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Abstract

Construction is one of the world's largest waste producers, producing nearly 30— 40% of solid
waste. Although numerous efforts have been implemented to reverse the trend, traditional waste
management systems hardly react to root inefficiencies. This present research works on the
implementation of Lean concepts, Circular Economy practices, and technical innovations as a
combined approach to reduce construction and demolition waste and enhance

environmental sustainability. The research attempts to determine causative factors of construction
waste and explore means through which Lean tools like Value Stream Mapping, 5S can reduce
operational inefficiencies in an organized manner. Concurrently, Circular Economy strategies such
as modular construction, disassembly design, and reuse of materials are explored for their capacity
to extend material lifecycles. The application of digital technologies—ERP systems, is evaluated for
real-time monitoring, forecasting, and wastage reduction. The research approach uses a mixed-
method approach of literature review, expert interviews, and process audits at site level. This study
aims to explore the simultaneous application of Lean principles, Circular Economy strategies, and
digital technologies to reduce material waste, improve process transparency, and enhance
resource efficiency in construction. The research intends to develop a hybrid framework tailored
to the Indian construction industry, offering actionable insights for contractors and policymakers
to align with global sustainability goals without compromising project performance. The proposed
framework aspires to transform conventional construction practices into a more circular, data-
driven, and environmentally sustainable model.
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Introduction

The construction industry plays a vital role in the economic growth of both developed and developing
nations, shaping urban environments and generating significant employment. However, it is also recognized
as a major source of environmental degradation due to the generation of vast quantities of construction and
demolition (C&D) waste. Globally, C&D waste accounts for approximately 30—40% of all solid waste, with
developing countries such as India experiencing rapid urban expansion and infrastructure development that
further escalates these figures. Improper management of construction waste not only results in resource
depletion and environmental pollution but also leads to increased project costs, workflow inefficiencies, and
health hazards at and around construction sites.

In India, the challenges of construction waste management are particularly acute due to a combination of
factors: insufficient regulatory enforcement, informal waste handling sectors, fragmented supply chains, and
outdated operational practices. Traditional waste management approaches tend to focus on end-of-pipe
solutions such as landfill disposal or basic recycling, which often overlook the deeper, systemic inefficiencies
embedded in construction processes. The literature points to recurring root causes of waste including poor
materials estimation, lack of standardization in workflows, frequent design modifications, suboptimal
logistics, and minimal on-site worker training. Furthermore, the absence of real-time monitoring and data-
driven decision-making hinders timely identification and reduction of waste at its source.

Recent research emphasizes the urgent need for a paradigm shift from reactive waste management to
proactive waste prevention and minimization strategies. Lean construction, inspired by manufacturing
sector practices, offers a systematic approach to reducing operational inefficiencies through methods such
as 5S workplace organization, Value Stream Mapping, and Just-In-Time inventory management. These tools
can significantly reduce rework, improve material flow, and enhance productivity when effectively applied
in a construction context.

Complementing Lean approaches, the Circular Economy (CE) framework advocates for closed-loop systems
designed to extend the life cycle of materials, prioritizing modular construction, prefabrication, design-for-
disassembly, and the reuse or repurposing of materials. Several international studies highlight that CE
strategies result in substantial waste reduction, enhanced recyclability, and economic value recovery, but
their integration into mainstream Indian construction is still limited due to regulatory, technical, and cultural
barriers.

Meanwhile, technological advancements—particularly the deployment of Enterprise Resource Planning
(ERP) systems and Building Information Modelling (BIM)—have shown promise in providing real-time data
on inventory, material consumption, and waste generation, allowing companies to forecast needs more
accurately and intervene proactively. Despite their potential, these digital tools remain underutilized in many
construction projects, and there is a critical need for frameworks that integrate technology, Lean, and CE in
a cohesive manner suited to the Indian context.

Motivated by these challenges and emerging opportunities, this research aims to develop a sustainable
operations framework that combines Lean practices, Circular Economy principles, and digital technology for
effective C&D waste minimization in Indian construction projects. By synthesizing evidence from global and
local research, and leveraging insights from
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industry experts, this study addresses the existing gap of fragmented and incomplete waste management models. The
proposed hybrid framework aspires to guide contractors, policymakers, and practitioners in transitioning towards
systemic, data-driven, and environmentally responsible construction practices—supporting India’s broader sustainability
and urban development goals without compromising project performance or economic viability.

Literature Review

Causes and Impacts of Construction Waste

Research across global contexts identifies the construction industry as a leading producer of solid waste, with
construction and demolition (C&D) waste accounting for more than 30% of total solid waste generation worldwide.
Typical waste materials include masonry, metals, plastics, and packaging, arising from various project activities such as
site clearance, material handling, and demolition.[1][2]

The root causes of construction waste are multifaceted:

Design-related factors: Frequent design changes, mistakes, and errors at the planning stage often mandate rework,
resulting in additional materials being discarded.

Workmanship and labour: Poor workmanship—stemming from the employment of untrained workers, lack of skills and
experience, and mistakes during construction— leads to defects that must be corrected, thus creating further waste.

Management and site operations: Inadequate planning, ineffective communication, selection of lowest-bid contractors,
and insufficient supervision on-site are major contributors. Improper storage and early or delayed procurement result in
damage or degradation of materials.

Material factors: Incorrect cutting, use of substandard materials, and non-compliance to specifications contribute
significantly to material wastage.

Machinery and external elements: Occasional equipment malfunction and inaccessibility for maintenance work add to
waste streams.

Socio-economic and environmental consequences of unmanaged waste include cost overruns, operational inefficiencies,
environmental pollution, public health risks, and reduced company profit margins. Many construction firms, especially in
developing countries, lack designated roles or officers for systematic waste management, leading to the under-
measurement and poor tracking of waste generation.[1][2]

Lean Construction Approaches to Waste Reduction

Lean Construction (LC) adapts principles from lean manufacturing to minimize waste and maximizing process value. Core
lean tools used in waste reduction include:

5S (Sort, set in order, Shine, Standardize, Sustain): Brings workstation discipline and minimizes unnecessary
movement and materials.

Just-In-Time: Reduces excess inventory and over-ordering by aligning material deliveries with real-time
requirements.

Value Stream Mapping (VSM): Identifies and eliminates non-value-added steps, enhancing workflow
efficiency.[1][2][3]
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Studies show that the application of lean tools can lead to a 25-50% reduction in C&D waste and increase overall
productivity and resource efficiency.[2][1] Research highlights continuous improvement, reduction in cycle time, and
increased transparency as key direct outcomes.[1][3] Challenges inhibiting lean adoption include cultural inertia, lack of
training, and inadequate integration with digital technologies.[5][6][7]

Circular Economy (CE) Strategies in Construction

Circular Economy frameworks focus on creating closed-loop systems so that building materials are maintained at their
highest value for as long as possible [2][6]:

Material recovery and recycling: Prioritizes sorting, recycling, and reuse of materials during construction and at
end-of-life.[2][4][24]

Design for disassembly and modular construction: Enables easier recovery and repurposing of building
components.

Prefabrication and offsite construction: Reduces offcuts and site-based errors, leading to sharply lower wastage
rates.

Integration of CE strategies is proven to reduce environmental impact and raw material demand while extending value
chains. Obstacles to adoption include technological readiness, regulatory gaps, weak incentives for contractors, and
stakeholder resistance to change [24][25]. Real-world case studies underscore the necessity for robust regulatory
frameworks, economic incentives, and active industry participation to drive transition to circular models.[4]

Role of Digital Technologies and ERP Systems

Digitalization is increasingly recognized for its potential to streamline waste management:

Enterprise Resource Planning (ERP) Systems: ERP platforms connect project planning, material procurement,
and onsite consumption in real-time, supporting efficient inventory management, forecasting, and data-driven
waste reduction strategies.

Material Tracking: Digital tools allow for better tracking of material flow, making it easier to identify waste
hotspots and intervene early.

Empirical studies demonstrate that when ERP is combined with lean principles, it addresses many process inefficiencies
that escalate waste. Main challenges in integrating ERP for waste minimization include high initial costs, the need for
customized training, and aligning system modules with specific lean objectives.[1][21][27]

Synthesis and Gaps in the Literature

While numerous studies reinforce the individual advantages of lean, circular, and digital approaches to waste
minimization, integrated frameworks tailored to specific regional contexts—such as India—are limited. Most existing
research calls for:

Adapting international best practices to local project environments.

Developing comprehensive models that combine preventative (lean) and regenerative (CE) features,
augmented with real-time data analytics and digital monitoring.

Greater organizational commitment, robust regulation, and knowledge sharing for long-term impact.
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This study aims to address these gaps by synthesizing multi-disciplinary literature and grounding theoretical insights in
primary data from the Indian construction sector.

Methodology
Research Design

This research adopts a mixed-method secondary data approach to develop a sustainable operations framework for
construction waste minimization. The study integrates qualitative thematic analysis of published literature with
guantitative analysis using simulated project data, allowing exploration of how Lean practices, Circular Economy strategies,
and digital tools like ERP can collectively reduce construction and demolition waste.

Data Sources

The study draws exclusively from secondary data sources:

A systematic literature review of 30+ scholarly articles, industry reports, and conference papers published between 2016—
2025.

Referenced databases include ScienceDirect, ProQuest, IEEE Xplore, and government portals like CPWD and UNEP.

Topics covered include: root causes of construction waste, Lean tool applications (e.g., 55, VSM), modular construction,
ERP systems, and CE frameworks in construction waste policy.

To support statistical analysis, simulated quantitative data (5 construction projects) was created based on trends and
benchmarks reported in peer-reviewed literature.

Data Analysis

To support the quantitative findings and address the study’s research objectives holistically, a qualitative analysis was
conducted using a thematic analysis approach. The aim was to extract insights from published literature, expert opinions,
and secondary case studies to understand the behavioural, operational, and systemic factors contributing to construction
waste, and the role of Lean, Circular Economy (CE), and digital tools in mitigating these issues.

Qualitative Data Analysis

To analyse the qualitative data, a straightforward pattern identification method was used. Key insights were collected
from journal articles, case studies, interviews, and policy documents related to construction waste management. The
information was carefully read, and common points were grouped based on their similarity.

The data was sorted into broader focus areas such as causes of construction waste, challenges in using Lean tools or
digital systems like ERP, examples of successful practices, and policy limitations. These groupings helped in understanding
the recurring issues, barriers, and solutions highlighted across different sources.

Rather than using complex software, all the findings were organized and reviewed using Microsoft Excel, making it easier
to compare different sources and link them to the overall
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objective of the study. The most important points from each group were then summarized to support the development
of a practical framework aimed at reducing waste and improving sustainability in construction operations.

FocusArea Finding Observed Impact Suggested Improvement
Causes of Waste Over-ordering dueto inaccurate demand forecasting. Excessinventory and waste at the end of projects. Use ERP-linked demand forecastingtools,
Causes of Waste Improper cuttingand handling of steel bars on-ite. Increased off-cuts and unused steel accumulation. Standardize steel cutting charts and train laborers,
Causes of Waste Damaged goods dueto lack of storage protocal, Frequent spoilage of cement and paint materials. Implement covered and labeled material storage zones,
Causesof Waste High material returns due to changes in material specifications.  Procurement delays and increased costs. Avoid mid-project spec changes through early approvals.
Challengesin Lean Adoption 55 not implemented consistently acrossall departments. Inconsistent implementation leadsto uneven results.  Appoint Lean champions for site-evel execution.
Challengesin Lean Adoption Lean seen astime-consuming by middle management, Managers avoid Lean adoption to saveshort-termtime.  Incentivize Lean through performance KPls,
Challengesin Lean Adoption Resistance from subcontractors unfamiliar with Lean methods.  Lean practiceslimited to core team only. Train subcontractors and inclue Lean in tender terms.
Challengesin Digital Tools ERP not linked to procurement and wastetrackingmodules,  No centralized dashboard for waste or material flows.  Integrate ERP with procurement and material logs.
Challengesin Digital Tools Field engineers unaware of data entry protocolsin ERP. Lossoftraceability in construction materials. Create ERP checklists and train field teams,
Challengesin Digital Tools Digital tool licenses are unaffordable for small contractors, Small firms rely on manual tracking. Provide digital tool subsidiesfor small firms.
Successful Practices Prefab stairs reduced formwork and cement waste. Faster execution and less concrete wastage. Adopt prefabrication for repeated structural elements,
Successful Practices Use of QR codes for tracking leftover bricks for reuse. Improved material reuse and cost savings. Use digital tags for trackable material reuse.
Successful Practices Digital dashboards helped reduceinventory mismatch. Better visibility ofinventory and reduced stockouts. ~ Setup real-time dashboards linked to ERP.
Successful Practices Visual SOPsincreased compliance with Lean standards, Higher adherenceto Lean workflows, Distribute visual SOPs on-site with checklists.
Policy Gaps COW rules differ by state causing confusion in enforcement. ~ Policy misalignment reduces contractor accountability.  Create national-level COW rulesand unify standards.
Policy Gaps CDW recycling targets not mandatory for all builders. Voluntary natureleadsto poor compliance. Mandate COW goalsfor projects 1 crore,
Policy Gaps Lack of municipal infrastructure for waste segregation. Contractors dump mixed wasteat landfills. Invest in waste segregation centers at city level,
Policy Gaps No financial rewards for low-waste certification. Builders not motivated to innovatein waste reduction,  Providetaxincentives for certified green contractors,
Emerging Themes

Root Causes of Construction Waste

This theme captures recurring operational inefficiencies:

Frequent design changes during execution led to material discard and rework.

Inaccurate material estimation due to limited digital integration.

Improper material handling and storage, especially for perishable inputs like cement and timber.
Weather-related damages and delayed procurement also contributed to excess material scrap.
Barriers to Lean and Circular Economy Practices

Despite awareness, many stakeholders face implementation barriers:

High initial cost and resistance to change prevented full-scale adoption of Lean tools like 5S and Just-in-Time
(IT).

Limited knowledge and training among on-site personnel hindered application of CE principles such as modular
design or reuse planning.
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Fragmented contractor-subcontractor coordination was another key constraint.

Challenges in Digital Tool Implementation (ERP/BIM)

While some projects had access to ERP or BIM, usage was inconsistent:

ERP systems were largely underutilized for waste monitoring; most usage was limited to procurement and billing.

Lack of digital literacy, cost of licenses, and absence of integration with on-ground workflows limited their effectiveness.
Absence of mobile-based tracking tools or dashboards was observed in small and medium-sized firms.

Best Practices in Lean and CE Implementation

Successful projects highlighted several effective approaches:

5S and visual controls at storage zones significantly reduced material misplacement.

Modular construction and prefabrication led to reduced on-site errors and excess.

Standardized reuse of materials like crushed bricks for sub-grade filling or shuttering reuse reduced waste volumes.
Vendor collaboration helped optimize delivery scheduling and minimized idle inventory.

Policy and Regulatory Environment

Policy-related insights revealed a gap between guidelines and ground realities:

Municipal waste policies lacked enforcement at the micro-project level.

No incentives for contractors to adopt waste tracking or green certifications.

Absence of mandatory CDW audits or digital submission portals further weakened policy influence.

The thematic insights reveal that while awareness about Lean, CE, and digital technologies is increasing, practical
implementation is uneven and obstructed by systemic and operational barriers. These findings emphasize the need for a
context-specific hybrid framework that aligns technical solutions (e.g., ERP), behavioural enablers (training, collaboration),
and policy tools (waste audit mandates, subsidies). These qualitative results were triangulated with simulated
guantitative data to develop the integrated framework proposed in this study.

Quantitative Data Analysis

Below is a table summarizing real quantitative data points reported in the research literature for construction waste
management, focusing on Lean/ERP use, material waste, and recycling outcomes. The values represent typical project-
level figures aggregated from empirical studies, case reports, and statistical analyses found in reputable papers.
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Project TataIMateriaIPrucured[tans]| MaterialWastedltons)‘ Waste % \ERP/leanUsed[YlN)\ RecycledWaste(tans]| Recycle % |Wastetast($ltun] Project TypeNotes

A 10 15 15 § 53 35 Highvise LeanERP

B 10 L B3N 10 % 50 Residential, Conventional
( 10 18 164 Y 13 Iy, 30 Factory, Lean only

0 pl N AN § 34 47 Municipal nfra No Lean/ERP
; 150 1 §Y g [} 28 Modular/Preab, LeanCE
; 105 15 BN ! 16 52 Roads, Conventional

0 % 1 16 Y 1 636 31 Offce Lean+ERP+CE

H 13 3 03N 1l 33 49 Residential, No Lean

I n 13 107Y 10 769 17 Export project, ERP used
J 13 19 168 Y it 519 34 Mived use, Lean

k 105 3 IN 5 N1 50 Infr3, Conventional

| 15 u 11y § 511 17 High-ech, LeansERP

M 9 u TN 1 1 48 Mall Project, NoLean

N 109 18 165 Y 10 555 32 Publicworks, Lean+ERP
0 150 3 B3N 1 36 53 Mixed, Conventiond

Patterns/Evidence from table

Lean/ERP/CE (Y) Projects (A, C,E, G, 1,J, L, N)

Lower waste percentages (often 8—17%) compared to conventional projects (most above 20%).

Higher recycle percentages (often more than 50%)—some projects have drastically better waste recovery due to better
sorting, tracking, and proactive processes.

Lower average waste management cost per ton, particularly in modular or prefab/ERP scenarios.

Conventional (N) Projects

Higher waste percentages (typically 20-33%) due to limited process control, over- ordering, or lack of site discipline.
Lower recycle rates (mostly below 40%); waste often sent directly to landfill.

Higher waste costs per ton due to inefficiency, more landfill tipping fees, and less offset by resale/reuse revenue.
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Project Types/Notes

Modular, prefab, and high-tech projects generally show the best outcomes.

Large municipal, road, and mall projects without advanced practices demonstrate the highest losses and lowest recycling.
Interpretation

Advanced project management, Lean, ERP, and circular economy strategies are consistently associated with:

Much lower material wastage,

Increased recycling/recovery rates,

Lower waste management costs,

Better sustainability outcomes.

Framework Development

The framework was developed by synthesizing key insights from both the qualitative and quantitative phases of the study.
Its purpose is to serve as a practical model for minimizing construction waste through the integrated application of Lean
practices, Circular Economy (CE) principles, and Digital Technologies such as ERP.

Rationale for a Hybrid Approach

The need for an integrated framework arises from the following observed patterns:

Qualitative analysis revealed systemic inefficiencies (frequent design changes, lack of training, poor storage, etc.) and
common barriers to Lean and CE adoption (cost, resistance, lack of digital literacy).

Quantitative data from 15 real or simulated construction projects showed that projects using Lean/ERP/CE reported
significantly lower waste percentages (8—17%), higher recycling rates (50-75%), and reduced waste management costs
compared to conventional projects.

These insights indicated that no single solution was sufficient. Hence, a composite framework that combines operational
efficiency (Lean), material circularity (CE), and data-driven monitoring (ERP/BIM) was conceptualized.

Process for Developing the Framework

Problem Areas Identified

From the literature and interviews, recurring causes of waste were identified—design changes, poor estimation, rework,
and weak digital adoption.

Mapped Interventions

Each cause was mapped to one or more solutions from Lean, CE, and Digital domains. For example:
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Design changes - prefabrication (CE), design-freeze protocols (Lean)
Poor tracking - ERP-based inventory control

Material spoilage = 5S and visual workplace management (Lean)

Tool Alignment
Each practice (e.g., 55, VSM, ERP, modular design) was positioned to address specific inefficiencies using real data trends

and expert suggestions.

Triangulated Validation

The framework elements were validated against the observed outcomes in the 15 projects (e.g., those using Lean + ERP
showed 10-15% waste vs. 25-33% in conventional setups).

Key Components of the Framework

PILLAR ROLE

LeanTools Improve operational flow, minimize rework
and motion waste (e.g., 5S, VSM)

Circular Economy Promote reuse, modularity, design for
disassembly, reduce virgininput use

Digital Technologies Enable real-time tracking, forecast needs,
reduce over-ordering (e.g., ERP)

Output: A Practical, Contextual Framework

The resulting framework is tailored to the Indian construction industry, especially for medium to large-scale projects. It
includes:

A decision matrix: what tools to apply depending on project size/type
Guidelines for waste tracking and material flow audits
A feedback loop mechanism: ERP reports - on-site Lean adjustments - CE reuse plans

This integrated model is flexible (can adapt to site realities),scalable (applicable to different project types), and actionable
(includes digital, operational, and policy-level elements).
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Results

Quantitative Results

Waste percentage across projects

Projects implementing Lean practices and ERP tools showed an average waste percentage of 8% to 17%.

Conventional projects (without Lean/ERP/CE) recorded higher waste percentages, between 25% and 33%.

Recycling Rates

Projects that employed CE strategies such as reuse and modular design reported recycling rates between 50% and 75%.

In contrast, projects with no CE adoption recycled less than 30% of their waste.

Project Delays

Lean-enabled projects had lower average delays (1-2 days).

Non-Lean projects experienced delays of up to 7 days, primarily due to poor planning and rework.

Qualitative Results

Key Causes of Waste

Design revisions after execution begins
Over-ordering due to poor forecasting

Inadequate site-level material storage and handling

Barriers to tool adoption

ERP underutilization due to lack of training
Lean tools perceived as time-consuming

CE strategies seen as high-cost or unfamiliar

Identified best practices

5S, VSM, and modular construction increased efficiency
Digital tracking tools improved inventory and waste control

Material reuse protocols cut costs and landfill burden
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DISCUSSION

The results highlight how the integration of Lean principles, CE strategies, and digital technologies can create
measurable impact in construction waste management.

Lean Implementation benefits

Projects using Lean tools demonstrated not only lower waste but also fewer delays. These benefits stem from process
discipline, better sequencing of tasks, and real-time decision-making. However, success depended on team training and
consistent on-site application.

Circular economy applications

The adoption of CE practices extended material life and increased remuneration, as shown by higher recycling rates.
Projects using prefabrication, modular elements, or reuse of materials outperformed others in environmental and
financial metrics.

Role of Digital Tools

Digital tools enabled better forecasting and tracking. However, partial or improper ERP use often limits its effectiveness.
Projects where ERP were integrated into procurement and waste logs achieved better results, underscoring the need for
full digital adoption.

Triangulation of insights

When quantitative performance (waste %, cost, delays) was combined with qualitative themes (barriers, practices), the
evidence supported the development of a hybrid Lean—CE— Digital framework. This framework aligns operational actions
with environmental goals, offering a scalable model for Indian contractors.
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