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Abstract

:

Various municipal solid waste management (MSWM) innovations have emerged in developing countries in face of the challenges posed by increasing waste generation and poor MSWM practice. We present a methodology to assess the potential sustainability impact of MSWM innovations in a holistic manner. The Life Cycle Sustainability Analysis (LCSA) framework and the United Nations (UN) sustainable development goals (SDGs) facilitated the methodology development. The result of applying the methodology to the case of waste bank (WB) in Bandung City shows that WB potentially generates the greatest sustainability impact in the resource recovery phase and the smallest impact in the collection and final disposal phase. All negative impacts could arise in the economic dimension. Surprisingly, WB as a national strategy to achieve 3Rs would not effectively solve Bandung City’s landfill problem. Almost all SDGs would benefit from the WB program under the assumed conditions. This methodology will facilitate the decision-making in MSWM by (1) comparing available innovations to find the optimal solution, (2) identifying the hot spots and taking measures to combat the negative impacts, (3) providing the basis for monitoring the implementation process and the ex-post performance assessment.
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1. Introduction


1.1. Motivation


Municipal solid waste (MSW) generally refers to household waste, while it also includes commercial & industrial waste and construction & demolition waste generated from small businesses and institutions [1]. The municipal solid waste management (MSWM) issue has risen as a big challenge for city governors in developing countries or low-income countries [2,3]. Cities in these countries are expecting an increasing magnitude of solid waste generation and challenges along with urbanization, economic development, and population growth [1]. Nevertheless, cities in developing countries often fail to provide sufficient formal waste services to their citizens [1]. The poor SWM practice has led to significant negative impact on public health, environment, and economy [1,4,5]. Facing these challenges, many grassroots or community-based waste management innovations, which aim at solving the local waste problems and are actively participated by private actors or the local community [6], have emerged in developing countries. To name some, the “Plastic Bank” targets at keeping the ocean clear of plastics pollution which operates in Latin America; the “Aobag” aiming at increasing household waste classification and recycling rate with the help of smartphones and intelligent management system in China; the “Waste Bank (WB)” initiative seeking to contribute to the country’s “reduction, recycling, and reuse (3Rs)” target in Indonesia [6].



Nevertheless, it is still questionable whether these MSWM innovations could fulfill the claimed objectives (as argued in a past paper [7]). Moreover, thinking from a system perspective, what other sustainability impacts would be triggered to the whole life cycle of MSWM system is uncertain. Therefore, the potential system-wide sustainability impacts shall be evaluated in a holistic manner. This ex-ante sustainability assessment of MSWM innovations is imperative for the decision-makers who are seeking solutions to sustainable MSWM. Sound decisions should be made in selecting the appropriate innovations and identifying the hot spots for optimization. To this end, this paper is to support the decision-making of MSWM in developing countries on the adoption of MSWM innovations, by assessing the prospective sustainability impact of the proposed innovations at a city scale.




1.2. Life Cycle Sustainability Analysis Framework and Sustainable Development Goals


Certain Weaknesses of the methodological approach for this aim are identified from existing studies on the evaluation of waste management systems. Firstly, most of the studies evaluate the performance of an existing waste management system [8,9,10]. These studies conduct ex-post assessments which are not designed for decision-makers to forecast the potential impact. Secondly, the indicators or indices developed for waste management system assessment (e.g., ‘wasteaware’ benchmark indicators [11] and zero waste index [12]) focus mainly on the output of the waste management system itself, failing to map the dynamic change in sustainability impacts introduced by innovations. Thirdly, almost all sustainability assessments in the field of waste management are at the product-level. Often, the sustainability impact of several technologies (e.g., energy recovery, material recycling, landfill gas utilization, and so on) are assessed and compared [13,14,15,16]. A city-scale assessment which considers the corresponding change induced by the technology is rarely conducted. Last but not least, a holistic sustainability assessment is not a common practice. Like in other fields, the environmental impact assessment predominates in waste management, leaving the social [17] and economic dimensions less studied [18].



Recognizing the methodological need, this paper applies the Life Cycle Sustainability Analysis (LCSA) framework recently proposed by Guinée et al. [19] to the field of waste management. The LCSA framework is a transdisciplinary framework rather than a model in itself [19,20]. Given a specific sustainability question, the LCSA framework identifies and selects the proper tools from the pool of models and tools available, depending on the application area, assessed impacts, and the scope [19]. While built upon the mature Life Cycle Assessment (LCA) approach, LCSA goes beyond LCA by adding expansion in three dimensions [20,21,22]:




	
Broadening the impacts: including economic, social, and environmental impacts.



	
Broadening the scope of analysis: dealing with sustainability questions from product-level, meso-level (city-level and sector-level) to macro-level (economy-wide, national-, or global-level).



	
Deepening the mechanism: including dynamics and causal and trade-off relationships.








However, the three dimensions of expansion have received different levels of advancement. The first dimension of expansion is achieved by the majority of LCSA, by focusing on more than one pillar of sustainability [20,23]. Regarding the second dimension of expansion, the present applications are mainly at product-level [20], implying a need for practice at meso- and macro-level. Furthermore, only a limited number of studies have applied uncertainty analyses, multidecisionmaking or stakeholder involvement. Thus deepening the mechanisms is generally not sufficiently performed [20]. The LCSA remains a conceptual framework which needs further research to make it operational [19,24]. Hence, there is a call for practical examples to put the LCSA framework into practice.



Despite the fact that there are rare applications of the LCSA framework in waste management [23], it is an appropriate framework for the assessment aim of this paper. MSWM is a complex issue embedded in the interconnected environmental, social, and economic system. Applying LCSA to MSWM at a city level is a practical example of broadening the scope to meso-level, which is rare in the existing studies. Thus, this work not only has a practical significance of supporting decision-making, but also contributes to the development of the LCSA framework.



Waste management has a cross-cutting nature with strong linkages with some of the global challenges that the sustainable development goals (SDGs) aim to tackle, such as health, favorable living environment, and sustainable cities. The waste topic is covered by more than half of the 17 SDGs and is well-embedded within them [25]. This paper also brings in the SDGs in the methodology development in order to keep a holistic view of sustainability.



The SDGs were proposed by the Open Working Group of the General Assembly in 2014 following the decision made by the United Nations (UN) member states during the UN Conference on Sustainable Development (Rio+20) in 2012. The 17 SDGs and the accompanying 169 targets integrate a diversity of perspectives, experience, and expertise from civil society, the scientific community, and the UN system [26]. The SDGs aim to guide and contribute to the global transformation to sustainable development within the post-2015 development agenda. Moreover, the SDGs are universal and applicable to all countries regardless of the level of development. This enables the global community to contribute together to create a sustainable future [26]. A broad range of issues are covered by SDGs, implicating a good integration of and balance between the three dimensions of sustainable development and the governance aspect [27]. Therefore, using the SDGs as a guide to select indicators would allow a holistic consideration of all sustainability impact.



However, a great challenge remains regarding how to integrate the SDGs in sustainability assessment. The SDGs represent the global consensual targets and provide a normative basis and reference to map the transition to sustainable development [28]. Though they are further specified by 169 targets and 232 indicators, the SDG framework only reflects the interest and responsibilities at the national level [27]. Many indicators from the global SDG indicator system could not be directly used for measuring the sustainability on a local or regional scale. Despite the difficulty, the academic community of life cycle sustainability assessment has paid efforts in the integration of SDGs. Wulf et al. [29] adopted a bottom-up approach by attributing the indicators of existing LCSA tools at product-level to the SDGs, only to find that not all the SDGs could not be reflected. A top-down approach is deployed by Maier et al. [30] in an ex-post sustainability assessment of development projects. Considering the interlinkages between the 17 SDGs, Maier et al. clustered them into nine impact categories and selected indicators from different sources for each impact category [30]. As this paper is a city-scale LCSA and intends to keep a holistic view of sustainability, the top-down approach by Maier et al. [30] is adopted and adapted to the MSWM system.




1.3. Structure of the Paper


This paper develops an ex-ante assessment methodology based on the LCSA framework for assessing the potential sustainability impacts caused by innovations in MSWM system on a city scale (Section 2). The SDGs are incorporated in the methodology as a guide for selecting the indicators. The developed methodology is then applied to the case of WB in Bandung City, Indonesia (Section 3). A thorough discussion to the significance and weaknesses of methodology is conducted in Section 4. The last section concludes the whole paper.





2. Methodology


Carrying out the LCSA framework comprises three phases: goal & scope definition, modeling, and interpretation [19]. As the LCSA framework remains conceptual, this paper adopts the three-phase procedure and further makes them operable in the MSWM field. Figure 1 presents an overview of the methodology. Firstly, in the goal & scope definition phase, a three-step approach is followed. In the modeling phase, indicators classified by impact categories derived from the SDGs are adopted. Life cycle inventory analysis is carried out in case of quantitative indicators before the impact assessment. The third phase—interpretation analyzes, evaluates and communicates the assessment result.



2.1. Goal & Scope Definition


The goal & scope phase is crucial to a LCSA. The emphasis of the first phase is to define the sustainability questions after a thorough system description. Due to the increased complexity of the nature of the problem, this phase has to be analyzed in a structured way [31]. To reach this aim, a three-step approach is developed based on existing attempts [31,32,33]. The three steps are identifying the macro goal of the city, structuring the context, and building scenarios (as shown in Figure 2).



2.1.1. Macro Goal Identification


Firstly, the macro goal of the city regarding its MSWM shall be identified. The extent to which the innovations contribute to the achievement of the macro goal is one of the main criteria of making decisions. Identifying the macro goal clarifies the demands of the city. Further, it facilitates the selection of the innovations. However, it is necessary to note that the city’s macro goal on waste management is not the goal of the LCSA assessment. It is common that a city has its general goals on MSWM or a masterplan covering MSWM issues. The goal may be phrased like, for example, reducing the landfill pressure, or more broadly, achieving integrated waste management. It would be favorable if the city has a more specific measurement of the goal, for example, reducing the waste volume to landfill by 30% by 2020. In more ideal cases, the city waste sector has already connected its goals to the SDGs, thus enabling a comparison with the assessment results.




2.1.2. Context Structuring


The context here is the broad techno-socio-economic-environmental system where the potential innovations are to be implemented [31]. Firstly, the basic national and regional facts including demographic, geographic, climate, and economic characteristics should be identified, as all these factors affect the choice and formation of the regional MSWM practice. As waste management is a public service provided by the government, it is imperative to examine the legal framework of MSWM in the studied context. For a LCSA of the MSWM system, the special features of waste stream in the local context shall also be identified. All this context analysis narrows down the scope of identifying appropriate innovations and facilitate scenarios building in the following step. Furthermore, this process enables the identification of actors in the system, as well as additional stakeholders that could be approached, either for the collection of opinions or for the sake of data collection.




2.1.3. Scenario Building


After the above two steps, the practitioners are able to identify one or more innovations or technologies that contribute to achieving the macro goal and fit the local context. The next step is to decide on the innovations to investigate and define scenarios.



First, the life cycle of the MSWM system should be made clear. This paper puts forward a simplified life cycle of a MSWM system, despite the fact that waste management practices vary in different regions around the globe. As depicted in Figure 3, five phases are included in the MSWM life cycle: waste generation, collection, transportation, final disposal, and resource recovery. Dealing with the product end-of-life stage, the unconventional life cycle of MSWM includes grave-to-cradle (waste to material recovery) and grave-to-grave (waste to final disposal) processes.



Waste generation is the initial phase. The generated MSW at source (households or commercial areas) may be collected for further treatment or subject to different at-source treatment and disposal. A collection service provided to all citizens is essential to minimize open burning and dumping. The collection service could be provided by formal sector, private, and public sectors. The transportation phase involves the delivery of waste from source to transfer station, from source to segregation facility, from transfer station to landfill, and so on. Waste collection and transportation vehicles are present in different forms. Rail cart, tricycle cart, and cycle cart are some of the common vehicles used in low- and middle-income countries for primary collection, whereas compactor trucks are widely used in Europe. Wastes can end up in several different final disposal methods: landfill, open dumpsite, or thermal treatment. Landfilling and thermal treatment are commonly adopted in high-income countries, while the majority of the MSW in low-income countries are disposed through open dumping [34]. The resource recovery phase comprises material recovery and energy recovery. Sorting center, composter, and mechanical biological treatment facilities are some of the common material recovery facilities [1]. Incineration, gasification, and landfill gas utilization are typical practice of energy recovery [1]. Recourse recovery could happen in or between any of the other four processes. For example, segregating waste at source before the collection process; recycling and reuse in collection process; hand or automated sorting system in transfer station; and incineration for energy recovery at final disposal.



When applying this methodology to a real case, the model could be expanded depending on the context as identified in the previous two steps. The physical features of the waste, mainly moisture, density, and calorific value, which are affected by the waste composition, inter alia, are the important considerations when the city waste sectors choose their waste collection, transportation, and treatment methods [1]. Other factors affecting the selection of innovations include the financial constraints, social-cultural norms, and legal requirements. The expansion of the model based on the current practice formulates the baseline scenario. Furthermore, the model would be shifted after the integration of one or more innovations into the baseline scenario. One should thoroughly examine the technical features of, expert opinions on, and present experience with the implementation of the innovations, and consider how the baseline scenario would be affected (considering not only the material flow, but also the social, economic, and political mechanism). Thus, the comparison scenario could be built. It is important to build scenarios with life cycle thinking, and deliberately design the upstream and downstream processes of the innovations. However, this is an iterative process. If further unidentified change emerges in the modeling phase, the model could continually be modified.



It is at this point that the boundary of the MSWM system in focus and its future development after the integration of the innovations are depicted clearly. Thus, the sustainability questions could be defined, answering which is the goal of the assessment.





2.2. Modeling


The three dimensions of expansion of LCSA should be taken into consideration in the modeling phase [32]. The three dimensions of expansion are: broadening the scope of impacts, broadening the scope of analysis, and deepening the mechanism. The methodology developed here adopts an indicator-based approach. Thus, the modeling phase involves applying the appropriate tools to qualitatively or quantitatively assess the indicators.



In this paper, the SDG framework is used as a guide to identify the indicators due to its holistic perspective of sustainability and strong direct or indirect linkages with waste management issues. After screening the nine impact categories in Maier et al. [30], it is observed that abiotic resource depletion is not considered. (Abiotic) Resource depletion is one of the three end-point indicators in the ReCiPe method [35] and is directly related to SDG 7, 8, and 9. Human society and industries extract resources from nature (SDG 9). Fossil fuels remain the main source of energy supply (SDG 7) which is a key indicator of a prosperous economy (SDG 8). Therefore, abiotic resource depletion as an impact category is included under the environmental dimension, increasing the number of impact categories to ten. It is also worth mentioning that by categorizing the SDGs into impact categories, only the direct linkages are considered to reduce the complexity. In addition, SDG 17 partnerships for the goal is not included as it is not considered as an end in itself. Instead, it is a mean for achieving other SDGs. The indicators from a past paper [11,30] are selected and adapted to the case of MSWM system. In total, 23 indicators are included in this methodology. Table 1 shows an overview of the three dimensions of sustainability, the ten impact categories, the indicators, as well as the assessment methods. If not otherwise mentioned, all the indicators are adapted from Maier et al. [30]. The following part elaborates on the impact categories regarding their general relevance to waste management, as well as indicators selected for the assessment.



2.2.1. Environmental Dimension


Methodologies assessing the impacts in the environmental dimension are among the three dimensions that are mostly developed. The well standardized LCA approach by ISO 14040 [36] could be adopted. Consequently, the indicators from LCA are directly applied.



Climate (SDG 13): The waste sector is one of the four main sources of GHG emissions, mainly CH4, CO2, and NOx [37]. Within the sector, the CH4 emission from the final disposal site is the largest GHG emission source; a large amount of CO2 is emitted during waste incineration and open burning. The NOx production varies in different types of waste treatment [37]. Other than the waste treatment processes, emissions from the waste collection and transportation processes also contribute to the GHG emissions. The indicator for this impact category is global warming potential (GWP) [30].



Terrestrial ecosystem (SDG 2, 15): The waste sector poses threats to the terrestrial ecosystem. Landfilling as the main waste final disposal method occupies a large area of land. Pollutants discharged into the soil during waste treatments lead to terrestrial acidification and ecotoxicity. The indicators for this impact category are: terrestrial acidification potential (TAP) and terrestrial ecotoxicity potential (TETP) [30].



Aquatic ecosystem (SDG 6, 14): Lack of sufficient waste collection and waste treatment as well as dumping waste into the waterbody are common in developing countries. In some open dumping sites and unsanitary landfills, leachate generated from waste degradation is released into the soil, groundwater, and surface water. The most visible issue is the plastics pollution of the ocean. Plastic waste is forming an island in the South Pacific Ocean, threatening the marine ecosystem [38]. However, this is not included in any available LCA impact category, yet. The indicators for this impact category include eutrophication potential (EP), freshwater aquatic ecotoxicity potential (FAETP), and marine aquatic ecotoxicity potential (MAETP) [30].



Abiotic resource depletion (SDG 7, 8, and 9): Waste management as the end-of-life phase could potentially reduce the consumption of virgin materials through proper material recovery. Energy recovery technologies could also generate energy substituting the fossil fuel use. However, the waste management processes at the same time consumes energy. The indicators for abiotic resource depletion are: abiotic depletion (ADP) elements and ADP fossil [30].




2.2.2. Economic Dimension


Poverty (SDG 1): The income of actors participating in MSWM could be affected by the integration of the innovations. To assess poverty, it is worthwhile to examine if the innovations would benefit or harm the population living below the international poverty line. The indicator for this impact category is income of actors below international poverty line [30].



Energy supply & efficiency (SDG 7, 8, and 9): The reason of attributing energy to the economic dimension is that energy is the prerequisite for all economic activities and an indicator for the prosperity of economy [30]. Greater energy consumption and higher energy efficiency are viewed as positive economic impacts, while the corresponding increased resource depletion and emissions are considered as negative impacts in the environmental dimension [30]. In some MSWM systems, energy recovery techniques are applied. In those cases, double counting should be avoided. The indicators selected for this impact category are energy consumption and energy intensity [30].



Growth & employment (SDG 8, 9, 11, and 12): The waste industry provides job opportunities to the society. Waste collection crews, waste transport personnel, and the city waste administration personnel are the typical components of the formal waste sector. The informal sector also provides means of generating income through valuable waste scavenging, cleaning, and trading, despite that the actors in the informal sector often lack social recognition [39]. The number and type of jobs are mainly examined in this category. The indicators under this impact category are job creation, quality of job created, and reduction in vulnerable employment [30].




2.2.3. Social Dimension


Health (SDG 2, 3, and 6): The working conditions of employment generated by the waste sector in developing counties are often poor, posing health threats to the workers. Meanwhile, the emission of pollutant substances into the environment from improper waste disposal often causes long-term health threats to the public. Epidemics, flooding, death, and poison due to waste problems have been reported around the globe, for example the plague-like epidemic after flooding in Surat, India in 1994 was caused by uncollected waste blocked the drains [1]. Another example is the landslide of the Leuwigajyh Landfill in Bandung, Indonesia in 2005, which caused the death of 141 waste scavengers and nearby citizens. The indicators for the impact category of health are: risk of health incidences (including occupational health incidences and accidents) and human toxicity potential [30].



Education & skill development (SDG 4): Knowledge and awareness are important factors for the public participation in more sustainable waste management [40,41,42]. Public education on waste management is considered as one of the most effective ways to reduce household waste [43]. Innovations in the MSWM system could be examined by whether they help to increase the public’s knowledge, awareness, and capacity in participating MSWM. The indicators for this category are provision of training or campaigns, participation of trainings and campaigns, and application of knowledge [30].



Egalitarian society (SDG 5, 10, 11, and 16): Socially disadvantaged groups (women, children, elderly people, disabled people, and so on [30]) should also have a share in the benefits of sustainable development. In the MSWM system, especially relevant groups are the poor and women. The poor stand out in two aspects: low-income households with less access to waste collection services and waste scavengers with poor economic status. Women are concerned specifically in MSWM because housewives are usually the main participants of waste segregation at source and there are many female waste scavengers. Therefore, the indicators for this impact category are inclusion of low-income households in waste service [11], rate of female workers, income of housewives, and inclusion of the informal sector [30].




2.2.4. Operationalization


Among the three dimensions of sustainability, only the environmental assessment which adopts the LCA methodology is readily quantitative. Therefore, the quantitative indicators in the modeling phase firstly undergo an inventory analysis before the impact assessment. Due to the immature status of assessing economic and social impacts at the meso-level and the nature of the ex-ante assessment, the economic and social assessment is designed semiquantitative. The indicators under economic and social impact categories could be qualitatively assessed. This allows soft judgment based on other studies or similar cases when scoring them, if no hard measurement is possible. But these indicators are open for quantification when they are applied in a specific case, given sufficient data.



All indicators are compared between the baseline scenario and the comparison scenario. Regardless of the qualitative or quantitative nature of the indicator, if a positive change, no change, or a negative change is perceived in the comparison scenario against the baseline scenario, the indicators are scored with +1, 0, or −1 respectively. When quantitative, if the change in the comparison scenario is less than 10% of the baseline scenario, it is viewed as no change (score: 0). In the case of an irrelevant indicator or a lack of data, a score of 0 is assigned. The scoring rules are summarized in Table 2.



The indicators under the same impact category share the same weight. Therefore, the score of an impact category is the sum of the scores of the indicators in this impact category divided by the number of the indicators being added up. This is represented by the following equation:


   s  (  i m p a c t   c a t e g o r y   x  )  =   s  (  i n d i c a t o r   x 1  )  + s  (  i n d i c a t o r   x 2  )  + … + s  (  x i  )   i    



(1)




where, “s” means score and “i” is the number of indicators in the impact category x.



All the 10 impact categories are weighted equally. However, the impact categories and the three dimensions of sustainability are not to be aggregated, in order to maintain insight of the assessment.





2.3. Interpretation


The final phase is the interpretation. The results from the modeling phase are visualized (e.g., by bar charts), evaluated, and communicated with decision makers, the public, or other stakeholders. Recommendations for improvement (especially targeted at the hot spots) of the system are derived. In addition, all choices and assumptions made during the analysis should also be evaluated [32]. An overall conclusion to the LCSA study shall be drawn. However, the conclusions drawn from the research always involves trade-offs between the different dimensions of sustainability.




2.4. Data Requirement


Data availability is a major obstacle for an ex-ante assessment. To tackle this problem, insights generated from other ex-post studies, either in a different context or on a different scale, are of great importance to an ex-ante assessment. As the environmental impact assessment adopts the LCA approach, the energy, material, and emission flows of all processes are needed for the inventory analysis. Data for the processes in the foreground system should be gathered as specific as possible, while average or generic data could be used for the background system [44]. Unlike the indicators in the environmental dimension which consider the complex environmental mechanisms; indicators in the social and economic dimension are mostly straightforward. Data needed are mainly information on the actors (including income, working environment, welfare, training, percentage of female workers, and health risk). Possible data sources are on-site study, local MSWM sector statistics, local academic research, international statistics on waste such as statistics from World Bank and Waste Atlas, expert consultation, stakeholder interview, and so on.



It is important to keep the consistency of data throughout the system, especially when data is collected from different sources. Therefore, cross-checking between different data sources is necessary. Well-documented and verified data should be preferred [44].





3. Case Study


The methodology developed in the previous section is applied to the WB program in Bandung City, Indonesia. Indonesia is a developing country facing challenges in MSWM. MSW in Indonesia mainly refers to household waste and household-like waste (domestic waste generated from small commercial areas and public facilities) [6], which is in line with the general definition of MSW from UNEP [1]. The WB is an MSWM innovation which emerged from the community to tackle waste problems when the public waste service was not effective and efficient. The Indonesian government started to promote the WB program in all cities as a national strategy to achieve the 3Rs. Many WB units have been established in many Indonesian cities. However, the comprehensive system-wide sustainability impacts of the WB are less studied. Therefore, the WB case is an appropriate case for applying the methodology. Bandung City was chosen as the spatial object of the case study for two reasons: data availability and the status of implementing the WB. Bandung City has better data accessibility than other Indonesian cities, which is evidenced by the result of the literature search and consulting students from Indonesia. Furthermore, the WB has been implemented in the city but only covers a small portion of the neighborhood. The present practice could be taken as a pilot project, thus providing data for the ex-ante LCSA of its comprehensive implementation in the whole city.



3.1. Data Source


The data for the LCSA in the case study is primarily collected from four sources: literature review, online database of Bandung City, the website of the WB steering committee in Bandung City, and expert consultation. Literature regarding waste management around the globe, in Indonesia and especially in Bandung City, and WB in Indonesia, were searched for and accessed from Google Scholar. This helps to build the context and scenarios, also part of the inventory analysis. The online database Opendata [45] is the platform used by the city government of Bandung City to publish official statistics. The latest data regarding the waste generation, transportation, and city waste facilities are accessible from Opendata. The steering committee of the current 134 WB units in Bandung City is the Non-governmental Organization (NGO) Hijau Lestari (HL, meaning green sustainability in Bahasa). The HL website [46] provides a detailed introduction to the current practice of WB in Bandung city. Experts conducting research in MSWM in Indonesia were also consulted and provide input for the assessment.



When there is more case specific data available, it is always preferred. Otherwise more general data is used. The data triangulation principle is realized through comparing data acquired from different sources to improve credibility.




3.2. Goal & Scope Definition


3.2.1. Macro Goal Identification


The national law of the Republic of Indonesia No. 18/2008 on Waste Management has set the national waste management guideline: shifting the paradigm of collect-haul-dispose into a treatment relying on waste minimization and handling through the 3Rs strategy [6]. The 3Rs is a trending MSWM strategy in East and Southeast Asia aiming to reduce the waste generation and depletion of natural resources. 3Rs measures are believed to be able to reduce more life cycle environmental impacts of waste than the end-of-pipe treatment methods like landfilling and incineration [47]. The Bandung City Masterplan 2011–2031 [48] sets the development plan for the urban waste management infrastructure. It highlights the urgency of releasing the pressure on the current landfill Sarimukti by optimizing it and constructing new ones. The plan focuses mainly on infrastructure, which is consistent with the national 3Rs strategy. Apart from that, a quantitative macro goal of MSWM in Bandung City is not in place. The connection to the SDGs is not yet made.




3.2.2. Context Structuring


Indonesia is the world’s largest archipelagic country comprising of more than 10,000 islands with a total area of 1.9 million km2 [49]. Most of the territory has a tropical climate: hot and humid. Indonesia has the world’s fourth largest population (260 million, 2017 estimated), 87.2% of which is Muslim [49]. Though Indonesia was the world’s eighth biggest economy in 2017 [49], 10.9% of the population is living below poverty line [50]. Bandung City is one of the political, economic, and social centers and the third most populated city (2.5 million) in Indonesia [49,51]. Electronic, furniture, and textiles industries are the major contributors to Bandung’s GDP, and absorb a large amount of local labor. The city also has a vision to make itself an example of a sustainable smart city.



The MSWM in Indonesia has a decentralized nature [52]. The national law No. 18/2008 is the guiding legislation on waste management [53]. The government regulation No. 81/2012 regulates the management of MSW. The WB is promoted as a national strategic program for the 3Rs and follows the guidelines set by the regulation of MoE (Ministry of Environment) No. 13/2012. The two major local regulations on MSWM in Bandung City are No. 11/2005 on order, cleanliness, and beauty, and No. 09/2011 on waste management [54]. The government-owned sanitation company—Perusahaan Daerah Kebersihan (PDK)—was established under the regulation No. 02/PD/1985 (further amended into No. 14/2011) and is regulated by the mayor’s regulation No. 101/2006 [54].



The MoE is responsible for the control and monitoring of MSWM at the national level, while the Ministry of Public Works takes charge of the infrastructure planning and construction [55]. In Bandung City, the responsibility of MSWM is mandated to the department of Environment and Sanitation. The local sanitation company PDK only takes charge of collecting and transporting the waste from transfer station (TPS, abbreviated from Bahasa) to final disposal site. The waste collection services from household are often organized by community or residential managers.




3.2.3. Scenario Building


After identifying the macro goal and the context, two scenarios were formed in this step: a baseline scenario and a comparison scenario that integrates WB. The baseline scenario is first formed on the basis of current practice in the MSWM life cycle in Bandung City. Then a thorough investigation of the WB program was carried out. The comparison scenario was formed taking into account the possible change after the integration of the WB into the baseline scenario. Since this study only aims to test the methodology on a specific case, the preselection of innovations based on the goal identification and context structuring was not carried out.



The five life cycle phases in the baseline scenario:



Waste generation: Bandung City generates 1600 ton MSWM per day, which corresponds to an average waste volume of 0.64 kg/cap/day [56]. This is comparable to the national statistics of 0.699 kg/cap/day [57]. Organic waste accounts for 52% of the total MSW generated. The share of inorganic waste (paper, plastic, metal, glass textiles, and rubber) is 35.7% [58]. It is found that the recycling of textiles and rubbers is not common in developing countries [39,59]. Therefore, the recyclables in this paper only consists of paper, plastic, glass, and metal waste. Only 60–70% of all MSW generated end up in landfill which is operated by the public waste management sector in Indonesia [55]. The remaining uncollected MSW is handled at source by households mainly through open burning and dumping practices. In Bandung City, 16.11% of the total MSW generated is not collected by PDK. Waste segregation at the source is not common in Indonesia [60]. Households with low income are more willing to segregate their household waste and sell the recyclables to the informal sector [58]. The material recovered by the informal sector at source in Bandung City is 4.71% of the total amount and individual composting accounts for only 0.45% [55].



Waste collection: In Bandung City, the MSW collected from households or other sources is firstly sent to 154 TPS and stored there before being transported to the final disposal site [61]. Door-to-door household waste collection is often self-organized by the community or the residential manager. Without segregation at source, the households temporarily place their waste in containers of various forms (e.g., concrete, plastic or metal waste bins, plastic bags, or used cartoon boxes). The waste collection crews hired by the community collect this waste and load it into handcarts or small trucks [62]. The regulation of the Ministry of Public Work No. 03/PRT/M/2013 requires that the waste collection frequency must be every 1–3 days [63]. The shares of different types of waste at the TPS are different from the ones at source (see Table A1).



Waste transportation: as identified in the context, PDK is responsible for the transport of the waste stored in TPS to the final disposal site; 29 trucks are used for this task [64]. On average, these trucks drive to the landfill 192 times a day [64]. There are 382 truck drivers and transport personnel employed [60]. A large part of the waste is reduced during the collection and transportation process. 1.87% of the total MSW generated is recovered by the informal sector and another 28.19% is disposed improperly before it reaches the final disposal site [58].



Waste disposal: The final disposal of the MSW collected in Bandung City is landfilling. The only currently active landfill—Sarimukti Landfill—is 45 km away from Bandung City. With a total capacity of 25.20 hectares, it is jointly used by Bandung City, Cimahi City and West Bandung Regency. Sarimukti landfill is a controlled landfill with stabilization ponds for the biologically treatment of leachate [65]. Incineration or landfill gas utilization does not take place. Starting its service since 2006, Sarimukti Landfill is reaching its capacity and is expected to be closed in a few years [40]. Due to this fact and the difficulties in setting up new ones in the short term, it is perceived that waste reduction initiatives must be implemented [63]. Other final disposal means are open burning and dumping.



Resource recovery: There are mainly two types of material recovery activities in Bandung City: the recycling of inorganic waste and the composting of organic waste. Two forms of waste recycling are identified in Indonesia: recycling at source and after MSW collection [39]. Both flows involve the participation of the formal and informal sector, while the informal sector plays a more significant role. Waste scavengers and waste collection crews are those that directly separate the recyclables from other MSW. Scavengers are active at many locations, for example, in community, TPS, and landfills. The waste collection crews receive the MSW from the households. The analysis of the waste flows shows that the recycling of inorganic waste in Bandung City reaches a rate of 7.66% taking into account the recycling activities in all processes. Composting takes place on an individual and communal level. Some households or communities compost their organic waste and use the fertilizer produced in the garden. This individual composting at source disposes 0.45% of total MSW generated [58]. There are 5 TPS with communal composting, which process a total of 1726.15 m3 of organic waste (data from 2015) [66]. A total of 1.89 tons of organic waste (0.12% of total MSW generated) is composted every day.



The baseline scenario is based on the analyzed current MSWM practice above in all life cycle phases in Bandung City. The activities and waste flows in the baseline scenario are depicted in Figure 4. Detailed waste flow numbers (see Table A1) and assumptions can be found in Appendix A.



Waste Bank: The WB is a community-based initiative popular in south-east Asian countries. It works like a normal bank where the account holders can deposit and withdraw cash whenever they want. The only difference is that the WB receives valuable waste instead of money. Community members can open their accounts and bring their recyclable waste to the WB. The waste is weighed, converted into a monetary value according to the value of the different types of waste and added to the collectors’ account. The collected waste is then transported to waste collectors and enters the value chain of the recycle goods. Waste collectors are often more willing to buy the collected waste from the WB units. The reason is that WB units receive recyclables directly from households which are relatively clean, sort them into categories, and sell large quantities of waste regularly [46]. 134 WB units have been established in 18 out of 30 districts in Bandung City [62]. More than 2000 accounts have been set up in the WB and this number continues to grow [46]. Depending on the size, each WB unit has 5–70 customers [46]. Considering that the city has 2.5 million inhabitants, there is still great potential for WB to grow and exert the impact on the MSWM system.



To build the comparison scenario, the potential change in waste streams in the baseline scenario after the introduction of the WB must be analyzed. The WB receives recyclable waste from the households at source, consequently leading to changes in the waste flows throughout its entire life cycle. With an assumed public acceptance of the WB at 40%, the activities and waste flows in the comparison scenario are presented in Figure 5. For detailed waste flow numbers (shown in Table A2) and assumptions see Appendix A.



The goal of the case study is to assess the potential sustainability impacts on the whole MSWM system in all life cycle phases caused by the implementation of more WB. The foreground system of the LCSA in this case is as shown in Figure 4 and Figure 5. In addition to the changes in waste flows, Figure 5 has an extra process—recycling by WB. All processes in Figure 4 and Figure 5 can be allocated to the five phases in the life cycle of MSWM (Figure 3). All composting processes (individual or communal) and recycling (by scavengers or WB) are part of the resource recovery phase. Open burning at source, dumping at source, dumping at TPS, and landfilling are in the final disposal phase. The background system includes the recycling chain of recyclable waste, comprising of the downstream processes of recycling, including transportation of recyclables to the secondary material production factories and the production of secondary materials and so on.





3.3. Modeling Results


Following the instructions set in the methodology, the environmental impacts are assessed by modeling the baseline and comparison scenario in the LCA software—GaBi [67]. The functional unit is defined as the amount of MSWM generated in Bandung City per year. Site-specific data is used as much as possible to model the scenarios. The recycling chain as the background system is also included in the model by incorporating the generic models of recycling value chain from the GaBi database. The modeling does not include the environmental impacts of capital goods (e.g., production of transporting vehicles and construction of landfill). Due to that only manual labor is involved in the collection phase, no environmental impact is estimated in the collection phase. The settings and data sources of the MSWM system models in GaBi can be found in Appendix B. The characterization factors applied are mostly from the CML 2001 nonbaseline method [68]. The only exception is TAP from ReCiPe 2016 [35], because the CML does not distinguish terrestrial acidification from aquatic acidification. The impact category climate is taken as an example of the environmental dimension to present the result (Figure 6). The greatest contribution to the GWP is the final disposal phase. All the phases other than collection generate less GWP in the comparison scenario than in the baseline scenario. The overall GWP throughout the life cycle decreases by 14.65%. In the transportation, final disposal and resource recovery phase, the GWP decreases by 10.10%, 9.83%, and 56.71%, respectively. The transportation phase and resource recovery phase are scored with “+1”. Less than 10% of the GWP is reduced in the final disposal phase, so it is scored with “0”. The overall scores of this impact category are presented in Table 3. The scores suggest that positive changes in the GWP would occur in the transportation and resource recovery phase, while no change is perceived in final disposal phase.



The assessment of the economic and social dimension is mainly based on the evidence found in the relevant literature and are exemplarily shown through the impact category poverty. The only group of actors that is identified living in poverty is the waste scavengers who mainly involve in resource recovery phase. Waste scavengers stand in the bottom of the recycling chain and are the most vulnerable actors. 87% of the waste scavengers gain an income between $1.58 and $3.6 a day [53]. More than half of the waste scavengers at landfill take scavenging as their main source of income [53]. There are also city inhabitants who have formal jobs joining the waste scavenging to earn extra income [39]. Thus, it could be inferred that those living on waste scavenging live below or near the international poverty line ($1.90). After the WB is introduced into the system, they are predicted to face the risk of losing income due to the reduced amount of recyclable for scavenging if no measures are taken. Therefore, in the resource recovery phase, it is scored with −1. Other phases involve no people living under the international poverty line and are not relevant for this indicator. Thus, they are scored with “0”. Table 4 presents the scoring of poverty. Negative impacts on poverty are expected in the resource recovery phase, while no observable change would happen in the collection, transportation, and the final disposal phase. Table 5 summarizes the aggregated scores of all impact categories. The range of the scores is between −1 to +1. Negative scores suggest negative impacts, whereas positive scores indicate positive impacts. The scores of all indicators are listed in Table A3 in Appendix C.




3.4. Interpretation


The assessment results are visualized through a set of bar charts (see Figure 7). The 10 impact categories and their corresponding scores are shown for each life cycle phase. With these bar charts, the positive and negative impacts are clearly distinguished.



The impact categories in the collection phase (Figure 7a) and final disposal phase (Figure 7c) received the same aggregated scores. Only slight positive impacts on the health, education & skill development impact category in the social dimension would occur in these two phases. The improvement in health is attributed to the reduced work load of waste collection crews in the collection phase and a lower probability of negative health outcomes in the final disposal phase. The improvement in education & skill development would be expected when households start to apply the knowledge of waste management they learned through the education campaigns held by the WB. All other impact categories are hardly affected by the implementation of the WB. The reason of no impact in the environmental dimension in the collection phase is that it only involves manual labor and no primary energy is consumed. The final disposal phase includes the disposal of waste through open burning, dumping, and landfilling. Despite the fact that less waste flows to the final disposal phase, the reduced environmental impact and primary energy consumption are not significant enough to be counted as a positive change. In terms of the SDGs, the WB could contribute to the achievement of SDG 2, 3, 4, and 6 in the waste collection and final disposal phase.



The transportation phase (Figure 7b) has positive impacts in the environmental dimension and social dimension, and a negative impact on the economic dimension. All the environmental categories would see a positive change because less waste would be transported. The impact category health in the social dimension foresees an improvement. The economic impacts are negative due to the reduced energy consumption which is an indicator of economic prosperity. The impact of WB in the transportation phase can contribute to SDG 2, 3, 6, 13, 14, and 15, while it has a contradiction in SDG 7, 8, and 9 (both contributing and impairing).



Not surprisingly, most of the impact of the WB happens in the resource recovery phase (shown in Figure 7d). Positive impacts could be expected in all impact categories in the environmental and social dimensions. The recycling of waste and the avoided virgin material production would generate great environmental benefits. The WB would also help improve public knowledge in waste management, health, and the egalitarian society. However, the economic impact is mixed. The impact categories poverty and energy supply & efficiency are negatively affected. The implementation of WB has a possibility to deteriorate the economic status of waste scavengers. Because the use of secondary material substitutes the production of virgin materials, less energy is consumed, indicating a negative economic impact. The implementation of WB can contribute to SDG 2, 3, 4, 5, 6, 10, 11, 12, 13, 14, 15, and 16 in the resource recovery phase. Meantime a contradiction in SDG 7, 8, and 9 and a weakening in SDG 1 are predicted.



Throughout the life cycle of the MSWM system, the environmental and social dimensions expect no negative impact, while the negative impacts relate to the economic dimension. The WB program could contribute to almost all SDGs except for SDG 1, 7, 8, and 9 under the assumed condition in the case study. The contradicted impact to SDG 7, 8, and 9 reflects one of the instinct trade-offs among the SDGs: resource consumption and economic development.



Before putting forward recommendations, it is worthwhile to revisit the macro goal of Bandung City: reducing landfill pressure, constructing new landfills, and improving the implementation of the 3Rs. The WB is expected to reduce the volume of waste at source and release the landfill stress [69,70]. The results of the case study suggest that the WB can contribute to the macro goal to a certain degree. The recycling activities could be encouraged from 7.66% to 16.72% of the total waste generated, considering the total fraction of recyclable waste is 30.3%. However, it is hard to judge whether the WB is an effective solution to the current landfill problem in Bandung City. It is predicted that less than 5% of the total waste generated could be reduced from landfilling after the implementation of WB under assumed condition, as shown in Figure 4 and Figure 5.



Based on the assessment result, the city governors in Bandung City could expect an overall improvement in the sustainability of the MSWM system after the implementation of the WB on a city scale. However, extra attention must be paid to the hot spots. Some recommendations that would improve the hot spots are put forth:




	
The informal sector actors, especially the waste scavengers, should be included. The current WB program does not consider this vulnerable group. Indeed, community-based initiatives and NGOs are recognized as an important approach to formalize the informal sector [71]. More measures must be taken to empower the informal sector actors and absorbing them in the WB program could be one of them.



	
To improve the environmental impact at the final disposal phase, the government should investigate measures to prevent uncontrolled waste disposal at source (open burning and dumping), as well as enhance the management of TPS and transportation process as more than 20% of total MSW is disposed improperly from this process.



	
Negative economic impact must be taken into consideration. Trade-offs have to be made between the negative economic impact and other benefits in the social and environmental dimensions.



	
Along with the WB program, the city governors shall also seek for other innovations dealing with organic waste in order to reduce the city’s reliance on landfilling more effectively.










4. Discussion


This paper develops a methodology under the LCSA framework for prospectively assessing the sustainability impact of innovations in a MSWM system at the city level. It has both theoretical and practical significance. Theoretically, it expands the range of the application of the LCSA framework to the waste management field and provides an example of operationalizing the LCSA framework at meso-level. In addition, it applies the SDGs to sustainability assessment, enabling the possibility of measuring the contribution of a local innovation to the SDGs. The practical significance of this methodology is to facilitate sound decision-making in MSWM by (1) selecting the optimal innovations for a sustainable MSWM, (2) improving the quality of the innovations by identifying the hot spots and taking measures to combat the negative impacts, (3) providing the basis for monitoring the progress and ex-post assessment of the innovations.



There are identified weaknesses of the methodology that need to be further improved.



The indicator system adopted in this methodology has the potential to be further developed. The impact categories are derived from the SDGs, intending to cover as many aspects of sustainability as possible. The indicators are selected based on previous research and adapted to the MSWM system. However, there may be some other aspects not being covered. As Wurf et al. [29] observed, it is problematic to assign the social-LCA and Life Cycle Costing (LCC) indicators at product-level to the SDGs which focus on a country-level. For example, the financial sustainability of the WB and government MSWM cost in the case study cannot fit in the indicator system and thus are not assessed. Besides, the indicator system is not meant to be exhaustive. Experts and practitioners are encouraged to further supplement the indicator system. Another problem is that some indicators may be positively interpreted in one sustainability dimension while negatively in another. One example is the indicator energy consumption. More energy consumption indicates a more prosperous economy, meanwhile generates negative environmental impact.



The different maturity of tools assessing environmental, economic, and social impacts causes inconsistency. The environmental assessment is quantitative using the mature LCA tool, whereas the economic and social assessment is mostly qualitative. Soft judgment which is often subjective is used instead of hard measurement. This inconsistency calls for more methodological research in the social and economic life cycle assessment beyond product-level.



The implicit equal-weighting of life cycle phases leads to the problem of overinterpretation or underinterpretation of the impact. One example is the GWP in the transportation phase and final disposal phase in the case study. Despite that more GWP is reduced in the final disposal phase, a positive impact is interpreted in the transportation phase, and no impact is interpreted in the final disposal phase. If one only reads the results, it is easy to conclude that more environmental benefit is generated in the transportation phase than in the final disposal phase. This problem again is rooted in the inconsistency between the assessment methods of the three dimensions.



Regarding the three dimensions of expansion of LCSA compared with LCA, this methodology accomplishes the first two expansions: impact and scope expansion. The third expansion—deepening the mechanism—is not explicitly stressed in the methodology. As in the case study, a major weakness of the scenario building is that no behavioral change of actors is taken into consideration. This presents mainly in two aspects: firstly, the recycling activities by the waste scavengers would not be proportionally affected by WB (as assumed in the case study). One possibility is that with more recyclables being recycled at the source, the recycling potential at transfer stations and landfill would greatly decrease. This would force the waste scavengers either to move their scavenging activities upwards along the MSWM life cycle or quit the business. Secondly, the case study builds a comparison scenario only with an assumed 40% public acceptance. However, the social acceptance of a project interplays with the perceived effectiveness by the public [7] and the effects of trainings and education. If the program is properly implemented and perceived by the public as effective, along with the increased environmental awareness and knowledge, the public participation in WB would increase. This would also increase the waste segregation rate at source and reduce the phenomenon of improper waste disposal such as open burning and dumping. On the contrary, the amount of waste being delivered to landfill would increase [72]. Nevertheless, while applying the methodology in specific cases, one should incorporate the third expansion as much as possible. Deepening the mechanism requires that the practitioners take into consideration not only the physical changes, but also the economic, behavioral, cultural, social, and political mechanisms [32]. In addition, in ex-ante assessments, it is favorable to consider future trends in the economic, social context.



Collecting reliable data is a great challenge to the application of the methodology. The first reason is that different definitions of MSW are adopted in different countries. Even when general data is available, one should interpret it with caution. Secondly, the insufficient waste service in developing countries makes data collection more difficult [5,55,73]. In the case study, the data is collected from sources that vary in years and some are less recent (2009–2016). Though the data sources are considered reliable and the data triangulation principle is applied as far as possible, concerns regarding whether the data reflects the up-to-data situation still remain. Hence, it is recommended to conduct a material flow analysis in the city under investigation beforehand, given sufficient time and resource.




5. Conclusions


The MSWM challenges in developing countries have given rise to various innovations. However, what sustainability impacts these innovations would cause to the MSWM system at a city scale remains to be systematically investigated. In this paper, the LCSA framework and the SDGs are incorporated in the development of an ex-ante sustainability assessment methodology for innovations in a MSWM system. The LCSA framework provides a life-cycle thinking of the sustainability assessment at the city-level, while the SDGs enable a holistic view of the sustainability impact.



The application of the methodology in the case study of the WB shows that the WB program would generate the greatest sustainability impact in the resource recovery phase. Improvement in the environmental and social dimension can be expected, while the economic impact is mixed. Despite this, more employment could be generated; however, the issues of poverty and energy consumption are impaired. The environmental improvement in the transportation phase can also be expected. The least impact happens in the collection and final disposal phase. Surprisingly, the WB as a national strategy to achieve the 3Rs could not effectively solve Bandung City’s landfill problem, since no environmental improvement is estimated in the final disposal phase. It is also predicted that all negative impacts are in the economic dimension. Therefore, trade-offs have to be made between the economic negative impacts on one hand, and the social and environmental benefits on the other. Reflecting on the SDGs, almost all SDGs other than SDG 1, 7, 8, and 9 could benefit from the WB program (mainly due to resource recovery).



The methodology is marked with several valuable features: ex-ante assessment tailored for supporting decision-making; life-cycle thinking; partly quantitative; holistic view of sustainability by integrating the SDGs; and LCSA at a city-level. Nevertheless, future research in life cycle social and economic assessment at the meso- or macro-level could be done to help diminish the inconsistency of the methodology and quantify the contribution to the SDGs.
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Table A1. Waste flows and composition in the baseline scenario.






Table A1. Waste flows and composition in the baseline scenario.





	
Type of Waste

	
Generation (100 kg)

	
Collected to TPS

	
Burning (B) + Dumping (D)

	
Transported to Landfill

	
Composting

	
Recycling by Informal Sector at Source

	
Recycling Informal Sector at TPS

	
Recycling Informal Sector at Landfill

	
Landfill




	
C (%)

	
Mass (kg)

	
C (%)

	
R_Mass (kg)

	
D_S_Mass (kg)

	
B_Mass (kg)

	
D_TPS Mass (kg)

	
Mass (kg)

	
C (%)

	
R_Mass (kg)

	
S_Mass (kg)

	
TPS_Mass (kg)

	
Mass (kg)

	
C (%)

	
Mass (kg)

	
C (%)

	
Mass (kg)

	
C (%)

	
Mass (kg)






	
Organic

	
52

	
43.539

	
51.9

	
8.461

	
-

	
-

	
15.76

	
27.66

	
51.37

	
15.88

	
0.45

	
0.12

	
0

	
-

	
0

	
-

	
0

	
-

	
27.7




	
Plastics

	
11.6

	
10.151

	
12.1

	
1.449

	
0.577

	
0.401

	
1.486

	
8.453

	
15.70

	
1.698

	
-

	
-

	
0.472

	
10.02

	
0.212

	
11.34

	
0.56

	
51.87

	
7.89




	
Glass

	
3.6

	
3.02

	
3.6

	
0.58

	
0.391

	
0

	
2.313

	
0.377

	
0.70

	
2.643

	
-

	
-

	
0.189

	
4.01

	
0.33

	
17.65

	
0.025

	
2.31

	
0.35




	
Paper

	
10.8

	
8.221

	
9.8

	
2.579

	
1.026

	
0.713

	
2.794

	
5.029

	
9.34

	
3.193

	
-

	
-

	
0.840

	
17.83

	
0.399

	
21.32

	
0.333

	
30.86

	
4.7




	
Metals

	
4.3

	
1.091

	
1.3

	
3.209

	
0

	
0

	
0

	
0.162

	
0.30

	
0.929

	
-

	
-

	
3.210

	
68.14

	
0.929

	
49.68

	
0.162

	
14.96

	
0




	
Sum (Recyclable)

	
- 1

	
22.483

	
26.8

	
-

	
1.994

	
1.114

	
-

	
0

	
-

	
8.463

	
-

	
-

	
4.71

	
100

	
1.87

	
100

	
1.08

	
100

	
-




	
Textiles

	
3.5

	
2.936

	
3.5

	
0.5639

	
-

	
-

	
0.836

	
2.1

	
3.90

	
0.836

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
2.1




	
Rubber

	
1.9

	
0.503

	
0.6

	
1.397

	
-

	
-

	
0.18

	
0.323

	
0.60

	
0.18

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.32




	
Others

	
12.3

	
14.429

	
17.2

	
-

	
-

	
-

	
4.684

	
9.745

	
18.10

	
4.684

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
9.75




	
Total

	
100

	
83.89

	
-

	
16.11

	
6.46

	
4.49

	
28.07

	
53.85

	
-

	
-

	
0.45

	
0.12

	
4.71

	
-

	
1.87

	
-

	
1.08

	
-

	
52.8








1 Missing number is unimportant for the calculation.











Assumptions in building baseline scenario



Assumption A1. The recycling rate of metal is assumed to be 100%. In terms of value, ferrous metal and nonferrous metals (mainly aluminum and cooper) rank first and second place, respectively, in the global recycling markets (UNEP, 2015). It is thus assumed that all metal loss from source to TPS and from TPS to landfill flows to the recycling chain through informal sector.



Assumption A2. The share of plastics, paper, and glass in the recycling activities of informal sector at source and at TPS are proportional to their mass loss in the corresponding transportation processes. For example, assuming 100 kg MSW is generated at source, the waste reduction from source to TPS could be calculated from the available statistical data on the waste composition and mass. The metal loss (3.2 kg) is 100% attributed to the recycling at source by informal sector. In total, 4.7 kg recyclables are recycled at source. Therefore, the other 1.5 kg recyclables are made up of plastics, paper, and glass. Their shares in this 1.5 kg are decided by their relative proportion in the mass loss. In the same manner, the mass and share of plastics, paper, and glass recycled at TPS could be calculated.



Assumption A3. Only organic waste (without impurities) flows into composting processes.



Assumption A4. No glass waste is disposed of through open burning. Considering of the high melting point of glass (1400–1723 °C) (Hypertextbook.com, 2002), it generally cannot melt in the open burning process; which has a highest observed temperature no more than 1000 °C (EPA, 1997). Thus, the loss of glass from source to TPS ends up only in recycling (calculated from Assumption A2) and dumping. Following the same logic of Assumption A2, the mass of plastics and paper in dumping and open burning at source are calculated.
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Table A2. Waste flows and composition in the comparison scenario.
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Type of Waste

	
Generation (100 kg)

	
Collected to TPS

	
Burning (B) + Dumping (D)

	
Transported to Landfill

	
Composting

	
Recycling by WB

	
Recycling by Informal Sector at Source

	
Recycling Informal Sector at TPS

	
Recycling Informal Sector at Landfill

	
Landfill




	
C (%)

	
Mass (kg)

	
C (%)

	
D_S_Mass (kg)

	
B_Mass (kg)

	
D_TPS Mass (kg)

	
Mass (kg)

	
C (%)

	
S_Mass (kg)

	
TPS_Mass (kg)

	
Mass (kg)

	
C (%)

	
Mass (kg)

	
C (%)

	
Mass (kg)

	
C (%)

	
Mass (kg)

	
C (%)

	
Mass (kg)






	
Organic

	
52

	
43.539

	
58.13

	

	

	
14.88

	
28.54

	
58.91

	
0.45

	
0.12

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
28.540




	
Plastics

	
11.6

	
6.090

	
8.132

	
0.346

	
0.24

	
2.044

	
3.92

	
8.09

	
-

	
-

	
4.64

	
38.3

	
0.283

	
10.02

	
0.127

	
11.34

	
0.3361

	
51.87

	
3.584




	
Glass

	
3.6

	
1.812

	
2.419

	
0.235

	
0

	
0.553

	
1.061

	
2.19

	
-

	
-

	
1.44

	
11.9

	
0.113

	
4.01

	
0.198

	
17.65

	
0.015

	
2.31

	
1.046




	
Paper

	
10.8

	
4.933

	
6.586

	
0.616

	
0.428

	
1.608

	
3.085

	
6.37

	
-

	
-

	
4.32

	
35.6

	
0.504

	
17.83

	
0.239

	
21.32

	
0.2

	
30.86

	
2.886




	
Metals

	
4.3

	
0.654

	
0.874

	
0

	
0

	
0

	
0.097

	
0.20

	
-

	
-

	
1.72

	
14.2

	
1.926

	
68.14

	
0.557

	
49.68

	
0.097

	
14.96

	
0




	
Sum (Recyclable)

	
- 1

	
13.49

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
12.12

	
-

	
2.826

	
-

	
1.122

	
-

	
0.648

	
-

	
-




	
Textiles

	
3.5

	
2.936

	
3.92

	
-

	
-

	
1.006

	
1.93

	
3.98

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1.930




	
Rubber

	
1.9

	
0.503

	
0.672

	
-

	
-

	
0.172

	
0.331

	
0.68

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
0.331




	
Others

	
12.3

	
14.429

	
19.27

	
-

	
-

	
4.945

	
9.484

	
19.58

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
9.484




	
Total

	
100

	
74.897

	
-

	
5.663

	
4.044

	
25.21

	
48.45

	
-

	
0.45

	
0.12

	
12.12

	
-

	
2.826

	
-

	
1.122

	
-

	
0.648

	
-

	
47.799








1 Missing number is unimportant for the calculation.











Assumptions in building comparison scenario



The assumptions set in the baseline scenario still hold. However, due to the prospective nature of the building comparison scenario, less data is available the baseline scenario. Thus, more assumptions have to be made to predict the changes:



Assumption A5. The level of public acceptance of WB is set at 40%. Public acceptance of WB is the degree of the communities’ and institutions’ participation in the WB program. In an ex-ante assessment, this could be measured through the public’s willingness to accept [7]. The community acceptance of WB on a rural Indonesian island was 37.5% [7]. As environmental awareness and knowledge affect people’s attitude towards waste management [40,41,42], it is reasonable to assume that citizens in Bandung City with relatively higher level of education and more exposure to environmental campaigns would be more willing to participate in WB.



Assumption A6. Public acceptance directly decides the percentage of recyclables flow to WB at source. Forty percent public acceptance indicates that 40% of all plastics, paper, glass, and metal waste generated at source would flow to WB in baseline scenarios. Under this assumption, WB would receive 12.12% of all MSW generated, which includes 4.64% plastics, 1.44% glass, 4.32% paper, and 1.72% metal. The share of plastics, glass, paper and metal being recycled through WB are 38.28%, 11.88%, 35.64%, and 14.19%. Correspondingly, the percentage and composition of waste flowing to other processes at source would be reduced.



Assumption A7. In a comparison scenario, a neighborhood consists of 450 households on average [39]. Bandung City has a total of 736,494 households [66]. If one WB unit is to be established in each neighborhood, this would generate 1637 WB units. Taking the public acceptance into account, each WB unit shall hold 180 customers.



Assumption A8. Composting processes are not affected by the introduction of WB. This applies to both individual composting and communal composting.



Assumption A9. The composition of waste arriving at landfill is supposed to be the same as the one being dumped at TPS, except for metal which is still assumed being recycled 100%.




Appendix B


Model settings in GaBi



Waste collection from household to TPS is done by communities through hand cart [74] or carried by household. There is no energy or water consumed in the process. As the capital equipment is not within the system boundary, therefore, the environmental impact of this collection process is omitted.



Transportation from TPS to landfill which is 45 km away from Bandung City uses trucks of Mitsubishi brand, with a 6t capacity [64]. PDK deploys 18 units of rented trucks for this work, which in total make 192 trips a day to the landfill [60]. Thus, the average load of each truck is 4.49 ton. The current emission standard adopted in Indonesia is Euro II [75]. Considering the trucks run with a full load to the landfill and an empty load back, the utilization is 0.5. All other settings (e.g., distance, share of motorway, rural, or city) use the default value of the generic truck model in GaBi.



As there is no generic landfill model for Indonesia in the GaBi database, the process of landfilling for European Union (EU) with leachate treatment and without gas utilization are adapted for this assessment. The adaptation considers the different waste composition at Sarimukti Landfill in contrast to European countries in the baseline scenario. The generic model for the dumping of waste is not included in the GaBi database. The dumping of waste is approximately modeled by removing leachate treatment from the landfill model (EU). The models also incorporate the different waste composition at source and at TPS.



Generic process for open burning of household waste is also unavailable in the GaBi database. Therefore, a process for MSW open burning is created based on the CO2 emission factor calculated following the Intergovernmental Panel on Climate Change (IPCC) guideline on GHG emissions [76], and experimental results on the emissions of other air pollutant gas and ash content analysis conducted by the United States (US) Environmental Protection Agency (EPA) [77]. These data are used to model the open burning process in Indonesia despite that the process is based on a different waste composition.



The home composting process is created in GaBi according to a study on the mass balances and life cycle inventory of home compositing of organic waste [78]. The generic model in GaBi for open windrow composting is applied for the communal composting at TPS. Furthermore, the avoided burden of the production of substituted chemical fertilizers is included in the model of communal composting.



The recycling chain in the background system consists of the transportation of waste to the recycling factories, production of secondary materials, and the avoided production out of raw materials. The underlying assumptions of the recycling chain processes are that recovered materials can replace virgin materials and that there is a sufficient market demand for the materials recovered from the waste stream. Transportation to the recycling factories mainly differs in terms of the transportation distance. The plastic and metal recycling factories are mostly located within Bandung City, paper is processed, for example, in Bekasi City, and metal recycling often happens in Jakarta [39]. By applying the worst-case-scenario principle, the transportation distance of paper and metal are 134 km and 151 km, respectively. The transportation distance of both plastic and glass are 30 km. The rest settings are the same as the transportation to landfill process. Recycling process and avoided burdens are modeled using the generic models of paper, plastic, glass, steel, aluminum, and copper from GaBi. As there is no information of the share of different metals being recovered in Bandung City, the relative share of steel, aluminum, and copper (92.61%, 5.96%, and 1.42%, respectively) are based on the recycling statistics of selected metal in the US [79]. The share of different types of plastics is included in building the model as detailed as possible. Limited to data availability, the crediting of all types of plastic waste are separately modeled, while only the recycling of polyethylene terephthalate (PET) and polypropylene (PP) are specified.



The recycling through WB process is added in the comparison scenario which collects a fraction of recyclables from all the other waste flows at source except for composting. The operation of WB units is supposed to have low or no electricity, no water consumption. Therefore, no environmental impact is counted in the operation of WB.
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Table A3. Scores of all indicators and impact categories.






Table A3. Scores of all indicators and impact categories.












	
	Collection
	Transportation
	Final Disposal
	Resource Recovery





	Climate
	0
	+1
	0
	+1



	 Global warming potential (GWP)
	0
	+1
	0
	+1



	Terrestrial ecosystem
	0
	+1
	0
	+1



	 Terrestrial acidification potential (TAP)
	0
	+1
	0
	+1



	 Terrestrial ecotoxicity potential (TETP)
	0
	+1
	0
	+1



	Aquatic ecosystem
	0
	+1
	0
	+1



	 Eutrophication potential (EP)
	0
	+1
	0
	+1



	 Freshwater aquatic ecotoxicity potential (FAETP)
	0
	+1
	0
	+1



	 Marine aquatic ecotoxicity potential (MAETP)
	0
	+1
	0
	+1



	Abiotic resource depletion
	0
	+1
	0
	+0.5



	 Abiotic depletion (ADP) elements
	0
	+1
	0
	0



	 Abiotic depletion (ADP) fossil
	0
	+1
	0
	+1



	Poverty
	0
	0
	0
	−1



	 Income of actors below international poverty line
	0
	0
	0
	−1



	Energy supply & efficiency
	0
	−0.5
	0
	−0.5



	 Energy consumption
	0
	−1
	0
	−1



	 Energy intensity
	0
	0
	0
	0



	Job & employment
	0
	0
	0
	+0.67



	 Job creation
	0
	0
	0
	0



	 Quality of job created
	0
	0
	0
	+1



	 Reduction of vulnerable employment
	0
	0
	0
	+1



	Health
	+0.5
	+0.5
	+0.5
	+1



	 Risk of health incidences
	+1
	0
	+1
	+1



	 Human toxicity potential
	0
	+1
	0
	+1



	Education & skill development
	+0.33
	0
	+0.33
	+0.33



	 Provision of trainings or campaigns
	0
	0
	0
	+1



	 Participation of trainings or campaigns
	0
	0
	0
	0



	 Application of knowledge
	+1
	0
	+1
	0



	Egalitarian society
	0
	0
	0
	+0.5



	 Inclusion of low-income households in waste service
	0
	0
	0
	+1



	 Rate of female workers
	0
	0
	0
	+1



	 Income of housewives
	0
	0
	0
	+1



	 Inclusion of informal sector
	0
	0
	0
	−1
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Figure 1. Overview of the ex-ante Life Cycle Sustainability Analysis (LCSA) of innovations in the Municipal Solid Waste Management (MSWM) system. 
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Figure 2. Three steps of goal & scope definition (adapted from a past paper [31]). 
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Figure 3. Simplified life cycle of MSWM (summarized from a past study [1]). 
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Figure 4. MSWM system and waste flows in the baseline scenario (adapted from a past paper [58]). 
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Figure 5. The MSWM system and waste flows in the comparison scenario with WB. 
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Figure 6. Global warming potential in the MSWM life cycle. 
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Figure 7. Visualization of assessment results by impact category. (a) Assessment results in the collection phase. (b) Assessment results in the transportation phase. (c) Assessment results in the final disposal phase. (d) Assessment results in the resource recovery phase. 
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Table 1. Summary of the indicator system.






Table 1. Summary of the indicator system.





	
Sustainability Dimension

	
Impact Category

	
SDGs

	
Indicator

	
Assessment Method






	
Environmental

	
Climate

	
13

	
Global warming potential (GWP)

	
LCA–CML 2001




	
Terrestrial ecosystem

	
2, 15

	
Terrestrial acidification potential (TAP)

	
LCA–ReCiPe 2016




	
Terrestrial ecotoxicity potential (TETP)

	
LCA–CML 2001




	
Aquatic system

	
6, 14

	
Eutrophication potential (EP)

	
LCA–CML 2001




	
Freshwater aquatic ecotoxicity potential (FAETP)

	
LCA–CML 2001




	
Marine aquatic ecotoxicity potential (MAETP)

	
LCA–CML 2001




	
Abiotic resource depletion 1

	
7, 8, 9

	
Abiotic depletion (ADP) elements

	
LCA–CML 2001




	
Abiotic depletion (ADP) fossil

	
LCA–CML 2001




	
Economic

	
Poverty

	
1

	
Income of actors below international poverty line

	
Quantitative 3




	
Energy supply & efficiency

	
7, 8, 9

	
Energy consumption

	
LCA




	
Energy intensity

	
Quantitative 3




	
Job & employment

	
8, 9, 11, 12

	
Job creation

	
Quantitative 3




	
Quality of job created

	
Quantitative 3




	
Reduction of vulnerable employment

	
Quantitative 3




	
Social

	
Health

	
2, 3, 6

	
Risk of health incidences

	
Quantitative 3




	
Human toxicity potential

	
LCA–CML 2001




	
Education & skill development

	
4

	
Provision of trainings or campaigns

	
Quantitative 3




	
Participation of trainings or campaigns

	
Quantitative 3




	
Application of knowledge

	
Quantitative 3




	
Egalitarian society

	
5, 10, 11, 16

	
Inclusion of low-income households in waste service

	
Quantitative 3




	
Rate of female workers

	
Quantitative 3




	
Income of housewives

	
Quantitative 3




	
Inclusion of informal sector 2

	
Quantitative 3








1 Newly added impact category to Maier et al. [30]. 2 Indicator from a past paper [11]. 3 Indicators could be quantitatively assessed, but are qualitative in the case study due to resource limitation.
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Table 2. Scoring rules of indicator.
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	Condition
	Positive Change
	Negative Change
	No Change (Less Than 10%), Irrelevant or Lack of Data





	Score
	+1
	−1
	0
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Table 3. Scores of the impact category: impact.
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	Collection
	Transportation
	Final Disposal
	Resource Recovery





	GWP
	0
	+1
	0 1
	+1



	Total
	0
	+1
	0
	+1







1 Reduction of GWP in comparison scenario is less than 10% from the baseline scenario, scored “0”.
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Table 4. Scores of the impact category: poverty.
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	Collection
	Transportation
	Final Disposal
	Resource Recovery





	Income of actors below international poverty line
	0
	0
	0
	−1



	Total
	0
	0
	0
	−1
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Table 5. Summary of scores by impact category.
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	Collection
	Transportation
	Final Disposal
	Resource Recovery





	Climate
	0
	+1
	0
	+1



	Terrestrial ecosystem
	0
	+1
	0
	+1



	Aquatic ecosystem
	0
	+1
	0
	+1



	Abiotic resource depletion
	0
	+1
	0
	+0.5



	Poverty
	0
	0
	0
	−1



	Energy supply & efficiency
	0
	−0.5
	0
	−0.5



	Job & employment
	0
	0
	0
	+0.67



	Health
	+0.5
	+0.5
	+0.5
	+1



	Education & skill development
	+0.33
	0
	+0.33
	+0.33



	Egalitarian society
	0
	0
	0
	+0.5
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