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Abstract
Low priority on waste management has impacted the complex environmental issue, where this study found out up to 24.3% of waste generation in Jakarta
and Bandung is emitted to the waterway due to the high intensity of human activity in the urban area. In this study, we investigated the viable integration
between material �ow analysis and leakage hotspot modelling to improve the management strategy of the plastic pollution in the water system and open
environment. Using the multi-criteria assessment through the plastic leakage from its management, a material �ow analysis has developed on the city scale.
Comprehensively identifying using potent identi�cation and hydrological characterization, plastic waste from Jakarta city has occasionally estimated 2603
ton discarded to Ciliwung River while the plastics from Bandung Area has contributed to 1547 ton, addressing Cikapundung River as the main tributary of
Citarum mainstream in annual basis.

1. Introduction
Plastic waste has overwhelmed and grown rapidly across the nations, which is estimated to increase doubled in 2050 [1]. Therefore, an option to reduce the
existing and upcoming plastic waste is recycling which also reduce the usage of oil, carbon dioxide emissions and disposal [2]. Although recycling is an
available method to reduce the impacts of plastic industry [3], yet approximately only 9% of plastic waste had been recycled [1]. The presence of non-
recyclable plastic has also decreased the recycling rate, for instance, thermosetting plastic [4], thermoset composite [5], and multilayered plastic [6]. Moreover,
some recycled plastics are not as environmentally friendly as virgin plastics due to the additives in the products such as stabilizers, and �ame retardants [6]. In
addition, although many plastics are classi�ed as recyclable, the price is not always economically valuable since its driven by both supply and demand in the
recycling market [7]. Comprehension of non-recyclable plastic in term of prevent leakage of these plastics into the ocean.

Other than recycling issue, exceeded amount of plastic waste in the environment has been implicated in its presence in the water system on the sub-basin
level [8] [9] and riverine plastics [10]. Highly amount of the plastic waste in the water system has been developed by utilizing spatial analysis using Geographic
Information System (GIS) through three pillars of sustainability identi�cation aspects [11] [12], developing waste management scenarios by monetization on
the economic condition [13] [14], implying the seasonal changes [15] and adapting the hydrological model [16]. The amount of plastic waste leakage also has
been developed to the remote sensing technologies as the monitoring implication towards the discarded plastics on the aquatic and terrestrial environment
using UAV [17] [18] and satellite-based monitoring [19] [20] [21] [22]. Some approach has been made for integrating the waste management system using
spatial analysis using GIS [11] [23] [24] to maximize the system and capability on the management. Shortly, the ever discarded of the plastic waste in the open
environment has been developed by the direct existing condition without the source identi�cation.

Meijer et al. [9] reported that Indonesia contributed about 5.6 x 104 million ton per year of plastic wastes into the ocean (ranked 5th on the top 20 annual
plastic emission countries). As a response, the country issued Presidential Decree No.97/2017 (National Waste Management Policy and Strategy) [25] that
aims at 30% waste reduction and 70% waste handling by 2025. In particular, Presidential Decree No.83/2018 (Marine Debris Management) [26] has also been
enforced to reduce 70% of marine plastic debris by 2025 through tax, the roadmap of waste reduction by producers, standard operating procedure of waste
management in marine tourism destinations activities, alternative use of plastic waste, and the international agreement on the cross-border plastic waste
handling issues. Unfortunately, the implementation of the reduction target is considered not accomplished, one of the reasons is insu�cient recycling
capacity, in which the country needs to double the current recycling capacity to process 975,000 ton per year more of recycled plastic by 2025 [27]. According
to the Indonesian Plastic Waste Recycling Association (ADUPI), recyclers are often unable to obtain appropriate plastics for their industry [28].

For the solutions, Indonesia is sanguine to pledge the producers by implementing design for sustainability (DfS) to prevent and limit the plastic waste
generation [29]. Indonesian government also has �ourished to use plastic waste as the mixture for road construction [30]. Compliance with the example in
Japan, plastic that unable to be recycled into raw materials is managed through the chemical recycling and thermal recycling such as gasi�cation and refuse
derived fuel (RDF) [31], while India used RDF and plasma pyrolysis technology [6]. These efforts have been introduced and implemented generated by the
whole management system by implying the ‘closing-the-tap’ concept, which prevailed by managing the residue from waste management.

Although the effort on the recycling plastic waste has been utilized tremendously, some issues have not been addressed where leakage term also
accommodates recycling stagnancy [7]. Therefore, the calculation through each stage of the waste management spatially has not developed yet to
encompass the presence of plastic waste in the environment. One of the closest approaches has been made by improving the country level [14] and city-level
data of waste management [12] on the consumption level. To comprehend the analysis of material shifting on the existing waste management, integration
between the concept of material �ow analysis and the spatial domain study to enhance the concentrated leakage amount as one of the systems approaches
to integrate solid waste management was applied. Waste management stages imply an increment study on the assessment of the waste [32], which is also
suitable to integrate with spatial analysis using GIS [33] [34].

In compliance with the solutions, initially we de�ne non-recyclable plastic waste (NRPW) as plastic waste that cannot be recycled by the current recycling
practice in the speci�c area because of technological hindrances and poor management. The technological hindrances are in consequence of the absence of
technology, complex plastic polymer structure, and/or environmental reasons due to potential pollution caused by recycling activity. Meanwhile, poor
management such as no segregation waste system, open burning, littering, and/or any activity that can turn plastic to a non-recyclable due to low quality or
low economic value. In this study, we calculate the amount of plastic waste leakage using the material �ow analysis assessment and distinct the NRPW
according to the de�nition. Then, we aligned the predicted situation from where it was generated to the �nal discarded to the water system. The GIS was
utilized to perform the location-based analysis towards the distribution of the leakage and its pathway based on the hydrological condition. Thus, the main
objective of this study is to improve the measurement of the NRPW leakage and its leakage pathway from the source to the river.

2. Results
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2.1 Material Flow Analysis of Plastic Waste (2021)
Material �ow analysis both in Jakarta and Bandung was developed to study the plastic waste before categorized as the NRPW. Result shows the plastic waste
generation in Jakarta was 399,691 ton/year from 10,534,339 people [35], 0.7 kg/capita/day of municipal solid waste (MSW) generation rate [36], and 14.85%
of plastic waste in MSW [37]. Jakarta’s plastic waste composition consisted of 5.85% of PET and 9.00% of mixed plastic [37]. Meanwhile, for Bandung with
population of 2,584,252 people [38], the MSW generation rate and the percentage of plastic waste are 0.63 kg/capita/day [38] and 22.45% [38] of plastic
fraction. This plastic composition consisted of plastic bottles, plastic glass, plastic wraps & multilayered, plastic containers, plastic bags, and diapers.
Therefore, plastic waste generation in Bandung is 133,409 ton/year. Figure 1 contains the material �ow of plastic for both areas.

In terms of plastic waste collection at the source, 44,281 ton/year (11%) was uncollected in Jakarta, while 326,829 ton/year (82%) and 28,581/year ton (7%) of
them were collected by collection services and informal value chain. In Bandung, 12,512 ton/year (10%) of plastic waste was not collected. Then 93,973
ton/year and 26,924 ton/year were collected by collection services and informal value chain (70 and 20%, respectively). Informal value chain is related to the
informal waste pickers (e.g. scavengers) commonly collecting the waste at the streets and disposal sites. Managing after the collection, the collection services
diverted to the sorting facility for recovery about 106,043 ton/year and 12,300 ton/year in Jakarta and Bandung, respectively. Jakarta’s higher percentage was
supported by waste sorted for energy with a capacity of about 100 ton/day [36] which also improved the realization of 34% of plastic waste possible to be
recycled as the energy form [39]. Respectively, 95,926 ton/year and 36,500 ton/year were sorted from pre-treatment facilities for recycling and energy from
wastes in Jakarta. On the other hand, 38,436 ton/year of plastic waste was sorted for recovery (e.g. mechanical recycling) without waste to energy in
Bandung. Further, a total of 211,309 ton/year of plastic waste was transported by Jakarta’s municipality to �nal disposal in Bantar Gebang, Bekasi City. In
Bandung, 78,570 ton/year of plastic waste was disposed in Sarimukti, West Bandung District.

From both cities, leakage is based on the uncollected waste and residual term of management stages. Jakarta was responsible for 28,472 ton/year of plastic
waste entering the waterway across �ve cities. On the other hand, Bandung discharged the plastic waste of approximately 10.945 ton/year to the waterway.
Most of the plastic waste leaked to the waterway was sourced from the direct disposal where Jakarta acquired 57.6% and Bandung at 56.08% of the total
waterway leakage, delivering the �rst phase of investigation on the human activity as the contributor of litter [40]. Demonstrate the main contribution of plastic
debris into the waterway is the land-based source [12] [13] [41] through direct littering due to inadequate waste management system.

2.2 Quantity and Composition of Non-Recyclable Plastic Waste Leakage
Plastic waste leakage from an uncollected waste was the largest contributor in both areas, yet we also considered the leakage from other waste management
activities. During the collection activities, there were 9,477 ton/year from collection services and 257 ton/year from the informal value chain in Jakarta. On the
other hand, 3,101 ton/year and 215 ton/year were leaked sequentially from the collection services and informal value chain in Bandung. Apart from collection,
disposal facilities in both areas added the leakage by 4,248 ton/year in Jakarta and 7,910 ton/year in Bandung. Despite of higher disposed plastic waste in
Jakarta than Bandung, the leakage from disposal facilities were less since we put lower leakage potential levels from environmental hazards (e.g. �ooding or
landslides) and fencing in the WFD tool. For example, we found the treatment and environmental management were adequate in Jakarta’s �nal disposal and
treatment facility, which is called TPST Bantar Gebang [42]. In terms of sorting facilities, formal sorting (e.g. waste banks) in both Jakarta and Bandung do
not contribute to plastic leakage since the waste banks sorted out the valuable plastics at the source. As a results, the amount of reject from waste banks are
very low and back to the formal collection system. On the contrary, 1,941 ton/year and 573 ton/year of plastic waste were leaked from informal sorting in
Jakarta and Bandung, respectively.

When the plastic waste entered the environment, 4,622 ton/year was burnt and 25,770 ton/year was retained on land, while 13,403 ton/year and 16,409 were
respectively entered drainages and the Jakarta’s River systems. Further, 1,340 ton/year was retained on the drainage systems, while the rest of 12,063 ton/year
was discharged into the waterway. Hence, a total of 28,472 ton/year of plastic waste was leaked into the waterway in Jakarta. When disposable diapers took
into account, the number increased to 40,880 ton/year since its responsible for about 30% [43] of the total waterway waste leakage composition in Jakarta.
We also included disposable diapers in this study since they were considered as a NRPW. In Bandung, it was counted that 1,071 ton/year, 11,990 ton/year, and
5,113 ton/year of plastic waste were leaked into the air through open burning, retained on land, and entered the storm drains, respectively. Moreover, plastic
waste was littered directly into the river about 6,139 ton/year. Therefore, 10,945 ton/year of plastic waste was leaked into the waterway in Bandung. In other
words, the ratio of plastic waste littering per person in Bandung and Jakarta are, respectively, 3.88 kg/year and 4.24 kg/year.

From the total plastic waste leakage into the waterway, we estimated the amount of NRPW in both cities, which were 37,995 ton/year (9.51% of total plastic
waste generation in the city) in Jakarta and 10,636 ton/year (7.97% of total generated plastic waste in the city) in Bandung. Plastic bottles and plastic cups
are not included as non-recyclable plastic due to the availability of the recycling facilities and their relatively higher economic value which is different from the
disposable diapers, multilayered plastic packaging, plastic bags, and other plastic. In Jakarta, plastic bag was identi�ed as the most NRPW in the waterway
with 20,777 ton/year, the fact that waste is frequently disposed of inside plastic bags. This followed by 12,408 ton/year of disposable diapers, 3,944 ton/year
of plastic packaging, and 866 ton/year of other plastic respectively. Meanwhile, in Bandung, plastic bags and diapers were discovered as the most NRPW in
the waterway with the same amount of 3,477 ton/year. Further, it is followed by 2,215 ton/year of plastic packaging and 1,468 ton/year of other plastic
respectively. Based on our model, the composition of NRPW in the waterway for both Jakarta and Bandung is shown in Fig. 2.

2.3 Potential Leakage Hotspot Identi�cation
With the waste generation from the overall population in each city, Jakarta has discharged 37,995 ton per year, and Bandung discharged 10,636 ton per year to
the waterway. Based on the identi�cation using Waste Flow Diagram tool, both cities indicated the most leakage from the overcapacity of waste management
facilities. Therefore, we consider the amount of the hotspot leakage based on the residual term and topographical feature related to the location of the
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facilities. On the other hand, the leakage also implied from the uncollected term, which lead to the possibilities of direct disposal of plastic waste to the water
system–which regarded as the NRPW. Therefore, limited by the residual and direct disposal, both cities respectively implied the possible amount of water
leakage distribution in Fig. 3 in the accumulated ton in an annual basis.

We found that over 225 hotspots which came from the waste management facilities in Jakarta, indicating 24.3% of the waste management are responsible
for the potential leakage source which contributes to the river pathway. Due to the method of facilities assessment and its proximity to the river pathway,
spatial distribution indicates 39.12% of the facilities are in the high-zone proximity (0 – ≥100 m) and 7% of the facilities obtained fully potential to the leakage
on an annual basis. Most of the contributor of the facilities prominent in Dipo types (transfer station in the community level), which also depends on the zonal
coverage. The second contributor were TPS 3R (3R station for material recovery), which exceeded 61.3 ton per year; indicating how the concept of TPS 3R
needs to be improved in Jakarta [44]. On the other hand, we assumed the management of waste bank has effectively managed with zero leakage based on
the calculation and assessment through the spatial approach. This Implied that the collection at the source and the current management are in the good
prospect of Jakarta waste management [45].

Another source of the leakage in Jakarta area was from the plastic waste generation in the residential area, which was also responsible to the 36.76% of the
contribution in the �nal disposal [46]. Limited to the population settled in the riverbank area, approximately 2,080,076 population (19.7% of total population in
Jakarta contributes 28.944 ton/year of plastic waste at the source. We found the potential of the direct disposal term due to the cramped population at the
wards in slum categorized exceeding 87,696 population or 42% of the population settled on the proximity of the river pathway in between 0 to 300 m buffer
area from river centroid across the city.

In Bandung, there were 122 waste management facilities contributing to the leakage in Bandung. Based on the same method for the residual leakage, we
found 25 facilities are high in leakage probability, where 14 of the facilities are located close to the riverbank area (100-meter proximity). Although the leakage
hotspots in Bandung are half of the Jakarta, the leakage exceeds 120.85 ton in annual basis for the minimum leakage (Jakarta is 61.3 ton/year). Based on an
assessment on the spatial range, we found 25 facilities potentially contributing to the waterway as the possibilities to the leakage. In short, Bandung is
comparable with Jakarta in term of leakage to the waterway according to its proportion; where Jakarta contributed the leakage of 61.3 ton in annual basis
from 24.3% possible sources, and Bandung is 120.85 ton in annual basis from 20.5% of possible sources of leakage. Therefore, its pathway as the
mobilization of the leakage material needs to be concisely constructed from the water pathway.

Overlaid with the condition on the topographic condition and hydrological condition, the morphometric parameters utilized over 31.7% of the waterway in
Jakarta are considerably high on the plastic leakage and 18.3% in Bandung. Correlating with the elevation, Bandung has higher differences in the elevation on
the highland area, considering how the water �ow are likely high in the mountainous area [47] which considered the higher chance of plastic waste leakage to
shift to the other area. Comparing with Jakarta, which is in the coastal area and considerably �at, causing higher chance of access to the waterway.

Type of river distribution is also considered where both cities have different characterization of the mainstream; Jakarta has several mainstreams which likely
non-concentrated area of the �ow while Bandung has only one mainstream which all the streams in Bandung is from Citarum River in the Southern part,
considered how the �ow vary in terms of the accumulation of runoff to Citarum River.

2.4 Plastic Leakage Pathway and Seasonal Changes
Wrapping up the conclusion of �ow characteristics judged based on the morphometric analysis towards the digital elevation model comprehend the full
picture of the leakage mobilization in the waterway, shown in Fig. 4. The result shows that rainy season has fully implication on higher accumulation and less
hotspot area. Therefore, an assumption on the quanti�cation method in the hydrological characterization is applied to improve the retained material in the low
runoff. According to the spatial distribution of the river network and the leakage source hotspot, 67 hotspots contemplate with river networks in Bandung
uptakes the leakage contribution over 82.18 ton per year.And in Jakarta we found 742 locations contributes over 34.41 ton per year across the riverbank area.

Based on the distribution of river network, Jakarta exceedingly obtained 83 networks across the 5 cities and divided to 7 mainstreams which directly �ow to
the ocean from Jakarta Bay. In Fig. 4 (A), Jakarta obtains the leakage distribution more in the transboundary rivers (Western part directly adjacent with
Tangerang and Eastern part with Bekasi) where potentially 442.58 ton in annual basis was input to the Mookervart River in West Jakarta and 165.51 ton in the
Cakung River adjacent with Bekasi in North Jakarta.

According to the slum area assessed from BPS and KOTAKU [48], it shows the sparsely dense in Northern area of Jakarta. The slum area distribution is related
to the leakage pathway since there are more plastic waste leakage to the river near the slum-graded wards. We found the higher leakage in the streams to
Tanjung Priok port area of approximately 507.56 ton. This causes more evidence of high intensity of land and sea-based activity contributes on the plastic
releases in annual basis in the same case with Jambeck’s study (2015). It is also found how the intense activity on land causing higher intensity of leakage
�ow in the waterway [49]. Considering how the slum area also regarded to the higher population density lived in the riverbank area with poor-managed waste
management [50] [51], proof the direct disposal and low-managed of waste management are still existing in developing country. It is also proven by the
leakage load which is higher in the Northeast part of Jakarta [52] as slum area and higher activity. On the other hand, direct disposal also considered
happened due to unrecorded and unidenti�ed illegal dumping which also same in the African case studies according to Verster and Bouwman [53] ; prevalent
to the low-managed area especially in slum categorized area, in extent need to be addressed as the leakage.

The distribution of plastic leakage pathway in Bandung (Fig. 4.B) shown the concentrated leakage found in the Southern part of the city which adjacent to
Bandung Regency, lead the waterway to the mainstream of Citarum River (represent in dark-colored delineation line in Fig. 4 part B). As seen in in Fig. 4, the
leakage pathway directed to the mainstream and obtained the higher amount of input to the river towards the tributaries in Citarum River. Here we found the
higher concentrated input to the waterway in Cikapundung Kolot based on the surveyed in November 2021. Correlating with the classi�ed river �ow in Fig. 3B,
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the continuous low classi�ed �ow in the directions to Citarum de�nes how the lower �ow lead to higher accumulation, causing the higher result input in the
waterway. Thus, around 108.77 ton of plastic waste likely was forecasted to input to Citarum as the mainstream in an annual basis.

Comparing side-by-side, the leakage source hotspot in Bandung area (Fig. 3.B) with the leakage pathway in the river pathway (Fig. 4 part B),Western part of
Bandung which also adjacent to the Cimahi City detected high concentrated leakage source hotspot.. This condition implies due to the wider zone of slum
regarded area. The topographic condition is also affected the result from morphometric analysis.

Both Jakarta and Bandung condition of accumulation provided with the runoff, correlated with rainfall rate (see Appendix Data S2). We found that rainfall and
�ash �ood identi�cation (from the morphometric analysis and peak runoff correlation) considered where most of the mainstreams are responded highly to the
leakage. Contextualizing the data from satellite-based precipitation [54] [55] and national weather station observation [56], the peak rainfall on both cities is
high in period of November to May (see Appendix Data S2 Fig. S3), initializing the possibility of �ash �ood and �uctuations in plastic leakage to the river
pathway.

Aforementioned higher rainfall rate in November to May period and respond to the higher input to the pathway, we found Jakarta exceedingly high in February
which can be shown in Fig. 5. Both cities were high in the transitional period in May where potentially 826.52–1114.82 ton of plastic waste is discarded. We
predicted that higher rainfall rate which causing the �ash �ood has correlation with the direct disposal tendency from residents in the riverbank area with low-
managed of waste management.

As Jakarta obtain the immersed peak of leakage accumulation in February (Fig. 5) exceeding 2516.44 ton in one month to the overall waterway network in
Jakarta, we investigated on the risk from higher rainfall rate (604.4 mm based on BMKG Kemayoran Meteorological Station [56]). Accordingly, we found the
historical �ooding events were peaked during the rainy seasons in Jakarta. Jakarta has occurred a long-time historical �ood in February and spotted 1245
hotspots of �ood from BPBD Jakarta [57]. It is also implied that the understanding on the tendency of direct disposal was higher during the rainy season in
the riverbank area which affected the signi�cant runoff in the waterway causing the �ood. Based on the research in the same location in Jakarta [58] in period
2015–2016, the tendency of direct disposal was up takingly high due to the higher �ow and remove the waste from the residential area faster. In short, the
higher rainfall became the complex issue where higher disposal and occurrence of the �ash �oods–leading to enormous number of plastic waste discarded in
the river.

A signi�cant drop identi�ed in Jakarta calculations from February to March, where we found roughly 820.31 ton during March. We assumed a short-term
solution during this period due to the overwhelming condition in the previous month. As taken respond of the catastrophic, the authority designated a major
cleanup of the river area and disaster response. According to the Environment Agency in Jakarta, they conducted a special form of Pasukan Orange to prevent
the �ood occurring and do more rejuvenation of rivers in Jakarta [58]. Therefore, we can conclude that the immediate act of plastic waste in short term can
bring the signi�cant impact and potentially lower the number of plastic waste in the river if a long-term act and predictive act across the systems can be
enabled.

Similar to Jakarta area, the number of accumulations of plastic discarded to the river pathway are high during the rainy season period. As seen in Fig. 5,
Bandung obtained the higher plastic waste in the river pathway during Ocotober to May. However, the extreme drop from May to June are alarmingly due to
the sudden rainfall rate drop–which also a transition from rainy to dry season. This condition implies that the higher accumulation of plastic waste will
happen in the rainy season. However, the higher disposal in the pathway can contribute to higheraccumulate accumulation of wastes in the dry season due to
the lower runoff in the river. Therefore, we conclude that another cleanup activities needs to be implemented for the short-term solutions.

3. Discussions
Leakage from the different perspective Plastic waste, especially categorized as the non-recyclable plastics in this study–leaked to the open environment
based on the several different perspectives and causal relationships. Firstly, from the current management. Based on the Result 2.1, shown the possibility of
leakage according to the judgement of the current situation. Each waste management stage proved determine the contribution due to the received waste
which has low recyclability. For example, plastic waste commonly found (from Result 2.2) such as disposable diapers, multilayered plastic packaging, plastic
bags, and other plastic (e.g. toys) have no available recycling method in the cities and/or area surrounding both Jakarta and Bandung. Although recycling
plastic bags and other plastics might exist through the capacity building in commune level [59] [60] [61] [62], yet it is not common practice due to the highly
contaminated plastic disposed.

Secondly, from the location-based analysis. Based on the multi-criteria assessment and proximity analysis, no relocation needed for the waste management
facilities nor residents in the riverbank area. Although the leakage term detected due to the residual and direct disposal, solution-based approach preferred
from the sources. Therefore, to bottom-up the solutions, the treatment of facilities needs to be escorted. Comprehend from the higher contributor, 3R station
(TPS 3R) is considerably needs to be improved. As it denoted to be part of waste reducing, maximizing in material recovery is scarce as Jakarta contemplates
with Jakarta Recycling Center (JRC) management [63]. Taking the example from the non-existing leakage emitted from the waste bank, which improve from
the source collection. This is also addressed the behavioral changes of human to deliberate with proper management for recycling [64]. Due to the success,
the planning of waste bank distribution and raise the accessibility are preferred to decline the non-recyclable plastic exists.

Understanding Non-Recyclable Plastic Waste From the identi�cation of the NRPW through the absence of the ability to be recycled, the content entails to wider
variety of plastics. For instance, plastic bags and packaging in general categorized to mismanaged plastics if it disposed dominantly [14] [65] we conclude
both of type as non-recyclable plastic due to the technology hindrances. With the unavailability of the methods for recycle, thus highly contaminated due to
the low segregation at source causing the debilitating in packaging plastic life cycle [66]. As it implied to the higher leakage in the waterway due to its
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properties and unhinge consumption from the human activity [64], some actions are obligated such as passing out the multilayer plastics to escalate the
plastic circularity.

Veri�cation of Plastic Waste Leakage As model of NRPW leakage distribution obtained, a veri�cation needed to improve the con�dence level of the result. We
conducted veri�cation towards the result of concentrated area of the leakage source hotspot and number of forecasted leakages from the material �ow
analysis method. Robust direct survey location needed, due to the limitations of social distancing, we focused on the impactful area. However, we also
recommend validation through optical remote sensing which can be utilized from open-source platform using mid-resolution satellite imaging.

To comprehend the amount of plastic leakage to the waterway, we compared our results to the previous year’s report [43] and the most recent report [67] of
plastic waste discharge in the waterway. Considering the Marine Debris Hotspot Synthetic Report [43] de�ned the problem similar to the terminology of NRPW
discharge in non-tidal waterway and discharge of plastic waste due to mismanaged plastic waste [67], we found the proportion of each amount were shown in
the Fig. 6 below. Our result obtained lower number compared to the same reports [67] which obtained 76.5% in Jakarta and 29.7% from Bandung area. We
investigated the different approaches and understanding on the plastic waste and calculation, where [67] report applied the overall mismanagement of plastic
waste and unspeci�ed the plastic types. Therefore, the result is enormously higher than our result. Based on the Marine Debris Hotspot report [43] shows the
ratio of 10:9 differences within 5-year gap of data.

Seasonal Pattern of Leakage to the Waterway As we concluded the amount of leakage during the rainy season obtained approximately 785.06–2516.44 ton
per month for the �ve cities in Jakarta and 524.97–826.52 ton per month in overall area of Bandung City, substantially affected to the occurrence of the �ood.
Focusing on Jakarta as the higher number of occurrences of �ood due to the low land level, extreme rainfall in February causing Jakarta prone to �ood during
this month. Referring the stream�ow data over the past 15 years [68] [69] [70], shown the higher probability on the �ooding events in February–which also
improved by the morphometric analysis to refer the probability of �ash �ood occurrence [71]. Based on the data from [54] [55] [56] shown how Jakarta alerted
in February and Bandung in November, causing the higher hazard on the certain period.

Due to the probability of �ood period or higher chance on �ash �ood due to the high rainfall [72], we veri�ed our evidence-based from the reported condition
during the heavily rainy season in Jakarta, where February was predicted to be the anxious period [73] [74] due to the rainfall pattern since 2013. Recoded
from the authority of Water Resources Services (DSDA) in Jakarta, from the observing portal called Pantau Banjir Jakarta shown along February 2021 12 of
20 �oodgates and observation posts recorded hazard alert due to the water level [75]. Correlating with rainfall studies shown the �ood inundation highly
compensate from the higher rainfall rate [76], which is also aggravated the higher chances of �ood by plastic abundance in the waterway especially in the
settlement area [77]. We conclude that how there is an alignment of �ood occurrence in Jakarta with the overwhelming plastics discarded, which enormous
amount in the rainfall profoundly detected in the peak rainfall rate across the cities especially in North Jakarta area. Pointing out also the rainfall rate spikes in
Bandung where plastic has been the blockage �ow in Citarum tributaries [78] [79] proving how the accumulation were high during the transition from rainy to
dry season.

Preferable Management for Non-Recyclable Plastic Waste Leakage Contextualizing with the number of leakages for NRPW in the river, we elaborate on the
existing material from the composition analysis in both cities. To address the solution, management can be adapted in upstream and downstream
management. We encourage the upstream management to reduce the amount of non-recyclable plastics such as design-for-recycling [80], which push the
producers re-consider their products to be collectible, detectable, and recyclable [81]. According to interview with recyclers in Bandung, there is around 30% of
plastic waste that rejected from recycling facilities due to bad design. Therefore, there is the opportunity for some producers to make their products recyclable.
Another policy approach is choice editing concept, in which a response of government and retailers on what to (or not to) provide in the market through ban or
levy the sustainable products. For example, plastic products such as personal care goods (e.g. sachet, food containers) shifted to re�ll or reusable packaging.
Moreover, Extended Producers Responsibility (EPR) as a take-back system for producers to secure their products from high contamination of commingled
waste is highly recommended. In Bandung, we estimate there is about 21,895 ton of NRPW that can be avoided through EPR in 2025. In fact, Indonesia has
regulated EPR since 2008, yet there are still very few producers who have contributed. To support the implementation of EPR, Indonesia has elaborated the law
with the Ministry of Environment and Forestry law No. 75/2019 on the roadmap of waste reduction by producers in 2019.

As leakage found highly in the North part of Jakarta and in West part of Bandung, a downstream approach could be the possibility of increasing the
management [82] through the nearby higher leakage pathway. In the same extent, the existing littered NRPW still can be managed. Therefore, some solutions
we have taken for NRPW practices. Current practices, Indonesia started implementing waste to material which encountered the brick substitution and waste to
energy prevailing reduce derived fuel (RDF). As higher the non-circular plastic which unable to be circulate to the recycling or reusing appliances, approach to
utilize plastic to brick has been �ourished [83] and commune-level product of Ecobrick proved useable for non-strctural purposes [60] and passed the class 3
of National Standard [84]. Considering the urban sprawl in both cities, it is also deliberating with the location of industrial estate in between Jakarta and
Bandung. Flourishing refused derived fuel could be an option for the sparsely density of urban cities which also has been implemented in Central Java [85].
However, the implementation in high density urban area like Jakarta still under consideration since the signi�cancy on reducing plastic waste still dominated
66% to �nal disposal in Bantar Gebang [39].

Possible Improvement Our model identi�ed the distribution of prone of higher leakage over the years which contemplate for direct actions in the high-risk
locations. However, some of the considerations needed to enhance the reliability of the amount of leakage along the plastic value chain. We also recommend
designing a direct sampling for the plastic leakage pathway in the river to concise the number of leakages, thus take the overall consideration of distribution
regardless the communities. The dynamic changes for plastic leakage pathway changes due to the socio-economic aspects where human activity and
management in the area, therefore the solutions needed to provide the citizen science input.

4. Conclusions
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Non-recyclable plastic waste is potentially leaking to the open environment in massive number. From the composition analysis, leakage mostly detected from
the natural hazard and consumption stage, which lead to higher concentrated leakage hotspot from the residual term and direct disposal tendency. Leakage
source hotspot identi�ed in both cities spur higher than 100 ton per year in one spot. Leakage pathway mostly detected in the slum settlement area and the
curbside of the cities, involved the judgement of the current of waste management accessibility. Concluding with the enabled program for ever increasing
NRPW, best management practices implied to applying the short-term solution with river cleanup and integrate the solutions in long-term by increase the
recyclability of the plastics from the source.

5. Methods
This study was implemented in the two metropolitan cities in Indonesia: Jakarta and Bandung. Both cities have comprehensive systems on waste
management due to the large amount of waste generation. Determining the waste management and spatial analysis in the city scale analysis, we applied the
concept of material �ow analysis through the Waste Flow Diagram (WFD) tool for plastic leakage quanti�cation. Subsequently, an indexing system was used
to improve the distribution towards the material shifting of the plastic waste in the open environment After the process was systematically analyzed for
leakage pathway according to the topographical conditions.

5.1 Material Flow Analysis: Waste Flow Diagram
Plastic Waste Data on MSW Management In this study, we included the whole area for Bandung and Jakarta (excluding Kepulauan Seribu district from the
Greater Jakarta Area) corresponding with the leakage modelling purpose. Jakarta is known as the capital city and the largest city in Indonesia, with a total
area of 662.33 km2 [86]. The area is divided into six municipalities, 44 sub-districts, and 267 villages. Bandung is the capital city of West Java province. It is
divided into 30 sub-districts covering 151 villages, with a total area of 167.31 km2 [87]. A set of data regarding waste management was collected and entered
the WFD tool. At �rst, to estimate the plastic waste generation in both cities, the amount was calculated by multiplying the population number, MSW
generation rate, and plastic waste fraction in MSW. Secondly, we entered the number of current waste treatment and disposal, which are divided into plastic
waste disposed of in disposal facilities, plastic waste sent to waste-to-energy facilities, plastic waste sorted for recovery from both formal and informal
sectors, up to plastic waste in the informal service chain. Moreover, we also predicted the amount of waste managed in controlled facilities judging from level
of control [88] of a recovery or disposal facility. To represent the qualitative estimation, We classi�ed the data into low uncertainty, medium certainty, and high
uncertainty (see Appendix Data S3 Table S3). Low uncertainty is collected directly or gathered from relevant stakeholders, medium uncertainty is the
estimation based on concrete data, and high uncertainty is unknown data, which is calculated based on the principle of mass balance.

Data Collection Methods We gained the sources of information in this study from primary and secondary data. Interviews and questionnaires were conducted
to the companies, waste generators, waste municipality, governmental institutions, and private sectors by direct encounters or remotely due to the Covid-19
pandemic in the study area. Moreover, �eld observations were also performed directly or through a remote video call with the on-site team in both cities to
re�ect the current situation. The observation areas are households, recyclers, waste management infrastructure, and open environment such as land and
waterways. Meanwhile, secondary data such as reports, published documents, and websites were gathered from the local authorities, other governmental
institutions, and organizations. We used the most updated data into the calculation and obtained the information needed from other reports to create
estimations.

Plastic Leakage Identi�cation By using the WFD tool, we could estimate the source and fate of plastic waste leakage [89]. We conducted �eld observation and
interview within both cities to judge the current situation of waste management infrastructure and practices from different stages, which are waste generation,
collection, sorting, transportation, and disposal. These judgments were used to input leakage potential level (namely none, low, medium, high, or very high) in
the WFD tool (see Appendix Data S3 Table S4), in which accompanied with a leakage factor representing the percentage of plastic that could leak into the
environment [89]. Furthermore, the fate of plastic waste leakage is assessed into the four destinations (see Appendix Data S Table S5), which are burnt,
retained on land, storm drains, and waterway [89]. We observed through �eld observation and interviews within both cities to estimate the amount of plastic
waste in the environment for each fate. Further, the material �ow used in this study was modi�ed from the results of WFD tool to re�ect the presence of non-
recyclable plastic in the �ow of plastic waste.

Non-Recyclable Plastic Waste Composition Analysis We used a two-step approach to estimate the composition of NRPW in the waterway. Firstly, the amount
of plastic waste leakage in the waterway was taken from the results of material �ow in Jakarta and Bandung. Secondly, we identi�ed the non-recyclable
plastics for both cities based on gathered information from stakeholders and reports �ndings. From the plastic leakage results of WFD, we distributed the
composition of each type of plastic in the waterway leakage using the available report �ndings, in which the city’s waste composition �ndings for Jakarta and
average waste composition �ndings for Bandung.

5.2 Hotspot and Leakage Source Mapping
Hotspot identi�cation from population distribution and waste management facilities As non-recyclable plastic waste referred to the unsoundly discarded
plastic waste in the environment and low-valued plastics which were unable to proceed further, the sources identi�ed mainly from the waste management
facilities and also the residential or settlement categories. This comprehension we applied to de�ne the greater contributor of the plastic leakage. Firstly, to
know how low-value plastic waste generated, we used population distribution along 300 m of the riverbank to limit the possibilities of the leakage proximity to
the waterway. It also applied to the waste management facilities located in the riverbanks area. We used the buffering and overlay analysis to identify the
impacted area in the riverbank and de�ne the distribution along the vulnerable areas thus prone to the discarded material.

Residue calculation as Integration from MFA After the area was identi�ed, each of the point locations is assessed based on the leakage assessment concept
on the Waste Flow Diagram tool in Material Flow Analysis methods. The potential zones were assessed using the multi-criteria assessment, where profoundly
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to the condition of the zone and proximity to the waterway. We divided the condition of the close proximity into 3-potential-zone; low, moderate, and high,
where each zone divided respectively per 100 m away from the riverbank area. We conducted the understanding the higher zone had proximity which also
implied the de�cit of naturalization of the river, where built-up supposedly settled in the river mouth [90] which bring more on plastic waste in the river [91]. The
condition of the zone was de�ned whether the system applied in the area, zonal assessment of slum area based on the economic condition and urban sprawl
[48] [92], capacity to retain and manage the waste generated, and assembled systematic schedule.

Vulnerability indexes The distribution of the exact amount of the leakage in the city level based on the material �ow analysis was calculated by computing the
vulnerability index. Aforementioned multi-criteria assessment, index classi�ed into 3 value divider which 0 as the lowest index value and low probability of
leakage, and value 1 is the highest where it also the bigger contributor of the leakage to the waterway. This study mainly focuses on the index on the close
proximity and index on the residual–where both main indexes combined to improve the �nal index of assessment. Index of assessment performed the
different value of each zone (facilities and residential area) where we used in the next step as the vulnerability index. Therefore, hotspot was identi�ed by
combining both vulnerability index of the waste management facilities and residential area, then we can overlook the potential hotspot in the city level.

5.3 Leakage Pathway Modelling
Morphometric Analysis In this study, morphometric analysis has been done to imply the hydrological characterization of the leakage pathway recurring the
�ash �ood. We generated 18 morphometric parameters to deliver the stream�ow identi�cation from each watershed towards the peak runoff [71] [93] and
implemented the potential capability of each waterway to retain the volume of the water. Focusing on the topographic scale, morphometric parameters were
delivered by improvising DEM as the quantitative measurement approach [94]. The elevation model was enhanced and attributed from IFSAR (5 m),
TERRASAR-X (5 m), ALOS-PALSAR (11.25 m); which utilizing the high resolution of DEM [95]. As completed with precise DEM; morphometric analysis
performed from its scale, topographic, shape and drainage network in metrics [71] [93]; which we performed its impact to approach measurement by weight to
emphasize the judgement from scale and topographic as the greater impact [93].

Hydrological Characterization Generalizing the classi�cation of the stream�ow, we used the concept of statistical classi�cation method based on the
quanti�cation of each major parameter of morphometric parameters. Firstly, we combined the different parameter to each sub-categories (scale, topographic,
shape and drainage network) by reclassifying into three-class of response of the peak runoff, whether it is positive or negative correlation [93]. Secondly, we
generalized the zonal statistics combination to ensure the judgement of the peak runoff from each sub-category was covered for each whole watershed
delineated. In the subsequent, we continued to de�ne the three classes of �ow characterization based on the best-�t class distributions. To ease the judgement
to the pathway, we divided the �ow into high, moderate, low, and unknown; according to the capability of the water retain. Unknown class was identi�ed to
improve the unjointed zone from the delineated watershed area based on the well-drainage identi�cation, which prevalent initiated in the coastal area thus
Jakarta had the unknown area of watershed.

Calculation of Plastic Waste in the Waterway To comprehend the stream�ow and hotspot result, we generated the concept by using proximity analysis for
integrating the land-based result to the river pathway [96]. Integration was used by combination of proximity analysis and overlap distribution between the
waterway and impacted riverbank of the land-based sources of the leakage. In this case, we improved the distinctive differences summary for numeration of
�ow classi�cation with the value of the residue. To classify the term, we put a numeration of the plastic material accumulated in the waterway, where low �ow
has higher accumulation (90% of materials were in the waterway), and high �ow has lower accumulation with larger shifting pathway. To distinct the
quanti�cation, we assumed based on the composition analysis and the possible occurrences of �ash �ood [71]. As the condition of higher density than water
will sink in the water, we conclude that 50% of materials were retained if the conditions of the �ow were high–which quantify the amount of lower
accumulation. For moderate �ow, we implied 75% materials were accumulated to take the best-�t accordance from low and high class of �ow. Therefore,
distinct amount of leakage in the waterway de�ned annually.

Monthly Forecast After the annual accumulation in the pathway has identi�ed, we generated rainfall rate to outline the trend in monthly basis, in term to show
how rainfall event affects the possibility of the leakage along with the possible �ash �ood occurrence and the actual �ood historical records [57] [97]. Due to
the coverage in the city level, we used the monthly total of rainfall rate based on the satellite [54] [55], which distributed per 11.25 km2. Rainfall rate conducted
in mm units, ranged 0 to 900 m depended on the seasons. To conclude the impact of rainfall rate pattern, spatial aspects, and hydrological response; we
develop the calculation which shown in the Eq. 1 below.

PWLMonthly =
ΣPWL

12 × %SP ×
MP
3

(Eq. 1)

To forecast the distribution of plastic leakage in monthly basis, we developed from the annual accumulation, rainfall contribution, and hydrological response.
Where, %SP quanti�ed based on the rainfall rate distributed each city based on the lowest and peak value. Subsequently, we calculated the weight of each
month’s rate. Other parameters such as �ood historical record was added to the monthly basis of rainfall and quanti�ed as the preset value, which the
differences were identi�ed by implied the closest actual conditions. Rainfall data validated and veri�ed by the station recorded [56], where Jakarta covered by
two meteorological stations and Bandung with 1 station. The validation across the monthly basis rainfall rate ampli�ed similarity pattern (see Appendix Data
S2).
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Figure 1

Material Flow of Plastic Waste (A) DKI Jakarta (B) Bandung
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Figure 2

Plastic Waste Composition from Waterway (A) DKI Jakarta (B) Bandung
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Figure 3

Plastic Leakage Pathway Model based on the Hotspot from Treatment Residues (A) Jakarta (B) Bandung
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Figure 4

Plastic Leakage Pathway Model based on the Accumulation Input to the Waterway

Figure 5

Monthly Leakage Accumulation in Two Cities
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Figure 6

Graphical Comparison of Plastic Leakage to the River Pathway though years
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