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Abstract

Due to climate change, flood-related disasters are expected to increase. Floods generate
enormous amounts of waste, including electronic waste (e-waste). E-waste should be
recovered not only because it can have detrimental effects on human health and the
environment but also because of the valuable metals contained in it. In this study, a system
dynamics model based on current practices and waste management was established using
Vensim to determine the revenue that can be generated by e-waste recycling after floods in
two socio-geographic and economic contexts: Jakarta and New Orleans. At current recovery
rates, the formal systems employed for recovering valuable materials would yield 8% (€58
million) and 14% (€80 million) of the potential yield for the Jakarta and New Orleans models,
respectively. Moreover, the model estimated that informal e-waste recycling would yield €1.2
billion. The model also highlighted several problems encountered in post-disaster waste
management in both scenarios, such as low capacities of temporary storage sites, increased
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landfilling rates, low yields of recovered e-waste components, and limitations on the
transportation of waste. For optimizing the recovery of valuable metals, regulations
addressing e-waste must be implemented more thoroughly, and post-disaster waste
management guidelines must be revised to contextually address flood disasters. When more
data are available, an improved model can be established and used as a basis for policymaking
to improve the infrastructure of solid waste management to optimize e-waste recovery.
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1. Introduction

The human-environment relationship has often been a volatile one, with several disastrous
events that have necessitated extraordinary efforts to maintain the integrity of our settlements [1-
3]. Due to the considerable increase in the population in low-elevation coastal zones, unsustainable
development of countries, and in the light of climate change, hydrometeorological disasters such as
floods are increasing in frequency and severity [4-7]. Some of the most prominent natural disasters
of the 21st century, such as Hurricane Katrina, the 2007 flood in Jakarta, and the Japanese tsunami
(2011) have collectively caused the death of tens of thousands of people and extensive damage to
property, amounting to a loss of billions of dollars [8]. Furthermore, floods can damage agricultural
and water resource systems, alter the ecosystem properties, and induce epidemics; thus, they are
a significant global threat [9-11].

Another detrimental consequence of disasters is their contribution to increased waste
generation, which is typically 5-15 times the annual waste generation rates of the impacted
community [12]. The amount and composition of disaster waste (DW) vary per the scale of the
disaster and the type of built environment impacted [13, 14].

The research on the implications of e-waste generation following flood disasters is scant. As one
of the fastest and dangerous growing waste streams worldwide, with nearly three times faster
growth than municipal solid waste (MSW), electronic waste (e-waste) presents a significant threat
to the livelihood of individuals, groups, and ecosystems [15, 16]. Therefore, the removal and
recovery of e-waste during the flood debris removal process should be considered an essential
endeavor during post-disaster waste management. E-waste concentrations may be relatively low
during a flood; however, the risk associated with the waste stream is considered high because of
the potential leaching of hazardous components [15, 16]. Therefore, context-sensitive flood waste
management that addresses the variability of e-waste and its sustainable handling for recovering
valuable metals is required.

Several studies have analyzed the solid waste composition and the amount produced by a
disaster. For instance, [17] analyzed the specific gravities of the debris following the Great Hanshin-
Awaji earthquake and noted differences in the specific gravity of the DW during transportation and
in the stockpile, the latter being heavier due to consolidation processes and water addition for
suppressing dust. Another study [18] demonstrated that the amount of debris generated by floods
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in Taiwan can be estimated accurately by using the significant nonlinear correlations between the
DW and the population density, total rainfall, and flooded area.

Despite the existing literature on the mitigation stage after floods (Table 1), the applicability of
loss estimation studies to post-disaster waste management has not been investigated in detail.
However, a few noteworthy studies have addressed this relationship. In [19], loss estimation and
post-disaster waste management were quantitatively integrated using a combination of a
geographical information system (ArcGIS), an earthquake estimation tool (ELER), and an
evolutionary multi-objective optimization technique (NSGA-II). In another study [20], a multi-
objective linear programming DW reverse logistic model was established that considered the
objectives of minimization of economic cost, risk penalty, and psychological stress; the latter being
a function of waiting time for debris removal, access to medical treatment and distress from
relocation and destruction of residents’ homes.

Table 1 Stages of disaster management preceding and following a disaster.

Stage Description Estimated Timeline Sources
Conducting research and
establishing post-disaster
o recovery guidelines
-§ Pre-disaster identification
Q
§ of temporary storage sites
o TSSs
5 e ( ). e [1, 14, 17-19,
©  Preparedness/Mitigation Applying mitigation N/A 21]
% measures depending on
3]
% previous events in specific
) regions
e Generate risk maps and loss
estimations due to
disasters
Debris management to
. . A few days to several
preserve life, provide .
. weeks, depending on
emergency services, and
) : . the scale of the
Emergency Response remove immediate public [12]
disaster and the
health threats such as
- ) response rate of the
] hazardous materials and .
@ . local authorities
@ unstable buildings
:?, Transportation of DW to .
2 Can have a duration of
& TSSs, recovery of reusable

up to 5 years,

d
an depending on the

recyclable materials

Recovery from DW, placement of . [12, 22, 23]
. scale of the disaster
TSSs, disposal of
and the response rate
nonrecyclable and N
of the local authorities
hazardous DW, and
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incorporation of DW into
rebuilding
DW conversion to energy

Can have a duration of
up to 10 years,
depending on the
scale of the disaster
and the response rate
of the local authorities

Debris management of
Rebuilding waste generated from and
used in reconstruction

[24]

Note: Emergency response occurs first, whereas recovery and rebuilding may overlap.

Furthermore, [25] introduced a multi-objective mathematical model for processing DW in a post-
disaster scenario for optimizing the financial cost, environmental cost, landfill utilization, and
revenue from recycled debris. In [26], a decision support system for DWM was developed by
proposing a linear programming model to minimize the DW processing costs and maximize the
revenue generated by DW recycling. Lastly, [5] established a multi-objective mixed-integer linear
programming model to address the problem of supply chain network design associated with DW
processing while considering economic, environmental, and social objectives. Moreover, the model
developed in [5] allows various loss estimation methods to be incorporated, thereby extending its
application to several disasters. Most models ignore potential illegal activities associated with DWM;
these issues are problematic in the context of DWM, especially in developing countries.

Despite the extensive research on loss estimation tools, studies remain generalized; moreover,
limited tools are available to assess the damage. For instance, while GIS technology has been widely
used to estimate the amount of debris, its accuracy is hindered by the difficulty in distinguishing
between shadows of collapsed buildings, trees, and other urban features surrounding the impacted
environment [27]. This, in turn, leads to over-or under-estimation of the amount of debris, which
increases the costs associated with handling the debris [12, 27]. These costs may be exacerbated
for waste streams such as e-waste, which require specific and expensive treatment techniques [28].

The main objectives of this paper are to use the Vensim system dynamics modeling engine to
analyze disaster e-waste management practices after floods and estimate the valuable metal output
and the associated potential revenue of the recovered e-waste valuable metal output. From this
modeling, the obstacles encountered in optimum recovery become apparent. The model focused
on two socio-geographical settings with similar flood events, namely Jakarta and New Orleans. It
incorporated local e-waste management practices, routes of post-disaster waste management
based on relevant guidelines, and flood-related variables impacting transportation. The system
dynamics model can be considered as a “skeleton code,” which can be modified for a socio-
geographic setting and waste stream. Besides the formal waste management addressed in other
studies, informal waste management and transportation logistics were also included in this study.
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2. Materials and Methods
2.1 Literature Review

The methodology of the current study involved an investigation of secondary sources, accessible
via the Wageningen University and Research Library, Web of Science, Scopus, Google Scholar,
governmental websites and reports, as well as news articles regarding flood-related events in the
two socio-geographic settings. Information derived from the literature review served as the building
blocks of the system dynamics modeling approach.

The following keywords were used in the literature search: “disaster waste management,” “flood
debris,” “Hurricane Katrina,” “2007 Jakarta floods,” “New Orleans,” “Jakarta,” “e-waste
management,” “formal e-waste recycling,” “municipal solid waste,” “informal e-waste recycling,”
“flood depth,” “disaster waste estimation method,” and “temporary storage site.” A number of
these keywords were combined to obtain data pertaining to the socio-geographic setting. Examples
of useful search combinations include “e-waste management in Jakarta” and “flood debris
management post Hurricane Katrina.”

The data acquired for the given project originated from scientific publications, governmental
reports and databases of disasters, intergovernmental reports and guidelines regarding post-
disaster recovery processes, and newspaper articles.

The selection of the cases was based on the countries’ similar regulatory framework with regards
to e-waste, their analogous degree of flood risk due to land subsidence and climate change, and
similar past experiences with chronic and flash flooding. In addition, flooding in these two cases was
relatively more well-documented in the literature and news reports.

2.2 System Dynamics Model
2.2.1 Model Design and Feedback Loop Diagram

To express the system’s approach in the current project, the simulation software Vensim
Personal Learning Edition (Ventana Systems) was used. Vensim, similar to other simulation software
tools such as STELLA, DYNAMO, and POWERSIM, provides a set of graphical objects with integrated
mathematical functions to easily represent a system structure in a simulation model. Another
advantage is that the models created using Vensim can be modified easily and are easily understood
and accessible by a wide audience of stakeholders in the systems being modeled.

For developing a system’s dynamics model, the causal or feedback loops must be identified for
analyzing which part of the system could cause a particular pattern of behavior. The design of the
model is based on numerous flowsheets that have been proposed as guidelines for DW
management and e-waste management [22, 29-32]. DW management guidelines emphasize four
stages of disaster management planning: mitigation, emergency response, recovery, and rebuilding
[1, 12, 19, 22]. These stages are briefly summarized in Table 1.

In the current model, because the focus of the project is on e-waste and material output, the
main flux of the system is the waste material/debris expressed in kilograms of waste/e-waste per
unit of time. A simple feedback loop diagram (Figure 1) was mapped to serve as a basis for the
design of the model.
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Figure 1 Feedback loop diagram indicating the impact of flooding on the determinants
of a built-in waste management system.

The circles with a “+” denote a positive or reinforcing feedback, the circles with a “—* denote a
negative or balancing feedback, and the circles with a “?” indicate an ambivalent or questionable
relationship.

The diagram demonstrates the impact of a flood event on a waste management system. Initially,
the flood event generates DW, some of which will warrant disposal. The higher the generation of
DW, the greater the tendency to dispose it in a landfill. Higher disposal rates result in a negative
feedback loop. A large portion of DW is first transferred to designated temporary storage sites (TSSs)
to be separated. It is then treated further in an incineration or recycling facility. This debris clean-
up rate negatively correlates with the amount of debris present in the area. However, the flood
event can indirectly impact both the disposal rate and debris clean-up rate by affecting the vehicle
speed and hindering transfer services. This relationship is expected in a disaster setting; therefore,
careful consideration of the types and the availability of debris transportation vehicles in a system’s
approach is required. In addition, most disaster events present opportunities for illegal looting and
scavenging of waste [33]. The diagram shows that scavenging increases with the amount of DW,
thus contributing to the accumulation of waste in informal treatment sites. Moreover, some
relationships within the diagram are not clearly defined due to being contextually dependent, thus
yielding ambivalent results. For instance, depending on the scale of the disaster, the composition of
the debris, transfer rates, and whether the recycling facilities are found within the inundation zone,
disaster events may expedite or hinder the recycling rate [12, 34]. In the current project, only the
impact of flooding on the transfer rate of waste was considered as a changeable variable, whereas
for the recycling rate-the model, constant and contextually relevant peacetime recycling rates were
assumed for the material yield.
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2.2.2 Model Simulation

The model considers a hypothetical flood scenario caused by a major hydrometeorological event,
for instance, a typhoon or hurricane similar to Hurricane Katrina. The estimates of the debris
generated were considered as a range, which is typically 5-15 times the MSW generation of a given
community [12]. By using Jakarta’s and New Orleans’s respective population and annual waste
generation per capita, the amount of waste generated from this hypothetical flood was calculated
as five times the annual waste generation of each city. The lower bound of the range was set to
include waste volumes similar to that generated by Hurricane Katrina. The potential resulting waste
generated would be 1.59 and 15.7 billion kg for New Orleans and Jakarta, respectively.

The model has a runtime of 5 years or 1825 days, with time-steps of 1 day. The lengthened
duration of the recovery phase, in this case, follows the duration of Hurricane Katrina’s recovery
phase, which lasted up to 5 years [12]. Vensim can integrate the values of the levels by using Euler’s
integration method. Subsequently, all levels have an integration function that integrates all
incoming and outgoing rates and calculates the amount accumulated across the 1825 days. The
design of the two models is shown in Figures S1 and S2.

2.2.3 Model Assumptions

Due to the tremendous amount of waste generated by the hypothetical disaster event, the
model assumes that the amount of debris is too large for on-site waste separation. Thus, off-site
waste separation is performed at designated TSSs. These sites are assumed to collectively have a
volume of 1 million cubic yards. Based on different MSW densities in both settings, this is equivalent
to 764,555 m3 or 321 million kg for the US and 287 million kg for Indonesia, given 100 acres of land
[35-37]. This can be understood as multiple TSSs located within a radius of 2 km from the debris
area.

The model assumes that sufficient financial resources are available to successfully perform TSS
selection and debris allocation operations. For debris management operations, such as collection,
transportation, and the installation of the TSS facility, millions of dollars are required. This
assumption ensures that sufficient donations or government funds are available to smoothly
perform all response-phase waste-management operations.

The transfer rate between the facilities is assumed to be unimodal. The transfer is carried out
using trucks, each with specific speeds and carrying capacities. In addition, the transfer rates are
dependent on several auxiliary variables, which carry context-specific values. These variables
include the distance from one facility to another (in km), the speed of the trucks (in km/h; maximum:
40 km/h), the carrying capacities of the trucks (in m3, converted to kg by considering the MSW
densities for each country), the number of trips done per day (250 for New Orleans and 450 for
Jakarta), and the rates of (e-)waste recycling/incineration/landfilling per respective country (%
kg/day). The carrying capacities of the trucks for New Orleans and Jakarta were 9962 kg [38] and
9150 kg [39], respectively. Due to lack of data correlating transport trips for clean-up operations
and waste generation, an arbitrary number of trips, specifically 450 per day, was taken for clean-up
operations in the case of Jakarta. This number is reduced to 225 in the case of New Orleans, as a
result of differences in population, area, and waste generation.
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Moreover, a 4-m flood depth, which decreases at a constant rate of 0.1 m/day over the span of
40 days, is assumed. This assumption is based on the actual dewatering time span of the flooding
following Hurricane Katrina [40]. For this reason, a flood-depth disruption equation (Eg. (1)) was
included in the model to simulate the inhibition of the transfer rate due to the flood depth [41]:

v(w) = 0.0009w? — 0.5529w + 86.9448, (1)

where v(w) is the maximum acceptable velocity and w is the flood depth.

According to [42], a distance of 2 km from the debris area is a safe and economical distance for
establishing a TSS; greater distances would increase transportation costs significantly. The distance
from the TSS to other facilities was calculated separately for the two settings. For the New Orleans
model, an ArcGlIS disaster debris recovery tool developed by the USEPA was utilized to identify
available facilities within the State of Louisiana. The results were screened for landfills and recovery
and recycling facilities treating metal, e-waste, construction and demolition (C&D) waste, and
vegetative debris. The distance to these facilities was calculated from the center of New Orleans
and resulted in an average of 290 km across the entirety of Louisiana. Because 80% of the city was
inundated following Hurricane Katrina, any facility found within the inundated area was omitted
from the distance calculation.

In the case of Jakarta, the distance from the TSS to the facilities was calculated using the available
data of e-waste facilities and some landfills located within West and Central Java. Due to the lack of
data, only a limited number of facilities could be identified. These facilities include six metal
recovery facilities, six smelters and e-waste collector locations, and seven landfills found in a 600-
km radius from the center of Jakarta to the rest of Javaisland [31, 43-45]. The average distance from
the TSS to these facilities is 163 km.

The e-waste recycling in both settings was assumed to be performed using pyrometallurgical,
hydrometallurgical, and magnetic and eddy current separators. In addition, an informal e-waste
recycling treatment was considered for the Indonesian model, which involved rudimentary practices
such as open burning, acid baths, and the use of chisels and hammers for metal separation and
recovery. The yields of these facilities/sites were separated into five categories of materials from
which e-waste is composed, namely plastics, ferrous (Fe) metals, non-ferrous (non-Fe) metals,
precious metals (PMs), and other components (Figure 2).
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Figure 2 General composition of e-waste from [46].

In both settings, 3% of the total waste was assumed to be e-waste. This percentage was acquired
by calculating the ratio of e-waste to municipal solid waste at the city level for the Jakarta model
and at the country level for the New Orleans model. For the New Orleans model, e-waste data at
the municipal level was lacking; the true proportion of electronics to other damaged goods during
the hypothetical flood scenario may be higher than the calculated ratio. The calculated ratio is
assumed as the minimum amount of e-waste generated during the flood event. Given the lack of
data and the aim of the current study, the effect on waste composition caused by the simultaneous
occurrence of disasters such as the Covid-19 pandemic or cholera is not considered. According to
[47], the ratio of e-waste to total waste is highly unlikely to have changed during the Covid-19
pandemic.

The waste removal process is assumed to be homogeneous in the sense that e-waste is not
removed during a special episode throughout the post-disaster recovery phase. Average recovery
rates for these materials were acquired from the literature and incorporated in the model; 15% and
7% of discarded e-waste is recovered formally in the US and Indonesia, respectively [43, 48]. These
rates were maximized to 100% for an ideal full recovery scenario. Specific e-waste recycling rates of
the available technologies/practices for acquiring e-waste components are listed in Table 2.

Table 2 E-waste recycling rates incorporated in the models [28, 49, 50].

Models E-waste management PM  Non-Fe Fe

New Orleans
Formal 90% 99% 100%

Jakarta
Informal 15% 30%-40% 30%-40%
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Scavenging is assumed to be the main activity in the e-waste transfer to an informal recycling
site in the Jakarta model. According to [51], scavengers play an essential role in recovering and/or
recycling waste in Jakarta, where formal MSW management is not present. The material transfer (in
kg/day) was acquired from the literature on e-waste flows in another city in Indonesia, whereas the
number of scavengers was estimated from a newspaper article (Table 3).

Table 3 Known parameters for informal waste management pathways.

Description Source

The average collection rate of scavengers is 20.3-32.5
kg/day, derived from an article mapping e-waste flows

Scavenging rate . g/day PPIng . [30]
in Yogyakarta. The average of the range was inserted

in the corresponding variable in the model (Table S2).

Number of Approximately 25,000 scavengers in Jakarta help

52
scavengers reduce waste under the radar. [52]

3. Results

The results of the study are discussed separately for Jakarta and New Orleans, allowing us to
address the model results contextually given each city’s social, geographical, and economic
characteristics.

3.1 Jakarta Hypothetical Flooding Case Study

Jakarta’s susceptibility to floods is attributed to numerous physical and socio-economic factors
[53]. As a coastal city in the era of climate change, Jakarta faces an unprecedented threat due to
accelerated sea-level rise and subsidence [54]. The current subsidence rate of the city is
approximately 1-25 cm/year [55]. This is driven by unsustainable anthropogenic activities such as
groundwater extraction and construction loads, natural consolidation of alluvium soil, and
geotectonic changes, coupled with an inhibited drainage capacity of channels due to sediment and
solid waste clogging. These major physical determinants have contributed to Jakarta’s chronic
flooding problem [55-57]. The rate of sea-level rise in Jakarta is increasing at over 1 cm/year [58].
Globally, sea-level rise is estimated to reach 0.39-0.84 m by 2100 [59]. These factors have resulted
in floods such as the one in 2007, which was particularly devastating as it caused the death of 79
individuals, the displacement of 422,000 people, and the destruction of 1500 homes, with economic
losses estimated at US$695 million [60-62].

E-waste is poorly defined within the Indonesian Government’s regulatory framework because it
is regulated as part of hazardous and toxic waste [31]. While e-waste may constitute hazardous
components, assigning alternative definitions different from those used in the EU-WEEE directive
makes the management of the waste stream difficult and facilitates informal pathways for
treatment [30, 31]. As a result, there are few licensed recycling companies in Indonesia, leading to
the improper disposal of most e-waste. Approximately 60 tons of industrial e-waste are collected
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annually in a CRT facility; this includes products such as CRT TVs/monitors, LCD TVs/monitors,
washing machines, personal computers, digital cameras, and printers [16].

Multiple studies have noted that Indonesia has a complex web of informal e-waste management,
which accounts for a major portion of the e-waste being processed [50, 63, 64]. This informal
pathway is a significant sink with respect to the formal e-waste management sector during
peacetime conditions; for this reason, there is little e-waste to be found in Indonesian landfills [64].
However, due to its illegal nature, this unofficial e-waste management system circumvents
environmental and health regulations, facilitates detrimental work conditions, and deteriorates the
environment surrounding the informal recycling sites.

3.1.1 Model Outcomes Jakarta

The model demonstrates that in the event of a typhoon at the scale of Hurricane Katrina, there
would be a significant amount of debris even after a time period of 5 years (approximately 8.7 billion
kg leftin the impacted area) (Figure 3). Several factors delay the removal, including the limited space
in the TSS (the model shows that the TSS overloads within 67 days) and the flood depth (which
disrupts the speed of the vehicles in the first 40 days).

Waste from flooded area

20B

: 10B e——

f:}l T —
0

0 200 400 600 800 1000 1200 1400 1600 1800
Time (Day)

Figure 3 Model output regarding the total waste in the flooded area in Jakarta after 5
years. “B” represents billion.

The material output from the formal e-waste recycling facility ranges from 2086 to 128,790 kg
for the different categories of e-waste components, whereas for the informal site, the material
output ranges from 45,074 to 5,008,240 kg. This is shown graphically in Figure 4.
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Figure 4 Model results for material yields of Jakarta on day 1825.

Based on the current prices of materials (Fe: €0.1/kg, Non-Fe: €4/kg, PM: €28,000/kg, and plastic:
€0.05/kg [16, 65, 66]), approximately €58 million and €1.2 billion net worth of materials can be
recovered formally and informally, respectively. Accordingly, formal and informal recycling would
compensate for 0.16% and 3.44% of the total economic losses, assuming the hypothetical flood
scenario has similar disaster costs as Hurricane Katrina, that is, approximately €36.7 billion [67].

The full recovery (100%) scenario would amount to €730 million worth of e-waste components
for formal recycling. Therefore, current recycling rates represent 8% of the total potential yield;
consequently, 2% of total disaster costs would be offset.

3.2 New Orleans Case Study

The factors affecting the risk of flooding in New Orleans are as diverse, heterogeneous, and
uneven as those for the coast of Jakarta. Natural sediment deposition and production of organic soil
in wetland vegetations have been disrupted by human settlements, levee construction, and coastal
defense establishments, which were installed for serving the city’s economy and population.
Moreover, studies on the coast of New Orleans have noted several anthropogenic drivers of
subsidence, such as groundwater, oil and gas extraction, compaction of aquifers, mining and fluid
withdrawal, and drainage projects inducing organic sediment decomposition and compaction [68].
Due to the complexity of the factors driving subsidence, areas in New Orleans are subsiding at
varying rates ranging from <0.2 to 40 mm/year [68].

Debris management in Louisiana is regulated in a more extensive manner than in the case of
Jakarta. The State Department of Environmental Quality has prepared a comprehensive debris
clean-up and management plan that emphasizes the various categories of waste associated with
prominent disasters in Louisiana and how to treat such waste [69]. The plan includes definitions of
different waste streams, various categories of disasters and associated responses, requirements for
establishing a TSS, detailed disposal and treatment options, and administrative forms for proper
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documentation of the debris removal process. With regard to e-waste management, Louisiana
provides its residents with a list of drop-off locations for e-waste in different areas across the state
[70]. Moreover, the comprehensive plan specifies how e-waste should be handled by the relevant
state agencies.

Following Hurricane Katrina, the recycling of e-waste was greatly hindered due to the extensive
damage to the appliances by the floodwater. According to the disaster debris removal after Katrina
report by Congress, 602,711 units of electronic goods were collected in Louisiana for treatment [71].
Nonetheless, recycling of e-waste after Hurricane Katrina was considered to be one of the most
successful endeavors of e-waste recovery following a disaster as the US Army Corps of Engineers
and private companies Dell and Best Buy recycled over 12,500 tons of e-waste [16].

In contrast to the case of Jakarta, little information is available regarding the existence of an
informal e-waste management web in the city of New Orleans or the state of Louisiana. For this
reason, this recycling pathway was not introduced for the New Orleans model.

3.2.1 Model Outcomes New Orleans

In the hypothetical hurricane-induced flood scenario, New Orleans would be devastated by the
generation of large amounts of waste, disruption of transportation due to a high flood depth, and
other hazards associated with the event (Figure 5). After 40 days of dewatering, the debris transfer
to the TSS is observed to be smooth until day 86, at which the TSS reaches maximum capacity.
Following the debris disruption transfer due to max capacity, the debris is gradually discharged until
the clean-up reaches its endpoint at day 1154 (or after 3.2 years). Nonetheless, due to the slower
waste management operations, the TSS remains occupied by the flood debris and is completely
emptied on day 1446 (i.e., almost 4 years since the flood event).

Waste from flooded area

kg wasle
ee]
/

]

0 200 400 600 800 1000 1200 1400 1600 1800
Time (Day)

Figure 5 Model output for the total waste in the flooded area in New Orleans after 5
years; “B” represents billion.

With regards to the e-waste management in the New Orleans model, the amount of discharged
material was similar to that of the Jakarta model. The potential material yield of the model in terms
of valuable e-waste materials is shown in Figure 6; the material output is higher compared to the
Jakarta model’s formal material yield. In terms of revenue gains, formal recycling in New Orleans
would yield approximately €80 million, accounting for 0.22% of total disaster costs. The higher yield
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comes as a result of the US’s greater e-waste recycling rate; however, it is still significantly lower
than that of Jakarta’s informal pathway. The full recovery scenario yielded €576 million worth of e-
waste components for formal recycling. Thus, 14% of the total potential yield is recovered at current
recovery rates. For full recovery conditions, total disaster costs would be offset by 1.5%.

Material Output New Orleans

......

______

W

Non-Ferrous
Metals

OForma 42290.8

Figure 6 Model results for material yields of the New Orleans’s model at day 1825.
4. Discussion

The resulting debris (15.7 billion kg) from the Jakarta model is deemed relatively high; however,
there are some uncertainties. First, given that the model uses linear equations, the debris removal
rate is linear. However, the DW removal rate may not follow a linear pattern. For instance, the rate
can increase exponentially when more of the affected area can be accessed with time and assuming
adequate capacity of TSSs and recycling facilities. Second, the unimodal transportation (usage of
trucks) hinders the debris removal process in the first 40 days, which may not reflect real-life
situations as local governments may be incentivized to utilize cargo ships and airplanes to expedite
the DW removal process. Third, the impact of scavengers remains unknown because of the dearth
of data regarding their activities. Nonetheless, scavengers serve as a great sink for the formal e-
waste recycling processes, especially because their activities are assumed to be unaffected by the
flood depth. Lastly, the DW transfer from the flooded area is hindered by the amount of waste that
can be stored in TSSs.

For Jakarta, the waste estimate was tenfold greater than that of New Orleans because of the
immense population difference and the size of the cities. Waste estimation must be performed
when considering a revision of the current model input by utilizing the repository on DW estimation
methods; in addition, known approaches addressing floods and e-waste such as that in [16] can be
included. In the current project, a basic approach was used for estimating the amount of waste
produced, which may present the problem of debris over-or under-estimation when allocating
efforts and funding to clean up the debris. This would lead to additional costs associated with the
DW management. Consequently, additional tools, such as mathematical models or GIS, must be
employed to more accurately assess the amount of DW produced.
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Due to a significant amount of debris generation, the local authorities may opt for direct
transportation of DW to landfills and incineration facilities rather than establishing TSSs for
separation purposes. However, due to Indonesia’s crisis with municipal solid waste and the overflow
of landfills, this may pose a significant challenge to the environment [45].

In both settings, transportation was considered unimodal and depended on factors such as speed
of the vehicles, carrying capacity, and number of trips or vehicles used. When assuming an
equivalent amount of trucks being used in both models, the results showed that the material output
halved in the Jakarta case, thus highlighting Jakarta’s poorer post-disaster waste management
capabilities.

The model reveals that formal recycling yields less recoverable materials than informal recycling.
This can be attributed to the more complex pathway associated with formal e-waste in comparison
to informal e-waste. In the first 40 days of the run, there is no inflow of e-waste to the formal
recycling facilities due to transportation being obstructed by the flood depth. At day 40, the
maximum transportation speed can be reached, after which the flow to and from the facility is
constant. Moreover, a significant portion of the e-waste formally flowing from the debris area
discharges into landfills due to the high landfilling rate in Indonesia. In contrast, the materials
acquired by scavengers do not discharge into a landfill; instead, they arrive at informal recycling
sites.

Overall, the limited recovery of materials can be attributed to the limited number of formal
recycling facilities in the nearby surrounding region, that is, Western and Central Java. Thus,
distance plays a significant limiting role in the transportation of e-waste to relevant facilities.
Nonetheless, not much is known with regard to transportation logistics within the informal e-waste
management pathway. This lack of information may be a factor to be considered in future models
because the current model only represents the transportation rates in fractions of inflows and
outflows.

In the case of New Orleans, due to its lower population count and density and a large number of
recycling sites, landfills, and other waste management facilities, the debris is removed much faster
relative to the case of Jakarta. Due to the differences in the densities of MSW in the two scenarios,
the New Orleans TSS can hold a higher amount of debris (in kg) than the TSS of the Jakarta model.

Furthermore, e-waste material recovery rates are shown as functions of transfer rates (inflow to
the facility/site), with additional assumed recovery rates for each pathway based on known
metallurgical techniques. The overall recovery rate is low despite the tremendous amount of debris
produced by the flood event (1.6 billion kg). This is caused by the estimate of e-waste at 3% in the
general waste stream. An analysis of the number of households in the flooded area and their
respective e-waste stock can yield a more accurate estimate of the e-waste generated in a flood
event. Such an approach [16] is recommended for more reliable estimates.

The full recovery (100%) scenario reveals that 8% and 14% of the total potential revenue is
generated in Jakarta and New Orleans, respectively, assuming current recycling rates.

When compared to the actual post-Katrina situation, e-waste recycling in the model is obtained
as significantly lower than the 12.5 million kg of e-waste that was recycled by private companies.
This is because the intervention by private companies was not included in the model because of a
lack of quantitative data. Furthermore, the transfer of waste for treatment beyond Louisiana and
the debris generated in the entire area impacted by Hurricane Katrina were not considered in the
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model; the model considered the debris for only New Orleans’, whereas Katrina impacted three
states, namely Louisiana, Alabama, and Mississippi.

5. Conclusion

In this study, a model was introduced for analyzing the potential yields of valuable e-waste
materials from floods. The system dynamics approach enabled the identification of multiple factors
affecting e-waste recovery, such as the socio-economic situation, the degree of formal versus
informal recycling, the dewatering rate of the area in relation to transportation, and the number of
and distance to TSSs and recycling facilities. Therefore, despite the uncertainties and lack of data,
the model is a good starting point in predicting how e-waste recovery in a post-flood context can be
optimized.

The results of this model can be used to determine bottlenecks and optimize the following key
aspects of DWM: 1) the timely removal of waste to reduce the impact on the environment and
public health, 2) the timely separation of waste streams to remove toxic fumes at dumpsites and
TSSs, 3) and the generation of cost-offsetting revenues by bringing waste metals back into the
resource cycles.

Comparison of waste management pathways in two socio-economic scenarios highlighted the
importance of informal actors in the recycling and recovery effort. Although informal recycling
activities contribute greatly to environmental and public health issues, they result in a higher
material gain compared to mere formal recycling efforts. The population density and size of the
region play an important role in the recovery phase as it is more difficult to establish TSSs in more
densely populated areas.

Furthermore, the impact of external factors on the model, such as climate change or
combinations of disasters, are considered beyond the scope of this research. However, these factors
can be included in future studies. For instance, calculating the global warming potential of e-waste
and incorporating the environmental and economic benefits of GHG reduction as a consequence of
increased e-waste recycling will help improve the understanding of the model’s impact on climate
change mitigation. With the progression of the COVID-19 pandemic, more data highlighting the
pandemic’s impact on various socio-technical systems are becoming available. However, further
research is required before this impact can be quantified and included in the current model.

DWM is highly context-specific and disaster-specific, and because of its unpredictable nature,
standardization is challenging. With the exponential growth of e-waste and floods, it is important
to prepare for worst-case scenarios, use models to gain insight into recovery operations, turn crises
into material gain opportunities, and adapt to circular economy approaches in the face of disasters.

Policymakers and businesses can employ such models to adapt DWM strategies, thus facilitating
speedy debris recovery and higher material and financial gains and minimizing the detrimental
impact of e-waste and other hazardous waste on the environment. Future implementations of the
model may be able to identify other types of bottlenecks and priorities for improvements associated
with DWM.
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