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Abstract

Sustainable construction practices and robust waste management strategies provide a viable
pathway to mitigate these challenges. By integrating resource-efficient design, circular
economy principles, and environmentally responsible technologies, the industry can
significantly reduce its ecological burden. This paper presents a synthesis of environmental
impacts from construction and a practical playbook of interventions spanning design, delivery,
operations, and end-of-life. The study is organized as a systems guide: mapping life-cycle
impact pathways (materials, energy, emissions, runoff, and noise) and pairing each with
project-level governance, metrics, and technologies-eco-design, circularity, BIM and LCA,
stormwater compliance, and performance-based certification. Recent policy and market
updates (EPA’s 2022 Construction General Permit; LEED v4 energy update effective March 1,
2024; global buildings status reports) and introduce four original schematics for
implementation. This technical review provides actionable guidance for owners, designers,
and constructors to reduce waste, air and water pollution, and noise while improving project
outcomes and community well-being.
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1. Introduction

Buildings and construction account for a substantial share of global energy consumption and CO;
emissions; recent status reports emphasize the need to convert national and corporate climate
targets into project-level delivery mechanisms [1, 2]. This paper operationalizes that translation by
pairing life-cycle impact pathways with governance and metrics-so teams can move from abstract
goals to enforceable decisions and measurable outcomes [1, 2].

Global assessments consistently attribute roughly one-third of energy use and energy-related
CO; to buildings and construction, with cement and steel dominating embodied impacts [1, 2].
Policy momentum is rising across codes, finance, and certification, yet projects still require clear
pathways from goals to site actions and metrics [1, 2].

IFigure 1 presents the Integrated Life-Cycle Environmental Control Framework (ILECF), which
constitutes the core analytical contribution of this study. The framework organizes environmental
impacts across four domains-waste, air, water, and noise-mapped onto the four principal stages of
the construction life cycle. Each intersection captures domain-specific impacts and intervention
strategies, while arrows represent interdependencies and feedback loops across stages and
domains.
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manufacturing)

Use & Operations Renovation End-of-Life

(HVAC, water,
maintenance)

(Deconstruction,

& Adaptation reuse, recycling)

Levers: eco-design, low-carbon materials, Levers: selective deconstruction,
local sourcing, renewable energy, BIM+LCA design-for-disassembly (DfD), circularity

Figure 1 Construction Life-Cycle Impact Map with Mitigation Levers.

A key feature of the framework is its systems perspective, which highlights how decisions at early
stages-particularly material selection and design configuration-propagate through downstream
environmental outcomes. The framework is complemented by an overlay of governance
mechanisms and enabling tools, including policy instruments, certification systems, and digital
technologies such as BIM and LCA. This integrated structure allows for both comparative analysis of
existing studies and development of coordinated intervention strategies.

L All figures in this study are analytically derived from the proposed framework and literature synthesis. Unlike
conventional illustrative diagrams, these figures explicitly represent classification logic, decision hierarchies, and
interdependencies across lifecycle stages and environmental domains, thereby supporting both theoretical analysis and
practical application.
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Recent studies have also explored alternative low-carbon materials such as coal gangue-based
geopolymer cement, demonstrating significant potential for reducing environmental impacts
through life cycle assessment (LCA) and life cycle impact assessment (LCIA). These findings highlight
the importance of material innovation in addressing embodied carbon in construction [1].

1.1 Key Contributions and Framework Development

This study advances beyond conventional narrative reviews by proposing an Integrated Life-Cycle
Environmental Control Framework (ILECF), which serves as both a classification system and a
decision-support model for sustainable construction. The framework integrates environmental
impact domains (waste, air, water, and noise) with project life-cycle stages (design, construction,
operation, and end-of-life), while explicitly incorporating governance mechanisms, performance
metrics, and digital tools such as BIM and LCA.

In addition, this study contributes:

1. A multi-dimensional classification matrix that organizes prior research by lifecycle stage,

impact domain, methodological approach, and regional context;

2. A decision-making hierarchy and flow model that links sustainability targets with project-level

implementation strategies;

3. A practical intervention matrix that incorporates quantitative metrics, cost considerations,

and applicability conditions;

4. A systems-based analytical perspective highlighting interdependencies and trade-offs across

environmental domains and lifecycle stages.

These contributions address existing gaps in the literature by transforming fragmented
knowledge into a coherent, actionable framework for both research and industry practice.

2. Literature Review

A synthesis of peer-reviewed literature and contemporary practice guidance from the past two
decades is presented across four environmental impact domains: waste, air, water, and noise. The
review also incorporates recent developments in stormwater permitting and performance
certification, with a focus on governance structures (who makes decisions), performance metrics
(what should be measured), and proven implementation strategies (how actions are carried out).
The discussion is supported by newly developed schematics, which are described in the following
sections.

2.1 Construction Waste and Circularity

Beyond design-stage prevention, circular construction requires pre-demolition audits, selective
deconstruction, and high-quality sorting to maximize material recovery and minimize hazards-
practices increasingly codified in European guidance [3, 4].

Real-world example: WRAP’s offsite volumetric case projects documented significant reductions
in site waste through standardized modules and factory-led QA/QC-highlighting how product
platforms and logistics planning yield predictable outcomes.
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Root causes of C&D waste-such as change orders, inaccurate take-offs, and poor coordination-
should be managed with configuration control and standardized components to reduce rework and
offcuts [5, 6].

Selective deconstruction, pre-demolition audits, and economic instruments elevate recovery
value and minimize hazards in C&D streams [3, 4, 7].

Design-stage decisions-particularly unmanaged change orders and poor coordination-drive site
waste; prevention begins with standardized components, configuration control, and prefabrication
(6, 8].

Figure 2 illustrates the multi-dimensional classification framework used to structure the
literature review. Studies are categorized simultaneously across life-cycle stages, environmental
impact domains, and methodological approaches. This classification enables systematic comparison
of research trends, identification of methodological biases, and recognition of regional disparities.
For instance, LCA-based studies dominate material-related assessments in developed regions,
whereas empirical monitoring studies are more prevalent in construction-phase analyses. The
framework provides the foundation for critical synthesis and gap identification presented in this
review.

Eliminate/Prevent
Design for standardization, avoid change orders

Reduce
Precise take-offs, off-site prefabrication

Reuse

Salvage components, reclaimed materials

Recycle
On-site segregation, certified recyclers

Recover
Energy recovery where permitted

Dispose
Landfill as last resort

Figure 2 Construction Waste Management Hierarchy (Project-Level).
2.2 Air Pollution Across the Construction Life Cycle

Air pollution impacts in construction span multiple scales and lifecycle stages, involving distinct
stakeholders, processes, and performance metrics. To improve clarity and analytical rigor, this study
categorizes air-related impacts into three interconnected components: (1) on-site emissions during
construction activities, (2) upstream emissions associated with material production and supply
chains, and (3) operational-phase air quality and energy use. While each component differs in scale
and control mechanisms, they are intrinsically linked through design decisions and project execution
strategies.

2.2.1 Construction Phase: On-Site Emissions

On-site emissions are primarily generated from earthworks, demolition activities, material
handling, and equipment operation. These include particulate matter (PM), dust, and combustion-
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related pollutants from diesel-powered machinery. Mitigation strategies include wet suppression,
wheel washing, equipment maintenance, electrification of tools, and traffic/logistics management
to reduce congestion [9, 10].

2.2.2 Upstream Supply Chain Emissions

Material production-particularly cement and steel-accounts for a substantial share of lifecycle
emissions. Recent innovations such as low-carbon concrete, geopolymer materials, and green steel
demonstrate the potential to significantly reduce embodied carbon. Life Cycle Assessment (LCA)
plays a critical role in evaluating these alternatives and guiding material selection [10-15].

2.2.3 Operational Phase: Indoor and Outdoor Air Quality

During the operational phase, HVAC systems, ventilation strategies, and building usage influence
indoor and outdoor air quality. Commissioning, filtration technologies, and energy-efficient system
design are essential to minimize emissions and protect occupant health [10, 15].

2.2.4 Cross-Lifecycle Interactions

Decisions made during the design stage-particularly material selection and building
configuration-directly influence emissions across all three components. This demonstrates the
importance of a lifecycle-integrated approach, where trade-offs between embodied and
operational emissions must be carefully evaluated [11, 13, 14, 16].

2.3 Water Pollution: Stormwater and Runoff Control

Stormwater management translates environmental intent into site controls: under EPA’s
Construction General Permit (CGP), operators must prepare a SWPPP, submit an NOI via NeT, install
BMPs, maintain inspection and records, implement corrective actions, and submit a NOT at
completion [17].

Highway and site runoff transport sediments and sorbed toxics that reduce drainage capacity
and impair aquatic ecosystems; effective controls combine source management with structural
practices such as vegetated buffers, ponds, infiltration systems, constructed wetlands, and filters
[18, 19].

In the U.S., the EPA’s 2022 CGP operationalizes compliance through SWPPP preparation, NOI
submission via NeT, BMP installation, inspections/records, corrective actions, and termination via
NOT; a 2025 modification expanded eligibility in lands of exclusive federal jurisdiction [17].

Highway and site runoff transport sediments and sorbed toxics, reducing drainage capacity and
impairing aquatic life; controls combine planning with vegetated buffers, ponds, infiltration,
wetlands, and filters [18, 20].

Figure 3 presents a decision-support flowchart for implementing environmental interventions at
the project level. The schematic links strategic objectives with regulatory requirements, certification
pathways, and operational constraints. It integrates lifecycle-specific decisions with quantitative
evaluation metrics, enabling project teams to assess trade-offs between cost, performance, and
environmental outcomes. The iterative feedback loop ensures continuous improvement through
monitoring and adaptive management, aligning project execution with sustainability targets.
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SWPPP NOI via NeT BMP Installation Inspections & Records Corrective Actions NOT

0 2 4 6 8 10 12 14
Project Timeline (illustrative)

Figure 3 Stormwater Compliance Roadmap under EPA 2022 CGP.
2.4 Noise: Occupational and Community Health

OSHA limits and hearing conservation programs provide baseline worker protection, while site
monitoring and time-of-day controls reduce community exposure [21, 22].

Construction noise has non-auditory health impacts-including cardiovascular stress and sleep
disturbance-documented in clinical and epidemiological literature; mitigation must address source,
path, and receiver [23, 24].

2.5 Performance Certification and Decarbonization Updates

LEED v4’s 2024 energy update raises minimum performance thresholds and introduces dual
metrics-source energy and GHG-alongside cost; on-site renewables now contribute toward
prerequisite compliance, aligning v4 closer to v4.1 pathways [25, 26].

Real-world example: The UC Davis Manetti Shrem Museum of Art achieved LEED Platinum with
significant reductions in energy and water use, waste diversion exceeding 80%, and transit/active
mobility provisions-demonstrating how design, operations, and access policies combine for
measurable environmental performance [25, 27].

LEED v4’s 2024 energy update raises minimum performance thresholds and introduces dual
metrics (source energy and GHG) alongside cost; on-site renewables now contribute to prerequisite
compliance, aligning v4 more closely with v4.1 [25, 26].

2.6 BIM and LCA for Decision Support

Integrating BIM with LCA enables earlier, data-driven decisions on material and operational
trade-offs; recent reviews catalog IFC exchange, BOQ imports, BIM viewers, and plugin workflows
to calculate impacts within design environments [28].

Project teams should standardize data handoffs and select tools that support whole-life carbon
metrics and circularity decisions-so configuration changes and product-platform choices are
informed by quantified outcomes [28].
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Recent reviews catalog IFC exchange, BOQ imports, BIM viewers, and plugin workflows that bring
LCA into BIM environments, enabling earlier trade-offs on materials and operations; interoperability
and standardization remain adoption barriers [28].

3. Methodology and Analysis

This study proposes an Integrated Life-Cycle Environmental Control Framework (ILECF) that
systematically links environmental impact domains (waste, air, water, and noise) with project life-
cycle stages (design, construction, operation, and end-of-life). Unlike prior reviews, the framework
incorporates a systems engineering perspective, capturing interdependencies and feedback loops
among decisions, environmental outcomes, and governance mechanisms. By structuring literature
using methodological, regional, and lifecycle dimensions, the framework enables comparative
analysis, identification of research gaps, and development of actionable guidance.

A peer-reviewed literature and current practice guidance across four impact domains-waste, air,
water, and noise-and integrated updates in stormwater permitting and performance certification
are synthesized covering the last 20 years. The focus is on governance (who decides), metrics (what
to measure), and field-proven interventions (how to act), supported by newly designed schematics
as discussed in the following sections.

4. Results
The following sections present the results of this study.
4.1 Decision Guide and Governance

Governance at feasibility should set configuration-freeze gates, interface matrices, and change-
control boards; align procurement to factory slots and logistics windows to avoid idle modules or
site crews [6].

Environmental due diligence should tie SWPPP/BMP commitments to CGP obligations and noise
controls to OSHA/eCFR baselines; certification pathways (LEED v4 update, v4.1 substitutions) should
be selected early to shape energy and GHG targets [17, 21, 22, 25, 26].

Sustainable construction outcomes depend on aligning decisions, metrics, and site practices
across the life cycle-supported by policy frameworks and market guidance [1, 2].

By combining circular design, task-specific air and noise controls, stormwater compliance, and
performance-based certification-enabled by BIM + LCA-projects can materially reduce
environmental burdens while improving outcomes for workers and communities [3, 4, 28] (Table 1).

Table 1 Practical Decision-Making Guide.

Stage Intervention Metric Cost Level Applicability
Design Prefabrication Waste reduction% Medium Large projects
Construction Dust suppression PM reduction Low Universal
Operation HVAC optimization Energy use (kWh/m?) Medium Buildings
End-of-life Deconstruction %reuse Medium Urban areas
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The practical decision table synthesizes lifecycle-specific environmental interventions into a
structured decision-support tool for project stakeholders. The table organizes recommended
actions across the major phases of the project life cycle-design, construction, operation, and end-
of-life-and evaluates each intervention based on performance metrics, implementation cost, and
applicability conditions.

By integrating technical measures with decision criteria, the table translates the conceptual
framework into an operational guide. For example, design-stage interventions such as
prefabrication and modular construction are associated with measurable reductions in material
waste and rework, while construction-phase measures such as dust suppression and stormwater
controls are evaluated in terms of pollutant reduction efficiency and regulatory compliance.
Operational-stage strategies, including HVAC optimization and energy performance monitoring, are
linked to energy use intensity and indoor environmental quality metrics. End-of-life interventions,
such as selective deconstruction and material recovery, are assessed based on reuse rates and
circularity outcomes.

Importantly, the table provides a comparative perspective by indicating relative cost levels and
implementation feasibility, enabling practitioners to balance environmental performance with
economic and logistical constraints. This addresses a key gap in the literature, where
recommendations are often presented in isolation without consideration of trade-offs or practical
constraints.

Furthermore, the table supports stage-specific and scenario-based decision-making by clarifying
which interventions are most effective under different project conditions (e.g., project size,
regulatory context, and resource availability). By aligning interventions with measurable outcomes
and decision criteria, the table enhances the usability of the review for industry practitioners and
facilitates the development of tailored sustainable construction strategies.

Overall, the practical decision table operationalizes the integrated life-cycle framework
presented in this study, bridging the gap between theoretical synthesis and real-world application,
and providing a systematic foundation for evidence-based environmental management in
construction projects.

5. Discussion
The following sections discuss the results of this study.
5.1 Practical Decision Framework for Sustainable Construction

To enhance practical applicability, this study translates the conceptual framework into a
structured decision-support tool (Table 2). The table organizes lifecycle-specific environmental
interventions and evaluates them based on measurable performance metrics, implementation cost,
and applicability conditions.
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Table 2 Lifecycle-Based Environmental Intervention and Decision Matrix.

Lifecycle Impact ) Key Metric o Cost Implementation o Co-benefits/
. Intervention Decision Level ) Applicability
Stage Domain (Example Targets) Level Complexity Trade-offs
4 waste, P quality;
) Prefabrication/Modular Waste reduction ) ) ) Large/repetitive ] .q. y
Design Waste . Strategic Medium Medium - requires logistics
design (%; 20-50%) projects )
planning
Low-carbon materials Embodied carbon ) o
. ) R . Medium- . ) J, emissions; may
Design Air (geopolymer, green (kgCO2/m?; Strategic . Medium All projects )
High N material cost
steel) J 20-40%)
. Sustainable drainage Runoff reduction . . . Urban/regulated J flooding risk; land
Design Water . Strategic Medium Medium i .
design (SuDS) (%); TSS removal (%) sites requirement
] ) ) o Noise level ) Dense urban J community
Design Noise Site layout optimization ) Strategic Low Low .
reduction (dB) areas disturbance
. On-site sorting & Waste diversion rate ) Low- . ) J landfill; requires
Construction  Waste ) Operational ) Medium Universal o
recycling (% >75%) Medium training
. . Easy
) ) Dust suppression PM reduction . . . .
Construction  Air . . Operational Low Low Universal implementation;
(wetting, covering) (%; 30-80%)
water use
] ) Equipment Emission reduction ) ] ] J emissions, |
Construction  Air o Tactical Medium Medium Urban/regulated . i
electrification (%; 20-60%) noise; I capital cost
Stormwater BMPs TSS removal . .
) . o . ) ) ) Compliance with
Construction  Water (sediment traps, efficiency Compliance Medium Medium Regulated sites EPA CGP
barriers) (% >70%)
Noise exposure {4 complaints; J,
Construction  Noise Time-of-day restrictions compliance Administrative  Low Low Urban projects productivity
(dB limits) flexibility
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Energy use intensity

. . HVAC optimization & X ) ) ) o J energy +
Operation Air o (kWh/m?); Operational Medium Medium Buildings )
commissioning ) improved health
IAQ index
. Water use reduction . . . Institutional .
Operation Water Water reuse systems Strategic Medium Medium o J utility cost
(%; 20-40%) buildings
. . o . Indoor noise levels ) . ) o
Operation Noise Acoustic insulation (dB) Operational Medium Low-Medium Buildings N occupant comfort
) Facility waste ) ) o J waste disposal
Operation Waste Recycling rate (%) Operational Low Low All buildings
management cost
) Selective Material recovery . ) . Enables circular
End-of-Life Waste ) Strategic Medium High Urban areas
deconstruction (%; 50-90%) economy
) . Controlled demolition Dust/emission ) . . . J environmental
End-of-Life Air . ) Operational Medium Medium All projects .
practices reduction (%) impact
Runoff
End-of-Life Water Debris containment contamination Compliance Low Low All projects Prevents pollution
reduction (%)
) Cross- ) ) L . . . Regions with J resource
End-of-Life . Material reuse markets  Circularity index (%)  Strategic Medium Medium L )
domain recycling infra extraction
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Key quantitative indicators include embodied carbon (kgCO,/m?), waste diversion rates (%),
particulate matter reduction efficiency (%), and noise exposure levels (dB thresholds). These metrics
enable objective comparison of alternative interventions and support evidence-based decision-
making.

By integrating environmental effectiveness with economic and operational considerations, the
framework allows practitioners to balance sustainability goals with project constraints. This
structured approach addresses a critical gap in existing literature, where recommendations are
often presented without assessment of feasibility or trade-offs.

The practical decision table (Table 2) synthesizes lifecycle-specific interventions into a structured
tool for project stakeholders. It links technical measures with performance metrics, cost
considerations, and applicability conditions, enabling systematic evaluation of trade-offs. By
aligning interventions with measurable outcomes, the table enhances decision-making
transparency and supports tailored implementation strategies for different project contexts.

The inclusion of decision level, cost, and implementation complexity provides a structured
hierarchy that supports multi-criteria decision-making and enables integration with digital tools
such as BIM-LCA workflows.

While consensus exists on the importance of lifecycle thinking and circular practices, significant
uncertainties remain. For example, trade-offs between embodied carbon reduction and operational
performance are still debated, especially in rapidly urbanizing regions. Additionally, most empirical
studies are concentrated in Europe and North America, leaving a critical gap in context-specific
knowledge for developing economies.

6. Conclusions, Policy Implications and Future Works

The construction industry is a cornerstone of community development and economic progress,
yet its activities exert considerable pressure on the environment. Among the most pressing
concerns is the generation of construction and demolition waste, which can lead to soil and water
contamination, depletion of natural resources, and degradation of ecosystems and landscapes.
Improper disposal of this waste often introduces hazardous substances-such as heavy metals,
asbestos, and volatile compounds-into landfills, amplifying risks to human health and nearby
communities. These impacts underscore the urgent need to address the environmental footprint of
construction and safeguard public well-being.

Sustainable construction practices and robust waste management strategies provide a viable
pathway to mitigate these challenges. By integrating resource-efficient design, circular economy
principles, and environmentally responsible technologies, the industry can significantly reduce its
ecological burden. Moving forward, innovation and collaboration are essential to align construction
processes with sustainability goals, ensuring that future generations inherit a habitable planet.

Each schematic was developed based on synthesis of literature and practice. For example, the
governance-flow schematic integrates policy requirements (e.g., EPA CGP), certification systems
(LEED), and project-level decisions to guide implementation across lifecycle stages.

The structured integration of interventions, metrics, and constraints also enables future
development of decision-support systems and digital tools, particularly when combined with BIM
and LCA-based analytics.

To advance sustainable development in construction, several strategic actions are recommended:
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e Prioritize materials with low embodied energy and high recyclability, such as certified timber,
recycled aggregates, and green steel. These choices reduce waste generation and conserve
finite resources.

e Adopt design frameworks that minimize energy consumption, optimize water use, and
incorporate passive strategies for heating and cooling. Certification systems like LEED or
BREEAM can guide projects toward measurable sustainability outcomes.

e Construction logistics and workforce mobility contribute significantly to carbon emissions.
Encouraging public transit, carpooling, and cycling for site personnel, along with optimizing
delivery routes, can reduce the sector’s transportation footprint.

e Training architects, engineers, contractors, and clients on sustainable design principles and
life-cycle thinking is critical. A culture of sustainability within project teams fosters informed
decision-making and long-term environmental stewardship.

These recommendations should be supported by rigorous research and pilot projects to validate
their effectiveness and scalability. By embedding sustainability into every phase of construction-
from design to demolition-the industry can enhance quality of life while preserving ecological
integrity.
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