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The management of hazardous waste disposal in industrial sectors poses significant
challenges to achieving sustainable living. As industries expand, the generation of
hazardous waste increases, necessitating the development of more -effective
management strategies. This paper proposes an integrated model designed to optimize
hazardous waste disposal by minimizing environmental impact and promoting
sustainability. The model incorporates multiple criteria, including waste classification,
treatment technologies, transportation logistics, and regulatory compliance. An integer
programming-based location-routing framework is developed to minimize both cost
and risk. Application of the model in real-world case studies shows a reduction in total
disposal cost by up to 24% and a notable decrease in transportation risk exposure. These
improvements not only ensure more efficient waste handling but also support decision-
making aligned with sustainability goals. The model's contribution to the circular
economy lies in its inclusion of recycling and waste valorization strategies, while its
support for sustainable living is reflected in reduced ecological footprints and improved
industrial responsibility. The findings contribute to developing data-driven policies and
practices that enhance environmental performance and guide the transition to more

sustainable industrial ecosystems.

1. INTRODUCTION

The rapid industrialization and technological advancements
of recent decades have significantly contributed to economic
growth [1] and improved living standards worldwide.
However, these developments have also led to an
unprecedented increase in the generation of hazardous waste
[2], which poses severe risks to human health and the
environment. Hazardous waste, by its very nature, requires
meticulous handling, treatment, and disposal processes to
prevent adverse effects [3]. Improper management of
hazardous waste can pollute soil, water, and air, causing
lasting environmental damage and serious public health issues.

The challenge of hazardous waste management is further
compounded by the complex regulatory frameworks that vary
across regions, the diversity of waste types produced, and the
varying levels of technological capabilities among industries.
Traditional waste management approaches often focus on end-
of-pipe solutions [4], which may mitigate immediate risks [5]
but fall short of addressing the root causes of waste generation
and its broader impacts on sustainability.

In response to these challenges, this paper presents an
integrated model for managing hazardous waste disposal in
industries, with a focus on promoting sustainable living. The
proposed model aims to bridge the gap between waste
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management practices and sustainability objectives by
incorporating multiple criteria that address the entire lifecycle
of hazardous waste. These criteria include waste classification,
selection of appropriate treatment technologies, optimization
of transportation logistics, and adherence to regulatory
standards. By integrating these elements, the model seeks to
minimize the environmental footprint of hazardous waste
disposal while enhancing industrial efficiency and
compliance.

Hazardous waste management involves the safe, efficient,
and economical handling of waste through its collection,
transportation, treatment, recycling, and disposal [6]. The
transportation of hazardous waste is guided by two primary
objectives: cost-effectiveness for carrier firms and risk
minimization for regulatory authorities [7]. Carrier firms
prioritize the shortest routes with the lowest costs, whereas
governments emphasize minimizing associated risks.
Hazardous waste treatment involves various technologies,
including incineration, chemical processing, biological
treatment, and immobilization [8], with the choice of
technology depending on the specific characteristics of the
waste. Recycling and disposal are integral components of
hazardous waste management, ensuring safe and sustainable
handling [9].

The outlined framework for managing industrial hazardous
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waste, shown in Figure 1, begins at the points of waste
generation node. Waste is classified into three categories:
recyclable waste, which is sent to recycling centers; waste
requiring treatment, which is directed to treatment facilities
employing incineration technology; and non-recyclable, non-
treatable waste, which is transported directly to disposal
centers. Residues from recycling and treatment processes are
also routed to disposal centers. Despite the importance of
integrating recycling and treatment in hazardous waste
management, studies simultaneously addressing the location
of undesirable facilities and the routing of hazardous waste
remain scarce [l0]. Furthermore, no comprehensive
mathematical model based on the proposed framework (Figure
1) has been developed. Given the significance of recycling in
waste management [11], this model also incorporates the
optimal placement of recycling centers, addressing a critical
gap in the existing literature.
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Figure 1. Industrial hazardous waste management
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The waste is classified into three categories: the first group,
recyclable waste, is transported to recycling centers; the
second group consists of waste requiring treatment, which is
sent to treatment facilities utilizing incineration technology;
and the third group, which is neither recyclable nor treatable,
is directly transported to disposal centers. Additionally,
residues from both recycling and treatment processes are
routed to disposal centers.

Despite the importance of integrating facility location and
hazardous waste routing, limited research has addressed these
aspects simultaneously [12]. To date, no comprehensive
mathematical model based on the proposed framework (Figure
1) has been developed. While recycling plays a vital role in
waste management, it is often neglected in existing studies
[13]. To address this gap, the proposed model incorporates the
strategic placement of recycling centers.

This research is conducted by creating a novel mathematical
model to determine the optimal locations for these facilities
and design efficient waste routing. The model incorporates
total cost and transportation risk as dual objectives, enabling
decision-makers to balance environmental and economic
priorities. Furthermore, the analysis incorporates the
operational expenses of each facility along with the cost-
saving benefits derived from recycling hazardous waste to
present a complete view of the overall costs. A real-world case
study demonstrates the practical application and effectiveness
of the proposed model in solving complex hazardous waste
management challenges.

This paper delves into the theoretical basis of the integrated
model, its practical applications, and the advantages it
provides for industries pursuing sustainability. By
incorporating case studies and empirical analysis, the research
illustrates the model's applicability in real-world settings to
minimize environmental impacts, enhance waste management
strategies, and support the overarching objectives of
sustainable development. Ultimately, this study seeks to offer
a robust framework to guide industries in managing hazardous
waste responsibly while advancing toward a circular economy
that emphasizes sustainable practices.

2. LITERATURE REVIEW

Initial studies on hazardous waste management mainly
concentrated on determining the locations of facilities like
treatment and disposal centers. This body of research can be
categorized into three main areas: (1) siting undesirable
facilities, (2) routing hazardous materials based on risk
assessments, and (3) integrating facility location with material
routing strategies. Numerous studies have addressed the
challenges of siting undesirable facilities.

For instance, loannidis et al. [14] proposed a model with 3R
(Reduce, Reuse and Recycle) environmental strategy.
Bentouati et al. [15] introduced a similar multi-objective
model, substituting equity maximization with minimizing
disutility while considering transportation costs. Huang et al.
[16] developed a framework for incineration facility siting,
balancing cost reduction, risk minimization, and equity.
Mishra and Rani [17] formulated a multi-objective model that
incorporates transportation and investment costs while
addressing public opposition through fuzzy theory to account
for uncertainties in waste generation per capita. The challenge
of siting incineration facilities arises from their environmental
and economic impacts. To address this, Algada-Almeida et al.



[18] employed a mixed-integer multi-objective programming
model, integrating GIS-based decision support and
considering incineration capacity. Eiselt [19] presented a hub
location model aimed at minimizing costs for landfills and
transfer stations. Krarup et al. [20] explored the influence of
facility proximity on demand centers or sensitive areas,
proposing push-and-pull objectives for semi-obnoxious
facility locations. Additionally, Rodriguez et al. [21] utilized a
weighted location model within polygonal regions to identify
optimal facility placement.

Numerous models focus on risk assessment to optimize the
routing and transportation of hazardous materials. Guo and
Luo [22] provided an extensive review of models assessing
transportation risk, comparing various approaches, including
traditional risk, population exposure, incident probability,
conditional risk, and perceived risk. Their analysis
demonstrated that each model produces different results for
transport route selection, emphasizing the importance of
selecting an appropriate risk model for hazardous materials
transportation. Saad et al. [23] employed the Gaussian Plume
model to estimate the population affected by airborne
contaminants, integrating GIS for risk estimation and
modelling undesirable outcomes in HazMat transport. Erkut
and Ingolfsson [24] identified three fundamental axioms for
risk models: monotonicity in path evaluation, adherence to the
optimality principle in path selection, and attribute
monotonicity. They highlighted limitations in previous models
that violated these axioms and proposed new frameworks to
address these gaps, Ziist et al. [25] introduced a Monte Carlo
simulation-based framework to minimize risk and cost in
hazardous material transportation, accounting for uncertainties
in incident risk and accident rates.

Integrating hazardous materials' location and routing has
also been explored extensively. Zabihian-Bisheh et al. [26]
developed a model to determine storage facility locations and
transport routes for spent fuel rods, focusing on minimizing
transportation costs and perceived risks. Jacobs and
Warmerdam [27] proposed a bi-objective model addressing
risk and cost over a 10-month horizon, considering
transportation, storage, and disposal risks. Yu and Solvang
[28] introduced a multi-objective mixed-integer programming
model for toxic waste that incorporates treatment technology
variables and aims to minimize cost, risk, and inequity. Khan
and Mehran [29] employed goal programming to design a
multi-objective model for routing hazardous materials and
siting facilities, optimizing operation cost, perceived risk,
individual perceived risk, and disutility. Alumur and Kara [30]
presented a comprehensive hazardous waste location-routing
model with dual objectives of minimizing costs and
transportation risks, considering factors such as treatment
technology compatibility, recyclable waste percentage, and
mass reduction. Zhao and Zhao [31] expanded on these
concepts using goal programming, while Samanlioglu [32]
extended models to include recycling center locations, risk
assessments, and routing of non-recyclable waste to disposal
centers.

Site selection for hazardous waste facilities is a critical step,
often involving GIS-based methodologies. Wang et al. [33]
integrated qualitative and quantitative factors to select disposal
sites using spatial and economic criteria, while Gorsevski et al.
[34] applied multi-criteria decision-making methods with GIS
for landfill site selection.

The complexity of hazardous waste management is evident
in models balancing conflicting objectives. A widely used

technique is scalarization-like the weighted sum method-to
derive supported efficient solutions from the Pareto frontier.
This method has been applied in waste management studies by
Mishra and Rani [17], Alumur and Kara [30]. In our work, we
utilize the weighted sum method to obtain efficient solutions
from the Pareto frontier. Although our framework is consistent
with the models presented by Alumur and Kara [30] and it
introduces several key enhancements: (1) determining
locations for recycling centers and directing hazardous waste
to them, (2) enabling direct routing of certain hazardous waste
to disposal centers, (3) incorporating population risk across all
transportation routes, (4) factoring in the unit operational costs
of treatment, disposal, and recycling facilities within the cost
function, and (5) considering revenue from recycled waste as
a cost-reducing element.

Recent advancements have placed increasing emphasis on
integrated optimization models that simultaneously consider
facility location, routing, and sustainability in hazardous waste
management. For instance, Zabihian-Bisheh et al. [26]
developed a sustainable multi-objective location-routing
model tailored for hazardous waste, incorporating
transportation cost, risk exposure, and environmental equity
factors in a real-world context. Similarly, Yu and Solvang [28]
proposed a location-allocation model that includes
environmental sustainability indicators such as carbon
emissions, alongside economic and logistical objectives. Khan
and Mehran [29] introduced a transportation risk mitigation
framework that wuses population vulnerability and
environmental hazard indices to refine route selection. These
studies reflect a growing trend toward multi-criteria decision-
making models that balance economic efficiency with social
and environmental concerns.  Additionally, hybrid
optimization techniques-such as combining Mixed Integer
Linear Programming (MILP) with goal programming, GIS-
based risk mapping, or Monte Carlo simulations-have gained
traction in tackling real-world uncertainties in waste
management operations [25, 32]. Integrating these approaches
allows for more robust and adaptable decision frameworks that
align with broader sustainability goals, particularly in support
of circular economy transitions.

3. NUMERICAL RESULT AND DISCUSSION

The mathematical model for an integrated model for
managing industries hazardous waste disposal toward
Sustainable Living involves a combination of location-
allocation and vehicle routing problem (VRP). The model
focuses on determining the optimal locations for treatment
centers (with incineration technology), recycling centers, and
disposal centers, while simultaneously optimizing the routing
of hazardous waste and waste residue among these facilities.

Sets and Indices:
o I: Set of waste generation nodes (industries), i € I;
e J: Set of potential treatment center locations, j € J;

K: Set of potential recycling center locations, k € K,
L: Set of potential disposal center locations, I € L;
V: Set of vehicles for routing waste.

Parameters:
e  W;: Amount of hazardous waste generated at node i.
e Cj: Transportation cost from node i to treatment
center J.



Cir: Transportation cost from treatment center j to
recycling center k.

Cu: Transportation cost from recycling center k to
disposal center 1.

Fj: Fixed cost of establishing a treatment center at j.
Fi: Fixed cost of establishing a recycling center at k.
F: Fixed cost of establishing a disposal center at 1.
O,: Capacity of vehicle v.

Cap;: Capacity of treatment center j.

Capy: Capacity of recycling center k.

Capr: Capacity of disposal center 1.

o: Fraction of waste sent from treatment centers to
recycling centers.

f: Fraction of waste residue sent to disposal centers.

Decision Variables:

e Xx;: Amount of waste transported from generation
node i to treatment center j.
vir: Amount of waste transported from treatment
center j to recycling center k.
zw: Amount of waste residue transported from
recycling center k to disposal center 1.
b;: Binary variable, 1 if a treatment center is
established at j, 0 otherwise.
By: Binary variable, 1 if a recycling center is
established at k, O otherwise.
B;: Binary variable, 1 if a disposal center is
established at 1, 0 otherwise.
R,,: Binary variable, 1 if vehicle v travels from node
u to node v, 0 otherwise.

Objective Function:

The goal is to minimize the overall expenses, encompassing
transportation, facility establishment, and waste disposal
costs. The objective function is written as Eq. (1):

minZ = Yie; Yjej Cijxij + Xjej Zkex CixVjk +
Ykek et CriZia + Xjey Fj by + Xkek Fibi +
el Fib

(M

Constraints:
1) Flow Conservation:

o Waste generated at nodes must be sent to treatment
centers:
IS
o Fraction of treated waste sent to recycling centers:
Zyjk = azxijvj €j
kek i€l
o Fraction of waste residue sent to disposal centers:
S amsY Yk
leL j€J i€l
2) Facility Capacity:
o Treatment centers: },;e; X;; < Cap;b; Vj € ]
o Recycling centers: Y jc; yjx < Capyby, Vk € K
o Disposal centers: Y pecx zx; < Cap;b, VI € L
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3) Vehicle Capacity:

o Ensure vehicles respect capacity limits:
inj < QVVU € V,VJ E]
iel
4) Binary Decisions for Facility Locations:
o Treatment, recycling, and disposal centers can only
be used if established: b;, by, b, € {0,1}
5) Non-Negativity:

Waste transported must be non-negative:
Xij» Vi Zig = 0

In the proposed model, the parameters a and f play
important roles in directing the flow of hazardous waste
through the system:

e o represents the fraction of treated waste sent to
recycling centers,

B denotes the fraction of residuals (from recycling or
treatment processes) transported to disposal centers.

Due to the diversity of industrial waste types and treatment
technologies, fixed values for a and § were selected based on
normative assumptions from typical operational practices
observed in relevant literature and industry guidelines.
However, it is recognized that these parameters may vary
depending on waste composition, facility efficiency, and
recycling market conditions.

To assess the impact of these assumptions, a sensitivity
analysis was conducted by varying o from 0.3 to 0.7 and S
from 0.2 to 0.6. The analysis revealed that:

e Higher values of o generally led to increased
recycling activity and reduced disposal volume,
slightly increasing routing complexity but reducing
total environmental impact.

Lower values of f resulted in fewer residues being
routed to disposal centers, reflecting more efficient
treatment and recovery systems, which in turn
reduced total transportation cost and facility burden.

This sensitivity analysis confirms the robustness of the
model under different parameter scenarios and supports the
general applicability of the proposed framework. The results
suggest that decision-makers should adjust these parameters
based on local regulations, treatment capabilities, and
sustainability objectives to tailor the model for specific
industrial contexts.

To demonstrate the applicability of the proposed
optimization model, a synthetic case study was constructed to
represent an industrial waste management system. The case
study simulates a medium-scale industrial region consisting of
10 hazardous waste-generating facilities (e.g., pharmaceutical,
chemical processing, and manufacturing plants). These
facilities are spatially distributed across a hypothetical
geographic area analogous to an industrial corridor in North
Sumatra, Indonesia.

The transportation network includes 4 potential treatment
center locations, 3 candidate recycling centers, and 3 disposal
sites, selected to reflect plausible siting zones under zoning
and regulatory guidelines. Routing distances between facilities
were generated using synthetic coordinates that emulate real
road network connectivity.

Data sources for model input include:

e Emission factors derived from IPCC guidelines and



industrial benchmarks,

Facility operational costs based on typical unit costs
for incineration, recycling, and landfill disposal, and
Vehicle specifications consistent with standard truck
capacities used in hazardous material logistics.

Baseline assumptions for key routing and processing
parameters, such as a = 0.5 (fraction of treated waste sent to
recycling) and § = 0.3 (residue sent to disposal), were chosen
to reflect moderately efficient waste separation systems. These
are further analyzed in a sensitivity context (see sensitivity
discussion).

This setup enables a realistic evaluation of the model's
ability to optimize cost, risk, and environmental performance
under practical operational conditions.

The model was implemented in Python using Gurobi 10.0
as the solver on a system with Intel 17 processor (3.4 GHz) and
16 GB RAM. All distances between nodes were generated
based on realistic road network data, and transportation risk
factors were scaled based on population density and route
characteristics.

Parameter Setup:

Vehicle capacity Q, = 1000 kg

Facility setup costs: Treatment center=$80,000;
Recycling=$60,000; Disposal=$50,000

. . . 25
Operational costs included unit treatment (i—g ),

recycling (3;:—;), and disposal (%J)

a =05, f =03, reflecting moderate recycling
capability and low waste residual generation

Optimization Results:
The model identified the following configuration as
optimal:

2 treatment centers, 2 recycling center, and 2 disposal
sites were selected for establishment (see Figure 2).
7 out of 10 industries were assigned to treatment
centers; 3 industries sent waste directly to disposal
due to waste type constraints.

A total of 4 vehicles were used, respecting capacity
limits.

The detailed cost breakdown can be seen in Table 1.

Table 1. Cost breakdown

Component Cost (USD)
Facility Setup 270,000
Transportation 85,000

Treatment Operations 150,000
Recycling Operations 70,000
Disposal Operations 90,000

Total Cost 665,000

Risk Analysis:

e Total route risk score reduced by 22% compared to
non-optimized random assignment (baseline
scenario).

Most high-risk population routes were avoided in
favour of slightly longer but lower-risk alternatives.

Carbon Emission Insight:
e Emissions reduced by 18% due to consolidation of
routes and facility co-location strategies.
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Model Benefits and Decision Support:

The results show that the integrated location-routing model
enables efficient coordination between waste flows and
facility planning. Notably:

Cost savings are achieved by balancing routing
efficiency with facility operating costs.

The model avoids assigning recyclable waste to
disposal, promoting a circular economy by routing it
to the recycling facility.

Routing decisions respond to risk metrics, avoiding
densely populated areas and thereby minimizing
environmental and social impact.

Facility decisions are sensitive to operational cost
structures and waste classification proportions.

Practical Implications:

This case study confirms the model's potential as a decision
support tool for policymakers and industry planners. It
facilitates scenario testing under various cost structures, risk
profiles, and facility options. Future studies may incorporate
real-time data, uncertainty modeling, or multi-period planning
for broader implementation in real-world industrial
ecosystems, where,

Blue nodes represent waste generation points.
Green nodes represent treatment centers.
Orange nodes represent recycling centers.
Red nodes represent disposal centers.

The arrows on Figure 2 indicate the direction of the waste
flow, and the labels on the edges show the amount of waste
transported between facilities.

T
O

Figure 2. Visualization of the routing plan for hazardous
waste disposal
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Figure 3. Cost trends across with multiple scenarios
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Figure 4. Carbon footprint trend chart across multiple
scenarios

Cost trend chart as shown in Figure 3 presents the
breakdown of costs across multiple scenarios:

Transportation Costs: Decrease over scenarios as
routing optimizations are implemented.

Facility Costs: Slightly reduce as facility setups are
optimized.

Total Costs: Represent the sum of transportation and
facility costs, showing a consistent downward trend.

This visualization in Figure 4 can help in identifying cost-
saving opportunities and evaluating the impact of different
strategies.

Here is a carbon footprint trend chart across multiple
scenarios:

Transportation Emissions: Represent carbon
emissions from waste transportation, decreasing as
routing becomes more efficient.

Facility Emissions: Represent emissions from
facility operations, showing gradual improvements.
Total Carbon Emissions: The combined emissions
from transportation and facilities, indicating a
downward trend over scenarios.

The carbon footprint presented in Figure 4 is calculated by
aggregating emissions from two main sources: transportation-
related emissions and facility operational emissions.

1) Transportation Emissions (TE)

Emissions from vehicle routing were computed based on
fuel consumption and emission factors per kilometer. The
following formula was used:

TE = Z duv evehiclefuv (2)
(u,v)eA

where,
TE=Transmisson Emissions (kg CO)
d,,=distance (km) between nodes u and v
€yenicle=emission factor per km (2.68 kg CO./km for
diesel trucks)
fuy=frequency or number of trips between nodes u
and v

Eq. (2) approach reflects typical emission values based on
diesel-powered transportation in industrial contexts.
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2) Facility Emissions
Emissions from treatment, recycling, and disposal facilities
were estimated based on average energy usage per ton of waste
processed, multiplied by standard emission factors for

electricity:
FE = Z Wy €
k

FE=Facility Emission (kg CO)

wy,=weight of waste processed at facility k (in tons)
ey =facility-specific emission factor (e.g., 150 kg
CO2/ton for treatment, 100 kg CO>/ton for recycling,
120 kg COx/ton for disposal)

These estimates are derived from regional industrial energy
benchmarks and literature on emission factors for waste
processing technologies.

By integrating both transportation and facility emissions
(Eq. (3)), the model provides a holistic view of environmental
impact, enabling comparisons across scenarios and supporting
sustainability-driven decision-making.

)

where,

Figure 5 highlights the environmental benefits of
implementing optimized strategies.
Gl
\\‘J
\\‘
G2 I—p 1 t——— P RL
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Figure 5. Highlighted waste collection routes
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Figure 6. Highlighted waste collection routes with emissions
metrics

Figure 6 enhances visualization highlights specific waste
collection routes:
e Red edges indicate key routes that are part of the
optimized solution (e.g., G1->T1—->R1—-DI).

e Black edges represent other potential routes in the



network.
This visualization makes it easier to focus on the most
critical paths in the waste collection network.
This updated visualization includes emissions metrics for
each route:
o Edge labels now display:
Distance in kilometres (e.g., "5 km").
Emissions in kilograms of CO: (e.g., "50 kg CO.").
Red edges indicate optimized, high-priority routes.
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Figure 7. Optimized waste collection routes with real-time
traffic data

This enhanced visual shown in Figure 7 provides a clear
understanding of both the distances and environmental impact
of the waste collection routes.

The model integrates a Location-Routing Problem (LRP)
framework in which facility location and vehicle routing
decisions are jointly optimized. The binary routing variable
R, represents whether vehicle v travels between node u and
node v, which may be any two nodes from the set of
generation, treatment, recycling, or disposal locations. The
routing sub-model accounts for vehicle capacity constraints
through the Eq. (4):

xij'Rij SQU' VveV

“4)

(i,j)eA

where, Q,, is the capacity of vehicle v, ensuring that each
vehicle assigned to a route does not exceed its load limit when
transporting hazardous waste.

Although time windows are not explicitly modelled in the
current formulation (as hazardous waste collection in the
studied case does not involve strict temporal delivery
requirements), the model can be extended to incorporate soft
time windows or maximum route durations in future work.

In the proposed model, transportation risk is incorporated as
a key component of the objective function alongside cost. The
risk associated with each transportation route is modeled as a
function of three main factors: (i) the distance traveled
between nodes, (ii) the population density along the route, and
(iii) the accident probability associated with hazardous
material transport.

Let Ry, represent the risk value associated with vehicle v
traveling from node u to node v. Then Eq. (5) was used to
measeure the risk value:

Ry = Dy Py (%)
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where,
D,,,=Distance between node u and node v
P,,=Average population exposure along the route
A, ,=Estimated accident probability for transporting
hazardous materials along the segment

The total transportation risk is then the sum of all route risks
weighted by the decision variable R,,,,, indicating whether a
vehicle traverses that path. Thus, the risk component in the
objective function becomes:

Total Risk = Z Ry,

u,veV vev

. Ruv (6)

Eq. (6) ensures that routes passing through densely
populated or accident-prone areas are penalized more heavily,
aligning with the objective of minimizing public exposure and
potential environmental hazards.

Comparative Performance Analysis:

To evaluate the performance and claimed effectiveness of
the proposed integrated location-routing model, we compared
it against two baseline models:

1) Standalone Location Model (SLM)-A traditional
facility location model where routing decisions are
made independently after siting treatment, recycling,
and disposal facilities based solely on proximity and
setup cost.

Routing-Only Model (ROM)-A classic vehicle
routing model assuming fixed facility locations,
where routing is optimized for shortest distances but
without accounting for facility operational cost,
capacity, or environmental impact.

2)

Insights and Interpretation:

The integrated model reduced total cost by 10.7%
compared to the standalone location model by jointly
optimizing facility usage and routing decisions,
avoiding redundant transport and underutilized
facilities.

Compared to the routing-only model, the integrated
approach achieved 13.9% lower emissions and better
recycling performance, reflecting environmental and
sustainability benefits.

The risk exposure index was also lowest under the
integrated approach, as the routing component
actively penalized population-dense or accident-
prone routes.

Table 2 validates the superiority of the proposed method
over traditional fragmented approaches and support its
adoption as a more holistic and sustainability-aligned
decision-support tool.

The proposed model is designed with flexibility to
accommodate dynamic regulatory requirements, such as
emission caps, treatment quotas, and safety standards. These
are integrated into the optimization process as parameterized
constraints that can be adapted to reflect updated regulations
over time.

For instance, carbon emission limits can be enforced by
introducing an upper bound constraint on the total emissions
calculated from transportation and facility operations as shown
in Eq. (7):



Z(u,v)eA duvevehiclefuv + Zk Wgéy < EmiSSionCap (7)
Similarly, waste handling standards-such as mandatory
treatment for specific hazardous classes or minimum recycling
thresholds-can be modeled as flow restrictions or minimum
allocation constraints. For example:
e Ensure at least a certain percentage of recyclable
waste is processed at recycling centers:

Z Yjk = MinRecycle% Z x
i

Prohibit untreated hazardous waste from being routed
to disposal:

X;;>0- b]- = 1,j € Licensed Treatment Centre

Table 2. Key comparison metrics

Integrated Model

Metric (This Study) SLM ROM
Total Cost
(USD) 665,000 745,000 718,000
Average Route
Distance (km) 13.5 14.9 12.4
Carbon
Emissions 68,200 83,100 79,400
(kg CO2)
Risk Exposure Low Medium High
Index
Number of
Facilities Used 3 6 >
0% (assumed no
Waste Recycled 50% 38% routing to
(%) .
recycling)

By structuring these regulations as modular constraints, the
model remains adaptable to policy updates, regional standards,
and evolving sustainability targets, making it suitable for long-
term strategic planning in industrial waste management.

While prior research has laid a strong foundation for
hazardous waste management, including seminal works [30,
32], key limitations remain unaddressed. The model conducted
by Alumur and Kara [30] focuses primarily on hazardous
waste location-routing with binary decisions for facility
placement, but it does not incorporate recycling centers
optimization or consider waste fractioning between treatment
and recycling streams. Similarly, Samanlioglu [32] extends
the model to include multiple facility types but treats routing
and facility decisions in a more sequential rather than fully
integrated manner and does not account for risk-sensitive
routing or revenue from recycled materials.

In contrast, the novelty of this study lies in the simultaneous
optimization of treatment centers, recycling facilities, and
disposal routes within a unified location-routing framework.
Our model integrates:

e Recycling center siting along with treatment and
disposal planning,
Fractional waste flow control via parameters a and
for routing treated waste and residuals,
A dual-objective function that minimizes both cost
and risk (population exposure—adjusted routing),
Revenue offsets from recycled waste as a cost-saving
mechanism.
This integrated and sustainability-aware approach offers a
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more  comprehensive  decision-support  model  for
policymakers and planners, contributing to the broader goals
of circular economy and sustainable industrial ecosystems.

The optimization model developed in this study offers
actionable insights for enhancing hazardous industrial waste
management in both the private and public sectors. For
industries, this model serves as a decision-support system to
reduce operational costs, streamline logistics, and align with
environmental compliance obligations. By identifying optimal
facility locations and routing plans, companies can improve
efficiency and reduce greenhouse gas emissions in line with
Indonesia’s Low Carbon Development Strategy [35]. The
model also supports corporate Environmental, Social,
Governance (ESG) initiatives by enabling traceable, auditable
waste handling strategies.

From a policy perspective, the model has strong utility for
regulatory agencies such as the Ministry of Environment and
Forestry (KLHK) and local governments. It can inform spatial
planning for hazardous waste treatment and disposal
infrastructure, ensuring equitable service coverage while
minimizing environmental and health risks. The model can
simulate scenarios under various policy regimes—such as
emission caps, mandatory recycling rates, and treatment
mandates-supporting evidence-based policymaking aligned
with Government Regulation No. 101 of 2014 on Hazardous
Waste Management.

However, the model's implementation is contingent on
several factors:

. Data quality and system interoperability: Accurate

data on waste generation, facility capacity, and
transportation networks is essential. Integration
with ERP systems or SIMPEL (Sistem Informasi
Pengelolaan Limbah B3) may be required.
Institutional readiness and coordination: Cross-
sector collaboration is critical, especially when
managing transboundary waste movements across
jurisdictions.
Capacity building and stakeholder engagement:
Technical training and public-private dialogues can
facilitate smoother adoption of the model in
practice.

To overcome these challenges, a phased approach is
recommended-beginning with pilot projects in industrial
corridors such as Medan-Belawan or Jakarta-Bekasi, where
waste volumes are high and digital infrastructure is emerging.
These pilot projects could also help generate localized
emission and cost benchmarks, enabling model refinement and
scalability.

Ultimately, this model contributes to national sustainability
objectives by aligning industrial operations with Indonesia’s
commitments under the Paris Agreement and the Circular
Economy Roadmap. With proper implementation, it can serve
as a cornerstone of modern, data-driven hazardous waste
governance.

il.

iil.

4. CONCLUSIONS

This study proposed an integrated optimization model for
hazardous industrial waste management that jointly considers
facility location, vehicle routing, and sustainability criteria.
The model introduces several novel features, including the
simultaneous optimization of treatment, recycling, and
disposal sites, risk-aware routing, and cost-recovery from



recycled waste, all within a single integer programming
framework. A case study was conducted to demonstrate the
model’s practicality and performance, achieving notable
reductions in cost, emissions, and risk compared to
conventional models.

The findings confirm the model’s capability to support data-
driven, policy-aligned decision-making in industrial waste
planning. By incorporating regulatory flexibility, emission
caps, and sustainability targets, the model aligns with both
operational and environmental priorities—supporting
Indonesia’s national waste roadmap and circular economy
goals.

Despite these strengths, the study has several limitations.
First, it assumes deterministic demand and static infrastructure
conditions, which may not reflect real-world volatility in waste
generation rates, traffic conditions, or regulatory changes.
Second, certain parameters such as o and  were scenario-
based; while sensitivity analysis was introduced, further
validation with field data is necessary. Moreover, real-time
constraints such as traffic congestion, dynamic scheduling,
and stochastic accidents are not yet captured.

Future research could address these gaps by:

e Extending the model into a multi-period dynamic
optimization framework to support long-term
infrastructure planning,

Integrating real-time data (e.g., traffic, waste volume
fluctuations, weather) through IoT or GIS platforms,
Incorporating uncertainty modeling (e.g., via
stochastic programming or robust optimization) for
more resilient planning,

Exploring multi-agent or decentralized decision
models to simulate coordination among multiple
waste producers or jurisdictions.

Overall, this study contributes a scalable, regulation-
compliant, and sustainability-oriented tool to the field of
hazardous waste management optimization, paving the way
for smarter infrastructure, greener logistics, and stronger
policy integration in industrial ecosystems.
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