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Abstract

This research presents a decision-support framework for hazardous waste
treatment site selection by integrating the Analytic Hierarchy Process (AHP)
with Monte Carlo Simulation. Malaysia serves as the case study, with findings
intended to inform both national and global applications in developing countries
facing similar challenges.A ten-criterion Hazardous Waste Management (HWM)
index was developed to reflect the multidimensional aspects of site suitability—
spanning environmental, social, economic, regulatory, and technical factors.
Stakeholder input was gathered through structured pairwise comparisons with
three groups: industry players, broader industrial stakeholders, and academic
researchers. AHP was used to derive priority weights for each criterion, while
Monte Carlo Simulation tested the robustness of the results under
uncertainty. The findings reveal a strong emphasis on industry output, economic
viability, and regulatory compliance across groups, with variations in the
importance of environmental and social factors. Monte Carlo results validated
the stability of top-ranked criteria and highlighted sensitivity in lower-ranked
ones.This study contributes a replicable, adaptable framework that supports
transparent, data-informed infrastructure planning. It enhances decision-making
in hazardous waste management and aligns with broader goals of circular

economy and sustainable development.
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Chapter 1

Introduction

1.1 Introduction

Hazardous waste comprises materials that pose significant risks to human health
or the environment due to toxic, corrosive, flammable, reactive, or infectious
properties. Internationally, definitions and transboundary controls are guided by
the BaseL Convention and related UN frameworks (UNEP, 2021) . In Malaysia,
such wastes are regulated as scheduled wastes under the ENvIRONMENTAL QUALITY ACT
1974 and the ENVIRONMENTAL QUALITY (SCHEDULED WASTES) REGULATIONS 2005, which prescribe
classification, handling, transport, treatment, and disposal requirements
supported by licensing and enforcement mechanisms (DOE, 1974) .Globally,
hazardous waste generation is substantial yet uneven across regions, reflecting
industrial structure, regulatory maturity, and reporting practices. Industrialised
economies generate tens of millions of tonnes annually—for example, Germany
reported 22.3 million tonnes in 2007, while China recorded 14.3 million tonnes
in 2009 (UNEP, 2021). Developing economies, including Malaysia, also
contribute significantly; Malaysia reported 1.7 million tonnes in 2009,
compared with around 1.8 million tonnes in Thailand and 0.49 million tonnes
in Singapore during the same period (UN, 2025). Hazardous sub streams such
as e-waste are rising rapidly with digitalisation, adding toxic metals and
persistent organics to the global burden and complicating end-of-life

management (EEA, 2003; Ismail and Hanafiah, 2019) . The societal costs of



mismanaged waste are mounting. Global assessments estimate direct waste
management expenditures at USD 252 billion in 2020, with broader
environmental, health, and climate damages increasing total costs to USD 361
billion (UNEP, 2024) . Without intervention, costs may rise to USD 640 billion
annually by 2050, whereas circular economy strategies could generate net
benefits of USD 108 billion (World Bank, 2022). Methane emissions from
dumpsites further link waste management to climate change, underscoring the

urgency of circular solutions (Bogner, 2007).

Malaysia’s hazardous (scheduled) waste profile reflects accelerated
industrialisation, supply chain integration, and expanding healthcare services.
In 2020, industries generated 7.18 million tonnes of scheduled waste—a 79%
increase from 4.01 million tonnes in 2019 (DOSM, 2022). Clinical waste also
rose from 33.8 to 39.9 thousand tonnes in the same period, with Selangor
contributing nearly 25% of the total (DoSM, 2022). These shifts reflect both
structural industrial drivers and episodic shocks, including COVID-19, that

intensified clinical waste streams (FDES, 2021).

Malaysia’s governance framework is comprehensive compared to regional
peers. The Environmental Quality Act 1974 and the Scheduled Wastes
Regulations 2005 establish cradle-to-grave controls, including generator
responsibilities, transporter registration, prescribed premises licensing, and
import/export restrictions aligned with Basel Convention obligations (DOE,

2005). Additional guidance supports co-processing, contaminated land



management, and automotive treatment facilities. Classification systems are
harmonised with the Globally Harmonised System (GHS), ensuring consistent
hazard communication (FDES, 2021; Fikri et al., 2015). Manufacturing is the
principal contributor to scheduled waste, followed by healthcare, agriculture,
and households. Increasing product complexity (e.g., electronics, chemicals)
raises hazardous constituents across streams. Constraints common in
developing contexts—such as infrastructure gaps and uneven enforcement—
heighten risks if not addressed through capacity building and investment (MIDA,
2021a). The Kim Kim River pollution incident in Johor in 2019 illustrates the
health and reputational consequences of inadequate hazardous waste controls,
where chemical dumping exposed thousands to toxic fumes (DOSM, 2021;
Jessie Yeung, 2020a). Malaysia’s hazardous waste generation is comparable to
Thailand and exceeds Singapore, though below larger industrial economies such
as China and India (UN, 2025). This suggests opportunities for Malaysia to
adapt best practices from both advanced systems and regional peers, particularly
in data harmonisation, treatment infrastructure, and cross-border stewardship

(MIDA, 2021b; Schilling, 2017).

The convergence of rising hazardous waste volumes, escalating societal costs,
and heightened health and climate risks makes this research urgent.
Strengthening upstream prevention, monitoring, and end-of-life pathways—
embedded within circular economy strategies—can reduce risk while unlocking
economic value (UNEP, 2024; World Bank, 2022). By situating Malaysia’s
challenges within global and regional trajectories, this study aims to generate

actionable insights that support regulatory refinement, infrastructure planning,



and industry adoption of circular practices, directly contributing to the
Sustainable Development Goals (SDG 3, SDG 12, SDG 13) (Ministry of

Economy, 2021).

1.2 Problem statement

Hazardous waste management presents a complex policy and planning
challenge across both developed and developing nations. The uneven
distribution of treatment infrastructure, coupled with rapid industrial expansion,
has made it increasingly difficult for many countries to manage growing
volumes of hazardous waste effectively (UNEP, 2024). Transportation risks,
environmental degradation, and strong public resistance to facility siting further

complicate planning effort.

In Malaysia, scheduled waste rose sharply to 7.2 million tonnes in 2020, a 79%
increase from 2019 (DOSM, 2022; eSWIS, 2024). While the regulatory
framework under the Environmental Quality Act 1974 and Scheduled Wastes
Regulations 2005 1is comprehensive, implementation continues to face
challenges, including enforcement gaps, uneven facility distribution, and

reliance on costly long-distance waste transport (Hamzah et al., 2022).

Despite the recognized need for new infrastructure, the process of selecting

appropriate sites is often hindered by a lack of structured and transparent



decision-making tools. Existing approaches in Malaysia and elsewhere rely
heavily on expert intuition or fragmented assessments that fail to capture the full
spectrum of environmental, social, and economic considerations (MIDA, 2023;

MOoE, 2021).

There is therefore a need for an integrated, multi-criteria framework that not
only captures the complexity of site selection but also incorporates uncertainty
analysis. Such a framework should be adaptable across national contexts,
enabling informed and defensible decisions for hazardous waste facility
planning that align with sustainability objectives and the Sustainable

Development Goals (SDGs 3, 12, and 13)(UNEP, 2024; World Bank, 2023) .

1.3 Research objective and scope

The primary objective of this research is to develop structured and adaptable
decision-making framework for hazardous waste treatment site selection that
integrates both the Analytic Hierarchy Process (AHP) and Monte Carlo
Simulation. This framework is designed to be globally applicable, offering a

replicable model that can be tailored to different national or regional contexts.

A central component of the study is the development of a ten-criteria Hazardous
Waste (HWM) index, which reflects environmental, social, technical, and

regulatory priority in facility siting. While Malaysia serves as the empirical



focus of this research, the methodology itself is not context-bound. It is intended
to offer a generalizable tool that supports evidence-based decision-making in

any country facing similar hazardous waste infrastructure challenges.

14 Research question and contribution of research

To guide the direction of this study and ensure a clear research purpose, the

investigation is structured around two central questions:

What are the most relevant and context-sensitive criteria for evaluating
hazardous waste treatment plant sites within a structured and scalable decision-

support framework?

How can the integration of the Analytic Hierarchy Process (AHP) and Monte
Carlo Simulation improve the robustness and reliability of site selection

decisions under conditions of uncertainty and expert subjectivity?

In addressing these questions, this research makes both methodological and
practical contributions to the field of environmental infrastructure planning and
hazardous waste management. It introduces a comprehensive Hazardous Waste
Management (HWM) Index composed of ten evaluation criteria spanning
environmental, social, economic, regulatory, and operational dimensions. This
index provides a flexible and adaptable foundation for site evaluation, capable

of being tailored to diverse national priorities and regional contexts.



Methodologically, the study presents a novel integration of AHP and Monte
Carlo Simulation, two complementary tools that together offer a rigorous yet
practical means of incorporating expert judgment while addressing uncertainty
a persistent challenge in environmental decision-making. The AHP is employed
to derive stakeholder-informed weights for the HWM criteria, while Monte
Carlo Simulation is used to assess the stability of these weights and the
sensitivity of resulting site rankings. This combination enhances the
defensibility and transparency of infrastructure decisions, especially in data-
limited contexts. Practically, the study contributes a transferable decision-
support framework that can inform infrastructure planning not only in Malaysia,

but also in other developing or transitional economies.

Chapter 4 expands on Malaysia’s hazardous waste landscape through in-depth
analysis, including national projections, policy gaps, SWOT assessment, and
innovation strategies. Chapter 5 applies the HWM Index in combination with
AHP and stakeholder-specific analysis to prioritize criteria for treatment plant
siting. Chapter 6 concludes the study with strategic insights and outlines a future
research agenda focused on GIS integration, stakeholder inclusion, and circular

economy advancement.

By bridging methodological rigor with practical applicability, this research
offers a replicable model for transparent and sustainable hazardous waste site
selection. It supports global efforts in environmental protection, circular

economy implementation, and responsible industrial development, while



contributing to the discourse on evidence-based environmental planning in

emerging economies.

1.5 Structure of the thesis

This thesis is organized into five chapters. Chapter One introduces the research
context, outlines the problem, presents the research questions, and highlights
the structure of the study. Chapter Two reviews the existing literature on
hazardous waste management, site selection methodologies, and multi-criteria
decision-making techniques, with an emphasis on AHP and Monte Carlo
Simulation. Chapter Three describes the methodology used in the study,
including the development of the HWM index and the integration of AHP and
Monte Carlo methods. Chapter Four presents and interprets the results of the
case study conducted in Malaysia. Chapter Five concludes the thesis with a
summary of key findings, implications, limitation, and recommendation for

future research and policy development.



Chapter 2

Literature Review

2.1 Literature review

This chapter provide a comprehensive review of the existing literature in the
field, offering insights into the scope of the industry and identifying areas with
research gaps. By delving into prior research, this review aims to establish a
profound understanding of the current state of knowledge while pinpointing
areas that require further exploration. This not only ensures that the study is
well-informed but also positions it to make a significant contribution to the field.
Additionally, the literature review sets the research context and establishes a

framework for interpreting the study’s results.

2.2 Historical background on circular economy

The Circular Economy (CE) concept has been around for many years and has
evolved over time (Adami and Schiavon, 2021) . The most recent version of CE
was formalised in 2013, and it comprises four key elements: switching from the
“end-of-life” concept to the “restoration” concept, pursuing the use of
renewable energy sources, forgoing the use of toxic compounds, and striving to
reduce waste by rearranging the production and supply processes (Winans et al.,

2017). At its core, CE seeks to maximise material flow recycling while



balancing economic growth with sustainable resource utilisation (Zhu et al.,
2010). The CE strategy revolve around the 3Rprinciples :reduce, reuse, and

recycle.

One of CE’s notable advantages is its potential to break the connection between
environmental vulnerability and financial constraint (Cheng et al., 2019). As the
global population continues to grow, waste management poses increasing
challenges for both developed and developing countries. However, developing

nations , often constrained by limited resources , face even greater difficulties

(Asase et al., 2009).

2.3 Overview of hazardous waste management

Hazardous waste management has emerged as a critical concern in both
developed and developing countries due to the increasing complexity and
volume of industrial, medical, and chemical waste (Kumar et al., 2023).
Globally, the growth of manufacturing, energy production, and urban expansion
has intensified the demand for systems capable of managing of managing toxic
and hazardous substances (Qian et al., 2022a). Ineffective handling of such
waste poses serious threats to environmental integrity, human health, and long-
term economic resilience. As international bodies such as the United nations
Environment Programme (UNEP, 2015) and the World Health Organization
(WHO, 2018) emphasize, the need for comprehensive regulatory frameworks

and treatment infrastructure is becoming increasingly urgent.

10



Countries with mature regulatory systems have adopted integrated approaches
that emphasize waste minimization, strict licensing, and the use of advanced
technologies for treatment and disposal (Trevisan et al., 2021). For instance, the
European Union (EU, 2025) operates under the Basel Convention (Basel, 2011)
and the Waste Frame Directive (European, 2023), which together promote the
reduction of hazardous waste substances at the source, safe transboundary
movement, and lifecycle-based management (BRS, 2025). In contrast, many
developing countries still face challenges in enforcement , infrastructure
availability, and institutional coordination, leading to faps between policy

design and on-the-ground implementation (Schilling, 2017).

Malaysia, as an upper-middle-income and rapidly industrializing country, is
facing rising pressure to strengthen its hazardous waste management framework
(MIDA, 2021b). The country’s primary regulation, the Environmental Quality
(Scheduled Waste) Regulation 2005 (DOE, 2005), classifies and governs
hazardous waste under the broader Environment Quality Act 1974 (DOE, 1974).
According to the Department of Environment (NRES, 2025), Malaysia
generated over 5.9 million metric tons of Scheduled Waste in recent years,
primarily from the manufacturing, petrochemical, and electronic sectors
(DOSM, 2022). This trend reflects not only industrial growth but also the
increasing complexity of waste streams requiring specialized treatment (MIDA,

2021a).

11



The existing hazardous waste infrastructure in Malaysia includes several
licensed treatment and disposal facilities, which the first and most prominent
being Kualiti Alam in Negeri Sembilan (KA, 2018), However, the distribution
and capacity of such facilities remain uneven. This has resulted in logistical
inefficiencies and reliance on long-distance transportation which introduces
additional risks and costs (Anwar, 2020). Moreover, enforcement challenges
and occasional instances of illegal dumping suggest that regulatory oversight,

while present, still faces implementation hurdles (Jessie Yeung, 2020a).

Efforts to enhance hazardous waste management in Malaysia are underway,
which initiative focusing on improving data collection, tightening enforcement,
and encouraging public-private partnerships. Additionally, the Twelfth Malaysia
Plan (2021-2025) outlines the importance of sustainability and environment
resilience, including measures to strengthen waste-related infrastructure (MoE,
2021). However , these remains a gap in strategic planning tools that can guide
infrastructure expansion and site selection based on a transparent, evidence-

based approach.

This study situates itself within the gap, aiming to support national planning
efforts by proposing a structured, adaptable framework for evaluating hazardous
waste treatment site suitability. Although tailored to Malaysia’s conditions, the
framework is designed with flexibility in mind, allowing it to be applied in
broader contexts where similar environmental, logistical, and policy challenges

exist.

12



24 Hazardous waste management issue in global

2.4.1 Available Acts and initiatives

Hazardous waste management is a global challenges that requires necessitates
international cooperation and adherence to various acts and initiatives. The
Global Waste management outlook (GWMO), a collaboration between the
International Waste Management Association and United Nations Environment
Programme, promotes a comprehensive approach to waste management,
highlighting its role in sustainable development and climate change mitigation
(Wilson and Velis, 2015) . Similarly, the Global Chemicals and Waste Indicator
Review Document enhances nations’ ability to monitor progress towards
Sustainable Development Goals (SDGs) indicators related to chemicals and

hazardous waste (United Nations Environment Programme, 2021).

Numerous global acts and initiatives address hazardous waste management ,
such as Global Waste Management Outlook, a joint initiative that serves a global
assessment of waste management and a call to action. It emphasises a holistic
approach to waste management , recognising its significance in sustainable

development and climate change mitigation (Wilson and Velis, 2015).

In Malaysia, hazardous waste management aligns with international standards
but is primarily governed by local legislation rooted in the Environmental

Quality Act of 1974. This act has undergone revisions to address contemporary

13



challenges in hazardous waste management. The Hazardous Waste Rules of
2016 offer detailed protocols for handling such wastes, including classification,
packaging, storage, transportation, treatment , and disposal procedures (DOE,

2014).

Additional regulations complement there rules by providing specific guidance
on various aspects of hazardous waste management. For instance, the
Environmental Quality (Prescribed Premises)(Scheduled Waste Treatment and
Disposal Facilities) Order of 1989 identifies premises requiring a license to
operate hazardous waste treatment and disposal facilities. The Environmental
Quality (Prescribed Activities) (Environmental Impact Assessment) Order of
2015 mandates environmental impact assessment for specific hazardous waste-

related activities.

The Occupational Safety and Health Act of 1994 prioritises the safety and health
of workers exposed to hazardous waste or associated risks (DoOSH, 1994).
Malaysia also engages in international cooperation by adhering to the Basel
Convention (Basel, 2011). Table 1 provides an overview of the legislation and
conventions related to hazardous waste management in Malaysia and other
regions.. While the current legal framework is robust and dynamic, there exist
opportunities for further improvement, such as raising public awareness,

reinforcing enforcement mechanisms, and promoting sustainable practices.
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2.4.2 Methods and technologies for hazardous waste management

analysis of developed and developing countries

Hazardous waste management is a global challenge that requires international
cooperation and adherence to various acts and initiatives. Hazardous waste can
take various forms — liquids, solids, gases, and sludges — and poses risks to both
human and environmental health. Such waste required specialised handling and
disposal procedures, and proper segregation is essential. Inadequate
management could jeopardise both human health and the surrounding
ecosystem (Mmereki et al., 2016). Therefore, the implementation of proper
labelling and storage practices is crucial., as they ensure compliance with
established rules and regulations for the responsible management of hazardous

waste (DOE, 2014).

The methods and technologies available for hazardous waste management ,
depending on the type, composition ,and characteristics of the waste. Table 2
provides an overview of some of the common methods. They include landfill
with containment system, incineration for thermal treatment, waste-to-energy
technology, physical-chemical treatment, biological treatment, recycling and
resources recovery, on-site treatment by industries, and advanced technology
development (El-Saadony et al., 2023). These methods and technologies differ
in terms of their description, practicality , recovery rates , initial investment

costs, suitable hazardous waste types, potential improvements, and references.
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Hazardous waste is characterised by its potential harm to human health or the
environment, and encompasses materials that are flammable, corrosive, reactive,
or toxic (EPA, 2020). Classification schemes for hazardous waste are provided

by international standards and regulations, such as the European Waste

Catalogue (EEA, 2023).

Various sources generate hazardous waste, including industrial processes ,
healthcare, agriculture, and households. Mismanagement of hazardous waste
can lead to several environmental and health risks (Farrokhi-Asl et al., 2020).
For instance , hazardous waste can contaminate water resources, damaging
aquatic life, while exposure to hazardous waste can lead to serious health

conditions (CELITRON, 2022a).

Management strategies for hazardous waste range from traditional methods like
landfilling and incineration to modern approaches like recycling and recovery
(Qian et al., 2022a). Each method presents its own set of advantages and
limitation. Regulations governing hazardous waste management aim to mitigate
its environmental and health impacts (EPA, 2020). Effective management of
hazardous waste is impeded by several challenges, ranging from technological

limitations to societal issues and policy gaps (MIDA, 2021b).

Analytic Hierarchy Process (AHP) has been used as a robust multi-criteria
decision making method for solving decision-making problems in different

sectors, such as social, government, and corporate sector (Silva Lopez et al.,

18



2022). It has been applied in assessing hazardous waste management proposals
to give the most sustainable design proposal of hazardous waste. AHP helps to
give a sustainable hazardous waste proposal that can be used for the

improvement of hazardous waste management (Zarin et al., 2021).
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The 4R concept- Reduce, Reuse, Recycle , and Recovery — is a cornerstone for
sustainable waste management, as it facilitates the transition toward a circular
economy and adherences to the waste management hierarchy (Abhay, 2021).
The 4R concept aims to minimize the generation of hazardous waste from
various sources and mitigate the associated risks to human health and the
environment (UNECE, 2022). It also maximised the resources utilisation across
all phases of hazardous waste management, thus harmonising with the core
tenets of both circular economy and the waste management hierarchy
(Biakhmetov et al., 2022). To achieve better environment outcomes and align
with global sustainability goal, significant challenges must become overcome
in transitioning to more environmental friendly hazardous waste management
practices objectives (MIDA, 2021a). A representation covering the approach in

shown in Figure 1.

Circular economy approach to hazardous waste management

»

A Principle of effective hazardous waste management
Reduction

apraD-0)-aIprID

Disposal &
treatment
3
s
JABIND
-0-3[peiD

Figure 1 Hierarch of hazardous waste management with respective solution at

each stage covering the 4Rs with pre-treatment and landfill
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Methods and technologies available for hazardous waste treatment are linkage
to the circular economy. The circular economy is a concept that aims to
minimise waste and maximise resource efficiency by designing products and
systems that can be reused, repaired, recycle , or recovered. Some of the
methods that align with this concept are recovery, refinement, separation, and
biological methods, as they transform hazardous waste into valuable products
or by-products (UNECE, 2022). These methods also reduce the environmental

impact of hazardous waste disposal and save energy an cost.

However, these methods also have some challenges, such as high initial
investment , energy consumption, technical complicity and potential secondary
pollution. Therefore, it is important to consider the type, quality and quantity of
waste oil, as well as the local conditions, needs, and capacities, when choosing
the most suitable method for hazardous waste treatment. Table 3 summarises
some of the methods and their characteristics , benefits, challenges, and circular

economy link.
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Developed countries have access to more advanced and diverse technologies for
hazardous waste management , such as incineration , gasification, pyrolysis,
chemical treatment, biological treatment, and landfill gas recovery. These
technologies can effectively reduce the volume, toxicity and environmental
impact of hazardous waste, as well as recover energy and materials from waste
(Liu et al., 2018). However, they also required high capital , operational , and
maintenance costs, as well as skilled personnel and strict emission control.
Developing countries, on the other hand ,rely mostly on low-cost and low-tech
options, such as dumping ,landfilling, composting and recycling. These options
are more accessible and affordable, but they also have limitation, such as low
efficiency, high environmental pollution, low resource recovery ,and potential
health hazardous (Cheng et al., 2019). Therefore, there is a need for technology
transfer and innovation to enable developing countries to adopt more sustainable
and appropriate technologies for hazardous waste management, taking into

account their local conditions, needs an capacities.

2.4.3 Hazardous waste to wealth (HW2W)

The concept of hazardous waste to wealth (HW2W) concept advocates for the
transformation of waste into valuable resources, aligning perfectly with the
Circular Economy (CE) framework. The CE aims to extend the lifespan of
materials, which resonates with Malaysia's efforts to improve waste separation,

recycling facilities, and overall waste-to-wealth programs (MIDA, 2021Db).
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These initiatives are also align with the objectives set forth in the National

Cleanliness Policy (NCP) 2019 (PMO, 2019).

Adequate financial resources are critical for the effective management of
hazardous waste. Insufficient funding is a significant barrier, particularly in
economically disadvantaged countries with limited capital for waste
management infrastructure (Diaz, 2017). This shortfall extends to infrastructure
and technology, hindering the efficient handling, disposal, and comprehensive

management of hazardous waste.

The success of waste management practices is closely tied to the geographical
location of hazardous waste generation and treatment. The lack of appropriate
waste treatment and disposal facilities in densely populated areas often leads to
elevated transportation costs, logistical issues, and potential hazards to both the
community and the environment, largely due to poor siting practices (EPA,

2020).

Transporting hazardous waste becomes complex due to inadequate logistic
arrangements, leading to challenges in meeting regulatory requirements,
potential environmental contamination, and compromised oversight (Salihoglu,
2010; Zhao and Ke, 2019). Significant logistical obstacles emerge in the
transportation, monitoring, and tracking of hazardous waste due to

infrastructural and resource constraints.
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Inefficient collection methods lead to the containment of hazardous waste issues
at its source, leading to improper disposal, illegal dumping, and poor
segregation (Jessie Yeung, 2020b; Otwong et al., 202 1a; White and Heckenberg,
2011). Particularly in informal and rural areas, effective hazardous waste
management is crucial and relies heavily on efficient waste collection.
Inadequacies in these areas give rise to potential health risks, environmental

pollution, and instances of noncompliance instances.

Limited awareness among stakeholders, including waste generators (WGs) and
communities, further complicates responsible waste management (Hamzah et
al., 2022). This affects individuals’ willingness to engage in hazardous waste
reduction , reuse, recycling ,and recovery efforts, as well as how hazardous
waste is perceived. Transforming it from a burden into a valuable resource

requires addressing these challenges comprehensively.

The challenges hindering successful HW2W efforts are summarised in Table 4,
offering unique opportunities for improvement and the promotion of sustainable

hazardous waste management practices.
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Table 4: Bridging current gaps to a sustainable hazardous waste management.

AREA CURRENT POSSIBLE EXAMPLES
GAP SOLUTION
CAPITAL Inadequate Increase funding Government grants,
financial from government green financing,
resources for and private waste reduction
management  sector; explore
cost-effective
solution
prioritizing
environmental
protection
LOCATION Unsuitable Develop Community-based
sites for location-specific ~waste management
treatment and strategies programs
disposal prioritizing
community
engagement
community
engagement,
environmental
protection, and
social equity
LOGISTICS Poor Develop Hazardous waste
infrastructure  sustainable collection  centers,
for transportation recycling programs
transportation  solution
prioritizing
safety and
efficiency
AWARENESS | Low Implement Environmental
awareness and effective education programs,
knowledge awareness public awareness
about hazards  strategies
prioritizing
community
engagement and
participation
COMPLIANCE | Lack of Strengthen Monitoring and
enforcement  regulation, inspection  system
and penalties for non- penalties for non-
monitoring compliance, compliance
improve
inspection
systems
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2.5 Impact of hazardous waste on environmental and human health

The disposal of hazardous waste in developing countries has extensive and far-
reaching impacts on both the environmental and human health. Sustainable
hazardous waste management practices are being introduced to mitigate
environmental damage, including the release of climate-altering pollutant gases
such as greenhouse gases (GHGs) and ammonia emission. The management of
medical waste is particularly risky (IRCR, 2011). Hazardous material

originating from industrial processes pose potential risks to human health.

Contaminants like heavy metals, which enter the food chain due to improper
hazardous waste disposal and the release of metal-laden industrial effluents into
drainage systems or open dumping sites, present a host of challenges (Abdullah,
1995; Jessie Yeung, 2020b; Vesilind et al., 2013). These challenges encompass
chemical poisoning through inhalation, stormwater blockage leading to flooding,
adverse impacts on birth weight, increased incidence of cancer, congenital
deformities, neurological disorders, and symptoms such as nausea and vomiting.
Additional risks involve mercury toxicity from fish consumption, plastic
ingestion by wildlife, accelerated algal growth in aquatic ecosystems, and
degradation of water and soil quality (Gill and Mix, 2020; Jarup, 2003; Manay,

2023; Walker et al., 2013).

An overview on the source of contamination due to waste mismanagement with
the concept of circular mitigation strategies is shown in Figure 2 These

strategies aim to transform the linear process of waste generation and disposal
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into a circular model (with example shown with used tires and electrical
equipment), where waste is minimized, and any waste that is produced is reused,
recycled, or recovered. The transition towards a circular economy not only
mitigates the environmental and health impacts of hazardous waste but also
contributes to sustainable development by promoting resource efficiency and
reducing reliance on virgin materials. Essentially, the figure underscores the
importance of transitioning from traditional waste management practices
towards a circular economy approach to mitigate the impacts of hazardous waste

on the environment and human health.

31



"AWwou099 Je[noiro yiim apeiddn renusrod pue JuswdSeULWSIW 9)SEM SNOPIBZEY SANIILJOUI 0 3] Jel[} UOT)BUIWEIUOD JO SIINOS 7 2In31]

JanIl @ULIDW

sal1bojoyipnd
suonoajul jJo poaids
%) F Q SI0108A 8spasIq

uonnjod
11D % |10S 191D/

Buiuuiom

[°go|o BuioAoau

|[puaioju|
sallallog poasn
% juawidinbg
oluono8l3/ouroe3
21SDM
l @ [ jodioiuniy
R Ve l e
ruonmdopy !
1 Awouod3 m
P2 oy 8% s
sall} pasn

uonoNISUoD
81SDM |DOIPBaN

32



2.6  Overview of hazardous waste in Malaysia

Hazardous waste management is a critical and pressing issue in Malaysia, which
is experiencing rapid economic growth and industrialisation. As the nation’s
economy expands, various industries emerge and flourish, leading to increased
waste production, posing significant environmental and health challenges.
Consequently, developing and implementing effective waste management
strategies to address these concerns is imperative. In this context, Malaysia’s
scheduled waste management sector assumes great importance. It plays a vital
role in regulating and overseeing the proper handling, storage, transportation,
and disposal of hazardous waste. The economic environment of Malaysia,
driven by industrial growth and technological advancements, has contributed to
the rising waste generation. As such, robust waste management practices are

crucial to safeguard the environment and public health.

To effectively manage hazardous waste, Malaysia has established national
legislation and regulations. These legal frameworks provide guidelines and
standards for waste management activities, ensuring industry compliance and
accountability. By adhering to these laws, Malaysia aims to mitigate the adverse
impacts of waste on the environment and human well-being. Balancing
economic progress with sustainable waste management practices is essential for
Malaysia’s continued development. It requires a collaborative effort between
industries, government bodies, and society to promote responsible waste
management practices, raise awareness, and foster a culture of environmental

stewardship. However, this economic growth has contributed to increased waste
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production, requiring robust waste management practices to safeguard the

environment and public health.

Hazardous waste management in Malaysia is governed by the Environmental
Quality Act 1974 and the Environment Quality (Scheduled Waste) Regulation
2005. Over the past three decades, Malaysia has addressed waste management
challenges by enacting legislation, adopting new technologies, and developing
infrastructure networks. Despite these regulations, managing hazardous waste
still faces obstacles such as inadequate infrastructure, limited technical expertise,

and a lack of public awareness.

To comprehensively address scheduled waste management in Malaysia, a
holistic approach is necessary (Jamin and Mahmood, 2015). The hazardous
waste to Wealth (HW2W) framework offer a solution by promoting a
sustainable and circular economy (CE). This framework emphasises reducing
the environmental impact of scheduled waste and unlocking economic
opportunities through resource recovery. Note that the implementation of the
CE principles requires transformative changes in business activities, including

strategic choices, business models, and processes.

Malaysia’s diversified and robust economy plays a significant role in Southeast
Asia, with a strong industrial base, particularly in electronics, automotive, and

petroleum products. However, rapid economic development has led to
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environmental degradation and increased scheduled waste generation. The
harmful effects on human health and the environment must be reduced by
effective and sustainable scheduled waste management (Aja et al., 2016a). To

facilitate the circular business approach, CE principles are crucial (Uvarova et

al., 2023).

Malaysia’s commitment to environmental sustainability is evident through the
development of the Strategic Plan 2020-2030: Environmental Sustainability
(Ministry of Economy, 2021). This plan set clear goals and targets for achieving
environmental sustainability, encompassing areas like climate change and
mitigation, sustainable consumption and production, biodiversity conservation,
and sustainable waste management. Furthermore, collaboration among
stakeholders is essential to realise the objectives outlined in the plan and ensure

the preservation of Malaysia’s environment.

With the country experiencing rapid economic growth and industrialisation,
effective waste management strategies are crucial to tackle the environmental
and health challenges posed by increasing waste production. By examining the
background and developments of the scheduled waste management industry in
Malaysia, exploring the regulatory framework, and analysing the current state
of waste management practices, this study aims to clarify the current difficulties

and prospects.
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Any waste product that poses a significant risk to the environment, human
health or both is referred to as hazardous waste. It contains substances that are
toxic, flammable, corrosive, reactive, or otherwise harmful (Jamin and
Mahmood, 2015). Note that hazardous waste can come from various sources,
including industrial activities, manufacturing processes, commercial

establishments, healthcare facilities, and households (Aja et al., 2016a).

Classification of hazardous waste is typically based on regulatory frameworks
of the Environment Quality Act and Environment Quality (Scheduled Waste)
Regulation in Malaysia. These regulations provide criteria for identifying and
categorising hazardous waste based on its properties, such as toxicity,

flammability, and persistence.

Hazardous waste exhibits specific characteristics that require specialised
management (Lee et al., 2022a). These characteristics include toxicity, ignitable,
corrosive, and reactive, containing substances that can cause harm to living
organisms and the environment. Moreover, ignitable waste is flammable and
can easily catch fire. Corrosive waste has high acidity or alkalinity and can
corrode or damage materials. Reactive waste is chemically unstable and can

potentially explode or release toxic gasses when exposed to other substances.

Hazardous waste can originate from various sources, including industrial

processes such as chemical manufacturing, metal plating, and pharmaceutical
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production. It can also result from commercial activities such as automotive
maintenance, painting, and electronic waste disposal. Other than that, healthcare
facilities generate hazardous waste through medical procedures, laboratory
testing, and the use of hazardous chemicals. Even households contribute to
hazardous waste by improperly disposing of household chemicals, batteries, and

electronic devices.

The inappropriate management of hazardous waste can affect the environment
and human health. When hazardous waste is not managed, stored, or disposed
of properly, it can contaminate soil, water bodies, and air. This contamination
can lead to the degradation of the ecosystem, the loss of biodiversity, and the
pollution of drinking water sources. Furthermore, exposure to hazardous waste
may severely harm human health. By understanding the definition,
classification, characteristics, sources, and environmental and health impacts of
hazardous waste is crucial for developing effective management strategies.
Hence, by comprehensively assessing their aspects, policymakers, waste
management authorities, and other stakeholders can implement measures to
mitigate the adverse effects of hazardous waste and promote sustainable waste

management practices.

2.6.1 Regulatory framework of hazardous waste management in

Malaysia
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In response to increasing industrial pollution in the 1960s, Malaysia enacted
the Environmental Quality Act 1974 (Act 127), which was gazette on 14 March
and came into force on 15 April 1974. This legislation marked a significant
milestone in the country’s environmental governance, providing a legal
foundation for the prevention, control, and abatement of pollution, as well as for

broader environmental protection and enhancement initiatives.

Subsequently, in 1975, a dedicated federal enforcement agency known as
the Environment Division was established under the Ministry of Housing and
Local Government. This agency was tasked with implementing environmental
legislation and overseeing pollution control across the country. In 1976, the
Environment Division was restructured under the Ministry of Science,
Technology and the Environment, and in 1983, it was formally renamed
the Department of Environment (DoE). Today, the DoE operates under
the Ministry of Natural Resources, Environment and Climate Change, and
remains the principal authority for environmental regulation and enforcement in

Malaysia.

In the mid-1980s, as environmental concerns intensified—particularly
regarding the handling of industrial and hazardous wastes—the government
introduced more specific legal instruments to regulate the management of
scheduled (hazardous) waste. These efforts culminated in 1989 with the
promulgation of several key regulations and orders under the Environmental

Quality Act. These include:
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e Environmental Quality (Scheduled Wastes) Regulations 1989

e Environmental Quality (Prescribed Premises) (Scheduled Wastes
Treatment and Disposal Facilities) Regulations 1989

e Environmental Quality (Prescribed Premises) (Scheduled Wastes

Treatment and Disposal Facilities) Order 1989

Together, these legal instruments provide a regulatory framework for the
generation, storage, transportation, treatment, and disposal of hazardous
(scheduled) wastes in Malaysia. They also establish licensing requirements for
prescribed premises, set technical standards for waste handling, and define the
responsibilities of waste generators and facility operators. The development and
enforcement of these regulations represent a significant evolution in Malaysia’s
hazardous waste management system, aligning national policy with
international environmental norms and promoting safer and more sustainable

industrial practices.

2.6.2 Involvement in an International Agreement

The international treaty known as the Basel Convention aims to reduce the
hazards of handling hazardous waste and ensure that it is handled and disposed
of in an environmentally conscious way. Note that the Transboundary
Movement of Hazardous Wastes between Developing Countries is governed by

the Convention. The agreement was established in reaction to the 1980s rise in
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the price of disposing of toxic waste and the subsequent rise in the export of

waste from developed to developing nations.

Malaysia acceded to the Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes and Their Disposal on 8 October 1993, and
the Convention entered into force domestically on 6 January 1994.
The Department of Environment (DOE)is designated as the competent
authority responsible for the enforcement of the Convention’s provisions in
Malaysia. To ensure compliance, the government amended both the Customs
(Prohibition of Import) Order 1988 and the Customs (Prohibition of Export)
Order 1988, under the Customs Act 1967, to incorporate the list of controlled

wastes outlined by the Basel Convention.

As part of the national implementation strategy, Malaysia established a policy
framework to regulate the transboundary movement of scheduled wastes. This
framework includes several key provisions. Firstly, the importation of
scheduled wastes for the purpose of recovery or final disposal is strictly
prohibited. Secondly, scheduled waste importation is permitted only for direct
reuse or as an alternative raw material, and only when such waste is not locally
available. Thirdly, scheduled waste exportation is allowed under specific
conditions, including: (a) if the receiving country possesses superior recovery
technology; (b) if a higher recovery rate can be achieved abroad compared to
local facilities; or (c) if no technical capacity exists domestically to treat or

recover the waste in question.
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In line with the Basel Convention’s Ban Amendment, Malaysia has also
prohibited the importation of scheduled wastes from all parties that are members
of the Organization for Economic Cooperation and Development (OECD),
the European Commission (EC), and Liechtenstein. This reflects the country's
commitment to uphold the principles of environmental responsibility and to
minimize risks associated with the cross-border movement of hazardous

materials.

2.6.3 Birth of the first hazardous waste management facility in Malaysia

The birth of the first centralised scheduled waste management facility in Port
Dickson, Negeri Sembilan, Malaysia, was a significant step in developing the
country’s waste management infrastructure. Kualiti Alam Sdn. Bhd (KASB), a
consortium of Malaysian and Danish Companies, was awarded the exclusive

right to implement and operate the facility for 15 years by the government.

The facility, completed in June 1998, was the first of its kind in the region and
was designed to collect, transport and dispose of (Incineration and Landfilled)
scheduled waste in a Cradle-to-Grave (C2G) manner. Note that the facility

excluded the management of explosives, radioactive, and clinical wastes.

Establishing this facility was a critical step towards achieving sustainable waste
management in Malaysia, and it helped to address the increasing amount of

waste generated by industries.
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2.6.4 Classification and identification of hazardous waste

The categorization of hazardous waste based on distinct physical properties
serves as a cornerstone for managing its inherent complexities (Jerry A, 2023).
Multiple discernible parameters are involved in classifying hazardous waste.
For instance, the United States Environmental Protection Agency (US EPA)
identifies four fundamental characteristics : ignitability, corrosivity, reactivity,
and toxicity (US EPA, 2015). Similarly, Malaysia’s Department of Environment
has provided exhaustive guidelines that cover a broad range of categories
including corrosive, explosive, infectious , flammable liquids, flammable solids,
organic peroxides, oxidising substances, solids that are spontaneously
combustible, solids that are dangerous when wet, toxic substances, and
amalgamation of varied has hazardous components (DOE, 2014) . A list of the
classification of hazardous waste are shown in Supplementary Material: Table

S.

Central to this discourse is the regulatory backbone for the hazardous waste
classification in Malaysia (known as scheduled waste) principally embodied in
the Environmental Quality Act and Environmental Quality (Scheduled Waste)
Regulation. These legal instruments not only set forth the overarching
guidelines but also articulate comprehensive criteria set for identifying and
categorizing hazardous waste based on inherent attributes like toxicity,
flammability, and persistence (Lee et al., 2022b). Within this framework,
specific attributes such as toxicity, ignitability, corrosivity, and reactivity serve

as defining factors. Each of these traits presents unique challenges and
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consequences, such as the potential for toxic wastes to harm ecosystems, the
capacity for corrosive wastes to deteriorate materials, and the inherent
instability of reactive wastes that could result in explosive or noxious emissions

upon interaction with other substances (CELITRON, 2022b).

Hazardous waste can emanate from a myriad of activities and sources, including
but not limited to industrial processes such as chemical manufacturing, metal
refining, metal finishing and coating, cement production, petroleum refining,
and the electrical and electronics industries (Che Jamin and Mahmood, 2015).
Furthermore, commercial activities like auto maintenance involving the use of
solvents, oils, and paints generate hazardous waste. Medical procedures,
laboratory activities, the utilization of dangerous chemicals, and the improper
disposal of items like household chemicals, batteries, and electronic gadgets

also add to the hazardous waste burden (Adetunji and Olaniran, 2021).

However, the ramifications of hazardous waste spill over beyond the source into
both environmental and human health contexts. Improper management, storage,
or disposal can lead to soil, water, and air contamination, resulting in ecological
degradation, loss of biodiversity, and pollution of vital water sources (Qian et
al., 2022b). Moreover, exposure to hazardous waste can have severe health
implications, including but not limited to cancer, respiratory issues, skin
conditions, and reproductive disorders. Therefore, this paper accentuates the
necessity for effective hazardous waste management strategies. It highlights the

imperative for policymakers, waste management authorities, and stakeholders
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to collaborate in mitigating these adverse effects. The discussion underscores
the critical importance of adopting waste management practices that are
environmentally sound, socially responsible, and economically sustainable
while addressing the specific challenges posed by hazardous waste on both

environmental and human health fronts.
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Table 5 Hazardous waste classification and characteristics in Malaysia as
proposed by DOE (2014)

Hazardous Pictogram
Waste Definition Example
. e hazard
Characteristic
Corrosive ‘ Waste that can corrode Acidic  waste  (e.g.,
substances ’ or dissolve metals or battery acid), alkaline
v other materials waste  (e.g., drain
cleaners)
Explosive Waste that can cause Explosives, pyrotechnic
substances an explosion waste
Infectious Waste containing Biological waste,
substances microorganisms  or contaminated sharps
their toxins that can
cause  disease in
humans or animals
Inflammable Waste that can easily Flammable liquids (e.g.,
liquids catch fire or support gasoline, paint thinners)
combustion
Inflammable Waste that can easily Flammable solids (e.g.,
solids catch fire or support matches, fireworks)
combustion
Oxidizing Waste that provides Oxidizing agent (e.g.,
substances oxygen and can cause hydrogen peroxide,
or enhance the nitric acid)
combustion of other
materials
Organ Waste that contains Organic peroxides used
ic organic compounds in chemical processes
peroxi with an  oxygen-
des oxygen bond
Solid: Solid waste that can Self-heating substances
spontaneously ignite and  burn (e.g., oily rags)
combustible spontaneously
Solid: dangerous Solid waste that can Water-reactive
when wet emit flammable gases substances (e.g.,
when in contact with sodium, potassium)
water
Toxic Waste that contains Hazardous chemicals
substances substances or (e.g., pesticides, heavy
compounds that can metals), radioactive
s be harmful to human waste, biological waste
health or the
environment
A  mixture of Waste that 1s a A mixture of various
miscellaneous combination of hazardous  chemicals
dangerous , different  hazardous and waste with multiple
substances ' substances hazards.
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and permitting of hazardous waste management facilities, which are governed
by the Department of Environment (DOE) under the Environmental Quality Act
1974 and its related regulations. These facilities play a crucial role in ensuring
the safe handling, treatment, recovery, and disposal of hazardous waste in
accordance with national standards and international best practices (Aja et al.,
2016a). The country’s hazardous waste infrastructure includes a variety of
facility types, each serving distinct but complementary functions. One of the
core facilities is the Special Waste Management Facility, which offers integrated
treatment services for both hazardous and general waste. These facilities are
designed to provide comprehensive end-to-end waste management solutions,
including collection, treatment, and final disposal, thereby minimizing

environmental impact.

On-site waste storage facilities, typically located within industrial premises,
enable companies to temporarily store and, in some cases, pre-treat hazardous
waste before it is transported to off-site facilities. These facilities are particularly
important for managing small volumes of hazardous waste or waste generated
continuously during production processes. In parallel, off-site storage
facilities are licensed to manage hazardous waste from multiple sources and
ensure safe containment until sufficient capacity or processing schedules are
available. Both types of storage facilities are vital in preventing environmental

contamination and ensuring traceability throughout the waste handling chain.
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Local off-site recovery facilities are also part of the licensed ecosystem. These
facilities focus on material recovery, converting waste into reusable materials or
by-products. Their operation supports the implementation of Cradle-to-Cradle
(C2C) design principles and reinforces Malaysia’s transition towards a Circular
Economy-Life Cycle Assessment (CE-LCA) approach. By prioritizing recovery
over disposal, these facilities contribute to waste minimization, resource

efficiency, and long-term environmental sustainability.

Specialized treatment infrastructure is also in place for clinical waste, which
includes items such as contaminated medical tools, expired pharmaceuticals,
and clinical chemicals. Licensed clinical waste treatment facilities handle this
category of waste in accordance with strict safety and hygiene protocols to
protect human health and the environment. These facilities are crucial for

healthcare institutions and other entities generating biohazardous waste streams.

Two major operators—Kualiti Alam Sdn. Bhd. and Trienekens (Sarawak) Sdn.
Bhd.—serve as national benchmarks for integrated hazardous waste
management. Kualiti Alam operates a centralized incineration and landfill
facility in Peninsular Malaysia, offering comprehensive waste treatment
services across multiple categories. Trienekens, based in Sarawak, plays a
similar role in East Malaysia, ensuring the safe, environmentally sound
treatment and final disposal of hazardous waste in the region. These licensed
operators are essential in providing the technological capacity and logistical

infrastructure necessary for national-level hazardous waste governance. Overall,
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the licensing and permitting of hazardous waste facilities in Malaysia not only
ensure regulatory compliance but also underpin the country's commitment to
sustainable development and environmental stewardship. By supporting the
ethical and efficient management of hazardous materials, these facilities form a

vital part of Malaysia’s long-term environmental protection strategy.

The summary for all the scheduled waste licenses issued in Malaysia is as given

in Table 6 below:
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Overall, in the year 2022, there were approximately 300 registered hazardous
waste management companies with the Department of Environment (Eswis,
2019), primarily holding licenses for operating off-site hazardous waste
management facilities (Prescribed Premises) and clinical waste disposal
facilities. Malaysia classifies hazardous waste into 77 categories under the
Environmental Quality Act (DoE, 2019). Additionally, transportation of

hazardous waste requires a separate license (Aja et al., 2016b).
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Figure 3 Breakdown of Malayia's scheduled waste management and distribution

according to facility types.

Figure 3 The breakdown of Malaysia hazardous waste management and
distribution according to facility types is depicted above. Among the 300
companies, only 20 consider major players in the industry as they can process
over 10 hazardous waste code, which most can process only one waste code per

company (Eswis, 2019).
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According to data form the Department of Statistics Malaysia (DoSM, 2022),
there has been a growing awareness of hazardous waste management in
Malaysia from 2015 to 2020. This awareness is reflected in the increased
volume of waste being treated on-site and recovered in local recover y facilities.
However, the existing facilities face challenges in managing the rising volume
of waste generated in Malaysia, leading local companies to resort to less

environmentally friendly waste management practices.

The volume of waste being stored, exported overseas for processing, and sent
to local landfills as general waste has increased. On-site waste storage has also
surged significantly but intended for temporary use, as hazardous waste needs
to be processed within a specific timeframe to minimise risk. Failure to increase
the number of recovery and treatment facilities to match the increasing waste
volume could lead to potential environment and health hazards (Jessie Yeung,
2020b). Hazardous waste is increasingly sent to landfills and treated as general
waste, and if this trend continues, it may result in fires, leaks, and environmental
pollution, among other issues. and sent to local landfills as general waste has
increased. In 2020, various facilities collectively managed a substantial
7,185,228 Mt of hazardous waste in Malaysia. The data reveal that 45.1% of
hazardous waste management is allocated to on-site storage, indicating room for
improvement in treatment, recovery, and disposal practices. Specialised waste
management and on-site treatment account for a combined 45.6% of all
managed waste, highlighting the significance of decentralised management

approaches. Additionally, approximately 23% is managed through on-site
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treatment and local off-site recovery facilities, emphasising the need for waste

reductio and resource recovery strategies.

The notable increase in hazardous waste management in 2020, with a 79.05%
surge compared to the previous year , underscores the growing imperative for
more effective waste management measures to mitigate potential environmental
and health risks. In Figure 4, the percentage distribution of hazardous waste

management facilities among major industrial player in Malaysia is depicted.

= Special Waste

Management
© On-site treatment

235%
0.56%1 | 70'45%

* Local off-site recovery
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» On-site storage

Special waste management

Kualiti Alam Sdn.Bhd
» Off-site clinical waste
= Foreign facilities (Export)

» Trienekens Sdn.Bhd

N

7.60%

On site storage | On site treatment

Off site recovery

Figure 4 Percentage distribution of hazardous waste management by facility

type in Malaysia.
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2.6.6 Projection of future hazardous waste generation

The projection of future hazardous waste generation is a critical aspect of waste
management planning. This review focuses on three methods commonly used
for projection : logistic increase method, arithmetic increase method, an

exponential increase method.

Each of these methods offer unique insights and has its own advantages and
limitations. By understanding these methods and their applications in various
studies, we can better project future hazardous waste generation and contribute
to more effective and sustainable waste management strategies (Abid and
Mhada, 2021; Willems et al., 2022). Furthermore , the review of these methods
reveals the need for more comprehensive models that can incorporate the
strengths of each method and provide more accurate projection (Gawatre et al.,

2016).

2.6.7 Waste minimisation and best practices

Waste minimisations refer to the strategies and actions taken to minimise
hazardous waste generation at its source. It aims to minimise waste production,
promote resource efficiency, and prevent or reduce hazardous waste’s

environmental and health impacts.
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The Environmental Protection Agency (EPA) defines waste minimisation as the
use of source reduction and/or environmentally sound recycling techniques
before waste is used for energy, recovered, treated, or disposed of. It excludes
waste treatment, which is any procedure intended to alter the physical, chemical,

or biological makeup of waste streams.

Waste minimisation involves processes and practices aimed at reducing waste
generation. By reducing or eliminating the production of harmful and persistent
waste, waste minimisation supports efforts to create a more sustainable society.
This can be achieved through product and process redesign, as well as by
changing patterns of consumption and production. The most environmentally
and economically efficient way to manage waste is often to prevent the problem

in the first place .

According to the Environmental Agency, waste minimisation is the use of
source reduction and environmentally sound recycling techniques before waste
is used for energy, recovered, treated, or disposed of. Waste treatment, which
alters the physical, chemical, or biological makeup of waste streams, is not
included. Some strategies of waste minimisation include reducing packaging
material, such as shrink wrap, by redesigning packages to use recyclable or
degradable materials, reducing harmful wastewater , holding employees

accountable, improving recycling programs, and processes.
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2.6.8 Waste tracking and reporting

Hazardous waste tracking and reporting are crucial components of hazardous
waste management in Malaysia. Furthermore, it involves the systematic
monitoring and documentation of the movement and disposal of hazardous

waste from its waste generator to its final treatment or disposal.

Hazardous waste is produced across a range of industries, including those in the
healthcare industry, laboratories, and other industries. Thus, properly
identifying and classifying waste according to regulatory guidelines is
important—Malaysia’s practice of using a hard copy of the consignment note
and Electronic Consignment Note (ECN). The hard copy of the consignment
typically consists of six copies. Note that the first copy is kept by the WG,
whereas the second copy is sent to the state DoE for record purposes.
Consequently, the third copy is retained by the transporter. Meanwhile, the
fourth copy is kept by the prescribed premises (the treatment or disposal facility)
upon receiving the hazardous waste. Subsequently, the fifth copy is returned to
the WG as proof of receipt, and finally, the sixth copy is sent to the prescribed

premises’ state DoE for record purposes.

In addition to the traditional hardcopy consignment note system, the DoE in
Malaysia is promoting the use of ECN for hazardous waste management. The

ECN is facilitated through the government Porter Electronic Scheduled Waste
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Information System (eSWIS) system (DoE, 2015), which aims to digitise and

streamline the waste management process.

To generate an ECN, a WG must register in the eSWIS system. The ECN
process involves two simple steps. In step 1, the WG prepares a draft ECN,
which is then provided as a print copy to the transporter responsible for
transporting the hazardous waste to the designated treatment or disposal facility.
In step 2, the prescribed premises confirms the receipt of the hazardous waste

and updates the information in the eSWIS system.

Note that the ECN system implementation brings several benefits to hazardous
waste management. It helps maintain a comprehensive and easily accessible
record of hazardous waste movement, ensuring transparency and traceability
throughout the transportation and disposal chain. The digital nature of the ECN
system also facilitates efficient data management and reliability of waste

tracking.

Waste tracking and reporting involve systematic monitoring, documentation,
and regulatory compliance of hazardous waste from its generation to its final
treatment or disposal. Therefore, this process ensures transparency,
accountability, and proper management of hazardous waste in Malaysia. Figure

5 below illustrates the hazardous waste disposal flow in Malaysia.
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Hazardous Waste Disposing Flow in Malaysia
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Figure 5 Hazardous waste disposing flow in Malaysia (DoE,2019)
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2.7  Challenge in hazardous waste site selection

Selecting suitable locations for hazardous waste treatment facilities is widely
recognized as one of the most complex tasks in environmental infrastructure
planning. This complexity arises from the need to balance environmental
protection, social acceptance, economic feasibility, technical viability, and legal
compliance—often in the face of conflicting stakeholder interests and evolving

policy landscapes (Ampofo et al., 2023a).

One of the central challenges is the high degree of public sensitivity surrounding
hazardous waste facilities. Communities frequently express strong resistance to
the siting of such infrastructure in their vicinity, a phenomenon commonly
referred to as “Not In My Backyard” (NIMBY) (Cobos-Mora et al., 2023). This
resistance is often fuelled by fears of air, water, and soil contamination, adverse
health effects, and declining property values. Even when proposed sites meet
environmental and technical standards, opposition from local stakeholders can
delay or block implementation, leading to costly project setbacks (Meena et al.,

2023).

Environmental concerns also play a major role. Hazardous waste facilities must
be sited away from ecologically sensitive areas, water bodies, and zones prone
to natural hazards such as floods or landslides. At the same time, these facilities
must remain accessible to industrial zones that are the primary generators of

hazardous waste (E. UNEP, 2021). Achieving this balance is particularly
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difficult in regions with limited available land or where urban sprawl encroaches

on suitable sites.

In addition, infrastructure constraints pose significant challenges. Effective
hazardous waste management requires reliable transportation networks,
proximity to utilities such as water and electricity, and compatibility with
existing land use plans (Harinderan, 2023). Many potential sites may lack the
necessary infrastructure, or their development may conflict with local zoning

regulations or regional development plans.

Economic considerations further complicate site selection. The costs associated
with land acquisition, construction, transportation, and long-term monitoring
can vary greatly depending on the location. Sites that are optimal from an
environmental or technical standpoint may prove financially unsustainable,
especially in countries with constrained public budgets or where hazardous

waste management is dominated by private operators (MIDA, 2023).

Legal and regulatory factors also influence site feasibility. Inconsistent
enforcement, overlapping jurisdictions, or vague guidelines can hinder the siting
process. In some cases, policy frameworks may lack clearly defined criteria for
evaluating and approving new facilities, leaving decision-makers without the

necessary tools to guide strategic planning (Otwong et al., 2021b).
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Another significant challenge is the absence of a standardized methodology for
evaluating and comparing potential sites. Many current approaches rely on
qualitative assessments, expert judgment, or basic scoring methods that do not
adequately account for the complexity and interdependence of the factors
involved (Ampofo et al., 2023b). Moreover, uncertainty in data, future waste
generation patterns, and stakeholder behaviour adds further ambiguity to an

already intricate decision-making process.

These challenges underscore the need for integrated, transparent, and flexible
site evaluation tools that can manage multiple criteria, accommodate uncertainty,
and support defensible decisions. Multi-criteria decision-making (MCDM)
approaches have gained increasing attention in this context for their ability to
handle complex, conflicting factors in a structured manner (Hamlat et al., 2022).
However, their effectiveness depends on how well the underlying criteria are
selected, weighted, and tested for reliability—highlighting the importance of

combining such techniques with sensitivity analysis or probabilistic modelling.

2.8 Multi-Criteria Decision-Making (MCDM) in environmental

planning

Environmental planning decisions often involve numerous stakeholders, diverse

priorities, and complex trade-offs. In this context, Multi-Criteria Decision-
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Making (MCDM) methods have emerged as valuable tools to support structured,
transparent, and balanced evaluations. MCDM enables decision-makers to
assess alternatives based on multiple, often conflicting, criteria—such as cost,
environmental risk, technical feasibility, and public acceptance—while

accommodating both qualitative and quantitative inputs.

Traditional decision-making approaches in infrastructure planning frequently
rely on single-objective optimization or unstructured expert assessments. While
useful in narrow applications, these methods often fall short when applied to
multifaceted problems like hazardous waste facility siting (Silva Lopez et al.,
2022). The need to reconcile economic efficiency with environmental protection,
or to balance regional equity with logistical convenience, makes single-criterion
approaches inadequate (Feng, 2022). In contrast, MCDM frameworks allow
decision-makers to systematically capture and weigh diverse considerations,
improving both the robustness and legitimacy of the final outcome (Hamlat et

al., 2022).

There are two primary classes of MCDM methods: multi-attribute utility theory
(MAUT) and outranking approaches. MAUT-based methods, such as the
Analytic Hierarchy Process (AHP), convert preferences into numerical weights,
allowing the aggregation of criteria scores into a single utility value (Silva

Lopez et al., 2022). Outranking methods, like ELECTRE or PROMETHEE,
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work by comparing alternatives pairwise and identifying dominance
relationships. Both families of techniques offer distinct advantages depending

on the context and decision complexity.

The application of MCDM in environmental domains has been widely
documented. These methods have been used for prioritizing renewable energy
sites, selecting landfill locations, evaluating ecosystem services, and
determining transportation corridor alignments (WHO, 2018). Their flexibility
and ability to handle qualitative judgments make them particularly suitable for
problems where data may be incomplete or where stakeholder preferences must

be incorporated.

Hazardous waste management is a prime candidate for MCDM because it
involves diverse and sometimes competing objectives. Decisions about where
to locate treatment facilities, how to allocate budgets, or which technologies to
adopt all require the simultaneous consideration of environmental, social, and
economic criteria. MCDM not only helps to identify optimal or compromise
solutions but also enhances transparency, making the process more defensible

in the face of public or political scrutiny (Zarin et al., 2021).
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However, the effectiveness of MCDM depends heavily on the selection and
structuring of the criteria used. Poorly defined indicators, biased weight
assignments, or untested assumptions can undermine the reliability of the results.
For this reason, many studies recommend pairing MCDM techniques with
sensitivity analysis or probabilistic modelling to better understand the impact of

uncertainty on decision outcomes.

In recent years, the integration of MCDM with other tools such as Geographic
Information Systems (GIS), artificial intelligence, and simulation techniques
has become increasingly common (Calis Boyaci et al., 2021). These hybrid
models offer powerful capabilities for spatial analysis, scenario testing, and
stakeholder engagement. Among these, the integration of MCDM with Monte
Carlo Simulation has shown promise in addressing uncertainty in decision

parameters, a feature especially relevant to hazardous waste site selection.

2.9 Analytic Hierarch Process (AHP) in site selection

The Analytic Hierarchy Process (AHP), developed by Thomas L. Saaty in the
1970s, is a widely used multi-criteria decision-making (MCDM) that structures
complex problems into a hierarch of goal, criteria, and alternatives (Saaty, 2008).
AHP enables decision-makers to compare criteria through pairwise evaluations,

using a numerical scale to assign relative weights that reflect expert or
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stakeholder judgments (Silva Loépez et al., 2022). This structured approach
transforms qualitative insights into quantitative data, making it particularly

suitable for decisions that involve both measurable and intangible factors.

The strength of AHP lies in its systematic process. Each criterion is compared
with every other criterion using Saaty's nine-point scale, and a consistency ratio
(CR) is calculated to assess the logical coherence of judgments. A CR below
0.10 is generally accepted, indicating consistency in pairwise comparisons
(Saaty, 2008). This consistency check is crucial in ensuring the reliability and

credibility of the model outputs.

In hazardous waste facility planning, AHP has proven valuable due to the
multifactorial nature of the decision-making context. Criteria such as
environmental impact, proximity to sensitive areas, infrastructure availability,
and public acceptance often conflict with one another, making trade-offs
necessary. AHP provides a framework to balance these competing interests
transparently and methodically. Researchers like Zamorano et al. (2008) ,Chang
et al. (2008), and Vasiljevi¢ et al. (2012) have demonstrated AHP’s utility in
evaluating landfill and hazardous waste treatment sites by incorporating

stakeholder preferences and spatial data.

AHP’s adaptability also makes it suitable for settings where data are incomplete
or uncertain. In these cases, expert knowledge becomes a vital input. However,

this reliance on subjective input introduces potential bias. To address this, AHP
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models often include sensitivity analysis or integration with probabilistic
methods like Monte Carlo Simulation to assess the robustness of outcomes

(Stropnik et al., 2019).

By using AHP, the research builds a transparent, evidence-based foundation for
decision-making in hazardous waste management (Zarin et al., 2021). It
supports policymakers and stakeholders in navigating complex environmental
planning challenges, providing a replicable model that balances precision with

inclusivity (Alao et al., 2022).

2.10 Monte Carlo Simulation in decision analysis

Monte Carlo Simulation (MCS) is a probabilistic modelling technique widely
applied in decision-making processes where uncertainty and variability
significantly influence outcomes(Zhou et al., 2022). First developed in the mid-
20th century during nuclear research, the method has since become a staple
across domains such as finance, engineering, and environmental planning. In
contrast to deterministic models, which provide a single solution based on fixed
inputs, MCS generates a distribution of outcomes by randomly sampling input
values from defined probability distributions (Ma et al., 2025). This enables
analysts to understand not only the most likely results, but also the full spectrum

of possible scenarios and associated risks.
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In decision analysis, particularly within multi-criteria decision-making (MCDM)
frameworks, MCS is frequently used to address the uncertainty inherent in
expert judgment and input data (Feng, 2022). When applied to models such as
the Analytic Hierarchy Process (AHP), MCS introduces variability into the
weightings of criteria or performance scores of alternatives (Ampofo et al.,
2023a). This allows decision-makers to assess how sensitive their final rankings
are to changes in input assumptions, making the evaluation process more

resilient and evidence-based.

The integration of MCS into AHP-based site selection studies has grown
steadily in recent years. Researchers have used this approach to model real-
world uncertainty in areas where expert input is relied upon heavily, such as
hazardous waste facility planning, infrastructure development, and
environmental impact assessments. For instance, Yusoff et al. (2016)
demonstrated how AHP-MCS integration improved the robustness of landfill
site selection decisions in Malaysia by simulating thousands of variations in
expert weightings. Similarly, Kabir and Sadiq (2012) applied the combined
method in risk-based decision-making to evaluate waste treatment options under

data uncertainty, reinforcing its value in high-stakes environmental applications.

Monte Carlo Simulation works by defining probability distributions for one or
more uncertain input variables. These distributions can be based on observed
data, expert estimation, or assumed ranges when data is lacking (Zhou et al.,

2022). Through repeated sampling—often in the range of 1,000 to 10,000
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iterations—the model generates a statistical distribution of outcomes for each
alternative or decision path. The outputs typically include measures such as
means, standard deviations, and confidence intervals, offering a richer

interpretation than single-value outputs from deterministic approaches.

In environmental planning, the use of MCS is particularly compelling due to the
inherent uncertainties surrounding regulatory changes, technological adoption,
future demand patterns, and stakeholder behaviour. When applied to hazardous
waste management, MCS allows planners to quantify the likelihood of different
facility rankings, evaluate the robustness of the preferred site, and communicate

risk more effectively to stakeholders and regulatory bodies.

Despite its advantages, MCS is not without limitations. The method depends
heavily on the quality and accuracy of the input distributions. Poorly defined
assumptions or unrealistic variance ranges can lead to misleading outcomes.
Additionally, the interpretation of probabilistic outputs requires statistical
literacy, which may pose challenges in policy environments where decision-

makers are more accustomed to deterministic results (Feng, 2022).

Nonetheless, when used in conjunction with structured methods like AHP, MCS
enhances the decision-making process by accounting for variability that would
otherwise be ignored. This combination allows for a more nuanced
understanding of how weight uncertainty affects site selection, increasing both

transparency and confidence in the final recommendations.
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In this study, Monte Carlo Simulation is employed to complement the AHP-
based evaluation of hazardous waste site suitability. After deriving the relative
weights of ten key decision criteria through expert pairwise comparisons, MCS
is used to simulate a range of plausible variations in these weights. Thousands
of iterations generate a probabilistic distribution of site rankings, which helps
assess the sensitivity of the final decision to uncertainty in expert input. This
integration not only reinforces the robustness of the proposed decision
framework but also supports better-informed, risk-aware environmental

planning.

2.11 Integration of Analytic Hierarchy Process (AHP) and Monte Carlo

Simulation (MCS) in literature

The combination of the AHP with MCS has become increasingly popular in
decision-making research, particularly in domains where both complexity and
uncertainty are central concerns. While AHP is well established for its ability to
organize and prioritize criteria based on expert judgment, it remains sensitive to
inconsistencies and subjective biases. MCS, when integrated with AHP, serves
to validate the reliability of those judgments by introducing controlled
variability into the analysis(Ampofo et al., 2023b; Stropnik et al., 2019). The

result is a more robust, risk-aware, and defensible decision-making framework.

This hybrid approach has been successfully applied in various sectors, including

waste management, transportation, energy planning, and environmental risk
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assessment. For example, Mendoza and Martins (2006) applied the AHP-MCS
combination in forest management to examine stakeholder preferences under
uncertainty, while Yusoff et al. (2016) used it for landfill site selection in
Malaysia, demonstrating how the approach could identify stable site rankings
even when weights fluctuated. Similarly, Kabir and Sadiq (2012) employed the
model in evaluating hazardous waste treatment technologies, highlighting how

probabilistic modelling improved stakeholder trust and decision reliability.

The integration typically begins by using AHP to generate a set of deterministic
weights through pairwise comparisons, reflecting stakeholder priorities. MCS
is then applied by assigning probability distributions to these weights—often
normal, triangular, or uniform distributions depending on the data—and
performing thousands of simulations to model how ranking results vary across
a range of plausible conditions. The outputs provide insights into the likelihood
of each alternative being ranked first, the sensitivity of each criterion, and the

range of possible decision outcomes.

In the context of hazardous waste facility planning, this integrated method is
particularly relevant. Site selection involves a combination of hard-to-measure
environmental and social factors, and decisions are often made in the presence
of incomplete or uncertain information (Feng, 2022). The AHP-MCS
framework accommodates expert-driven priorities while recognizing the

variability inherent in real-world decision-making.
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2.12 Research gap and conceptual framework

Although considerable research has been conducted on hazardous waste
management and facility siting, several important gaps remain unaddressed—
particularly in the development of nationally adaptable, uncertainty-aware
frameworks. Many studies rely on deterministic MCDM models that produce
static rankings, often overlooking the inherent variability in expert assessments
and real-world conditions (Hamlat et al., 2022). As a result, the robustness of
these decisions is rarely tested, potentially reducing confidence in their long-

term applicability.

Another limitation in the existing literature is the lack of a standardized,
multidimensional index tailored to hazardous waste infrastructure planning
(Silva Lopez et al., 2022). While various criteria have been used across studies,
there is no universally accepted framework that integrates environmental, social,
economic, logistical, and regulatory dimensions in a structured and replicable
way. Furthermore, existing models often focus on specific regions or

municipalities and are rarely tested at a national scale.

This study addresses these gaps through the development of a ten-criteria
Hazardous Waste Management (HWM) index and its application within an
AHP-Monte Carlo decision-making framework. The criteria—derived from
both international literature and national policy relevance—are weighted

through expert input using AHP and tested for sensitivity using MCS. This dual-
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method approach enhances the transparency, adaptability, and credibility of the

framework.

Malaysia serves as the primary case study due to its rapid industrialization,
uneven hazardous waste treatment capacity, and active policy efforts toward
circular economy and sustainability (Amirul, 2021). However, the proposed
framework is not Malaysia-specific. Its modular structure allows for replication
and customization in other countries or contexts with similar waste management

challenges.
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Chapter 3

Methodology

3.1 Research design and structure

This research adopts a structured, multi-phase approach to support the
evaluation and planning of hazardous waste treatment infrastructure in Malaysia.
It integrates both qualitative and quantitative methods to construct a scalable,
evidence-based decision-support framework. A foundational literature review
was conducted using databases such as Scopus, ScienceDirect, and Google
Scholar. Keywords including hazardous waste, recycling technology, circular
economy, and life cycle assessment guided the search and enabled the
identification of global best practices, decision-making methodologies, and

knowledge gaps relevant to the Malaysian context.

The structural flow of the thesis is illustrated in Figure 6, which outlines the
relationship between chapters. Chapter 1 introduces the study’s background,
research problem, objectives, and scope. Chapter 2 provides a comprehensive
review of academic and policy literature, including theoretical frameworks and
multi-criteria evaluation approaches. Chapter 3 presents the research design,
including the construction of the Hazardous Waste Management (HWM) Index,

the stakeholder engagement process, and the integration of Analytic Hierarchy

72



Process (AHP) with Monte Carlo Simulation. Chapter 4 presents the findings,
including the national-level analysis of hazardous waste trends, stakeholder-
weighted criteria, and robustness validation through simulation. Chapter 5
discusses the site selection results and outlines implications for policy and
infrastructure planning, while Chapter 6 concludes the study and proposes

directions for future research.

To support empirical analysis, the study drew upon secondary data from
multiple authoritative sources. These include regulatory and technical
documentation from the Department of Environment (DOE), such as the
Environmental Quality Act 1974 and Scheduled Waste Regulations. Hazardous
waste classification and identification systems, including pictograms and waste
codes, were obtained from DOE technical guidelines. Facility licensing data and
treatment infrastructure information were retrieved from national facility
listings, while waste tracking and movement records were accessed via the
Electronic Scheduled Waste Information System (eSWIS). Statistical data on
hazardous waste generation from 2015 to 2020, disaggregated by sector and
facility type, were obtained from the Department of Statistics Malaysia (DoSM).
Supplementary insights on international waste transfers were acquired from

Basel Convention national reporting archives.

This dataset provided the foundation for constructing the HWM Index, which

was operationalized through AHP to capture stakeholder priorities and validated
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through Monte Carlo Simulation. The integrated decision-support model is

further detailed in the subsequent sections of this chapter.

Table 7: Summary data and information collected

No Types of
Data

I Regulatory

II  Classification
and
1dentification
of Hazardous
Waste
Scheduled
Waste
Licencing
and
permitting
Waste
tracking and
reporting

III

v

V  Hazardous
Waste
Generation

Description

Malaysia
Environmental
Act

Hazardous waste
characteristic and
pictogram

Scheduled Waste
licenses issued in
Malaysia

Scheduled Waste
tracking and
reporting
procedure

Hazardous waste

generation by
sector from the
year 2015 to
2020

Scheduled waste
volume from the

year 2015 to
2020 by facility
types

Scheduled waste
exported  from
the year 2016 to
2020 from
Malaysia to
processing
facilities
overseas
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Sources

Ministry of Natural Resources,
Environment and Climate Change —
Department of Environmental
Ministry of Natural Resources,
Environment and Climate Change —
Department of  Environmental:
Scheduled Waste guidelines

Ministry of Natural Resources,
Environment and Climate Change —
Department of Environmental: Facility
list

Ministry of Natural Resources,
Environment and Climate Change —
Department of  Environmental:
Scheduled Waste guideline, eSWIS
(Electronic Scheduled Waste
Information System)
Department of Statistics Malaysia
- Scheduled Waste compendium
report from the year 2015 to
2020

Department of Statistic Malaysia /
Basel — countries / national reporting



Displayed below Figure 6 is the flowchart illustrating the approach of the

research methodology:

Stage 1:

Problem definition

Introduction

Literature review

Methodology

Stage 2:

Data pre-processing and development

of CE-LCA framework

Data

v

In depts analysis of

hazardous waste

v

Hazardous waste

management plant selection

v

CE-LCA framework development

and technology assessment

e Comprehensive analysis
of hazardous waste
types, sources, and
quantities generated in
Malaysia.

e Evaluation existing
hazardous waste
management
infrastructure , policies,
and regulation.

e Hazardous waste
generation in Malaysia.
e Hazardous waste volume

and export.

e Treatment facilities in
Malaysia.

e Facility operation and
transportation license.

e Review of criteria and
factors for selecting
suitable consideration in
location selection.

¢ Analysis of environmental ,
social and economic
consideration in location
selection.

¢ Application of decision-
making tools and
methodologies to assess
and compare potential sites.

o Application of decision
making tools (AHP for
weighting , Monte Carlo
Simulation for robustness.

e Integration of location
findings into the CE-LCA
framework.

e Develop a comprehensive CE-
LCA framework specific to
Malaysia hazardous.

o Integration of circular economy
principles into the LCA
methodology.

eReview and evaluation of
available technologies for
hazardous waste treatment,
disposal and resource recovery.

» Assessment of technology
options based on the
environmental performance,
resource efficiency and circular
economy principles.

e Recommendation of suitable
technologies aligned with the
CE-LCA framework.

_______________________________________________ F e e e

Lifecycle assessment and circular economy integration with case study and impact

Stage 3:

Optimisation

e Application of lifecycle assessment (LCA) methodologies to evaluate environmental
impacts of different waste management options

e Integration of circular economy principles into hazardous waste management practices.

Conclusion and recommendation

Conclusion and

recommendation

e Summary of research findings

¢ Conclusion from the study

Figure 6 Flow chart of research methodology
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3.2 Contextual review and data sources

This study is grounded in a national-level contextual review that informs the
construction of the Hazardous Waste Management (HWM) Index, and the
analytical framework employed for site selection. The review synthesizes
Malaysia’s legislative, operational, and statistical landscape related to
hazardous waste management, ensuring the relevance and applicability of the

decision-support model.

Key legal instruments such as the Environmental Quality Act 1974 and the
Scheduled Waste Regulations 2005 form the regulatory foundation for
scheduled waste control in Malaysia. These were analyzed alongside technical
documents from the Department of Environment (DOE), including scheduled
waste guidelines, classification protocols, and facility licensing requirements.
In addition, data on waste movement and treatment activities were obtained
through Malaysia’s electronic tracking platform, the eSWIS system. This
provided insights into the volume and routing of hazardous waste across

different regions.

Quantitative data from the Department of Statistics Malaysia (DoSM), covering
the period from 2015 to 2020, served as the basis for understanding sectoral
contributions to hazardous waste generation. This included data disaggregated
by facility type and industry, as well as records of international waste transfers

reported under the Basel Convention. Together, these data sources enabled a
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comprehensive understanding of both current and historical waste management

performance.

To project future hazardous waste generation, three forecasting approaches were
adopted: arithmetic, exponential, and logistic growth models. These methods
reflect varying assumptions about industrial expansion, policy limitations, and
ecological carrying capacity, thereby providing a nuanced view of potential
waste accumulation scenarios over time. These projections were particularly
useful in identifying the urgency of infrastructure development and planning

requirements.

Complementing this projection effort, a strategic evaluation of the hazardous
waste system was conducted through a SWOT analysis. The review identified
regulatory structure and institutional awareness as key strengths, while limited
treatment capacity and inter-agency coordination were among the major
weaknesses. Opportunities were recognized in emerging technologies and
public awareness trends, while threats included environmental risks, weak

enforcement in some regions, and uncertainty in global trade regulations.

A broader academic perspective was also introduced through a research trend
analysis using VOS viewer. This bibliometric tool helped to visualize evolving
priorities in the hazardous waste literature, revealing increasing attention toward

circular economy integration, e-waste management, and technology-driven
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solutions. These insights helped validate the selection of criteria used in the

HWM Index and align the research with international discourse.

33 Develop of hazardous waste management index (HWM Index)

The Hazardous Waste Management (HWM) Index developed in this research
provides a structured and comprehensive framework for assessing and ranking
the suitability of potential sites for hazardous waste treatment plants. Designed
specifically for the Malaysian context but adaptable to other developing
countries, the index integrates a broad spectrum of environmental, technical,
regulatory, and socio-economic considerations into a unified decision-support
system. Its development is informed by an extensive review of literature, policy
documents, and stakeholder consultations, as well as by empirical data

collection and expert judgment.

To operationalise the HWM Index, a clear definition of its components was
necessary. An indicator is defined as an observable and measurable variable that
reflects the performance or impact of hazardous waste systems. Data collection
items are the empirical means used to quantify these indicators, such as national
statistics, licensing records, stakeholder surveys, or expert assessments.
Indicators and data inputs are organised under ten key domains: Environmental,
Social, Economic, Existing Waste Structure, Industry Output, Petrochemical
Hubs Proximity, Technical, Regulatory, Risk, and Innovation. These domains

together capture the multi-dimensional nature of hazardous waste planning.
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The Environmental Domain evaluates ecological effects, including land use
efficiency, biodiversity impacts, and resource conservation. The Social
Domain focuses on community health, public engagement, and equity, ensuring
that waste facilities do not disproportionately burden vulnerable populations.
The Economic Domain considers capital costs, operational efficiency, and
regional economic contribution, assessing the financial sustainability of the
facility. The Existing Waste Structure Domain examines the current distribution
and capacity of treatment infrastructure, prioritising regions with unmet demand

or logistical bottlenecks.

The Industry Output Domain evaluates the concentration and intensity of
industrial activity in a given region, especially as it relates to hazardous waste
generation. The Proximity to Petrochemical Hubs domain captures logistical
and risk-reduction advantages of siting facilities near high-volume waste
generators. The Technical Domain includes geotechnical stability, utility access,
and transport connectivity—factors that directly affect construction feasibility
and operational safety. The Regulatory Domain ensures alignment with
licensing requirements, enforcement capacity, and institutional readiness,
minimising legal and compliance risks. The Risk Domain assesses the
probability and severity of environmental or health incidents, including spill
potential, fire hazards, and natural disaster vulnerability. Finally, the Innovation
Domain evaluates the potential for technological advancement, adaptive

capacity, and compatibility with future waste-to-resource conversion processes.
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Each of these domains was selected through a rigorous process involving
academic literature review, technical guideline analysis, and multiple rounds of
stakeholder feedback. Their inclusion reflects not only current best practices in
hazardous waste management but also Malaysia’s national development goals
and circular economy aspirations. Data for each domain were sourced from the
Department of Environment (DOE), Department of Statistics Malaysia (DoSM),
the Electronic Scheduled Waste Information System (eSWIS), and Basel

Convention national reports, among others.

Table 8 provides a consolidated overview of the HWM Index domains,
corresponding indicators, and data collection items used in the study. This
structure allows for systematic evaluation of treatment site alternatives and
ensures that both quantitative and qualitative considerations are embedded in

the selection process.

Overall, the HWM Index forms the core analytical foundation for this research.
By translating complex planning priorities into structured, comparable criteria,
it enables more informed, transparent, and adaptive decision-making in
hazardous waste infrastructure planning. The application of this index in
combination with AHP and Monte Carlo Simulation is further detailed in the

subsequent sections of this chapter.
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34 AHP development and criteria weighting

The Analytic Hierarchy Process (AHP) was adopted in this study as the core
multi-criteria decision-making tool to evaluate and prioritise potential sites for
hazardous waste treatment facilities. Informed by the contextual review and
criteria established through the Hazardous Waste Management (HWM) Index,
the AHP structure reflects both national planning priorities and broader
environmental and technical considerations. The process ensures that the
decision model is methodologically robust, grounded in stakeholder

engagement, and structured for transparency and reproducibility.

The decision hierarchy begins with the goal of selecting the most suitable
hazardous waste treatment site, followed by ten key criteria derived from the
HWM Index. These criteria were organised in a hierarchical structure and
assessed using structured stakeholder feedback. Figure 7 illustrates the AHP

hierarchical model applied in this study.
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The decision hierarchy used in AHP begins with the overarching goal—
selecting the most suitable site for a hazardous waste treatment facility. This is
followed by the ten criteria defined in the HWM Index, including environmental,
social, economic, technical, regulatory, and innovation-related dimensions.
These criteria are structured to capture a comprehensive range of site

considerations and to reflect both stakeholder priorities and planning constraints.

A crucial step in AHP is the pairwise comparison judgment, where stakeholders
are asked to evaluate the relative importance of each criterion against all others.
This evaluation follows Saaty's 9-point fundamental scale (Table 9), which
ranges from 1 (equal importance) to 9 (extreme importance of one criterion over
another). Intermediate values (2, 4, 6, 8) are used when finer distinctions are
needed. This systematic approach enables the conversion of subjective expert

opinions into quantifiable weights.

Table 9 : Pairwise comparison judgement

Comparing the criteria in pair, based on the dominance relationship

Environment 9 7 5 3 1 3 5 7 9 Social

Social 9 7 5 3 1 3 5 7 9 Economy

Economy 9 7 5 3 1 3 5 7 9 Existing waste
structure

Existing waste '[9 7 5 3 1 3 5 7 9 Industry output

Structure
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Industry output 9 7 5 3 1 3 5 7 9 Petrochemical
hub proximity

Petrochemical hub |9 7 5 3 1 3 5 7 9 Technical

proximity

Technical 9 7 5 3 1 3 5 7 9 Regulator
Regulator 9 7 5 3 1 3 5 7 9 Risk

Risk 9 7 5 3 1 3 5 7 9 Innovation
Innovation 9 7 5 3 1 3 5 7 9 Environment

Using these judgments , a comparison matrix was generated, and weights were
calculated by deriving the principal eigenvector. These weights were then
normalised to sum to one, forming the basis for evaluating and ranking site

alternatives.

Stakeholder engagement played a critical role in developing the AHP
framework. Participants were selected from government agencies, hazardous
waste facility operators, academic experts, and environmental consultants.
Structured interviews and questionnaires were administered to collect expert

judgement on the relative importance of each criterion.

This input was used to construct a pairwise comparison matrix, which served as
the foundation for the weighting process. The pairwise comparison method
Table 9 allows experts to express their preferences for one criterion over

another using a structured 9-point scale developed by Saaty (2008). The scale
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ranges from 1 (equal importance) to 9 (extreme importance of one criterion over

another), with intermediate values used for more nuanced distinctions.

Table 10 Pairwise comparison judgements

Scale Description
1 Equal importance of two elements.
3 Moderate importance of one over another.
5 Strong or essential importance.
7 Very strong or demonstrated importance.
9 Extreme importance or dominance of one over another.

Intermediate value to capture nuances between the primary
2,4,6,8
judgements.

Once the comparison matrix was populated, criteria weights were derived by
calculating the principal eigenvector of the matrix. These weights quantify the
relative importance of each domain and are essential for aggregating site
evaluation scores. The transparency of this process transforms qualitative expert
opinion into structured, quantitative data, enhancing the reproducibility and

credibility of the final site rankings.
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To ensure the internal consistency of stakeholder judgments, a consistency ratio
(CR) was calculated for each matrix. The consistency index (CI) was first
computed using the formula:

Amax —n Equation 1

n—1
Where:

% max is the largest or principal eigenvalue of the pairwise comparison matrix.

M is the number of criteria being compared.

where A_max is the principal eigenvalue of the comparison matrix and n is the
number of criteria. The consistency ratio was then obtained by comparing the

CI to a random index (RI), based on matrix size:

CR = — Equation 2

A CR value of 0.10 or less was accepted as an indication of logically consistent
responses. If the CR exceeded this threshold, the participant was asked to revisit
and refine their comparisons. This validation step is essential to ensuring the
methodological rigor and trustworthiness of the AHP outputs. It also serves to
improve stakeholder understanding of trade-offs and promotes transparency in

decision-making.
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The application of AHP in this research offers several methodological benefits.
First, it provides a structured and replicable framework for managing complex,
multi-criteria decisions. Second, it facilitates stakeholder inclusivity by
integrating expert perspectives into a formalised model. Third, it produces
quantifiable and consistent outputs, enabling systematic comparison across site
options. Finally, the inclusion of consistency checks strengthens the reliability

of the model and safeguards against biased or inconsistent input.

3.5  Monte Carlo Simulation for Robustness Testing

To enhance the reliability and robustness of the results obtained from the
Analytic Hierarchy Process (AHP), this study incorporates Monte Carlo
Simulation (MCS) as a complementary validation technique. While AHP
effectively captures stakeholder judgments and translates them into quantifiable
priority weights, the method is deterministic and inherently sensitive to
subjectivity in expert inputs. By applying MCS, the study introduces a
probabilistic layer to examine how uncertainty in these inputs might influence

the final site rankings and overall decision model stability.

Monte Carlo Simulation involves the generation of many random scenarios,
each based on plausible variations in input data. In this study, the simulation is
applied to the AHP-derived criteria weights, which were obtained through
pairwise comparisons and stakeholder aggregation. Recognizing that these

weights are subject to judgmental variability, probability distributions were
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assigned to each of the ten criteria in the Hazardous Waste Management (HWM)
Index. These distributions were constructed based on the observed ranges and
standard deviations of stakeholder responses. Each simulation run generates a
new set of weight values by randomly sampling from the predefined
distributions, subject to the constraint that the total weight must sum to one. This
set of weights is then applied to the site evaluation matrix, and the resulting
composite scores are used to determine the ranking of alternative sites. This
process was repeated over 1,000 iterations to ensure the statistical reliability of

the results and to generate a distribution of possible outcomes for each site.

The simulation enables an analysis of ranking stability and sensitivity. Sites that
consistently appear in the top positions across many iterations are deemed
robust, while those that fluctuate significantly indicate greater sensitivity to
changes in input assumptions. This information provides a deeper understanding
of which criteria most influence the overall ranking and whether the initial AHP-
derived decision is resilient under varying conditions. Moreover, Monte Carlo
outputs include confidence intervals, mean rankings, and standard deviations
for each site, offering an additional layer of transparency and precision in the
decision-making process. These outputs can support policymakers in making
informed decisions by highlighting areas of uncertainty and identifying criteria

that may warrant further scrutiny or data collection.

The integration of Monte Carlo Simulation into the AHP framework exemplifies
a methodologically rigorous approach to decision support. It reflects best
practices in environmental systems planning by combining expert judgment

with stochastic modelling, ensuring that the resulting site selection model is not
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only grounded in stakeholder input but also capable of withstanding the inherent
uncertainties of real-world applications. This probabilistic validation is
particularly valuable in the context of hazardous waste management, where
decisions have long-term environmental and public health implications. As such,
the MCS-AHP hybrid approach adopted in this study represents a transparent,
reliable, and adaptable methodology for evaluating infrastructure alternatives in

data-limited and high-stakes contexts.

3.6 Individual Contributions of AHP and Monte Carlo Simulation

The integration of Analytic Hierarchy Process (AHP) and Monte Carlo
Simulation (MCS) in this study provides complementary strengths, but it is
important to clarify their individual roles. AHP serves as the deterministic
core of the framework. It translates expert judgment into structured, quantifiable
weights across the ten criteria of the Hazardous Waste Management (HWM)
Index. By applying pairwise comparisons and consistency checks, AHP
produces a transparent ranking of priorities and ensures that complex trade-offs
are expressed in a reproducible form (Saaty, 2008). This step directly reflects
stakeholder preferences and generates the baseline results for site selection.
Monte Carlo Simulation, by contrast, provides the probabilistic layer of
validation. While AHP produces a single set of rankings, MCS introduces
random variation into the AHP-derived weights, running thousands of iterations
to test the sensitivity and stability of outcomes. This stochastic approach

accounts for the uncertainty inherent in expert judgment and highlights criteria
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that exert the strongest influence on ranking shifts (Saltelli et al., 2004). The
outputs — such as distributions, rank transitions, and confidence intervals —
reveal whether the baseline AHP results are robust or fragile under different

assumptions.

Individually, AHP establishes the structured decision framework, while Monte
Carlo Simulation strengthens its credibility by testing resilience under
uncertainty. Together, they form a hybrid model that combines deterministic
transparency  with probabilistic  robustness, ensuring that the final

recommendations are both methodologically rigorous and policy relevant.

3.7 Stakeholder Engagement , Data collection ,and Ethical Considerations

The development of the Hazardous Waste Management (HWM) Index within
the Analytic Hierarchy Process (AHP) framework required rigorous and
inclusive stakeholder engagement. Given the complexity and sensitivity of
hazardous waste treatment site selection, the study sought to incorporate a broad
spectrum of expert opinions to ensure the resulting model reflected the realities,

priorities, and constraints of national environmental planning.

Stakeholders were carefully selected to represent three key groups. The first
group comprised industry practitioners directly involved in hazardous waste

management operations, including facility operators, logistics coordinators, and
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environmental compliance officers. Their contributions offered operational and
technical insights into the feasibility and practicality of siting decisions. The
second group consisted of indirect industry stakeholders, including
representatives from industries that generate hazardous waste but do not manage
it directly. These participants contributed broader economic and strategic
perspectives. The third group involved academic researchers and domain
experts, who offered analytical depth and methodological input to ensure the

scientific robustness of the index and weighting processes.

Data collection was conducted using structured surveys and guided interviews.
Participants were introduced to the HWM Index framework and asked to
perform pairwise comparisons of the ten site selection criteria based on Saaty’s
9-point scale. These judgments formed the basis for the AHP pairwise
comparison matrices, which were subsequently used to derive criteria weights.
The structured nature of this process allowed for the transformation of
subjective expert input into objective, quantifiable weights, forming the

analytical backbone of the study’s evaluation framework.

To maintain methodological integrity, the stakeholder engagement process was
designed with clear ethical guidelines. All participants were briefed in advance
about the purpose of the research, the nature of the AHP method, and how their
inputs would be used. Participation was voluntary, and all responses were

anonymized to reduce bias and encourage open, honest contributions. Feedback
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was collected independently, without group influence, and moderated

impartially to ensure balanced representation across all stakeholder groups.

Ethical considerations were further reinforced by ensuring transparency,
confidentiality, and respect for participant input. Data were recorded and stored
securely, and findings were reported in aggregate form without attribution. This
approach not only upheld the ethical standards expected of academic research
but also enhanced the legitimacy and acceptability of the final model among

stakeholders.
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Chapter 4

In-depts analysis of hazardous waste management in
Malaysia : Smart and innovative solution for

Malaysia’s resilient future

4.1 Hazardous waste in-depth analysis in Malaysia

Malaysia generated approximately 7.5 million tonnes (Mt) of hazardous waste
in 2021, representing a 4.5% increase compared to 7.2 Mt in 2020. Notably,
clinical waste increased sharply by 43.9%, from 0.39 Mt in 2020 to 0.57 Mt in
2021. According to the Department of Statistics Malaysia (DOSM, 2022),
hazardous waste generation is projected to reach 20.8 Mt by 2030, reflecting a
compound annual growth rate (CAGR) that aligns with increasing urbanisation,
industrialisation, and population growth. This upward trend has significant
environmental and public health implications, particularly in light of
unscientific waste disposal practices and the limited reach of advanced
treatment technologies. The growing volume of hazardous waste is further
exacerbated by inadequate infrastructure for proper collection, treatment, and
disposal. Much of the waste is currently stored on-site or managed through basic
containment systems, with only 26.41% being treated or recovered through

environmentally sound methods (DOSM, 2022). The persistence of outdated
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practices and infrastructure deficiencies highlights a critical need for
modernisation and regulatory reinforcement in hazardous waste management.
Despite advancements in environmental awareness and regulatory frameworks,
Malaysia's overall approach to hazardous waste remains largely reactive and
fragmented. There is a pressing need for integrated, scientifically driven
strategies that prioritise long-term sustainability and public health. Existing
technologies are often insufficient to address the scale and complexity of
contemporary hazardous waste streams, resulting in negative consequences for
environmental quality, ecosystem integrity, and national economic performance

(Artika H et al., 2019).

An overview of national waste generation and macroeconomic data is presented
in Table 4.1, which summarises Malaysia’s Gross Domestic Product (GDP),
solid waste growth rates, and population dynamics between 2015 and 2021.
While population growth has remained relatively stable at around 1.2% to 1.5%
annually, GDP growth has fluctuated significantly—from a contraction of -5.53%
in 2020 due to the COVID-19 pandemic to a rebound of 5.81% in 2017.
Likewise, solid waste generation varied widely, ranging from a decrease of -
27.06% in 2017 to a sharp increase of 79.03% in 2020. These trends underscore
the complexity of hazardous waste generation, which is influenced by multiple,

interrelated drivers.

Several factors have been identified as key contributors to hazardous waste
trends in Malaysia. First, rapid industrial expansion and shifts in consumption

patterns have led to increased demand for resource-intensive goods and services,
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thereby elevating hazardous waste outputs. Economic growth in sectors such as
petrochemicals, agriculture, and healthcare has resulted in higher volumes of
scheduled waste, including industrial sludges, solvent residues, and biomedical

materials.

Second, limitations in waste management infrastructure continue to hinder
effective handling. Many facilities lack the capacity, technology, or geographic
coverage to manage increasingly diverse and hazardous waste streams. This
inadequacy often results in improper storage, illegal dumping, or over-reliance

on outdated treatment methods, further compounding environmental risks.

Third, inconsistencies in regulatory enforcement present additional challenges.
While Malaysia has established legislation for hazardous waste control
including the Environmental Quality Act 1974 and its associated regulations
implementation remains uneven. Varying degrees of compliance, limited
monitoring capacity, and overlapping institutional responsibilities undermine

the effectiveness of these frameworks (Jessie Yeung, 2020a).

Finally, the COVID-19 pandemic introduced significant disruption. In 2020, the
country experienced negative GDP growth alongside a surge in hazardous waste
generation. Changes in production, consumption, and healthcare activities
during the pandemic altered waste generation profiles and stressed existing

treatment capacities. These disruptions illustrate the vulnerability of Malaysia’s
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waste management system to external shocks and reinforce the need for resilient,

forward-looking policies.

This section sets the foundation for subsequent analyses by highlighting the
urgent need for coordinated policy reform, strategic infrastructure development,
and robust decision-support tools. The integration of multi-criteria decision-
making methods, as detailed in the following sections, seeks to address these

gaps and enhance Malaysia’s capacity for sustainable hazardous waste planning.

Table 11: Hazardous waste generated, grow rate, population and GDP grow rate.

Year SW SW grow Population GDP grow

Generated (t) rate (%) grow rate (%) rate (%)

2015 2,918,478 N/A 1.51 5.09
2016 2,766,614 -5.21 1.47 4.45
2017 2,017,280 -27.06 1.43 5.81
2018 2,355,085 16.75 1.32 4.84
2019 4,013,188 70.42 1.25 4.41
2020 7,185,230 79.03 1.21 -5.53
2021 7,505,200 4.46 N/A 3.09
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4.2 Gap analysis and challenges in Malaysia’s of hazardous waste

management

A thorough evaluation of hazardous waste management in Malaysia, in relation
to national regulations, operational capacity, and environmental policies, reveals
several significant gaps that undermine the country’s ability to ensure
sustainable and effective waste governance. This section presents an analysis of
current system limitations and the barriers impeding Malaysia’s progress toward
a resilient hazardous waste infrastructure. The analysis draws upon the
regulatory framework under the Environmental Quality Act (EQA) and
Scheduled Waste Regulations, alongside stakeholder observations and
performance data. A schematic overview of the analytical framework is

presented in Figure 8.

Gap analysis
of HW

Legal and policy Institution and Technical

framework financial set up

Asects

Figure 8 Assessment of current situation or status and gap analysis in the country.
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Despite the existence of formal waste control legislation, service coverage and
performance vary substantially across regions. The baseline study highlights
discrepancies between regulatory requirements and actual implementation,
especially in remote or underdeveloped areas. Local demographic and
geographic conditions, as well as differing levels of environmental governance,

further exacerbate regional inequalities in waste service provision.

Stakeholder engagement studies such as that by Shanmugaraj (2018) have
emphasised the importance of multi-sectoral collaboration in shaping effective
waste management. Civil society organisations like the Malaysian
Environmental NGOs Coalition (MENGO) play a critical advocacy and
monitoring role. However, collaboration between governmental, private, and
community actors remains inconsistent and often fragmented. Malaysia’s
hazardous waste sector faces a range of persistent and interrelated challenges.
Technical and infrastructural barriers include the limited number of centralised
treatment facilities, insufficient waste collection points, outdated waste
transportation mechanisms, and the absence of robust technologies for
segregating and treating complex hazardous streams (Chin and Yong, 2019).
Organisational challenges are compounded by institutional silos and weak inter-
agency coordination. The lack of clearly defined roles and data sharing

protocols impairs overall system responsiveness and planning.

Socio-cultural barriers also inhibit progress. Public awareness of hazardous

waste risks remains low, contributing to poor waste separation at source and
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limited participation in recovery and recycling programmes. Financial
constraints further limit the establishment of modern facilities, as the high
capital and operational costs often deter investment. Political and legal
challenges, including regulatory gaps, inconsistent enforcement, and changing
policy priorities, also contribute to long-term uncertainty and underperformance
(NEHAP, 2020). Table 12 summarises the key challenges identified across
technical, financial, institutional, and social domains, which collectively inform

the strategic directions discussed in the next section.
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4.3 Strategic Approaches to Strengthen Hazardous Waste Management

in Malaysia

In response to the challenges identified in the preceding analysis, a range of
strategic interventions is proposed to strengthen Malaysia’s hazardous waste
management framework. As outlined in Figure 9, the proposed strategy
includes both short-term corrective actions and long-term systemic reforms,
designed to align the country’s hazardous waste policies with sustainability

objectives and international best practices.

Central to this strategy is the development of a comprehensive National
Hazardous Waste Management Master Plan, coordinated across federal, state,
and local levels. The plan should establish clear targets, implementation
mechanisms, and performance indicators. Priority actions include expanding
infrastructure coverage, particularly in under-served regions, and upgrading
treatment technologies to support compliance with evolving environmental

standards (MIDA, 2021a).
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Malaysia’s hazardous waste
management framework

Integrated National Management Plan

Develop and implement a comprehensive
national plan for the management of hazardous
waste that include distinct objective , strategies,
and short-to-long-term actions.

Improved Data Infrastructure
Strengthen the framework for data collection and

Infrastructure and Capacity Growth

Enhance the infrastructure and capacity for the
secure freatment and disposal of hazardous
waste in  accordance  with  stringent
environmental standards.

Public Awareness and Education
Increase public awareness and education efforts

for industries and consumers, emphasizing the
dangers, benefits, and responsibility associated
with waste.

reporting in order to provide accurate,
dependable insights for informed decision
making.

Coordination with Stakeholders

Intensify coordination and collaboration among
government agencies, the private section, non-
governmental organization, and stakeholders to
maximize waste management effectiveness

Promotion of Green Practices

Encourage the adoption of cleaner production
and green technology strategies to reduce the
generation of hazardous waste at its source.

Figure 9 Malaysia's hazardous waste management framework covering different

spectrum

Improving the national data infrastructure is equally essential. Malaysia’s
hazardous waste tracking systems, such as the Electronic Scheduled Waste
Information System (eSWIS), must be strengthened to ensure accurate, real-
time monitoring of waste flows and treatment outcomes. Enhanced data
transparency will support better risk assessment, facility planning, and

regulatory enforcement (eSWIS, 2019).

Promoting cleaner production and sustainable waste minimisation is another
critical pillar. Initiatives such as industrial symbiosis, circular design, and green
technology incentives can reduce waste generation at source (Adami and

Schiavon, 2021b; Asian Development Bank, 2020). Strengthening the capacity

106



of existing facilities and introducing decentralised, modular treatment systems

can also increase resilience and reduce logistic inefficiencies.

Raising public awareness and fostering environmental education are key to
promoting behavioural change. Public campaigns should communicate the risks
of improper hazardous waste disposal, while also highlighting opportunities for
recovery and resource reuse (Debrah et al., 2021; Hamzah et al., 2022). Equally
important is improving stakeholder coordination through structured engagement
platforms that link government regulators, industry actors, and civil society

organisations (Song et al., 2021; Vasconcelos et al., 2022).

In sum, Malaysia’s hazardous waste strategy must move from a reactive,
compliance-based model to a proactive, integrated framework that leverages
data, technology, and cross-sector collaboration. These interventions will not
only enhance national environmental performance but also position Malaysia as

a regional leader in sustainable hazardous waste governance.
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4.4 Hazardous waste quantification , environmental impact assessment

& Effective tracking and reporting of hazardous waste

A comprehensive understanding of hazardous waste generation and its impacts
requires a dual focus on quantification and environmental impact assessment,
supported by robust tracking and reporting mechanisms. In Malaysia, the
Department of Statistics Malaysia (DOSM) and the Department of Environment
(DOE) play critical roles in facilitating the collection, classification, and
evaluation of hazardous waste data. According to DOSM (2021), hazardous
waste production is quantified primarily through records obtained from the
Electronic Consignment Note (ECN) system, administered via the Electronic
Scheduled Waste Information System (eSWIS). This system mandates licensed
facilities to report waste generation, handling, transportation, and disposal data

in a consistent and traceable manner.

The quantification process, supported by ECN data, provides granular insights
into the volume, source, and type of hazardous waste generated across various
sectors, including industrial, agricultural, and healthcare domains. This data
forms the basis for assessing the environmental burden of hazardous waste,
particularly in terms of risks to air, water, and soil quality. Inadequate treatment
or improper disposal of such waste can lead to soil contamination, groundwater
pollution, and long-term ecological degradation. These risks reinforce the
importance of accurate waste data collection, as well as the integration of

environmental impact assessments into waste policy and facility planning.
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Figure 10 presents an overview of the hazardous waste management workflow
in Malaysia, incorporating proposed enhancements to the ECN tracking
mechanism. This includes streamlined procedures for data collection, automated
input and verification systems, and integrated reporting protocols. These
modifications aim to improve the traceability and responsiveness of the system,

enabling real-time monitoring and data-driven environmental oversight.
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Figure 10 Overview of hazardous waste disposal procedure in Malaysia with

proposed modification of such framework.
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In developing economies such as Malaysia, hazardous waste generation is
intrinsically linked to the pace and structure of industrial growth. The unique
profiles of industries—ranging from electronics and petrochemicals to
pharmaceuticals—significantly influence both the quantity and toxicity of waste
streams. As such, recognizing industrial expansion patterns is essential for

anticipating future waste challenges and planning appropriate interventions.

To support environmentally sound management, this study proposes an
optimization strategy encompassing key measures: improved waste
identification and classification, regular training of facility staff, automation of
data capture, minimization at source, periodic regulatory audits, and systematic
review of relevant legislation. These actions collectively enhance operational
efficiency, ensure compliance with environmental regulations, and build

capacity for proactive waste governance.

Effective waste tracking and reporting systems are indispensable for regulatory
enforcement and strategic planning. Under Malaysia’s existing framework, both
physical and electronic consignment notes are employed to document hazardous
waste movements from generation to final treatment or disposal. However,
operational inefficiencies, data delays, and limited inter-agency integration
remain persistent challenges. The full adoption and continuous enhancement of
electronic tracking systems such as eSWIS can significantly mitigate these

issues. By offering real-time data access, automated reporting, and standardized
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protocols, such systems support transparent oversight, strengthen institutional

accountability, and improve environmental outcomes.

The environmental consequences of deficiencies in hazardous waste tracking
are substantial. As noted by Misra and Pandey (2005), mismanagement can lead
to widespread contamination of ecosystems and pose significant public health
risks. Hence, rigorous monitoring, combined with effective legislation and
cross-sectoral collaboration, is vital to ensure that hazardous waste is managed

responsibly and in alignment with sustainability goals.

4.5 SWOT analysis for sustainable hazardous waste management

In the evolving landscape of hazardous waste management, strategic planning
grounded in a structured assessment framework is essential. A SWOT
analysis—evaluating Strengths, Weaknesses, Opportunities, and Threats—
provides a foundational tool for diagnosing system performance and identifying
targeted interventions. This section applies a stakeholder-informed SWOT
framework to Malaysia’s hazardous waste management system, incorporating
perspectives from public agencies, private sector operators, and civil society

organizations. A synthesis of the findings is illustrated in Figure 11.
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Malaysia’s hazardous waste sector is underpinned by several intrinsic strengths.
Chief among these is the existence of a robust regulatory foundation,
exemplified by the Environmental Quality Act of 1974 and its supporting
regulations, which collectively demonstrate the government’s longstanding
commitment to environmental protection (DOE, 2001). Emerging technological
capabilities such as cradle-to-cradle (C2C) principles and pilot-scale waste-to-
resource programmed also offer a progressive foundation for system innovation.
In addition, established networks of technical and regulatory expertise across
agencies and academic institutions provide Malaysia with a strong base for

collaborative problem-solving and adaptive capacity building.

However, critical weaknesses persist that limit the effectiveness of the system.
Foremost are the shortage and uneven distribution of hazardous waste treatment
infrastructure, particularly in East Malaysia and rural industrial zones. This
limitation impedes efficiency and increases logistical costs. Further challenges
arise from underinvestment in new technologies, limited private sector
participation, and the overregulation of certain processes, which stifles
innovation. Quantifying these gaps—particularly in terms of treatment capacity
shortfall and regional service disparities—is crucial for informed planning and

resource allocation.

Within this context, numerous opportunities can be harnessed. The alignment of
Malaysia’s national policies with international environmental standards (e.g.,

Basel Convention compliance and SDG frameworks) presents avenues for
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regulatory harmonization, green investment, and technology transfer. The
development of a circular economy model in hazardous waste—through
initiatives such as resource recovery, industrial symbiosis, and localized
recycling—could generate economic and employment benefits, especially for
small and medium-sized enterprises. Additionally, awareness campaigns and
capacity-building programmed offer opportunities to improve public

engagement and expand participation in sustainable waste practices.

Conversely, several external threats may compromise progress. The COVID-19
pandemic has diverted public funding and attention away from long-term
environmental investments, delaying key infrastructure projects. Climate-
related disasters, such as floods or landslides, also pose growing risks to waste
storage and treatment facilities. The continued presence of ambiguous
classification standards increases the likelihood of illegal dumping, while
fluctuating policy priorities and limited institutional coordination weaken
enforcement mechanisms. Quantitative risk assessments and scenario planning

are urgently needed to build resilience against these threats.

By combining these internal and external factors, this stakeholder-informed
SWOT analysis supports the design of targeted, evidence-based strategies for
system reform. A quantified and participatory approach enables prioritization of
interventions, efficient allocation of resources, and systematic monitoring of
progress over time. Furthermore, by incorporating the perspectives of key

actors—government agencies, industries, and local communities—this
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assessment framework ensures that planning is both inclusive and contextually

grounded.

Overall, the SWOT analysis functions not merely as a diagnostic tool but as a
strategic compass for advancing Malaysia’s hazardous waste management
towards a more sustainable, decentralized, and resilient system. As
demonstrated in Figure 12, the findings directly inform the development of
policy roadmaps and operational strategies, linking systemic gaps to actionable
reforms. This approach is consistent with international best practices and
mirrors the participatory model highlighted by Palika et al. (2017), which

advocates for stakeholder-led policy innovation in environmental governance.
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4.6 Trends and future outlook

Apart from highlighting the current hazardous waste management practices in
Malaysia as being discussed in previous sections, this section provides explicit
insights on the research trends aligning with the theme of sustainable hazardous
waste management. A total of 648 published journal article was identified from
the Web of Science database, and the pool of published work is translated into
a visualization of research hotspot with VOS Viewer as shown in Figure 13.
Different clusters of hotspots were identified that would provide the trends and
probable research direction devoted to this specific field. The hotspot identified
are macroscopic projections, public health, e-waste, treatment efficiency, and
industrial sector; in which a substantial discussion is made by following the

sequence mentioned.

The emergence of macroscopic projections is serving as a pivotal area of focus,
reflecting on the assorted strategies and practices deployed by different
countries globally. A profound exploration of individual nations' models,
substantiated by meticulous case studies, unveils a diverse array of
methodologies, each delineating a distinct balance between industrial growth
and ecological sustainability. Countries are epitomizing the incorporation of
environmental considerations within industrial development, establishing
benchmarks in innovative waste management strategies. Meanwhile, the
emerging economies are endeavouring to calibrate the delicate balance between

fostering industrial growth and integrating sustainable waste management

118



practices, augmenting the breadth of research to evolve universally applicable

and eco-conscious waste management frameworks.

In parallel, the interaction between public health and sustainable development
is becoming a focal area of study, underlining the essential linkage between
environmental conditions and human well-being. A significant aspect of this
intersectional research is the management of e-waste, which, due to its rapidly
increasing volumes and intricate composition of hazardous materials, is
emerging as a central concern. The in-depth analysis and development of
sustainable strategies for e-waste management are crucial for mitigating
environmental degradation and its consequent impacts on public health. The
necessity for robust recycling, recovery, and disposal strategies is underscored
by the potential health risks associated with mismanaged e-waste, pushing the
research boundaries to develop comprehensive and sustainable solutions. This
synergistic approach is acting as a catalyst for extensive research, paving the
way for holistic and multi-dimensional strategies, emphasizing harmonized
solutions that encompass environmental, social, and health dimensions

concurrently.
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Intricately woven into this research spectrum are in-depth analyses focusing on
the optimization of waste treatment methodologies, encompassing the
heterogeneous waste produced by diverse industrial sectors like construction
and oil refineries. The comprehensive evaluation of these varied treatment
modalities is integral to refining waste management strategies, focusing on the
pivotal aspects of environmental conservation, waste reduction, and resource
recovery. The amalgamation of evaluative methodologies with breakthrough
technologies is elevating the paradigms of industrial waste management,
aligning industrial operations with ecological conservation aspirations. This
synergistic fusion of innovative technologies with analytical insights is pivotal
in addressing the multifaceted challenges presented by disparate industrial
wastes, ensuring the seamless coexistence of industrial advancement with

ecological sustainability.

Given the extensive and multifaceted nature of these research domains, it is
essential to emphasize the significance of international collaboration and
cohesive policy frameworks to address the transboundary movement of
hazardous waste. The dynamic realm of international trade and globalization
mandates a unified approach to regulating hazardous waste movements globally,
reinforcing adherence to environmental conservation and sustainability norms.
The collaborative development and rigorous implementation of international
policies and agreements are crucial in fostering mutual accountability and
cooperation among nations, promoting responsible hazardous waste

management and adherence to sustainability principles.
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4.7 Smart and innovative incorporation

The evolution of hazardous waste management is pivotal in today’s rapidly
industrializing world, where the amalgamation of innovative and intelligent
solutions is becoming increasingly essential to manoeuvring the environmental
challenges of waste in a sustainable manner. Advanced sensor technologies are
central to this transformative journey, providing a new dimension of monitoring
waste storage conditions in real-time. This real-time monitoring enables the
detection and mitigation of potential hazards and contaminations, subsequently
enhancing environmental safety and resilience. The capability to monitor waste
storage conditions continuously is foundational for embedding Artificial
Intelligence (AI) in waste management systems. For instance, study by Shi et
al., (2023) developed a prediction model which analysed the hazardous waste
generation in Shanghai. Al, leveraging predictive analytics, serves to optimize
waste collection routes and schedules meticulously. The optimized processes
not only streamline operational efficiency but also significantly reduce
emissions and fuel consumption, thereby minimizing the overall environmental
footprint of waste collection endeavours. A detailed review by Fang et al., (2023)
has described the incorporation of Al for an efficient waste management in
smart cities. Apart from that, it is possible to adapt the framework proposed by
Ya et al., (2023) with the aid of Al which identify the lifespan of landfill for

hazardous waste with various model discussed in the study.

In this technological renaissance of waste management, blockchain technology

emerges as a revolutionary force, instilling unparalleled levels of traceability
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and accountability in waste disposal and recycling processes. Blockchain’s
intrinsic secure and immutable characteristics ensure the integrity and legality
of waste management data, creating a formidable barrier against illegal dumping
and unscrupulous waste disposal practices. A study by Hrouga et al., (2022) has
layout the potential of incorporating blockchain in the hazardous waste
management (specifically asbestos) with the logic of reverse logistics. Then, a
comprehensive framework (Song et al., 2022) of hazardous waste transport
management system is then discussed on covering different factors including
infrastructure, blockchain services, related functions, and end-users. This
development is monumental in establishing responsible and transparent waste
management practices globally. The amalgamation of real-time sensor data,
predictive analytics, and blockchain’s secure traceability formulate a robust,
innovative approach to hazardous waste management, embedding core values
of transparency, efficiency, accountability, and sustainability in every facet of

waste management.

However, technological innovations alone cannot encapsulate the entirety of
sustainable waste management; they must intertwine with economic and
ecological models that champion sustainability. Here, the principles of the
circular economy serve as a beacon of transformation, transcending
conventional linear economic models that are inherently unsustainable. Circular
economy initiatives like zero-waste cities and cradle-to-cradle product designs
emphasize resource conservation, waste reduction, and recycling, modelling a
more sustainable and responsible industrial ecosystem. Ilyas et al., (2021) has

demonstrated the possibility of restoration for copper and gold via microbial
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with the concept of circular bioeconomy. These initiatives challenge and
reconfigure the traditional ‘take, make, consume, dispose of” model, redirecting
the industrial trajectory towards a harmonious balance between progress and
preservation (Calderén Marquez and Rutkowski, 2020). Commonly, the circular
economy is coupled and assessed with life cycle assessment (LCA) which could
be simply adapt in the scenario of hazardous waste management. Various studies
have demonstrated the integration of LCA in hazardous waste management with
various scenarios such as the fly ash from municipal solid waste incineration
(Hossain et al., 2020), medical waste during Covid-19 (Zhao et al., 2021),
polymer electrolyte membrane fuel cell (Stropnik et al., 2019), fluorescent
powders (Yang et al., 2019), waste cooking oil (Hosseinzadeh-Bandbafha et al.,
2022), and air pollution control residues (Maresca et al., 2022). The fusion of
circular economy models with renewable energy innovations marks a

significant stride in solidifying the role of sustainability in waste management.

This harmonious integration offers sustainable energy solutions while
promoting holistic environmental conservation. By mitigating vulnerabilities
associated with resource scarcity, these integrated models are poised to
rejuvenate economic landscapes, fostering a symbiotic relationship between
industrial development and ecological well-being. The amalgamation of circular
models and renewable energy innovations is an embodiment of sustainable
evolution, transcending the boundaries of conventional waste management and
setting the stage for a future where resource efficiency and sustainability are

synonymous with industrial progress.
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Amidst the myriad of technological and ecological innovations, the exploration
and development of advanced material recovery techniques are reshaping the
waste management landscape. Hydrometallurgical processes (Sethurajan et al.,
2019) and bio-based recovery methods (Upadhyay and Ramayya, 2023) are
emerging as beacon technologies, unlocking new potentials for extracting
valuable materials from e-waste and organic waste. These novel methodologies
are critical in combatting the escalating challenges posed by resource scarcity
and environmental degradation. They signify a paradigm shift in waste
management practices, aligning industrial advancements with ecological
imperatives and creating a balanced and sustainable intersection between the
two. Hydrometallurgical processes mitigate the environmental impacts
associated with conventional metal extraction methods, offering a sustainable
alternative that also addresses the burgeoning global e-waste crisis.
Concurrently, bio-based recovery methods harness the power of
biodegradability, extracting valuable materials from organic waste and fostering
ecological harmony. These innovations represent the dawn of a new era in waste
management, where technological advancements and ecological preservation
coalesce to form a cohesive and balanced approach to handling waste

sustainably.

However, realizing the vision of fully sustainable hazardous waste management
necessitates robust and coherent global policy frameworks as well as
international collaborations. The intricate complexities and transboundary
nature of hazardous waste movements necessitate a unified international

approach, one that mitigates risks and fosters ethical and equitable waste

125



management practices worldwide (Loy et al., 2023). For instance, a study which
aims to project an ideal solution for plastic waste management covering multiple
nation was conducted. Policies focusing on regulating transboundary
movements of hazardous waste and fostering green product designs are
paramount.  These policies play a pivotal role in driving industrial
transformation, encouraging the inception of eco-friendly products, and
enhancing life-cycle management as demonstrated in China (Guo et al., 2021)
and Latin America (Margallo et al., 2019). The robust global policy frameworks
act as the linchpins for establishing international collaborations, fostering a
global culture of shared responsibility, mutual accountability, and
environmental conservation. They serve as the catalysts for cultivating global
environmental stewardship and driving industrial transformations towards
sustainable practices. These policies, coupled with innovations in technology
and circular economy models, are integral components in steering hazardous
waste management towards ultimate sustainability such as demonstration by
Xavier et al., (2021) on the e-waste management in Americas. They pave the
way for a future where ecological balance, sustainable industrial progress, and
shared global responsibility coexist seamlessly, guiding humanity towards a

harmonious and resilient future.

In conclusion, the convergence of digital transformations, innovative material
recovery methodologies, circular economy principles, and robust global policies
and collaborations presents a multifaceted approach to hazardous waste
management. This integrated approach promotes environmental conservation,

economic resilience, operational efficiency, and global responsibility, aligning
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the aspirations of industrial progress with the imperatives of ecological balance
and sustainability. The ongoing innovations and integrations in the realm of
waste management are critical in achieving long-term environmental harmony
and resilience. The cumulative effect of these developments marks a significant
step forward in the quest for a future where the symbiosis between industrial
development and ecological sustainability is not a mere aspiration but a tangible

reality.
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Chapter 5

Hazardous waste management plant selection by

HWM Index using AHP method

5.1 Introduction

This chapter presents the results of the Analytic Hierarchy Process (AHP) and
Monte Carlo Simulation, both of which were used to evaluate and prioritize
criteria for hazardous waste treatment plant site selection. The results are
structured in a sequential manner to provide a comprehensive discussion,
beginning with the overall findings and followed by a detailed breakdown of the
stakeholder-specific perspectives from Group 1- Industry players, Group 2 -
Others Industry Players, and Group 3 — Researcher. The ranking stability and

sensitivity analysis further validate the reliability of the findings.

The structure of this chapter is as follows:

1. Overall AHP results — Presents the final ranking of criteria based

on the combined input from all groups.
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ii. Stakeholder specific results — Provides separate analyses for
each group, highlighting their priorities.

iii. Comparative analysis — Compares variations in ranking among
different groups and discusses the implications of stakeholder
differences.

iv. Monte Carlo simulation analysis — Examines the stability of

ranking through uncertainty analysis.

By following this structure, the discussion ensured that both the quantitative
results and qualitative insights are clearly communicated. The next section
presents the overall AHP results , which from the foundation for subsequent

analyses.

5.2 Overall AHP Results

5.2.1 Final AHP Weight Rankings (All Groups Combined)

The final AHP weight rankings based on the aggregated input from all groups

was presents in Table 13.
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Table 13 : AHP weight rankings for site selection criteria (All group)

RANK CRITERIA WEIGHT
1 Environment 0.1198
2 Risk Management 0.1125
3 Regulatory 0.1079
4 Industry Output 0.1038
5 Economy 0.1034
6 Innovation 0.1027
7 Petrochemical Hub proximity 0.0960
8 Technical 0.0960
9 Existing Waste Structure 0.0812
10 Social 0.0763

The top three criteria Environment, Risk Management, and Regulatory emerge
as the most influential factors. These priorities are aligned with stakeholder
expectations: a sustainable site must first ensure environmental protection,
effective risk mitigation, and strict regulatory compliance. In contrast, social
consideration ranks lowest, potentially reflecting a context in which technical,

economic, and regulatory factors dominate the decision-making process.
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Ranking Among Each Group

All Group
Gl
G2
G3

EWS Economy

Phubsg

Regulator Risk

Figure 14 Ranking among each group

The Figure 14 present the stakeholder-specific ranking preference for
hazardous waste treatment site selection it Visualizes how different groups
prioritize various criteria, revealing critical insights into industry decision-
making. Group 1 — Industry player, Group 2- Others industry planer , Group 3-

Researcher .

Environmental Index is a higher -priority factor for Group 1 and 2, while Group
3 assign it lower weight. Group 1&2 prioritize Environmental concerns due to

regulatory compliance requirement and sustainability commitments. Group 3 —
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Emphasize Risk and Innovation over environmental concerns, suggesting a

preference for technology driven solutions.

Table 14 : Interpretation of stakeholder - specific ranking

KEY FINDING GROUP1- GROUP2- GROUP 3-

INDUSTRY OTHERS RESEARCHER
PLAYER INDUSTRY
PLAYER

ENVIRONMENTAL | High priority High priority, Lower priority,
due to ensuring with greater
regulatory minimal focus on risk and
compliance environmental technological
and damage while solutions.
sustainability — maintaining
commitments. industrial

feasibility.

ECONOMIC Highest Moderate Lower priority,
priority, priority  but as long-term
driven by secondary to sustainability
financial industrial and  regulatory
feasibility and output. compliance are

cost-

effectiveness.
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RISK

INNOVATION

INDUSTRY

OUTPUT

REGULATOR

Considered
important but
ranked below
economic

factors.

Moderate
importance,
focused  on
practical and
cost-effective
solutions.
Important but
ranks below
financial
feasibility and
environmental

concerns.

Critical for
ensuring
legal site

operations.
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Important for

operational

stability

but

secondary to

economic and

industrial

concerns.

Considered

beneficial but

not a primary

driver of site

selection.

Highest

priority,

ensuring high-

volume waste

treatment

efficiency.

High priority

to avoid legal

repercussions

but

with

Highest priority,
highlighting

safety and long-
term hazard

mitigation.

High  priority,
emphasizing
advanced
technologies in

waste treatment.

Lower priority,

with more
emphasis on
long-term

regulatory  and
environmental

considerations.

One of the top
priorities,  with
strict adherence

to policies and



flexibility in environmental
compliance regulations.
approaches.

SOCIAL Low priority, Low priority, Considered more
as economic reflecting the than in other
and regulatory focus on groups but still
aspects operational ranks lower than
dominate feasibility. risk and
decision- innovation.
making.

EXISTING Least Minimal Lower priority,

WASTE prioritized, as consideration, with  emphasis

STRUCTURE new as industrial placed on new
infrastructure  needs take and  advanced
development  precedence. treatment
is expected. facilities.

The distinct priorities across stakeholder groups suggest that hazardous waste
site selection is a multidimensional decision, requiring balance consideration of
environment, economic, and technological factors. These findings provide
insights for policy makers and industry planners , regulatory frameworks should
align with environmental sustainability while also fostering economic

feasibility Industry stakeholders should be incentivized to adopt innovative
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hazardous waste treatment methods. Risk assessment models should be

integrated into site selection frameworks to enhance long-term sustainability.

5.2.2 Monte Carlo Simulation Results

To incorporate uncertainty and variability in stakeholder judgement, a Monte
Carlo Simulation was performed with 1,000 iteration per criterion. The

simulation produced the following key insights:
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The bar chart Figure 15 Illustrates the mean weights assigned to each factor
based on the AHP analysis across all three stakeholder groups. The standard
deviation bars indicate the variability of expert opinions across iterations.
Decision-makers prioritize Environmental, regulatory and legal compliance

rather than public perception.
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Figure 16 Boxplot of weights across iteration

The boxplot Figure 16: represents the distribution of weight variations across
different Monte Carlo iterations, providing insight into ranking stability under
uncertainty. Environment remains the most influential factor across all
simulations, confirming its dominance in decision-making. Regulator and Risk

exhibit moderate variability, reflecting slight differences in stakeholder
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perspective but remaining amount the top priorities. Social and Existing Waste
Structure consistently rank the lowest, with minimal variation, reinforcing that
they are not primary decision drivers. The tight clustering of mot weighs suggest

that the ranking order remains stable, reinforcing the reliability of AHP results.
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Figure 17 Frequency of rankings across iterations

The heatmap Figure 17 illustrates how often each criterion was ranked in a
specific position across 1,000 Monte Calo iterations. The frequency distribution
highlights the consistency of rankings and identifies criteria with potential
variability. Environmental and Risk consistently rank among the highest

priorities, confirming their dominance in site selection. Social consideration
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consistently ranks the lowest across all iterations reinforcing that stakeholder

emphasis is places on technical, regulatory and economic factors.
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Figure 18 Rank transition across iterations

This rank transition plot Figure 18 shows how the ranking of each criterion
fluctuated over 1,000 Monte Carlo iterations. The Y axis represents the rank
position (1% to 10'™), while the X-axis represents the number of iterations (1to
1,000). Each coloured line represents a different criterion. The stability of the
top 3 ranking (Environment, Risk and Regulator) confirms that these criteria are
universally accepted a the most important actors in site selection. Monte Carlo
simulations validate the robustness of rankings, with minimal changes in top

and bottom-ranked factors despite some variability in middle-tier criteria.
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5.3  Stakeholder-Specific Analysis

This section examines the distinct decision-making preferences of the three
stakeholder groups — Group 1- Industry Player, Group 2 — Other Industry Player,
Group 3 — Researcher — in hazardous waste treatment site selection. Each group
prioritizes different factors based on their operational, regulatory, and

technological needs.

Group 2: Other

All Groups

Figure 19 Weightage for each group type
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The Figure 19 present a radar chart comparison of AHP weightage for
hazardous waste site selection criteria across three stakeholders’ groups. Each
radar chart highlights the relative importance assigned to different criteria by

each stake holder groups.

5.3.1 Group 1: Industry Players

Industry players, comprising hazardous waste treatment companies and
industrial generators, emphasize financial and regulatory factors in the decision-

making

Table 15 :AHP weight rankings for site selection criteria (Group 1)

RANK CRITERIA WEIGHT
1 Economic 0.126
2 Environment 0.1195
3 Regulatory 0.1109
4 Industry Output 0.1090
5 Petrochemical Hub proximity 0.0991
6 Risk 0.0956
7 Technical 0.0933
8 Existing Waste Structure 0.0927
9 Innovation 0.0913

10 Social 0.0620
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Economic viability is the top priority show in Table 15 because industry players
(Group 1) focus on cost-effectiveness and ensuring profitability in hazardous
waste management. Environment and Regulator compliance are essential to
meet legal requirement and avoid fines or operational shutdowns. Innovation
and Social consideration rank low, indicating a preference for established, cost-

effective solutions over cutting-edge technology or community concerns.

Policy makers should create financial incentives for industries to adopt
environmentally sustainable yet cost-effective waste treatment methods.
Regulatory bodies must ensure enforcement of compliance while
accommodating economic considerations for businesses. Site selection policies
should align with industry waste generation patterns, balancing economic

feasibility with sustainability.
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Distribution of Weights Across Iterations
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Figure 20 Monte Carlo observation for Group 1

Industry players prioritize economic viability, regulatory compliance, and
environmental considerations. The Monte Carlo simulation evaluates how
stable these preferences remain across multiple iterations. The simulation results
provide deeper insights into how industry players prioritize economic viability,
regulatory compliance, and environmental considerations for hazardous waste
site selection. The four subplots in Figure 20 illustrate different perspectives of

these rankings across multiple iterations.
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The bar chart in the top left corner shows the mean weightage assigned to each
criterion along with standard deviation bars. Economic viability, regulatory
compliance, and environmental considerations have the highest weights,
reinforcing the industry's pragmatic approach to balancing financial feasibility
and compliance. The low standard deviation across most factors suggests strong
agreement within the industry group, indicating that their preferences are well-

aligned and stable.

The boxplot in the top right corner presents the distribution of weights for each
factor across Monte Carlo simulations. Narrow distributions for high-priority
criteria  (economic  viability, regulatory compliance, environment)
indicate consistency in industry preferences. Broader variations in technical and
social considerations suggest these factors are less consistently prioritized
among industry players. The heatmap in the bottom left represents how
frequently each criterion appeared in specific ranks over 1,000 iterations.
Economic viability (Econ), environmental impact (Env), and regulatory
compliance (Reg) consistently occupy the top rankings, emphasizing
their critical importance for industry decision-making. Lower-ranked factors
such as social considerations and technical innovation appear to have more

variability, suggesting industry players perceive them as less crucial.

The line plot in the bottom right tracks how the ranking of each criterion
fluctuated across multiple iterations. The top three criteria remain highly stable,
with minimal movement, reinforcing their dominance in industry decision-

making. More fluctuations appear in technical, social, and risk-related factors,

143



indicating that industry players do not have a clear consensus on their relative

importance.

Table 16 : Analysis and finding for Group 1

ANALYSIS ASPECT FINDINGS

MEAN  WEIGHTS  WITH | Economic viability and environmental
STANDARD DEVIATION impact have the highest mean weights,
indicating their dominance. The standard
deviation is minimal, suggesting high
stakeholder agreement.

DISTRIBUTION OF WEIGHTS | Economic and environmental factors
ACROSS consistently receive high weights across
simulations, reinforcing their importance
in industry decision-making.
FREQUENCY OF RANKINGS | Economic viability maintains the top rank
ACROSS ITERATIONS in almost all iterations, whereas social
considerations frequently appear in the
lowest ranks.

RANK TRANSITION ACROSS | Economic viability and regulatory
ITERATIONS compliance remain stable in the top three
ranks, while innovation and social

considerations exhibit higher volatility.
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5.3.2 Group 2: Other Industry Representatives Researchers

Group 2 consisting of services provider, logistic operators, financial, prioritizes

risk management and technological innovation over direct economic feasibility.

Table 17 : AHP weight ranking for Group 2

RANK CRITERIA WEIGHT
1 Risk 0.1620
2 Innovation 0.1243
3 Regulatory 0.1129
4 Environment 0.0949
5 Technology 0.0947
6 Industry Output 0.0926
7 Petrochemical Hub Proximity 0.0933
8 Existing Waste Structure 0.0834
9 Economic 0.0816
10 Social 0.0679

Risk management ranks highest, reflecting concerns about hazardous safety and
long-term site stability. Innovation is a major factor, as other industry players
seek advanced technology to improve waste treatment efficiency.
Environmental is ranked lower, suggesting that while compliance is necessary,

it does not drive decision-making in Table 17.
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Investment in risk mitigation strategies should be encouraged to align with
industry safety concerns. Incentivizing R&D for waste treatment technology
will align with industry needs while fostering innovation. Waste facility
selection should consider technological advancements ensuring new plants

incorporate efficient and safer waste treatment needs.
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Figure 21 Monte Carlo observation for Group 2

The Monte Carlo simulation results for Group 2 — Other Industry
Players provide an in-depth analysis of how this stakeholder group prioritizes

different factors in hazardous waste site selection. The four visual
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representations in Figure 21 demonstrate the stability and variability of these

preferences over multiple iterations.

The bar chart (top left) presents the average weightage assigned to each
criterion, with error bars representing standard deviations. Risk management
and innovation receive the highest weights, indicating that this group
prioritizes safety, hazard mitigation, and technological advancements.
The relatively high standard deviations for risk and innovation suggest
some variability in expert opinions within the group, though they remain
dominant factors. Environmental and economic considerations hold moderate
weight, reflecting an awareness of sustainability and financial feasibility, but
they are secondary to risk-related concerns. The boxplot (top right) illustrates
the spread of weights across different Monte Carlo iterations. Risk management
and innovation exhibit broader distributions, reinforcing that while these are
high-priority factors, individual opinions vary more significantly than in Group
1  (Industry Players). Economic, environmental, and regulatory
factors have narrower distributions, indicating greater consensus among
stakeholders regarding their relative importance. The lower weight variability
for regulatory compliance suggests that Group 2 largely agrees on its necessity

but does not view it as the primary factor influencing site selection.

The heatmap (bottom left) represents how frequently each criterion appeared in
specific ranks over 1,000 iterations. Risk management (Risk) and innovation

(Innovation) consistently occupy the top rankings, affirming their dominant
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influence on decision-making. Environmental impact (Env) and economic
viability (Econ) are placed in the middle rankings, showing they are important
but secondary to risk considerations. Social considerations and existing waste
structure consistently rank at the bottom, indicating they have the least influence
on this group's decisions. The line plot (bottom right) depicts how the rankings
of different criteria fluctuate across 1,000 iterations. Risk management and
innovation remain stable at the top, further validating their significance and
agreement among stakeholders. Economic and environmental factors exhibit
minor ranking shifts, reflecting some level of internal debate within the group.
Lower-ranked factors, such as technical and social considerations, display
significant fluctuations, highlighting that these aspects are not consistently

prioritized.

Table 18 : Analysis and findings for Group 2

ANALYSIS ASPECT

FINDINGS

MEAN WEIGHTS

WITH  STANDARD
DEVIATION

DISTRIBUTION  OF
WEIGHTS ACROSS
FREQUENCY OF
RANKINGS ACROSS

ITERATIONS

Risk management and innovation exhibit high mean

weights, with moderate standard deviations
indicating mixed opinions.

Risk management consistently ranks among the top
priorities, while environmental and economic
considerations fluctuate more significantly.

Risk management is ranked highest in most

iterations, while economic viability fluctuates

between mid and lower ranks.

148



RANK  TRANSITION | Significant rank transitions occur for regulatory
ACROSS ITERATIONS | compliance  and  technological  innovation,
suggesting these factors are subject to varying

perspectives within this group.

5.3.3 Group 3: Researchers

Group 3 — Researcher, including academic experts and policymakers, prioritize
industry output and economic viability but assign greater importance to social

considerations.

Table 19 : AHP weight ranking for Group 3

RANK CRITERIA WEIGHT
1 Industry output 0.1174
2 Economic 0.1115
3 Social 0.1057
4 Regulatory 0.1014
Innovation 0.1004
6 Existing Waste Structure 0.0987
7 Risk 0.0921
8 Petrochemical Hub Proximity 0.0921
9 Environment 0.0911
10 Technology 0.0892

As Table 19 , Industry output ranks highest, emphasizing the need for site

selection based on hazardous waste processing efficiency. Economic remain

149



important, aligning with the necessity for cost-effective hazardous waste

management. Environment and Technology rank lower suggesting that which

these factors matter, they are not primary concerns for researchers.
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Figure 22 Monte Carlo observations for Group 3
Researchers prioritize long-term sustainability, regulatory alignment, and

industry output while assigning greater weight to social considerations

compared to other groups.
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The Monte Carlo simulation results for Group 3 — Researchers provide insights
into the stability and variability of decision-making priorities among researchers
in hazardous waste management. Figure 22 presents four critical aspects of the
analysis: mean weight distribution, variability in weight assignments, frequency

of rankings, and rank transitions over multiple iterations.

The bar chart (top left) illustrates the average importance assigned to each
criterion, with error bars representing standard deviations. Industry Output (IOP)
and Economic Viability (Econ) receive the highest weights, indicating that
researchers emphasize high waste processing capacity and financial
sustainability. Social considerations and environmental impact (Env) hold
substantial weight, suggesting that researchers integrate community concerns
and sustainability aspects into decision-making. Risk and innovation are ranked
moderately, reflecting that while safety and technology matter, they are not the
sole determining factors. Regulatory compliance (Reg) has a relatively lower
weight compared to Groups 1 and 2, which suggests that researchers assume

compliance is inherent in hazardous waste management frameworks.

The boxplot (top right) presents the distribution of weights across Monte Carlo
iterations, showing the spread of expert opinions within the group. Industry
Output and Economic Viability exhibit the highest median weights but also

some variability, implying that different researchers may weigh economic
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feasibility differently depending on their specializations. Innovation has a
relatively narrow distribution, indicating a stronger consensus among
researchers regarding its role in site selection. Social and environmental factors
show higher standard deviations, reflecting ongoing debates on the trade-off

between industrial expansion and sustainability.

The heatmap (bottom left) reveals how frequently each criterion appears at
specific ranking positions throughout 1,000 iterations. Economic viability
(Econ) and industry output (IOP) dominate the highest-ranked positions,
confirming their importance for researchers. Environmental and social factors
appear frequently in the mid-range rankings, reinforcing that
researchers prioritize sustainability but balance it with economic concerns. Risk
and innovation rankings vary across iterations, suggesting some level of debate
within the research community about their relative importance. Regulatory
compliance is consistently ranked lower, contrasting with Groups 1 and 2, which

prioritized compliance more heavily.

The line plot (bottom right) illustrates how rankings fluctuate across multiple
simulation runs. Economic viability and industry output maintain stable top
positions, reinforcing their dominant role in decision-making. Environmental
and social considerations display ranking variations, indicating some level of
uncertainty in how they should be weighed relative to financial and industrial
factors. Risk, innovation, and regulatory compliance exhibit noticeable rank

shifts, suggesting that researchers adjust their priorities based on specific site
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and policy contexts. The higher volatility of lower-ranked -criteria shows

that these factors may be considered secondary but are still subject to debate

within the research community.

Table 20 : AHP weight ranking for Group 3

ANALYSIS ASPECT

FINDINGS

MEAN WEIGHTS

WITH STANDARD
DEVIATION

DISTRIBUTION OF
WEIGHTS ACROSS
FREQUENCY OF
RANKINGS ACROSS

ITERATIONS

RANK  TRANSITION

ACROSS ITERATIONS

Industry output and economic viability have the
highest mean weights, with moderate standard
deviations suggesting some divergence in views.
Environmental and regulatory compliance show
greater consistency, whereas innovation and risk
exhibit more spread.

Regulatory

compliance and industry output

frequently hold the highest ranks, while
petrochemical hub proximity and economic factors
fluctuate.

While economic and regulatory factors remain
stable in the top rankings, risk and innovation show

higher variability.

Chapter 5 has provided a comprehensive analysis of the criteria influencing

hazardous waste treatment plant site selection, using a structured AHP model

supported by Monte Carlo Simulation. The findings reveal clear stakeholder
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priorities, with consistent emphasis on industry output, economic feasibility, and
regulatory considerations, while also illustrating nuanced differences across
stakeholder groups. The use of Monte Carlo Simulation further enhanced the
robustness of the model by capturing uncertainty and validating the stability of
rankings under variable input conditions. This dual-method approach not only
strengthens the decision-support framework but also offers actionable insights
for policymakers and practitioners seeking to align hazardous waste
infrastructure planning with sustainability goals. The subsequent chapter will
synthesise these findings into broader implications and propose key

recommendations for future research and policy development.

5.4 Comparative Discussion of Stakeholder Groups

The analysis reveals distinct differences in how the three stakeholder groups
prioritize criteria for hazardous waste treatment plant siting. While there is
partial convergence around environmental protection, regulatory compliance,
and economic feasibility, the relative emphasis varies significantly, shaped by
each group’s institutional roles, operational contexts, and knowledge

frameworks.

Importantly, it should be clarified how the two methodological tools- AHP and
Monte Carlo Simulation individually contribute to this comparative analysis.
AHP provided the deterministic baseline, translation stakeholder judgments into
quantifiable weights and producing weights and producing structured criteria

rankings. Monte Carlo Simulation then added a probabilistic layer, repeatedly
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varying those weights across thousands of iterations to test the robustness of the
results. This dual approach ensures that the observed differences across
stakeholder groups are not artifacts of subjective input alone but are validated
under conditions off uncertainty, thereby strengthening the credibility of the

comparative findings.

Group 1 Industry stakeholders placed the highest priority on economic viability,
ranking it above environmental and regulatory considerations (Table 15). This
reflects their core concern with cost-efficiency and profitability amid rising
compliance obligations. Monte Carlo simulations confirm the stability of this
ranking, with minimal variation across iterations (Figure 5.7). The relatively
low emphasis on innovation and social factors suggests a preference for proven,
cost-effective solutions. Similar findings have been reported in India, where
industries consistently prioritized output and cost minimization over social
acceptability (Kharat and Kamble, 2008), and in China, where economic
feasibility outweighed social and environmental considerations in facility siting

(Zhang et al., 2012).

Group 2: Other Industry Representatives , comprising logistics, technology, and
service providers, diverged sharply by prioritizing risk management and
innovation, with economic feasibility falling into a lower tier (Table 17). Their
operational focus on safety, competitiveness, and technological advancement

outweighs short-term cost concerns. Monte Carlo outputs (Figure 5.8) show
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wider variability, indicating internal diversity—particularly around regulatory
and technological dimensions. Comparable trends are reported in Thailand,
where service providers emphasised risk mitigation and technology adoption in

hazardous waste logistics (Komoo and Lim, 2009).

Group 3: Researchers and Academics adopted a broader sustainability lens,
prioritizing industry output, economic feasibility, and social
acceptability (Table 19). Their elevated concern for social factors reflects
awareness of community resistance to hazardous waste facilities, often framed
as the “Not in My Backyard” (NIMBY) phenomenon. Radar chart results
(Figure 5.6) show a balanced profile, integrating economic, industrial, social,
and environmental priorities. This emphasis on social legitimacy mirrors
findings from the European Union, where public participation and social license
are recognized as critical to facility siting (Morrissey and Browne, 2004;

UNECE, 2014).

Comparative Insights. The comparative summary Table 21 underscores these
divergences industry players emphasize economic feasibility and compliance.,
other  industry  representatives emphasize  risk and  innovation.
researchers emphasize social acceptability and output. These divergences
underscore that hazardous waste siting is not merely a technical optimization
exercise, but a negotiation among competing stakeholder values. For Malaysia,
these findings expose a fundamental tension: industries priorities short-term
cost efficiency, service providers emphasize safety and innovation, and

researchers advocate for social legitimacy and long-term sustainability.
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Bridging these perspectives requires a multi-pronged approach economic
instruments by introduce tax incentives and subsidies to ease the financial
burden on industries adopting safer, innovative technologies—mirroring South
Korea’s circular economy initiatives (Park and Chertow, 2014). Participatory
planning institutionalizes community engagement processes to ensure public
concerns are not marginalized. The EU’s Aarhus Convention offers a robust
model for inclusive environmental governance (UNECE, 2014). Balanced
regulation by design frameworks that uphold environmental and risk standards
while remaining responsive to economic realities, enabling adaptive compliance
pathways. Decision support tools to apply multi-criteria frameworks such as the
AHP-Monte Carlo model developed here, which explicitly accounts for

stakeholder variability and uncertainty.
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By explicitly comparing and synthesizing stakeholder perspectives, this
discussion identifies both areas of consensus (economic, regulatory,
environmental concerns) and areas of divergence (risk, innovation, social).
These insights are essential for crafting siting policies that are scientifically
rigorous, socially legitimate, and aligned with Malaysia’s commitments under
the Twelfth Malaysia Plan (2021-2025) and the Sustainable Development

Goals (SDG 3, SDG 12, SDG 13).
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

This study has developed a comprehensive decision-support framework for the
selection of hazardous waste treatment plant sites, combining the Analytic
Hierarchy Process (AHP) with Monte Carlo Simulation. By structuring complex
decision-making processes into a transparent, multi-criteria hierarchy and
validating the outcomes through probabilistic modelling, the research offers
both methodological rigor and practical applicability. The model was applied in
the context of Malaysia, a developing country experiencing significant
industrial growth and increasing volumes of hazardous waste. The findings
demonstrate how integrating expert judgment, stakeholder engagement, and
uncertainty analysis can produce reliable and context-sensitive solutions to

infrastructure planning challenges.

Through the design and application of a ten-criterion Hazardous Waste
Management (HWM) index, the study identified and weighted relevant factors,
including environmental impact, economic feasibility, social acceptance,
technological readiness, regulatory compliance, and industry output. The use of

AHP allowed for the systematic comparison and prioritization of these criteria
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based on inputs from three key stakeholder groups—industry players, broader
industrial representatives, and academic researchers. The results reveal notable
patterns: industry stakeholders tend to priorities regulatory compliance and
operational feasibility, while researchers placed greater emphasis on economic
output and long-term sustainability. This diversity of views highlights the
importance of incorporating multiple perspectives into environmental decision-

making to ensure both technical soundness and policy relevance.

Monte Carlo Simulation was employed to assess the robustness of the AHP
results under conditions of input uncertainty. The simulation confirmed the
stability of top-ranked criteria, particularly industry output, economic viability,
and regulatory considerations. The model also highlighted the sensitivity of
lower-ranked criteria, such as innovation and social considerations, which
showed greater variability across simulation runs. These insights enhance the
reliability of the decision model and underscore the value of integrating

deterministic and probabilistic methods in environmental planning.

6.2 Contributions of the Study

This research provides several novel contributions to both theory and practice.
Methodologically, it offers a hybrid framework that merges structured judgment
elicitation with statistical robustness—an approach not widely explored in
hazardous waste management literature. The development of a locally validated

Hazardous Waste Management (HWM) index comprising ten comprehensive
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criteria demonstrates the applicability of multi-criteria decision analysis in
complex environmental planning. Practically, the framework provides a
structured tool for planners, regulators, and industry stakeholders that is
grounded in empirical input and adaptable to regional and national contexts.
Although developed for Malaysia, the model has relevance for other developing

nations facing similar governance and infrastructural challenges.

6.3 Limitations

Despite its strengths, the study has several limitations. The stakeholder sample
size, though diverse, was limited and may not capture the full spectrum of
perspectives. The model also relied on expert judgment for some criteria due to
limited empirical data availability, introducing a degree of subjectivity despite
consistency checks. Furthermore, the framework is static in nature and does not
account for time-based shifts in policy, technology, or population. Finally, the
absence of spatial analysis, such as GIS integration, constrains the framework’s

ability to visually or geographically identify specific optimal locations.

6.4 Recommendations for Future Research

Future research should build upon the foundation established in this study by
expanding its analytical depth and application scope. One important

enhancement would be the integration of Geographic Information Systems (GIS)
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into the AHP-Monte Carlo framework, enabling spatially explicit modelling and
improved visualization of site suitability across geographic regions. Further
refinement could include public and community stakeholder input to strengthen
inclusiveness, transparency, and social legitimacy. Another avenue for
advancement is the incorporation of scenario-based modelling to account for
dynamic changes in policy, industrial growth, population density, and
environmental regulation. Additionally, future research could customize the
HWM index for specific waste streams—such as e-waste, clinical waste, or
agrochemical waste—each of which poses unique challenges and requires
tailored siting considerations. Cross-country comparative applications,
especially within Southeast Asia or the broader Global South, would further
validate the model’s adaptability and could support regional harmonization of

hazardous waste governance and infrastructure planning.

Overall, this thesis contributes a replicable, flexible, and policy-relevant model
for hazardous waste facility planning. The integration of expert-based judgment
with quantitative simulation represents a significant step forward in bridging the
gap between scientific modelling and decision-making under uncertainty. As
Malaysia and similar developing countries continue their transition towards
sustainability and circular economy objectives, frameworks like the one
developed in this study will play a critical role in supporting informed, inclusive,

and forward-looking environmental planning.
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