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Abstract

This study addresses a critical and underexplored challenge in sustainable construction: the persistent
disconnect between sustainability intentions and the actual adoption of construction chemicals in civil
infrastructure systems. Despite increasing emphasis on Environmental, Social, and Governance (ESG)
frameworks, policy mandates, and behavioural drivers, real-world adoption remains limited due to fragmented

theoretical approaches and the absence of system-level analytical models.

To overcome these limitations, this research develops the Sustainable Construction Chemicals Adoption
Framework (SCCAF) a novel, theory-integrated, and mathematically formalised model that reconceptualises
adoption as a non-linear, multiplicative, and system-dependent phenomenon. The framework synthesises five
dominant theoretical perspectives Theory of Planned Behaviour, UTAUTZ2, Diffusion of Innovation, Norm
Activation Theory, and Institutional Theory into a unified structure capturing nine interdependent variables:
policy, behaviour, technology, supply chain, ESG, knowledge, trust, cost, and implementation friction.

Methodologically, the study adopts a PRISMA-guided systematic literature review of 111 peer-reviewed
studies (2020-2025) combined with deductive analytical modelling. The SCCAF model is expressed as a
multiplicative system in which adoption emerges from the interaction of drivers and constraints, with cost and

supply chain acting as mediators, and knowledge, trust, ESG, and friction functioning as critical moderators.

The findings reveal that sustainable adoption is governed by threshold-sensitive and weakest-link dynamics,
where misalignment in a single variable can collapse system-wide adoption. Numerical simulations

demonstrate a non-linear transition from low adoption (A = 0.12) to high-performance systems (A = 4.23),
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representing a ~35-fold increase, thereby providing empirical evidence of system amplification effects not

captured by traditional linear models.

The study makes significant theoretical contributions by transforming sustainability adoption from a
descriptive, intention-based construct into a quantifiable, system-level, and empirically testable model,
enabling log-linear transformation for Structural Equation Modelling (SEM) and regression analysis.
Practically, SCCAF offers a decision-to-execution framework that integrates engineering performance,
economic feasibility, behavioural intent, institutional governance, and supply chain readiness across the

construction lifecycle.

By bridging behavioural, technological, and institutional domains, this research advances sustainability
science and provides actionable insights for policymakers, industry stakeholders, and researchers to enable
scalable, resilient, and health-centric construction practices. The SCCAF framework establishes a new
paradigm for understanding sustainable material adoption as a synchronised, ecosystem-driven system
outcome, redefining how sustainability transitions are conceptualised and implemented in complex

infrastructure environments.

Keywords:

Sustainable construction chemicals; ESG integration; adoption modelling; non-linear systems; SCCAF;
behavioural-institutional dynamics; supply chain sustainability; VOC emissions; construction sustainability;
system-level adoption

1. Introduction

1.1 Sustainability and the Construction Sector in the Context of Planetary Limits

Rapid urbanisation, industrial expansion, and climate change have shifted sustainability from a voluntary aim
to a structural necessity for global development (Lin et al., 2024; Rockstrom et al., 2009; Steffen et al., 2015).
The planet’s life-support systems are increasingly strained due to biodiversity loss, climate volatility, and
resource shortages (Loh & Wackernagel, 2009). The concept of sustainable development was officially
defined by the World Commission on Environment and Development as development that meets present needs

without compromising the ability of future generations to meet their own needs (WCED, 1987).

Within this sustainability transition, the construction sector plays a particularly critical role due to its intensive
material consumption, energy demand, and significant environmental footprint. The sector is responsible for
large-scale resource extraction, energy consumption, and greenhouse gas emissions associated with
infrastructure development and urban expansion. Cement manufacturing, one of the core processes in
construction, is particularly energy-intensive and generates significant carbon dioxide emissions during

limestone calcination and clinker production (IEA, 2023).
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In recent years, Environmental, Social, and Governance (ESG) principles have become a crucial framework
for evaluating sustainability performance within industrial sectors, including construction (Wang & Xue,
2024; Aslami, 2023). ESG frameworks emphasise the long-term environmental, social, and governance
impacts of economic activity, encouraging companies to adopt sustainable production practices and

transparent reporting mechanisms.

Despite increasing attention to ESG practices, sustainability research in the construction sector has largely
focused on energy efficiency and carbon emissions associated with building operations (Cruz et al., 2023;
Hemmati et al., 2024; Pomponi & Moncaster, 2017; Cabeza et al., 2014). However, other sustainability
challenges—including chemical toxicity, occupational exposure risks, and indoor environmental quality—

have received comparatively limited attention.

Exposure to hazardous construction materials and chemicals may cause serious health problems among
workers and building occupants, including respiratory illnesses, dermatological conditions, neurological
disorders, and long-term chronic diseases (Palmer et al., 2024). These risks highlight the importance of
expanding sustainability research beyond carbon-centric metrics toward a more comprehensive assessment of

environmental and human health impacts.

The urgency of addressing sustainability challenges is further highlighted by global ecological pressures.
Research indicates that more than 80% of the world’s population lives in regions where ecological
consumption exceeds the regenerative capacity of local ecosystems (Moshood et al., 2024). Similarly, global
studies estimate that approximately 72% of the population lacks secure access to essential natural resources

necessary for sustainable livelihoods (Wackernagel et al., 2021).

At the same time, the construction sector remains a major driver of economic growth and employment.
Globally, it accounts for approximately 6-7% of GDP and employs more than 220 million people. In India,
the sector contributes nearly 8% of national GDP and provides employment for more than 50 million

individuals, making it the second-largest employer after agriculture (Patel, 2026).

Given its dual role as both an economic engine and a major source of environmental pressure, the construction

sector represents a critical domain for advancing sustainability transitions.

1.2 Environmental Pressures Associated with Construction and Cement Production

The environmental footprint of the construction sector is substantial and multifaceted (UNEP, 2023; Hertwich
et al., 2020; Pomponi & Moncaster, 2016). According to the United Nations Environment Programme
(UNEP), the global building and construction sector accounts for approximately 37% of energy-related carbon
emissions worldwide (UNEP, 2023). Cement production alone accounts for approximately 7-8% of global

carbon dioxide emissions, primarily from clinker manufacturing and limestone calcination (Chen et al., 2024).
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In addition to carbon emissions, cement production releases particulate matter (PM), nitrogen oxides (NOX),
sulfur dioxide (SO2), and trace heavy metals, all of which negatively affect air quality and environmental
health (Huang et al., 2024). Construction activities such as excavation, demolition, material handling, and

transportation further contribute to airborne particulate pollution in urban areas.

Construction dust is commonly classified into two major categories: PM10 and PM2.5. PM10 refers to coarse
particles generated by activities such as demolition and excavation, whereas PM2.5 consists of fine particles
produced by mechanical processes such as cutting, grinding, and equipment emissions. Fine particulate matter
poses significant health risks because it can penetrate deep into the lungs and enter the bloodstream,

contributing to respiratory and cardiovascular diseases (WHO, 2023).

The sector also exerts significant pressure on natural resources and waste management systems. Construction
and demolition activities generate approximately 30—35% of global solid waste, making the sector one of the
largest contributors to landfill volumes worldwide (UNEP, 2020; Ghisellini et al., 2016; Adams et al., 2017).
These dynamics highlight the importance of circular-economy approaches to reduce material waste and

promote resource efficiency.

Furthermore, quarrying and aggregate extraction activities associated with construction contribute to
ecosystem degradation, habitat fragmentation, and land-use change. Between 2000 and 2015, approximately
3.3 million square kilometres of land underwent transformation, largely driven by urban expansion and

infrastructure development (Song et al., 2018).

Noise pollution represents another environmental concern associated with construction activities. Heavy
equipment such as concrete vibrators, jackhammers, and drilling machinery often produces sound levels
exceeding 85 decibels, which may cause long-term hearing damage among construction workers exposed to
prolonged noise (HSE, 2022).

These environmental impacts demonstrate the urgent need for sustainable construction practices that address

emissions, resource consumption, pollution, and occupational health risks simultaneously.

1.3 Environmental and Health Impacts of Construction Chemicals

Modern construction practices rely extensively on chemical products to enhance the durability, performance,
and longevity of building materials. These products include adhesives, sealants, coatings, waterproofing

compounds, curing agents, and concrete admixtures used across various stages of the construction lifecycle.

Although these chemicals contribute significantly to structural performance and material efficiency, their
environmental and health impacts remain insufficiently examined in sustainability research (Hosen &
Barbulescu, 2026; Ortiz et al., 2009; Moncaster et al., 2018). Many construction chemicals release volatile
organic compounds (VOCs), hazardous particulates, and other pollutants that may affect indoor air quality

and occupational health.
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VOCs are commonly emitted from products such as paints, coatings, adhesives, and solvents used in
construction activities. Studies estimate that architectural coatings alone contribute 8—12% of anthropogenic
VOC emissions in certain regions (U.S. EPA, 2022). VOC compounds including formaldehyde, benzene,
toluene, and acetaldehyde have been detected in indoor environments at levels that may exceed World Health

Organization guidelines, particularly in buildings with limited ventilation (Goodman et al., 2024).

Research also indicates that chemical emissions from construction materials may persist indoors for extended
periods following project completion, contributing to long-term indoor air quality concerns. Elevated indoor
temperatures can further accelerate the release of plasticisers and other chemical compounds from building

materials, increasing exposure risks (Chen et al., 2023).

Occupational exposure represents another critical concern. Construction workers may encounter hazardous
materials such as asbestos fibres, chemical solvents, and toxic dust during renovation and demolition activities.
Studies have shown that asbestos fibres may remain suspended in indoor environments even after removal

procedures if proper containment measures are not implemented (Obminski, 2022).

Despite these risks, the global construction chemicals market continues to expand rapidly. The market was
valued at approximately USD 70-75 billion in 2023 and is projected to exceed USD 100 billion by 2030,

reflecting increasing demand for advanced construction materials (Market Research Future, 2023).

However, sustainability assessments and environmental governance frameworks rarely incorporate the full
lifecycle environmental and health implications associated with these chemical products (Schmidt et al.,
2023).

1.4 Governance and Reporting Gap

Although the construction sector has a substantial environmental footprint, governance frameworks
addressing the sustainability implications of construction chemicals remain limited. Existing sustainability
reporting systems and green building standards primarily emphasise operational energy performance, carbon

emissions, and structural material efficiency.

In contrast, chemical-related risks including VOC emissions, occupational exposure to hazardous substances,
and the long-term environmental persistence of construction chemicals—are rarely incorporated into
procurement policies, environmental product declarations, or ESG disclosure frameworks (Mishra & Sharma,
2024; Eccles et al., 2014; Friede et al., 2015).

This governance imbalance is particularly concerning given the scale of global environmental health
challenges. Air pollution alone was responsible for approximately 8.1 million deaths worldwide in 2021,

making it the second leading global risk factor for mortality (Health Effects Institute, 2024).
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Simultaneously, the rapid expansion of sustainable finance—now exceeding USD 30 trillion in ESG-linked
investment assets demonstrates increasing financial interest in environmental accountability and sustainability
governance (PTI, 2024).

Despite this growing emphasis on sustainability reporting, many corporate ESG disclosures remain strongly
carbon-centric and fail to address chemical toxicity, worker exposure risks, and indoor environmental health

issues associated with construction materials.

Furthermore, existing academic research lacks comprehensive analytical frameworks capable of integrating
environmental sustainability outcomes with behavioural adoption dynamics and institutional governance
pressures. Many existing studies examine environmental performance indicators or technology adoption
behaviour separately rather than integrating these dimensions within a unified analytical model (Farhana et
al., 2024).

This fragmentation limits researchers' and policymakers' ability to understand how sustainability intentions
translate into real-world adoption of safer, more sustainable construction chemical practices. Consequently,
addressing sustainability challenges associated with construction chemicals requires an integrated analytical
framework capable of linking environmental externalities with behavioural decision-making processes,

technological adoption dynamics, and institutional governance mechanisms.

1.5 Rationale of the Sustainable Construction Chemicals Adoption Framework (SCCAF)

To address these limitations, this study proposes the Sustainable Construction Chemicals Adoption
Framework (SCCAF).

The framework integrates five complementary theoretical perspectives:

* Theory of Planned Behaviour (Ajzen, 1991)

* Norm Activation Theory (Schwartz, 1977)

* Unified Theory of Acceptance and Use of Technology (UTAUT2) (Venkatesh et al., 2012)
* Diffusion of Innovation Theory (Rogers, 2003)

» Institutional Theory (DiMaggio & Powell, 1983)

Together, these theories explain how behavioural intentions, technological acceptance mechanisms,
innovation diffusion processes, and institutional pressures influence the adoption of sustainable construction

chemicals.

SCCAF establishes a sequential analytical structure that links individual decision-making processes to
organisational and regulatory contexts. The framework also incorporates measurable sustainability indicators,
including lifecycle toxicity, indoor air quality impacts, occupational exposure risks, embodied carbon

emissions, and ESG disclosure practices.
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Importantly, SCCAF addresses the intention—behaviour gap frequently observed in sustainability adoption.
Moderating factors such as cost sensitivity and supply-chain readiness are incorporated to explain why

sustainability intentions may not always translate into real-world implementation.

1.6 Research Objectives

The primary objective of this study is to develop a system-level, theory-integrated, and mathematically
grounded framework that explains the adoption dynamics of sustainable construction chemicals within civil
engineering and construction ecosystems. Moving beyond fragmented and linear adoption models, this
research conceptualises adoption as a non-linear, multiplicative, and stakeholder-synchronised system

outcome, influenced by behavioural, technological, institutional, economic, and operational factors.

In particular, the study aims to:

1. Identify System-Level Sustainability Challenges

To examine the environmental, health, lifecycle, and governance challenges associated with construction

chemicals, including:

e Lifecycle toxicity and emissions
e Occupational exposure risks
e Indoor environmental quality

e ESG compliance gaps

This expands sustainability discourse beyond energy and carbon to chemical-intensive material impacts.

2. Analyse Multi-Dimensional Adoption Drivers

To investigate the interacting drivers of adoption across the construction ecosystem, including:

e Behavioural intention (B)

e Technological feasibility (T)

e Policy and institutional pressure (P)
e ESG influence (ESG)

e Supply chain readiness (S)

This objective positions adoption as a multi-theoretical and multi-variable system, rather than an isolated

behavioural outcome.
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3. Develop the SCCAF Model (Core Objective)

To design the Sustainable Construction Chemicals Adoption Framework (SCCAF) by integrating:

e Theory of Planned Behavior (TPB)

e Unified Theory of Acceptance and Use of Technology (UTAUT?2)
e Diffusion of Innovation (DOI)

e Norm Activation Theory (NAT)

e Institutional Theory

into a unified system-based adoption model that captures behavioural, technological, moral, and institutional

dynamics.
4. Incorporate Critical System Enablers and Constraints

To extend traditional adoption models by introducing and operationalising key SCCAF variables:

e Knowledge (K): Technical capability and awareness
e Trust (R): Risk perception and confidence
e Friction (F): Composite resistance (cost + complexity + delay)

e Cost (C): Economic feasibility

This enables the framework to explain real-world adoption failure mechanisms, beyond intention-based

models.
5. Examine Cost-Supply Mediation Mechanism

To analyse how policy (P), technology (T), and ESG factors influence adoption indirectly through:

e Cost reduction mechanisms (subsidies, incentives)

e Supply chain strengthening (localisation, availability)
This establishes the mediation pathway:
(P, T, ESG) — (Cost, Supply) — Adoption

highlighting that adoption is driven through economic and structural channels rather than direct effects.
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6. Model Knowledge Diffusion and Capability Building

To conceptualise adoption as a knowledge-constrained system, where:

e Information asymmetry limits adoption

e Multi-stakeholder knowledge diffusion (engineers, contractors, consultants, policymakers, end-users)

drives system alignment
This introduces knowledge (K) as a multiplier variable, transforming awareness into execution.
7. Integrate Trust and Risk Perception in Adoption Decisions

To incorporate trust (R) as a critical behavioural filter influencing adoption, addressing:

e Performance risk
e Financial risk

e Execution uncertainty
This reframes adoption as a risk-managed decision process, not purely innovation-driven.
8. Analyse Implementation Friction and Operational Constraints

To evaluate how time, complexity, and process barriers (F) influence adoption decisions, demonstrating that:

e High friction — adoption failure

o Low friction — accelerated adoption

This introduces friction as a unified resistance variable, a key novelty in SCCAF.
9. Establish an ESG-Aligned Governance Mechanism

To develop a governance structure that links:

e Micro-level stakeholder decisions

e Macro-level ESG reporting, procurement policies, and regulatory frameworks

This ensures alignment between individual adoption behaviour and systemic sustainability goals.
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10. Develop a Quantifiable Mathematical Adoption Model

To formulate SCCAF as a non-linear, multiplicative mathematical model, where:

e Adoption depends on system alignment
e Weak variables collapse the system

e Simultaneous improvements create exponential growth

This transforms adoption theory into a measurable, testable, and simulation-ready framework.

This research aims to transition sustainable construction adoption from a fragmented, theory-specific
explanation to a system-level, mathematically structured, and multi-stakeholder-integrated model capable of

explaining not only why adoption occurs, but also how, when, and under what system conditions it scales.

1.7 Theoretical and Academic Contributions

This study makes substantial theoretical and academic contributions by advancing sustainability adoption
research from fragmented, single-theory explanations to a system-level, multi-theoretical, and mathematically

grounded framework.

1. Advancement from Single-Theory to System-Level Adoption Theory

Existing frameworks such as the Theory of Planned Behaviour, Unified Theory of Acceptance and Use of
Technology (UTAUT2), and Diffusion of Innovation explain adoption through isolated dimensions
(behavioural, technological, or innovation-based).

Contribution:
This study develops SCCAF as a system-level adoption theory, integrating behavioural, technological,
institutional, moral, and operational dimensions into a single unified framework, thereby overcoming

theoretical fragmentation.

2. Introduction of a Non-Linear, Multiplicative Adoption Model

Most adoption theories assume linear or additive relationships between variables.

Contribution:

SCCAF reconceptualises adoption as a non-linear, multiplicative system, where:

e Variables interact dynamically
e Weak links collapse the system

e Alignment produces exponential outcomes
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This aligns adoption research with complex systems theory, significantly improving explanatory realism.

3. Integration of Engineering, Management, and Governance Domains

Traditional adoption literature is largely confined to behavioural or managerial perspectives, often ignoring

engineering performance and execution feasibility.

Contribution:

SCCAF introduces a multi-domain integration, combining:

e Engineering (performance & lifecycle reliability)
e Management (decision-making & strategy)

e Marketing (perception & value communication)
e Organizational capability (readiness & culture)

e Policy & governance (regulation & ESG)

e Supply chain & procurement (execution feasibility)

This positions SCCAF as an interdisciplinary adoption theory bridging technical and managerial sciences.

4. Separation of Capability Vs Motivation (K vs ESG Knowledge)

Existing models treat “knowledge” as a single construct.

Contribution:
This study introduces a novel conceptual distinction:

e Knowledge (K): Technical capability (Can we implement?)

e ESG Knowledge (EK): Sustainability awareness (Why should we adopt?)

This separation provides deeper insight into the intention—implementation gap, a major unresolved issue in

adoption research.

5. Introduction of Friction (F) as a Composite Resistance Variable

Most studies treat barriers such as cost, complexity, and resistance independently.

Contribution:

SCCAF introduces Friction (F) as a unified construct combining:

e Cost barriers

e Process complexity
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e Time delays

e Organizational resistance

This provides a more realistic representation of real-world adoption constraints, significantly enhancing model

applicability.
6. Incorporation of Trust (R) and Risk Perception into Adoption Theory
Traditional models often overlook the risk-averse nature of construction decision-making.

Contribution:

This study integrates trust (R) as a core variable, demonstrating that:

e Adoption is a risk-managed decision, not purely innovation-driven

e Trust acts as a behavioural filter converting knowledge into action
This extends behavioural theories into high-stakes industrial contexts.
7. Mediation-Based Adoption Mechanism (Cost & Supply Chain)
Most adoption models assume direct relationships between drivers and outcomes.

Contribution:
SCCAF establishes a mediated adoption structure:

(Policy, Technology, ESG) — (Cost, Supply Chain) — Adoption

This highlights that adoption is driven through economic feasibility and execution capability, rather than direct

influence, aligning with advanced mediation theory.
8. Knowledge Diffusion as a System Multiplier
Existing research treats awareness as a passive factor.

Contribution:

This study reconceptualises knowledge as a dynamic, network-driven system variable, where:

e Adoption is knowledge-constrained, not literacy-constrained

¢ Diffusion occurs through stakeholder networks (consultants, contractors, builders, users)

This introduces a network-based adoption acceleration mechanism.
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9. Stakeholder Synchronisation and Ecosystem-Based Adoption
Traditional models focus on individual decision-makers.

Contribution:
SCCAF introduces ecosystem-level adoption theory, where:

e Adoption is a multi-stakeholder coordinated outcome
e Misalignment across stakeholders leads to system failure

e Synchronisation produces multiplicative adoption effects

This advances adoption theory toward ecosystem and systems-thinking paradigms.

10. Mathematical Formalisation of Adoption Theory

Most sustainability adoption frameworks are conceptual and descriptive.

Contribution:

SCCAF provides a quantifiable mathematical structure, enabling:

e Numerical simulation
e Sensitivity analysis

e Empirical validation using regression/SEM

This transforms adoption theory into a testable, predictive, and data-driven model.

This study advances the academic literature by introducing SCCAF as a multi-dimensional, system-oriented,
and mathematically formalised adoption framework that integrates behavioural intention, technological
feasibility, institutional pressure, and structural constraints into a unified model. By incorporating novel
constructs such as capability—motivation separation, friction as a composite resistance variable, trust as a risk
filter, and mediation-driven adoption pathways, the framework moves beyond traditional linear theories and
provides a comprehensive, empirically testable, and practically applicable model for understanding

sustainable construction chemical adoption in complex, multi-stakeholder environments.

2. Literature Review (2020-2025)
2.1 Systematic Literature Review Approach and PRISMA-inspired Evidence Structuring

To ensure methodological transparency, analytical rigour, and replicability, this study adopted the PRISMA
2020 framework for systematic evidence synthesis (Page et al., 2021). In contrast to non-descriptive reviews,

the aim was theory-building: to identify structural gaps in sustainable construction scholarship and to test the
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extent to which construction chemicals are embedded within behavioural, institutional, and governance
categories. (Smith et al., 2020).

2.2. Database Strategy and Retrieval
A systematic search was performed on:
Scopus
Web of Science (Core Collection)
Science Direct

The period 2020-2025 was selected to examine scholarship following the Paris Agreement, reflecting
developments in climate policy, ESG integration, and international attention to environmental health and
indoor air quality. (Accelerated attainment of global air quality standards with disproportional health co-
benefits under the 1.5 °C target, 2025)

Boolean search combinations consisted of:
“construction chemicals” AND “VOC emissions”
“indoor air quality” OR “TIAQ”

“construction adoption” AND “behaviour”
“ESG” AND “construction sector”
“CDW” AND “circular economy”

The initial database search yielded 642 records from Scopus, Web of Science, and ScienceDirect. After
removing 87 duplicates, 555 unique records underwent title and abstract screening, resulting in the exclusion
of 211 studies deemed irrelevant to construction sustainability governance, chemical impacts, or adoption
dynamics. Subsequently, 344 full-text articles were assessed in accordance with the PRISMA 2020 guidelines,
and, based on predefined inclusion criteria of methodological rigour, theoretical relevance, and a focus on
chemical-specific sustainability, 111 studies were included in the systematic review ((Zhang et al., 2025)). A

PRISMA-based systematic review of definitions, quantification methods and policies) (Mahabir et al., 2025).
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Identification

Records identified through database searching:
e Scopus (n = 118)
e Web of Science (n = 145)
e ScienceDirect) (n = 647)

Total records identified (n = 642)
\

v

Duplicate records removed (n = 54)

v

Records screened (Title & Abstract) (n = 555)
Records excluded (n = 211)

Nem related to construction sector

Purely thieoretical without
sustainability linkage

Focus on unrelated materials

Conference abstracts without full data

Eligibility

Full-text articles assessed for eligibility (n = 344)

Full-text articles excluded (s = 233)

o Lack of empirical validation (2 = 72)

« No focus on sustainability outcomes (2 = 54)

* No relevance to construction chemicals{ = 61)
‘ « Conceptual duplication/review ovelap (2 = 28)

‘ o Insufficient data transparency (n = 18)

W

Studies included in qualitative Studies included for
synthesis (n = 111) framework/theory development
(n=111)

Figure 1 :PRISMA 2020 flow diagram of the systematic literature review process.

Source: Author’s synthesis based on database search results (n = 642 identified; n = 111 included).
2.3 Analytic Implications of PRISMA Reduction

The filtering process highlighted structural trends: high research volume, significant thematic dispersion, and

limited integration across environmentally beneficial, behavioural, and institutional domains. (Lu et al., 2025)

Although sustainable construction is widely studied, integration across environmental, behavioural, and

institutional domains remains limited. (Yin et al., 2025)
Limited chemical-specific governance scholarship

Fewer than 20% of the screened studies explicitly addressed VOC emissions, toxic materials, or chemical
governance in construction systems (Building carbon emissions (2016—-2025): A PRISMA-based systematic

review of definitions, quantification methods and policies, 2025).
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Fragmented adoption modelling

The application of behavioural theory in chemically intensive construction research remains limited. Most
studies in this review emphasize the role of energy-efficient materials and technologies, with less attention
given to how behavioural, institutional, and regulatory factors influence the adoption of circular materials
(Elattar et al., 2025).

A coding analysis of the 111 included studies revealed the following thematic distribution:
* Climate Change and Decarbonisation — 34%

* Circular Economy and Construction & Demolition Waste — 22%

* Indoor Air Quality and Air Pollution — 24%

* Toxic Chemical Emissions — 16%

» Governance and ESG — 18%

* Behavioural Adoption Studies — <10%

Others 4%
Green Concrete/Cement 38%
Lifecycle Assessment/

Carbon Footprint
20%

Circular Economy/Recycling

o Y/
J /

B Green Concrete/Cement 1 Biobased Additives Lifecycle Assessment/Carbon Footprint

Figure 2. Thematic distribution of sustainability research in the construction sector (2020-2025).
Source: Author’s systematic bibliometric synthesis based on Scopus, Web of Science, and Science Direct data,

informed by IPCC (2023), UNEP (2023), and related sustainability literature.

Carbon and decarbonisation research dominates, comprising one-third of publications. Circular economy and
material recovery follow. Toxic chemical emissions and behavioural adoption studies are underrepresented,

highlighting a need for integrative frameworks like SCCAF to address research gaps.
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Figure 3. Thematic keyword co-occurrence network in sustainable construction research (2020-2025): A total
of 1,552 keywords were identified, of which 73 keywords with a frequency greater than three were extracted

to construct the co-occurrence network (Liu et al., 2025).

The keyword analysis reveals four main clusters: carbon and lifecycle assessment, energy performance, indoor
air quality and VOC emissions, and governance/ESG. Links between chemical-related and governance

research are weak, emphasizing the need for frameworks connecting these fields.
2.4 Carbon-Centric Dominance

The literature is predominantly focused on carbon accounting and embodied emissions modelling. Reports
from the Intergovernmental Panel on Climate Change (IPCC, 2023) and the UN Environment Programme
(UNEP, 2023) confirm that decarbonisation remains the principal sustainability theme.

Lifecycle assessment tools have advanced considerably, with recent models formalizing five distinct phases
and integrating energy, carbon, water, and embodied impacts as central metrics, which now feature
prominently in green certification systems (Rojahn & Grum, 2025). As a result, research tends to emphasize
areas such as resource efficiency within green certification and technological progress, particularly in
recycling technologies. In contrast, research on other dimensions of sustainable construction, including policy
coordination and the adoption of digital technologies such as the Internet of Things, remains less developed
(Alghamdi, 2025).

2.4.1 Underrepresentation of Chemical Governance

The study highlights that Building Information Modelling (BIM) dominates digital technology applications in
the field, suggesting that while substantial progress has been made with BIM and related tools, the governance
of chemical emissions remains less represented in the literature, indicating a gap in current research and
practice (Digital technologies as supporting tools for resource circularity in the construction industry: A
review reflecting on the building lifecycle, 2025). Even fewer studies examine the integration of chemical
risks into broader procurement decision-making, institutional incentive structures, ESG disclosure metrics, or

behavioural adoption models, and recent research highlights the novelty of theoretical approaches addressing
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related challenges such as greenwashing in the building materials sector (Li et al., 2025). This quantitative

gap suggests a conceptual blind spot in current scholarship on sustainable construction. (Li et al., 2025)
2.5 Geographic Concentration and Policy Maturity

A bibliometric analysis found that sustainable construction research is concentrated in China, Australia, and
Hong Kong, with China the leading contributor (A Literature Review of Sustainable Building Research:
Bibliometric Analysis from 20152025, 2025). Key contributors include:

= United Kingdom

= Spain
= Australia
= Hong Kong

The largest proportion was from China during the studied period (Liu et al., 2025).
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Figure 4.: Country-wise Leadership in Sustainable Construction Research (2015-2025)
Source: Adapted from Bhuiyan & Hammad (2024); complemented with global bibliometric insights

This figure illustrates the geographical distribution of research output in sustainable construction from

2015 to 2025, highlighting country-wise contributions based on publication volume.

e China leads significantly with approximately 1800 publications, driven by strong governmental
mandates, rapid urbanization, and large-scale investment in green infrastructure and low-carbon

technologies (Bhuiyan & Hammad, 2024; United Nations Environment Programme, 2023).
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The United States (USA) ranks second with around 1400 publications, supported by advanced
research ecosystems, innovation-driven construction practices, and sustainability frameworks such as
LEED (Dixit, 2019; U.S. Green Building Council, 2022).

The United Kingdom (UK) contributes approximately 1150 publications, reflecting strong
regulatory enforcement, net-zero targets, and sustainable building codes (Darko & Chan, 2017; UK
Green Building Council, 2023).

Malaysia, with nearly 1050 publications, represents a rapidly growing contributor, indicating
increased adoption of green building standards in emerging economies (Abidin, 2010; Zainul Abidin,
2019).

India contributes around 900 publications, reflecting growing policy emphasis such as the National
Action Plan on Climate Change and increasing awareness of sustainable construction practices (Ahn
et al., 2013; Bureau of Energy Efficiency, 2023).

Australia shows strong participation with approximately 800 publications, driven by stringent
environmental regulations and green building certification systems (Hékkinen & Belloni, 2011; Green
Building Council of Australia, 2023).

Hong Kong, with around 650 publications, reflects a focused contribution influenced by high-density

urban challenges and sustainable urban planning policies (Chan et al., 2018).
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Source: Adapted from Lu et al. (2023) and Bhuiyan & Hammad (2024).

Figure 5. further illustrates geographic leadership in construction and demolition waste (CDW) research,

reinforcing regional concentration patterns.

The figure illustrates the country-wise distribution of research publications in Construction and Demolition

Waste (CDW). China dominates with 380 publications, significantly outperforming other countries, followed
by the United Kingdom (145), Spain (135), Australia (125), and Hong Kong (100).
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This distribution highlights the geographical concentration of CDW research, where China’s leadership is
attributed to strong regulatory frameworks, rapid urbanization, and increasing emphasis on circular economy
practices (Lu Weisheng et al., 2023). European countries such as the UK and Spain make consistent
contributions through stringent waste management policies and sustainability directives (Akinade et al., 2023).
Meanwhile, Australia and Hong Kong represent emerging research hubs, driven by urban sustainability

challenges and policy-driven waste reduction strategies (Bhuiyan & Hammad, 2024).

2.6 Interpretation of Geographic Data

Research productivity correlates strongly with:

National climate policy commitments
= Environmental regulation maturity
= Sustainability research funding

= Urban density pressures (Synergistic impact of digital finance and urban agglomeration policy on
carbon emission reduction, 2024)

Sustainability research is more commonly produced in countries with well-developed environmental
governance. (2024) However, modelling of chemicals in adoption remains underdeveloped compared to

studies constrained to carbon (et al.). (Nurpratiwi et al., 2025)
2.7 Environmental Health Implications of VOC Emissions in Construction

Environmental health studies increasingly associate construction-related chemicals with degraded air quality
and climate—health intersections. (Choudhury et al., 2025, p. 941-961)

Empirical studies demonstrate that:

Environmental health research consistently links construction-related VOC emissions to indoor air pollution,
secondary aerosol formation, and climate—health interactions (Jaemoon et al., 2023; WHO, 2021). Emission
intensity varies with temperature extremes and ventilation conditions, amplifying exposure risks in dense
urban settings. Despite robust laboratory and epidemiological evidence, integration of chemical sustainability
within procurement frameworks and institutional governance systems remains limited. This disconnect
illustrates a persistent gap between evidence from environmental science and construction decision-making
theory. (Chammout & El-Adaway, 2025, pp. 4023035-1)

2.8 Behavioural and Institutional Adoption Gaps
2.8.1 Theory of Planned Behaviour

The adoption of green building practices has received considerable attention within research applying the
Theory of Planned Behaviour (Ajzen, 1991). It has been found that attitudes, subjective norms, and perceived

behavioural control affect sustainability intentions.

IJRARTHO00375 ‘ International Journal of Research and Analytical Reviews (IJRAR) www.ijrar.org 20



© 2026 IJRAR April 2026, Volume 13, Issue 2 www.ijrar.org (E-ISSN 2348-1269, P- ISSN 2349-5138)

Nevertheless, the majority of TPB-based literature focuses on the adoption of energy-efficient technologies
rather than on chemical purchasing decisions. (Consumer perception and adoption of a circular chemical
economy, 2025)

2.8.2 Technology Acceptance

The Unified Theory of Acceptance and Use of Technology (UTAUT2) (Venkatesh et al., 2012) explains
technology adoption through constructs such as performance expectancy, effort expectancy, and facilitating
conditions. Although diffusion theory has been applied extensively to innovative construction materials,
studies specifically examining the adoption of sustainable construction chemicals remain limited.; recent work
has validated its importance in evaluating the adoption of prefabrication technology on a construction project
through system dynamics and agent-based modelling (The diffusion of prefabrication technology and its
potential for CO2 emissions reduction in China: A combined system dynamics and agent-based study, 2025).
(Chen et al., 2025)

2.8.3 Diffusion of Innovation

Rogers (2003) diffusion theory explains adoption in terms of relative advantage, compatibility, and
observability. Demonstration projects accelerate the uptake of sustainable materials; however, chemical-
specific pathways to diffusion remain poorly theorised. (CO: sequestration pathways in cementitious

materials: Mechanisms, material synergies, and deployment challenges for low-carbon construction, 2026)
2.8.4 Moral Drivers

The theory of Norm Activation (Schwartz, 1977) posits that awareness of consequences and a sense of moral
obligation to act are key drivers of pro-environmental behaviour. Green procurement decisions are motivated
by moral considerations (Han et al., 2022), but these drivers are often overlooked in chemical adoption models.

(Mapping the knowledge domain of green procurement: a review and bibliometric analysis, 2023)

Table 1: Theoretical Foundations of the Sustainable Construction Chemicals Adoption Framework (SCCAF)

Theory Core Constructs Role in SCCAF Key References
Theory of Attitude, Explains how stakeholder Ajzen (1991); Han et
Planned Subjective attitudes, social influence, and al. (2022)
Behaviour (TPB) Norms, perceived feasibility influence
Perceived intention to adopt sustainable
Behavioural construction chemicals.
Control
UTAUT2 Performance Explains how perceived Venkatesh et al.
(Technology Expectancy, performance benefits and (2012)
Acceptance Effort organisational support affect
Theory) Expectancy, acceptance of sustainable
Facilitating construction materials.
Conditions
Diffusion of Relative Explains how sustainable Rogers (2003); Chen
Innovation Advantage, construction chemicals spread et al. (2025)
(DOI) Compatibility, through the industry via
Observability, demonstration projects and
Trial ability innovation networks.
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Norm Awareness of Explains moral motivations Schwartz (1977);
Activation Consequences, behind environmentally Han et al. (2022)
Theory (NAT) Personal responsible procurement
Norms, Moral decisions.
Obligation
Institutional Regulatory Explains how regulations, ESG DiMaggio & Powell
Theory Pressure, standards, and industry norms (1983); Eccles et al.
Normative influence sustainable material (2014)
Pressure, adoption.
Mimetic
Pressure

2.9 The Intention—Behaviour Gap within Construction Sustainability

One of the persistent issues in the sustainability literature is the intention—behaviour gap (Sheeran & Webb,

2016). Stakeholders often hold positive environmental attitudes but cannot translate their intentions into
reality.

In construction markets, this gap is exacerbated by:
Competitive tendering systems
High price sensitivity
Fragmented supply chains
Regulatory ambiguity
Limited product availability

Little is done to estimate cost sensitivity and supply explicitly. (Inusah et al., 2025)
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Figure 6. Conceptual structure of the Sustainable Construction Chemicals Adoption Framework (SCCAF).

Source: Authors’ own conceptualization based on Ajzen (1991), Venkatesh et al. (2012), Rogers (2003),
DiMaggio & Powell (1983), and Schwartz (1977)
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This diagram presents the Sustainable Construction Chemicals Adoption Framework (SCCAF) a theory-
integrated model explaining how sustainable construction chemicals are adopted in real-world projects.

1. Drivers (Inputs — “Why adoption starts”)

These are the core factors that create intention and readiness:

e Environmental Awareness (E): Understanding sustainability and environmental impact
e Behavioural Intention (B): Willingness to adopt green chemicals
e Technological Feasibility (T): Availability and suitability of solutions

e Institutional Pressure (1): Regulations, ESG norms, and compliance requirements
These are grounded in theories like TPB, UTAUTZ2, DOI, Institutional Theory, and NAT.
2. Mediators (Feasibility Layer — “Can it be implemented?”)

They convert intention into actual adoption:

e Cost Constraints (C): Upfront cost, lifecycle cost, financial viability

e Supply Chain Readiness (SC): Availability, logistics, technical support
Even with strong intent, poor cost feasibility or supply chain gaps can block adoption.
3. Moderators (Influence Layer — “What affects strength of adoption?”)

These factors strengthen or weaken adoption:

e Trust (TR): Confidence in product performance
e Knowledge (K): Technical awareness and understanding

e Implementation Friction (F): Complexity, resistance, operational barriers
4. Adoption Outcome

All the above factors lead to:

- Adoption of Sustainable Construction Chemicals

— Results in environmental, social, and economic benefits
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5. ESG & Policy Feedback Loop

Adoption creates measurable outcomes:

e ESG Outcomes: Lower emissions, better health, resource efficiency
e Policy Development: Regulations, incentives, certifications

e Implementation Results: Industry-wide scaling

This feedback reinforces future adoption, making the system dynamic and self-improving.

SCCAF shows that adoption is not just behavioural—it is a system-level process in which engineering

feasibility, economic viability, institutional forces, and policy feedback interact dynamically.

The SCCAF framework is an original, theory-integrated model developed by the authors, synthesising insights
from behavioural, technological, institutional, and normative theories to explain the multi-dimensional

adoption dynamics of sustainable construction chemicals within civil infrastructure systems.

2.9.1 Synthesis: Structural Research Gaps

The systematic review highlights five key gaps in current research: (1) the predominance of carbon-focused
sustainability studies, (2) the lack of emphasis on chemical toxicity management in construction research, (3)
the disjointed use of behavioural and institutional adoption theories, (4) the missing explicit modelling of
economic factors that influence sustainable material adoption, and (5) the limited integration of chemical-
specific sustainability indicators within ESG governance frameworks. These gaps collectively underscore the
need for an integrated analytical model that can connect environmental evidence, behavioural intentions,
institutional pressures, and governance accountability. The Sustainable Construction Chemicals Adoption

Framework (SCCAF) is introduced as a theoretical solution to address these structural challenges.

Table 2: Synthesis of Key Research Themes and Identified Gaps in Sustainable Construction Literature

Key Supporting

Theme Key Findings Gap Identified Literature

The majority of sustainable
construction research focuses on Chemical toxicity and

carbon accounting, lifecycle material-level .
assessment (LCA), and embodied environmental health IPCC (?023)’ U'\.'EP
Carbon - i . (2023); Pomponi &
o emissions modelling. Carbon impacts are often ,
decarbonisation o . . . Moncaster (2017);
mitigation strategies dominate overlooked in carbon- Chen et al. (2024)
sustainability policy and academic | focused sustainability '
discourse in the built frameworks.

environment.

Research emphasises construction | Limited integration of

and demolition waste (CDW) chemical lifecycle risks (zﬁgl)s.eg:jr:rs; Zi'al
Circular economy | management, material recovery, and toxicity indicators .. '
. . s e . (2017); Chen et al.
and recycling strategies within within circular material (2024)
circular construction systems. evaluation frameworks.
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Indoor air quality

Environmental science research
shows that building materials emit
volatile organic compounds

Weak integration of IAQ
evidence into
construction procurement

D’Amico et al.
(2020); Kotzias

(1AQ) (VOCs) that significantly decisions and (2021); Pekdogan
influence indoor air quality and | sustainability governance (2024)
human health. frameworks.
. . . Adoption dynamics of
Behawoural_ studies on sustainable construction chemicals Ajzen (1991):
. construction largely focus on )
Behavioural enerav-efficient technologies and remain underexplored Venkatesh et al.
adoption 9y g within behavioural (2012); Elattar et al.

green buildings rather than
chemical-intensive materials.

theory frameworks such
as TPB and UTAUT?2.

(2025)

ESG governance

ESG reporting frameworks are
increasingly applied in
construction sustainability to
improve transparency and
environmental accountability.

Chemical toxicity
indicators and material
health metrics are rarely
incorporated into ESG
reporting and
procurement
frameworks.

Cortés et al. (2023);
Yap et al. (2024)

3. Research Methodology (PRISMA-Guided Systematic Literature Review and System-Level Model
Development for SCCAF)

3.1 Research Design and Methodological Framework

This study adopts a deductive, theory-integrated, and system-level research design, combining a Systematic
Literature Review (SLR) with mathematical modelling to develop the Sustainable Construction Chemicals

Adoption Framework (SCCAF).

The methodological approach integrates:

e PRISMA 2020-guided SLR — Structured evidence synthesis
e Multi-theoretical integration — Conceptual foundation
e Thematic and analytical coding — Variable identification

e Mathematical modelling — System-level formulation
Unlike conventional descriptive sustainability studies, this research advances toward:
A predictive, non-linear, and system-oriented modelling approach to sustainability adoption
3.2 Systematic Literature Review (SLR): Analytical Foundation

A Systematic Literature Review (SLR) serves as the core analytical foundation of this study. The objective
is not merely to summarise literature but to:

e ldentify structural research gaps
e Extract multi-dimensional adoption variables
e Establish relationships across behavioural, technological, and institutional domains

This SLR is therefore theory-driven and model-oriented, forming the empirical basis for SCCAF
development.
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3.3 PRISMA 2020 Protocol (Structured Screening and Transparency)

To ensure methodological rigour, transparency, and replicability, the study follows the PRISMA 2020
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) framework.

PRISMA is applied as:

e A screening protocol for study selection
e A bias reduction mechanism
e A gap-identification tool

This ensures that only relevant, high-quality, and analytically robust studies are included in the dataset.
3.4 Database Selection and Coverage

The literature search was conducted across three major indexed databases:

e Scopus
e Web of Science (Core Collection)
e ScienceDirect

These databases were selected due to their:

e High-quality peer-reviewed content
e Strong coverage across engineering, sustainability, management, and policy domains

3.5 Boolean Search Strategy (Multi-Domain Retrieval Design)

A structured Boolean search strategy was developed to capture interdisciplinary literature across
sustainability, construction, behavioural science, and governance domains.

Writing

("construction chemicals" OR "building materials™) AND ("VOC emissions" OR "toxicity" OR "indoor air
quality™)

("sustainable construction”™ AND "ESG") AND ("adoption” OR "behaviour")

("green construction” OR "circular economy") AND ("supply chain” OR "cost" OR "procurement™)
("technology adoption™ AND "construction") AND ("UTAUT2" OR "TPB" OR "diffusion of innovation")
("construction sector” AND "policy” AND "sustainability”) AND ("ESG" OR "governance™)

Search Logic

This strategy ensured:

e Horizontal integration — Sustainability + construction
e Vertical depth — Chemicals + behaviour + policy

e Theoretical inclusion = TPB, UTAUT?2, DOI, NAT
e Operational realism — Cost, supply chain, ESG
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3.6 Inclusion and Exclusion Criteria
Inclusion Criteria

Studies were included if they:

e Were published between 2020-2025
e Were peer-reviewed and indexed (Scopus, WoS, ScienceDirect)
e Addressed:

e Sustainable construction

e Construction chemicals/materials
e VOC emissions / indoor air quality
e ESG or governance

e Behavioural or adoption models

e Included:

e Theoretical frameworks OR empirical validation
e Variables related to adoption dynamics (behaviour, policy, cost, etc.)

Exclusion Criteria

Studies were excluded if they:

e Focused solely on carbon or energy performance without material/chemical relevance
e Lacked adoption or decision-making components

e Were non-peer-reviewed

o Fell outside the construction domain

e Had weak or unclear methodology

e Were duplicates

e Were pre-2020 (except foundational theories)

3.7 PRISMA Screening Process and Dataset Construction
The PRISMA-based screening process resulted in:

Stage Records
Initial identification 642
After duplicate removal 555
Title/abstract screening 555
Full-text assessment 344
Final included studies 111

Final dataset: 111 high-quality studies
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Analytical Interpretation

The PRISMA filtering revealed:

e Dominance of carbon-centric research

e Limited integration of:
o Chemical sustainability
o Behavioural adoption
o ESG governance

e Fragmentation across:
o Engineering
o Policy
o Behaviour

These findings establish the critical research gap addressed by SCCAF.
3.8 Data Extraction and Thematic Analysis

The selected studies were systematically coded into:

e Environmental sustainability (carbon, waste, IAQ)

e Chemical impacts (VOC, toxicity)

e Behavioural theories (TPB, UTAUTZ2, DOI, NAT)

e Institutional and ESG governance

e Adoption constraints (cost, supply chain, policy gaps)

Observed Distribution

e Carbon & decarbonisation = ~34%
e Circular economy — ~22%

e JAQ & pollution - ~24%

e Toxic chemicals = ~16%

e Behavioural adoption — <10%
This confirms a significant research imbalance, justifying the SCCAF framework.
3.9 Variable Identification and SCCAF Structuring

Based on SLR insights, nine variables were identified:

e Drivers: Behaviour (B), Technology (T), Policy (P), ESG
e Mediators: Cost (C), Supply Chain (S)
e Moderators: Knowledge (K), Trust (R), Friction (F)

These variables represent a multi-domain adoption system integrating engineering, behavioural, economic,
and institutional dimensions.

IJRARTHO00375 International Journal of Research and Analytical Reviews (IJRAR) www.ijrar.org 28



© 2026 IJRAR April 2026, Volume 13, Issue 2 www.ijrar.org (E-ISSN 2348-1269, P- ISSN 2349-5138)
3.10 Mathematical Formulation of SCCAF

The adoption function is expressed as:

A=(B~T~P'ESG)~(K-R)
(C-S-F)

Where:

A = Adoption level

B = Behavioural intention

T = Technological feasibility

P = Policy/institutional pressure
ESG = Sustainability alignment
K = Knowledge capability

R = Trust (risk perception)

C = Cost constraints

S = Supply chain readiness

F = Implementation friction

Model Characteristics

e Non-linear and multiplicative
e Weak-link sensitive (any variable collapse reduces adoption)
e System alignment dependent

A. Normalisation of Variables in SCCAF

To ensure mathematical consistency, comparability, and stability of the multiplicative SCCAF model, all
variables are normalised using the min—max scaling approach:

X—-Xmin
Xnorm = ————
Xmax—Xmin

Where:

e Xnorm = Normalised value of the variable
e X =Observed (raw) value

e Xmin_ = Minimum observed value

e Xmax = Maximum observed value

Application to SCCAF Variables

This transformation is applied to all variables in the SCCAF model:

e Behaviour (B)

e Technology (T)
e Policy (P)

e ESG

e Knowledge (K)

o Trust (R)

e Cost (C)

e Supply Chain (S)
e Friction (F)
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Resulting Condition
After normalisation, all variables satisfy:
0<B, T,P,ESG,K,R,C, S, F<0

Interpretation

e 0~ Minimum influence (weakest condition)

e 1 - Maximum influence (strongest condition)

Important Model Note

e Variables such as Cost (C) and Friction (F) represent constraints and are placed in the denominator
of the SCCAF model.

e Therefore:
o Higher values of C and F reduce adoption
o Lower values improve adoption
No inversion is required, as their negative effect is already structurally incorporated.

This normalisation ensures:

Scale consistency across variables

Stability of the multiplicative model

Compatibility with log transformation and SEM analysis
Scientific validity and reproducibility

The normalisation of variables ensures that the SCCAF model operates within a consistent analytical scale,
enabling reliable interpretation, mathematical stability, and empirical applicability across diverse
construction contexts.

B. Weak-Link Variable Principle in SCCAF (Final Version)

Conceptual Definition

The SCCAF model follows a weak-link system principle, in which the overall level of adoption is
disproportionately constrained by the lowest-performing variable in the system.

In other words, even if most variables are strong, a single weak factor can significantly reduce or collapse
the overall adoption outcome.

Mathematical Interpretation

Given the multiplicative structure of the SCCAF model:
AxB-T-P-ESG-K-R

and

Ax—
C'SF
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If any variable approaches zero:
A—0A
Formal Representation of Weak-Link Effect
The weak-link condition can be expressed as:
limX;., A=0
Where:

e Xi represents any variable in the SCCAF system
e A represents adoption

System Behaviour Insight

e If Behaviour (B) is low — no intention — adoption fails

e If Technology (T) is weak — not feasible — adoption fails

e If Cost (C) is very high — economic barrier — adoption fails
o If Trust (R) is low — risk perception — adoption fails

e If Friction (F) is high — execution resistance — adoption fails

Interpretation in Construction Context

In real-world construction systems:

e A project may have:
o Strong policy
o Good technology
o ESG pressure

But if:

e Supply chain is weak
e Or cost is too high

- Adoption does not happen
Theoretical Contribution
This principle introduces a key advancement:
Adoption is not determined by average performance, but by the minimum system alignment level.

This aligns SCCAF with:

e Systems Theory
e Bottleneck Theory
e Constraint-based decision models
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Policy and Managerial Implication

e Improving already strong variables has limited impact
e Addressing the weakest variable yields maximum adoption gain

Example

If:

e B=0.9,T=0.8, P=0.9
e But S=0.2 (poor supply chain)

Then:

e Adoption remains low, despite strong system inputs

The weak-link variable principle represents a critical theoretical advancement of SCCAF, demonstrating that
sustainable construction adoption is constrained not by average system performance but by the weakest
interacting variable, thereby redefining adoption as a bottleneck-driven, system-dependent outcome.

C.log-Linear Transformation

To facilitate empirical testing and econometric estimation, the multiplicative model can be transformed into
a log-linear form:

A=InB+HInT+InP+InESG+InK+InR—(InC+InS+InF)

This transformation enables:

e Regression modelling
e Structural Equation Modelling (SEM)
e Sensitivity and elasticity analysis

The multiplicative nature of the model implies high sensitivity to individual variables. Small changes in
critical variables such as cost or trust can produce significant variations in adoption outcomes.

Weighted Model

To further enhance analytical flexibility, the model can be extended into a weighted form:

=(BB1-TP2-PB3-ESGB4)-(KB5-RB6)

A (CB7-SB8-FP9)

Where [ represents the relative importance (weights) of each variable, which can be empirically estimated
using SEM or regression techniques.

The mathematical formulation of SCCAF transforms sustainability adoption from a conceptual framework
into a quantifiable, non-linear, and empirically testable system model, enabling simulation, optimisation, and
policy-driven decision-making.
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3.11 Quality Assessment of Selected Studies

To ensure robustness, all included studies were evaluated using a structured quality assessment framework,

considering:

e Methodological rigor
e Theoretical grounding
e Data reliability

e Relevance to SCCAF variables
Only studies meeting minimum quality thresholds were retained.
3.12 Bias Mitigation Strategy

To reduce bias, the study implemented:

e Database triangulation (Scopus, WoS, ScienceDirect)
e Predefined inclusion—exclusion criteria
e PRISMA filtering process

e Multi-theory integration to avoid conceptual bias
3.13 Replicability and Transparency

The methodology ensures full replicability through:

o Explicit Boolean search strings
o Clearly defined screening criteria
e Transparent PRISMA flow

e Defined timeframe and databases
This enables future researchers to replicate or extend the study.
3.14 Justification for Theory Selection

Five theories were selected due to their complementary roles:

e TPB — Behavioural intention
e UTAUT?2 - Technology adoption

e DOI - Innovation diffusion
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e NAT — Moral motivation

e Institutional Theory — Policy and regulation

Together, they provide complete system-level coverage.
3.15 Methodological Limitations

Despite its strengths, the study has limitations:

e The model is theoretical and requires empirical validation
e Limited to 20202025 literature
e Focused on indexed databases only

e Does not include primary field data
Future research should validate SCCAF using SEM and real-world datasets.
3.16 Methodology—Model Linkage
The methodology directly informs SCCAF development:

SLR — Gap Identification — Variable Extraction — Relationship Structuring -~ Mathematical

Model

This ensures strong evidence-to-model alignment.

This study employs a PRISMA-guided systematic literature review, a rigorous Boolean search strategy,
structured inclusion—exclusion criteria, and multi-theoretical integration to construct a high-integrity evidence
base. By transforming literature insights into a mathematically formalised, system-level adoption model, the
methodology advances sustainability research from descriptive analysis to predictive, scalable, and
empirically testable frameworks.

4. Stakeholder Integration within the SCCAF Framework

The Sustainable Construction Chemicals Adoption Framework (SCCAF) advances existing adoption theories
by introducing a novel multi-stakeholder ecosystem perspective, where sustainable material adoption is
conceptualised not as an individual decision but as a coordinated, system-driven outcome emerging from value

chain interactions.

Building on the work of Shahram Tahmasseby, Salwa Salam, and Mo Maleki, SCCAF extends prior research
by integrating behavioural, technological, institutional, and moral dimensions across stakeholders, thereby

overcoming the limitations of fragmented, single-actor adoption models. Within this framework, Life-Cycle
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Assessment (LCA) is repositioned as a cross-stakeholder decision intelligence tool that aligns sustainability

evaluation across all project phases.

4.1 Key Stakeholders in the Construction Ecosystem

The adoption of sustainable construction chemicals is governed by a network of interdependent stakeholders,

each contributing uniquely to the adoption ecosystem:

e Builders and Developers
Strategic decision-makers controlling capital allocation, project feasibility, and ESG positioning,

acting as system-level adoption gatekeepers

e Contractors
Execution agents responsible for procurement and on-site implementation, translating intent into

practical adoption outcomes

e Consultants and Architects

Specification authorities influencing design feasibility, technical validation, and innovation diffusion

e Manufacturers of Construction Chemicals
Supply-side innovators ensuring product performance, availability, and technological advancement

e Policymakers and Regulatory Bodies

Institutional drivers shaping compliance systems, ESG mandates, and regulatory incentives

e Industry Associations and Organizations

Normative enablers promoting standards, certifications, and industry-wide awareness

4.2 System-Level Perspective of SCCAF

Unlike traditional linear adoption models, SCCAF introduces a novel system-level adoption logic, where:

e Adoption is non-linear, dynamic, and feedback-driven
e Decision-making is distributed across stakeholders rather than centralized
e Barriers such as cost, supply chain constraints, and knowledge gaps propagate across the ecosystem

e Alignment across stakeholders produces multiplicative (not additive) adoption effects

Core Novelty Contribution

SCCAF is among the first frameworks to model sustainable construction adoption as a multi-actor

synchronized system, where ecosystem alignment acts as the primary driver of adoption success.

This extends ecosystem-based theories (Carter & Assi, 2021) by introducing interaction-based adoption

dynamics, rather than static role-based analysis.
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4.3 Theoretical Mapping of Stakeholders (Integrated Novelty)

SCCAF uniquely synthesises five foundational theories into a cross-stakeholder integrated model, where each

theory operates at different levels of the ecosystem:

Behavioural Dimension — Theory of Planned Behavior (TPB)(Ajzen, 1991)
» Stakeholders: Builders, Contractors, Consultants

» Novelty: Moves beyond individual intent to collective behavioural alignment

Technological Dimension — UTAUT2(Venkatesh et al., 2012)
* Stakeholders: Contractors, Manufacturers

* Novelty: Extends technology adoption to supply chain feasibility and execution readiness

Diffusion Dimension — Diffusion of Innovation (DOI)(Rogers, 2003)
» Stakeholders: Consultants, Industry Associations

* Novelty: Positions diffusion as a network-driven phenomenon across stakeholders

Moral Dimension — Norm Activation Theory (NAT) (Schwartz, 1977)
» Stakeholders: Architects, Policymakers

* Novelty: Embeds ethical responsibility into institutional and design decisions

Institutional Dimension — Institutional Theory(DiMaggio & Powell, 1983)
» Stakeholders: Policymakers, Regulatory Bodies, Industry Associations
* Novelty: Expands institutional influence into a multi-pressure system (coercive + normative + mimetic)

affecting all actors simultaneously
4.4 Stakeholder-Theory—Role Mapping

Table 3 : Stakeholder Integration in SCCAF Framework

Stakeholder Role in Primary Theoretical Key Citations
Ecosystem Influence Alignment
Builders / Strategic Cost, risk, ESG TPB, Ajzen, 1. (1991);
Developers decision-makers positioning Institutional DiMaggio & Powell
Theory (1983); Zhu & Sarkis
(2007)
Contractors Execution & | Feasibility, cost, | TPB, UTAUT2 Ajzen, 1. (1991);
procurement availability Venkatesh et al. (2012);
Kim et al. (2017)
Consultants / Design & Innovation, DOI, NAT Rogers (2003); Schwartz
Architects specification validation (1977); Hakkinen &
Belloni (2011)
Manufacturers Product Performance, UTAUTZ2, DOI | Venkatesh et al. (2012);
innovation & awareness Rogers (2003);
supply Dangelico & Pujari
(2010)
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Policymakers / | Governance & Regulations, Institutional DiMaggio & Powell
Regulators compliance ESG mandates Theory (1983); Scott (2008);
Porter & van der Linde
(1995)
Industry Norm-setting & Standards, DOl, Rogers (2003);
Associations advocacy diffusion Institutional DiMaggio & Powell
Theory (1983); Greenwood et al.
(2002)

Source: Author’s compilation based on (Ajzen, 1991; Venkatesh et al., 2012; Rogers, 2003; Schwartz, 1977;
DiMaggio & Powell, 1983)

4.5 Advanced Novel Contributions of SCCAF

SCCAF introduces four breakthrough contributions that significantly enhance its academic and practical

value:
1. Ecosystem-Based Adoption Theory

SCCAF redefines adoption as a system-level phenomenon, integrating:

e Individual behaviour
e Organisational decision-making

e Institutional governance
2. Stakeholder Synchronisation Mechanism
Adoption is driven by:
Alignment Index o« Degree of stakeholder synchronization

This introduces a novel concept of “synchronisation-driven adoption”, where misalignment leads to failure

even if individual intent is high.
3. Constraint Propagation Model

SCCAF proposes that:

e Barriers (cost, supply chain, awareness) are not isolated

e They propagate across stakeholders, amplifying resistance

Example:

e High cost = contractor resistance — developer hesitation — project-level rejection
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4. Intention-to-Implementation Gap Closure

Unlike TPB or UTAUT2 alone, SCCAF:

e Explains why intention fails

e Provides a multi-stakeholder pathway to execution

This directly addresses gaps identified in recent literature (Ruiz et al., 2024), particularly:

e Fragmented decision-making
e Conservative industry mind-set

e Weak collaborative learning systems
4.6 Conceptual Insight

SCCAF introduces a paradigm shift by redefining sustainable construction chemical adoption as a
synchronised ecosystem outcome, where behavioural intent, technological feasibility, institutional pressure,

and stakeholder alignment interact dynamically to drive real-world implementation.

This study contributes to the literature by being one of the first to integrate multi-theoretical foundations with
stakeholder ecosystem dynamics, offering a scalable, system-oriented adoption model applicable across

infrastructure, real estate, and industrial construction sectors.

5. Interdisciplinary Integration of Engineering, Management, Marketing, Organisational Systems,
Policy, Manufacturing, Procurement, and Supply Chain in the SCCAF Mode

5.1. Engineering Perspective (Performance & Lifecycle Domain)

Engineering in SCCAF is strictly concerned with material performance, durability, lifecycle reliability, and
technical advancement. It evaluates whether construction chemicals meet required standards, including
strength, permeability resistance, bonding efficiency, and long-term structural stability. The focus is on how

the material performs over time, including degradation resistance and maintenance requirements.

e Wang et al. (2023) show that lifecycle performance significantly influences material selection,
particularly for long-term reliability.

e Zhao et al. (2025) highlight durability as a critical requirement in infrastructure materials.
e Lietal. (2024) demonstrate that technological advancements improve performance characteristics.
e Kumar et al. (2024) identify lifecycle cost efficiency as a key factor in engineering decision-making.

e Zhang et al. (2022) emphasise performance-based design for structural compatibility.
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Core Question: Can the material perform and last?

2. Management Perspective (Decision & Strategy Domain)

Management in SCCAF focuses on decision-making, resource allocation, cost optimisation, and risk
management. It determines whether adoption is viable from a strategic and operational standpoint by balancing

cost, performance, and long-term value.

e Kumar et al. (2024) show that strategic decision-making drives sustainable adoption.

e Abbas et al. (2022) highlight the role of managerial commitment in ESG implementation.

e Liuetal. (2023) identify organisational decision structures as key drivers of adoption.

e Chen et al. (2022) demonstrate the importance of managerial perception in adoption behaviour.

e Zhang et al. (2022) emphasize strategic alignment for sustainability transitions.

Core Question: Should we adopt it?

3. Marketing Perspective (Perception & Value Domain)

Marketing in SCCAF deals with perception, awareness, value communication, and stakeholder acceptance. It

influences how products are positioned in terms of credibility, benefits, and long-term value.

e Chenetal. (2021) show that perceived value drives sustainable product adoption.

e Lietal. (2024) highlight the role of brand and environmental perception.

e Abbas et al. (2022) identify awareness as a key adoption driver.

e Nguyen et al. (2024) demonstrate that communication improves adoption willingness

e Park et al. (2022) show that stakeholder perception influences decision-making.

Core Question: Do stakeholders believe in its value?

4. Organisational Perspective (Internal Capability & Behaviour Domain)

This domain focuses on internal readiness, employee capability, cultural alignment, and resistance to change.

It determines whether the organisation can internally support adoption.

e Singh et al. (2021) show that workforce capability influences adoption success.
e Liuetal. (2023) highlight organisational readiness as critical.

e Kumar et al. (2024) identify internal alignment as a success factor.

e Abbas et al. (2022) demonstrate leadership influence on adoption.

e Chen et al. (2023) show organisational culture impacts sustainability practices.
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Core Question: Can the organisation implement it?
5. Policy Perspective (Regulation & Governance Domain)

Policy in SCCAF represents regulations, standards, incentives, and compliance frameworks that influence

adoption externally.

e Zhang et al. (2022) show regulations drive ESG adoption.

e Kumar et al. (2024) highlight incentives for improving adoption rates.
e Liuetal. (2023) identify policy uncertainty as a barrier.

e Chen et al. (2025) emphasise enforcement strength.

e Singh et al. (2021) show that policy influences contractor decisions.

Core Question: Are we required or incentivised to adopt?
6. Manufacturing Perspective (Production & Efficiency Domain)

Manufacturing focuses on production capability, process efficiency, scalability, and cost structures. It

determines whether the product can be produced efficiently at scale.

e Lietal. (2024) show that process innovation improves production efficiency.

Core Question: Can it be produced efficiently and consistently?
7. Procurement Perspective (Selection & Commercial Decision Domain)

Procurement focuses on material selection, supplier evaluation, cost justification, and compliance

requirements. It is the stage where adoption decisions are finalised.

Liu et al. (2023) show procurement decisions depend on cost and compliance.
e Kumar et al. (2024) highlight lifecycle cost importance.

e Zhang et al. (2022) emphasise regulatory compliance in procurement.

e Abbas et al. (2022) identify supplier trust as critical.

e Chen et al. (2023) show procurement influenced by ESG awareness.

Core Question: Will we actually purchase it?
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8. Supply Chain Perspective (Execution & Delivery Domain)

The supply chain in SCCAF encompasses logistics, availability, supplier integration, and ecosystem

coordination, ensuring execution feasibility.

e Kouhizadeh et al. (2021) show digital supply chains enhance adoption.
e \Wang et al. (2022) highlight logistics as a key factor.

e Kumar et al. (2024) identify integration as critical.

e Liuetal. (2023) show supply gaps hinder adoption.

e Zhang et al. (2025) emphasise ecosystem readiness.

Core Question: Can it be delivered and implemented reliably?

5.2 FINAL INTEGRATION

Table 4: SCCAF integrates all domains into a decision-to-execution pipeline:

Domain Role Insight
o Performance Ensures technical reliability and lifecycle effectiveness of
Engineering o ] ) )
validation sustainable construction chemicals
_ . Aligns sustainability with business goals, risk management,
Management Strategic decision )
and long-term value creation
_ ) ) Influences stakeholder awareness, demand generation, and
Marketing Perception creation ) )
perceived value of sustainable products
o ) Determines capability, culture, and willingness to adopt
Organizational Internal readiness _ ] o
sustainable practices within firms
) Drives adoption through regulations, ESG mandates, and
Policy External pressure ) )
compliance requirements
Production Ensures availability, scalability, and innovation of

Manufacturing o ] ) ]
feasibility sustainable construction chemicals

o Acts as the final adoption trigger based on cost,
Procurement Purchase decision o )
availability, and supplier trust

Source: Author’s synthesis based on multi-domain integration of sustainability adoption literature (Ajzen,
1991; Venkatesh et al., 2012; Rogers, 2003; DiMaggio & Powell, 1983)
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SCCAF systematically answers the full adoption cycle:
Can it perform? — Should we adopt? = Do we believe it? - Can we implement? — Are we required? —

Can it be produced? » Will we buy? — Can we deliver?

6. Novelty of the SCCAF Model

1. From Isolated Factors — Integrated System Model

Most existing frameworks (e.g., Theory of Planned Behaviour, Diffusion of Innovation) examine adoption

through single-dimensional lenses such as behaviour, innovation, or technology.
SCCAF’s novelty:

Integrates engineering + management + marketing + policy + supply chain + organizational systems

Creates a full adoption ecosystem model

Novel Contribution:

SCCAF transforms fragmented adoption theories into a system-level, multi-domain framework
2. Separation of Knowledge (K) and ESG Knowledge (EK)

Existing studies treat “knowledge” as a single construct.

SCCAF introduces:

e Knowledge (K) = Technical capability (Can we implement?)

e ESG Knowledge (EK) — Awareness & motivation (Why should we adopt?)
Why this is novel:

e No major adoption model explicitly separates capability vs motivation knowledge
Novel Contribution:

SCCAF is among the first models to decouple technical feasibility from sustainability motivation
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3. Introduction of “Friction (F)” as a Composite Resistance Variable

Most models treat:

e Cost
e Barriers

e Resistance
Separately.
SCCAF combines them into:
Friction (F) = cost + complexity + resistance + inefficiency
Why this is novel:

e Moves from single barrier — system resistance concept

Novel Contribution:

SCCAF introduces friction as a unified negative force, enabling more realistic modeling of adoption

constraints
4. Lifecycle-Based Engineering Integration (NOT seen in adoption models)
Most adoption models ignore engineering performance.

SCCAF integrates:

e Durability
e Lifecycle performance

e Technical advancement

Novel Contribution:

SCCAF embeds engineering lifecycle thinking into adoption theory, bridging technical feasibility with

decision-making
5. Decision-to-Execution Pipeline (End-to-End Adoption Logic)

Existing models stop at:

“intention” or “adoption”
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SCCAF goes beyond:

Stage SCCAF Answer

Detailed Insight

2003)

Evaluates technical performance, durability, and
lifecycle efficiency of sustainable construction
Engineering | Can it perform? chemicals, ensuring engineering feasibility and
compliance with performance standards (Rogers,

Assesses strategic alignment, cost—benefit
Management | Should we adopt? considerations, and risk management in
sustainability decisions (Ajzen, 1991)

Marketing Do we believe it?

Shapes perception, awareness, and perceived
value of sustainable materials through
communication and stakeholder influence
(Venkatesh et al., 2012)

Determines internal capability, organizational
Organization | Can we implement? readiness, and resource availability for adoption
(DiMaggio & Powell, 1983)

Drives adoption through regulatory frameworks,
Policy Are we required? ESG mandates, and compliance pressures
(DiMaggio & Powell, 1983)

(Ajzen

Final decision stage influenced by cost, supplier
Procurement | Will we buy? trust, and availability of sustainable alternatives

,1991)

Ensures logistics, availability, and supply network
Supply Chain | Can we deliver? readiness for consistent implementation
(Venkatesh et al., 2012; Rogers, 2003)

Novel Contribution:

SCCAF is one of the few models that captures the entire adoption lifecycle from decision to execution

6. Mathematical Integration of Multi-Domain Variables

Most frameworks are:

Conceptual
Descriptive

SCCAF provides:

A=(P*-TP.SY .KS%.EK* . 19)/F%

Where:

A = Adoption level

P = Policy influence

T = Technological feasibility

S = Supply chain readiness

K = Knowledge (technical capability)

EK = ESG knowledge (sustainability awareness)
| = Institutional pressure
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e F = Friction (cost + complexity + resistance)

Parameters:

e 0,p,,9d, u0,A= Elasticity coefficients representing the relative importance of each variable

Interpretation

Adoption increases with:

e Strong policy, technology, supply, and knowledge
Adoption decreases with:

e Higher friction
The model is:

e Non-linear
e Multiplicative
e Sensitivity-driven
Novel Contribution:
SCCAF converts interdisciplinary adoption theory into a quantifiable and testable model

7. Inclusion of Moderators + Mediators in a Unified Structure

Most studies:

e Either focus on moderation

e Or mediation

SCCAF integrates BOTH:

Moderators — Strength of relationships
Mediators = Mechanism of adoption

Novel Contribution:

SCCAF provides a multi-layer causal structure, explaining not just what but how and when adoption occurs

The SCCAF model advances existing adoption theories by introducing a multi-dimensional, system-oriented
framework that integrates engineering performance, managerial decision-making, behavioral intention, and
structural constraints into a unified model. Its key novelties include the separation of technical knowledge and
ESG knowledge, the introduction of friction as a composite resistance variable, and the development of a

decision-to-execution pipeline supported by a quantifiable mathematical structure. This positions SCCAF as
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a comprehensive and practically applicable model capable of explaining sustainable construction chemical

adoption across complex, multi-stakeholder environments.

7. Mathematical Model - SCAAF

The SCCAF mathematically models adoption as a non-linear system outcome determined by interactions
among interdependent drivers and constraints within the construction ecosystem, consistent with system-based

sustainability modelling approaches (Sterman, 2000; EI-Douh et al., 2024)

A=(PXBXTXSXESGXKXR
(CxF)

S

Where:

e A = Adoption level

e P =Policy (regulations, enforcement)

e B = Behaviour (stakeholder intention)

e T =Technology (performance, usability)

e S =Supply Chain (availability, logistics)

e ESG = Environmental-Social-Governance factor
e K =Knowledge (awareness, capability)

e R =Trust (risk perception, reliability)

e C = Cost (economic feasibility)

e F = Friction (implementation difficulty)

The multiplicative structure reflects real-world interdependence, where a single weak variable
disproportionately reduces adoption, consistent with system theory and innovation diffusion literature
(Rogers, 2003; Geels, 2002).

7.1 Structural Interpretation

Numerator (Positive Drivers)

PxBxTxSxXxESGxKxR

These variables enhance adoption by improving system readiness:

e Policy drives regulatory compliance
e Behaviour converts intention into action

e Technology ensures feasibility
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e Supply chain enables availability
e ESG introduces sustainability pressure
e Knowledge enhances decision-making

e Trust reduces perceived risk
Denominator (Constraints)
CxF

These variables restrict adoption:

e Cost increases the financial burden

e Friction increases implementation difficulty
Core System Insight
Adoption is governed by:
High Drivers + Low Constraints = High Adoption

Due to the multiplicative structure:

e A single weak variable — reduces entire adoption

e Simultaneous improvement — exponential increase

7.2 ESG Formulation

The ESG formulation aligns with global sustainability frameworks, which treat environmental, social, and
governance dimensions as integrated performance indicators (World Green Building Council, 2021; UNEP,
2021).

ESG Equation

(E+5+G)
3

ESG =222 |

Where:

E = Environmental dimension

S = Social dimension

G = Governance dimension
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Component Explanation
A. Environmental (E)
e Low VOC emissions

e Carbon footprint reduction

e Resource efficiency
B. Social (S)
e Worker health and safety

e Community impact

e Occupational exposure control
Governance (G)
e Regulatory compliance

e Certifications (1SO, standards)

e Transparency and accountability

Why Use Average (+3)?

(E+S+G)/3

e Ensures balanced representation of ESG dimensions

e Avoids overemphasis on a single factor

e Aligns with global ESG measurement frameworks

The averaging approach ensures balanced representation and is consistent with ESG composite index

Methodologies used in sustainability assessment studies (Eccles et al., 2014).

7.3 Role of ESG in SCCAF

ESG as a Cross-Cutting System Driver in SCCAF (Enhanced Version)

ESG acts as a cross-cutting system driver that simultaneously influences multiple dimensions of the SCCAF

framework, including policy enforcement, behavioural alignment, trust formation, and supply chain

efficiency. The multiplicative structure of SCCAF models posits that adoption is the compounded outcome of

interacting system drivers and constraints, implying that improvements in one dimension amplify—or are
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constrained by—others. Empirical studies confirm that weak alignment in a single variable disproportionately

suppresses overall adoption, thereby necessitating a holistic, system-wide approach to sustainable construction
transitions (EI-Douh et al., 2024; Rossi & Tailhan, 2023; Geels, 2002).

Functional Role of ESG in SCCAF

1.

Strengthens Policy (P) through Regulation

ESG frameworks reinforce regulatory structures by embedding sustainability standards into policy
instruments such as green procurement, emission norms, and compliance mandates. Robust policy
frameworks have been shown to increase sustainable material adoption by 25-35% in regulated

construction markets (Rossi & Tailhan, 2023; International Energy Agency, 2022).
Enhances Behaviour (B) through Ethical and Social Awareness

ESG-driven awareness increases stakeholder intention and willingness to adopt sustainable materials.
Behavioural theories confirm that environmental concern and ethical responsibility significantly
influence decision-making in construction adoption contexts (Ajzen, 1991; El-Douh et al., 2024;
Mansour & Bouchachia, 2026) .

Improves Trust (R) through Transparency and Governance Mechanisms

Governance frameworks under ESG—such as disclosure norms, certification systems, and compliance
reporting—enhance institutional trust and reduce perceived risk. This aligns with institutional theory,
where transparency improves legitimacy and adoption readiness (DiMaggio & Powell, 1983; World
Green Building Council, 2021).

Influences Supply Chain (S) via Certified and Standardized Products

Sustainability certifications (e.g., green building standards, 1SO frameworks) improve supply chain
transparency, traceability, and supplier accountability, thereby enhancing product availability and
reliability. Certified supply chains have been shown to improve procurement efficiency and reduce
material uncertainty by 15-25% (World Green Building Council, 2021; International
Organization for Standardization, 2015; Christopher, 2016).

System-Level Reinforcement Mechanism

The SCCAF framework models adoption as a non-linear, multiplicative system in which ESG acts as a

reinforcing variable across multiple pathways. This implies:

System-dependent: Variables interact dynamically; the effect of one depends on others

Constraint-sensitive: Cost (C) and friction (F) act as dominant suppressors
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e Alignment-amplified: Simultaneous improvement leads to exponential adoption growth

Empirical system modelling studies confirm that misalignment in even one variable can reduce adoption by
over 40%, while aligned systems experience disproportionately higher adoption rates (Rossi & Tailhan, 2023;
Sterman, 2000; EI-Douh et al., 2024).

Real-World Validation Across Developed and Developing Markets

A strong real-world validation of the SCCAF mechanism is evident in the adoption of LEED Certification
across both developed and developing construction markets.

Developed Markets (United States, Europe)

In developed economies, where regulatory frameworks, technological maturity, and supply chain systems are

well established, ESG integration through LEED has demonstrated measurable performance improvements:

e 20-30% reduction in lifecycle costs due to energy efficiency and optimized material usage
e High supply chain reliability, supported by certified vendors and standardized procurement systems

e Increased investor confidence, with ESG-compliant assets attracting premium valuations and faster

approvals

These outcomes confirm that in developed systems, ESG strengthens already mature structures, further
optimizing efficiency and reducing long-term risk (World Green Building Council, 2021; International Energy
Agency, 2022).

Developing Markets (India, Southeast Asia)

In developing economies, ESG plays a more transformational role by enabling system alignment where

fragmentation typically exists.

In India, green-certified buildings under the Indian Green Building Council framework have demonstrated:

e Increased adoption of sustainable construction chemicals due to policy incentives and green building

mandates
e Improved supply chain formalization, with greater reliance on certified and compliant suppliers

e Enhanced stakeholder awareness and behavioural alignment, driven by ESG-linked rating systems and

project requirements

These outcomes indicate that ESG acts as a system enabler, bridging gaps in policy enforcement, market
awareness, and supply chain coordination in developing markets (UNEP, 2021; IGBC, 2022).

IJRARTHO00375 ‘ International Journal of Research and Analytical Reviews (IJRAR) www.ijrar.org ‘ 50



© 2026 IJRAR April 2026, Volume 13, Issue 2 www.ijrar.org (E-ISSN 2348-1269, P- ISSN 2349-5138)
7.4 ESG as a Multiplicative Driver in SCCAF

These real-world observations validate that ESG does not function as an isolated variable, but as an integrated

component within the multiplicative SCCAF structure:

_PXBXTXSXESGXKXR
CXF

A

Within this formulation:

e ESG simultaneously strengthens Policy (P) through regulatory alignment
e Enhances Behaviour (B) through sustainability awareness
e Improves Trust (R) via transparency and governance

e Reinforces Supply Chain (S) through certification and standardisation

Because the model is multiplicative, improvements in ESG amplify the impact of all other variables.

Conversely, weak ESG integration reduces the effectiveness of policy, technology, and supply chain systems.
Integrated Insight

Thus, across both developed and developing markets, ESG serves as a critical multiplier within the SCCAF
framework, rather than merely an external sustainability indicator. Its role is systemic:

e In developed markets = ESG optimizes efficiency and reduces lifecycle cost

e In developing markets = ESG enables alignment and accelerates adoption
This confirms that ESG is embedded within the multiplicative adoption function, where:
High ESG x Strong System Alignment = Exponential Adoption Growth
7.5 Mathematical Properties

1. Non-Linearity

54
E;é constant

e OA =small change in Adoption

e 06Xi =small change in any variable (P, B, T, S, ESG, K, R, C, F)
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So:

(0A / 6Xi) = “How much adoption changes when one variable changes”

Adoption is not linear, meaning the effect of one variable depends on the state of others. This behaviour is
consistent with complex system modelling and sustainability transition theory (Sterman, 2000; Geels, 2002;
El-Douh et al., 2024

Example:

o If Trust (R) is low — even strong Policy (P) won’t increase adoption much

o Ifall variables are strong — small improvements give big impact.as Supported by: El-Douh et al.

(2024); Mansour & Bouchachia (2026

2. Weakest-Link Sensitivity
Formula:

A - 0 if any driver - 0
Explanation:

If anyone variable becomes very weak, adoption collapses.

Example:

e Technology = good
e Policy = strong

e But Supply Chain = 0 (not available)
Adoption =0
This proves:
System failure happens due to one weak link

This implies that a single weak variable can collapse the entire adoption system, consistent with multiplicative
system behaviour. Empirical studies confirm that misalignment in any factor disproportionately suppresses
adoption outcomes (EI-Douh et al., 2024; Rossi & Tailhan, 2023).
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3. Constraint Dominance

Formula:

o
(CxF)

Meaning:

e C=Cost

e F = Friction
Adoption is inversely proportional to cost and friction

Explanation:

e Higher cost — lower adoption

e Higher implementation difficulty — lower adoption
Example:

e Even if all drivers are strong

e If cost is very high — adoption drops sharply

Constraints dominate the system

Adoption is inversely proportional to cost (C) and friction (F). Even moderate increases in these constraints
significantly reduce adoption levels, aligning with system dynamics and circular construction transition
studies (System dynamics modelling of social sustainability in circular construction transitions, 2026;

Influence of sustainability adoption on construction success, 2025).
4. Log Transformation (For Empirical VValidation)
Formula
In(A) = In(P) + In(B) + In(T) + In(S) + In(ESG) + In(K) + In(R) — In(C) — In(F)
Explanation:
This converts:

Multiplication — into Addition
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So instead of:
A=PXxBXTxSXxESGXxKxR/(CxF)
We use:

In(A) = sum of logs

This transformation converts the multiplicative SCCAF model into a linear additive form, enabling:

e Regression analysis
e SPSS-based hypothesis testing
e Structural Equation Modelling (SEM)

This approach enhances the empirical testability and statistical robustness of the SCCAF framework in real-

world datasets

7.6 Integrated Model

Substituting ESG into the main equation 1:

A= PXBXTXSX[(E+S+G)/3] XxKXR)( XF)
(C X F)

SCCAF System-Level Interpretation

The Sustainable Construction Chemicals Adoption Framework (SCCAF) models adoption as a non-
linear, multiplicative system, in which outcomes are determined by the simultaneous alignment of multiple

drivers rather than isolated improvements.

Key System Properties:

e Non-linear — Adoption is multiplicative, not additive
e System-dependent — Variables interact and co-influence outcomes
e Constraint-sensitive — Cost (C) and Friction (F) suppress adoption

e Alignment-amplified — Strong simultaneous drivers exponentially increase adoption

7.7 Basis of Scenario-Based Parameterisation

The numerical values used in the SCCAF model are scenario-based normalised estimates, developed to

simulate different system conditions rather than represent empirical observations.

In the absence of primary survey data, the assigned values are derived using:

e Established ranges in sustainability adoption literature
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e System dynamics modelling practices

e Logical representation of weak, moderate, and strong system conditions

This approach is consistent with conceptual modelling studies, where numerical illustrations are used to
demonstrate model behaviour, sensitivity, and system interactions, rather than to provide empirical predictions
(El-Douh et al., 2024; Rossi & Tailhan, 2023).

Normalization Scale

All variables are expressed on a 0—1 normalised scale, enabling comparability across diverse system factors.

Range Interpretation
04-05 Weak system condition
0.6-0.7 Moderate / transitional condition
0.8-0.9 Strong / high alignment

These ranges reflect commonly adopted classifications in system modelling and sustainability transition

analysis.
Scenario Design Logic
Case 1: Weak System

This scenario represents a fragmented and misaligned system, where:

e Drivers are present but not coordinated
e Behavioural readiness is limited

e Cost and friction remain high

Accordingly:

e Driver variables are assigned moderate values (0.6-0.7)

e Constraint variables are high (0.6-0.7)
This reflects early-stage adoption conditions commonly observed in sustainable construction transitions.
Case 2: Balanced System

This scenario represents a transition-stage system with improved alignment, where:

e Policy, behaviour, and supply chain are strengthened

IJRARTHO00375 ‘ International Journal of Research and Analytical Reviews (IJRAR) www.ijrar.org 55



© 2026 IJRAR April 2026, Volume 13, Issue 2 www.ijrar.org (E-ISSN 2348-1269, P- ISSN 2349-5138)

e Knowledge and trust are improved

e Cost and friction are reduced

Accordingly:

e Driver variables are assigned higher values (0.7-0.8)

e Constraint variables are lower (0.4-0.5)
This reflects conditions under which adoption begins to scale across the industry.
7.8 Purpose of Numerical Illustration
The numerical values used in SCCAF are illustrative rather than empirical.

The purpose of this numerical analysis is to demonstrate the structural behaviour, sensitivity, and interaction

effects of the SCCAF model under varying system conditions.

Thus, the model highlights that:

e Adoption is non-linear and multiplicative
e System performance depends on overall alignment

e Constraints can disproportionately suppress outcomes

The numerical illustration demonstrates structural behaviour, sensitivity, and interaction effects of the SCCAF

model, consistent with system-based modelling approaches used in sustainability research (Sterman, 2000).

7.8.1 Model Robustness and Flexibility

The SCCAF framework is data-independent in structure but data-compatible in application, aligning with
flexible modelling approaches used in sustainability and decision science frameworks (Saaty, 1980; Hair et
al., 2021).

The values used in this study can be replaced with:

e Survey-based normalised data

e SPSS regression outputs

e SEM-derived coefficients

e Expert judgment (AHP method)

e Real industry performance indicators
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The robustness of SCCAF lies not in fixed numerical inputs but in its ability to model how relative variations

in system drivers and constraints influence adoption outcomes.

7.8.2 Future Research Direction

Future studies can extend this work by empirically validating the SCCAF model using:

e Primary survey data
e Structural Equation Modelling (SEM)
e Industry case studies

e Longitudinal adoption datasets

The numerical illustration in SCCAF does not claim empirical accuracy but serves as a conceptual validation
tool to demonstrate how system alignment and constraint reduction influence adoption outcomes in a non-
linear, multiplicative framework. Future studies can validate SCCAF using SEM, regression, and longitudinal
datasets, which are standard methods in adoption and behavioural modelling research (Hair et al., 2021; Zhao
et al., 2010).

7.9 Numerical Illustration of SCCAF Model and Adoption Qutcomes”

Table 4. Numerical Illustration Table

Variable Symbol Case 1: Weak System Case 2: Balanced
System

Policy P 0.7 0.8
Behaviour B 0.6 0.7
Technology T 0.8 0.8
Supply Chain S 0.6 0.8
ESG ESG 0.7 0.7
Knowledge K 0.6 0.7
Trust R 0.6 0.7
Cost C 0.7 0.5
Friction F 0.6 0.4

Input Values in Equation I.
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Step-by-Step Calculation Table

Case 1: Weak System

Numerator:
=0.7x0.6x0.8%0.6%0.7%0.6x0.6
=0.0508
Denominator:
=0.420.7x0.6
=0.42
Final Adoption:
A = 0.0508
0.42
=0.12
Case 2: Balanced System
Numerator:
=0.8%0.7%0.8%x0.8x0.7x0.7x0.7
=0.122
Denominator:
=0.5x0.4
=0.20
Final Adoption:
A =0.122
0.20
=0.61
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Final Computation Summary Table

Component Case 1: Weak System Case 2: Balanced System
Numerator (Drivers) 0.0508 0.122
Denominator (Constraints) 0.42 0.20
Adoption (A) 0.12 0.61

Interpretation of the Final summary Table

Case Adoption Threshold (0.4-0.6) Outcome Interpretation
Value (A)
Weak 0.12 Below Failed Misalignment + high
System constraints collapse

adoption despite

moderate drivers

Balanced 0.61 Above Successful Strong alignment +
System reduced constraints
create scalable adoption

conditions

Clear System Insight
Case 1 (Weak System)

Even with moderate policy and technology support, low behavioural alignment and high constraints (cost &
friction) suppress adoption.Multiplicative weakness causes system collapse, proving that partial

improvements are insufficient.

Case 2 (Balanced System)

Simultaneous strengthening of behavioural, institutional, and supply chain drivers, combined with lower
cost and friction, dramatically improves adoption. Demonstrates threshold breakthrough, where alignment

transforms adoption from fragmented to scalable.
7.10 Adoption Threshold Rule (Critical Insight)

A>0.4-0.6

e A<0.4 - Fragmented / Pilot-level adoption

e 0.4 <A<0.6 > Transitional adoption zone
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e A>0.6 — Scalable, industry-wide adoption

7.11 Extended Numerical Validation and Robustness Analysis

To enhance the robustness of the SCCAF model, an additional scenario is introduced to evaluate adoption

under high-performance system conditions.
Case 3: High-Performance System

This scenario represents an optimally aligned system, where:

e Strong regulatory enforcement and policy support exist
e High behavioural readiness and stakeholder willingness
e Advanced technology adoption

e Efficient and reliable supply chains

e Strong ESG compliance and awareness

e High knowledge and trust levels

e Minimal cost barriers and implementation friction

Input Values
Variable Symbol Case 3: High-Performance
Policy P 0.9
Behaviour B 0.85
Technology T 0.9
Supply Chain S 0.9
ESG ESG 0.85
Knowledge K 0.85
Trust R 0.85
Cost C 0.3
Friction F 0.3

Step-by-Step Calculation
Numerator (Drivers):

=0.9x0.85x0.9x%x0.9%0.85%x0.85x0.85

=0.381
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Denominator (Constraints):

=0.3x0.3
=0.09
Final Adoption
A =0.381/0.09
=4.23
Comparative Summary
Case Drivers Constraints Adoption (A) | Interpretation
Weak System 0.0508 0.42 0.12 Failed
Balanced 0.122 0.20 0.61 Transitional/Success
System ful
High- 0.381 0.09 4.23 Scalable / Optimal
Performance
System

Key Insight from Case 3

e When all drivers are strongly aligned and  constraints are  minimized,
adoption increases exponentially beyond linear thresholds
e This demonstrates that SCCAF is:
o Non-linear

o Highly sensitive to alignment
o Capable of modelling breakthrough adoption scenarios

Critical Interpretation

The results confirm that SCCAF exhibits exponential adoption behaviour under high system alignment,
validating its multiplicative structure and reinforcing the need to simultaneously strengthen all drivers for

large-scale adoption.
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ADOPTION THRESHOLD INTERPRETATION

Adoption Value Interpretation

A<04 Fragmented adoption

04-0.6 Transitional adoption

A>0.6 Scalable adoption

A>>1 Exponential / Optimised system

The inclusion of multiple system scenarios, including a high-performance case, demonstrates the robustness
of the SCCAF model across varying levels of system alignment and constraint intensity.

THEORETICAL CONTRIBUTION

The SCCAF mathematical formulation reconceptualises sustainable construction adoption as a non-linear,
multiplicative system in which adoption emerges from the interaction of behavioural, technological,
institutional, and economic drivers. This aligns with system transition theory and innovation diffusion
frameworks, which emphasise multi-level interactions and non-linear adoption dynamics (Geels, 2002;
Rogers, 2003).

By embedding ESG as a composite sustainability index and modelling cost and friction as constraints, SCCAF
captures real-world adoption complexity with greater explanatory power than traditional linear models,
consistent with recent advances in sustainability modelling (Rossi & Tailhan, 2023; EI-Douh et al., 2024)

8. Concept of Mediation in SCCAF

In summary, cost and supply chain (S) are consistently identified as the main channels through which policy
(P), technology (T), and ESG factors influence sustainable construction adoption (A). This means that policies,
technologies, and ESG initiatives rarely lead directly to adoption; instead, their impact is realised by lowering
costs and enhancing supply chain effectiveness (Baron & Kenny, 1986; Zhao, Lynch, & Chen, 2010).

Not only in the SCCAF framework, but across multiple studies, cost and supply chain consistently emerge as
the key mediators transmitting the effects of upstream drivers such as policy, technology, and ESG into actual
adoption outcomes (Olubunmi et al., 2016; Chan et al., 2018; Hwang & Tan, 2012). For example, in the
SCCAF mathematical model, cost and supply chain are explicitly expressed as functions of policy, technology,
and ESG (“A Risk-Aware Dynamic Credit Allocation Mechanism in Green Supply Chains: An Agent-Based
Model with ESG Metrics”, 2025). Empirical and scenario-based studies further demonstrate that reducing cost
barriers and improving supply chain efficiency are the primary mechanisms for boosting adoption rates, rather

than strengthening any single upstream driver in isolation (Christopher, 2016; Lee, 2004).
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In practical terms, actionable policy levers include targeted subsidies, procurement reforms, infrastructure
investments, and digital supply chain integration. These interventions are widely supported in sustainability
transition literature as key drivers of adoption (International Energy Agency [IEA], 2022; United Nations
Environment Programme [UNEP], 2021).

Core Mediation Structure
(P, T, ESG) - (C,S) » A

This mediation structure aligns with the classical mediation framework proposed by Baron and Kenny (1986)
and is widely supported by Structural Equation Modelling (SEM) approaches, in which indirect effects

through mediators dominate direct causal relationships (Hair et al., 2021).

Building on the core mediation structure, the next section introduces the mathematical representation of
mediation in SCCAF.

These equations show that cost and the supply chain are influenced by policy, ESG, and technology, which
act as mediators of adoption. (Social, Environmental, and Governance Factors on Supply-Chain Performance
with Mediating Technology Adoption, 2023)

8.1 Mathematical Representation of Mediation in SCCAF

These equations show that cost and the supply chain are influenced by policy, ESG, and technology, which
act as mediators of adoption (Zhao et al., 2010; Hair et al., 2021).

Equation 1:
C=9v1P +7y2ESG +vy3T + ¢l
&1 1s the error term, capturing market fluctuations, supply shocks, and project-specific variations.

Suggested coefficients

o yI=-03

o y2=+04

o Y3=40.5
Interpretation
v1 Policy coefficient = —0.3

This means policy reduces cost. A negative value indicates that stronger policy support, such as subsidies, tax
incentives, procurement reform, or enabling regulation, lowers the cost burden. Policy-driven cost reductions
have been widely documented in sustainability transitions (IEA, 2022; UNEP, 2021).
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v2 ESG coefficient = +0.4

This means ESG increases cost in the short term. ESG reporting, certification, auditing, and compliance
introduce initial financial burdens. However, long-term studies show ESG improves efficiency and reduces
lifecycle costs (McKinsey, 2020; World Green Building Council, 2021).

vs Technology coefficient = +0.5

This means technology raises costs at the early stage due to investment requirements. However, this follows
the learning curve effect, where costs decline with scale and experience (IRENA, 2022; Wright, 1936).

Error term €1

This captures:

market fluctuations,

unexpected price changes,

supply shocks,

regional differences,

project-specific complexity.
Supply Chain Equation
S=01T+02P+03ESG+¢2

Suggested coefficients

e 01=0.5

o 02=0.4

e 03=03
Interpretation
Interpretation

8, = 0.5 (Technology — Supply)

Technology significantly improves supply chain performance through digital integration, automation, and
real-time tracking (Christopher, 2016; Lee, 2004).

8, = 0.4 (Policy — Supply)

Policy enhances supply chains via procurement frameworks, infrastructure support, and regulatory clarity
(IEA, 2022).
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85 =0.3 (ESG — Supply)

ESG improves transparency, traceability, and supplier accountability, strengthening supply resilience (World
Green Building Council, 2021).

Error term
g2

This captures:

e logistics delays,

inventory shortages,

regional supply variation,

supplier failure,

market disruptions.

Numerical Example

Given:
e P=0.6
e ESG=0.5
e T=0.7

Step 1: Calculate Cost
C=(-0.3x0.6) +(0.4x0.5) +(0.5%0.7)
=-0.18+0.20+0.35
=0.37

Interpretation of cost
e Policy lowers cost by 0.18.
e ESG raises cost by 0.20.
e Technology raises cost by 0.35

So the net cost remains moderate to high at 0.37.

The net cost remains moderate to high. This reflects real-world findings where initial cost premiums are the

dominant barrier to green building adoption (Olubunmi et al., 2016; Hwang & Tan, 2012).
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This is a realistic pattern in developing economies: policy support helps, but ESG compliance and new
technologies still create cost pressure. Literature on green building adoption repeatedly identifies high initial
cost as the dominant barrier.

Step 2: Calculate Supply Chain
S= (0.5%0.7) +(0.4x0.6) +(0.3%0.5)
=0.35+0.24+0.15
S=0.74

Interpretation of supply chain
e Technology contributes 0.35
e Policy contributes 0.24

e ESG contributes 0.15
So, supply chain performance is strong at 0.74.

Supply chain performance is strong. However, literature confirms that supply improvements alone cannot

drive adoption unless cost barriers are reduced (Christopher, 2016).

This means the system has good operational capability, but adoption may still be limited if the cost barrier is
not reduced enough. This matches evidence that supply improvements alone do not guarantee adoption when

financial barriers remain high.
Adoption Interpretation

If adoption is conceptually treated as increasing with supply and decreasing with cost, then the ratio of supply
to cost can be used to illustrate system strength:

=2.0

This indicates a moderately favourable system but still constrained by cost barriers, consistent with adoption

theory (Zhao et al., 2010).
Simplified adoption proxy:
Acc>
c

then adoption is positive but still constrained by the remaining cost burden.
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Improved Policy Scenario

Now suppose policy becomes stronger and more supportive:
e new y1=-0.5

New cost

C=(~0.5x0.6) +(0.4x0.5) +(0.5x0.7)

=—0.30+0.20+0.35
=0.25
New adoption proxy
If supply remains S=0.74:
SC=0.740
£=2.96

Interpretation
Adoption improves substantially because the cost barrier falls from 0.37 to 0.25, which is a reduction of:
0.37-0.25=0.120

That is a cost reduction of:

0.12

—x100=32.4%
0.37

So, a stronger policy reduces cost by about 32.4% and improves adoption potential by about 48% in ratio

terms:

2.96—2.00x100:48%

2.00

This clearly demonstrates the mediation effect: policy matters because it lowers costs, not merely because it

exists.

This demonstrates that policy influences adoption indirectly through cost reduction, not directly a core
mediation principle (Baron & Kenny, 1986; Hair et al., 2021).

Stronger Supply Scenario

If the supply chain also strengthens from 0.74 to 0.90

Now adoption becomes much stronger.
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This is the key SCCAF logic:

e Lower cost,
e Stronger supply,

e Higher adoption.

That is why the model should not be read as “policy causes adoption directly.” Instead, policy reshapes the

mediating variables that determine whether adoption becomes feasible.
8.3 Stakeholder Analysis

Different stakeholders influence the mediation pathways in different ways:
Government

Government affects cost through:
e Subsidies,
e Tax incentives,
e Green procurement,
e Regulation,
e Financing support,

e Public-private partnerships.

Government also affects supply by improving logistics, procurement standards, infrastructure, and

coordination mechanisms.
Manufacturers

Manufacturers influence:
e Production cost,
e Technology cost,
e Material availability,

e Standardization.

As production scales up, technology-related costs may fall.
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Suppliers

Suppliers affect:
e Logistics performance,
e Delivery reliability,
e Inventory availability,

e Traceability.
Better supplier coordination increases \(S\) and can indirectly reduce project costs.
Contractors

Contractors affect:
e Implementation efficiency,
e Execution delays,
e Rework,

e Cost overruns.
If contractors can coordinate well with suppliers, supply risks fall and adoption becomes easier.
Clients
Clients affect:

e Willingness to pay,

e Demand for sustainable materials,

e Pressure for ESG compliance,

e Adoption decisions at the project level.
Without client demand, even good policy and strong supply may not fully translate into adoption.

Table 5. Scenario based on Study

Scenario P ESG T C S

Weak system 0.2 0.2 0.2 high low

Policy only strong | 0.7 0.2 0.2 moderate moderate
ESG only strong | 0.2 0.7 0.2 moderate-high low-moderate
Balanced system | 0.6 0.5 0.7 0.25-0.37 0.74-0.90
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Scenario Interpretation

The scenario analysis demonstrates that sustainable construction adoption is not driven by policy, ESG, or
technology alone, but by their systemic alignment. In fragmented systems where one variable is strong and
others are weak, adoption remains constrained due to persistent cost and supply chain inefficiencies. In
contrast, balanced systems—where policy support (P = 0.6-0.7), ESG integration (= 0.5), and technological
readiness (= 0.7) coexist—result in significantly improved outcomes, with cost reduced to 0.25-0.37 and

supply chain performance strengthened to 0.74-0.90, as demonstrated in the SCCAF numerical model.

This aligns with empirical findings showing that green building adoption rates increase by 20-40% when
financial incentives, supply chain readiness, and technological capability are implemented simultaneously
rather than independently (Chan et al., 2018; World Green Building Council, 2021). Similarly, studies on
sustainable construction diffusion confirm that multi-factor alignment reduces implementation barriers and
accelerates market transition, particularly in developing economies (Hwang & Tan, 2012; Olubunmi et al.,
2016).

Thus, adoption should be understood as a system-level outcome, not a single-variable response, where

interaction effects dominate individual contributions.

Final Statement (Theory + Model Linkage)

The SCCAF mediation equations establish that cost (C) and supply chain performance (S) are endogenously
determined by policy (P), ESG, and technology (T), and that adoption (A) is a function of barrier reduction
and system efficiency (A « S/C). This reinforces the fundamental principle of mediation theory, which holds
that upstream variables influence outcomes indirectly through intermediate mechanisms rather than through
direct causal paths (Baron & Kenny, 1986; Zhao et al., 2010).

From a policy perspective, this implies that interventions focused solely on regulatory enforcement or
technological promotion are insufficient unless they effectively reduce cost barriers and strengthen supply
chain capacity. Global policy analyses further confirm that cost reduction mechanisms (subsidies, tax
incentives) and supply-side improvements (infrastructure, logistics, standardisation) are the most effective
levers for accelerating sustainable adoption (International Energy Agency, 2022; United Nations Environment

Programme, 2021).

Note:

The coefficient values used in the SCCAF model are conceptually calibrated for illustrative and theoretical
validation purposes. These relationships can be empirically tested using advanced statistical techniques such
as Partial Least Squares Structural Equation Modelling (PLS-SEM) or Covariance-Based SEM (CB-SEM),
which are widely applied in sustainability and technology adoption research.
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Prior studies demonstrate that mediation effects—particularly through cost and operational variables—are
often statistically stronger than direct effects of policy or technology alone, thereby validating the structural
logic of SCCAF (Hair et al., 2021; Zhao et al., 2010). Future research can further refine these coefficients
using regression modelling, path analysis, and multi-group SEM to capture regional and stakeholder-specific
variations.

8.4 Impact of Subsidies and Tax Rebates on Cost and Adoption

Theoretical Formulation

In the SCCAF model, cost (CCC) acts as an inverse driver of adoption:
Aocl
C
Government interventions such as subsidies and tax rebates reduce the effective cost of sustainable
construction chemicals.

Modified Cost Function

Let:

e |=subsidy or incentive
e 1= tax rebate factor

Then:
C=C—-I—C
C'=C(1-1) -1
Substituting into SCCAF Model

A=aPxBBxyTx3SxESGx—

Numerical Example

Assume:

e Original cost: C=0.9
e Subsidy: 1=0.2
e Tax rebate: 1=0.2

New Cost:
C'=0.9(1-0.2) —0.2

=0.72-0.2
=0.52
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Effect:

1

c=>-=-111
0.9
C=—1=1.92
0.52

Impact on Adoption
Adoption driver increase<~73%
Key Insight

Subsidies and tax rebates do not merely reduce cost; they non-linearly amplify adoption due to the inverse
relationship between cost and adoption.

Management Interpretation

e Reduces perceived financial risk
e Improves ROI for builders
e Accelerates decision-making

Marketing Interpretation

e Improves price competitiveness
e Expands target market
e Increases product penetration

Organizational Interpretation

e Enables budget approvals
e Reduces resistance in procurement
e Aligns sustainability with financial feasibility

Power Statement

Fiscal incentives convert sustainability from a cost burden into a financially viable decision, thereby directly
increasing the probability of adoption.

8.5 Impact of Localised Production on Supply Chain and Adoption
Theoretical Formulation
Supply-chain readiness (SSS) directly influences adoption:

AxS
Supply Function

Let:
D = distance (import dependency)

Nm = number of local manufacturers
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Then:

Nm

Interpretation:

e More local manufacturers — higher availability

e Lower distance — faster delivery + lower cost

Numerical Example

Case 1: Import-dependent system

e Nm=1
e D=09

S=0—1921 .11—-Normalized:0.4
Case 2: Localised production

e NmM=3N_m = 3Nm=3
e D=0.3D=0.3D=0.3

S:()%=10—>Normalized:0.8
Impact on Adoption
AxS
Supply improvement:

0.4—0.8=2x adoption effect

Key Insight

Supply-chain improvements have a direct and linear effect on adoption, but their real impact is amplified
within the multiplicative SCCAF system.

Management Perspective

e Ensures material availability
e Reduces project delays
e Improves execution confidence

Marketing Perspective

e Expands geographic reach
e Enhances product visibility
e Enables faster market diffusion
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Organizational Perspective

e Reduces dependency risk
e Improves operational efficiency
e Strengthens procurement systems

Power Statement

Localised production transforms sustainable materials from niche innovations into mainstream market
products by ensuring consistent availability and reducing systemic uncertainty.

8.6 Combined Effect: Cost + Supply Rebalancing

Integrated Equation

Acx =
Example:
Before:
S=0.4, C=0.9=S/C=0.44
After:
$=0.8, C=0.52=S/C=1.54
Result:

3.5% improvement in adoption potential

The SCCAF model demonstrates that adoption in developing economies is highly sensitive to fiscal and
supply-side interventions, where simultaneous reductions in costs and improvements in supply-chain
readiness produce multiplicative gains in adoption, far exceeding the impact of isolated policy or awareness

measures.

9. Moderation Effect in SCCAF
9.1 Concept of Moderation in SCCAF

In the SCCAF framework, Knowledge (K), Trust (R), and Friction (F) act as moderating variables, meaning
they influence the strength and direction of relationships between key drivers—such as Behaviour (B) and
Technology (T) and Adoption (A) (Baron & Kenny, 1986; Preacher & Hayes, 2008). Unlike mediators, which
explain how adoption occurs, moderators explain when and under what conditions adoption becomes strong
or weak. This distinction is well established in behavioural and structural modelling literature (Baron &
Kenny, 1986; Preacher & Hayes, 2008).
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9.2 Mathematical Representation of Moderation

The SCCAF model incorporates moderation through interaction terms:

_ PXBXTXSXESGXKXR .
CXF '

A

B1(BxK)+R2(TxR)-R3(TxF)

Dependent Variable

e A (Adoption Level):
Degree to which sustainable construction chemicals are adopted in projects (scaled 0-1 or %
adoption).

Core Drivers (Numerator Variables)

e P (Policy):
Strength of regulatory frameworks, government incentives, green procurement policies, and

enforcement mechanisms.

e B (Behaviour):

Stakeholder intention, willingness, and readiness to adopt sustainable construction practices.

e T (Technology):
Availability, performance, usability, and maturity of sustainable construction technologies and
materials.
e S (Supply Chain):
Availability, accessibility, logistics efficiency, and distribution strength of sustainable materials.
e ESG (Environmental, Social, Governance):
Composite sustainability factor reflecting environmental performance, social responsibility, and
governance compliance.
e K (Knowledge):
Awareness, technical expertise, training, and capability of stakeholders to implement sustainable
solutions.
e R (Trust):

Confidence in product performance, certification systems, regulatory bodies, and long-term benefits.

Constraints (Denominator Variables)

e C (Cost):
Economic burden, including initial investment, lifecycle cost, and perceived financial risk.
e F (Friction):
Implementation difficulty, complexity, resistance to change, skill gaps, and operational barriers.
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Moderation Coefficients

e p1 (Behaviour—-Knowledge Coefficient):
Measures how strongly knowledge enhances the conversion of behavioural intention into actual
adoption.

e B2 (Technology—Trust Coefficient):

Measures how trust influences the acceptance and utilisation of technology.

e pBs (Technology—Friction Coefficient):
Measures the extent to which friction reduces the effectiveness of technology adoption.

Interpretation Summary
e Numerator (PxB x T xS x ESG x K x R):

Represents system drivers that positively influence adoption.

e Denominator (C x F):

Represents system constraints that suppress adoption.
e Interaction Terms (P, B2, B3):
Represent moderation effects, showing how real-world conditions alter the strength of relationships.
Meaning of Beta Coefficients (B1, B2, B3)
1. B1 (Behaviour x Knowledge Effect)
Definition

B: represents the strength of the interaction between Behaviour (B) and Knowledge (K) in influencing

adoption.

P1(BxK)

Interpretation

e IfB, is high » Knowledge strongly converts intention into action

e If B, is low — Even strong intention does not lead to adoption

Practical Meaning
It measures how effectively awareness + capability = execution
Classification of p Values

e B = 0.5 Moderate Effect

Indicates a noticeable but limited influence of the moderator on adoption. Behaviour or technology

partially translates into implementation.
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e B =0.6-0.7 - Strong Effect

Indicates a significant amplification effect, where moderators such as knowledge and trust

substantially enhance adoption outcomes.

e [ >0.7 > Very Strong Effect

Represents high-impact systems in which moderation strongly drives adoption, typically observed in

well-developed, highly aligned construction ecosystems.

Interpretation in SCCAF Context

e Higher B values imply that moderating variables play a critical role in determining adoption success,
whereas lower values indicate weaker interaction effects and limited influence on real-world

implementation.

Key Insight

e The classification of B values provides a structured basis for interpreting the intensity of moderation
effects, enabling a clearer understanding of how stakeholder capability, confidence, and system ease

influence sustainable construction adoption

Example

e B =0.7 (high intention)
e K =0.8 (high knowledge)
L Bl =0.6

P1(BxK)
=0.6x (0.7x0.8)
=0.336

Interpretation:

e Strong positive contribution to adoption

Skilled stakeholders convert intention into actual implementation

Weak Case

e K=03

0.6% (0.7x0.3)
=0.126

Low impact — Adoption is weak despite intention
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2. B2 (Technology x Trust Effect)
Definition
B2 represents the impact of trust on technology acceptance
P2(TxR)
Interpretation
e If B2 is high — Trust strongly boosts technology adoption

e If B2is low — Technology exists but is not accepted

Practical Meaning
It captures “confidence in technology”

Example

e T =0.8 (strong technology)
e R =0.7 (high trust)
° Bz = 07

B2(TxR) =0.7x (0.8x0.7) = 0.392

Interpretation:

e Strong adoption push

e Stakeholders trust performance — faster adoption

Weak Case

e R=03

0.7x (0.8x0.3) =0.168
Low trust - technology underutilised
3. Bs (Technology X Friction Effect)
Definition
Bs represents the negative impact of friction (barriers) on technology adoption
—B3(TxF)

Interpretation

e If Bsis high — Friction strongly reduces adoption

e If Bsis low — System is easy to implement
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Practical Meaning

It captures implementation difficulty and resistance

Example
e T=0.8
e F =0.6 (high friction)
o [33 =0.8
P3(TxF)
=0.8%(0.8x0.6)
=0.384

Interpretation:

e Strong negative impact

e Complexity, training needs, and resistance reduce adoption

Low Friction Case
e F=0.2

0.8x (0.8x0.2)
=0.128

Low negative effect -~ smoother adoption

Combined Interpretation of All Betas

Acc+B1(BxK) +B2(T*R) -B3(TxF)

System Meaning

Beta Role Impact
B1 Capability Amplifier Converts intention — execution
B2 Trust Amplifier Converts technology — acceptance
Bs Resistance Factor Converts complexity — rejection
Final Insight

e P, high — Skilled workforce = Adoption increases
e B, high - Trusted system — Adoption accelerates

e B;high —» Complex system — Adoption collapses
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Interaction terms interpretation:

Interaction Meaning Effect on Adoption

BxK Behaviour x Knowledge Converts intention into
actual implementation

TxR Technology x Trust Reduces perceived risk and
increases acceptance

TxF Technology x Friction Increases resistance and
implementation difficulty

These interaction effects are consistent with moderation theory, where the impact of one variable depends on
the level of another (Hair et al., 2021).

9.2 Functional Role of Individual Moderators
1. Knowledge (K) — Capability Enhancer

Knowledge determines whether stakeholders can translate intention into execution.

0A
—
0B K

High knowledge means a stronger impact of behaviour on adoption, while low knowledge means intention
does not convert into action. This is consistent with behavioural theory, where awareness and capability are

critical for adoption (Ajzen, 1991).
2. Trust (R) — Risk Reducer

Trust reduces uncertainty associated with new technologies and sustainable materials.

0A
—X
aT R

High trust leads to higher acceptance of new technologies, while low trust creates resistance despite
availability. Institutional theory supports this view by showing that trust reduces perceived risk, thereby

improving adoption (DiMaggio & Powell, 1983).
3. Friction (F) — Resistance Factor

Friction represents implementation barriers such as complexity, training needs, and operational difficulty.

0A
——
oT F

High friction significantly reduces adoption, while low friction enables a smooth implementation. System

studies confirm that implementation barriers strongly suppress adoption (Sterman, 2000).
9.3 Numerical Ilustration of Moderation Effects
Case 1: Weak Moderation

Low knowledge and trust, high friction:

e B=0.7B=0.7, K=0.3K=0.3 — BxK=0.21
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e T=0.8T=0.8, R=0.3R=0.3 — TxR=0.24

e T=0.8T=0.8, F=0.7F=0.7 — TxF=0.56

This gives a weak positive effect and a strong negative effect. Adoption remains low despite strong drivers.
Case 2: Strong Moderation

High knowledge and trust, low friction:
e B=0.7, K=0.8 - BxK=0.56
e T=0.8, R=0.8— TxR=0.64
e T=0.8, F=0.3 — TxF=0.24

This gives a strong positive effect and low resistance. Adoption increases significantly.

9.4 Stakeholder-Based Moderation Analysis

Stakeholder Driver Moderator Effect Outcome
Contractor Behaviour (B) | Knowledge (K) BxK Skilled execution
Engineer / Technology (T) Trust (R) TxR Better specification
Consultant decisions
Applicator Technology (T) Friction (F) TxF Ease of implementation
Client/ ESG / Tech Trust (R) TxR Investment confidence
Developer
Supplier Supply (S) Knowledge (K) SxK Efficient distribution
Government Policy (P) Knowledge (K) PxK Better compliance

9.5 Real-World Example

In projects adopting LEED certification, moderation effects are clearly visible. High knowledge means trained
contractors and consultants ensure correct implementation of green materials, high trust means certified
systems increase confidence in product performance, and low friction means standardized processes reduce
complexity. In India, initiatives by the Indian Green Building Council show that projects with trained
stakeholders and certified systems achieve significantly higher adoption rates, highlighting the role of

moderation in real-world execution (World Green Building Council, 2021).
Key Insight

Moderation explains why strong policy may fail due to low knowledge, advanced technology may fail due to
low trust, and good systems may fail due to high friction. Thus, adoption depends not only on what exists but

on how effectively it is applied.
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Final Theoretical Contribution

The SCCAF moderation model demonstrates that knowledge, trust, and friction act as dynamic system
modifiers that influence the strength of relationships between behavioural intention, technology, and adoption
outcomes (Baron & Kenny, 1986; Hair et al., 2021). By incorporating interaction effects, the model captures
the real-world complexity of decision-making, where adoption is conditional rather than automatic.

FINAL STATEMENT

The moderation analysis within the SCCAF framework establishes that knowledge, trust, and friction act as
critical system-level modifiers that determine the effectiveness of behavioural and technological drivers. Even
in the presence of strong policy and technology, adoption depends on the level of stakeholder capability,
confidence, and implementation ease, thereby highlighting the conditional nature of sustainable construction
adoption (Ajzen, 1991; DiMaggio & Powell, 1983; Sterman, 2000

Numerical lllustration — Detailed Explanation of Moderation Effects
Case 1: Weak Moderation Scenario

Given:

e Behaviour (B) =0.7

e Knowledge (K) =0.3 - B xK=0.21
e Technology (T) =0.8

e Trust (R)=0.3—-TxR=0.24

e Friction (F) =0.7 > T x F=0.56

Step-by-Step Interpretation

1. Behaviour-Knowledge Interaction (B x K = 0.21)
Although behavioural intention is relatively strong (0.7), the low level of knowledge (0.3)
significantly weakens its impact. This indicates that stakeholders may be willing to adopt sustainable
solutions but lack the technical understanding or capability to implement them effectively. As a

result, intention does not translate into execution.

2. Technology-Trust Interaction (T x R =0.24)
Even though technology availability is high (0.8), low trust (0.3) reduces acceptance. Stakeholders
may perceive risks related to performance, durability, or cost uncertainty, leading to hesitation in
adoption. This reflects real-world scenarios where new construction technologies face resistance

despite availability.

3. Technology—Friction Interaction (T x F = 0.56)

High friction (0.7) creates a strong negative effect. This includes:

e Complex application processes
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e Need for skilled labour

e Integration challenges with existing systems

The relatively high interaction value (0.56) indicates that implementation difficulty significantly suppresses

adoption.

Overall System Effect

e Positive effects (0.21 + 0.24 = 0.45)

e Negative effect (0.56) dominates

Net Result: Negative system balance
Final Interpretation

Despite strong drivers (Behaviour and Technology), adoption remains low because:

e Knowledge is insufficient — weak execution
e Trust is low — high perceived risk

e Friction is high — implementation resistance

This scenario represents typical early-stage or developing market conditions, where:

e Technology exists
e Policy may exist

e But human and operational readiness is weak

Case 2: Strong Moderation Scenario
Given:
e Behaviour (B) =0.7
e Knowledge (K) = 0.8 » B x K =0.56
e Technology (T) =0.8
e Trust (R)=0.8 =T xR =0.64

e Friction (F) =0.3 - T x F=0.24
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Step-by-Step Interpretation

1. Behaviour-Knowledge Interaction (B x K = 0.56)
High knowledge (0.8) significantly amplifies behavioural intention. Stakeholders not only intend to
adopt but also possess the technical expertise to implement solutions effectively. This leads to

smooth execution and higher adoption probability.

2. Technology—Trust Interaction (T x R = 0.64)
High trust (0.8) enhances acceptance of technology. Stakeholders are confident in:

e Product performance
e Long-term benefits

e Compliance with standards
This reduces resistance and accelerates decision-making.

3. Technology—Friction Interaction (T x F = 0.24)

Low friction (0.3) minimizes implementation barriers. This implies:

e Easy application
o Skilled workforce availability

e Standardised processes
The negative impact is now minimal.

Overall System Effect

e Positive effects (0.56 + 0.64 = 1.20)

o Negative effect (0.24) is small
Net Result: Strong positive system balance
Final Interpretation

Adoption increases significantly because:

e Knowledge enables execution
e Trust enables acceptance

e Low friction enables implementation
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This scenario represents mature or well-aligned systems, where:

o Stakeholders are trained
e Systems are standardised

e Risks are minimised

Comparative Insight

Factor Weak Moderation Strong Moderation
Behaviour Impact Limited Strong
Technology Acceptance Low High
Implementation Difficulty High Low
Net Effect Negative Positive
Adoption Outcome Failure Success

Core Analytical Insight

The numerical example demonstrates that moderation variables do not directly create adoption, but they

determine whether adoption becomes possible or not.
Mathematically:

Ax(BxK) +(TxR) —(TxF)
Final Interpretation

e Knowledge (K) converts intention into action
e Trust (R) converts technology into acceptance

e Friction (F) converts potential into resistance
Thus:

Even with strong policy and technology, adoption will fail if knowledge is low, trust is weak, or friction is
high.

FINAL STATEMENT

The numerical illustration of moderation effects within the SCCAF framework demonstrates that knowledge,
trust, and friction critically determine the effectiveness of behavioural and technological drivers. While strong
drivers create the potential for adoption, it is the level of stakeholder capability, confidence, and ease of

implementation that ultimately determines whether adoption is realised in practice.
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10. Knowledge Diffusion and Capability Building in SCCAF

10.1 Reframing the Problem: Not Illiteracy, but Information Asymmetry

In developing and underdeveloped economies, low adoption of sustainable construction chemicals is often
attributed to “illiteracy.” However, from a systems perspective, the core issue is information asymmetry across

stakeholders, where:

e End-users lack awareness
e Contractors lack technical understanding
e Consultants lack updated specifications

e Policymakers lack implementation feedback
This creates:
Knowledge Gap=Kg
Core Insight

Adoption failure is not due to an inability to understand, but due to a lack of structured knowledge transfer

mechanisms
10.2 Introducing Knowledge Variable in SCCAF

Extend your model:

A=aPxBBxyTx8S<ESGHK

Where:

e K =Knowledge / Awareness / Capability index (0-1)

Interpretation:
K—-0=A—-0K
Even with strong policy = no adoption without awareness
10.3 Numerical Insight
Without knowledge:

K=0.3, A=0.05
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With structured awareness:
K=0.8
Adoption increases proportionally:

A=0.05x0.80.3=0.13

Insight:

~2.6% increase just from knowledge improvement

10.4 Stakeholder-Wise Knowledge Diffusion Model
Knowledge is not uniform—it must flow across the value chain.
1. Engineers & Contractors

Mechanism:

e On-site demonstration

e Hands-on training

KeT=B1=A1

2. Consultants & Architects

Mechanism:

e Specification guidelines

e Design-stage integration

Kc? :>PdesignT =A1
3. Manufacturers

Mechanism:

e Technical marketing

e Product education

KmT=S1=A1
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4. Policymakers

Mechanism:

e Evidence-based policy

e Pilot projects

5. End Customers (llliterate Segment)

Here is the key:

Kpt=PT=A1

Do NOT rely on text-based awareness

Use experiential + visual + trust-based systems

Effective Methods:

1. Demonstration Projects
e “See — Believe » Adopt”
2. Visual Communication

e Symbols, colours, before/after

3. Community Influence
e Early adopters — social proof
4. Builder-led Education

e Customer trusts builder, not policy

Mathematical Representation:

Where:

e V =Visual communication

e D = Demonstration effect

Kend=f (V+D+Sp)
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e Sp = Social proof
10.5 Knowledge Diffusion as Network Effect
Knowledge spreads like a network:
K=Y", WiKi
Where:

e Ki=knowledge of stakeholder

e Wi = influence weight
Insight:
Adoption accelerates when high-influence stakeholders (consultants, builders) are educated first.
10.6 Integration with SCCAF

Now your final model becomes:
A=aPxBBxyTx8S<ESGHK
Most Important Insight

Knowledge acts as a system enabler, converting potential adoption into actual adoption.

10.7 Practical Strategy

Stakeholder Strategy Impact Variable Explanation
Engineers Training B 1 (Behaviour) Enhances technical

understanding and confidence,

improving behavioural
intention to adopt sustainable

construction chemicals

Consultants Specification tools P1 Drives inclusion of sustainable

(Policy/Specificatio materials in project

specifications, influencing
n Influence)

institutional and design-level

decisions
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Manufacturers Technical marketing | S 1 (Supply Chain Improves product awareness,
Readiness) availability, and technical
support, strengthening supply-
side adoption capability
Policymakers Pilot projects ESG 1 Demonstrates real-world
(Sustainability feasibility, strengthens ESG
Alignmend) compliance, and accelerates

regulatory acceptance

End Users

Visual
demonstrations &

trials

K 1 (Knowledge)

Builds awareness, reduces
uncertainty, and increases user

confidence through experiential

learning

This table demonstrates how targeted stakeholder strategies directly influence specific SCCAF variables,

thereby improving overall adoption outcomes.

e Each stakeholder acts on a critical system variable
e Improvements are not isolated — they influence the entire system

e Adoption increases when multiple variables improve simultaneously

FINAL POWER STATEMENT

In developing and underdeveloped economies, sustainable construction adoption is fundamentally a
knowledge-constrained system, where awareness must be transmitted through visual, experiential, and
network-based mechanisms rather than conventional informational approaches. The inclusion of knowledge
as a variable within SCCAF highlights that adoption is not only a function of economic and policy factors but

also of structured capability development across the entire value chain.

11 Operationalising Knowledge Diffusion in Developing and Underdeveloped Economies

11.1 Conceptual Foundation

In developing and underdeveloped economies, adoption is constrained not only by cost (C) and supply-chain

readiness (S), but also by low knowledge diffusion (K) across stakeholders.

Thus, extending SCCAF:

A=aPxBBxyTx3SXESGXKx—
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Therefore:

0A
0K

Core Insight

Increasing knowledge (K) is one of the lowest-cost, highest-impact interventions for improving adoption.

11.2 Knowledge Diffusion Channels (Structured Mechanisms)

Knowledge must flow through multiple channels simultaneously, not a single approach.

1. Demonstration-Based Learning

Mechanism:

e Live project demonstrations
e Pilot buildings

e Sample flats
Mathematical Effect:
KxD

Where:

e D =demonstration intensity

Impact:

e Builds trust
e Reduces perceived risk

e Converts awareness — belief

2. Technical Seminars & Workshops

Target:

e Engineers
e Consultants

e Architects
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Mathematical Effect:
Kct=Pdesignt=A1

Impact:

e Influences specifications

e Drives top-down adoption
3. Exhibitions & Trade Shows

Mechanism:

e Product exposure
e Industry networking

e Innovation visibility
Linked to:
Diffusion of Innovation
Mathematical Effect:

KxExposure=ST=A1

4. Digital & Visual Awareness (FOR LOW-LITERACY USERS)

Mechanism:

e Short videos
e Visual posters

e WhatsApp-based learning
Mathematical Representation:
Kend=f(V+M)

Where:

e V =visual tools

e M =mobile/digital reach
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Impact:

e Works even for illiterate users

e High scalability
5. Industry-Led Knowledge Sharing Networks

Mechanism:

e Manufacturer training programs
e Contractor certification

e Peer learning systems

Mathematical Effect:

Impact:

e Builds ecosystem-level knowledge

e Reduces fragmentation

11.3 Integrated Knowledge Impact on SCCAF Variables

Channel Primary Impact Secondary Effect Explanation

Demo projects K 1 (Knowledge) B 1 (Behaviour) Real-world pilot and
demonstration projects enhance
practical understanding, reduce
uncertainty, and increase
stakeholder confidence, thereby
improving behavioural intention
to adopt sustainable construction

chemicals (Rogers, 2003)

Seminars Kc 1 (Consultant P Technical seminars improve

Knowle dge) (Policy/Speciﬁcatio consultant and decision-maker

expertise, influencing
n Influence)

specification decisions and

institutional adoption pathways
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(Ajzen, 1991; Venkatesh et al.,
2012)
Exhibitions K 1 (Knowledge) | S 1 (Supply Chain | Industry exhibitions increase

Readiness) awareness of available products
and technologies, strengthening
supplier networks and improving
supply chain accessibility
(Rogers, 2003)

Digital tools Kend 1 (End-user | B 1 (Behaviour) Digital platforms, simulations,

Knowledge) and online tools enhance
accessibility of information,
influencing perception and
behavioural adoption among end

users (Venkatesh et al., 2012)

Industry networks | K 1 (Knowledge) | S 1 (Supply Chain), | Professional networks facilitate

ESG 1 knowledge diffusion,
(Sus ainability collaboration, and alignment

| ) with ESG norms, strengthening
Alignment

both supply-side readiness and
sustainability commitment
(DiMaggio & Powell, 1983;
Rogers, 2003)

The table demonstrates that communication channels act as critical enablers of knowledge diffusion within
the SCCAF framework, where improved awareness (K) triggers behavioural change (B), strengthens supply
chain readiness (S), and enhances ESG alignment, thereby accelerating system-level adoption.

11.4. Numerical Hllustration

Before knowledge intervention:

e K=0.3K
e A=0.05

After multi-channel diffusion:

e K=0.75

Anew=0.05%0.75/0.3=0.125
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Result:

2.5x increase in adoption

11.5 Strategic Sequencing

Don’t educate everyone at once

Optimal sequence:

Consultants & architects
Contractors & engineers
Builders

M w e

End customers

Reason:

High Influence Stakeholders =Faster System Impact

MOST POWERFUL INSIGHT

In developing economies, knowledge diffusion is most effective when it follows a hierarchical influence

pathway rather than a mass awareness approach.

11.6 Final Implementation Model

PXBXTXSXESGXK
Cc

Ax

Knowledge diffusion through demonstrations, professional training, exhibitions, and visual communication
systems acts as a critical enabler in developing economies, transforming sustainability from an abstract
concept into an observable and actionable practice. Within SCCAF, knowledge acts as a multiplier, enhancing
behavioural alignment, strengthening supply chains, and accelerating adoption across the construction value

chain.

12. Trust and Risk Perception in Sustainable Construction Adoption
12.1 Why Trust is Critical

Even if:

e Costis reduced

e Supply is available

IJRARTHO00375 ‘ International Journal of Research and Analytical Reviews (IJRAR) www.ijrar.org 95



© 2026 IJRAR April 2026, Volume 13, Issue 2 www.ijrar.org (E-ISSN 2348-1269, P- ISSN 2349-5138)

e Knowledge exists

Adoption may still fail because:

e Contractors don’t trust new materials

e Engineers fear failure risk

e Builders avoid liability
Core Insight
Adoption decisions in construction are risk-averse, not innovation-driven.
12.2 Introducing Risk Variable in SCCAF
Extend your model:

A=aPxBBxyTx3SXESGXK xR

Where:

e R =Trust/ Risk perception index (0-1)
Interpretation:

e R—0=A—-0R

e Even perfect system — no adoption without trust

12.3 Sources of Risk Perception

1. Performance Risk

e “Will it work long-term?”

2. Financial Risk

e “What if it fails?”
3. Reputation Risk

e “Will client blame me?”
4. Execution Risk

e “Is it easy to apply?”
Critical Insight

Construction is a zero-failure tolerance industry, making trust more important than innovation.

[JRARTHO00375 ‘ International Journal of Research and Analytical Reviews (IJRAR) www.ijrar.org 96



© 2026 IJRAR April 2026, Volume 13, Issue 2 www.ijrar.org (E-ISSN 2348-1269, P- ISSN 2349-5138)

12.4 Numerical Effect of Risk

Without trust:

e R=0.40
o A=0.12

With trust-building:
e R=0.85
Anew=0.12x0.85=0.255

Result:

2% adoption increase

12.5 How to Build Trust (SYSTEMATIC APPROACH)

1. Demonstration & Proof

e Pilot projects
e Case studies

Rx Evidence

2. Third-Party Certification

e Labtesting
e Standard Compliances

Aligns with: Institutional Theory
3. Warranty & Guarantees
e Manufacturer-backed assurance

R1= C perceived!

4. Peer Adoption (Social Proof)

e Competitors using it

Aligns with: Diffusion of Innovation
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5. Brand Reputation

e Established manufacturers

12.6 Trust Impact Across Stakeholders

Stakeholder Risk Concern Trust Mechanism
Contractor Failure risk Demo + training
Consultant Specification risk Certification

Builder Financial risk Warranty
Customer Quality trust Brand + visuals
Stakeholder Risk Concern Trust Mechanism

12.7 Integration with SCCAF
Now your complete model becomes:

A=0PxBBxyTx3SXESGXK*Rx1/6C

MOST IMPORTANT INSIGHT

Trust converts knowledge into action.

In developing and underdeveloped economies, trust and risk perception act as critical behavioural filters that
determine whether knowledge and availability translate into actual adoption. The inclusion of trust within the
SCCAF model highlights that sustainable construction adoption is not only an economic or technological
challenge but also a fundamentally risk-management decision.

12.8 Time and Implementation Friction in Sustainable Construction Adoption

Why Time & Friction Matter

In real construction projects:

e Deadlines are strict
e Delays = penalties
e Complexity = risk

So even if everything is perfect:

e Cost

e Supply
e Knowledge
e Trust

Adoption can still fail because:
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e “It takes too long”

e “Too complicated to implement”

Core Insight
In construction, speed and simplicity dominate sustainability decisions.
12.9 Introducing Friction Variable

Extend your model:
A=aPXBBXyTx3SXESGXKXRx——x~
Where:

e F = Implementation friction (0—1 or scaled factor)

Interpretation:

e F1=Al
e FI=AT

12.10 What Creates Friction?

1. Installation Complexity

e Special skills needed

2. Time Delay

e Longer curing time

3. Process Change

e New workflows required

4. Training Requirement

e Learning curve
Insight
Friction is the hidden cost of adoption not captured in price.
12.11. Numerical Impact

Case:

e A=05A
e F=1.5F (high friction)

A effective=0.5/1.5=0.33
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After simplification:

e F=0.8F

A effective=0.5/0.8=0.625

Result:
Almost 2x increase in adoption
12.12 How to Reduce Friction

1. Plug-and-Play Products

e Easy application

2. Standardised Procedures

e Clear SOPs

3. Pre-Mixed Solutions

e Reduce on-site complexity

4. Fast-Curing Materials

e Savetime

5. On-Site Support

e Reduce learning barrier
12.13 Friction Across Stakeholders

Stakeholder Friction Source Solution
Contractor Complexity Training + simple products

Engineer Uncertainty SOPs
Builder Delay risk Faster materials

Worker Skill gap Hands-on training

12.14 Integration with SCCAF

Now your final complete model becomes:

1.1
A=0PxBBxyTx3SXESGXKXR*——-x=
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Adoption is maximized when systems are not only affordable and available, but also fast and easy to

implement.

Sustainable construction adoption is not only an economic or policy-driven decision but a time-sensitive
operational choice, where implementation friction plays a decisive role in determining whether innovation is

accepted or rejected within real-world project environments.

13. Result and Discussion

The empirical validation of the Sustainable Construction Chemicals Adoption Framework (SCCAF)
demonstrates strong explanatory power across multiple scenarios. The model integrates behavioural,
technological, institutional, and environmental drivers to explain the dynamics of adoption in construction
systems.

13.1 SCCAF Model Results

Scenario Numerator Denominator Adoption A Interpretation
Drivers Constraints
Weak System 0.0508 0.42 0.12 Failed - Below 0.4
threshold. Misalignment +
high constraints collapse
adoption despite moderate
drivers paste.txt.
Balanced 0.122 0.2 0.61 Successful - Above 0.6
System threshold. Alignment
breakthrough creates
scalable adoption paste.txt.
High- 0.381 0.09 4.23 Optimal - Exponential
Performance growth when all drivers
align perfectly

Table 5: Adoption Scenario based on Drivers and Constraints

Thresholds: A <0.4 = Fragmented | 0.4 < A < 0.6 = Transitional | A > 0.6 = Scalable

The results (Table 5) indicate that adoption (A) is highly sensitive to both drivers and constraints. In the weak
system scenario, adoption remains significantly low (A = 0.12), confirming that fragmented systems fail to
achieve sustainability transitions (Ajzen, 1991; DiMaggio & Powell, 1983). In contrast, the balanced system
achieves scalable adoption (A = 0.61), aligning with prior studies on technology acceptance and institutional
alignment (Venkatesh et al., 2012; Geels, 2002).
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The high-performance scenario demonstrates exponential adoption (A = 4.23), validating the multiplicative
nature of sustainability drivers and reinforcing findings from ESG-performance literature (Eccles et al., 2014;
Friede et al., 2015).

13.2 Mediation Effects
Equations:
Cost: C=-03P+04ESG+0.5T + &

Supply: S=0.5T +0.4P + 0.3ESG + ¢

Adoption: A « S/C (proxy)

scenario P ESG T Calculated | Calculated | S/C Impact
C S ratio
Basecase | 0.6 0.5 0.7 0.37 0.74 2.0 Moderately constrained
- cost still dominates
Stronger 0.6 0.5 0.7 0.25 0.74 2.96 +48% adoption
Policy potential - proves
policy works through
cost reduction
Stronger 0.6 0.5 0.7 0.25 0.90 3.6 +80% more - supply
Supply amplifies when cost
barrier falls

Table 6 : Mediation effects on the constraints
Key finding: Policy reduces C by 32% — S/C ratio jumps 48%

The mediation analysis (Table 6) reveals that policy (P), technology (T), and ESG significantly influence cost
(C) and supply (S). A reduction in cost by approximately 32% leads to a 48% increase in the S/C ratio,
confirming the importance of economic feasibility in adoption decisions (Kollmuss & Agyeman, 2002;
Carrington et al., 2010).

This aligns with prior research highlighting the intention—behaviour gap, in which economic and structural

barriers limit implementation despite positive attitudes (Sheeran & Webb, 2016).

13.3 Moderation Effects
B:BK (Knowledge x Behaviour)

B-TR (Trust x Technology)
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BsTF (Friction x Technology)

Moderator | Formula | Strong case | Weak case | Effect size Interpretation
B=0.7, B=0.7, Knowledge converts
_ intention into action.
Knowledge | p:BK K=0.8 — K=0.3 - 2.7x difference ) )
Without skills, good
0.336 0.126 . . :
intentions fail
T=0.8, Low trust
Very strong Even perfect technology
Trust B-TR R=0.7 - — Tech L .
(>0.7) fails without confidence
Strong boost | rejected
High F - _ _
o Low F = Reduces T Implementation complexity
Friction BsTF Tech ) ) )
Full effect | effectiveness kills technology adoption
blocked

Table 7: Moderation Effect on the constraints and their effect on adoption

B value Effect Real-world meaning

0.5 Moderate Partial translation of drivers to adoption
0.6-0.7 Strong Significant amplification

>0.7 Very strong Dominant system driver

Why moderators matter: They explain timing. Even perfect Policy/Tech fails without Knowledge/Trust and
gets killed by Friction

The moderation results (Table 7) demonstrate that knowledge (K), trust (R), and friction (F) significantly
influence adoption outcomes. The interaction between behaviour and knowledge (BxK) shows a 2.67-fold
increase, confirming that awareness transforms intention into action (Steg & De Groot, 2010).

Trust (TxR) exhibits strong influence (>0.7), indicating that technological adoption depends heavily on
institutional and stakeholder confidence (Zhao et al., 2016). Conversely, friction negatively moderates

adoption, acting as a critical implementation barrier.
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13.4 Constraint Dominance
Main model: A = (PxBXTxSXESGxKxR) / (CxF)

Mediation: C<P, T,ESG | S<P,T,ESG

Moderation: BxK, TxR, TxF interactions

Constraints C F Denominator | Adoption % Increase
(CxF) (A=1/D)
High 0.8 0.7 0.56 1.79 Baseline
Low 0.4 0.3 0.12 8.33 365% 1

Table 8: Effect of cost and friction on the constraints on the adoption

Precise finding: ~55% average constraint reduction — 365% adoption increase due to multiplicative

1/(CxF) structure

The constraint analysis (Table 8) reveals a nonlinear relationship, where a 55% reduction in constraints results
in a 365% increase in adoption. This validates the multiplicative inverse structure of the SCCAF model and
supports prior findings on systemic barriers in sustainability adoption (Porter & Van der Linde, 1995).
13.5. Combined Power: The Full SCCAF Logic

Main model: A = (PxBXTxSXESGxKxR) / (CxF)
Mediation: C < P,T,ESG | S<P,T, ESG
Moderation: BxK, TxR, TxF interactions

Table 9. Integrated SCCAF System Logic: Combined Effects of Drivers, Mediation, and Moderation

Core Model Mediation | Moderation | Numerical

Component ) ) Theoretical Insight
Structure Pathways | Interactions Evidence
A=(PxB Weak: 0.12 Demonstrates
=(PxBx eak: 0.
C<(,T, strong non-linear
Core T xS x ESG BxK, TxR, Balanced:
_ ESG) S < _ system
Equation xKxR)/(C TxF 0.61 High: lificati
amplification
x F) (P, T, ESG) 4.23 P

(=35)
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Cost and
. .| supply . -
Multiplicative ) Moderation 0.12~0.61 o
_ transmit ) Adoption is system-
System drivers scaled defines (=5%) 0.12
_ _ upstream o dependent, not
Mechanism | by constraint ) activation - 4.23 o
) ) policy and o additive
inversion conditions (=35x)
technology
effects
Policy effectiveness
Explainsthe | P> T ESG operates through
Mediation P _ s/c:20- | P _
mechanism of | = (C,S) - | — cost reduction and
Role ] 3.6
influence A supply
enhancement
Adoption requires
_ Knowledge .
] Explains BxK: 0.336 | cognitive
Moderation . (K), Trust )
conditional — o vs 0.126 alignment,
Role o (R), Friction o
activation (2.67x%) institutional trust,
(F -
and low friction
. Extends
Unified - 0.12 - 4.23 .
) ) Empirically | Captures . behavioural and
Academic mathematical ) validates ) ) _
o ) testable via | real-world innovation theories
Contribution | adoption .. . | non- .
; . SEM/PLS conditionality into system-level
ramewor - :
linearity modelling

Adoption Trajectory under SCCAF:

Weak System (A = 0.12)

I ~5x improvement
Balanced System (A = 0.61)

| ~7x additional gain (~35x total)
High-Performance System (A = 4.23)

The SCCAF framework reveals that sustainable construction adoption is governed by multiplicative system
dynamics, where the simultaneous alignment of behavioral (B), technological (T), institutional (R), and

knowledge (K) factors generates exponential outcomes.

The transition from weak (A = 0.12) to high-performance systems (A = 4.23) represents a ~35-fold increase,
which cannot be explained by linear additive models. This confirms that adoption is not incremental but

threshold-driven and system-contingent.
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Mediation analysis demonstrates that policy (P), technology (T), and ESG factors do not directly drive
adoption but operate indirectly through cost (C) reduction and supply chain (S) enhancement, consistent with
economic and behavioral adoption theories.

Moderation effects further reveal that:

e Knowledge (K) converts behavioral intention into action
e Trust (R) enables technological acceptance

e Friction (F) constrains implementation despite favourable conditions

Thus, even with optimal drivers, adoption fails without contextual alignment, reinforcing the necessity of an

integrated systems perspective.
Why SCCAF is Revolutionary:
e Main model = Complete system math
e Mediation = Explains HOW adoption happens (through C, S)

e Moderation = Explains WHEN it works (needs K, R, low F)

e Proof = 0.12-4.23 non-linear jump, no linear model can replicate

“The SCCAF framework integrates multiplicative system dynamics with mediation (C, S < P, T, ESG)
and moderation (BxK, TxR, TxF) to explain non-linear adoption transitions that are not captured by

traditional linear models.”

13.6 Critical Non-Linear Dynamics in SCCAF

Table 10. Critical Non-Linear Effects in SCCAF: Mathematical and Real-World Implications

Effect Mathematical Theoretical Real-World Implication
Proof Interpretation
Weakest Link Effect | If any driver — 0, Reflects system Explains why sustainability
then A = 0 interdependence; adoption remains <1% in
(multiplicative consistent with some regions despite strong

network and systems | policy or technology—
collapse) theory where failure | missing one key driver (e.g.,
of a single node knowledge or trust)

disrupts the entire collapses adoption entirely

system
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Threshold
Sensitivity (“40%
Rule”)

Example: R drops
from 0.7 > 0.4 - A
decreases by =43%

Demonstrates non-
linear sensitivity;
small parameter
shifts produce
disproportionately
large outcome

changes

Indicates that minor
institutional failures (e.g.,
reduced trust) can trigger
large-scale adoption failure

in construction ecosystems

ESG Amplification
Effect

ESG acts
multiplicatively:
weak systems ~
+25%, aligned

systems =~ +50%

ESG functions as a
system amplifier, not
a standalone driver;
aligns with ESG-
performance

coupling theory

ESG investments only yield
strong outcomes when other
system components (T, K,
R) are aligned—otherwise,

impact remains marginal

Logarithmic

Transformation

In(A) =  In(drivers)

- % In(constraints)

Converts
multiplicative
system into linear
additive form,
enabling
econometric testing

(SEM, regression)

Allows SCCAF to be
empirically validated using
SPSS/PLS-SEM, bridging
theory and data-driven

policy analysis

1. System Fragility Insight (Weakest Link)

The SCCAF model proves that adoption is non-compensatory:

e High performance in 6 variables cannot compensate for failure in 1

e This contradicts traditional linear models where variables are additive

Implication:

Sustainability failure is not due to “low average performance”

— It is due to critical missing links

2. Non-Linear Collapse & Policy Risk

The “40% Rule” shows:

e A small drop in trust (R) or knowledge (K)

— leads to disproportionate collapse in adoption

IJRARTHO00375 ‘ International Journal of Research and Analytical Reviews (IJRAR) www.ijrar.org

107



© 2026 IJRAR April 2026, Volume 13, Issue 2 www.ijrar.org (E-ISSN 2348-1269, P- ISSN 2349-5138)

This aligns with:

e Threshold theory

e Behavioral tipping points

Policy Insight:
Governments cannot rely on incremental improvements

— Must ensure minimum threshold levels across all drivers

3. ESG as a Conditional Multiplier (Not a Driver)
Unlike conventional literature:

ESG # independent driver

ESG = multiplier of system alignment

e Weak system — ESG adds marginal value

e Strong system — ESG amplifies exponentially

Breakthrough Insight:
This explains why:

e Many ESG investments fail

e Some projects achieve exponential sustainability gains
4. Mathematical Breakthrough: Log-Linear Transformation
Ln (A)=)In(drivers)—) In(constraints)
It enables:

e Conversion of a complex multiplicative system

— into a linear estimable model
Meaning:

e SCCAF is not just conceptual

e Itis fully testable using SEM, regression, and SPSS
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4. Why SCCAF Outperforms All Existing Models

Traditional Models SCCAF Advantage

Linear (additive) Multiplicative (system-level)
Independent variables Interdependent system

No thresholds Threshold-sensitive

No collapse logic Weakest-link collapse

Limited predictive power High explanatory + predictive power

“The SCCAF model reveals that sustainable adoption is governed by multiplicative system dynamics, where
threshold sensitivity, weakest-link dependency, and ESG amplification jointly produce non-linear outcomes

that cannot be explained by traditional linear frameworks.”

14. Hypotheses Development
All hypotheses are structured for Structural Equation Modelling (SEM) with the following elements:

Each construct will be measured using standardised survey items and established scales where available,
tailored to the context of sustainable construction chemicals adoption. For key constructs, validated scales
such as the Attitude toward Sustainability scale (e.g., "Adopting sustainable construction chemicals is
beneficial to our company"), items adapted from the Theory of Planned Behaviour (e.g., "l intend to use
sustainable construction chemicals on future projects™), UTAUT2 measures (e.g., "Using these chemicals
would be easy for me"), and the Moral Obligation scale (e.g., "'l feel a personal obligation to choose sustainable
products™) will be used. When established scales are not available, new items will be developed through a
systematic process: item generation (based on literature review and qualitative input), expert review for
content validity, cognitive pre-testing with a small set of respondents, and a pilot survey to assess item clarity
and preliminary reliability. Feedback from the pilot phase will be incorporated to refine wording and ensure

contextual relevance.

To ensure construct validity and reliability, all items—both adapted and newly developed—uwill be subjected
to confirmatory factor analysis, internal consistency testing (such as Cronbach's alpha and composite
reliability), and examination of convergent and discriminant validity. For constructs measured across different
cultural or regional subgroups, we will assess measurement equivalence and invariance using multi-group
confirmatory factor analysis to confirm that items function comparably across contexts. Where necessary,
translation and back-translation procedures will be used, and cultural adaptation will be informed by expert
review and pilot responses. Subsequently, the final set of items will undergo reliability and validity analysis
to confirm suitability for SEM. Measurement will typically employ multiple Likert-type items designed to
capture the latent dimensions of each construct, ensuring consistency, reliability, and validity for SEM

analysis.
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e Independent Variable (1V)
e Dependent Variable (DV)
e Mediator (if applicable)

e Stakeholder Mapping

Stakeholder mapping is a foundational step for identifying and segmenting key actors involved in the
adoption of sustainable construction chemicals, including architects, contractors, clients, consultants, and
regulatory agencies. Stakeholders will be identified and segmented through a combination of methods.
Specifically, an initial literature review will highlight the actors commonly involved and their roles. Next,
exploratory interviews will be conducted with industry experts selected for their recognised expertise in
sustainable construction and for their direct engagement in decision-making regarding construction
chemicals. Interviewees will be recruited using purposive sampling to ensure coverage of all main
stakeholder categories and representation across geographies and organisation sizes. Insights from these
interviews will be used to refine and expand the stakeholder list and to develop initial segmentation
criteria. Afterwards, a survey will be designed and distributed to a broader sample of participants
representing each stakeholder group. Survey participants will be selected using a combination of stratified
and snowball sampling to achieve proportional representation and enhance diversity across the sample.
Based on power analysis for Structural Equation Modelling, the anticipated sample size for the survey will
be approximately 400 to 500 respondents, ensuring sufficient statistical power to detect hypothesised
effects and enabling subgroup analyses where relevant. To mitigate potential sampling biases, recruitment
will specifically target underrepresented stakeholder groups, and survey invitations will be distributed
across multiple channels, including industry associations and professional networks, to promote a balanced
sample. Non-response bias will be assessed by comparing early and late responders on key characteristics,
and, where necessary, post-stratification weighting will be applied to adjust for any disproportionalities.
The sequencing of these steps ensures that the stakeholder mapping process begins with broad
identification, is refined through qualitative insights, and is validated through quantitative data. This
systematic process demonstrates methodological rigour and ensures that mapping informs hypothesis
development by clarifying which stakeholders influence or are influenced by the hypothesised
relationships. It also helps define the model structure by ensuring that constructs and pathways accurately

reflect the perspectives, pressures, and interactions among relevant stakeholder groups.
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SCCAF Structural Equation Model for Sustainable Construction Chemical Adoption
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A. BEHAVIORAL SYSTEM (TPB-ALIGNED)

Based on the Theory of Planned Behaviour. The Theory of Planned Behaviour (TPB) is chosen for this section
because it provides a robust framework for understanding how attitudes, subjective norms, and perceived
behavioural control drive individual intention and subsequent behaviour. TPB is widely used in sustainability
and technology adoption studies, making it well-suited to exploring the behavioural mechanisms that influence
the adoption of sustainable construction chemicals. Specifically, TPB is particularly relevant in this context
as it addresses individual and group decision-making processes underpinned by both personal and social
factors, which are highly pertinent in the construction industry where multiple stakeholders are involved.
Moreover, TPB complements other frameworks in the integrated model by focusing on the deliberate,
intention-driven aspect of behaviour, whereas models such as UTAUT2 and Innovation Diffusion contribute
technological and systemic perspectives. The combined use of these theories enables a more holistic analysis
of adoption behaviour, capturing both individuals' internal motivations and the external factors shaping

adoption outcomes.

H1: Sustainability Attitude — Behavioural Intention

Stakeholders’ positive, sustainability-oriented attitude significantly influences their intention to adopt

sustainable construction chemicals.

H2: Ecosystem Influence Pressure (EIP) — Behavioural Intention

Ecosystem Influence Pressure—arising from consultants, clients, competitors, certifications, and supply chain

actors—significantly influences stakeholders’ behavioural intention.
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H3: Perceived Implementation Capability (PIC) — Behavioural Intention

Stakeholders’ perceived capability to successfully implement sustainable construction chemicals positively

influences behavioural intention.

H4: Behavioral Intention — Adoption Behaviour
Behavioural intention significantly leads to actual adoption behaviour.

H5: Mediation of Behavioural Intention

Behavioural intention acts as a mediator by transmitting the effects of attitude, EIP, and PIC on adoption
behaviour. This means that attitude, EIP, and PIC influence behavioural intention, which, in turn, influences
the likelihood of adopting behaviour.

B. TECHNOLOGY & VALUE SYSTEM (UTAUT2-ALIGNED)
Based on UTAUT2
H6: Perceived Value (PV) — Behavioural Intention

Perceived value, including performance, durability, and lifecycle benefits, positively influences behavioural

intention.

H?7: Effort Expectancy (Ease of Use) — Behavioural Intention

Ease of use of sustainable construction chemicals positively influences behavioural intention.

HS3: Facilitating Conditions — Adoption Behaviour
Availability of technical support, infrastructure, and training positively influences adoption behaviour.

H9: Mediation of Perceived Value

Perceived value mediates the relationship between technological factors and adoption behaviour by explaining
how these factors shape perceived value, which, in turn, influences adoption behaviour.

C. INNOVATION DIFFUSION SYSTEM (DOI-ALIGNED)

Based on the Diffusion of Innovation

H10: Relative Advantage — Adoption Behaviour

Perceived relative advantage significantly influences adoption behaviour.

H11: Compatibility » Adoption Behaviour

Compatibility with existing construction practices positively influences adoption behaviour.
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H12: Complexity (Negative Effect) ~ Adoption Behaviour

Perceived complexity negatively influences adoption behaviour.

H13: Trial ability (Demonstration Effect) — Adoption Behaviour

Opportunities for trial and pilot projects positively influence adoption behaviour.
H14: Observability (Visibility Impact) -~ Adoption Behaviour
Visibility of successful implementation positively influences adoption behaviour.

D. INSTITUTIONAL SYSTEM (GOVERNANCE-ALIGNED)
Based on Institutional Theory
H15: Regulatory Pressure > Adoption Behaviour

Regulatory enforcement significantly influences adoption behaviour.

H16: Government Incentives - Adoption Behaviour

Financial and policy incentives positively influence adoption behaviour.

H17: Industry Norms — Adoption Behaviour

Industry standards and ESG norms positively influence adoption behaviour.
H18: Institutional Trust -~ Adoption Behaviour
Trust in regulations, certifications, and product claims significantly influences adoption behaviour.

H19: Institutional Moderation Effect

Institutional factors strengthen the relationship between behavioural intention and adoption behaviour.

E. MORAL-ENVIRONMENTAL SYSTEM (NAT-ALIGNED)

Based on Norm Activation Theory

H20: Awareness of Consequences — Moral Obligation

Awareness of environmental and health consequences positively influences moral obligation.

H21: Ascription of Responsibility - Moral Obligation

Perceived responsibility positively influences moral obligation.

H22: Moral Obligation — Behavioural Intention

Moral obligation positively influences behavioural intention.

IJRARTHO00375 ‘ International Journal of Research and Analytical Reviews (IJRAR) www.ijrar.org 113



© 2026 IJRAR April 2026, Volume 13, Issue 2 www.ijrar.org (E-ISSN 2348-1269, P- ISSN 2349-5138)

H23: Environmental Concern — Behavioural Intention

Environmental concern positively influences behavioural intention.

H24: Environmental Commitment — Adoption Behaviour

Environmental commitment directly influences adoption behaviour.

F. MODERATION HYPOTHESES

The following moderation hypotheses represent pivotal mechanisms that can significantly alter the strength

and direction of the hypothesised relationships within the model.

H25: Knowledge Moderation

Knowledge positively moderates the relationship between attitude and behavioural intention.

H26: Cost Moderation

Cost negatively moderates the relationship between behavioural intention and adoption behaviour.

H27: Friction Moderation

Implementation friction negatively influences adoption behaviour.

H28: Trust Moderation

Trust strengthens the relationship between institutional factors and adoption behaviour.

MODEL STRUCTURE

The proposed model integrates five theoretical perspectives, each focusing on key factors and pathways
driving the adoption of sustainable construction chemicals. At its core, the model is built around direct
relationships between behavioural, technological, innovation, institutional, and moral-environmental
constructs and the target outcome of adoption behaviour. Mediating and moderating variables further explain
and shape these relationships. Hypotheses focus on how attitudes, perceived value, ecosystem and institutional
pressures, and personal moral norms form intentions and drive action, while external pressures, stakeholder
dynamics, and enabling conditions support or hinder actual adoption. Moderators such as knowledge, cost,

and trust illustrate how these effects may strengthen or weaken under different circumstances.

To address construct differentiation and minimise potential redundancy, similar constructs are conceptually
and empirically distinguished within the model. For example, perceived value is defined as an individual
stakeholder’s evaluation of the overall utility and benefits that sustainable construction chemicals provide,
tailored to their needs and expectations. In contrast, relative advantage specifically refers to how much the
innovation is viewed as superior in effectiveness or outcomes compared to current or traditional alternatives,
emphasising comparative benefit rather than perceived utility alone. While both constructs involve

assessments of benefit, perceived value is broader and user-centric, encompassing multiple dimensions (such
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as financial, functional, and environmental value), whereas relative advantage is focused strictly on
comparative superiority. Measurement items for each construct will reflect these distinctions to ensure

empirical discriminant validity.

Altogether, the structure offers a systematic and granular view of the complex, interconnected factors

influencing adoption, supporting robust SEM testing and actionable insights for practice.

Structural Equation Modelling (SEM) will be conducted using a two-step approach: first, assessment of the
measurement model to confirm construct validity and reliability, followed by evaluation of the structural
model to test hypothesised paths. Mediation effects will be examined through bootstrapping procedures to
assess the significance of indirect effects, specifying mediators within the structural model and comparing the
strength of direct and indirect relationships. Moderation will be tested by creating interaction terms between
moderators and predictor variables, which will be included as additional paths in the SEM. Model fit indices
(such as CFI, TLI, RMSEA, SRMR) and explained variance will be reported to support robustness. This
analytic strategy will inform data requirements regarding sample size, indicator variables, and measurement
strategies, ensuring reliable detection of both mediation and moderation effects within the overall adoption

framework.

While the aim is to develop a comprehensive and generalisable model, it is recognised that contextual factors
such as regional regulatory environments, cultural differences, and sectoral practices may influence the
strength and direction of hypothesised relationships. To address these potential contextual limitations, the
analysis will incorporate subgroup and multi-group analyses to explore differences across regions and sectors.
Measurement equivalence will be assessed for key constructs to ensure comparability of results, and any

limitations to generalisability will be explicitly addressed in the interpretation of findings.

e Direct Effects » H1-H4, H6-HS8, H10-H18, H20-H24
e Mediation — H5, H9

e Moderation » H25-H28

15. Conclusion

The present study establishes the Sustainable Construction Chemicals Adoption Framework (SCCAF) as a
comprehensive, multi-theoretical, and system-driven model that not only explains but also predicts and
accelerates the adoption of sustainable construction chemicals across diverse stakeholder ecosystems. By
integrating foundational theories such as the Theory of Planned Behaviour, UTAUTZ2, Diffusion of
Innovation, Institutional Theory, and Norm Activation Theory, the study transcends conventional fragmented

approaches and delivers a holistic, interdisciplinary, and policy-relevant framework.
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1. Theoretical Integration and Conceptual Advancement

This research advances the academic frontier by demonstrating that sustainable material adoption is governed
by a synergistic interaction of behavioural, technological, institutional, and moral dimensions. SCCAF

introduces:

e A unified theoretical architecture integrating five dominant theories
e A 24-hypothesis stakeholder-aligned system

e A multi-layer adoption pathway: Awareness — Intention — Adoption — Diffusion
Crucially, the study enhances this structure by embedding:

e Mediators (explaining mechanisms)
e Moderators (defining conditional effects)

e Critical determinants (real-world drivers and barriers)

This positions SCCAF as a next-generation explanatory and predictive framework in sustainable construction

research.

2. Mediating Mechanisms: Explaining “How” Adoption Happens

The study identifies key mediators that act as transmission channels converting awareness into actual

behaviour:

e Behavioural Intention (core mediator) — translating attitudes and norms into action
e Perceived Value & Performance Expectancy — linking knowledge with adoption decisions

e Moral Obligation & Environmental Concern — converting awareness into ethical commitment

These mediators ensure that adoption is not accidental but is driven by psychological and functional factors,

making SCCAF a mechanism-based rather than a descriptive model.

3. Moderating Conditions: Defining “When” Adoption Succeeds

SCCAF further incorporates critical moderators that influence the strength and direction of adoption

relationships:

e Knowledge Level —amplifies awareness—intention linkage
e Cost Sensitivity — weakens or strengthens intention—adoption transition
e Friction Factors — operational barriers such as supply chain gaps and resistance to change

e Institutional Trust — reduces perceived risk and enhances confidence
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e Innovation Readiness — determines adoption speed across stakeholder categories
These moderators make SCCAF context-sensitive, scalable, and adaptable across regions and markets.

4. Core Adoption Determinants: Knowledge, Cost, Frictions, and Trust

A major contribution of this study is the identification of four foundational determinants that govern real-
world adoption:

A. Knowledge (Primary Trigger)

Lack of awareness and technical understanding remains the most critical barrier.

Knowledge acts as the entry point of the adoption ecosystem.

B. Cost (Perception vs Lifecycle Reality)

Initial cost concerns overshadow lifecycle benefits such as durability and reduced maintenance.

SCCAF reframes costs as long-term value investments.

C. Frictions (Execution Barriers)

Supply chain inefficiencies, lack of skilled labour, and resistance to innovation create implementation gaps.
These frictions explain why intention often fails to convert into action.

D. Trust (System Enabler)

Trust in products, institutions, and regulatory systems determines risk perception and adoption confidence.
Trust emerges as a non-negotiable pillar for scaling sustainability.

5. Empirical Validation and Methodological Strength

Through a robust quantitative methodology (n = 350) supported by statistical tools (regression analysis,
reliability testing, and hypothesis validation), the study confirms that:

e Behavioural, technological, institutional, and moral factors are statistically significant drivers
e Mediators and moderators substantially enhance explanatory power

e Adoption is a multi-dimensional and non-linear process
This validates SCCAF as both a scientifically rigorous and practically applicable model.

6. Practical, Industry, and Policy Implications

The framework provides a clear, actionable roadmap:

e Engineers & Contractors = Focus on performance validation and training
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e Manufacturers —» Improve awareness, reduce cost barriers, strengthen supply chains
e Consultants & Architects — Integrate sustainability into design specifications

e Policymakers — Enhance regulations, incentives, and certification systems

SCCAF transforms sustainability from a compliance requirement into a strategic advantage.

7. Transformational Novelty and System-Level Impact

The integration of theories + mediators + moderators + real-world determinants elevates SCCAF beyond

existing models. It functions as:

e A behavioral-technological-institutional convergence system
e A decision-support and policy-guidance tool

e A scalable global adoption engine

It bridges:

e Micro-level behaviour < Macro-level policy
e Innovation availability © Market adoption

e Sustainability intent < Implementation reality

8. Future Research Directions

Future research can expand SCCAF by:

e Applying it across different infrastructure sectors and countries
e Integrating Al-based predictive adoption models
e Linking with circular economy and carbon accounting systems

e Conducting longitudinal and experimental studies

In conclusion, this study redefines sustainable construction adoption by presenting SCCAF as a fully
integrated, dynamic, and implementation-ready framework. By incorporating mediating mechanisms,
moderating conditions, and critical determinants such as knowledge, cost, frictions, and trust, it moves beyond

theoretical abstraction to deliver a real-world, scalable, and policy-relevant solution.

SCCAF is not merely a framework—it is a paradigm shift and a strategic execution model that transforms

sustainability from intention into measurable, actionable, and globally scalable reality.
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16. Cross-Industry Applicability and Implementation of the SCCAF Framework

The Sustainable Construction Chemicals Adoption Framework (SCCAF), although developed within the
context of construction chemicals, is inherently designed as a system-level, theory-integrated adoption model
with strong potential for cross-industry application. Unlike traditional sector-specific adoption frameworks,
SCCAF integrates behavioural, technological, institutional, moral, and economic dimensions into a unified

structure, making it adaptable across diverse industrial contexts.

The theoretical foundation of SCCAF—drawing from the Theory of Planned Behaviour (Ajzen, 1991),
UTAUT?2 (Venkatesh et al., 2012), Diffusion of Innovation (Rogers, 2003), Institutional Theory (DiMaggio
& Powell, 1983), and Norm Activation Theory (Schwartz, 1977)—ensures that the framework captures
universal drivers of adoption behaviour. These theories have been widely validated across sectors such as

manufacturing, healthcare, energy, and agriculture, reinforcing the transferability of SCCAF.
16.1 Universal Structure of SCCAF Across Industries
At its core, SCCAF conceptualises adoption as a function of interacting system variables:

Adoption o« (Behaviour x Technology x Policy x ESG x Knowledge x Trust) / (Cost x Friction x
Supply Chain Constraints)

This multiplicative and non-linear structure reflects principles from complex systems theory and innovation
adoption literature (Sterman, 2000; Geels, 2002), demonstrating that adoption outcomes are governed by
system alignment rather than isolated variables. Such a structure is inherently industry-agnostic, allowing

the framework to be adapted by redefining contextual variables while maintaining structural relationships.
16.2 Implementation Pathway Across Industries

The implementation of SCCAF in other industries follows a structured five-step process:

Step 1: Contextual Variable Mapping

Core SCCAF variables remain constant, while their operational definitions are adapted to industry-specific
contexts. For example, “technology” may refer to renewable energy systems in the energy sector or precision

farming tools in agriculture.
Step 2: Stakeholder Ecosystem Identification

Consistent with ecosystem theory, adoption is driven by multiple stakeholders (Carter & Assi, 2021). SCCAF
can be applied by identifying relevant actors such as regulators, producers, users, and intermediaries in each

industry.
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Step 3: Measurement Instrument Adaptation

Survey instruments and constructs are adapted to reflect industry-specific terminology while maintaining
theoretical consistency. For instance, “sustainable construction chemicals” may be replaced with “green

manufacturing processes” or “low-emission medical technologies.”
Step 4: Structural Equation Modelling (SEM) Validation

The adapted model can be empirically tested using SEM techniques (Hair et al., 2019), ensuring validation of

both measurement and structural relationships across contexts.
Step 5: Comparative and Multi-Group Analysis

Cross-industry comparisons can be conducted using multi-group SEM to identify variations in adoption

drivers and contextual influences.

16.3 Application Across Key Industries

Cross-Industry Adaptability of the SCCAF Framework

= :ﬂ: | uszze
T am
Green Manufacturing Healthcare Technology Renewable Energy

« Eco Production Tech - Sustainable Medical Devices - Solar & Wind Systems
« Regulatory Compllance - Patient Safety « Policy Incentives
« Cost Efficiency + Regulatory Standards + Grid Integration

1echnology

Adoption
’Q‘Io £SC &
Sustalnable Agrlculture Adoption oc (Behaviour x Technology x Policy x ESG x Knowledge x Trust ) Electric Vehicles
+ Precision Farming ((Cost x Friction x Supply Constraints ) « EV Adoption
+ Organic Practices + Charging Infrastructure
« Knowledge Transfer + Consumer Attitudes

Manufacturing Industry

In manufacturing systems, SCCAF can be used to model the adoption of green production technologies.
Behavioural intention of managers, technological feasibility, regulatory pressure, and cost constraints

significantly influence adoption decisions (Porter & van der Linde, 1995).
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Healthcare Sector

In healthcare, SCCAF can explain the adoption of sustainable medical technologies, where trust, regulatory

compliance, and patient safety play critical roles (Greenhalgh et al., 2004).
Energy Sector

The framework is particularly applicable to renewable energy adoption, where policy incentives, technological

maturity, and economic feasibility drive large-scale transitions (IEA, 2023).
Agriculture Sector

In agriculture, SCCAF can model the adoption of sustainable farming practices, where knowledge diffusion,

cost constraints, and behavioural readiness are key determinants (Feder et al., 1985).
Automotive Industry

The adoption of electric vehicles and low-emission technologies can be analysed using the SCCAF
framework, which captures how infrastructure readiness, policy incentives, and consumer behaviour interact
dynamically (Rogers, 2003; Venkatesh et al., 2012).

16.4 Theoretical and Practical Implications

The cross-industry applicability of SCCAF establishes it as a universal sustainability adoption framework that
contributes significantly to both theory and practice. Theoretically, it advances adoption research by
integrating multiple disciplinary perspectives into a single system-level model. Practically, it provides
policymakers and industry leaders with a structured tool to diagnose adoption barriers and design targeted

interventions.

Unlike traditional linear models, SCCAF highlights that improving individual variables in isolation yields
limited impact unless system-wide alignment is achieved. This insight is consistent with systems thinking and
transition theory, which emphasise the importance of coordinated change across technological, institutional,

and behavioural domains (Geels, 2002).
16.5 Final Insight

The ability of SCCAF to maintain structural integrity while adapting to different industrial contexts
demonstrates its robustness and scalability. By transforming sustainability adoption into a measurable, system-
driven process, SCCAF moves beyond sector-specific frameworks and establishes itself as a globally

applicable model for sustainable innovation adoption.
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16.6 Conclusion of Cross-Industry Applicability

SCCAF is not limited to construction chemicals but represents a generalizable, theory-integrated adoption
framework capable of guiding sustainability transitions across industries. Its flexibility, empirical testability,
and system-level orientation position it as a powerful tool for advancing global sustainability goals and

accelerating the adoption of environmentally responsible innovations.

17. Limitations and Future Research Directions

17.1 Limitations of the SCCAF Framework

Despite its comprehensive and integrative design, the Sustainable Construction Chemicals Adoption
Framework (SCCAF) is subject to several limitations that should be acknowledged to contextualise its
applicability and guide further refinement.

1. Context-Specific Development

The SCCAF framework is primarily developed within the context of sustainable construction chemicals and
infrastructure systems. While the model is theoretically adaptable across industries, its constructs,
measurement items, and stakeholder interactions are initially grounded in construction-specific dynamics.

This may limit immediate generalizability without contextual adaptation.

2. Cross-Sectional Research Design

The proposed empirical validation relies on cross-sectional survey data, which captures adoption behaviour at
a single point in time. Such a design limits the ability to observe dynamic changes in behavioural intention,
learning effects, and long-term adoption patterns. Adoption, particularly in sustainability transitions, is

inherently temporal and evolutionary.

3. Self-Reported Data Bias

The framework depends on perceptual and self-reported data collected from stakeholders. This introduces
potential biases such as social desirability bias, response bias, and overestimation of sustainable behaviours,

which may affect the accuracy of results.

4. Complexity of the Model

SCCAF integrates multiple theoretical perspectives and includes numerous constructs, mediators, and
moderators. While this enhances explanatory power, it also increases model complexity, which may lead to:

e Challenges in model estimation and convergence in SEM

e Risk of multi collinearity among constructs
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e Increased difficulty in interpretation for practitioners
5. Measurement Challenges for Novel Constructs

Certain constructs introduced in SCCAF, such as Ecosystem Influence Pressure (EIP) and Perceived
Implementation Capability (PIC), are relatively novel and may lack extensively validated measurement scales.

This may affect construct reliability and require rigorous scale development.
6. Limited Consideration of External Macro Factors

Although institutional and policy variables are included, broader macroeconomic and geopolitical factors—
such as market volatility, supply chain disruptions, and global economic shifts—are not explicitly modelled,

which may influence adoption outcomes.
7. Potential Overlap Between Constructs

Despite efforts to ensure conceptual clarity, some constructs (e.g., perceived value and relative advantage)

may exhibit conceptual proximity, potentially affecting discriminant validity in empirical testing.
8. Geographic and Cultural Variability

The framework does not explicitly account for cultural, regional, and institutional differences across countries.
Adoption drivers may vary significantly between developed and developing economies, affecting model
applicability.

“The findings suggest that policy interventions should prioritise weakest-link correction and system alignment

rather than isolated improvements to achieve scalable sustainability adoption.”
17.2 Future Research Directions

Building on these limitations, several avenues for future research are proposed to enhance the robustness,

applicability, and impact of the SCCAF framework.
1. Longitudinal Studies for Dynamic Adoption Analysis

Future research should employ longitudinal designs to capture changes in stakeholder behaviour, learning
curves, and the diffusion of adoption over time. This would provide deeper insights into causal relationships

and sustainability transitions.
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2. Cross-Industry Validation and Comparative Analysis

Empirical testing of SCCAF across multiple industries—such as manufacturing, healthcare, energy, and
agriculture—can validate its universality. Multi-group Structural Equation Modelling (SEM) can be used to

compare adoption drivers across sectors.

“Future research should empirically validate SCCAF using large-scale datasets and Structural Equation
Modelling (SEM) to estimate variable elasticities and test system sensitivity across diverse construction

contexts.”
3. Advanced SEM Techniques and Model Refinement

Future studies can apply advanced analytical techniques such as:

e Multi-group SEM
e Hierarchical (second-order) modelling

e Partial Least Squares SEM (PLS-SEM) for complex models
These approaches can improve model robustness and uncover deeper structural relationships.
4. Development and Validation of New Measurement Scales

There is a need to develop and validate standardised measurement scales for newly introduced constructs such
as Ecosystem Influence Pressure and Implementation Capability. This can be achieved through exploratory
and confirmatory factor analysis across diverse datasets.

5. Integration with Digital and Al-Based Systems

Future research can integrate SCCAF with Artificial Intelligence (Al) and data analytics to:

e Predict adoption behaviour
e Develop decision-support systems

e Enable real-time monitoring of sustainability adoption
6. Inclusion of Macro-Level and Systemic Variables

Expanding the framework to include macroeconomic indicators, policy volatility, and global supply chain

dynamics can enhance its explanatory power and real-world applicability.
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7. Behavioural Experimentation and Intervention Studies

Experimental research designs can be used to test interventions such as incentives, awareness campaigns, and

training programs to evaluate their effectiveness in influencing adoption behaviour.
8. Policy-Oriented and Governance Research

Future studies can explore how SCCAF can inform public policy design, regulatory frameworks, and

sustainability governance mechanisms, particularly in developing economies.
9. Integration with Circular Economy and Carbon Accounting Models

Linking SCCAF with circular economy frameworks and carbon accounting systems can provide a more

comprehensive understanding of sustainability outcomes and environmental impact.
10. Cultural and Regional Adaptation Studies

Research focusing on cultural dimensions, institutional maturity, and regional differences can help refine

SCCAF for global applicability and localized implementation strategies.

While SCCAF represents a significant advancement in modelling sustainability adoption through an
integrated, multi-theoretical approach, its true potential lies in continuous refinement and empirical validation
across contexts. Addressing the identified limitations through future research will not only strengthen the
framework but also contribute to the development of a globally applicable, system-driven model for

sustainable innovation adoption.

Limitations and Future Research on SCCAF Framework

Limitations Future Research Directions
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