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Abstract

This study presented a comprehensive systematic review of sustainable building materials and their role in
enhancing U.S. green infrastructure goals, focusing on their environmental performance, structural
functionality, and policy integration within national sustainability frameworks. Guided by the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) methodology, the review examined 78
peer-reviewed papers published over the past two decades, encompassing a wide range of material innovations,
life-cycle assessments, and infrastructure applications. The objective of this research was to synthesize scientific,
technical, and policy-based evidence that explains how sustainable materials contribute to the design,
implementation, and resilience of green infrastructure systems in the United States. The reviewed studies
collectively demonstrated that low-carbon cementitious binders, bio-based composites, and recycled materials
significantly reduced embodied carbon and energy while improving durability, water management, and heat
mitigation performance. Quantitative analyses across the selected papers revealed that the substitution of
traditional construction materials with sustainable alternatives reduced greenhouse gas emissions by up to 70%
and extended the service life of pavements, roofs, and stormwater systems through enhanced resilience to
environmental stressors. Moreover, the integration of permeable pavements, green roofs, and recycled
aggqregates supported improved hydrological balance, pollutant filtration, and thermal requlation across urban
landscapes. The study further found that U.S. federal and state-level programs—such as the EPA Green
Infrastructure Program and the FHWA Sustainable Pavements initiative — had facilitated innovation through
research funding, performance guidelines, and policy incentives, although challenges remained in data
standardization, cost variability, and regional material supply chains. The synthesis emphasized the importance
of interagency collaboration, interdisciplinary research, and transparent life-cycle reporting to accelerate market
transformation and policy coherence. Overall, the review concluded that sustainable building materials play a
pivotal role in advancing the ecological, economic, and social dimensions of green infrastructure, serving as
critical enablers of climate resilience, resource efficiency, and long-term urban sustainability in the United
States.
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INTRODUCTION

Sustainable building materials are commonly defined as materials selected and used in ways that
minimize adverse environmental burdens across their life cycles while meeting performance,
durability, safety, and cost requirements in the built environment (Min et al., 2022). Core attributes
include resource efficiency, measured through embodied energy and embodied carbon; health and
toxicity profiles aligned to precautionary thresholds; recyclability or biodegradability to enable circular
flows; and verified performance within specific assemblies and climate conditions. Life-cycle
assessment provides a structured method to account for upstream extraction, manufacturing,
transport, installation, operation, maintenance, and end-of-life stages. Material classes frequently
addressed under this umbrella include cementitious binders with supplementary cementitious
materials, timber and engineered wood products, low-carbon metals and alloys, recycled polymers,
bio-based composites, phase-change materials, and high-albedo or permeable surface systems.
Certification instruments such as environmental product declarations, health product declarations, and
multi-attribute building rating frameworks offer consistent reporting formats and third-party
verification (Murtagh et al., 2020). Indoor environmental quality criteria relate materials to ventilation,
emissions from volatile organic compounds, moisture management, and microbial resistance.
Economic measures examine total cost of ownership, accounting for installation labor, service life,
maintenance cycles, salvage value, and exposure to commodity volatility. Performance in climate
stressors is framed through material resilience, which refers to the capacity of a material or assembly
to maintain structural, thermal, and moisture performance under acute loads such as flood exposure,
wildfire-adjacent embers, prolonged heat waves, and freeze-thaw cycling. Social dimensions of
sustainability include labor conditions in extraction and manufacturing, effects on housing
affordability through operating-cost reductions, and equitable access to durable public facilities. Within
this scope, sustainable materials operate not as isolated products but as components of systems—
envelopes, pavements, and landscape-urban interfaces — that interact with hydrology, energy demand,
and human health outcomes across neighborhoods, municipalities, and regional infrastructure
networks (Zhong et al., 2021).

The global relevance of sustainable building materials arises from their role in moderating energy and
carbon flows associated with construction and infrastructure. Internationally, building operations and
construction represent a significant fraction of energy use and greenhouse releases, with materials such
as cement, steel, and petrochemical-derived polymers contributing substantial shares of embodied
emissions during the production phase (Soliman et al., 2022). Variance across regions reflects
differences in grid carbon intensity, logistics networks, climate conditions, and building traditions,
leading to distinct material profiles in Europe, North America, Asia, Africa, Latin America, and
Oceania. Many regions have adopted performance-based codes and public procurement preferences
that elevate materials with verified environmental disclosures and third-party assessments of low-
toxicity formulations. The integration of circularity principles—design for disassembly, material
passports, and urban mining —is becoming a structural feature of refurbishment markets in dense cities
and of public-works programs that rely on stable supplies of recycled aggregates, asphalt reclaimed
from pavements, and recovered metals (Ciacci et al., 2020). Bio-based resources, including timber from
certified forests and agricultural residues converted into panels or insulation, are viewed
internationally through lenses of land stewardship, biodiversity, and rural livelihoods, each mediated
by certification and long-term yield considerations. Coastal and arid regions monitor the hydrological
footprint of materials, including cooling water for industrial processes and embodied water in
feedstocks, as water stress alters risk assessments. International trade connects material supply chains
across continents, so decisions in one jurisdiction reverberate through commodity markets and
influence innovation trajectories in low-clinker cements, mass timber connections, and novel polymers
with improved recyclability (Hepburn et al., 2021). The public-health dimension is similarly global,
with attention to indoor and outdoor air quality, including emissions during installation and use, and
particulates associated with demolition. In sum, the international framing treats sustainable building
materials as critical components of urban resilience, public health protection, and long-lived
infrastructure stewardship, with cross-border learning that informs national and local programs.

66



Journal of Sustainable Development and Policy, December 2024, 65 - 100

Figure 1: Sustainable Building Materials Integration Framework
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In the United States, green infrastructure denotes strategically planned networks of natural and semi-
natural systems that manage stormwater, reduce urban heat, enhance biodiversity, and improve public
spaces (Cao et al., 2020; Sanjid & Farabe, 2021). Typical elements include permeable pavements, green
roofs, rain gardens, urban forests, bioswales, constructed wetlands, and living shorelines, along with
supportive gray-green hybrids such as modular subgrade storage and energy-efficient pump
equipment (Zaman & Momena, 2021). Materials decisions influence these systems through
hydrological performance, thermal reflectance, durability, maintainability, and end-of-life pathways.
Permeable concrete, porous asphalt, and open-graded pavers govern infiltration rates and clogging
behavior, which determine the magnitude and reliability of stormwater volume capture and water-
quality treatment (Rony, 2021). High-albedo roofing and paving materials lower surface temperatures
and reduce ambient heat, contributing to energy savings in adjacent buildings and improved
microclimates across public rights-of-way (Sudipto & Mesbaul, 2021). Bio-based insulation and mass
timber assemblies can integrate with green roofs and facade vegetation to stabilize moisture dynamics
and reduce structural loads, given appropriate detailing for drainage and vapor control. Recycled
aggregates and supplementary cementitious materials modulate embodied impacts in civil works
while maintaining strength and freeze-thaw resistance (Zaki, 2021; Tabrizikahou & Nowotarski, 2021).
Corrosion-resistant reinforcement and fiber-reinforced composites extend service lives of culverts,
bridges, and retaining structures that interface with wetlands and vegetated corridors. Non-toxic
sealants, adhesives, and landscape fabrics safeguard soil and water quality in bioretention areas
(Hozyfa, 2022). Public procurement frameworks emphasize disclosure-driven selection to harmonize
performance, cost, and environmental attributes across portfolios of neighborhood-scale interventions.
Maintenance regimes rely on cleanability and component replacement without extensive demolition,
which connects materials selection to lifecycle operations budgets. Monitoring protocols, including
embedded sensors in pavements and roofs, require materials with compatible interfaces and stable
dielectric properties (Arman & Kamrul, 2022; Sinha et al., 2023). Within this context, sustainable
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materials are instrumental to the reliability and longevity of green infrastructure goals by aligning
hydrologic function, thermal performance, structural integrity, and health safeguards in a manner
consistent with U.S. policy objectives and municipal resilience plans.

A substantial body of research spanning at least three dozen studies examines how material
substitutions and assemblies influence outcomes relevant to U.S. green infrastructure (Mancini & Nuss,
2020; Mohaiminul & Muzahidul, 2022). Investigations into permeable concrete and porous asphalt
evaluate infiltration capacity, clogging rates under mixed sediment loads, structural performance
under freeze-thaw cycles, and maintenance efficacy using vacuum sweeping or pressure washing.
Studies on recycled aggregates assess mechanical properties, alkali-silica reaction risks, and chloride
penetration relative to virgin aggregates under highway and sidewalk conditions (Omar & Jobayer
Ibne, 2022). Work on supplementary cementitious materials such as fly ash, slag cement, calcined clays,
and natural pozzolans documents reductions in clinker content while tracking early-age strength
development, carbonation resistance, and sulfate durability (Sanjid & Zayadul, 2022). Research on cool
roof and cool pavement technologies measures solar reflectance, thermal emittance, surface
temperature differentials, and downstream impacts on pedestrian heat exposure (Hasan, 2022; Myers,
2022). Mass timber literature explores structural capacity, charring behavior, moisture control in humid
climates, and long-term dimensional stability when integrated with green roof loading. Bio-based
insulation studies evaluate thermal conductivity under varying moisture contents, drying potentials in
wall assemblies, and microbial resistance (Mominul et al., 2022). Photocatalytic cements and coatings
are tested for nitrogen oxides reduction and durability under ultraviolet exposure. Fiber-reinforced
polymer composites and stainless reinforcement are examined for corrosion resistance in saline and
deicing environments typical of coastal and winter-maintained corridors. Recycled plastic lumber and
composite decking are evaluated for slip resistance, UV stability, and microplastics shedding during
wear. Rubberized asphalt incorporating crumb rubber from end-of-life tires is analyzed for noise
reduction, rutting resistance, and binder compatibility (Rabiul & Praveen, 2022; Yang et al., 2023). Low-
VOC sealants and adhesives are tested for emission profiles and adhesion performance on porous
substrates common in greened rights-of-way. Each material class is supported by empirical studies that
quantify performance attributes, enabling design teams and public agencies to select assemblies that
meet stormwater, heat mitigation, durability, and public-health objectives without sacrificing
constructability or maintainability.

The role of sustainable building materials in green infrastructure becomes clearer when framed as
systems interactions among hydrology, energy balance, and health (Haruna et al., 2021; Farabe, 2022).
Hydrologically, the infiltration performance of permeable pavements depends on pore structure,
binder-aggregate gradations, and the stability of surface voids under traffic and sediment load. The
selection of geotextiles and base-course materials influences subgrade drainage, storage, and filtration,
while edging materials and joint sands in paver systems affect lateral stability and surface continuity
over service life (Roy, 2022). Green roof materials, including growing media blends, root barriers, and
capillary mats, shape stormwater retention curves and nutrient export characteristics that must align
with watershed goals. In the energy domain, roof membranes and surface treatments with documented
reflectance and emittance alter sensible heat flux, influencing building cooling loads and near-surface
air temperatures. Assemblies combining reflective surfaces with vegetated systems can produce
synergistic moderated microclimates when moisture availability, albedo, and aerodynamic roughness
are balanced (Haruna et al., 2021; Rahman & Abdul, 2022). From a health standpoint, materials with
low chemical emissions, limited leaching potential, and resistance to microbial amplification contribute
to safer public spaces and indoor environments adjacent to green infrastructure interventions. The
durability of these materials under ultraviolet exposure, moisture cycling, and biological activity
underpins maintenance intervals and operating budgets, which in turn influence the ability of
municipalities to sustain green infrastructure assets over time (Razia, 2022). Moreover, the presence of
recycled content and circular pathways affects local waste management strategies, connecting material
flows to municipal solid waste diversion targets. Strategic use of mass timber and other bio-based
materials interacts with land management objectives, where certification frameworks and moisture-
aware detailing ensure structural performance alongside ecological stewardship (Lin & Li, 2022; Zaki,
2022). In combination, these system-level relationships illustrate how materials, as chosen and
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assembled, govern not only immediate project outcomes but also the cumulative hydrologic, thermal,
and health performance of larger urban networks of green infrastructure projects (Arif Uz & Elmoon,
2023; Kanti & Shaikat, 2022).

Within the U.S. policy environment, selection and deployment of sustainable building materials for
green infrastructure are shaped by governance frameworks and market instruments that translate
technical evidence into project pipelines (Sanjid, 2023; Yang et al., 2022). Public owners and
transportation agencies often require environmental product declarations to establish baseline
embodied carbon metrics for mixes, metals, and manufactured components, allowing comparisons
during bid evaluation (Sanjid & Sudipto, 2023). Health-focused disclosure frameworks inform the
choice of sealants, coatings, and composite elements for projects adjacent to schools, parks, and
residential streets (Tarek, 2023). Performance specifications establish minimum infiltration rates for
permeable pavements, target reflectance values for roof and pavement surfaces, and durability criteria
for corrosion resistance in deicing-salt exposure. Grant and incentive programs may prioritize projects
that demonstrate material circularity, such as the incorporation of recycled asphalt pavement,
recovered concrete aggregates, or modular pavers designed for deconstruction and reuse (Johnsson et
al., 2020; Shahrin & Samia, 2023). Building codes and municipal ordinances can enable green roof
adoption through clear standards for growing media, waterproofing, and structural loading, thereby
reducing uncertainty for owners and contractors. Workforce development programs expand installer
capacity for specialized systems, including porous asphalt placement and vacuum maintenance
protocols, which is essential for maintaining design performance (Muhammad & Redwanul, 2023;
Muhammad & Redwanul, 2023). Insurance and bond markets consider documented durability and
manufacturer warranties when assessing project risk, encouraging standardized testing and quality
control for innovative materials. Data platforms that collect performance monitoring from pilot projects
help agencies refine specifications and disseminate lessons learned across regions with varied climates,
soils, and hydrologic regimes (Razia, 2023; Srinivas & Manish, 2023; Watari et al., 2022). Through these
instruments, technical assessments of material performance translate into procurement criteria,
contract documents, and maintenance plans that anchor sustainable materials within the day-to-day
practice of delivering green infrastructure in U.S. cities and counties.

Equity considerations enter the materials conversation through access, exposure, and benefit
distribution across neighborhoods. Materials that reduce heat exposure on sidewalks and transit
corridors improve comfort for pedestrians and transit users who spend more time outdoors (Sudipto,
2023; Xue et al., 2019; Zayadul, 2023). Low-toxicity products reduce exposure for maintenance workers
and residents near construction, while permeable and vegetated systems reduce nuisance flooding on
streets with limited drainage capacity. Logistics determine feasibility and cost parity; locally available
recycled aggregates, regional SCMs, and domestically produced fiber-reinforced polymers reduce
transport impacts and improve supply reliability, particularly for municipal programs that deliver
many small projects across dispersed sites (Mesbaul, 2024; Tarek & Kamrul, 2024). Regional climate
and soil conditions guide selections: freeze-thaw regions prioritize air-void stability and deicing-
chemical durability for pavements; arid regions weigh water retention and salts compatibility for green
roof media; coastal regions foreground corrosion resistance and biological fouling considerations for
shoreline structures and boardwalks. Rural-urban interfaces add considerations of load-bearing
capacity for maintenance vehicles on permeable road shoulders and the compatibility of bio-based
materials with agricultural supply chains (Sudipto & Hasan, 2024; Zhao et al., 2023). Housing and
small-business contexts require materials that are installable by smaller contractors using accessible
equipment, suggesting modularity and straightforward detailing. Community participation processes
influence acceptance of visible materials, such as pavement colors or vegetated systems, where
maintenance expectations must be transparent and aligned with available budgets. End-of-life
planning affects neighborhood disruption during replacement cycles, favoring products that can be
rapidly lifted, cleaned, and reset, or that have established recycling markets (Slamersak et al., 2022). By
considering equity, logistics, and regional fit together, project teams can align sustainable building
material choices with the practical realities of U.S. green infrastructure programs, ensuring that
hydrologic and thermal functions co-exist with durable, low-exposure public spaces that serve diverse
communities and site conditions.
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Figure 2: Circular and Linear Economy Comparison
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The principal objective of A Review on Sustainable Building Materials and Their Role in Enhancing
U.S. Green Infrastructure Goals is to systematically evaluate and synthesize the scientific, technical,
and policy-based evidence on how environmentally responsible construction materials contribute to
the advancement of national green infrastructure initiatives within the United States. The review seeks
to identify material categories —such as low-carbon cementitious composites, permeable pavements,
high-reflectance roofing systems, recycled aggregates, reclaimed metals, bio-based polymers, and
sustainably sourced timber—that effectively align with the goals of improving stormwater
management, mitigating urban heat, reducing greenhouse gas emissions, and supporting long-term
ecological performance of built environments. The objective extends to assessing the interrelationship
between material life-cycle characteristics and green infrastructure metrics established through federal
and municipal sustainability frameworks, including resource efficiency, embodied carbon accounting,
hydrological performance, resilience, and public health protection. By critically examining laboratory
research, field evaluations, and implementation case studies, the review aims to clarify performance
benchmarks and identify key determinants of material suitability across varying climatic and regional
contexts. Furthermore, it seeks to explore how material innovation interacts with governance
instruments such as environmental product declarations, procurement policies, and incentive
programs that structure green infrastructure deployment. The analysis intends to map how sustainable
material selection enhances the operational reliability of permeable surfaces, bioswales, vegetated
roofs, and other components of resilient urban systems, linking construction practices to policy
outcomes under the U.S. Green Infrastructure and Resilient Communities agendas. Through
comprehensive integration of cross-disciplinary evidence from environmental engineering, materials
science, urban hydrology, and policy studies, this review aims to present an objective foundation for
understanding the functional role, measurable benefits, and systemic significance of sustainable
building materials in achieving the multifaceted objectives of U.S. green infrastructure development.
The ultimate focus is to generate a coherent analytical framework that connects material-level
innovation to national sustainability performance indicators through verifiable technical,
environmental, and institutional linkages.
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LITERATURE REVIEW

The literature on sustainable building materials and their relationship to green infrastructure
development in the United States has evolved into a complex and interdisciplinary field encompassing
environmental science, materials engineering, policy studies, and urban planning (Monteiro et al.,
2020). This body of research demonstrates how the material composition of the built environment
determines its environmental footprint, resilience, and ability to contribute to public and ecological
health. Early investigations primarily emphasized the reduction of operational energy consumption in
buildings; however, the contemporary focus has expanded to include embodied carbon, circular
economy principles, stormwater mitigation, and social equity outcomes associated with green
infrastructure systems. Sustainable building materials are not only viewed as construction components
but as dynamic agents that interact with hydrological cycles, heat balance, biodiversity, and community
well-being through the physical and chemical properties they embody (Pozoukidou, 2020).The
literature indicates a paradigm shift from isolated product innovation toward system-wide integration
of materials within ecological infrastructure networks—such as green roofs, bioswales, permeable
pavements, and vegetated facades—that operate synergistically to restore natural processes in urban
environments. Studies now examine the entire material life cycle, integrating life-cycle assessment
(LCA), embodied energy and carbon quantification, recyclability, toxicity reduction, and adaptability
under extreme climatic conditions. Within the U.S. context, research also focuses on how federal, state,
and municipal policies, including LEED, Envision, and EPA’s Green Infrastructure Framework, guide
and incentivize material selection, thereby linking material science to governance structures and
infrastructure funding mechanisms.Scholarly discourse increasingly emphasizes data-driven
assessments of how innovative materials—such as geopolymer concrete, mass timber, recycled
aggregates, and biogenic polymers —enhance hydrological performance, thermal comfort, and overall
environmental quality (Voghera & Giudice, 2019). At the same time, critical reviews reveal significant
variability in standards, regional applications, and long-term monitoring, underscoring the need for
synthesis across technical, environmental, and policy perspectives. Therefore, this literature review
aims to systematize existing knowledge on the performance, policy alignment, and implementation
challenges of sustainable building materials within the broader pursuit of U.S. green infrastructure
goals. By structuring the discussion around material typologies, environmental performance metrics,
and governance frameworks, the review establishes a comprehensive foundation for understanding
how material innovation directly supports national sustainability targets and infrastructure resilience
priorities (Pauleit et al., 2020).

Conceptual Framework and Definitions

Sustainable building materials are characterized by their capacity to minimize environmental
degradation while maintaining the structural, functional, and aesthetic requirements of modern
construction. The fundamental principles defining such materials are grounded in resource efficiency,
reduced life-cycle impacts, recyclability, and non-toxicity (Ronchi et al., 2020). Resource efficiency
refers to the intelligent use of raw materials by prioritizing renewable, recycled, or regionally available
resources that minimize depletion of natural stocks and reduce dependence on energy-intensive
extraction processes. Life-cycle analysis extends this principle by evaluating the total environmental
burden associated with each phase of a material’s existence —from raw material acquisition and
manufacturing to usage, maintenance, and eventual disposal. The concept emphasizes not only
operational performance but also embodied energy and carbon footprints. Recyclability underscores
the importance of materials that can be reprocessed or repurposed without losing structural integrity,
thereby reducing landfill pressure and encouraging circular economy models (Sturiale & Scuderi,
2019). Non-toxicity expands sustainability into the realm of human and ecological health, mandating
that materials avoid hazardous emissions, off-gassing, or leachate that could endanger occupants or
surrounding ecosystems. Beyond environmental attributes, sustainability in materials also
encompasses economic and social dimensions. Economic sustainability is reflected in affordability,
local availability, and durability, ensuring that materials deliver value across their service life without
imposing excessive maintenance burdens. Social sustainability includes considerations of safety, labor
ethics, and equitable access to quality infrastructure (Matsler et al., 2021). Collectively, sustainable
building materials represent an integrated approach that balances environmental protection, economic
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viability, and human well-being. They function as tangible expressions of sustainable development
principles, translating abstract ecological goals into measurable outcomes through informed design,
responsible sourcing, and performance-based management within the built environment.

Green infrastructure refers to a strategically planned system of natural and engineered elements
designed to deliver multiple environmental and social benefits across urban and regional landscapes
(Oijstaeijen et al., 2020). It embodies an approach that integrates vegetation, soils, and hydrological
processes into urban form to support ecological resilience, stormwater management, and climate
regulation. Unlike conventional gray infrastructure, which focuses on single-function systems such as
drainage pipes and concrete channels, green infrastructure emphasizes multifunctionality by
combining ecological processes with infrastructural performance. Its components include permeable
pavements, green roofs, bioswales, rain gardens, urban forests, and constructed wetlands—each
designed to mimic natural hydrological behavior and mitigate urban runoff, heat accumulation, and
pollution. Within this framework, materials play a critical role, as their physical, thermal, and chemical
properties determine the functionality and longevity of green infrastructure systems (Campagna et al.,
2020). Permeable materials regulate infiltration and storage capacity, high-albedo surfaces mitigate heat
accumulation, and low-toxicity components prevent contamination of water bodies. The hydrological
performance of these systems relies heavily on material porosity, permeability, and resistance to
clogging, while structural performance depends on compressive strength, durability, and resistance to
freeze-thaw cycles. Green infrastructure further contributes to biodiversity enhancement, air quality
improvement, and social well-being by creating healthier, more accessible public spaces. At the policy
level, it supports urban sustainability goals by providing cost-effective alternatives to traditional
stormwater systems and promoting resilient design under changing climatic conditions.
Fundamentally, green infrastructure represents an evolution in urban engineering — one that integrates
ecological function into infrastructure planning through material selection and system design (Pauleit
et al., 2021). It demonstrates how sustainability at the material level directly influences broader urban
performance, linking scientific innovation in construction materials to the restoration of natural
systems and the improvement of environmental quality across cities.

Figure 3: Sustainable Building Materials Benefits Diagram
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The interconnection between sustainable materials and green infrastructure goals is rooted in the
recognition that material choices determine not only the performance of individual structures but also
the resilience and ecological functionality of entire urban systems (Jerome et al., 2019). Sustainable
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materials influence key environmental processes such as water infiltration, carbon sequestration,
thermal regulation, and pollutant absorption—all of which align with the objectives of green
infrastructure development. Materials that exhibit low embodied energy, high durability, and capacity
for reuse contribute to reducing the life-cycle impacts of public infrastructure. When implemented in
pavements, stormwater channels, or structural frameworks, these materials enhance resilience by
extending service life and minimizing maintenance costs (Depietri, 2022). They also support
hydrological functions, allowing infiltration, storage, and treatment of stormwater to occur naturally
within urban landscapes. Reflective and vegetated materials assist in moderating urban heat, while bio-
based and porous systems contribute to microclimatic stability and improved air quality. The
integration of sustainability metrics such as carbon intensity, energy demand, and toxicity with
resilience indicators such as adaptability, redundancy, and recovery time creates a comprehensive
model for evaluating infrastructure performance. In this model, the ecological and mechanical
attributes of materials are inseparable from the infrastructure’s capacity to withstand climatic stresses,
environmental degradation, and social demand. Sustainable material selection, therefore, acts as a
mechanism for aligning local project design with national environmental and public health goals
(Strbac et al., 2023). The interlinking of sustainability and infrastructure reinforces the principle that
urban systems thrive when materials are chosen not only for their immediate utility but also for their
contribution to long-term ecological stability, economic efficiency, and community well-being. This
relationship forms the conceptual backbone of the transition toward greener, more adaptive, and
equitable infrastructure in the United States.

An integrated conceptual framework uniting sustainable building materials with green infrastructure
demonstrates that the two are mutually reinforcing components of a holistic urban sustainability
paradigm (Rosa & Pappalardo, 2021). In this framework, the properties of materials —such as porosity,
emissivity, embodied carbon, and toxicity—are directly linked to macro-scale outcomes like
hydrological performance, climate regulation, and environmental health. Sustainable materials act as
mediating agents between human engineering and ecological function, translating environmental
principles into tangible design strategies. Their life-cycle behavior influences infrastructure durability,
adaptability, and energy efficiency, which are essential metrics within resilience-based planning. This
integration allows engineers, planners, and policymakers to evaluate infrastructure not merely as a
collection of assets but as dynamic ecological systems that evolve through material performance
(Pamukcu-Albers et al., 2021). When analyzed collectively, material sustainability and infrastructure
functionality converge within a systems-oriented perspective that emphasizes circularity, synergy, and
adaptability. Such a framework acknowledges that every phase of a material’s existence —from
production to reuse—affects water systems, energy flows, and social outcomes. By embedding
sustainable materials into green infrastructure planning, cities are able to optimize performance across
multiple domains: ecological restoration, economic cost reduction, and social equity. The conceptual
synthesis highlights the interdependence between the micro-scale science of materials and the macro-
scale objectives of public infrastructure (Escobedo et al., 2019). It views sustainability not as an external
constraint but as an internalized design philosophy guiding material innovation and policy
formulation. Within this integrated perspective, sustainable materials serve as the foundational layer
of green infrastructure, ensuring that urban development advances in harmony with ecological systems
while maintaining functionality, resilience, and inclusiveness across the built environment.

Global Research Context

The international development of sustainable building materials has evolved through coordinated
policy frameworks, scientific collaboration, and industrial innovation driven by the need to address
environmental degradation, climate change, and resource depletion (Cao et al.,, 2020). Globally
recognized standards such as ISO 14040 and EN 15804 have established consistent methodologies for
assessing environmental impacts through life-cycle analysis and environmental product declarations,
which are now central instruments in material evaluation and public procurement. These standards
enable comparability and transparency in quantifying embodied carbon, energy consumption, water
use, and toxicity potential, allowing designers, manufacturers, and policymakers to make informed
decisions that align with international sustainability targets (Abad-Segura et al., 2020). In Europe,
extensive research programs have fostered material innovation through low-carbon cements, recycled
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aggregates, bio-based polymers, and high-performance composites designed to meet stringent
emissions regulations and circular economy goals. Asian research communities have emphasized rapid
industrial adaptation, focusing on the integration of local resources, waste reuse, and resilience under
monsoonal and high-density urban conditions. Australia, with its unique climatic challenges, has
advanced sustainable material applications through performance-based codes that prioritize thermal
efficiency, moisture control, and resilience to extreme weather events (Tran et al., 2019). Across these
regions, sustainable material development is increasingly viewed not as an isolated technological
pursuit but as an integral component of national sustainability strategies that link construction
industries to environmental policy. The widespread adoption of environmental product declarations
has created a global marketplace where transparency and accountability guide material selection.
International cooperation through research networks, trade policies, and academic partnerships has
also facilitated cross-border transfer of expertise in low-impact material design (Anikina et al., 2020).
The global trajectory demonstrates that the standardization of environmental assessment and the
integration of life-cycle data are foundational to scaling sustainable material innovation, ensuring that
the built environment transitions toward reduced environmental burdens and increased resilience.

Figure 4: Building Lifecycle Stakeholder Interaction Diagram
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Comparative studies across Europe, Asia, and Australia illustrate the diversity of approaches taken
toward material innovation within sustainable urban development. European countries have
historically emphasized regulatory frameworks and certification systems that drive industrial
transformation toward circularity and carbon neutrality (Graham et al., 2020). The European Union’s
research initiatives have propelled large-scale demonstrations of recycled concrete, low-clinker cement,
and prefabricated timber components, integrating environmental performance with energy efficiency
and design aesthetics. In contrast, Asian nations have leveraged rapid urbanization as an opportunity
to implement sustainable materials in new infrastructure, particularly in high-rise construction and
dense metropolitan environments. These efforts prioritize cost-effective strategies for waste reduction,
resource recovery, and adaptation to regional climatic stresses. Southeast Asian cities, for example,
have explored tropical climate-responsive materials that optimize ventilation, shading, and water
retention using locally sourced resources (Charlson et al., 2021). Meanwhile, Japan and South Korea
have focused on technological innovation through high-strength recycled steels, advanced composite
materials, and efficient modular systems that minimize construction waste and enhance seismic
performance. In Australia, sustainability frameworks integrate material science with building physics
to improve thermal comfort, water management, and lifecycle durability under variable climatic
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extremes. Research emphasizes the balance between environmental performance and social
sustainability, highlighting how material choices influence public health and community resilience.
The comparative global literature demonstrates that cultural context, regulatory maturity, and
geographic diversity shape the pathways through which sustainable material innovation evolves
(Nyirenda et al., 2020). While Europe’s model is guided by policy and standardization, Asia’s evolution
is driven by technological adaptation and scalability, and Australia’s approach aligns with
environmental performance and climatic specificity. Collectively, these regional practices reveal that
sustainable material development is both globally convergent and locally distinctive, reinforcing that
material sustainability must be tailored to socio-ecological and economic contexts to achieve effective
and enduring outcomes (Lerner et al., 2019).

Global green infrastructure programs have provided rich evidence of how sustainable materials can
strengthen the ecological and functional performance of urban systems (Wu, 2020). International
examples reveal that integrating appropriate materials into infrastructure design enhances
hydrological balance, reduces urban heat, and supports biodiversity within densely populated
environments. Singapore’s Active, Beautiful, Clean (ABC) Waters Program exemplifies this principle
by employing bioengineered materials, permeable pavements, and vegetated filtration systems that
merge aesthetics with ecological function. The program’s material framework emphasizes modularity,
maintainability, and resilience under tropical rainfall conditions, thereby demonstrating how technical
innovation in materials underpins large-scale environmental planning. European initiatives under the
Green Deal framework showcase similar synergies between materials and infrastructure. Cities such
as Copenhagen, Rotterdam, and Berlin have implemented green roofs, porous paving, and recycled
aggregate systems to enhance stormwater management, reduce carbon emissions, and increase urban
livability (Oni et al., 2020). These projects rely heavily on standardized material testing, lifecycle
documentation, and design integration, ensuring that every component contributes quantifiable
ecosystem services. In Australia, the Water Sensitive Urban Design movement extends these principles
to semi-arid environments, where materials are selected for their capacity to retain water, resist
degradation under ultraviolet exposure, and support native vegetation. Comparative assessments
across these programs underscore that material innovation is most successful when integrated with
governance mechanisms, community participation, and maintenance planning. The literature identifies
recurring success factors: alignment of material properties with local climate, use of data-driven
performance metrics, and commitment to cross-sector collaboration. Together, these global programs
provide an evolving body of practice that links technical material research with practical
implementation, demonstrating that sustainable materials serve as the operational foundation for the
success of green infrastructure worldwide (Malik et al., 2019).

The global experiences of sustainable material integration in green infrastructure offer valuable lessons
for adaptation within the United States. The international body of research reveals that policy
coherence, lifecycle transparency, and cross-sector collaboration are essential conditions for
mainstreaming sustainable materials into infrastructure systems (Wang & Lobato, 2019). The
transferability of global innovations depends on aligning environmental standards, supply chain
capabilities, and climatic conditions with U.S. regulatory and institutional frameworks. International
models demonstrate that performance-based codes, public procurement incentives, and environmental
product labeling can accelerate the adoption of low-carbon materials without compromising safety or
cost efficiency. The European focus on material circularity provides a precedent for U.S. cities seeking
to expand recycling and deconstruction practices in construction waste management (Leonidou &
Hultman, 2019). Asian and Australian approaches illustrate how context-sensitive material design—
particularly in relation to climate adaptability and rapid construction needs—can enhance
infrastructure resilience in coastal and arid regions of the U.S. Additionally, global examples emphasize
the necessity of integrating community engagement with technical implementation, ensuring that
sustainable materials not only deliver environmental benefits but also address social and economic
equity within urban redevelopment. The knowledge exchange between international and U.S. research
communities enables the refinement of standards, pilot programs, and monitoring systems that link
material performance to measurable sustainability indicators. This transfer of insights encourages U.S.
policymakers, engineers, and architects to conceptualize materials as active agents in green
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infrastructure rather than passive components (Mitrano et al.,, 2021). The global literature thus
contributes a comparative foundation through which U.S. adaptation can evolve —anchored in the
recognition that material innovation, environmental governance, and infrastructural resilience must
operate as interdependent systems to achieve national sustainability objectives.

Material Typologies and Environmental Performance

Low-carbon and alternative cementitious materials represent one of the most transformative areas in
sustainable construction research, offering a pathway to significantly reduce the carbon footprint of the
built environment. Traditional Portland cement is known to be highly energy-intensive and a major
contributor to global carbon emissions (Shafaghat & Keyvanfar, 2022). Consequently, innovations such
as geopolymer concretes, alkali-activated materials, and supplementary cementitious materials (SCMs)
have emerged as critical substitutes that retain mechanical performance while drastically lowering
embodied carbon. Geopolymer concretes are formed through the polymerization of aluminosilicate
sources such as fly ash, slag, or metakaolin activated by alkaline solutions, resulting in high
compressive strength, chemical resistance, and durability even under aggressive environmental
conditions. Alkali-activated materials share similar chemistry, offering early-age strength development
and resistance to sulfate and chloride attack, making them ideal for coastal and marine infrastructure.
SCMs, including fly ash, ground granulated blast furnace slag, and silica fume, enhance the
microstructure of concrete through pozzolanic reactions that reduce permeability, increase density, and
improve long-term strength while substituting a significant portion of Portland cement (Cornaro et al.,
2020). These materials contribute not only to lower carbon emissions but also to superior thermal mass
properties and resilience under freeze-thaw cycles, which are critical for U.S. climate zones. The
quantification of embodied carbon and lifecycle impact through standardized frameworks allows
designers and engineers to assess and optimize concrete formulations to meet environmental
performance benchmarks. Low-carbon binders also extend service life and reduce maintenance
frequency, contributing to cost efficiency in public works and infrastructure systems. Collectively, these
innovations demonstrate that alternative cementitious materials can satisfy structural, environmental,
and economic performance requirements simultaneously, reinforcing their central role in achieving
sustainable urban development and advancing the nation’s green infrastructure objectives (Grazieschi
et al., 2021).

The environmental and mechanical performance of low-carbon cementitious systems has been
extensively examined through the lens of embodied energy reduction, microstructural enhancement,
and long-term durability. Compared to conventional concretes, low-carbon formulations demonstrate
lower clinker content, resulting in substantial decreases in greenhouse gas emissions associated with
cement production (Wang et al., 2020). The inclusion of industrial by-products as SCMs reduces waste
streams while optimizing the hydration process to produce denser, less permeable matrices. This
microstructural refinement directly enhances compressive and flexural strength, corrosion resistance,
and dimensional stability. Geopolymer concretes exhibit superior chemical resistance against acids and
sulfates, allowing for their application in wastewater treatment plants, coastal infrastructures, and
high-moisture environments. Their rapid strength gain and thermal stability make them suitable for
precast applications and structures requiring early load-bearing capacity (Arena & Ardolino, 2022).
Quantitative assessments of embodied carbon reveal that geopolymer and alkali-activated systems can
achieve reductions exceeding half of the carbon emissions of traditional cement mixes, depending on
regional availability of source materials and energy inputs. Beyond carbon efficiency, these materials
demonstrate improved resilience under environmental stressors such as freeze-thaw cycles, thermal
expansion, and chloride-induced corrosion. The durability of low-carbon binders contributes directly
to reduced maintenance costs and extended lifespan of roads, bridges, and stormwater systems.
Furthermore, life-cycle analyses confirm that the environmental gains achieved during production are
sustained throughout the operational phase due to increased performance stability and reduced repair
interventions (Eberhardt et al., 2022). The evolution of standardized testing methods, combined with
real-world performance monitoring, ensures that these materials are not only environmentally
responsible but also structurally robust and economically viable. Thus, low-carbon cementitious
technologies exemplify how material science and sustainability principles converge to advance both
structural integrity and environmental stewardship within modern infrastructure design.
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Figure 5: Building Life Cycle Phases Diagram
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Bio-based and renewable materials have emerged as vital components of sustainable construction due
to their ability to integrate renewable resource cycles with ecological balance and performance
efficiency. Materials such as timber, bamboo, hempcrete, mycelium composites, agricultural byproduct
panels, and cellulose insulation exemplify how natural or rapidly renewable resources can be
transformed into high-performance structural and insulating components (Correa et al.,, 2019).
Engineered timber products, including cross-laminated timber and laminated veneer lumber, combine
strength, lightweight behavior, and carbon sequestration capacity, effectively storing atmospheric
carbon within long-lived structures. Bamboo and mycelium-based composites provide additional
ecological benefits through rapid renewability, biodegradability, and compatibility with circular
economy practices. Agricultural residues such as straw, husks, and bagasse can be processed into
panels or boards that exhibit strong insulating properties and low embodied energy. Cellulose
insulation derived from recycled paper fibers provides thermal stability, moisture control, and sound
absorption, enhancing the overall energy efficiency of buildings (Yurdakul & Kazan, 2020). These
materials offer environmental advantages through biodegradability and low toxicity, ensuring safe
end-of-life disposal or composting without releasing harmful substances. In terms of performance,
modern treatments and laminations have improved fire resistance, dimensional stability, and load-
bearing capacity, enabling their use in large-scale and multi-story construction. Their light weight also
reduces transportation energy and foundation requirements. Socially, bio-based materials contribute
to regional economic development through local sourcing and small-scale manufacturing, fostering
sustainable livelihoods. Environmentally, their use supports ecosystem restoration by reducing
pressure on non-renewable mineral resources and promoting forest management practices that
enhance biodiversity. The integration of these renewable materials into green infrastructure —such as
vegetated roofs, permeable decks, and structural walkways —demonstrates how biological innovation
can complement urban resilience (Morales et al., 2019). Collectively, bio-based materials illustrate that
renewable resources, when managed and engineered appropriately, provide technically reliable,
environmentally regenerative, and socially equitable solutions for sustainable construction.

U.S. Green Infrastructure Systems

Hydrological performance is one of the most critical dimensions linking sustainable building materials
to green infrastructure systems in the United States (Wang et al., 2021). Materials used in permeable
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pavements, green roofs, and bioretention systems directly influence infiltration, retention, and runoff
quality. Permeable concrete, porous asphalt, and open-jointed pavers allow precipitation to infiltrate
the ground surface rather than flow into storm sewers, reducing the frequency and intensity of urban
flooding. The permeability and pore connectivity of these materials determine not only the infiltration
rate but also the long-term storage and treatment capacity of subsurface layers. In addition, the mineral
composition and surface chemistry of the materials play an important role in pollutant adsorption and
filtration, improving the quality of water percolating through the system. In green roof applications,
engineered substrates composed of lightweight aggregates and organic components promote
temporary water retention and gradual evapotranspiration, reducing peak runoff while cooling roof
surfaces. Bioretention media integrate carefully graded sands, compost, and mineral amendments that
enhance pollutant removal by physical filtration, microbial decomposition, and plant uptake (Tran et
al., 2020). Water filtration substrates constructed from recycled glass, slag, or zeolite have demonstrated
high adsorption capacity for heavy metals and nutrients, contributing to improved downstream water
quality. The hydrological performance of these systems depends on maintaining pore integrity, which
requires durable materials resistant to clogging, compaction, and freeze-thaw degradation. The use of
sustainable materials ensures that hydraulic conductivity is preserved over time, reducing maintenance
requirements and enhancing the consistency of water management performance. In U.S. cities facing
increased precipitation variability, these materials serve as essential tools for adaptive stormwater
management (Zuniga-Teran et al, 2020). Their ability to combine infiltration, retention, and
purification functions makes them indispensable to green infrastructure strategies aimed at reducing
flood risk, improving watershed health, and restoring natural hydrologic balance within urban
environments.

Thermal and climatic regulation is another vital function through which sustainable materials enhance
U.S. green infrastructure performance (J. Wang et al., 2020). Urban areas experience significant heat
accumulation due to dark, impervious surfaces that absorb solar radiation and radiate heat back into
the atmosphere, creating localized temperature increases known as urban heat islands. Materials
engineered with reflective or high-albedo properties counteract this effect by reflecting a greater
proportion of solar radiation, thereby lowering surface and ambient temperatures. Cool pavements,
reflective roofing membranes, and light-colored aggregates have demonstrated the ability to reduce
surface heat gain, improving thermal comfort in pedestrian zones and lowering cooling demands in
adjacent buildings. Vegetative materials such as green roofs, living walls, and urban tree canopies
provide additional thermal benefits through shading and evapotranspiration. When used in
combination with energy-efficient building envelopes, these systems create synergistic effects that
stabilize urban microclimates (Kim & Song, 2019). The material composition of envelopes—such as
insulation made from recycled cellulose, low-emissivity coatings, and natural fiber composites—
further contributes to thermal performance by minimizing heat transfer across building skins. Within
transportation and utility corridors, reflective and permeable materials reduce surface temperatures
and extend pavement life by minimizing thermal expansion and contraction cycles. These thermal and
climatic benefits translate directly into energy savings, improved public health, and reduced stress on
cooling infrastructure. Furthermore, materials that moderate microclimate conditions contribute to
ecological balance by creating favorable habitats for vegetation and pollinators. The integration of
thermally responsive and vegetative materials within U.S. cities aligns with national objectives to
reduce greenhouse gas emissions and improve resilience against rising temperatures (Korkou et al.,
2023). By managing surface energy exchange, sustainable materials transform green infrastructure into
a multifunctional network that simultaneously mitigates heat, enhances comfort, and supports
biodiversity within the built environment.
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Figure 6: Urban Circular Water Management System
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Structural integrity and resilience form the foundation of successful green infrastructure systems. The
performance of sustainable materials under mechanical stress, climatic variation, and chemical
exposure determines their long-term viability in urban environments (Zhang et al., 2019). Materials
deployed in infrastructure must endure repeated freeze-thaw cycles, deicing salts, and periodic
flooding without loss of strength or permeability. Low-carbon concretes, fiber-reinforced composites,
and polymer-modified binders have been developed to address these challenges by enhancing tensile
strength, flexibility, and resistance to cracking. The microstructure of these advanced materials
minimizes water penetration, reducing the likelihood of scaling and frost damage in cold climates
(Fang et al., 2023). Corrosion-resistant reinforcement systems, including stainless steel bars, glass fiber-
reinforced polymers, and coated rebar, significantly extend the lifespan of stormwater basins, bridges,
and retaining walls. In flood-prone contexts, materials that combine lightweight characteristics with
structural durability, such as geopolymer concretes and cellular foamed aggregates, reduce hydrostatic
loads and resist prolonged water exposure. Structural resilience also includes the capacity for rapid
repair and modular replacement, which is facilitated by prefabricated components designed from
recyclable composites and interlocking paving systems (Hansen et al., 2019). These materials support
post-disaster recovery by enabling quick reassembly and restoration of functionality. The integration
of structural durability with environmental resilience ensures that green infrastructure assets remain
functional during extreme weather events and continue to deliver ecosystem services such as water
filtration, heat mitigation, and habitat support. By selecting materials with high mechanical reliability
and adaptive characteristics, infrastructure designers reduce lifecycle costs while safeguarding public
investment (Monteiro et al., 2020). Resilient materials thus operate as both physical and strategic
foundations of sustainable infrastructure, ensuring continuity of service, ecological stability, and
community safety within diverse climatic and geotechnical conditions.

The integration of hydrological, thermal, and structural functions through material selection represents
the essence of green infrastructure design in the United States. Sustainable materials are not applied in
isolation; rather, their effectiveness arises from their capacity to operate synergistically within
interconnected systems (Meerow, 2020). A permeable pavement constructed with reflective aggregates,
for example, can simultaneously manage stormwater, reduce surface temperatures, and resist
deformation under traffic loads. Similarly, a green roof system combining lightweight substrate,
recycled insulation, and high-albedo membranes can manage rainfall, regulate temperature, and
extend membrane life. The material’s physical and chemical properties determine its contribution to
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each functional dimension, linking micro-scale performance to macro-scale sustainability outcomes.
This systems-based approach ensures that infrastructure provides multiple co-benefits, including
reduced urban runoff, lower energy consumption, and enhanced resilience against climate stressors
(Grabowski et al., 2023). The integration of these functions is also reflected in urban design policies that
promote the co-optimization of ecological, thermal, and structural criteria in public infrastructure
projects. By aligning material properties with desired ecosystem services, engineers and planners
achieve more efficient resource use and greater overall environmental performance. The success of U.S.
green infrastructure initiatives therefore depends on materials that can perform across multiple
domains —supporting hydrological balance, thermal comfort, and structural stability simultaneously.
This holistic integration transforms individual green components into cohesive networks that enhance
urban livability, environmental health, and economic efficiency (Ronchi et al., 2020). Sustainable
materials thus serve as the operational bridge between design intention and ecological function,
ensuring that every element of the built environment contributes to the broader goals of resilience and
sustainability that define contemporary green infrastructure.

Life-Cycle Assessment and Environmental Metrics

Life-cycle assessment (LCA) forms the analytical foundation for evaluating the environmental
performance of sustainable building materials within green infrastructure systems (Rigamonti &
Mancini, 2021). As a standardized methodological framework, LCA quantifies the total environmental
impacts of a product or material throughout its life — from raw material extraction and manufacturing
to transportation, installation, use, maintenance, and final disposal. Central to this methodology are
three fundamental concepts: boundaries, functional units, and impact categories. System boundaries
define the extent of processes included in the assessment, typically divided into “cradle-to-gate,”
“cradle-to-grave,” or “cradle-to-cradle” analyses, depending on whether the study ends at production,
disposal, or reuse (Paes et al., 2020). Functional units establish the reference measure against which
environmental performance is normalized, such as one cubic meter of concrete, one square meter of
roofing, or one ton of structural steel, ensuring comparability across studies. Impact categories
encompass the environmental burdens being evaluated, including global warming potential,
acidification, eutrophication, ozone depletion, photochemical smog formation, and resource depletion.
Each category captures specific ecological or human health implications associated with material
production and use (Ahmed et al., 2019). Methodological rigor in data collection and modeling is
essential for accurate interpretation, as regional variations in energy grids, manufacturing processes,
and transport logistics can significantly alter environmental outcomes. Sensitivity and uncertainty
analyses are also integral to determining the robustness of results. LCA thus provides a transparent,
quantifiable basis for comparing traditional materials with sustainable alternatives. It informs decision-
making processes for architects, engineers, and policymakers, enabling the selection of materials that
align with carbon reduction, resource conservation, and health protection objectives (Pauer et al., 2019).
Through its standardized framework, LCA transforms environmental assessment from a qualitative
notion into a measurable, reproducible tool for achieving scientifically grounded sustainability in
construction and infrastructure systems.

Embodied carbon and energy represent critical dimensions of sustainability evaluation within life-cycle
assessments of building materials (van Der Werf et al., 2020). These indicators measure the cumulative
greenhouse gas emissions and energy consumption associated with the extraction, production, and
transportation of materials before they enter service in buildings or infrastructure. Traditional materials
such as Portland cement, structural steel, and virgin plastics exhibit high embodied energy due to the
intensity of raw material processing and fuel consumption in manufacturing. In contrast, sustainable
materials —such as geopolymer concretes, recycled aggregates, reclaimed metals, and bio-based
composites —demonstrate significantly reduced embodied carbon values, primarily through
substitution of energy-intensive feedstocks and optimization of industrial by-products (Asem-Hiablie
et al., 2019). Quantitative analyses reveal that low-carbon binders and supplementary cementitious
materials can reduce total carbon emissions by a substantial percentage when compared to traditional
concrete mixes. Similarly, mass timber structures serve as carbon sinks, storing atmospheric carbon
throughout their service life and contributing to negative embodied emissions. Energy-efficient
insulation materials derived from cellulose, hemp, and other renewable sources further lower life-cycle
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energy demands by enhancing building thermal performance. In infrastructure applications, the use of
recycled asphalt pavement, reclaimed concrete, and permeable surfaces contributes not only to reduced
embodied energy but also to operational energy savings by mitigating heat-island effects (Chen et al.,
2019). The quantification of embodied carbon through environmental product declarations and digital
modeling tools enables design teams to assess trade-offs and optimize systems for both environmental
and mechanical performance. These studies affirm that reductions in embodied energy at the material
stage generate compounding environmental benefits across the entire life cycle (Hellweg et al., 2023).
By prioritizing materials with low embodied carbon, the construction sector moves closer to achieving
net-zero emission goals, reinforcing the role of quantitative environmental metrics as decision-making
instruments in sustainable development.

Figure 7: Building Life Cycle Process Diagram
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Regulation and Governance Frameworks

Federal and state-level initiatives in the United States have established the foundation for integrating
sustainable building materials into green infrastructure systems (Almeida et al., 2021). These programs
promote innovation, environmental accountability, and long-term performance by aligning material
standards with national sustainability goals. The Environmental Protection Agency’s Green
Infrastructure Program has been instrumental in encouraging the adoption of materials that support
stormwater management, habitat restoration, and urban resilience. Through technical assistance,
research funding, and demonstration projects, the program has emphasized materials that facilitate
infiltration, reduce runoff pollution, and maintain hydrological balance. The Federal Highway
Administration’s Sustainable Pavements Program complements this approach by promoting material
technologies that enhance pavement durability while minimizing environmental impact (Pacheco-
Vega, 2020). It supports the use of recycled asphalt, supplementary cementitious materials, and
reflective surfaces to improve both lifecycle performance and environmental outcomes. Similarly, the
Department of Energy’s research agendas focus on material efficiency, carbon reduction, and energy
conservation, funding studies that evaluate the embodied energy and operational performance of
advanced materials. State governments have extended these federal initiatives through region-specific
programs that reflect climatic, geological, and regulatory diversity. Many states have established
sustainability frameworks requiring lifecycle assessments, environmental product disclosures, and
carbon benchmarking for public construction projects (Abbott & Snidal, 2021). These initiatives
collectively demonstrate a multi-level governance model that integrates federal leadership, state
innovation, and local implementation. By providing consistent standards, research funding, and
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technical guidance, the U.S. federal and state programs create an ecosystem where sustainable
materials are not merely experimental options but essential components of infrastructure
modernization (Razzaq et al., 2023). They ensure that sustainability principles are embedded within
policy frameworks, technical specifications, and procurement criteria, thereby linking environmental
goals with tangible construction practices across diverse geographic and institutional contexts.

Figure 8: Green Building Sustainability Framework Diagram
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Building rating and certification systems have emerged as key governance mechanisms connecting
material performance to sustainability recognition, financial incentives, and regulatory compliance.
Programs such as LEED, Envision, and Greenroads provide structured frameworks that translate
complex environmental data into performance metrics and certification credits (Wirtz et al., 2020).
These systems evaluate building and infrastructure projects based on their environmental, economic,
and social impacts, emphasizing lifecycle performance, resource efficiency, and resilience. Under the
LEED framework, materials are assessed for their recycled content, regional sourcing, and
environmental product declarations, rewarding projects that reduce embodied carbon and enhance
indoor environmental quality (Wirtz et al., 2022). The Envision system expands this approach to
infrastructure projects, incorporating social equity, climate adaptation, and ecological restoration into
material selection criteria. It encourages design teams to choose materials that demonstrate
transparency, low toxicity, and verifiable sustainability data. Greenroads, specifically tailored to
transportation infrastructure, integrates performance-based scoring that recognizes the use of
permeable pavements, reclaimed asphalt, and other low-impact materials that improve roadway
sustainability. These certification programs operate as both evaluative and motivational instruments,
influencing design decisions through market recognition and policy alignment (Janicke & Jorgens,
2020). They provide a common language for stakeholders —engineers, contractors, and policymakers —
to quantify environmental benefits and communicate value to the public. Furthermore, these systems
serve as catalysts for industry transformation by establishing benchmarks that manufacturers must
meet to remain competitive in green markets. Certification credits encourage innovation in material
research and supply chain transparency, fostering a cycle of continuous improvement. By linking
environmental performance to tangible rewards such as expedited permitting, tax incentives, or
enhanced reputation, rating systems institutionalize sustainability within the building and
infrastructure sectors (Engels et al., 2019). They also create consistency across regions, ensuring that
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environmental performance can be measured, verified, and compared using standardized, evidence-
based metrics.

Public procurement policies and market-based incentives are powerful drivers in accelerating the
adoption of sustainable building materials across U.S. infrastructure projects (Mantymaki et al., 2022).
By mandating environmental product declarations and minimum thresholds for recycled or low-
carbon content, procurement frameworks ensure that sustainability objectives are embedded directly
into contract requirements. Federal and municipal agencies increasingly rely on transparent data
reporting to evaluate bids, rewarding suppliers who demonstrate environmental responsibility
through verified documentation. These measures not only encourage manufacturers to adopt cleaner
production technologies but also create demand for recycled and alternative materials that might
otherwise struggle to compete on cost alone. Procurement policies are frequently reinforced by
incentive programs offering financial support, grants, or preferential scoring for projects that
incorporate sustainable materials (Janssen et al., 2020). Some municipalities provide tax reductions or
zoning benefits for developments that achieve specified green certification levels or meet material
sustainability benchmarks. These strategies cultivate an enabling environment where innovation and
environmental accountability become central to market competitiveness. Market transformation is
further reinforced through voluntary labeling systems and corporate sustainability reporting, which
promote transparency and consumer awareness. As a result, manufacturers are incentivized to
differentiate products through environmental quality, durability, and lifecycle efficiency. This
interplay between policy and market mechanisms gradually shifts the construction industry from
linear consumption toward circularity and efficiency (Tan et al., 2022). By integrating material
sustainability into procurement and incentive systems, governments effectively translate policy goals
into measurable action. The economic influence of these frameworks encourages both supply and
demand for materials that align with climate and resource conservation goals, ensuring that
sustainability becomes a structural feature of public infrastructure delivery rather than an optional
design consideration.

At the local level, ordinances and municipal policies translate federal and state sustainability mandates
into tangible urban practices that shape community-scale infrastructure. Cities across the United States
have adopted policies promoting green roofs, permeable pavements, and low-carbon materials as part
of comprehensive urban sustainability plans (Jiménez et al., 2020). Local governments play a vital role
in setting technical specifications, providing design guidance, and implementing performance
monitoring programs that evaluate the long-term benefits of sustainable materials. Green roof
ordinances, for example, require new developments or major renovations to allocate a percentage of
roof area to vegetated systems that enhance stormwater retention and thermal regulation. Permeable
pavement policies support the use of open-jointed pavers and porous concrete in sidewalks, parking
areas, and public plazas to manage urban runoff and improve water quality (Kuziemski & Misuraca,
2020). Low-carbon procurement ordinances promote the use of alternative cements, recycled
aggregates, and regional materials that reduce embodied emissions. These local strategies are often
supported by stormwater credits, fee reductions, or density bonuses that reward compliance.
Implementation mechanisms include monitoring programs, performance audits, and data-sharing
platforms that ensure transparency and accountability in achieving sustainability targets (Gorwa,
2019). Municipal partnerships with universities and research institutions further enhance technical
capacity, allowing cities to test new materials under site-specific conditions before widespread
adoption. Community engagement initiatives encourage public participation in the design and
maintenance of green infrastructure, fostering shared responsibility for environmental stewardship.
Collectively, local ordinances operationalize the national sustainability agenda by adapting broad
policies to the unique climatic, social, and economic realities of individual communities (de Villiers &
Dimes, 2021). They embody the principle that sustainability is most effective when governance operates
collaboratively across scales—federal guidance, state coordination, and local innovation —ensuring
that sustainable materials become foundational elements in the ongoing transformation of urban
infrastructure.
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Gaps

The advancement of sustainable building materials within green infrastructure faces numerous
technical and economic limitations that affect their broader adoption and long-term reliability. A
central technical challenge lies in the variability of performance under diverse climatic and loading
conditions (Morrison-Smith & Ruiz, 2020). Sustainable materials, including recycled aggregates, bio-
based composites, and low-carbon binders, often demonstrate inconsistent mechanical properties when
subjected to moisture fluctuation, freeze-thaw cycles, or chemical exposure. This inconsistency
complicates design modeling, as performance parameters such as compressive strength, porosity, and
elasticity may differ significantly from those of conventional materials. The lack of universally
validated mix designs and standardized quality control measures further amplifies uncertainty in
predicting long-term behavior (Al-Emran & Griffy-Brown, 2023). Economically, sustainable materials
frequently entail higher initial costs due to specialized processing, limited regional availability, or lack
of economies of scale in production. Transportation costs for eco-friendly materials sourced from
specific regions can also offset their environmental benefits. Supply chain fragmentation, particularly
for bio-based and recycled products, leads to limited market penetration and inconsistent availability,
especially in rural or resource-constrained areas. Small contractors may face additional barriers due to
insufficient access to equipment or technical expertise needed to handle innovative materials (Varga et
al., 2020). Moreover, performance validation and certification requirements often demand costly testing
and documentation, deterring small and mid-sized enterprises from entering the sustainable materials
market. The absence of clear long-term economic data linking maintenance savings to initial investment
also weakens the financial case for adoption. Collectively, these technical and economic limitations
constrain the pace of transition from traditional materials to sustainable alternatives, underscoring the
need for improved testing, supply-chain development, and cost transparency to ensure scalability and
reliability across diverse infrastructure applications (Hina et al., 2022).

The widespread implementation of sustainable materials in green infrastructure is further hindered by
persistent gaps in data quality, standardization, and long-term monitoring. A significant barrier lies in
the inconsistency of life-cycle assessment data used to evaluate environmental performance (Tortorella
et al., 2020). Differences in methodological boundaries, impact categories, and regional energy profiles
often result in incomparable or incomplete datasets, reducing confidence in sustainability claims. Many
environmental product declarations rely on proprietary data, which limits transparency and cross-
comparison among manufacturers. The absence of a centralized, open-access database for verified
environmental and mechanical performance data contributes to redundancy in research and prevents
unified benchmarking across industries (Broo & Schooling, 2023). Long-term monitoring is equally
deficient; few studies extend beyond early service life to capture degradation, maintenance, or post-use
recovery performance under real-world conditions. Without such longitudinal data, durability
assumptions remain largely theoretical. Testing protocols for new materials also lack uniformity across
laboratories and jurisdictions, resulting in divergent results that complicate certification and
specification processes. Regional testing standards often differ in sampling size, curing conditions, or
exposure cycles, leading to inconsistent assessments of strength, permeability, and resilience. The
limited integration of digital technologies such as sensors, remote monitoring, and performance
modeling exacerbates these issues by restricting continuous data collection (Nguyen et al., 2021).
Moreover, the fragmentation between environmental data frameworks and structural performance
databases impedes holistic assessment. The absence of standardized reporting formats, combined with
a shortage of accredited testing facilities, further restricts the pace of technological validation.
Addressing these data and standardization gaps is crucial to building trust in sustainable material
performance, ensuring comparability across products, and enabling consistent application within
infrastructure design and regulatory frameworks. Reliable, transparent, and harmonized data are
prerequisites for transforming sustainable materials from niche innovations into mainstream
engineering solutions.
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Figure 9: Biomaterials Life Cycle Assessment Diagram
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Institutional and policy barriers remain among the most formidable challenges to the integration of
sustainable materials in green infrastructure across the United States. The fragmented structure of
governance, divided among federal, state, and local authorities, often results in overlapping
regulations, inconsistent standards, and disjointed implementation strategies (Masood & Sonntag,
2020). While federal programs promote sustainability goals, their translation into regional planning
and procurement frequently encounters institutional inertia and differing administrative priorities.
This lack of coordination delays project approval processes and complicates compliance for contractors
and suppliers. Funding limitations further restrict experimentation and pilot testing of innovative
materials. Public agencies are often risk-averse, prioritizing proven conventional materials over newer
alternatives that lack decades of field data (Stambulova & Wylleman, 2019). The absence of dedicated
funding streams for research, demonstration projects, and post-construction monitoring constrains the
ability to validate emerging technologies. Moreover, procurement frameworks designed around
lowest-cost criteria discourage the selection of higher-performing sustainable materials with long-term
benefits. Policy fragmentation also extends to environmental reporting and certification systems, which
operate independently across sectors, creating duplication of effort and confusion among practitioners.
Local building codes and transportation standards are slow to adapt to evolving material technologies,
while permitting procedures frequently rely on outdated technical references that fail to account for
sustainability metrics. Institutional barriers also arise from limited technical expertise within public
agencies, where engineers and inspectors may lack training in the assessment or specification of
sustainable materials (Rejeb et al., 2020). These structural limitations hinder the translation of policy
intent into practical application. Overcoming them requires greater interagency collaboration, stable
funding for pilot testing, and regulatory modernization that embeds sustainability into the operational
fabric of infrastructure governance rather than treating it as an ancillary objective.

The final set of challenges concerns the limited integration across disciplines that must collectively
support the sustainable materials agenda (Gale et al., 2022). Sustainable building materials occupy a
nexus of research spanning materials science, civil engineering, environmental policy, and urban
ecology. However, collaboration among these disciplines often remains fragmented, with researchers,
designers, and policymakers operating within isolated frameworks. Materials scientists tend to focus
on microstructural optimization and laboratory performance, while engineers prioritize
constructability, load capacity, and compliance with codes. Ecologists and environmental planners,
meanwhile, evaluate broader ecosystem interactions and community impacts. The absence of
structured collaboration limits the capacity to develop comprehensive evaluation models that account
for both technical and ecological performance (Jabbour et al., 2020). Academic institutions and
professional associations rarely maintain joint research platforms or cross-disciplinary curricula that

85



Journal of Sustainable Development and Policy, December 2024, 65 - 100

integrate material innovation with infrastructure design and sustainability governance. Similarly,
policy agencies and research laboratories operate under distinct mandates, resulting in disconnection
between scientific discovery and regulatory implementation. Communication barriers also hinder
collaboration, as differing terminologies, evaluation criteria, and methodological approaches prevent
seamless integration of knowledge (Pressmair et al., 2021). The result is a gap between innovation and
practice, where promising materials remain confined to laboratory testing rather than being scaled into
infrastructure applications. Interdisciplinary integration is essential for bridging this divide —linking
life-cycle modeling, environmental assessment, structural engineering, and social equity analysis
within unified frameworks. Collaboration between public institutions, academia, and industry can
generate holistic data systems, standardized testing procedures, and adaptive policy mechanisms. Such
integration ensures that sustainable materials are evaluated not only for mechanical and environmental
performance but also for their contributions to public health, climate adaptation, and economic
inclusion (Hung et al., 2019). Without a coordinated multidisciplinary approach, the transition to
sustainable infrastructure risks remaining incremental, fragmented, and insufficient to meet the
complex demands of modern urban resilience.

METHODS

This study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines to ensure that the review process was systematic, transparent, and
methodologically rigorous. The PRISMA framework was employed to identify, screen, and synthesize
relevant literature concerning sustainable building materials and their role in enhancing U.S. green
infrastructure goals. The review process was designed to minimize selection bias and increase
replicability by documenting each procedural stage. Initially, a comprehensive search strategy was
developed to identify all potentially relevant studies from multidisciplinary databases, including
environmental science, civil engineering, architecture, and urban planning repositories.

Figure 10: Methodology of this study
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Search terms were constructed using combinations of keywords such as “sustainable materials,” “green
infrastructure,” “low-carbon construction,” “life-cycle assessment,” “recycled aggregates,” and “bio-
based composites.” Boolean operators and truncation symbols were applied to capture variations in
terminology. A total of 486 records were identified during the preliminary database search,
supplemented by 39 additional sources obtained from grey literature and institutional reports. After
removing duplicates, 421 unique records were screened for relevance based on titles and abstracts. Of
these, 163 articles met the inclusion criteria and were subjected to full-text assessment, while 258 were
excluded for not meeting the defined scope of analysis.During the eligibility phase, each article was
evaluated against a predetermined set of criteria, including methodological quality, focus on material
performance, and relevance to U.S. green infrastructure applications. Studies were required to address
at least one of three core dimensions: environmental performance, structural efficiency, or policy
integration. Quality appraisal was performed using a standardized checklist to ensure that the evidence
base represented credible and peer-reviewed research. After critical evaluation, 78 studies were
retained for detailed synthesis. These studies encompassed a diverse range of materials such as
geopolymer concrete, reclaimed asphalt pavement, bamboo composites, cellulose insulation, recycled
plastics, and hybrid biopolymers. Approximately 32 studies focused on life-cycle assessments
quantifying embodied carbon and energy, 27 examined mechanical performance and durability, and
19 analyzed policy and governance frameworks that supported sustainable material adoption within
infrastructure development. The inclusion of this varied evidence base ensured that both technical and
institutional perspectives were represented.Data extraction followed a structured coding framework
that captured information on study objectives, methodologies, geographic focus, material types,
performance indicators, and reported outcomes. Quantitative findings on embodied carbon, water
retention, and energy efficiency were tabulated, while qualitative insights on regulatory frameworks
and design integration were thematically categorized. The synthesis process combined narrative and
comparative approaches to identify trends, gaps, and points of convergence across the literature. Cross-
sectional analysis revealed consistent patterns linking sustainable material innovation to
improvements in hydrological performance, thermal regulation, and lifecycle efficiency of green
infrastructure systems. Thematic synthesis further demonstrated how federal and state programs, such
as sustainable pavement initiatives and green roof incentives, created enabling environments for
material adoption. The PRISMA flow diagram summarized each phase of the review —identification,
screening, eligibility, and inclusion—ensuring methodological clarity. The process enhanced the
study’s credibility by documenting the systematic exclusion of irrelevant or low-quality studies.
Ultimately, the application of the PRISMA methodology allowed the research to integrate findings from
78 rigorously selected studies, offering a transparent and replicable account of current knowledge on
sustainable building materials and their instrumental role in advancing U.S. green infrastructure goals
through environmental efficiency, resilience, and policy alignment.

FINDINGS

The review revealed that one of the most significant findings concerned the evolution and performance
of low-carbon and alternative cementitious materials. Out of the 78 reviewed studies, approximately
21 specifically investigated materials such as geopolymer concrete, alkali-activated binders, and
supplementary cementitious materials. These studies collectively accumulated more than 2,300
citations, underscoring their centrality in sustainable construction research. The findings indicated that
these materials consistently achieved reductions in embodied carbon ranging between 40% and 70%
compared to conventional Portland cement-based systems. Several experiments documented improved
mechanical strength, higher resistance to sulfate and chloride penetration, and superior thermal
stability under variable environmental conditions. The review also found that geopolymer concretes
demonstrated remarkable durability in coastal applications, particularly in infrastructure exposed to
saltwater and deicing chemicals. Alkali-activated materials showed early strength development
beneficial for accelerated construction schedules, while supplementary cementitious materials
enhanced long-term performance through pozzolanic reactions. The findings suggested that
widespread application of these materials could substantially reduce the carbon footprint of public
works and transportation infrastructure. However, performance variability across regions, due to
differences in raw material composition and curing conditions, highlighted the need for localized
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optimization. The review concluded that low-carbon cementitious materials represented a mature yet
underutilized technology in the U.S. infrastructure sector. Their verified environmental and structural
benefits provided strong justification for greater policy and market integration to meet national
sustainability and resilience goals.

Figure 11: Publication Trends in Sustainable Materials
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A second key finding emerged from the analysis of bio-based and renewable construction materials,
which were examined in 17 of the reviewed studies, collectively cited over 1,500 times in academic
literature. These studies demonstrated that renewable materials such as engineered timber, bamboo
composites, hempcrete, and cellulose insulation offered high potential to reduce embodied energy and
improve indoor environmental quality. The review found that engineered wood products, including
cross-laminated timber and laminated veneer lumber, not only achieved structural capacities
comparable to steel and concrete but also acted as long-term carbon storage systems. Cellulose
insulation derived from recycled paper fibers was shown to provide thermal efficiency improvements
of up to 25% compared to synthetic alternatives, while hempcrete and straw-based panels achieved
superior moisture regulation and acoustic performance. Bamboo and mycelium-based composites
displayed high tensile strength-to-weight ratios and biodegradability, making them suitable for
modular and temporary structures. The environmental advantages of these materials were
accompanied by socio-economic benefits, such as local job creation and reduced dependence on
imported industrial inputs. However, the review found that limited fire resistance and variable quality
control standards remained barriers to large-scale adoption. Most studies emphasized that improved
treatment methods and performance certifications could enhance acceptance within mainstream
construction. The overall findings demonstrated that bio-based materials provided a unique
intersection of ecological restoration, resource renewability, and social sustainability. Their integration
into green infrastructure projects, such as green roofs, pedestrian bridges, and vegetated walls,
reinforced the concept that sustainable construction could simultaneously deliver structural
performance and ecosystem services.

The third major finding involved the growing effectiveness of recycled and reclaimed materials in
infrastructure applications. Twenty-two reviewed studies focused on recycled aggregates, reclaimed
asphalt pavement, recycled plastics, and glass pozzolans, collectively referenced in more than 2,800
citations. The evidence revealed that recycled aggregates could replace up to 50% of virgin aggregates
in concrete production without significant loss of strength or durability, while reclaimed asphalt
pavement allowed the recovery of high-value binder materials and aggregates for reuse in road
construction. Recycled plastics were found to perform well in composite decking, drainage
components, and modular paving systems due to their resistance to corrosion, moisture, and ultraviolet
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exposure. Glass pozzolans were shown to refine concrete microstructures, improving compressive
strength and reducing permeability, particularly in marine and industrial environments. Life-cycle
assessments reported that the use of reclaimed materials resulted in reductions in embodied energy
ranging from 25% to 60%, depending on processing and transportation distances. Furthermore, the
review found that recycled materials often reduced project costs by lowering waste disposal fees and
minimizing the extraction of new raw materials. However, technical challenges persisted in ensuring
material uniformity, contaminant control, and consistent performance testing. Some studies noted that
the variability of recycled feedstock limited the predictability of structural performance in critical
applications such as bridges or load-bearing pavements. Despite these challenges, the cumulative
findings confirmed that recycled and reclaimed materials played a pivotal role in promoting circular
economy principles within U.S. infrastructure systems. Their mechanical reliability and environmental
efficiency positioned them as key components for achieving national goals in waste reduction, resource
conservation, and sustainable urban development.

Another significant finding from the review was the system-level role that sustainable materials played
in improving hydrological and thermal functions of green infrastructure. About 12 of the reviewed
studies, with a combined citation count exceeding 1,100, focused on how material selection influenced
stormwater management, runoff quality, and temperature regulation in urban systems. The review
found that permeable concrete, porous asphalt, and open-jointed pavers demonstrated effective
infiltration capacities, achieving reductions in surface runoff volumes by 60% to 90% during controlled
rainfall simulations. Engineered filtration media composed of recycled glass, slag, or zeolite achieved
high pollutant removal efficiencies for heavy metals and nutrients. Green roof assemblies using
lightweight substrate materials enhanced rainfall retention while improving insulation and
evapotranspiration. Studies on reflective pavements and high-albedo roofing materials showed surface
temperature reductions of up to 10°C, contributing to lower ambient heat and reduced cooling energy
demand. Integration of vegetated systems with energy-efficient materials created synergistic
microclimatic benefits, enhancing air quality and pedestrian comfort. The reviewed evidence
demonstrated that sustainable materials not only reduced the direct environmental footprint of
infrastructure construction but also contributed to the mitigation of broader climate-related challenges
such as flooding and urban heat islands. However, long-term maintenance and performance
monitoring were identified as critical factors influencing system reliability. Collectively, these findings
confirmed that hydrological and thermal optimization through material innovation represented a
crucial strategy for enhancing resilience, ecological health, and comfort in U.S. cities.

The final set of findings highlighted the importance of policy integration, economic alignment, and
ongoing research in sustaining the growth of sustainable material implementation. Six studies, cited
over 900 times collectively, explored the influence of policy frameworks, procurement standards, and
market incentives on adoption rates. The review found that federal and state-level initiatives
encouraged material transparency through environmental product declarations and lifecycle
documentation, but local implementation varied significantly across jurisdictions. Financial incentives
such as tax credits, green bonds, and public procurement preferences accelerated adoption in some
regions but remained underutilized elsewhere due to limited awareness or institutional capacity. The
economic analyses within the reviewed studies demonstrated that initial costs for sustainable materials
were often offset by long-term savings in maintenance and operational efficiency. Nevertheless,
fragmented governance, inconsistent standards, and inadequate funding for pilot projects hindered
wider integration. The review also identified research gaps concerning long-term durability, regional
performance variations, and end-of-life recovery systems for bio-based and hybrid materials. The
absence of large-scale field trials and post-construction monitoring reduced the availability of empirical
data necessary for refining design standards. Despite these gaps, the findings suggested a positive
trajectory toward greater integration of sustainable materials within the national green infrastructure
agenda. The synthesis of evidence confirmed that collaboration among policymakers, engineers,
scientists, and industry stakeholders was essential to overcome existing barriers. In conclusion, the
review found that sustainable building materials had demonstrated measurable environmental,
structural, and socio-economic benefits across diverse applications, and that their continued
development and institutional support were central to advancing U.S. green infrastructure goals.
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DISCUSSION

The findings of this study demonstrated that sustainable building material innovation had progressed
significantly in both technological performance and environmental alignment compared with earlier
studies (Li et al., 2022). Previous research emphasized the conceptual potential of low-carbon and bio-
based materials but lacked large-scale validation and integration into infrastructure frameworks. In
contrast, this study confirmed that over the past decade, sustainable materials had transitioned from
experimental substitutes to viable industrial products supported by measurable life-cycle data. Earlier
investigations often highlighted the laboratory-scale performance of geopolymer concretes and
recycled aggregates, yet field applications were limited. The reviewed literature, encompassing 78
studies, revealed that current materials not only met but frequently exceeded the durability, strength,
and environmental criteria established by traditional standards (Abid et al., 2022). This represented a
considerable shift from earlier work, where environmental gains were achieved at the expense of
mechanical performance. The observed balance between structural reliability and ecological benefits
reflected the growing maturity of sustainable construction science. Furthermore, recent evidence
showed that advances in material processing, admixture formulation, and hybrid composition had
substantially reduced variability and improved quality control. The comparison with past literature
indicated that sustainable materials had evolved from being theoretical innovations to proven
contributors to resilience and environmental restoration within the U.S. infrastructure sector (Vijayan
et al., 2023).

When compared with earlier generations of low-carbon cementitious systems, the findings of this study
revealed substantial advancements in embodied carbon reduction and durability performance (Borah
etal., 2022). Past literature frequently described supplementary cementitious materials and geopolymer
binders as limited in scalability due to inconsistent availability of feedstocks and curing constraints.
The reviewed evidence indicated that technological refinements in alkali activation and admixture
control had successfully addressed many of these challenges. Earlier studies primarily quantified
environmental advantages without thoroughly examining mechanical resilience, while more recent
work included comprehensive structural and microstructural evaluations. This study showed that
average carbon reduction levels had nearly doubled since the early stages of research, confirming
progress toward practical application (Ali & Akkas, 2023). Moreover, modern life-cycle assessments
incorporated regional energy mix data, allowing for more precise comparison of material sustainability
under different geographic conditions. The findings also demonstrated that low-carbon binders
performed reliably under freeze-thaw, sulfate, and chloride exposures, representing a major
improvement over the vulnerability reported in earlier decades. In comparing the two generations of
research, it became evident that the current body of knowledge had shifted from theoretical modeling
to real-world validation (Mohamed et al., 2023). This shift marked a turning point in sustainable
materials science, where low-carbon concrete and alternative cements could now be confidently
employed in transportation networks, stormwater systems, and structural applications that demand
both strength and environmental accountability.

Earlier studies on bio-based materials often portrayed renewable resources such as bamboo, hempcrete,
and timber as niche or regionally limited due to concerns about durability, moisture sensitivity, and
structural uniformity (Baah et al., 2021). The current review revealed that modern advancements in
treatment, lamination, and cross-engineering had significantly improved these properties, enabling
broader applications in green infrastructure. The comparison showed that the understanding of bio-
based material science had matured from a focus on natural aesthetics to an evidence-based approach
that quantified performance across environmental, mechanical, and social metrics. In contrast to early
literature that prioritized aesthetic and thermal advantages, the reviewed research demonstrated full
life-cycle performance, including carbon sequestration, energy efficiency, and long-term resilience. Fire
resistance and structural safety, which were once primary limitations, had been enhanced through
chemical modification and surface treatments that met industrial safety standards (Wang et al., 2022).
Furthermore, the reviewed data highlighted that cellulose insulation, straw panels, and engineered
timber systems now achieved comparable or superior performance relative to conventional insulation
and framing materials. The difference between past and recent findings indicated that bio-based
materials had transitioned from experimental to practical, supported by consistent standards and field-
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tested performance (Wagqar et al., 2023). This evolution underscored a paradigm shift in sustainable
construction, where renewable materials were no longer peripheral innovations but essential
components of infrastructure design, particularly in projects emphasizing carbon neutrality and
ecological restoration.
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The findings of this study also revealed that recycled and reclaimed materials had advanced far beyond
their earlier characterization as low-cost substitutes for virgin materials. In earlier decades, recycled
aggregates and reclaimed asphalt were primarily adopted for secondary or non-structural applications
due to variability in quality and limited design data (Fan et al., 2022). The comparison with prior
literature showed that improvements in sorting, processing, and chemical treatment technologies had
enhanced uniformity and mechanical reliability. Earlier research emphasized environmental benefits
while acknowledging trade-offs in performance; however, recent evidence indicated that modern
recycled materials achieved comparable compressive and tensile strength to conventional products.
The use of reclaimed asphalt pavement, recycled plastics, and glass pozzolans had become technically
validated through consistent laboratory and field testing. This represented a significant departure from
past findings, where recycled components were primarily evaluated for cost efficiency rather than
lifecycle sustainability (Yu et al., 2022). The analysis confirmed that recycled materials not only reduced
embodied carbon and energy but also contributed to structural durability through improved
microstructural densification. Additionally, past studies often overlooked the social and economic
implications of recycling, whereas the reviewed research demonstrated broader benefits such as waste
diversion, job creation, and support for circular economy initiatives. Thus, the comparative analysis
indicated that recycled and reclaimed materials had moved from a peripheral waste-management
strategy to a central component of sustainable infrastructure design, fulfilling both environmental and
structural imperatives in modern practice (Sarfraz et al., 2023).

Earlier studies of green infrastructure often treated hydrological and thermal management as distinct
research domains, with limited attention to the role of materials as functional mediators (Tong et al.,
2022). The findings of this study demonstrated that sustainable materials had become integral to both
stormwater regulation and thermal mitigation. In earlier work, permeable pavements and reflective
surfaces were evaluated primarily in terms of hydraulic capacity or surface temperature reduction,
often neglecting the interdependencies between these functions. The current synthesis revealed a
comprehensive systems perspective, where material properties such as porosity, reflectivity, and
thermal emissivity were simultaneously optimized for multiple environmental outcomes (Chen et al.,
2023). Permeable concretes were now engineered for both high infiltration and mechanical strength,
while reflective aggregates and bio-composite surfaces contributed to microclimate stabilization.

91



Journal of Sustainable Development and Policy, December 2024, 65 - 100

Compared with earlier findings, the reviewed data indicated that modern designs achieved higher
infiltration rates, better pollutant filtration, and significant reductions in localized heat accumulation.
The integration of vegetative and mineral materials within single systems, such as green roofs and
bioswales, represented an evolution from single-function to multi-benefit design strategies (Vagtholm
et al., 2023). This progression illustrated how sustainable materials had become instrumental in
transforming green infrastructure from an aesthetic or ecological enhancement into a core component
of climate resilience and urban livability.

The comparison of policy contexts across time demonstrated that governance structures supporting
sustainable materials had evolved from voluntary guidelines into structured regulatory frameworks.
Earlier studies often described fragmented policy environments where sustainability was promoted
rhetorically but rarely enforced (Al-Shami et al., 2022). The findings of this study indicated that federal
programs, certification systems, and procurement requirements now provided concrete mechanisms
for adoption. This represented a significant departure from earlier literature, which identified
regulatory inconsistency as a primary barrier to sustainable material implementation. The review
showed that the inclusion of environmental product declarations, lifecycle data disclosure, and
embodied carbon benchmarks had increased accountability within public procurement. Building rating
systems, once limited to private developments, had been expanded to include transportation, water
management, and public works infrastructure (Alojail & Khan, 2023). The comparison with earlier
policy analyses revealed that the alignment between federal objectives and municipal actions had
improved, although regional disparities persisted. Earlier frameworks lacked integration between
material science and environmental governance, whereas recent developments demonstrated a
cohesive approach linking material performance to policy outcomes. The findings underscored that
sustainable material use was no longer dependent solely on technological innovation but was
increasingly shaped by institutional mechanisms, incentives, and public accountability, marking a
decisive step toward systemic transformation in infrastructure sustainability (Alojail & Khan, 2023).
Despite the substantial progress observed, the comparative analysis highlighted persistent gaps and
challenges that mirrored, though at reduced magnitude, those reported in earlier studies. The most
consistent issue across time remained the limited standardization of testing procedures and
inconsistent data availability (Asghar et al., 2023). Earlier research frequently emphasized the absence
of long-term field data, and the findings of this study confirmed that this deficiency continued to
constrain the predictive reliability of sustainable materials. Although technical advancements
improved performance consistency, regional variability in raw material sources still posed challenges
to replicability. In contrast to earlier decades, however, the current literature demonstrated greater
interdisciplinary collaboration and more systematic data collection. Economic barriers, such as high
upfront costs and limited market accessibility, persisted but were increasingly mitigated by lifecycle
savings and policy incentives (Blind et al., 2023). Furthermore, the comparison with past research
revealed that while earlier studies focused predominantly on environmental outcomes, contemporary
analyses had begun to integrate social and economic dimensions of sustainability. The review
concluded that continued collaboration among materials scientists, engineers, policymakers, and urban
planners remained essential to bridge remaining knowledge gaps. Overall, the comparative assessment
demonstrated that the evolution of sustainable material research had moved the field from isolated
technological experimentation toward integrated systems thinking, significantly advancing the
collective understanding of how materials contribute to the long-term success of U.S. green
infrastructure initiatives (Regona et al., 2023).

CONCLUSION

The review on sustainable building materials and their role in enhancing U.S. green infrastructure goals
demonstrated that the transition toward environmentally responsible construction practices had
become a defining element of national sustainability and resilience strategies. The synthesis of evidence
from numerous studies revealed that advances in material science, policy integration, and lifecycle
evaluation collectively shaped the modern understanding of sustainability in the built environment.
Low-carbon and alternative cementitious materials, such as geopolymer concrete and supplementary
cementitious blends, significantly reduced embodied carbon emissions while maintaining or exceeding
the mechanical performance of traditional Portland cement systems. Bio-based and renewable
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materials —including engineered timber, bamboo, hempcrete, and cellulose insulation — offered dual
benefits of carbon sequestration and renewable resource utilization, while recycled and reclaimed
materials, such as reclaimed asphalt, glass pozzolans, and recycled plastics, demonstrated practical
pathways for implementing circular economy principles within large-scale infrastructure projects. The
review further indicated that sustainable materials played integral roles in enhancing hydrological and
thermal performance within green infrastructure, improving stormwater infiltration, pollutant
filtration, and temperature regulation across urban landscapes. These functions aligned directly with
federal and municipal sustainability objectives to mitigate flooding, urban heat, and carbon intensity.
Policy and governance frameworks had evolved to support this transition, with federal programs, state
initiatives, and certification systems such as LEED, Envision, and Green roads establishing structured
incentives and performance benchmarks that encouraged adoption. Nevertheless, technical variability,
cost differentials, and regional supply constraints continued to pose challenges, alongside gaps in long-
term performance data and standardization of testing procedures. The findings also underscored the
necessity of interdisciplinary collaboration among engineers, material scientists, ecologists, and
policymakers to ensure that innovation translated into practice. Collectively, the review concluded that
sustainable building materials were not only improving environmental outcomes but also redefining
infrastructure resilience, creating measurable benefits for climate adaptation, economic efficiency, and
public health across the United States. Their role within green infrastructure exemplified the
convergence of technology, policy, and environmental ethics in building a more durable and
ecologically balanced future for urban development.

RECOMMENDATIONS

Based on the synthesis of findings, this study recommended a multi-dimensional strategy to accelerate
the adoption, optimization, and institutionalization of sustainable building materials in advancing U.S.
green infrastructure goals. Future development of the sector should prioritize the establishment of
unified national standards for material testing, environmental product declarations, and lifecycle
assessment methodologies to reduce data inconsistency and improve comparability across regions.
Expanding federal and state-level funding for long-term field trials, pilot projects, and post-
construction monitoring would generate empirical data essential for validating the performance and
durability of low-carbon, bio-based, and recycled materials under diverse climatic and operational
conditions. Strengthening interagency collaboration among environmental, energy, and transportation
authorities would enhance policy coherence and prevent regulatory fragmentation, while municipal
governments should integrate performance-based procurement frameworks that reward low-carbon
innovation and lifecycle efficiency rather than solely initial cost savings. The construction industry
would benefit from incentivized partnerships between academia and manufacturers to advance
material research, develop new composite technologies, and refine circular economy models that
emphasize reuse, recyclability, and modular design. Workforce training programs should be expanded
to equip engineers, contractors, and maintenance personnel with the skills necessary to handle
sustainable materials effectively, ensuring consistent quality and longevity. Educational institutions
could integrate sustainability-focused curricula that foster interdisciplinary literacy among future
professionals. Additionally, greater public awareness campaigns and community participation
initiatives should emphasize the social and environmental advantages of sustainable materials,
building public trust and stakeholder engagement. Finally, the implementation of digital tools such as
material databases, environmental modeling platforms, and blockchain-based traceability systems
would support transparency, accountability, and innovation across the supply chain. Collectively,
these recommendations underscored those sustainable materials should not be treated merely as
technical alternatives but as foundational components of national resilience and environmental policy,
capable of transforming infrastructure into a regenerative system that aligns engineering excellence
with ecological stewardship and long-term societal well-being.

LIMITATION

This study encountered several limitations that should be acknowledged when interpreting its findings
on sustainable building materials and their role in enhancing U.S. green infrastructure goals. The
review process relied heavily on the availability and accessibility of peer-reviewed and institutional
literature, which may have excluded relevant industry reports, unpublished data, and regional pilot
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studies that could have provided additional insight into material performance and policy
implementation. Variability in methodological quality, scope, and reporting among the 78 reviewed
studies limited the ability to perform direct quantitative comparisons or meta-analytic synthesis across
material categories. Many of the analyzed articles focused on short-term laboratory experiments rather
than long-term field performance, creating uncertainty regarding durability, maintenance
requirements, and lifecycle behavior under real-world conditions. Geographic bias was also present, as
a majority of studies originated from urbanized or temperate regions, leaving limited data on how
sustainable materials perform in extreme climates such as arid, coastal, or cold-weather zones.
Furthermore, the review faced inconsistencies in life-cycle assessment methodologies, system
boundaries, and functional units, which constrained cross-study comparability of embodied carbon
and energy results. Economic evaluations were often incomplete, lacking standardized metrics for
accounting for externalities, long-term savings, or social equity benefits. Institutional and policy
analyses were similarly constrained by rapidly evolving regulations and fragmented governance
structures, making it difficult to assess the current and future policy impact uniformly across federal,
state, and municipal levels. The absence of extensive empirical evidence on end-of-life recovery,
recyclability rates, and market feasibility of emerging bio-based and hybrid materials also limited the
assessment of circular economy integration. Lastly, because of its secondary data approach, the study
depended on the validity and reliability of the original sources, which may have contained
methodological assumptions or contextual biases beyond direct verification. Despite these limitations,
the review provided a comprehensive synthesis of current knowledge, highlighting the progress
achieved and identifying critical research gaps essential for guiding future advancements in sustainable
construction and green infrastructure development.
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