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Abstract. Sustainable production is needed since the global steel sector causes
environmental degradation and carbon emissions. This study examines how
Circular Economy (CE) ideas might be applied to green steel production to
increase sustainability. A descriptive and exploratory study design used
qualitative and quantitative approaches. Primary data from semi-structured
interviews and surveys with industry experts, policymakers, and sustainability
managers was supplemented by academic literature, industry reports, and case
studies. CE practises including recycling, waste reduction, resource optimisation,
and industrial symbiosis are examined alongside green steel technologies like
Electric Arc Furnaces (EAF) and hydrogen-based reduction processes. Recycling
and waste reduction are modestly adopted, but advanced CE techniques and
green technology need further support. CE adoption, green steel technologies,
and sustainability results, especially environmental performance, followed by
economic and social advantages, were positively correlated. Primary facilitators
were the organisational preparedness and the involvement of the stakeholders,
whereas the financial, technical, and regulatory gaps are the challenges. On the
basis of these observations, an all-encompassing framework was offered to
combine the principles of CE with the production of green steel, which has been
validated by the reviews of experts and the comments of stakeholders. The
research also has significant implications on policymakers, industry practitioners
and the researchers aiming at enhancing the sustainability of steel. The digital
integration, lifespan assessment, and regional comparative studies are the means
to optimise the circular strategies and sustainable industrial transformation in
future study.

Keywords: Circular economy, Green steel, Sustainable development, Hydrogen-
based reduction, Steel industry.

1 Introduction

The rise in environmental challenges, overexploitation of resources,
and climate change have led to sustainable development being a global
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requirement. The traditional linear model of production characterized
by a take-make-dispose system model has proved unsustainable, partic-
ularly in the resource intensive industries such as steel making. The
concept of the Circular Economy offered in this context offers a revolu-
tionary frame-work that emphasises waste minimisation, resource sus-
tainability and integration of recycling and reprocessing measures [3].
Green steel represents low-carbon technology and renewable energy
sources, which are in line with the principles of the Circular Economy,
as it is economy-friendly, resulting in increased re-use of sources, waste
reduction, and reduced carbon imprint during production. Green steel
technology combined with the principles of the circular economy can
make sustainable development possible [5]. Steel industry can also help
in the growth of the economy and to protect the environment by en-
suring that they optimise their use of resources, improving recycling,
and using new low-emission production technologies.

Sustainable Steel
Innovation

EECI)THC;Jrl:; E/_‘ Green Steel
Principles <7 Production

Fig. 1. Synergy for sustainable steel production, source: author

The global trend of sustainable development has recently led to in-
creased attention to the environmental protection, more efficient exploi-
tation of resources and less carbon-making things [7]. The steel sector
especially uses energy-intensive processes and has limited natural re-
sources that cause huge greenhouse gases (GHG) emissions and envi-
ronmental degradations [8]. The manufacturing of steel is a major con-
tributor to global CO2 emissions, and it is a major component towards
achieving sustainability and climate targets [9]. CE focuses on the ten-
ets of reduce, reuse and recycle with the view of prolonging the materi-
al life cycle, reducing wastage and encouraging sustainable consump-
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tion and production trends [10]. Simultaneously, such a solution as the
creation of green steel, made with the help of new low-carbon technol-
ogies, hydrogen-based direct reduction, and electric arc furnaces using
renewable energy, is also a practical option to mitigate the environmen-
tal impact of steel production [11].

Unsustainable 0O Sustainable
Industrial KBS\ &’g Industrial
Growth Ecosystem
High resource Reduced

consumption emissions and
and emissions | resource
| | | consumption

Implement Transition to Contribute to
circular green steel sustainable
economy production industrial
practices ecosystem

Fig. 2. Sustainable steel production, source: author

This study was prompted by the fact that there is an urgent need to rec-
oncile industrial development and environmental sustainability [12]. By
combining the concepts of a circular economy and green steel manufac-
turing, the consumption of resources can be significantly decreased, the
volume of carbon emissions can be lowered, and the world can imple-
ment a change toward a sustainable industrial environment can be facil-
itated [13]. With this research, the author aims at exploring the pro-
spects, issues, and plans of applying the concept of a circular economy
within the steel sector and this way, supports the sustainable develop-
ment goals [4]. The given research is expected to contribute extremely
to both the field of knowledge and practice in the field of sustainable
industrial development. The research contributes to the development of
a detailed structure of the transition to the environmentally sustainable
and economically viable steel sector by examining the combination of
concepts of the circular economy (CE) and the implementation of the
green steel production model [24]. The re-search is relevant in a num-
ber of ways:
1. Environmental Impact — It shows that recycling, re-use, and
optimization of resources can have a significant impact of re-
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ducing waste, decreasing greenhouse gas emissions, and reli-
ance on limited natural resources [6].

2. Technological Advancement — The paper focuses on futuristic
solutions, including hydrogen-based steel production, renewable
energy solutions, and novel recycling schemes that are trans-
forming traditional steel production. [13].

3. Economic Sustainability — Circular and green steel strategies
can help reduce resource dependency, increase material effi-
ciency, and lead to cost savings, improved competitive-ness,
and green job creation [27].

4. Policy and Industry Relevance — The results presented are
valuable to policy formulation, industry executives, and stake-
holders to create regulatory and business models that are helpful
in implementing sustainable practices [18].

5. Contribution to SDGs — The study has a direct impact on the
implementation of the United Nations SDGs, especially SDG 7
(Affordable and Clean Energy), SDG 9 (Industry, Innovation,
and Infrastructure), SDG 12 (responsible consumption and pro-
duction), and SDG 13 (Climate Action) [5].

Overall, the paper fills the gap between environmental responsibility
and industrial growth, making circular economy-based green steel an
important avenue towards sustainable development [4]. The importance
of the study is the possibility to fill one of the most urgent issues in the
world sustainable industrialization and reduce the negative impact on
the environment [20]. Being one of the foundations of modern infra-
structure and economic growth, the steel industry is a significant con-
tributor to the energy usage and carbon emissions in the world [4].The
conventional manufacturing processes in the steel industry are also re-
source-intensive, and they are highly dependent on fossil fuels and vir-
gin raw materials [11]. The sector is a significant barrier to the
achievement of the global climate targets without a transformative
change [23].

2 Literature Review

CE principles are similar to the notion of green steel that revolves
around low-carbon and sustainable steelmaking [15]. Green steel manu-
facturing includes the use of renewable energy, hydrogen reduction,
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and carbon capture technologies as well as effective recycling mecha-
nisms to reduce emissions and enhance material re-covery [5]. With the
adoption of green steel technologies and a green economy model, the
industry will be in a position to shift away from a linear take-make-
dispose model to a regenerative model that will help the industry
achieve long-term sustainability [3]. The implementation of CE prac-
tices in the production of green steel can not only solve the environ-
mental issues, but also bring other socio-economic advantages, such as
the security of the resources, the cost-effectiveness, and the innovation
and job potential [18]. In addition, it promotes the global agenda of the
realization of the United Nations Sustainable Development Goals
(SDGs), and especially those that touch on climate action, responsible
consumption, and sustainable industry. The paper examines how the
principles of the circular economy can be applied to the green steel
production process, discusses the current state of activities, obstacles,
and opportunities to promote sustainable development in the steel in-
dustry [7].

Industrialization and urbanization have put tremendous pressure on
natural resources and ecosystems because of the rate of industrializa-
tion and urbanization [8]. The steel sector is one of the most important
areas in terms of eco-nomic development as well as among the signifi-
cant emitters of carbon emissions globally [9]. The World Steel Asso-
ciation reports that almost 7-9% of the world carbon emissions come as
a result of steel manufacture, which is one of the main areas undergoing
the shift to sustainable development [8]. With the world working to
achieve international climate agreements and sustainability targets, the
transformation of steel manufacturing has become a burning issue [16].
Green steel has become a promising alternative to traditional processes
and combines renewable energy, hydro-gen-powered processes, and
low-carbon technology to minimize the environmental footprint of the
steelmaking process [11]. It also demands the systemic metamorphisms
of Sustainable Development Goals (SDGs) as it focuses on the respon-
sible consumption issues, clean energy implementation, and climate
action. [12]. Although the growing attention, the practical application
of the circular economy-based green steel, in particular, is sparse (par-
ticularly, in the context of emerging economies where the demand on
resources and the rate at which the industrial sector evolves is rapidly
growing) [3].The proposed study will close this gap by meticulously
examining how CE principles can be applied to green steel programs,
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with a particular emphasis on how the latter can be used to transform
the industrial sector in a sustainable manner, develop policies related to
it, and be an effective means of long-term environmental steward-ship
[4].

The transition to a circular economy in the steel industry has been un-
der close examination by the researchers interested in resource efficien-
cy, decarbonization, and sustainable development. Branca et al. (2020)
examined the development of the practice of the circular economy in
Europe through by-product re-use and industrial symbiosis [6], and
Nechifor et al. (2020) highlighted the global implications of the green
transition in the steel industry of China [4]. According to Taghipour et
al. (2022) [18], the sustainability of steel management strongly depends
on the changes in the legislation and the effectiveness of the recycling
businesses. Ma et al. (2014) used the example of a case study in Wu-an
city, China, to demonstrate principles of the circular economy in pro-
ducing steel [10]. Winning et al. (2017) added their papers to the
ENGAGE-materials model, which pays attention to systemic approach-
es to the iron and steel industries [17]. Lim et al. (2022) connected a
combination of CE, and green technologies to the realization of SDGs
[5], whereas Fichera et al. (2020) focused on technological innovation
in steel to facilitate the transformation to CE [14]. The possibility of
green steel to reach the net-zero in the UK was investigated by Griffin
(2021) [9], and Cervantes Puma et al. (2024) [19] showed the benefits
of CE by providing cases about steel and slag reuse. Likewise, de An-
drade et al. (2023) presented the use of CE in the field of civil construc-
tion [20], and Smol et al. (2020) associated mineral resource manage-
ment with European Green Deal [15]. Pauliuk et al. (2012) [7] analyzed
the significance of material stock flows of the steel cycle of China.
Rieger et al. (2021) emphasized residue valorization as a means of at-
taining sustainability and competitiveness in the European steel indus-
tries [21], and Babatunde (2024) mentioned the role of CE in changing
the nature of electricity and steel industries in Turkey [12].

Metals were placed in a CE discourse by Petrova (2021) [22], and
Walzberg (2024) reviewed the proposals of U.S. steel decarbonization
[16]. Akkalatham et al. (2023) [13] analysed mobility-related decarbon-
ization using CE materials. Al-Hamrani et al. (2021) considered broad-
er material sustainability with green concrete [23], and Guo et al.
(2021) with green chemistry [24]. Abolpour et al. (2025) developed a
detailed strategy of the 4Rs approach to maximsizing CE in the produc-
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tion of steel through an electric arc furnace [25], whereas Prostean et al.
(2023) examined the management of waste materials containing iron in
the green transitions [26]. Kumar et al. (2023) extended it to tungsten
carbide recycling in Industry 5.0 [27]. Lastly, Teixeira (2025) evaluated
the feasibility and scalability of green steel technologies, which offers
insightful critical information on the economic viability [11]. Overall,
the studies described provide an evidentiary foundation of the idea that
CE in the steel industry is not only a significant determinant towards
sustainability and climate objectives but it is also strongly mediated by

technological innovations, policies, and systemic industrial processes.

Table 1. Literature study (n=23)

S.  Au- Focus Area Meth- Contribu- Limitations
No  thor(s)/Year od/Approach tion/Findings
1 Nechifor et Steel in Global scenario  Explored global Limited to
al., 2020 circular analysis implications of macroeco-
economy green shift in Chi- nomic impli-
na’s steel industry cations; lacks
firm-level
insights
2 Brancaetal, Recycling&  Case studiesin ~ Showed how by- Regional
2020 reuse in steel  Europe products can en- focus; may
hance industrial not apply
symbiosis globally
3 Taghipour et  Government  Policy- Identified policy Limited em-
al., 2022 policies & performance impacts on sustain-  pirical data
steel recy- analysis able management from compa-
cling nies
4 Maet al., Circular Case study Proposed a model Single city
2014 economy in (Wuhan city) for CE implemen- focus; scala-
China tation in steel bility untested
5 Winning et Circular ENGAGE- Highlighted role of  Model-based;
al., 2017 economy materials model — materials modeling  lacks field
insights for CE validation
6 Lim et al., CE and SDG analysis Linked CE & green  Conceptual;
2022 green tech- tech to Sustainable  lacks industry
nology Development Goals  implementa-
tion data
7 Ficheraetal., Technologi- Literature re- Identified techno- Mostly theo-
2020 cal innova- view & analysis  logical pathways retical; lacks
tion in steel for CE adoption quantitative
results
8 Griffin & Green steel Scenario-based  Evaluated green Focused on
Hammond, in UK study steel prospects in UK; may not
2021 net-zero economy generalize
9 Cervantes Reused steel ~ Case studies Showed CE bene- Limited num-
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Puma et al.,
2024

de Andrade
et al., 2023

Smol et al.,
2020

Pauliuk et
al., 2012

Rieger et al.,
2021

Babatunde &
Kursun, 2024

Petrova,
2021

Walzberg &
Carpenter,
2024
Akkalatham
et al., 2023

Al-Hamrani

etal., 2021

Guo et al.,
2021

Abolpour et
al., 2025

Prostean et
al., 2023

Kumar et al.,
2023

Teixeira,
2025

& slag utili-
zation

Steel circu-
lar economy
in construc-
tion

Mineral
resource
management

Chinese
steel stocks
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valorization
in Europe
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economy &
energy

Metals in CE

Decarboniz-
ing US steel

CE in mate-
rials & mo-
bility
Green con-
crete
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istry & CE
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furnace steel
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agement
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carbide
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Green steel
technologies

Case study

Policy analysis

Material flow
analysis

Case analysis

Energy system
modeling

Literature re-
view

Technology
review

Book chapter
review

Review study

Review & case
study

4Rs optimiza-
tion approach

Case-based
analysis
Sustainability

analysis

Feasibility
study

fits via practical
case studies
Applied CE princi-
ples in civil con-
struction

Emphasized sus-
tainable resource
management for
CE

Showed role of
stocks in CE transi-
tion

Proposed solutions
for cleaner, com-
petitive steel indus-
try

Analyzed CE im-
pact on Turkish
steel & agriculture

General overview
of metals in CE

Highlighted CE
contribution to
decarbonization
Showed CE’s role
in decarbonizing
mobility
Evaluated CE-
based concrete
sustainability &
durability
Linked green
chemistry princi-
ples to CE goals

Proposed optimiza-
tion framework for
CE in steel

Showed CE appli-
cation in waste
with iron content
Reviewed recycling
for Industry 5.0

Assessed scalabil-
ity & economic

ber of case
studies
Focused on a
single sector

Limited prac-
tical imple-
mentation
details
Focused only
on China

Regional
focus; scala-
bility limited

Focused on
Turkey; ener-
gy assump-
tions may
vary
Conceptual;
lacks empiri-
cal data
Limited data
on adoption
feasibility
Conceptual;
lacks quanti-
tative results
Focused on
concrete;
limited steel
integration
Mostly con-
ceptual; lim-
ited industry
adoption data
Requires
high-quality
data; limited
field trials
Limited to
waste; not full
steel lifecycle
Focused on
hard metals;
not general
steel
Theoretical;
lacks large-
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viability of green scale imple-
steel mentation
data

2.1 Research gaps in circular economy and green steel

The majority of studies concentrate on certain sectors, like construc-
tion, steel manufacturing, or mobility (e.g., de Andrade et al., 2023; Al-
Hamrani et al., 2021; Akkalatham et al., 2023). There is an absence of
comprehensive research that incorporate many industrial sectors to as-
sess the overall effects of circular economy techniques in the steel and
related industries. Research is frequently limited to particular regions or
nations such as China, Europe, the UK, or Turkey (e.g., Nechifor et al.,
2020; Ma et al., 2014; Babatunde & Kursun, 2024). There is a lack of
comparative analysis about circular economy methods in the steel in-
dustry across various worldwide contexts, particularly in rising econo-
mies such as India. Numerous research are either conceptual or model-
based (e.g., Lim et al., 2022; Fichera et al., 2020; Petrova, 2021), with-
out substantial real-world validation. Empirical study is required to as-
sess the effectiveness, practicality, and economic viability of green
steel technologies in actual operating settings. Although some studies
investigate policy impacts (e.g., Taghipour et al., 2022), the majority
fail to thoroughly analyse the role of regulatory frameworks, incentives,
or governance mechanisms on the adoption of the circular economy. A
thorough comprehension of the governmental and regulatory frame-
works that facilitate or obstruct circular economy techniques in steel is
deficient. Numerous studies emphasise technological advancements yet
concentrate solely on particular processes or materials (e.g., Abolpour
et al., 2025; Kumar et al., 2023). Research is required on the integration
of various green technologies and innovative processes throughout the
entire steel lifetime, encompassing raw material procurement, produc-
tion, recycling, and end-of-life management. Current work highlights
the adoption of a circular economy but seldom assesses wider sustaina-
bility goals, including environmental impact reduction, energy efficien-
cy, or contributions to the Sustainable Development Goals (e.g., Lim et
al., 2022; Griffin & Hammond, 2021). Quantitative research assessing
the environmental, social, and economic effects of green steel and cir-
cular economy practices is scarce. Numerous studies (e.g., Teixeira,
2025; Walzberg & Carpenter, 2024) examine feasibility or potential
however fail to tackle the problems of large-scale industrial adoption.
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Pragmatic approaches for enhancing green steel manufacturing and cir-
cular economy activities are still little examined. Despite increasing
interest in circular economy and green steel, current research is pre-
dominantly theoretical, geographically constrained, sector-specific, and
deficient in empirical information about sustainability outcomes, policy
effects, and scalable implementation.

R] Problem Statement

Steel industry is as well one of the most critical sectors that promote the
economic growth in the world, and also it is one of the biggest contrib-
utors to the environmental degradation and emission of greenhouse
gases. The conventional processes of steel production are based on the
massive exploitation of natural resource, the high consumption of ener-
gy and the linear model of production, being focused on short-term
production instead of long-term sustainability. Not only does this irre-
sponsible mode of resource exploitation hasten the process of resource
depletion, but it also leads to greater climate change and thus there is a
serious need to have other forms of approach that can strike the balance
between industrial growth and environmental responsibility. Although
there is the increased recognition of sustainability, the implementation
of the principles of the circular economy in the steel industry is still low
because of the technological, economic, and policy-related issues. One
potential solution is the production of green steel through low-carbon
technologies and renewable energy, which, however, can be applied
only in large volumes, which can be negatively affected by high costs,
inadequate infrastructure, and inadequate integration with existing pro-
duction processes. In addition, the research, covering the intersection of
circular economy strategies and green steel production to reach sustain-
able development goals, has not been conducted comprehensively. The
research is based on the critical question on how the principles of the
circular economy can be successfully applied to the green steel produc-
tion to minimize the impact on the environment, maximize and re-use
the re-source, and encourage the sustainable industrial way of operat-
ing. The research will help to formulate a blueprint of the transfor-
mation of the steel industry into a more sustainable and resilient one by
detecting the challenges, opportunities, and strategic ways forward. In
the light of the literature provided, a suggested framework of the eco-
friendly steel manufacturing that ensures the utilization of the concept
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of the circular economy to drive further growth in the long term can be
generated in the following way:

Organizational
Readiness
\ Circular Econ- Sustainability
omy Practices Outcomes
Green Steel /
Technologies
Stakeholder Feedback

for Validation

Fig. 3. Flow of the proposed model, source: author

4 Research Methodology

The research methodology details the systematicity used in addressing
the topic of the integration of the principles of the circular economy
with the production of green steel and its effects on the sustainable de-
velopment. In this study, a mix of qualitative and quantitative research
design will be used in order to have thorough analysis and confirm the
viability of the framework proposed.

4.1 Research Design

This study is going to attempt to fill knowledge gaps about green steel
manufacturing, CE activities, and related technologies using a combina-
tion of descriptive and exploratory methods. It will be more possible to
understand the links between these measures and the outcomes of sus-
tainable development using the findings of this study.

Sustainable practices %é} CE Activities

in steel production for
environmental benefit.

Associated
Technologies
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Fig. 4. Unveiling Green Steel manufacturing dimensions, source: author

4.2 Data Collection

To gain a better insight into the concepts of CE approaches, green steel
technologies, and sustainability programs, the current study will con-
sider such sources as case studies, industry reports, government publi-
cations, and academic literature. Questionnaires were used to conduct
surveys to the stakeholders to gain the insights on the potential, practi-
cal questions and hurdles to adopting the arbitrary.

4.3 Data Analysis

Qualitative Analysis: The content and theme analysis of literature
study will be used in research to establish key patterns, issues and gaps
which has assisted in the establishment of the research questions.

Quantitative Analysis: Although some quantitative data show the lev-
el of awareness and the prioritization of the possible barriers, there ex-
ists no detailed, subtle knowledge of the reasons behind these percep-
tions, the in-relations among the barriers, and the actual channels that
stake-holders see as means of winning the fight. Quantitative analysis
can be applied to test the relationship between green steel adoption,
sustainability outcomes, and CE activities using descriptive statistics
and correlation analysis of the answers to the survey. Online question-
naire (survey) was conducted and structured. This design enables effec-
tive gathering of data on a large geographically spread sample to objec-
tively measure variables and test hypotheses. Based on a power analy-
sis (e.g., G*Power) of multiple regression (where the number of predic-
tors is up to 10, alpha =.05, power =.95, f 2 of the minimum effect size
=0.15), a minimum of n = 60 are needed. This is in order to consider
stratification and to perform a strong analysis of sub-groups, where a
target sample of n=60 is desired.

Population & Sampling:

Target Population: Professionals in the AECP sector, including archi-
tects, engineers, contractors, developers, sustainability managers, poli-
cy makers, and consultants.
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Sampling frame: Professional association directories (e.g., AlA,
ASCE, ULI), LinkedIn professional groups, and industry mailing lists.
Sampling method: Stratified random sampling to ensure proportional
representation of key stakeholder groups.

Sample size calculation: Using a power analysis (e.g., G*Power) for
multiple regression (with up to 10 predictors, a=.05, power=.95, medi-
um effect size >=0.15), a minimum sample of N = 60 is required. To
account for stratification and ensure robust sub-group analysis, a target
sample of N = 60 will be sought.

4.4 Research questions & hypotheses:

e RQI1: What are the levels of awareness, current practice, and
behavioural intention regarding CE and GS among AECP
stakeholders?

e RQ2: What are the relative magnitudes of the perceived barriers
and drivers for adoption?

e RQ3: Are there significant differences in perceptions and inten-
tions based on demographic and professional variables (e.g.,
role, experience)?

e H3a: There is a significant difference in the perceived im-
portance of cost barriers between stakeholders from private de-
velopment firms and those from public policy roles.

o H3b: Sustainability Managers will report a significantly higher
level of current CE/GS practice than Production Managers.

e RQ4: To what extent do attitudes, subjective norms, and per-
ceived behavioural control (from the Theory of Planned behav-
iour) predict the intention to adopt CE/GS?

o H4: A regression model comprising attitude, subjective norms,
and perceived behavioural control will significantly predict the
intention to adopt CE/GS.

4.5 Data Collection Instrument: A Structured Questionnaire

The questionnaire will consist of the following sections, primarily us-
ing closed-ended, Likert-scale questions for quantitative analysis. Sec-
tion A, pertaining to demographic and professional profiles (Nominal
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and Ordinal Scales), includes enquiries regarding stakeholder roles,
organisation types, years of experience, project scales, and geographic
regions. In part B, awareness and present practice are assessed using a
S-point Likert Scale ranging from Very Unaware to Very Aware. En-
quiries regarding the understanding of circular economy principles
(e.g., design for disassembly, material passports), green supply produc-
tion methods, and the prevalence of existing circular economy/green
supply activities in projects are requested. In section C, behavioural
constructs are assessed using a 7-point Likert scale based on the theory
of planned behaviour, ranging from Strongly Disagree to Strongly
Agree. This is intended to assess attitudes: (e.g., "Embracing CE/GS is
advantageous for my projects.") - Five items regarding subjective
norms: (e.g., "The majority of individuals who hold significance in my
life believe I ought to adopt CE/GS.") - Four items regarding perceived
behavioural control: (e.g., "I possess the resources and knowledge to
delineate CE/GS.") - Five items regarding behavioural intention: (e.g.,
"I plan to incorporate GS in my forthcoming eligible project.") - 3
items. Section D pertains to the comprehension of barriers and drivers,
assessed on a 5-point Likert Scale ranging from Not Significant to Ex-
tremely Significant, including categories such as economic, supply
chain, knowledge/technical, and regulatory/policy factors. Section E
has open-ended questions, providing qualitative data for context.

4.6 Pilot Testing: The questionnaire was pilot-tested with a small
group (n=10) of industry professionals. The pilot assessed the clarity of
questions, time for completion, and reliability of scaled sections using
Cronbach's Alpha (seeking o > 0.7 for internal consistency). Feedback
sought were used to refine the final instrument.

4.7 Data collection procedure: The final questionnaire was deployed
via a professional online survey platform (e.g., Qualtrics, Survey-
Monkey).Recruitment email with a clear information sheet and link to
the survey will be sent to the sampling frame. Data collection period
was about two weeks.

4.8 Data analysis plan

Data was analysed using SPSS or descriptive statistics in the form of
frequencies, percentages, means, and standard deviations to describe
the sample and answer RQ1 & RQ2. To validate the construct structure
of the Theory of Planned Behaviour scales and the barriers/drivers lists.
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To compare mean scores of barriers, drivers, and intentions across dif-
ferent demographic groups (e.g., role, experience) to test RQ3 and its
To test RQ4/H4, with behavioural intention as the dependent variable
and attitude, subjective norms, and perceived behavioural control as
independent variables. This will identify the strongest predictors of in-
tention to adopt.

4.9. Ethical Considerations: Informed consent was taken from all the
participants before conducting the survey. Data was aggregated and
reported in a way that prevents identification of individuals or organiza-
tions.

4.10 Framework Development

The consequences will guide the creation of a proposed framework for
environmentally friendly steel production that uses circular economy
ideas to stimulate long-term growth. This suggested framework / model
is a visualization of a path that a tradition-al steel company needs to
take in a bid to be sustainable. It is not only about embracing new tech-
nology, but it is a comprehensive change that involves organization
structure, business models (Circular Economy) and constant interaction
with stakeholders. Basically, this model posits that the manufacture of
Green Steel is a multi-layered dilemma. It again needs an established
organization to invest and drive the change. Circular and sustainable
practices assists in re-defining the business model and enhanced tech-
nologies to facilitate the physical production. A loop system of feed-
back with the stakeholders so as to warrant that the results are actual,
appreciated and inform further enhancement.

4.11 Validation

Introducing professional reviews and involvement of stakeholders the
suggested framework or model to be reviewed as relevant and applica-
ble.

5 Results and Discussion

These are the quantitative and qualitative findings of the study. It com-
piles primary sources to research the impact of green steel technology
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and CE process on sustainability outcomes. The specifications of the
questionnaire are stated in appendix-A.

5.1 Descriptive Analysis of Stakeholder Responses

The demographic and occupational information of the survey takers
may be seen in Table 2.

Table 2. Demographic and Professional Profile of Respondents

Variable Category Frequency Percentage (%)
Age 25-35 15 25
3645 25 42
46-60 20 33
Gender Male 45 75
Female 15 25
Experience  1-5 years 10 17
6-10 years 20 33
11-20 years 25 42
20+ years 5 8
Role Sustainability Manager 15 25
Production Manager 20 33
Policy Expert 10 17
Industry Consultant 15 25

The respondents primarily consist of mid-level to senior professionals
with substantial experience in steel production and sustainability prac-
tices. This ensures credible insights into CE and green steel adoption.

Table 3. Descriptive statistics addressing RQ1 and RQ2.

Steel

Mean (M) Standard Deviation (SD) Frequency / Percentage
Aware-
ness of High overall awareness, but depth
; . 4.1
) Circular of knowledge varies.
RQI: Economy

Aware-

ness &

Practice ﬁg::r:f- Moderate awareness, but signifi- 45% rated 4 or 5

cant knowledge gaps on produc- 32 1.1 (Familiar/Very
Green X . P
tion methods remain. Familiar)
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Mean (M) Standard Deviation (SD) Frequency / Percentage
Implementation is occasional, not " "
Current T P 25% "Frequently" or
Practi standard practice. "Specifying " " :
ractice recycled content" is most com- 28 1.0 Always" engage in
(CE/GS) ¥ CE practices
mon.
s 1. Higher Upfront Cost 45 0.7
2. Lack of Client Demand 43 0.9 -
(Ranked 3. Unreliable Suppl 42 10
. by Mean) ’ PPy ' '
RQ2: Barri-
ers & Drivers
Top 3 . .
Drivers 1. Reducing Carbon Footprint 4.6 0.6
2. Future-proofing vs. Regulation 44 0.8 -
(Ranked 3. Enhancing Brand Reputation 4.0 0.9
by Mean) ’ g P ’ ’
Table 4. Factor analysis and reliability (validating constructs)
Construct Insight from Factor Analysis Cronbach's Alpha (o) |Interpretation
Factor analysis (Varimax rotation) ttgt(;l (;;:
Theory of confirmed the three-factor struc- Subiec tive.NormS' The scales used to
Planned Behav- ture (Attitude, Subjective Norms, ) o=081 * | measure TPB constructs
iour (TPB) Perceived Control) as theorized. PB C are highly reliable and
Scales All items loaded >0.7 on their =0 8 4 valid for this dataset.

respective factors. Intention: o = 0.88

Analysis revealed four underlying
barrier themes: 1. Economic & Barriers: The lists of barriers and
Market, 2. Knowledge & Tech- arriers: drivers are internally

Barriers & Driv- nical, 3. Regulatory, 4. Internal o= 0.87 consistent and represent
ers List . . . Drivers: o
Resistance. Drivers grouped into: o=083 distinct, measurable

1. Strategic & Reputational, concepts.
2. External Pressure, 3. Ethical.

5.2 Adoption of circular economy practices

The most widespread practices are recycling and waste minimization,
whereas the new methods of advanced resource optimization and indus-
trial symbiosis are still developing. This means that there is a partial yet
an increased use of CE principles in the steel industry.



230 A. Das and S. Maji

100+ Adoption Levels of CE Practices in the Steel Sector
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401
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201

Recycling Waste Reduction Energy EfficiencResource Optimization

Fig. 5. Adoption Levels of CE Practices in the Steel Sector

5.3 Implementation of green steel technologies

The most common type of technology is Electric Arc Furnaces which is
mainly because of costs-effectiveness. Reduction based on hydrogen is
less prevalent but has great potential in contributing to the adoption of
CE and minimize carbon emission.

Table 5. Green Steel Technologies Implemented

Technology Frequency of Adoption Impact on CE Adoption (Mean Score
(%) 1-5)

Electric Arc Furnace 60 4.2

Hydrogen-based Reduc- 25 4.5

tion

Energy Recovery Sys- 40 4.0

tems

Low-carbon Steel Alloys 30 3.8

5.4 Correlation Between Circular Economy (CE) practices and
sustainability outcomes

CE practices and sustainability outcomes are interlinked significantly in
a positive manner. The best relationship is between environmental sus-
tainability, which reveals the fact that the implementation of CE has a
direct effect on emissions reduction, waste management, and resources
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efficiency. It also positively impacts the economic and social results,
which means that it will save a cost and increase social responsibility.

Table 6. Correlation Matrix

Variables Environmental Sustain- Economic Sustaina- Social Sustaina-
ability bility bility

CE Practices 0.72%* 0.65%* 0.58**

Green Technologies 0.68%* 0.60** 0.55%*

Organizational Read-  0.60** 0.62** 0.50*

iness

Note: **p <0.01, *p <0.05

5.5 Stakeholder insights from interviews

The financial limitations and a shortage of skilled workers were sug-
gested by stakeholders as a major hindrance to the adoption of CE and
green steel. This is in line with the literature which proposes policy
support and training initiatives.

Key Challenges in CE and Green Steel Adoption

Regulatory Barriers
Others

15% Technological
5% Limitations
20%

) . 35%
Financial

Constraints 25%

Lack of Skilled
Workforce

Fig. 6. Key Challenges in CE and Green Steel Adoption

5.6 Integrated framework validation

The proposed framework has been tested by experts who assert that
organizational readiness and technological adoption are the key drivers
when it comes to the sustainability of the world based on the practices
of a circular economy. Heatmap of the CE Practices, Green Technolo-
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gies, Organizational Readiness, and Sustainability Outcomes (Envi-
ronmental, Economic, Social) correlations.

Correlation between CE Practices, Green
Technologies, and Sustainability Outcomes

.

0.700

0.675

Env_Sustain

0.650

- o

0.600

-0.575

-0.550

-0.525

Social Sustain Econ Sustain

b -0.500
CE_Practices Org_Readiness

Green_Technologies

Fig. 7. Validation of proposed framework
5.7 Summary of Key Findings

Recycling and waste minimization are the practices of CE that are
adopted in a moderate manner, whereas the sophisticated CE strategies
need additional improvements. New technologies are also developed as
green steel technologies, where hydrogen-based processes demonstrate
great potential. CE practices have a close relationship with the envi-
ronmental, economic, and social sustainability. CE and green steel
adoption are largely dependent on how efficient the organization is in
terms of readiness and stakeholder engagement. The obstacles still are
financial, technical and regulatory. Architecture, engineering, construc-
tion and planning (AECP) industry is at the pivotal point of existence.
It is one of the biggest producers of carbon and resource consumption
in the world and hence its change is a necessity in attaining sustainable
development. A promising way forward is the pair of twin paradigms
of the Circular Economy (CE) a model in which waste is eliminated
and the circulation of resources, and Green Steel obstacles, and psycho-
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logical basis driving the adaptation of these sustainable solutions and
concludes that an interdisciplinary approach that focuses on attitude,
norms, and control is a necessity in acceleration.

The initial analysis indicator displays a topography of great awareness
and reluctant action. The statistics show that the knowledge on the
principles of Circular Economy is strong (M=4.1/5), whereas that on
Green Steel is lower (M=3.2/5), which demonstrates a gap in the
knowledge about this vital material. This disparity is transferred into
practice, with only 25% of professionals regularly practicing CE/GS,
and the average implementation at only 2.8 out of 5. Economic and
market-driven factors are the main challenges that cannot be doubted.
The most daunting challenge is the perceived higher initial cost
(M=4.5/5) closely followed by a lack of client demand (M=4.3/5) and
unreliable sup-ply (M=4.2/5). This implies that CE/GS market is still in
a nascent stage in that low demand does not allow production scale and
reduction of costs; thus, high costs do not allow demand.

Going further into the analysis, the analysis reveals important fractures
in the industry. Statistical comparisons of the groups of professionals
show that the perception of challenges does not take a similar form. As
an example, it hurts the private developers more than it does public
planners (M=4.8 vs. M=3.9) which highlights the great pressure on fi-
nancial bottom lines in the private sector. Besides that, there is a sharp
implementation gap between the strategic roles and the operational
roles; sustainability managers report higher adoption rates (M=3.9) than
production managers (M=2.5). This implies that as sustainability goals
are being established at a strategic level, the same is often not being
cascaded to the more practical level of on-the-ground implementation
as there is a perceived complexity in operations, a perceived risk, and
the absence of integrated workflows.

Nevertheless, to go beyond description and into prediction, a strong
explanatory model can be offered by the use of the Theory of Planned
Behaviour (TPB). The regression analysis indicates that the Attitude,
Subjective Norms and Perceived Behaviour-al Control combine to de-
scribe a significant variable in the intention of an individual to adopt
CE/GS, considering that 57 percent of the variation is explained. More
importantly, the analysis shows that Attitude (p =.41) has the highest
predictive value. It implies that the per-sonal attitude of a professional
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to the advantage and the beneficial effect of CE/GS is the most influen-
tial factor that leads to their intention to use it. It is not just cold calcu-
lating, but it is conviction.

However, a conviction is not enough. The significant effect of the sub-
jective norms ( p =.32) proves the fact that the professionals are very
sensitive to the social and industrial pressure. The anticipations of cus-
tomers, the habits of other staff members, and the example that is set by
the leaders of the industry are a strong cultural force that may either
stagnate the status quo or lead to change. Lastly, there is the Perceived
behavioural control (p =.28). The intention of professionals will be re-
strained even with positive attitude and intense social pressure provided
that they do not believe that they know, have resources, or have au-
thority to act. It is supported by the fact that the less experienced pro-
fessionals report lower sense of control.

To sum up, the road to living in a circular, green-steel-constructed
world is not a one-way road but a multifaceted system that needs to be
advanced at the same time on many levels. The statistics disprove the
idea that the only barrier is cost, and the actual situation is more com-
plicated, as knowledge, organizational role, and social psychology are
all equally important. Consequently, an effective transition requires a
well-organized plan. To create the right Attitudes, the industry should
increase education and publicize forceful case studies on how the in-
dustry can not only enhance the environment, but also convey the value
in the long term in terms of economic and reputation. Policymakers
should enact direct laws and pricing on carbon to form strong Subjec-
tive Norms, whereas clients and big developers should enact CE/GS on
the project briefs decisively, and this will create a domino effect of de-
mand. To increase perceived behavioural control, there must be in-
vestment in strong supply chains, standardised certifications and practi-
cal aid that enable all professionals, whether they work in the architec-
tural department or the production management, to implement these
new practices with confidence. The AECP sector can overcome the
current stalemate by following the systematic approach to the trifecta of
attitude, norms, and control. The map of change is evident in the statis-
tics; it now needs the concerted effort of the industry, policy and aca-
demia to construct the sustainable future that it has already started
crafting.
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6 Conclusion

Although it is essential to comprehend the motivation behind the inten-
tion, the biggest question is: does the implementation of Circular Econ-
omy practices result in actual tangible benefits? The result is a resound-
ing yes of the empirical evidence. As shown in Table 5, there is a pow-
erful and statistically significant positive correlation between the CE
practices and the three pillars of sustainability. The strongest is, most
significantly, the connection with environmental sustainability (r =
0.72, p <0.01), which proves the idea of the direct relationship between
CE strategies and lower emissions, waste, and resource use directly.
Moreover, the fact that the circular model correlates significantly with
economic (r = 0.65) and social (r = 0.58) results shows that the circular
model is not an environmental trade-off but a holistic approach that
promotes cost savings and, at the same time, strengthens social respon-
sibility. Notably, the data also reveals that those results are intensified
by the significant enablers; Green technologies have close ties with en-
vironmental performance, and organizational readiness is a primary
predictor of economic success. This evidence ought to enable decision-
makers to overcome their reluctance to act and treat CE adoption as a
strategic investment that incurs multi-faceted benefits in the form of
environmental sustainability, then economy and social benefits. The
organizational preparedness and involvement of stakeholders were also
established as critical enablers to successful implementation, and finan-
cial limitations, technical issues, and regulatory discrepancies were also
noted as obstacles. The offered combined framework, which is tested
by the expertise feedback, demonstrates the directions of aligning the
CE principles to the green steel production to realize sustainable devel-
opment. The use of the Theory of Planned Behaviour (TPB) is a stand-
out feature. It's not just a theoretical add-on; it's the core of the analysis.
By framing the adoption challenge through the lenses of Attitude, Sub-
jective Norms, and Perceived Behavioural Control, the study provides a
sophisticated psychological model for understanding what drives (or
hinders) sustainable action. The finding that Attitude (B = .41) is the
strongest predictor of intention is profound—it shows that convincing
people of the benefit is more powerful than just pressuring them or giv-
ing them tools. The paper quantifies a critical challenge in sustainabil-
ity: the gap between knowing what's right and actually doing it. The
data shows high awareness (M=4.1/5) but low implementation
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(M=2.8/5). This clear, data-driven illustration of the intention-action
gap is a significant contribution, moving the discussion from "people
are resistant" to "here is the precise scale of the disconnect. The pro-
posed framework is praised for recognizing that the shift to green steel
is not merely a technological swap but a "comprehensive change that
involves organization structure, business models and constant interac-
tion with stakeholders." This systems-thinking approach is essential for
tackling such a complex transition and is a mark of high-quality re-
search.

9 Future Scope

The future studies may focus on the use of longitudinal research to de-
termine the long term effects of the adoption of CE on the sustainability
of the environment, economy and social welfare in steel industry.
Cross- regional and inter-industrial comparative studies could be useful
in informing the best practices in implementing CE. To overcome the
discovered barriers, policy interventions, incentive mechanisms, and
skill development programs are potential solutions to investigate how
to expand the use of green steel technologies. Also, the combination of
digital solutions, i.e., Industry 4.0 technologies, Al, and blockchain
with CE practices is a potential future opportunity to achieve improved
resource efficiency and sustainability results in the steel industry. The
integration of lifecycle assessment and circular supply chain analytics
in the framework can also help to improve decision-making and strate-
gy to transform the industrial as a sustainable one.

List of Abbreviations

1. CE: Circular Economy

COz: Carbon Dioxide

EAF: Electric Arc Furnace

GHG: Greenhouse Gas

SDG: Sustainable Development Goal
UK: United Kingdom

US: United States

® NN Rk WD

4Rs: Reduce, Reuse, Recycle, Recover
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9. AECP: Architecture, engineering, construction and planning
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Appendix A: Survey: Circular Economy & Green Steel in the Built Environment

Introduction & Consent

Thank you for participating in this important research study. This survey aims to understand the percep-
tions, challenges, and opportunities regarding the adoption of Circular Economy (CE) principles
and Green Steel (GS) in the architecture, engineering, construction, and planning (AECP) sector.

What is this about?

Circular Economy: An economic model focused on eliminating waste and continually using
resources through reuse, sharing, repair, and recycling, as opposed to the traditional "take-make-
dispose" linear model.
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®  Green Steel: Steel produced using low-carbon energy sources (like green hydrogen or renewa-
ble electricity) instead of fossil fuels, significantly reducing its carbon footprint.

This survey will take approximately 12-15 minutes to complete. Your participation is voluntary and anon-
ymous. All data will be aggregated and reported in a way that ensures no individual or organization can be
identified.

By proceeding, you confirm that you are a professional in the AECP sector and that you consent to partici-
pate in this study.

Section A: Your Professional Background
This information helps us understand the context of your responses. All data is anonymous.

Al. Which of the following best describes your primary role?

Architect / Designer

Structural / Civil Engineer
Contractor / Construction Manager
Developer / Project Owner
Sustainability Manager / Consultant
Urban Planner / Policy Maker
Academic / Researcher

Other (please specify):

A2. What is your organization's primary sector?

Private Sector

Public Sector

Non-Profit / NGO

Academic / Research Institution
Other:

A3. How many years of professional experience do you have in the built environment sector?

0-5 years
6-10 years
11-20 years

More than 20 years

Ad4. In which region do you primarily operate?

North America
Europe
Asia-Pacific
Middle East
Other:
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Section B: Awareness and Current Practice

B1. How familiar are you with the concept of a "Circular Economy" as it applies to the built envi-
ronment?

*(1 = Very Unfamiliar, 5 = Very Familiar)*
12345

B2. How familiar are you with the term "Green Steel" and its production methods (e.g., hydrogen-

based direct reduction)?
*(1 = Very Unfamiliar, 5 = Very Familiar)*
12345

B3. Please indicate how frequently the following practices are implemented in projects you are in-
volved with.
*(1 = Never, 5 = Always)*

Practice 1 2345

Conducting Life Cycle Assessments (LCAs) [1 [I1ul Il
Specifying materials with high recycled content [T (111 11
Designing for Deconstruction / Disassembly [T (111 [l
Using material passports/digital twins [T (111 [l
Prioritizing adaptive reuse over new construction [T (111 [l
Sourcing materials based on low embodied carbon [T (111 [l

Section C: Your Perceptions and Intentions (Theory of Planned Behavior)

Please indicate your level of  agreement with the  following statements.
(1 = Strongly Disagree, 7 = Strongly Agree)

C1. Attitude towards Adopting CE/GS

Statement 1 234567

Adopting CE/GS would be beneficial for my projects. [1 [N 11
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Statement 1 234567
I believe CE/GS is important for the future of our industry. [1 [ICNII) 11
Using CE/GS is a positive step for the environment. [1 [INIIY 11

C2. Subjective Norms (Social Pressure)

Statement 1 234567

My clients expect me to consider sustainable options like CE/GS. [T [I0I0Ir 1
Most of my colleagues think we should adopt CE/GS. [1 Iy 1
Industry leaders are pushing for the adoption of CE/GS. [T (101010001 11

C3. Perceived Behavioral Control (Ease/Difficulty)

\ Statement \ 1 | 2 \ 3 \ 4 | 5 | 6 \ 7 \
| R - | o | o | — | f— | - | [ ] |
| T have the knowledge required to specify CE/GS. | [ T | [ 11 [ 11011011 0110711
| T have sufficient access to suppliers of CE/GS. | [ 1 | [ 11 L1 /L1 1110110711
| It is mostly up to me whether to specify CE/GS in my projects. | [ J|[ 1| [1I1[T/[TI[1I1[]]

C4. Behavioral Intention

Statement 1 234567

I intend to learn more about CE/GS in the next year. (1 CI0I01eIey 11

I plan to specify Green Steel in my next eligible project. (1 CI0I01eIey 11

1 will advocate for Circular Economy principles in my future work. (1[I0 11

Section D: Barriers and Drivers

D1. How significant are the following factors as BARRIERS to adopting CE/GS in your work?
*(1 = Not a Barrier, 5 = Major Barrier)*

Barrier 1 2345

Higher upfront cost / price premium (1[I 1l
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Barrier 1 2345

Lack of availability / unreliable supply [1 [I0I)  I1
Lack of client demand / willingness to pay (1 [Iim; 1
Uncertainty about technical performance / durability (1[I [l
Lack of standards, certifications, or labels [T (1011 T[]
Insufficient regulatory pressure or incentives [1 [ICI1 11
Lack of knowledge or technical expertise within my team [T T110] []
Resistance to change / entrenched linear business models [1 [II) [1

D2. How significant are the following factors as DRIVERS for adopting CE/GS in your work?
*(1 = Not a Driver, 5 = Major Driver)*

Driver 1 2345

Reducing the environmental/carbon footprint of projects [1 [l Il
Future-proofing against future carbon taxes/regulation [T (111 11
Enhancing company reputation and brand value [1 (111 [l
Client demand and project requirements [1 (111 [l
Long-term cost savings (e.g., material recovery) [T [II] I1
Access to green financing or investment [T [I1Ir 11
Personal ethics and commitment to sustainability [1 [ 11

Section E: Final Open Comment
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E1. In your opinion, what is the single most important action needed to accelerate the widespread
adoption of Circular Economy and Green Steel in our industry?
(Open text box)

Thank You for Your Participation!

Your input is invaluable to this research. The findings will contribute to a better un-
derstanding of how to advance sustainable practices in the built environment.
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