. J. Geosci. 2019, 12, 744. [Google Scholar] [CrossRef]

	



Edjabou, M.; Møller, J.; Christensen, T. Solid waste characterization in Kétao, a rural town in Togo, West Africa. Waste Manag. Res. 2012, 30, 745–749. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigo-Ilarri, J.; Vargas-Terranova, C.; Rodrigo-Clavero, M.; Bustos-Castro, P. Advances on the Implementation of Circular Economy Techniques in Rural Areas in Colombia under a Sustainable Development Framework. Sustainability 2021, 13, 3816. [Google Scholar] [CrossRef]

	



Behuria, P. Ban the (plastic) bag? Explaining variation in the implementation of plastic bag bans in Rwanda, Kenya and Uganda. Environ. Plan. C Politics Space 2021, 39, 1791–1808. [Google Scholar] [CrossRef]

	



Viljoen, J.M.; Schenck, C.J.; Volschenk, L.; Blaauw, P.F.; Grobler, L. Household Waste Management Practices and Challenges in a Rural Remote Town in the Hantam Municipality in the Northern Cape, South Africa. Sustainability 2021, 13, 5903. [Google Scholar] [CrossRef]

	



Lacey, F.; Marais, E.; Henze, D.; Lee, C.J.; Van Donkelaar, A.; Martin, R.V.; Hannigana, M.P.; Wiedinmyerb, C. Improving present day and future estimates of anthropogenic sectoral emissions and the resulting air quality impacts in Africa. Faraday Discuss. 2017, 200, 397–412. [Google Scholar] [CrossRef] [PubMed]

	



Bernardes, C.; Günther, M.W.R. Generation of Domestic Solid Waste in Rural Areas: Case Study of Remote Communities in the Brazilian Amazon. Hum. Ecol. 2014, 42, 617–623. [Google Scholar] [CrossRef]

	



Kerdsuwan, S.; Laohalidanond, K.; Jangsawang, W. Sustainable Development and Eco-friendly Waste Disposal Technology for the Local Community. Energy Procedia. 2015, 79, 119–124. [Google Scholar] [CrossRef]

	



Manomaivibool, P.; Srivichai, M.; Unroj, P.; Dokmaingam, P.; Chiang, R. Zero Waste: Participatory action research to promote source separation in rural areas. Resour. Conserv. Recycl. 2018, 136, 142–152. [Google Scholar] [CrossRef]

	



Schenck, R.; Blaauw, P. The Work and Lives of Street Waste Pickers in Pretoria—A Case Study of Recycling in South Africa’s Urban Informal Economy. Urban Forum. 2011, 22, 411. [Google Scholar] [CrossRef]

	



Moreno-Sanchez, R.; Maldonado, J. Surviving from garbage: The role of informal waste-pickers in a dynamic model of solid-waste management in developing countries. Environ. Dev. Econ. 2006, 11, 371–391. [Google Scholar] [CrossRef]

	



Vinti, G.; Batinic, B.; Bauza, V.; Clasen, T.; Medlicott, K.; Tudor, T.; Zurbrügg, C.; Vaccari, M. The development of a Solid Waste Safety Plan: Case studies from Serbia and Ghana. In Nature Conferences: Waste Management and Valorization for a Sustainable Future; Nature: Seoul, Korea, 2021. [Google Scholar]

	



Reyna-Bensusan, N.; Wilson, D.C.; Smith, S.R. Uncontrolled burning of solid waste by households in Mexico is a significant contributor to climate change in the country. Environ. Res. 2018, 163, 280–288. [Google Scholar] [CrossRef]

	



Ziraba, A.K.; Haregu, T.N.; Mberu, B. A review and framework for understanding the potential impact of poor solid waste management on health in developing countries. Arch. Public Health 2016, 74, 55. [Google Scholar] [CrossRef]

	



Krystosik, A.; Njoroge, G.; Odhiambo, L.; Forsyth, J.E.; Mutuku, F.; LaBeaud, A.D. Solid Wastes Provide Breeding Sites, Burrows, and Food for Biological Disease Vectors, and Urban Zoonotic Reservoirs: A Call to Action for Solutions-Based Research. Front. Public Health 2020, 7, 405. [Google Scholar] [CrossRef]

	



Gómez-Bustamante, E.M.; Bohórquez-Moreno, C.E.; Severiche-Sierra, C.A. Social-demographic and health conditions in waste pickers in the city of Cartagena de Indias (Colombia). Rev. Aglala 2012, 9, 430–442. [Google Scholar]

	



Gutberlet, J.; Uddin, S. Household waste and health risks affecting waste pickers and the environment in low- and middle-income countries. Int. J. Occup. Environ. Health 2017, 23, 299–310. [Google Scholar] [CrossRef]

	



Smith, S.; Bernal, E. Quantifying mismanaged waste in a small Balinese coastal village: Comparisons of standing stock in different habitats. Ocean Coast Manag. 2021, 202, 105433. [Google Scholar] [CrossRef]

	



Lestari, P.; Trihadiningrum, Y. The impact of improper solid waste management to plastic pollution in Indonesian coast and marine environment. Mar. Pollut. Bull. 2019, 149, 110505. [Google Scholar] [CrossRef] [PubMed]

	



Xue, B.; Zhang, L.; Li, R.; Wang, Y.; Guo, J.; Yu, K.; Wang, S. Underestimated Microplastic Pollution Derived from Fishery Activities and “Hidden” in Deep Sediment. Environ. Sci. Technol. 2020, 54, 2210–2217. [Google Scholar] [CrossRef] [PubMed]

	



Nelms, S.E.; Duncan, E.M.; Patel, S.; Badola, R.; Bhola, S.; Chakma, S.; Chowdhury, G.W.; Godley, B.J.; Haque, A.B.; Johnson, J.A.; et al. Riverine plastic pollution from fisheries: Insights from the Ganges River system. Sci. Total Environ. 2021, 756, 143305. [Google Scholar] [CrossRef]

	



Possatto, F.E.; Barletta, M.; Costa, M.F.; Do Sul, J.A.I.; Dantas, D.V. Plastic debris ingestion by marine catfish: An unexpected fisheries impact. Mar. Pollut. Bull. 2011, 62, 1098–1102. [Google Scholar] [CrossRef] [PubMed]

	



Feron, S. Sustainability of Off-Grid Photovoltaic Systems for Rural Electrification in Developing Countries: A Review. Sustainability 2016, 8, 1326. [Google Scholar] [CrossRef]

	



WHO. Children and Digital Dumpsites: E-Waste Exposure and Child Health; Word Health Organisaton: Geneva, Switzerland, 2021. [Google Scholar]

	



Vaccari, M.; Vinti, G.; Cesaro, A.; Belgiorno, V.; Salhofer, S.; Dias, M.I.; Jandric, A. WEEE Treatment in Developing Countries: Environmental Pollution and Health Consequences—An Overview. Int. J. Environ. Res. Public Health 2019, 16, 1595. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; La Guardia, M.J.; Liu, H.; Hale, R.C.; Mainor, T.M.; Harvey, E.; Sheng, G.; Fu, J.; Peng, P. Brominated and organophosphate flame retardants along a sediment transect encompassing the Guiyu, China e-waste recycling zone. Sci. Total Environ. 2019, 646, 58–67. [Google Scholar] [CrossRef] [PubMed]

	



Wang, K.; Qian, J.; Liu, L. Understanding Environmental Pollutions of Informal E-Waste Clustering in Global South via Multi-Scalar Regulatory Frameworks: A Case Study of Guiyu Town, China. Int. J. Environ. Res. Public Health 2020, 17, 2802. [Google Scholar] [CrossRef] [PubMed]

	



Kelly-Reif, K.; Wing, S. Urban-rural exploitation: An underappreciated dimension of environmental injustice. J. Rural. Stud. 2016, 47, 350–358. [Google Scholar] [CrossRef]

	



Kesavachandran, C.N.; Fareed, M.; Pathak, M.K.; Bihari, V.; Mathur, N.; Srivastava, A.K. Adverse Health Effects of Pesticides in Agrarian Populations of Developing Countries. In Reviews of Environmental Contamination and Toxicology Volume 200; Whitacre, D., Ed.; Springer: Boston, MA, USA, 2009. [Google Scholar]

	



Bonoli, A.; Zanni, S.; Awere, E. Organic waste composting and sustainability in low-income communities in Palestine: Lessons from a pilot project in the village of Al Jalameh, Jenin. Int. J. Recycl. Org. Waste Agric. 2019, 8, 253–262. [Google Scholar] [CrossRef]

	



Wu, D.; Zhang, C.; Lü, F.; Shao, L.; He, P. The operation of cost-effective on-site process for the bio-treatment of mixed municipal solid waste in rural areas. Waste Manag. 2014, 34, 999–1005. [Google Scholar] [CrossRef]

	



Coffey, M.; Coad, A. Collection of Municipal Solid Waste in Developing Countries; United Nations Human Settlements Programme (UN-HABITAT): Nairobi, Kenya, 2010. [Google Scholar]

	



Vaccari, M. A proposed approach for a solid waste collection system in an African rural town: A case study from Kenya. In The Routledge Handbook of Waste, Resources and the Circular Economy, 1st ed.; Tudor, T., Dutra, C., Eds.; Routledge: Abingdon, UK, 2021. [Google Scholar]

	



Liu, T.; Ren, X.; Zhao, J.; Chen, H.; Wang, Q.; Awasthi, S.K.; Duan, Y.; Pandey, A.; Taherzadeh, M.J.; Awasthi, M.K.; et al. Sustainability analysis of large-scale food waste composting. In Current Developments in Biotechnology and Bioengineering; Kataki, R., Pandey, A., Khanal, S.K., Pant, D., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 301–322. [Google Scholar]

	



Yeo, D.; Dongo, K.; Mertenat, A.; Lüssenhop, P.; Körner, I.; Zurbrügg, C. Material Flows and Greenhouse Gas Emissions Reduction Potential of Decentralized Composting in Sub-Saharan Africa: A Case Study in Tiassalé, Côte d’Ivoire. Int. J. Environ. Res. Public Health 2020, 17, 7229. [Google Scholar] [CrossRef]

	



Wei, Y.; Li, J.; Shi, D.; Liu, G.; Zhao, Y.; Shimaoka, T. Environmental challenges impeding the composting of biodegradable municipal solid waste: A critical review. Resour. Conserv. Recycl. 2017, 122, 51–65. [Google Scholar] [CrossRef]

	



Swati, A.; Hait, S.A. Comprehensive Review of the Fate of Pathogens during Vermicomposting of Organic Wastes. J. Environ. Qual. 2018, 47, 16–29. [Google Scholar] [CrossRef] [PubMed]

	



Vuković, A.; Velki, M.; Ečimović, S.; Vuković, R.; Štolfa Čamagajevac, I.; Lončarić, Z. Vermicomposting—Facts, Benefits and Knowledge Gaps. Agronomy 2021, 11, 1952. [Google Scholar] [CrossRef]

	



Ali, U.; Sajid, N.; Khalid, A.; Riaz, L.; Rabbani, M.M.; Syed, J.H.; Malik, R.N. A review on vermicomposting of organic wastes. Environ. Prog. Sustain. Energy 2015, 34, 1050–1062. [Google Scholar] [CrossRef]

	



Mihai, F.; Ingrao, C. Assessment of biowaste losses through unsound waste management practices in rural areas and the role of home composting. J. Clean. Prod. 2018, 172, 1631–1638. [Google Scholar] [CrossRef]

	



Mosler, H.J. A systematic approach to behavior change interventions for the water and sanitation sector in developing countries: A conceptual model, a review, and a guideline. Int. J. Environ. Health Res. 2012, 22, 431–449. [Google Scholar] [CrossRef]

	



Loan, L.; Takahashi, Y.; Nomura, H.; Yabe, M. Modeling home composting behavior toward sustainable municipal organic waste management at the source in developing countries. Resour. Conserv. Recycl. 2019, 140, 65–71. [Google Scholar] [CrossRef]

	



Vögeli, Y.; Lohri, C.R.; Gallardo, A.; Diener, S.; Zurbrügg, C. Anaerobic Digestion of Biowaste in Developing Countries; Swiss Federal Institute of Aquatic Science and Technology (Eawag): Dübendorf, Switzerland, 2014. [Google Scholar]

	



Shahsavari, A.; Akbari, A. Potential of solar energy in developing countries for reducing energy-related emissions. Renew. Sustain. Energy Rev. 2018, 90, 275–291. [Google Scholar] [CrossRef]

	



Ferrer-Martí, L.; Domenech, B.; García-Villoria, A.; Pastor, R. A MILP model to design hybrid wind–photovoltaic isolated rural electrification projects in developing countries. Eur. J. Oper. Res. 2013, 226, 293–300. [Google Scholar] [CrossRef]

	



Cucina, M.; Castro, L.; Escalante, H.; Ferrer, I.; Garfí, M. Benefits and risks of agricultural reuse of digestates from plastic tubular digesters in Colombia. Waste Manag. 2021, 135, 220–228. [Google Scholar] [CrossRef]

	



Amato, H.K.; Hemlock, C.; Andrejko, K.L.; Smith, A.R.; Hejazi, N.S.; Hubbard, A.E.; Verma, S.C.; Adhikari, R.K.; Pokhrel, D.; Smith, K.; et al. Biodigester Cookstove Interventions and Child Diarrhea in Semirural Nepal: A Causal Analysis of Daily Observations. Env. Health Perspect. 2022, 130, 017002. [Google Scholar] [CrossRef]

	



Ulrich, A.; Reuter, S.; Gutterer, B. Decentralised Wastewater Treatment Systems (DEWATS) and Sanitation in Developing Countries: A Practical Guide; Water, Engineering and Development Centre: London, UK, 2009. [Google Scholar]

	



Gurmessa, B.; Cocco, S.; Ashworth, A.J.; Pedretti, E.F.; Ilari, A.; Cardelli, V.; Fornasier, F.; Ruello, M.L.; Corti, G. Post-digestate composting benefits and the role of enzyme activity to predict trace element immobilization and compost maturity. Bioresour. Technol. 2021, 338, 125550. [Google Scholar] [CrossRef] [PubMed]

	



Garfí, M.; Gelman, P.; Comas, J.; Carrasco, W.; Ferrer, I. Agricultural reuse of the digestate from low-cost tubular digesters in rural Andean communities. Waste Manag. 2011, 31, 2584–2589. [Google Scholar] [CrossRef] [PubMed]

	



Martí-Herrero, J.; Chipana, M.; Cuevas, C.; Paco, G.; Serrano, V.; Zymla, B.; Heising, K.; Sologuren, J.; Gamarra, A. Low cost tubular digesters as appropriate technology for widespread application: Results and lessons learned from Bolivia. Renew. Energy 2014, 71, 156–165. [Google Scholar] [CrossRef]

	



Fajfrlíková, P.; Brunerová, A.; Roubík, H. Analyses of Waste Treatment in Rural Areas of East Java with the Possibility of Low-Pressure Briquetting Press Application. Sustainability 2020, 12, 8153. [Google Scholar] [CrossRef]

	



Villa, F.; Vinti, G.; Vaccari, M. Appropriate solid waste management system in Quelimane (Mozambique): Study and design of a small-scale center for plastic sorting with wastewater treatment. Waste Dispos. Sustain. Energy 2022, 4, 49–62. [Google Scholar] [CrossRef] [PubMed]

	



Mihai, F.-C.; Gündoğdu, S.; Markley, L.A.; Olivelli, A.; Khan, F.R.; Gwinnett, C.; Gutberlet, J.; Reyna-Bensusan, N.; Llanquileo-Melgarejo, P.; Meidiana, C.; et al. Plastic Pollution, Waste Management Issues, and Circular Economy Opportunities in Rural Communities. Sustainability 2022, 14, 20. [Google Scholar] [CrossRef]

	



Ellen MacArthur Foundation. Reuse: Rethinking Packaging; Ellen MacArthur Foundation: Isle of Wight, UK, 2019. [Google Scholar]

	



Nair, S.; Rao, R.; Kumar, T.; Prasad, G.G.; Kumar, M.; Henna, P.K.; Saifudeen, A.; Mani, M. Roshini’—Developing a DIY Rural Solar Light: Utilizing products at End-of-Life (EoL) stage. In Proceedings of the 2018 IEEE Global Humanitarian Technology Conference (GHTC), San Jose, CA, USA, 18–21 October 2018. [Google Scholar]

	



Godfrey, L. Waste Plastic, the Challenge Facing Developing Countries—Ban It, Change It, Collect It? Recycling 2019, 4, 3. [Google Scholar] [CrossRef]

	



Calabrò, P.; Grosso, M. Bioplastics and waste management. Waste Manag. 2018, 78, 800–801. [Google Scholar] [CrossRef]

	



González-Fernández, D.; Cózar, A.; Hanke, G.; Viejo, J.; Morales-Caselles, C.; Bakiu, R.; Barceló, D.; Bessa, F.; Bruge, A.; Cabrera, M.; et al. Floating macrolitter leaked from Europe into the ocean. Nat. Sustain. 2021, 4, 474–483. [Google Scholar] [CrossRef]

	



Yang, L.; Liu, G.; Zhu, Q.; Zheng, M. Small-scale waste incinerators in rural China: Potential risks of dioxin and polychlorinated naphthalene emissions. Emerg Contam. 2019, 5, 31–34. [Google Scholar] [CrossRef]

	



Raut, S.P.; Sedmake, R.; Dhunde, S.; Ralegaonkar, R.V.; Mandavgane, S.A. Reuse of recycle paper mill waste in energy absorbing light weight bricks. Constr. Build. Mater. 2012, 27, 247–251. [Google Scholar] [CrossRef]

	



Wang, F.; Cheng, Z.; Reisner, A.; Liu, Y. Compliance with household solid waste management in rural villages in developing countries. J. Clean. Prod. 2018, 202, 293–298. [Google Scholar] [CrossRef]

	



Struk, M.; Bakoš, E. Long-Term Benefits of Intermunicipal Cooperation for Small Municipalities in Waste Management Provision. Int. J. Environ. Res. Public Health 2021, 18, 1449. [Google Scholar] [CrossRef] [PubMed]

	



Das, S.; Bhattacharyya, B. Optimization of municipal solid waste collection and transportation routes. Waste Manag. 2015, 43, 9–18. [Google Scholar] [CrossRef]

	



Van Ewijk, S.; Stegemann, J.; Ekins, P. Limited climate benefits of global recycling of pulp and paper. Nat. Sustain. 2021, 4, 180–187. [Google Scholar] [CrossRef]

	



Stokstad, E. United Nations to tackle global plastics pollution. Science 2022, 375, 801–802. [Google Scholar] [CrossRef]

	



Fuldauer, L.I.; Thacker, S.; Haggis, R.A.; Fuso-Nerini, F.; Nicholls, R.J.; Hall, J.W. Targeting climate adaptation to safeguard and advance the Sustainable Development Goals. Nat. Commun. 2022, 13, 3579. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Waste generation rate per capita in rural communities of developing countries.
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	Country
	Waste Generation per Capita [kg/(Inhab. × Day)]
	Source





	India
	0.18
	[28]



	Iran
	0.26
	[29]



	Iran
	0.44
	[30]



	Morocco
	0.57
	[31]



	Togo
	0.34
	[32]



	Colombia
	0.46
	[33]
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Table 2. Waste composition in rural communities of developing countries.
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Country

	
Waste Fractions [%]




	
Organic Fraction

	
Plastic

	
Paper and Cardboard

	
Metals

	
Glass

	
Textile

	
Woods

	
Hazardous

	
Others

	
Source






	
Mexico

	
42.55

	
14.95

	
9.50

	
2.60

	
3.75

	
7.40

	
0.40

	
0.45

	
18.4

	
[8]




	
India

	
74.00

	
4.00

	
7.00

	
1.00

	
0.40

	
2.00

	
6.00

	
NA

	
5.60

	
[28]




	
Iran

	
50.98

	
13.58

	
6.07

	
0.47

	
2.09

	
12.53

	
0.44

	
NA

	
13.84

	
[29]




	
Iran

	
47.38

	
6.98

	
6.30

	
6.32

	
4.42

	
4.13

	
3.95

	
NA

	
20.54

	
[30]




	
Togo

	
38.00

	
11.00

	
7.00

	
≈1.00

	
<1.00

	
≈1.00

	
NA

	
<1.00

	
41.00

	
[32]




	
Brazil (Amazon)

	
90.00

	
5.00

	
1.00

	
3.00

	
NA

	
NA

	
NA

	
1.00

	
NA

	
[37]




	
Thailand

	
43.29

	
20.62

	
11.43

	
0.34

	
1.40

	
4.55

	
1.55

	
0.29

	
16.53

	
[38]




	
Thailand

	
66.00

	
15.00

	
6.00

	
NA

	
NA

	
NA

	
NA

	
1.00

	
12.00

	
[39]
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Table 3. Summary of the best approaches identified for rural communities of developing countries.
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	Waste Fraction
	Suggested Approach
	Notes





	Organic waste
	Decentralised windrow composting
	
	
Involvement of one or more communities, or big farms



	
Waste separation at source is needed








	Organic waste
	Composting bins at the household level
	



	Organic waste
	Anaerobic digestion at the household level
	To contain biological risks faecal sludges have to be avoided, or a post-treatment for the digestate needs to be conceived



	Organic waste
	Manual wooden low-pressure briquetting press
	



	Plastic waste
	Plastic recycling in rural craft villages
	
	
Environmental and health risks cannot be underestimated



	
PPE needs to be used



	
Necessity of selective material intake



	
Treatment of wastewater



	
Gaseous emissions reduction



	
Value chain analysis is recommended








	Plastic waste
	Reuse of plastic waste for some photovoltaic components
	



	Plastic waste
	Banning single-use plastics
	



	Paper waste
	Production of construction bricks
	Value chain analysis is recommended



	Recyclable waste in general
	Involvement of informal waste pickers
	



	Recyclable waste in general
	Temporary storage and subsequent dispatch to specialised centres
	
	
It is not recommended for organic waste



	
Pre-treatments could be helpful (e.g., sorting polymer waste)








	Unrecyclable waste in general
	Temporary storage and subsequent dispatch to sanitary landfills
	The presence of transfer stations could be necessary



	Solid waste in general
	Government supports and provides specific legislation to promote waste reduction and material reuse
	



	Solid waste in general
	International supports, funds and agreements
	



	Solid waste in general
	Promoting waste reduction and material reuse
	



	Solid waste in general
	Intermunicipal cooperation
	



	Solid waste in general
	Improvement of road connections
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