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Abstract

The construction industry is one of the major sources of global waste, and as such, it poses
significant demands on our natural resources and landfill space. Construction and demolition
waste (C&DW) accounts for 25-40% of total waste generated globally, yet current waste
management practices are more focused on waste disposal rather than prevention. The current
work proposes a new direction in the evolution from the linear "Take, Make, Dispose" concept
to a digitalized circular economy concept. By adopting Building Information Modeling
(BIM) and Internet of Things (IoT) technologies during the entire project life cycle, we
propose a conceptual roadmap to reduce waste by approximately 15-35%. The current work is
based on existing literature and introduces a new techno-managerial model to overcome
existing financial and communication hurdles, providing a Smart Zero Waste vision for the
modern infrastructure industry.
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1. Introduction

Urban development is contingent on the outcomes of builders, which influence the creation of
housing and transportation systems, stimulating the economy in turn. Yet, it also requires a
significant amount of raw materials to support the construction and subsequent economic
growth. Waste generation, including broken concrete, wood, and metal, also occurs during the
construction and, especially, the demolition phase, which rapidly depletes landfill spaces.

1.1 The Scale of the Crisis

The construction sector is one of the most resource-demanding industries worldwide. Recent
data indicates:
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e Global Waste Contribution: C&DW accounts for nearly half of all global trash in high-
activity regions.

o Environmental Impact: The sector represents approximately 36% of global energy use
and 39% of carbon emissions.

e Economic Inefficiency: Conventional waste management ignores the financial loss
inherent in discarding reusable materials like timber, steel, and plastics.

1.2 From Linear to Circular Logic

The construction industry, until recently, has followed a linear economic model, where raw
materials are extracted, refined, used, and discarded. However, it is not a sustainable model
anymore. The Zero Waste model, which is a part of the larger Circular Economy, focuses on
waste prevention rather than management.

In the new paradigm of Smart Infrastructure, the focus is not on cleaning up the site but rather
on using data to prevent waste generation at the source.

1.3 The Techno-Managerial Gap

The literature also suggests that design factors contribute to 33% of waste generation, and
proper management of the construction site can reduce waste generation by a further 20-30%.
However, currently, there exists a lack of a unified digital platform to integrate the entire
process, and a lack of communication between stakeholders, including architects, contractors,
and suppliers, leads to incorrect estimations and misapplication of materials.

The paper aims to extend the contemporary concepts of zero waste management by developing
a new model called the Multi-Dimensional Optimization Model, which argues that the
integration of digital technology with standardized modular systems can help bridge the gap
between sustainability and practicality.

2. A Mathematical Logic for Zero Waste

To move beyond broad discussion, we introduce the Waste Mitigation Index (WMI). This
metric allows project managers to quantify the theoretical success of zero-waste interventions
across the lifecycle:

n
WMI = z 0;.€; — CDWyeneratea
i=1

Where:
e 0, is the optimization factor for phase i (Design, Procurement, or Execution).

o ¢; is the efficiency coefficient of the specific digital tool used (e.g., BIM precision or
JIT delivery).

o CDW-generated is the actual mass of waste produced.
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By maximizing WMI through early-stage design optimization, we remove material wastage
prior to the first stone being laid.

2. Literature Review
2.1 The Drivers of Construction Waste

Extensive research in this field shows that construction waste is not just an "end-of-pipe"
problem, but a problem of inefficiency that permeates the entire project lifecycle. Planning
errors and incorrect estimations of material requirements are significant contributors to
construction site scrap (Khan, 2026). Furthermore, errors in transporting materials and poor site
management often lead to material damage or loss, even before their actual use (Khan, 2026).

Figure 1: Construction Waste Generation and Reduction Flow Across Project Lifecycle

[Adapted from Yuan (2013); Lu and Yuan (2019)]
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2.2 Design-Related Waste and the Role of Modularization

The impact of design on construction waste is considerable, with architectural design often
lacking efficient material management strategies, and modular construction, which is well
established in minimizing construction waste, seldom being applied (Ajayi et al., 2017). Factors
in design are estimated to account for 33% of overall construction site waste (Ajayi et al., 2017).

Smart Expansion: To address this problem, we plan to incorporate Building Information
Modeling (BIM) in simulating material use before actual construction starts. Using
standardized dimensions in a digital twin, it is possible to minimize design-related waste, which
is estimated to be around 15-30% of overall construction site waste (Ajayi et al., 2017; Khan,
2026).

2.3 Operational Practices and the Circular Economy

The zero-waste concept is a distinct approach to managing construction site waste, focusing on
prevention, unlike traditional recycling and sorting (Khan, 2026). Recycling, though useful in
slowing the expansion of landfills, is often unable to address the root causes of waste generation
(Khan, 2026). A Circular Economy, on the other hand, is a system of recovery and reuse of
materials, with primary extraction and initial waste generation minimized (Kirchherr et al.,
2017; Khan, 2026).

Key operational benefits include:

585 | Page



Journal of Science Engineering Technology and Management Science ISSN: 3049-0952
Volume 03, Issue04, April 2026 WwWw.jsetms.com

e On-Site Management: Methods such as material segregation and worker training can
cut construction waste by 20-30% (Tam & Lu, 2016).

e Modular Construction: These techniques can save up to 50% of waste materials
compared to traditional methods (Khan, 2026).

e Just-in-Time (JIT) Delivery: Accurate procurement reduces the 10-20% of waste
caused by surplus materials (Khan, 2026).

Figure 2: Integration Framework of Digital Twin and Zero-Waste Principles

[Adapted from Boje et al. (2020); Wang et al. (2021)]
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Framework illustrating the interaction between digital technologies and zero-waste strategies
in construction projects.

3. Methodology
3.1 Integrative Review and Conceptual Modeling

The research methodology of this study is an integrative literature review, where scholarly
literature from various academic databases and peer-reviewed journals on construction
management and environmental sustainability is synthesized (Khan, 2026). No actual data was
collected in this research, with global research findings integrated to identify possible
management strategies (Khan, 2026).

3.2 The Circular Economy Framework

Our analytical framework is based on a conceptual model of a construction project lifecycle,
which consists of Design and Planning, Procurement and Logistics, Construction and
Execution, and Circular Waste Handling (Khan, 2026).

3.3 Adding the "Digital Feedback Loop."

The framework is centered on a Circular Feedback Loop, where resource and information
flow move between the recovery phase and the design phase (Khan, 2026).
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Lifecycle Phase Traditional Approach Smart Zero-Waste Approach
. Limited focus on material |[BIM-driven modular and
Design . . .
efficiency resource-efficient design

ToT-tracked Just-in-Time delivery

Procurement Bulk purchasing
Systems

Waste sorting and landfill ([Real-time monitoring and material

Execution .
disposal recovery

Table 1: Comparison of Traditional and Smart Zero-Waste Approaches Across
Construction Project Lifecycle Phases [Adapted from Khan (2026); Lu and Yuan (2019);
Wang et al. (2021)]

This methodology establishes the premise that waste prevention measures introduced earlier in
the lifecycle have the highest impact on total waste reduction (Khan, 2026).

4. Model for Data Analysis: The Techno-Managerial Nexus
4.1 The Conceptual Analytical Model

The current research utilizes a multi-stage conceptual model to examine the efficacy of zero-
waste strategies in a construction project lifecycle. This conceptual model incorporates core
waste minimization strategies into four primary operational domains, namely, Design and
Planning, Procurement and Logistics, Construction and Execution, and Circular Waste
Recovery.

In this expanded version of the conceptual model, it incorporates Digital Twin
Synchronization in addition to traditional manual oversight mechanisms, thereby enabling an
analytical framework to examine the impact of digital interventions in an early phase of a
construction project lifecycle on a later phase of the lifecycle.

Figure 2: Integration Framework of Digital Twin and Zero-Waste Principles

[Adapted from Boje et al. (2020); Wang et al. (2021)]
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4.2 Key Variables and Digital Indicators

To quantify the impact of zero-waste principles, the model identifies four key variables. We
have expanded these to include "Smart" indicators that enable real-time analysis.

Table 2: Expanded Model Variables for Zero-Waste Analysis (Adapted and expanded from
Khan, 2026; Ajayi et al., 2017)

Digital  Expansion Smart
'Variable Original Description g‘ P (

Indicator)
Design Use of modular design and ([BIM-clash detection and
Optimization standardized dimensions automated material scheduling
Procurement Accurate material estimation and |[[oT-integrated supply chains and
Efficiency just-in-time (JIT) delivery blockchain material ledgers
On-Site Material  segregation, worker |[RFID tracking for material flow|
Management training, and storage management |land Al-vision for waste sorting
Material Recycling and  reuse  of |[Digital Material Passports for
Recovery construction materials tracking salvaged components

4.3 The Logic of Early Intervention

The analytical model is based on a conceptual understanding that "the potential for waste
reduction is maximized by introducing prevention measures in the earliest possible phase of a
construction project lifecycle, such as design optimization to reduce material waste before the
commencement of construction execution."

The addition of Waste Mitigation Index (WMI) logic to this conceptual model enables a
potential to theoretically calculate "the volume of waste prevented (V) in a construction project
lifecycle, based on design precision (P4) and accuracy of procurements (Ap)."
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5. Results and Discussion

This portion of the paper synthesizes the theoretical benefits of zero-waste strategies with the
practical barriers and digital solutions required for industry-wide adoption.

5.1 Quantifying Waste Reduction Potential

Based on the reviewed literature, it has been found that reductions in waste are possible through
coordinated activities. According to the literature, improvements in design planning,
procurement management, and site practices have been found to reduce waste generation.

Table 3: Reported Waste Reduction Results (Adapted from Ajayi et al., 2017; Tam & Lu,
2016; Esa et al., 2017; Bao & Lu, 2020; Zaman, 2015)

Waste Reduction . . Reported Waste
Practical Action .
Strategy Reduction

Modular  design, standardized

] . 15-30% waste reduction
dimensions

Design Optimization

Accurate quantity estimation, JIT [[10-20% reduction in|

Improved Procurement .
delivery surplus

20-35% site waste

On-Site Management Worker training, waste segregation )
reduction
. Up to 30% landfill
Material Recovery Reuse of timber, steel, and concrete P .O o andh
reduction
) Closed-loop material use and [[50-80% landfill
Circular Economy : .
recovery diversion

Interventions in the early stages of projects, namely design optimization and procurement
planning, have been found to have the highest potential in waste minimization. In this regard,
it has been found that the use of modular construction methods has the highest potential in waste
minimization. In particular, it has been found that the use of this method has the highest
potential in reducing off-cuts.

5.2 The Socio-Technical Barrier
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Despite the potential of the zero-waste approach in waste minimization, this approach has not
gained widespread support. One of the primary reasons for this is that the management of waste
has been found to increase costs. However, it has also been found that improvements in
efficiency and reductions in costs due to the reduction in fees paid for landfills may reduce
costs.

The industry also has to deal with an unbalanced coalition of stakeholders, namely architects,
contractors, and suppliers. There are divergent commitments to sustainability among
stakeholders. In this regard, the fragmented communication has also been found to be a
problem.

Table 4: Barriers to Zero-Waste Implementation and Corresponding Digital Solutions
[Adapted from Govindan and Hasanagic (2018); Wang et al. (2021); Ajayi et al. (2017)]

Barrier Descrintion Impact on Waste  Digital Intervention
Category P Generation Strategy
Lack of coordination Integrated digital

Increased material

Organizational ~ among stakeholders and platforms and real-
. . redundancy and . .
Barriers fragmented project rework time collaboration
communication systems
. Limited adoption of Inefficient material Bulldlng Information
Technical . . Modelling (BIM) and
. advanced technologies and tracking and waste . .
Barriers . . . Digital Twin
lack of technical expertise monitoring .
technologies
e Del Lifecycl nalysi
High initial investment e ayed . ecycle cost analysis
. . . . implementation of and long-term return
Financial Barriers costs for digital systems SRR .
. . waste minimization on mvestment
and sustainable practices . s
strategies modelling

. . . .., Digital li
Inconsistent policies and ~ Weak compliance with 1g1al compiiance

Regul . itori
ceu atory lack of enforcement waste reduction monitoring systems
Barriers . . and automated
mechanisms practices .

reporting tools
Cultural and Resistance to change and  Poor on-site waste Training supported by
Behavioral lack of awareness among  segregation and simulation models and
Barriers construction personnel handling visual digital tools

5.3 Discussion: The Digital Bridge

To move beyond these barriers, we propose a Digital Bridge using the concepts of Digital
Twins and BIM-based optimization.

e Overcoming Fragmented Communication: Integrated project management systems
can solve the coordination issues between architects and contractors.

e Addressing Lack of Awareness: Digital tracking and real-time monitoring can shift
habits before waste starts.
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Financial Incentives: By using digital quantity estimation, firms can save a great deal
on materials bought in excess.

5.4 Digital Synchronization of the Zero-Waste Flowchart

Although the flowchart in Figure 2 illustrates a linear process of zero-waste activities, in order

to implement the Smart approach, Cyber-Physical Synchronization has to be implemented.

In order to achieve the waste reduction of over 15-35%, we propose a technological overlay of
each phase in the framework in Figure 2:

Design Phase (BIM Integrated Deconstruction): Instead of “Accurate Drawings,” the
need for the use of Building Information Modeling (BIM) for the simulation of the
deconstruction process at the end of the building’s life cycle is emphasized. This allows
for the calculation of the “Recyclability Potential” of the components before the
procurement of the materials.

Procurement Phase (IoT & Blockchain Ledger): The transition from “Quantity
Control” to a “Transparent Supply Chain” is achieved by the utilization of Internet of
Things (IoT) sensors. Materials with RFID tags enable Just-In-Time Supply as an
automated process, thereby minimizing the wastes due to excess and storage damage by
about 10-20%.

Construction Phase (AI-Vision Sorting): The process of “Waste Segregation” is often
hindered by the limitations of human error and worker awareness levels. The
implementation of Artificial Intelligence (AI) on the construction site enables the
automation of the sorting process of the wastes collected from the construction site.

Material Recovery (Digital Material Passport): To facilitate the “Circular Feedback
Loop” process, the salvaged materials need to be issued a “Digital Material Passport.”
This allows for the easy reintegration of the materials into the “Design Phase” of the
construction process.

6. Policy Recommendations

For the successful implementation of the zero-waste objectives and strategies, the following
strategic steps need to be taken by the stakeholders and policymakers:

6.1 Practical Stakeholder Measures

Design Integration: Construction companies should incorporate modular construction
and prefabrication in the initial design phase of a project to attain considerable
reductions in material use.

Procurement Enhancement: Organizations should utilize precise estimation
methodologies and just-in-time (JIT) delivery to reduce material damage from storage.

On-Site Programs: Construction companies are encouraged to introduce structured on-
site programs that include employee training and waste separation practices.

6.2 Governmental and Regulatory Role
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e Stricter Regulations: Policymakers should contemplate introducing more stringent
regulations and incentives to encourage sustainable practices.

o Infrastructure Investment: Investing in better recycling facilities and recovery
processes is vital to reduce landfill waste.

e Green Certification: Government bodies should drive the adoption of zero-waste
practices by incorporating green building certifications and waste minimization
objectives.

6.3 The Future of Smart Construction

Future research and policy-making efforts should focus on the development and
implementation of modern technologies such as digital tracking systems for wastes, Building
Information Modeling (BIM), and artificial intelligence-based material optimization
technologies. These are the future technologies for improving waste management practices.

7. Conclusion

The results show that the implementation of zero-waste practices leads to reduced wastes and
sustainable building practices. This is due to the fact that there are significant efficiencies to be
obtained by focusing on waste prevention rather than disposal. For the implementation to be
effective, there needs to be a paradigm shift from a disjointed approach to a collaborative
approach in which all the players in the project, such as architects, engineers, and contractors,
work in a unified digital and sustainable way.
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