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Introduction

Deliverable 6, titled "Report on Business Models and Financial Studies", is a pivotal output of
COST Action CA21103 — CircularB: Implementation of Circular Economy in the Built
Environment (https://www.cost.eu/actions/CA21103/). CircularB brings together researchers
and practitioners from 39 countries with a common goal: to accelerate the adoption of circular
economy principles across all stages of the construction sector. This Action supports knowledge
exchange, capacity building, and collaborative research on sustainable transformation of the built
environment.

The collaborative nature of CircularB has been instrumental in producing the studies encompassed
in this deliverable. The network’s activities have fostered unique interdisciplinary and international
cooperation, enabling the development of diverse, high-quality research outputs. Each paper
included in D6 is a testament to this dynamic research ecosystem, highlighting the value of COST
networking in enabling cross-border and cross-sectoral innovation.

The studies presented in this deliverable offer detailed insights into various aspects of circular
economy implementation, with a particular focus on material innovation, business model
development, financial considerations, market dynamics, and stakeholder engagement. They
reflect a shared commitment among COST Action members to generate evidence-based,
actionable knowledge that can support the practical realization of a circular economy in
construction.

The following sections of this report examine these publications in thematic clusters, presenting
their objectives, methodologies, and their specific contributions to the overarching goals of
Deliverable 6 and the broader ambitions of CircularB.

Context and Objectives

Deliverable 6 (DO0) is a cornerstone output of Work Groupe 2 (WG2) within the broader research
initiative dedicated to exploring and accelerating the adoption of circular economy principles in
the construction sector. The primary objective of this deliverable is to provide a comprehensive
assessment of circular business models and financial frameworks that support sustainable
innovation in construction. As the sector transitions from linear to circular processes, a need has
emerged to understand how innovations, economic viability, business modelling, stakeholder
dynamics, and industrial symbiosis intersect to form a holistic circular economy strategy.

This deliverable consolidates findings from a diverse range of studies published by multiple
research teams across Europe. It emphasizes the interconnected nature of material innovation,
policy, market mechanisms, financial considerations, and stakeholder engagement, all of which are
vital for enabling and sustaining circular construction practices. The contributions included in D6
offer a multidisciplinary, multi-scalar, and empirically grounded understanding of what constitutes
effective circularity in the built environment.

Structure of the Deliverable

The report is organized into four key thematic sections:
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1. Innovation in Circular Building Materials and Existing Business Models in
Construction

2. Market Gaps and Opportunities for Circularity

Finance for Circularity: Innovations and Challenges

4. Stakeholder Roles, Relationships, and Challenges in Implementing Circular
Economy Practices

»

Each section includes a suite of papers that delve into specific facets of the circular economy,
ranging from technical innovations in material reuse to strategic financial assessments and
stakeholder-informed frameworks. Together, they construct a panoramic view of the
transformation underway in the construction sector.

1. Innovation in Circular Building Materials and Existing Business
Models in Construction

A key focus of Deliverable 6 is the identification and analysis of material innovations and their
integration into existing business models within the construction industry. This section highlights
how specific secondary raw materials (typically treated as waste) can be repurposed to create
environmental, economic, and operational value. The selected papers explore how waste-to-
resource transitions challenge conventional practices and create the foundation for new circular
business models, emphasizing the principles of industrial symbiosis and local valorisation.

The paper "Turning Agricultural Biomass Ash into a Valuable Resource in the
Construction  Industry—Exploring the Potential of Industrial Symbiosis"
(https://doi.org/10.3390/buildings15020273) proposes a circular business model (CBM) based
on industrial symbiosis, where sunflower husk ash (SHA) is added to alkali-activated slag materials
created using a hydroxide-containing activator. It investigates the fresh and mechanical properties
of mortars, revealing promising results as a tool for promoting the presented CBM. The paper
contributes to the circular economy by demonstrating how a waste stream from agricultural energy
production can be revalorized within the construction sector. It supports industrial symbiosis —
connecting disparate sectors (energy, agriculture, and construction), while also presenting a cost-
effective alternative to conventional building materials. Business models based on this synergy
foster localized circular loops, reduced material procurement costs, and carbon footprint
minimization.

"The Potential of Wood Ash to Be Used as a Supplementary Cementitious Material in
Cement Mortars'" (https://doi.org/10.3390/buildings15091507) expands on the theme by
analysing wood ash from biomass energy production as a potential additive in mortar. Through
extensive testing of workability, setting time, and compressive strength, the authors demonstrate
how varying proportions of wood ash influence performance outcomes. This study contributes to
circular economy theory and practice by validating a closed-loop model in which regional biomass
waste is reincorporated into the local construction value chain. It emphasizes decentralized
processing and reuse, supporting SMEs and regional economies through low-cost and low-impact
innovation.

The paper "Circular Economy in Practice: A Literature Review and Case Study of
Phosphogypsum Use in Cement" (https://doi.org/10.3390/recycling9040063) offers both a
macro- and micro-level analysis of the potential for phosphogypsum (an industrial by-product of
fertilizer manufacturing) to be used in cement production. The authors conduct a rigorous
literature review and present a case study to contextualize practical challenges and enablers. This
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paper contributes to circular economy goals by identifying pathways to regulatory alignment,
improved public perception, and operational scaling. It highlights the financial, environmental, and
legal barriers to waste repurposing, proposing a harmonized European waste classification system
to enable market entry. Business models informed by this research must accommodate longer
innovation lead times and policy support mechanisms.

In "A Comprehensive Review on Construction and Demolition Waste Management
Practices and Assessment of This Waste Flow for Future Valorization via Energy Recovery
and Industrial Symbiosis" (https://doi.org/10.3390/en172155006), the authors analyse
construction and demolition (C&D) waste streams, emphasizing their potential for reuse, recycling,
and energy recovery. The study identifies practical barriers to effective C&D waste valorisation
and outlines industrial symbiosis models that link waste management with construction material
supply chains. The paper supports circular economy advancement by framing C&D waste as a
resource reservoir rather than a disposal problem. It advocates for closed-loop construction
models where waste from demolition feeds directly into new building projects, supported by digital
tracking systems and financial incentives.

The paper “A Review of Industrial By-Product Utilization and Future Pathways of Circular
Economy: Geopolymers as Modern Materials for Sustainable Building”
(https://doi.org/10.3390/sul7104536) analyses how the circular economy drives new production
models in the construction industry by encouraging the use of industrial waste to manufacture
geopolymers as a sustainable alternative to traditional Portland cement. This approach not only
significantly reduces greenhouse gas emissions but also promotes the closing of material cycles,
aligning with the principles of the circular economy. The valorisation of industrial by-products and
their reincorporation into construction processes opens up opportunities for the development of
circular business models, where efficient waste management and the production of sustainable
materials are integrated as competitive and innovative strategies for a low-carbon economy.

The role of the circular economy as a strategic way to reduce environmental pollution by valorising
industrial mineral waste in the production of sustainable construction materials is highlighted in
“The Precursors Used for Developing Geopolymer Composites for Circular Economy - A
Review” (https://doi.org/10.3390/mal7071696). In this context, geopolymers emerge as a
promising alternative to Portland cement, enabling the utilization of by-products and reducing
environmental impacts. Furthermore, optimizing their composition - considering precursors,
activation systems, and additives - opens up opportunities to improve their performance and
develop circular business models based on material innovation, resource efficiency, and the
reintegration of waste into more sustainable production cycles.

The paper '"The DPotential of Wood Construction Waste Circularity"
(https://doi.org/10.3390/environments11110231) investigates end-of-life options for wood
waste from construction activities. The authors explore mechanical and thermal processing
methods for reuse, emphasizing bio-composite production, insulation panels, and wood-plastic
applications. The study contributes to circular economy implementation by evaluating regional
logistics, cost-efficiency, and environmental trade-offs. It promotes business models centred on
modular disassembly and design for deconstruction, both of which are essential to achieving
circular construction at scale.

A digital technology enabler has been developed and advanced to support circular economy actions
as reported in “Digitalisation of Railway Tunnels for Climate Change Adaptation and
Enhanced Asset Circularity” (https://doi.org/10.3390/su16229708). The authors developed a
world’s first Building Information Modelling (BIM) to enhance asset circularity of an underground
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built environment. This research integrated six BIM dimensions (2D & 3D models, visualisation,
scheduling, cost estimation, and sustainability), involved additional material information with
Ansys Granta EduPack v.2021 to measure the expenditure of materials and the carbon footprint,
and further applied them to propose adaptation measures for a chosen underground railway. The
solution advocates the application of BIM in enhancing asset circularity throughout the whole
asset life. The research outcome has revealed the externality and added value of BIM for
participatory decision-making mechanisms with relevant KPIs (such as LCA & LCC) that truly
benefit all stakeholders and consumers.

The paper “Eight recommendations to adopt materials passports and accelerate material
reuse in construction: insights from academia and practice”
(https://doi.org/10.1038/s44296-025-00079-3) highlights the utgent need to transform the
construction industry - one of the most resource-intensive and responsible for nearly 40% of global

CO; emissions - by adopting material passports as a key tool for advancing towards a circular
economy and net-zero emissions. Through eight strategic recommendations, it proposes
prioritizing reuse and deconstruction over demolition, developing interoperable material passport
frameworks, and fostering databases that track the life cycle of buildings. This approach promotes
the traceability and revaluation of resources, facilitating the creation of circular business models
based on reuse, material exchange, and collaboration among the various stakeholders in the sector,
thus driving a cultural, economic, and environmental transition towards more sustainable
construction.

Innovation in circular building materials emphasizes reducing waste, lowering carbon footprints,
and integrating recycled resources into construction. The study “Lightweight, Heat-Insulating,
Alkali-Activated Slag Composites with Carbon-Based Biochar Additive and Filler”
(https://doi.org/10.3390/mal19020277) aligns with the principle of environmental sustainability
by promoting low-carbon construction materials. It utilizes industrial by-products (slag) and

biochar, reducing CO; emissions and supporting circular economy objectives. The lightweight and
heat-insulating properties contribute to energy efficiency in buildings, further minimizing
environmental impact. Biochar waste (BW), derived from waste wood, transforms a biomass by-
product into a functional component of construction materials, supporting circular economy goals.
The research demonstrates that small BW additions (=0.25%) enhance compressive strength (44.4
MPa) while larger amounts improve thermal and acoustic insulation, creating multifunctional
materials. This dual benefit—mechanical performance and insulation—enables lightweight,
energy-efficient building elements, reducing operational energy demand and material
consumption.

The aim of the study “Mechanical Properties of MiniBars™ Basalt Fiber Reinforced
Geopolymer Composites” (https://doi.org/10.3390/ma17010248) was to develop a new
MiniBars™ basalt fibre-reinforced geopolymer composite (MiniBars™ FRBC). The fly ash
morphology, sizes and structure were determined by optical microscopy and scanning electron
microscopy (SEM). New MiniBars™ FRBCs were investigated for structure through optical
microscopy and SEM. Also, the flexural strength, the flexural modulus, the tensile strength, the
tensile modulus, and the force load at upper yield tensile strength were analysed.

The paper “The Influence of Alkali-Resistant MiniBars™ on the Mechanical Properties of
Geopolymer Composites” (https://doi.org/10.3390/mal8040778) aimed to fabricate new
unidirectional geopolymer composites reinforced with AR MiniBars™ (AR MiniBars™ FRBCs)
with advanced mechanical properties and durability. AR MiniBars™ FRBCs were prepared by
varying the volume of AR MiniBars™ between 0, 12.5, 25, 50, and 75 vol.% to reinforce the
geopolymer paste. The filler used for developing geopolymers was fly ash powder from a coal




power plant and was investigated by optical microscopy and scanning electron microscopy (SEM).
AR MiniBars™ FRBCs were evaluated for mechanical behaviour, including flexural strength,
flexural modulus, tensile strength, tensile modulus, force load at upper yield tensile strength, and
compressive strength. Also, the fractured and transversal section of AR MiniBars™ FRBCs
specimens were analysed by optical microscopy and scanning electron microscopy (SEM).

The review article “Review of Geopolymer Nanocomposites: Novel Materials for
Sustainable Development” (https://doi.org/10.3390/mal6093478) presents the cutrent state
of knowledge on geopolymers and nanocomposite geopolymers, including their various
applications and potential uses. The reader can learn about the latest research in this field and
understand the benefits of using nanomaterials in geopolymers. Secondly, this article can help the
reader understand the complexity of the processes occurring in geopolymers and nanocomposites,
as well as their physicochemical properties. The reader can learn about the factors that influence
these properties and the methods used to improve them. Thirdly, this article can help the reader
understand the concept of sustainable development in the context of using nanocomposite
geopolymers. The reader can learn about the materials used to produce these composites and the
benefits of their use, such as waste utilization and reduction of carbon dioxide emissions. Overall,
this review article on nanocomposite geopolymers can help the reader understand the latest trends
and research results in this field, as well as identify potential applications of these materials.

Taken together, these studies provide a robust foundation for understanding how secondary
materials can be integrated into construction processes under new circular frameworks. Each
publication contributes practical evidence and conceptual clarity to the broader discussion on
business model innovation, demonstrating how waste valorisation can be a core economic driver
rather than an externality.

2. Market Gaps and Opportunities for Circularity

This section focuses on identifying barriers and leverage points in the broader adoption of circular
economy practices in construction, emphasizing capacity building, market readiness, and
stakeholder-driven strategies. These studies uncover how current systems and structures can be
adapted to support innovative business models that embrace circularity.

"Challenges of Engineering Skillsets Essential for Driving Circularity of Smart Cities"
(https://doi.org/10.3390/app15020809) addresses a critical yet often ovetlooked element of the
circular economy transition: human capital. Through an extensive literature review and stakeholder
consultation, the study reveals the misalignment between existing engineering education and the
skillsets required for implementing circular solutions in smart cities. These findings point to gaps
in systems thinking, interdisciplinary collaboration, and digital literacy. This insight is essential for
building business environments that are capable of innovating and responding to the demands of
circularity.

""Stakeholder Perspectives on the Costs and Benefits of Circular Construction"
(https://doi.org/10.1038/s41598-024-81741-7z) contributes valuable empitical evidence on the
perceptions of developers, contractors, and regulators regarding the financial and practical
implications of circular practices. The paper outlines stakeholder-identified obstacles such as high
upfront investment and complex regulatory environments, while also highlighting key benefits
including operational savings and sustainability credentials. These findings directly inform business
modelling by claritying real-world priorities and concerns within the construction ecosystem.




The paper "Management of Household-Generated Construction and Demolition Waste:
Circularity Principles and the Attitude of Latvian Residents"
(https://www.mdpi.com/1996-1073/17/1/205) contributes a unique petspective by analysing
circularity practices at the household level. The research highlights limited adherence to waste
sorting guidelines, constrained by cost, convenience, and low environmental awareness. It
emphasizes the role of municipal governments in supporting infrastructure and communication
efforts, suggesting targeted interventions to increase compliance and participation. This study
illustrates that circularity must be addressed not only in industrial processes but also through local
engagement and behavioural change, making it a key consideration in broader market transition
strategies.

Together, these studies highlight the interplay between technical innovation, workforce
development, consumer behaviour, and stakeholder alignment in enabling market conditions for
circular economy integration. They contribute to understanding how policy, education, and
industry can co-evolve to remove structural barriers and unlock new circular business
opportunities.

3. Finance for Circularity: Innovations and Challenges

This section of Deliverable 6 delves into the financial models, economic considerations, and policy
mechanisms necessary to support the widespread implementation of circular economy (CE)
practices in the construction sector.

The study "Stakeholder Perspectives on the Costs and Benefits of Circular Construction"
(https://doi.org/10.1038/s41598-024-81741-z) offers a systematic analysis of how professionals
and decision-makers within the construction sector perceive the financial and operational impacts
of transitioning to circular methods. Based on extensive survey and interview data collected from
multiple European countries, the study reveals a spectrum of views, shaped by roles,
responsibilities, and experience levels. Stakeholders identified major perceived benefits of circular
construction, such as long-term cost savings, reduced environmental impact, improved building
performance, and compliance with evolving regulations. However, the paper also surfaces
widespread concerns over initial capital expenditure, fragmented supply chains, and the lack of
market demand and familiarity with circular solutions.

Importantly, this paper contributes to the business models and financial studies focus of
Deliverable 6 by quantifying these perspectives and linking them to specific construction phases
(e.g., design, procurement, demolition). For instance, the study finds that while the demolition and
reuse phases are widely seen as cost-saving opportunities, earlier stages like design and certification
are often perceived as prohibitively expensive under current models. Such nuanced insights are
vital for tailoring circular business models to reflect realistic stakeholder motivations and
hesitations, and for crafting targeted incentives or communication strategies.

The chapter is anchored by the forthcoming paper "Assessing Financial Considerations of
Circular Economy Practices Across Life Cycle Stages in the Construction Industry" by
Tleuken et al., which offers a comprehensive examination of financial barriers and enabling
conditions throughout the building lifecycle.

The study underscores that although circular economy approaches promise long-term
environmental and financial gains, their adoption is frequently hampered by several financial
obstacles. These include high initial investment costs, uncertain return on investment, and
fragmented or inconsistent regulatory frameworks that fail to incentivize circular practices. By
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analyzing stakeholder feedback across multiple countries—including Norway, Italy, Sweden,
Latvia, and Kazakhstan—the paper identifies where financial barriers are most acute.

Findings reveal that different stages of the construction lifecycle are impacted unequally. While the
demolition phase often presents cost-saving opportunities due to material recovery and reuse,
earlier stages such as design, planning, and certification are perceived as costly and lacking
sufficient financial motivation. This imbalance discourages holistic CE adoption from the project
outset.

The paper also presents real-world case studies to illustrate both the successes and challenges of
implementing financial support mechanisms for CE. For example, in Norway, strong policy
backing has facilitated effective reuse and recycling of construction materials. In contrast, the
Swedish case involving Loop Industries highlights the difficulty of maintaining circular innovations
at scale without sustained public or private investment.

The study concludes by recommending harmonized regulations, long-term financial incentives,
and improved investment strategies to support CE implementation. It emphasizes the need for
lifecycle-based cost accounting, public-private partnerships, and innovation-friendly fiscal policies
that recognize and reward circular value creation.

These insights collectively support Deliverable 6’s goal of examining the financial dimensions of
circular business models. They affirm that technical feasibility must be matched by supportive
financial infrastructures in order for circular construction to become mainstream and economically
sustainable.

4. Stakeholder Roles, Relationships, and Challenges in Implementing

Circular Economy Practices

The transition toward a circular economy (CE) in the construction sector necessitates more than
just technical innovation or economic feasibility - it critically depends on the engagement,
cooperation, and alignment of diverse stakeholders. These include architects, engineers,
contractors, investors, government regulators, urban planners, waste managers, and end-users.
Understanding how these groups influence and interact with one another, as well as how their
interests and perceptions affect decision-making, is vital for designing and implementing effective
circular strategies.

Several publications within Deliverable 6 provide in-depth investigations into these socio-
institutional aspects, emphasizing the relational dynamics and practical obstacles encountered in
real-world CE implementation.

Complementing this, the study "Comparisons of Stakeholders' Influences, Inter-
Relationships, and Obstacles for Circular Economy Implementation on Existing Building
Sectors" (https://doi.org/10.1038/s41598-024-61863-0) employs a social network analysis
(SNA) approach to explore how key actors relate to each other in practice. Drawing from a cross-
country sample, the paper maps influence networks that reveal which stakeholders hold decision-
making power, which serve as mediators or bottlenecks, and where information flow is
constrained. The findings show that municipal governments and large construction firms are
central actors in advancing or impeding CE practices. Conversely, smaller firms, designers, and
end-users often lack access to strategic conversations, despite being crucial for on-the-ground
implementation.




This paper directly supports Deliverable 6’s emphasis on systemic integration by showing how
institutional structures and relationship asymmetries can hinder or enable circularity. It reveals, for
example, that the absence of formal cooperation mechanisms between regulatory agencies and
private developers frequently leads to inconsistent application of CE principles. Moreover, siloed
knowledge and lack of trust among actors emerge as persistent challenges, underscoring the
importance of transparent governance, collaborative platforms, and inclusive policy frameworks.

Expanding on this perspective, the paper "Cultivating Sustainable Construction: Stakeholder
Insights Driving Circular Economy Innovation for Inclusive Resource Equity"
(https://www.mdpi.com/2075-5309/14/4/935) contributes further evidence on the significance
of stakeholder engagement in enabling circular construction. The study draws from online surveys,
structured workshops, and roundtable discussions across multiple countries to investigate how
various stakeholder groups perceive circular economy adoption throughout the building life cycle.

The findings emphasize that stakeholder collaboration is critical for translating CE theory into
real-world applications. Participants identify key drivers such as transparency, trust, policy support,
and inclusive planning mechanisms. The study also introduces the concept of resource equity
(ensuring fair access to and distribution of materials and benefits) as a foundational principle for
sustainable construction. This work aligns with Deliverable 6’s focus on financial studies by
illustrating how inclusive strategies can make CE more acceptable, affordable, and feasible across
stakeholder types.

By framing stakeholder relationships not only as barriers or facilitators but as co-creators of
circular innovation, this paper reinforces the conclusion that effective CE implementation must
be collaborative, participatory, and systemic in nature.

Further enriching this discussion, the paper "Challenges of Engineering Skillsets Essential
for Driving Circularity of Smart Cities" (https://www.mdpi.com/2076-3417/15/2/809)
examines the competencies required by engineering professionals to enable CE implementation in
urban environments. Drawing from a literature review and interviews with industry experts, the
study identifies key hard and soft skills such as systems thinking, sustainability literacy, cross-
disciplinary collaboration, and stakeholder communication - that are critical for smart city
transitions aligned with CE.

One of the paper’s main findings is that current engineering education and professional
development pathways often do not equip practitioners with the knowledge or tools necessary for
CE integration. As a result, skill gaps in areas like digital modeLling, material flow analysis, and
policy comprehension hinder effective participation in CE initiatives. The study calls for
restructured curricula and lifelong learning opportunities to build a future-ready workforce capable
of addressing circular construction challenges.

In the context of stakeholder roles, the study shows that engineers are not merely technical actors
but facilitators of inter-stakeholder coordination, problem solvers across the project lifecycle, and
enablers of sustainable innovation. By empowering engineers with the right skills, the paper argues,
they can play a transformative role in aligning project outcomes with circular economy goals,
particularly in smart cities, where system-wide coordination is essential.

The role of digital technology enablers as strategic instruments to support circular management
models and unlock synergic value across value chain stakeholders in the built environment is
highlighted in “Synergic Co-Benefits and Value of Digital Technology Enablers for Circular



Management Models Across Value Chain Stakeholders in the Built Environment”
(https://doi.org/10.3390/civileng6040062). In this context, tools such as Building Information
Modelling, digital twins, and extended reality emerge as key facilitators for stakeholder integration,
participative decision-making, and cross-functional collaboration throughout the building lifecycle.
Furthermore, the co-creation and coordinated implementation of these digital technologies enable
the development of viable circular business and management models by overcoming siloed
practices, enhancing transparency, and fostering collaborative governance structures essential for
implementing circular economy practices in the built environment.

Incorporating this research into Deliverable 6 further emphasizes that achieving a circular built
environment depends not only on strategic frameworks and policy instruments but also on
equipping professionals with competencies that bridge sectors, scales, and disciplines. Stakeholders
must understand and value their roles within the broader transition. Their contributions go beyond
diagnostic observations: they offer prescriptive guidance for improving coordination, restructuring
incentives, and redesigning governance models to support circular practices. This makes them
essential references within Deliverable 6, reinforcing the central thesis that stakeholder
engagement and relational dynamics are foundational to sustainable and financially viable business
models in the circular built environment.
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Abstract: This paper presents a circular business model (CBM) designed to promote the
valorization of agricultural biomass ash for producing an alternative binder in construction,
aiming to reduce OOy emissions and landfill waste. The circular economy framework
emphasizes regeneration and restoration to minimize resource and energy use, waste
generation, pollution, and other environmental impacts. Aligned with these principles of
sustainability, the construction industry, energy sector and food processing industry can
establish a shared interest through industrial symbiosis. In the proposed CBM, waste from
one industry becomes an input for another. The model leverages industrial symbiosis by
using sunflower husk ash (SHA) as an alternative hydroxide activator for alkali-activated
materials. A case study of companies in the Republic of Serbia that produce SHA as
waste forms the basis for this model, featuring promising results of experimental testing of
three alkali-activated mortars produced by activating ground-granulated blast furnace slag
(GGEFS) with different SHA contents (15, 25 and 35 with GGEFS), instead of commercially
available hydroxide activators. The potential of SHA as an alternative activator was
assessed by testing flow diameter and compressive strength at 7 and 28 days of curing. The
highest 28-day compressive strength was attained for the addition of 25% SHA (2544 MPa).
The promising results provided a valid basis for CBM development. The proposed CBM is
stream-based, resulting from merging and upgrading two existing industrial symbioses.
This study highlights the benefits of the CBM while addressing the challenges and barriers
to its implementation, offering insights into the possible integration of agricultural biomass
ash into sustainable construction practices.

Keywords: industrial symbiosis; circular business model; alkali-activated materials; agricultural
biomass ash; alternative activator; sunflower husk ash; valorization; sustainability

1. Introduction

The effort to address the issues of climate change and sustainable development marked
the decarbonization of the construction sector as a priority [1]. This resulted in the need for
changing the supply and demand paradigm, i.e., transferring from a linear to a circular
economy (CE). The CE is an economy model promoting regeneration and restoration
concepts to minimize the use of natural resources and energy, waste generation, pollution
and other negative impacts on the environment, i.e., to “decouple economic growth and
resource use” [2]. The European Commission sees circularity as an essential part of a wider
transformation of industry towards climate-neutrality and long-term competitiveness and
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Abstract: This study explores the application of wood ash (WA) as a partial replacement for
PC in mortar. Three pre-treatment methods were applied to WA to enhance its reactivity,
and it was then incorporated into mortar at two different substitution levels of 10 and
30%. Tests on compressive and flexural strength were conducted on the hardened mortar
samples. All hardened mortar samples containing WA showed a decrease in mechanical
properties compared to the reference sample without WA. The highest compressive and
flexural strength of the samples with WA were observed for those containing 10% of sieved
and slaked WA. The compressive and flexural strength of these samples after 28 days were
56 and 9 MPa, respectively, whereas those of the reference samples were 62 and 10 MPa,
respectively. Based on the results, the best-performing samples on the compressive test
underwent additional testing for freeze-thaw resistance to assess their durability. The mass
loss of the reference sample and that with 10% of sieved and slaked WA after 56 freeze-thaw
cycles was 11,800 and 13,800 g/m?, respectively. The findings revealed that increasing the
proportion of WA typically led to a decline in the mechanical properties of mortar compared
to conventional mixtures. However, with appropriate pre-treatment techniques, the quality
and performance of mortar containing WA were significantly improved, demonstrating its
potential as a sustainable alternative in reducing the carbon footprint of PC production.

Keywords: Portland cement; mortar; wood ash; cement replacement

1. Introduction

Portland cement (PC) is one of the most used materials in the concrete industry [1].
The production of PC is considered highly polluting and emits high amounts of greenhouse
gasses. The production of PC alone emits up to 9% of the total anthropogenic CO; amount
and depletes a huge amount of natural resources [2]. To reduce the global CO; emissions,
blended cements have been developed, where some clinker is replaced with other materi-
als [3]. Traditionally, coal fly ash, a by-product of coal combustion in thermal power plants,
has been widely used as a supplementary cementitious material due to its pozzolanic
properties and ability to enhance concrete durability, reduce permeability, and improve
workability. However, with the global shift away from coal-fired power generation driven
by decarbonization efforts and stricter environmental policies, the availability of coal fly
ash has become increasingly constrained. For example, many developed nations, including

Buikdings 2025, 15, 1507
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Abstract The utilizabion of waske generated from mdustnal production 1s a burden to overcoms:
for society to reach a circular economy. Uswally, production waske is associaled with low-quality
rnaterials compated to ibs natural counterparts. In some cases, hagh- puniby matenals are generabed,
whule different haz ardous substances such as heavy metals, radiactive elements, o organic chemacal
substances are pollutants that often lumat the matenials’ further appheation. One such material that has
aceumulated for decades s phosphopgy psum (PG). The extraction of fertilizers from metamerphous
rocks fesulls w large quanbites of PG, Unbl s, PG has been deposted m lange stockpales nwar
the production plant, cansng problems for the environment m the surfoundmg area. However, the
chenncal compesition of PG places it as a hagh-punty artiheial gy psum material, whach means that it
could be used as a substitubion or supple mentary material in gypsum-based materal production.
The concerns, wath fespect to both kegalation and peevaling prejudices i socsety, aboul il umpuaiibes
strongly ot s appheation. Thas manuscripl feviews current research practices for the effechve
use of PG and analyzes the importance of the arcular economy. A hfe ofcle assessment of curment
state-of-the-art kechneloges egarding PG apphecabion = proposed.

Keywords: crcular economy; byproducts; phosphogy psum; secychng; hfe cycle assessment

1. Practice of Circular Economy in the Gypsum Industry

According to the Waste and Resources Action Programme, the drcular economy is
a concept of transition from the linear “take—make—dispose” model to the optimization
of resource utilization by prolonging operational lite [1]. The objective is to extract the
maximum value from resources through extensive use, fostering a systematic approach that
mitigates the adverse environmental effects associated with resource depletion and waste
disposal. Circular economy principles are gaining momentum within the communities of
practitioners and scholars, exerting influence on extractive industries to transition from
a linear economic model to a more circular one. The inherent challenges in the mining
sector make this shift particularly demanding. Circular economy approaches in mining
primarily emphasize a reduction in natural resource extraction and residual waste, with
a notable emphasis on managing waste and byproducts, including mine tailings [2,3]. In
confemporary times, policies and business strategies place a strong emphasis on sustainable
development, with a particular focus on the prindples of the circular economy. This ap-
proach extends to addressing the challenges associated with waste and secondary materials,

Recycling 2024, 9, 63. https:/ / doforg 13390/ moyding 3040053
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Abstract: Construction and demolition waste (COW) is one of the largest contributors to global waste
streams, simultaneously posing significant environmental and e management challenges. The
management of COW, particularly its potential for energy recovery and industrial symbiosis, has
gamered increasing attention as part of a circular economy approach. This comprehensive review
explores global practices in COW management, analysing theoretical developments, technological
advancements, and emerging resource recovery and reuse trends. Background: CDW accounts for
more than a third of all waste generated in the EU. A wide variety of materials, such as concrete,
bricks, wood, glass, metals, and plastics, make it a very un-homogenous waste stream with high
potential for material recovery through different approaches. Methods: This review draws on an
extensive analysis of scientific literature, case studies, and industry reports to assess current practices
in the CDW stream and nent of the feasibility of energy recovery, industrial symbiosis, and
object reconstruction. Results: The origmality of the current research is based on a Latvian case study
on CDW management that provides valuable insights into household-level practices and progress
towards redevant UN SDGs. Conclusions: Various COW str deniable potential for
valorization through various approaches. Currently, the most common approach is recovery and
recycling, although COW has the potential to broaden its application within the circular economy
framework. For instance, industrial symbiosis is a solution that can not only boast the valorization of
CDW but also significantly increase material circularity.

have an v

Keywords: circular economy; construction and demolition waste (COW); energy recovery; industrial
symbiosis; sustainable development

1. Introduction

The proper management and utilization of CDW arising from the construction, de-
molition, and maintenance of buildings, infrastructure, and roads play a crucial role in
sustainable urban development. This process is essential for several reasons. It signifi-
cantly reduces the use of landfills and their associated environmental impacts, thereby
contributing to environmental protection. Conserving natural resources, such as concrete,
bricks, wood, glass, metals, and plastics, aids in conserving natural resources. From an

Energies 2024, 17, 5506 https:/ / dol.org /10.3390 /en1 7215506
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Abstract: In the era of increasing climatic requirements and changing approaches towards
drcular economy (CE), the demand for materials designed with care for the environment
is growing. This idea is especially important in the construction industry, where ordinary
Portland cement (OPC) preduction emits a large number of greenhouse gases. The main
aim of this article is to demonstrate the possibility of using industrial waste for geopolymer
production according to CE goals, including closing material loops. This work is based on
a critical analysis of the literature and selecied case studies. The most important findings
of this article allow us to confirm that the role of industrial waste in the construction
industry is growing and that industrial by-products are valuable sources for geopolymer
production. The development of sustainable materials allows the introduction of closed
loops into production processes by making it possible to reuse materials after the end of
use, which is an important issue in the context of intreducing CE into practice, especially in
existing systems.

Keywords: geopolymers; circular economy; sustainability; recycling: industrial by-products;
waske management

1. Introduction

Geopolymers are amorphous, inorganic, synthe tic aluminosilicate polymers created
from the synthesis of silicon (54) and aluminum (Al) and obtained geologically from
minerals. Their composition is similar to that of zeclite, however, revealing an amorphous
microstructure [1,2]. Geopolymers are most often hard, mechanically resistant, and durable
bodies resembling natural stone or concrete [3]. However, they are created by a different
mechanism than materials related to cement. The binding of Portland cement is simple: it
occurs through the hydration of calcium silicates and the formation of a hydrated C-5-H
phase with the released hydroxide levels, along with the bonding of geopolymers and the
geopolymer cement, leading them through polycondensation [1]. Geopolymers can be
preduced based on both natural raw materials and industrial by -products, or even some
washke materials [4].

These materials find a lot of application, including in medicine, water purification, and
the energy industry, but still, the main area of their use is the construction industry [5,6].

Sushmnaiilty 2025, 17, 4536
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Abstract Considering recent climate changes, special importance is given to any atbempt to depollute
and protect the enw ironment. A circular economy seems to be the ideal selubion for the valorz ation
of mineral waste, resulting from various industrial branches, by emtroducing them in the process
of obtaimng allernative building matenals, moe foendly to the environment. Geopalymers can be
considensd as a promising ophon compared to Portland cement. Information about the mfluence
of the composiion of the precursors, the influence of the activation system on the mechamcal
properties of the setting bime could lead to the anbiapation of new formulations of geepolymers o to
the improvement of some of their properties. Reinforeement components, different polymers and
expansion agents can positively or negatively miluence the properties of geopoly mers in the short or
long berm.

Keywords: fly ash; geopolymer composiles; cement; Abers; circular economy; SEM morphology

1. Introduction

The exhaustion of natural resoures, the degradation of the environment, the large
emissions of (O into the atmosphere, and the rising deterioration of the environment have
fueled the need for urgent solutions to reduce the negative effects of pollution in order
to slow global warming [1]. In this view, the concept of circular economy appeared [2,3],
which can provide an option for reusing large amounts of waste, encouraging their reuse in
the manufacturing circuit, through innovative methods, to obtain new building materials.
Coal represents an important resource for obtaining electricity. However, the coal- burning
process produces significant amounts of waste, such as slag and fly ash [2,3]. Improper
storage of these wastes can lead to air, soil, or water contamination, leading to a negative
impact on the environment. In addition to this waste, there are other examples like glass [4]
and bauxite waste [5]. Figure 1 shows the main stages of the circular economy.

The geopolymers introduced by Davidowvits [6] are materials based on aluminosilicate
precursors with low calcium content and alkaline activation. Davidovits [6] relies on the
fact that after the geopolymerization process, a zeolitic material will be obtained, with
properties such as hardness, longevity, and thermal stability similar to those of natural
rocks. These materials showed good resistance to chemical corrosion, superior mechanical
properties, and good durability [7]. On the other hand, the above-described materials are
more correctly called alkali-activated materials because they ame a combination of cement
hydrates and geopolymeric components. The conversion of aluminosilicate precursors can
be improved by increasing their reactivity to geopolymerization depending on the type
and ratio of the alkaline activators used [8,9].

Muaterials 2024, 17, 16596 hitps:/ [ doiorg, 103350, mal7 071636
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Abstract: Wood construction waste circularity presents enormous potential to significantly de-
crease total greenhouse gas (GHG) in the European Union (EU). Latvia could become a
frontrunner due to its historic relationship with forestry, wood construction practises and unused
potential of the innovative application of wood. This research examines what the potential of
“drcular wood” in Latvia is, how ready the Latvian wood house construction sector & to engage ina
circular economy and wood waste circulanty and whether the legal framework is ready to support
wood waste management in the country. This study presents a combined approach for systematic
wood construction product circularity assessment that includes a review of existing EU and Latvian
frameworks for construction and demolition waste (CDW) management and wood construction, a
general analysis of wood waste recycling systems and technologies, a quantitative data analysis of
construction waste management in Latvia and qualitative data analysis of the Latvian wood house
construction sector, and interviews with a focus group of Latvian wood industry rep tatives.
The Latvian scope has allowed us to clarify the pattern methodology and impact points to be
replicated, tested and measured further on a broader scale, in other countries, or throughout the
whole EU. The main findings reveal a potential life cycle assessment (LCA) verifying the circularity
of wood and limitations of wood construction waste circularity in Latvia in terms of wood house
construction industry readiness and a legal framework as well as overall sodal prejudices for circular
construction. Findings indicate an overall awareness and level of willingness to participate and
engage in the dreular construction modeds among Latvians; however, proactiveness and support
(legal and financial) is expected from the government and municipalities. The recommendations
point towards improvements in wood waste data management, the wood construction sector and the
overall impact on ble devel t goals.

v

Key ds: circular ecc v; waste circularity; construction wood; construction waste; wood
construction waste; sustainable development

1. Introduction

The traditional, linear economic development model is based on a take-make—consume—
throw away society pattern. This model relies on large quantities of low-cost, accessible
materials and energy. Meanwhile, the circular economy is a model of production and
consumption which involves sharing, leasing, reusing, repairing, refurbishing and recycling
existing materials and products, keeping materials in the economic cycle for as long as
possible. Thus, the life cycle of products is extended. In practise, it means reducing
waste to a possible minimum. When a product reaches the end of its life, its materials are
kept within the economy wherever possible thanks to reuse, refurbishment or recycling.
Therefore, there are multiple benefits of the circular economy that can be pointed out when
it comes to the environment as well as to reducing raw material dependence. Sustainability,
circularity and the life cycle of products have become increasingly important to the more
sustainable future. The sustainable development and the benefits of circularity can be
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Abstract: The dimate change adaptation strategies for the railway tunnels progect are managed by
digital multidisciplinary coordination, or Building Information Modelling (BIM), and the case study is
focused on the Taipei Metro (MT) Tamsui-Xinyi Line in Taiwan for the railway tunnel analysis. With
increasing climate change impacts (such as flooding, earthquakes, extreme temperature, sea level
rise, etc.) on railway infrastructure, BIM offers a transformative approach to enhance resilience. This
research integrated six BIM dimensions (2D & 3D models, visualisation, scheduling, cost estimation,
and sustainability), involved additional material information with Ansys Granta EduPack v.2021
to measure the expenditure of materials and the carbon footprint, and further applied them to
propose adaptation measures for the chosen railway tunnel. This study aims to enhance actions to
adapt and mitigate climate change effects on railway tunnels, thereby analysing the negative impact
of weather hazards. The climate change adaptation strategies are determined based on the case
study, and the integration of expenditure, planning, and greenhouse gas emissions is assessed by
implementing BIM. AutoCAD Revit v.2021 and Navisworks 194 are the virtual simulation tools
for design coordination and scheduling for climate risk its. The results demonstrate the
feasibility of BIM in managing adaptation projects and enhancing asset circularity at the end of life,
showcasing its potential for improving efficiency. This study is the world’s first to contribute to
enhancing infrastructure management by implementing the advanced capabilities of BIM to develop
detailed resilience strategies for rilway tunnels.

Keywords: adaptation; BIM; climate change; railway; railway tunnel; resilience; circularity

1. Introduction

The implementation of Building Information Modelling (BIM) stands as the vital
digital representation for overcoming the myriad challenges in infrastructure management
within the Architecture, Engineering, and Construction (AEC) industry worldwide [1]. BIM
adaptions enhance the comprehensiveness of operation and business aspects due to its high
performance in the capability of integrated related information, stakeholder collaboration,
and communication, which are inherent difficulties in traditional project management
methods. Following BIM's recent extensive growth, it presents benefits for infrastructure in
leading sectors like transportation, especially railway projects [2,3]. However, persistent
external factors like climate change remain a severe issue that significantly impact the
resilience of these railway assets in the future. Garmabaki et al. [1] indicate that the hazards
associated with unpredicted climate change result in specific difficulties (train delays,
failures, incidents, etc.) for railway infrastructure, operation, and maintenance. Hence, it
is imperative to develop sustainable considerations to mitigate the impacts of potential
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Eight recommendations to adopt
materials passports and accelerate
material reuse in construction: insights
from academia and practice

[®] chek for updates

Ana Rute Costa’ [, Rachel Heolahan® & Rabia Charef®

The construction industry is not only one of the most resource- intensive industries, but is also
responsible for neardy 40% of global enengy-related GOy emissions. In this parspective paper we
present eight recommendations to adopt materials passports and accelerate material reuse in
construction. This approach will enable us to reduce embodied carbon expenditune and address MNet
Zarp Targets. We should: 1) Prioritise the reuse of the whole building; 2) Complete a pre-
redevelopment and pre-demolition audit; 3) Prioritise deconstruction over demolition; 4) Prepare a
deconstruction plan; 5) Adopt a clear materials passports framework that allows interoperability
betwean platforms and databases; &) Produce a materials passports database according to the life
stage of the building: existing, proposed and completed; 7} Incomporate reused materials in new
buildings; B) Promote regulation that supports a cultural shift to address the economic, social and
environmental value of materials. Inall of these cases, the involvement of all stakeholders across the
industry is crucial to enable material reuse and extend the lifecycle of materals.

Thee construe ton industry is one of e mos pesunce- intensive industres,
therefore, the comnstrection industry needs to stop compromising the
envimmumental sustainabiity by optimisng resource wtlisation, improving
construction eficiency, and minimising waste'. The constroctionindustry is
alins responsible for neady 40% of global energy-related 00 emisions”. As
the energy grid i decarbonis iuﬁ.' and new buildings have a betier energy
pefformance, aperational cadson andsons are likely to be Jower in the
fumere, in particular for new builds With a demease of operational cafbon
emissions, the embodied carbon in new buldings can represent more than
506 of the total life opcle emissions for new energy-aficient bul dngs”. This
is the carbon that is being released into the stmosphere now, by the man-
ufscturers and we can reduce it significantly by reusing existing materials If
gobal economic development and the constrection industry continse
foasing on an ever-growing modd, bulding new constructions and
demalishing the existing ones, the N Zem Targets defined by the Paris
Agreement” will not be fulfillal. The Wordd Grean Building Councll nepont
defined that by 2080, all new buldings, infrastrecture, and renovations
ahvould heave (a1 Jeast) 409 less embaodied carbsom and by 2050 the ¢ mbodied

carbon dwld be zera’.

Reducing embodied carbon isa fundamental step towands meeting the
et Zer targets defined woddwide and the construction industry needs to
develop a sector specific cartbon budget’. Embodied carbon emissions in
buildings encompass the total carbon otprint sssocited with Ge pro-
disction, transportation, and asse mbly of buiding materals’. Promoting
muterial rewse & crucial, a5 it can mitigale these emisions by utilising
muterials that generally have a lower envimnmental impact compared to
newly mumubcturad ones. This approach nol only sddresses the astain-
ability challenges in the construction industry but alo aligns with brosder
anvironmental goals’.

According to Blanco a 2. " 80% of buiddings tat will exdst in 2050
Tave been al ready budt, this it & imperative to retroft e existing buldings
and muke e most of the materals alresdy in we. To promote a circular
aonomy, the concept of 3Rs (Reduce, Revseand Becycle) supgested by the
Eurspean Union (EU) and United Nations { UN) has been widely adopted
in many waste regulations scross the wirld', Afer reducing the need fixr
new buildngs and materals, de rewse of existing (buldings and materials)
appears to be the most energy -efficient solution for a circular econonmy by
enalling the preservation of material value for 2 longer period'. By accel-

'Lancaster School of Archilectura, Lancaster Urivarsity, Lancaster, L s Dessigners and Archilects Lid, London EC1V 98W, UK.
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Highlights

What are the main findings?

&  Biochar waste (BW) was made from waste wood.
+ A small amount of BW (>0.5%) was used as an additive, while a larger amount (1-25%)

was used as a filler.
*  Samples with 0.25% of BW exhibited the highest compressive strength (444 MPa).

What are the implications of the main finding?

+  Hased on SEM findings, BW had good adhesion with the alkali-activated slag matrix
The thermal and acoustic insulation effect of the samples increased with the addition
of BW.

A bstract

An alkali-activated slag binder based on biochar was developed in this research. The biochar
was produced from waste wood and is referred to as biochar waste (BW). In the alkali-
activated slag system, a small amount of binchar (up to (.5%) was used as an additive, and
a larger amount {from 1% to 25%) was used as a filler. The influence of the biochar powder
on compressive strength was determined. The hydrated samples were investigated using
X-ray diffraction (XED) analysis and scanning electron microscopy (SEM), and the thermal,
acoustical properties, and hy dration temperature were also determined. The compressive
strength of the alkali-activated slag composite, especially after 7 days, was found to increase
slightly due to the introduction of a small amount ((L.05-40.5%) of BW powder. The powder
in the alkali-activated slag matrix was distributed homogenously, resulting in a reduction
in the crack propagation. A larger amount of BW led to a non-homogeneous distribution,
and this resulted in a gradual reduction in compressive strength with increasing BW. The
highest values of compressive strength at 28 days of hydration (44.4 MPa) were recorded for
samples with (.25% of BW. According to mathematical analysis methods, the compressive
strength is mainly influenced by the specific surface area of the initial mix ingredients and
the amount of BW additive. In the alkali-activated slag matrix, BW acted as an inert micro-
filler, with the dilution effect possibly being the reason for the decrease in the hydration
temperature. SEM analysis demonstrated that the BW had a good adhesion with the
alkali-activated slag matrix. The thermal and acoustic insulation performance of samples
with BW improved. These imvestigations suggest that BW can be successfully incorporated

Materials 2026, 19, 277
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Abstract: Fly ash-based geopolymers fepresent a new material, whach can be considered an al-
ternative to ordinary Portland cement. MinaBars™ are basalt Bber composates, and they were
used to remndone the geopolymer matri for the creation of wnditechonal MiniBare™ reinforced
geopolymer composites (MimBars™ FRBCs). New materials wene obtamed by incorporating vanable
amount of MiniBars™ {0, 12.5, 25, 50, 75 vol.% MiniBars™]) in the geopolymer matrix. Geopoly-
mers were prepared by mocng fly ash powder with Naz50; and Na(OH as alkaline activators
MrmBars™ FEBCs were cured at 70 "C for 48 h and tested for different mechamcal properbes
Optical macroscopy and SEM were employed to mvestigate the Allers and MimBars™ FRBC. M-
Bars™ FRBC showed increasing mechanacal properties by an mnereased addition of MimBars™.
The mechamecal properbes of MimBare™ FEBC inereased maore than the geopoly mned wiihout Mam-
Bars™: the flexural steength = 11.59-25.97 times, the flexural modulus > 333-5.92 times, the tensile
strength > 3.50-6.03 tmes, the tensle modulus > 1.12-1.30 times, and the force load at wpper yield
tensile strength = 418727 tmes. SEM and optical microscopy analyses were performed on the
fractured surface and section of MiuBars™ FRBC and confirmed a good geopolymer network
around MinuBara™. Based on cur results, MiruBars™ FRBC could be a very promising green materzal
for buildmgs.

Keywords: MimaBars; basalt fber; fly ash; geopaly mer composites; mecharmcal properties

1L Introduction

Portland cement is one of the basic components for obtaining concrefe, but the main
problem is the OOy emissions. Despite its high compressive strength and durability,
concrete’s use is limited by its low tensile strength, crack propagation, and the disadvantage
that it has a major role in global warming [1]. The cement industry, as a whole, had a
contribution of around 7-8% to U0y emissions worldwide [2] Due to these reasons,
alternative methods ame constantly being searched for, in order to obtain more ecological
materials, able to replace Portland cement totally or partially.

Fly ash, as waste resulting from the burning of coal, also represents a serious problem
for the environment. Fly ash could be used in the development of geopolymer concrete
as a green building material, a very cheap alternative to Portland cement, that contributes
to the circular economy [3-6]. Geopolymer concretes are prepared using the precursors
of slag, fly ash, and the activators of NalOH, KOH, etc., and water glass (Mas5i05). At
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Abstract: Geopolymer concrete reinforced with MiniBars™ could be an eco-friendly, inno-
vative, durable, high-strength material substitute for common Portland cement in buildings.
AR glass fiber MiniBars™ composites (4R MiniBars™) (ReforceTech AS, Royken, Morway)
60 mm in length were utilired to strengthen the geopolymer matrix for the fabrication
of unidirectional geopolymer composites reinforced by AR MiniBars™ (AR MiniBars™
FRBCs). New AR MiniBars™ FRBCs were fabricated by adding different amounts of AR
MiniBars™ (01, 12.5, 25, 50, 75 vol. %) into the fly ash geopolymer paste. Geopolymers wene
obtained by combining fly ash powder with MNax5i0s /NaOH in a ratio of 251, which
served as an alkaline activator. AR MiniBars™ FRBCs were cured for 48 h at 70 *C and
tested for different mechanical properties. Fly ash, AR MiniBars™, and AR MiniBars™
FRBC were evaluated by optical microscopy and SEM. The addition of AR MiniBars™
increased the mechanical properties of AR MiniBars™ FRBCs. The mechanical prop-
erties of AR MiniBars™ FRBCs were heightened compared to the geopolymer without
AR MiniBars™; the flexural strength was 18.80-30.71 times greater, the flexural modulus
4.07-5.25 times greater, the tensile strength 3.49-8.27 times greater, the force load at upper
yield tensile strength 3.6-7.72 times greater, and the compressive strength for cubic samples
2.75-3.61 times greater. The fractured surfaces and sections of AR MiniBars™ FRBCs
were inspected by SEM and optical microscopy analyses, and even though there was no
chemical adhesion, we achieved a good micromechanical adhesion of the geopolymer to
AR MiniBars™, These results obtained encouraged us to propose AR MiniBars™ FEBCs

for application in construction.

Keywords: AR MiniBars; AR glass fiber; fly ash; geopolymer composites; mechanical properties

1. Introduction

Portland cement is one of the most utilized building materials, but its main problem
is global CO% emissions [1]. It contributes about 5% to global anthropogenic C0h emis-
sions [2]. Portland cement has certain disadvantages, like cracks, shrinkage, a slow setting
time, limited resistance to chemical attacks, high energy use, and significant emission of
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Abstrack The demand for geopolymer materials is constantly growing This, in turn, translakes
afikes A wereasang fumber of studes amed at developmig few approaches to the methodology
of gropoly mer synthesis. The range of potential apphcabions of geopolymers can be mcreased by
amprrovakg the propertes of the components. Future ditedions of studies on geopolymer matenals
aim at developing geopolymers show ing excellent mechanical properties but also demonstrating
sigmficant mprovement m thermal magnetic, of serption characteristics. Additionally, the ewr-
rent efforts focws not only on the matenals’ properties but also on obtaining them as a result of
environment-frendly approaches performed in hine with arcular economy assumplions. Scientists
look for smart and e cononical solubons such that a small ameunt of the mediber wall translate mbo
a sigrificant improvement m funchional propertes Thus, special attention s paid to the applica-
tion of nanomaterials. Thas article presents selected nancparticles meorporated mto geopolymer
matries, mcludmg carbon nanotubes, graphens, nanosalca, and ttanum diceade. The fevew was
prepared employing scentific databases, with particular attention given to studies on geopolymer
nanccompoasites. The purpose of this review article 12 to discuse geopalymer nanocomposibes 1n
the context of a sustamable development approach. Importantly, the mamn focus 13 on the mfluence
of these nanomaterials on the physicochemical properties of geopolymer nanocompesites. Such
a combuabon of geopolymer technolegy and nanotechnology seems bo be profasang o befms of
preparation of nanocompostes with a varety of polenbal uses.

Keywords: propolymer nanccomposites; sustainable development; inorganic nanoparticles; carbon
narotubes; graphene; nanoclay

1. Introduction

Geopolymers belong to the group of the fastest-growing polymeric materials. The
interest in these inorganic ceramic materials is constantly growing. This is a result of
their properties, including acid resistance, porosity, low drying shrinkage, as well as high
strength, due to which geopolymers are widely imvestigated for potential application in
the construction industry (e.g., repairing roads, bridges, or other infrastructune) [1-3].
Importantly, geopolymers are also used as a substitufe for Portland cement. Compared
to Portland cement, geopolymers are cheaper, and their fabrication releases less carbon
dioxide [4,5].

The use of geopolymers in wastewater treatment (for removing heavy metals) [6-49],
s0il stabilization [10], carbon capture and storage [11], or as profective coatings [12,13] is
also being investigated. Furthermore, studies on the application potential of these materials
for biomedical purposes including tissue engineering [14] or drug delivery systems [15]
have also been performed.
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Abstract: This study aims to define specific transferable engineering capabilities needed
for the implementation (design and practices) of circular economy (CE) within a smart city
setting. We conducted a critical literature review of over 100 studies on the core values of
CE and smart cities to investigate the knowledge gap in this topic and understand what
specific skillset is employed by industry experts that can be haressed on a wider scale, which
can allow for the optimization of CE. There is a lack of research on the skillsets needed to
implement a circular economy in any setting, and there are very few studies on circularity
practices in a smart city setting. Primary data collection allows us to bridge this knowledge
gap, yielding new findings that do not already exist conceming the skillset employed by
experts in the field, which can positively impact the smart city settings in which a circular
economy is implemented. We conducted a qualitative analysis based on expert interviews of
21 participants who have experience in the circular economy. This information will benefit
the industry by informing businesses and councils about the key skillsets and capabilities
to look out for when employing people to implement any aspect of circular praclices in a
smart city setting, with an emphasis on enhancing efficiency, achieving deliverables, and
thinking systemically to address complex challenges they may face during the implementation.
We also investigated the implementation of CE in smart cities to provide a well-rounded
view of the different achievements and challenges faced during the process. This mainly
focuses on the work of governance in smart circular cities, a factor that has many important
implications and externalities in different sectors. This study describes the methodology
adopted to formulate a detailed questionnaire for expert interviews with respect to the skill
gap and capabilities necessary for working in the industry, the results of which aid discussions
regarding the different challenges faced in CE implementation. Our findings reveal that
background knowledge in engineering and sustainability is the most “highly critical” hard skill
according to the experts, while communication and stakeholder engagement are the essential
soft skills required to ensure the success of a circular economy within smart city settings.

Keywords: engineering education; technical competency; skillset; transferable capability;
circular economy; smart city; built environment; expert interviews; grounded theory
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The construction industry significantly impacts the environment through natural resource depletion
and energy consumption, leading to environmental degradation. Circular Economy (CE) material
efficiency strategies—such as material reuse, design for disassembly, prefabrication, and recyding—
offer promising solutions for reducing resource consumption and waste. This paper explores
stakeholders’ perspectives on the costs and benefits of implementing CE material efficiency strategies
in the construction industry, using the 3-R (Reduce, Reuse, Recycle) framework. By analyzing data
from 382 participants, it assesses perceptions of costs and benefits, uncovering regional differences.
The findings highlight that studied European stakeholders prioritize reuse and design for disassembly,
while studied non-European countries focus on offsite production and material reuse optimization.
Despite these differences, both groups view waste reduction as a key benefit, due to the cost savings
it provides. By highlighting regional drivers and barriers to CE adoption, this research establishes a
foundation for developing targeted policies and collaborative strategies to advance CE implementation
in construction worldwide.

Keywords Construction industry, Circular economy, Recycling, Waste management, Reuse, Machine

learning

The construction industry, heavily reliant on | es and characterized by high energy consumption,
contributes significantly to environmental issues such as elevated greenhouse gas (GHG) emissions, air pollution,
environmental degradation, and global warming. Specifically, building construction alone accounts for 10% of
global GHG emissions and 6% of global energy consumption’. Reducing emissions within the construction
sector is crucial to meet global net-zero emissson targets. Recognizing this, adopting CE principles—aligned
with Industry 4.0 objectives—halds significant promise for reducing GHG emisssons across the construction
supply chain.

Circular Ec v (CE) 15 a 5y ic approach aimed at decoupling economic development and activity
from the consumption of finite resources”. In response to the inefficiencies of the current linear economic
model, CE strives to establish a closed-loop system within the value chain, maximizing resource use and
minimizing waste generation”, Notably, approximately $0% of construction materials end up as waste at the
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Abstract: This study aims to investigate to what extent the construction and demolition waste gener-
ated by households is managed by the principles of circularity and to identify the main influencing
factors in the behavior of households regarding the circularity-based management of construction
waste in Latvia. The current research presents principles of circularity of household-generated waste
bazed on a systematic literature review, and the data obtained from a survey were analyred using
both descriptive and inferential statistics. This study clarifies the circular economy rationale for
construction and demolition waste (CDW) management in Latvia and proposes further development
to promote the achievement of sustainable development goals and increased energy efficiency. The
results reveal that the observance of circular economy principles in construction and demedition waste
management among Latvian households does not correspond o good circular economy practices
due to attitudes toward environmental issues, expenses, and logistics; thus, compliance with these
principles and legislation as well as closer cooperation between municipalities and households can
promote significant economic benefits.

Keywords: construction and demoliion waste; waste management; households; ciroularity; enengy;
awaTEnESs; expens

1. Introduction

Eecent studies emphasize the development of circularity and its importance in sus-
taimability, which has a positive effect on increasing the efficiency of building materials
and energy use and reducing the impact of emissions [1,2]. Reasonable construction and
demolition waste management and the use of environmentally friendly materials as well as
the introduction of circularity principles, with special emphasis on digital solutions, have a
clear positive effect on the reduction in primary resource consumptlion [3-6].

Construction and demolition waste constitutes a large part of the total mass of waste,
has a relatively low environmental impact, and is imert but characterized by a high volume
and weight. The construction sector is responsible for over 35% of the ELVs total waste
generation; consequently, the large environmental impact of CDW is an important logistical
and land-use issue [7]. Thus, CDW management is a priority for most environmental
programs worldwide, especially in Europe [B].

In recent years, the ELJ has activated certain measurements, guidelines, and directives
o move toward greater support for a sustainable and cdrcular economy; in 2020, the ELT
Commission developed a circular economy action plan aimed to promote more sustainable
product design, reduce the amount of waste, and support opportunities for consumers to
use repaired goods, including in the construction sector [9]. In 2021, the EU Parliament
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Buildings are energy- and resource-hungry: their construction and use account for around 39%

of global carbon disxide emissions; they consurne araund 40% of all the energy produced; they

are responsible for over 35% of the EU's total waste generation; and account for about 50% of all
extracted (fossil) materials. Therefore, they present a significant challenge to meeting national and
international Met Zero targets of reducing greenhouse emissions and fossil resource use. The CircularB
Project, s at the heart of this ssue, which will underpin synergies of multi-scale cireular perspectives
(from materials, to companents, to assets and built emdronments), digital transformation solutions,
data-driven and complexity sclence, stakeholder behavioral science, and interdisciplinary capabilities
towards achievable, afferdable and marketable circular solutions for both new and existing bulldings,
for sustainable urban design, and for circular bullt environments across Europe. This paper contributes
to the project by deriving new insights into the stakeholders” influences, inter-relationships, and
obstacles in the implementation of drcular economy concepts on existing building stocks in Europe,
which represent over 90% of whole building assets. In order to Identify and derive the insights,

our study is rigorously based on ([} a robust critical literature review of key decumentations such

as articles, standards, policy reports, strategic roadmaps and white papers; and (i) interviews

with relevant stakeholders and decision makers. Uniquely, our work spans across all scales of CE
implementation fram materials, to products and components, to existing building stocks, and to
living built emdronments. The findings point out the current challenges and obstacles required to be
tackled. Inadequacies of financial incentives and governmental enforcernent (via policy, legislation,
or directive) are commeonly found to be the most critical ebstacles found throughout Eurepe. Circular
economy ks the glebal challenge and not just a single country can resolve the climate issue without the
cooperation of other countries. The insights thus highlight the essential need for harmonized actions
and tactical/pragmatic policies prometed and regulated by the Evropean Commission, national and
lecal governments who can deminate the influence, promote inter-relationship, and overcome the
barriers towards circular economy much more effectively.

Keywords Circular econommy, Stakeholder engagement, Stakeholder influence, Interrelationship, Obstacles,
Barriers, Circular buildings, Circular materials, Sustainable assescment, Business masdels, Life cyele pergpective

The European Commission has recently reported that, by 2050, the world will exploit tripple of wday’s resource
dermand. In the next 40 years, the workd consumption of key materials such as biomass, foasil fuels, metals and
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Abstract: Due to its intricate production processes, complex supply chains, and industry-specific
characteristics, the construction industry faces unigue challenges in adopting dreular economy (CE)
principles that promote resource equity. To addres: thas issue, this study amms to delve into identifying
stakeholders” opinions and perceptions regarding key CE strategies across different stages of the
|:||.|.'i||:|:ing Ji&:c}ll:l-r (BLC). Basth European and non-Eunopean stakehalders within the “CircularB”
COST Action network and beyond participated in this research. Three methods were emploved to
asses stakeholders” opinions: an online survey, a structured survey with a sem.i-gu:in:led wru'lu'.hup-..
and creative 'H1i.11k.i.115 round table discussions. Matural la.nguag;e processing (NLP), _-.]:ler.iﬁcall}r
topic modelling and sentiment analysis, was used o analyse the data collected from the online
survey, which gathered text-based opinions from 209 participants on the cost-benefit aspects of
circularity strategies. The structured survey, which collected data from 43 workshop participants,
evaluated the perceived importance of CE strategies across various BLC phases and assessed the
adoption of selected CE strategies in current or past projects. Finally, the Six Thinking Hats™ activity,
empl-l.'ly\cd in thie round table discussions, g:ru:raln:d:id.ﬂax from 25 PmE-HxinnaJs n.-s,arding the broader
implementation challenges and opportunities of CE in construction. The research findings highlight
the need to bridge the gap betwesn theory and practice by fostering active induwstry stakeholder
imvodvement in the frarsition to a CE model. The analyses of the collected stakeholder opinions
through the three activities contribute o proactive and collaborative efforts aimed at advancing
resource ecpuity in the construction sector and promioting just and inchasive resource use. In summary,
this research offers a comprehensive understanding of stakeholders” opinions on CE strategies and
provides guidance for the develepment of targeted policies and strabegies to accelesate the integration
of CE principles in the construction industry.

Keywords: stakeholder perception; sustainability; industry analysis; NLF; cost-benefit analysis;
circular economy

1. Introduction

The construction industry is known to be conservative. Therefore, il is essential
to acknowledge and consider the opinions and perspectives of stakeholders, especially
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Abstract: This study aims to define specific transferable engineering capabilities needed
for the implementation (design and practices) of circular economy (CE) within a smart city
setting. We conducted a critical literature review of over 100 studies on the core values of
CE and smart cities to investigate the knowledge gap in this topic and understand what
specific skillset is employed by industry experts that can be hamessed on a wider scale, which
can allow for the optimization of CE. There is a lack of research on the skillsets needed to
implement a circular economy in any setting, and there are very few studies on circularity
practices in a smart city setting. Primary data collection allows us to bridge this knowledge
gap, vielding new findings that do not already exist concemning the skillset employed by
experts in the field, which can positively impact the smart city settings in which a circular
economy is implemented. We conducted a qualitative analysis based on expert interviews of
21 participants who have experience in the circular economy. This information will benefit
the industry by informing businesses and councils about the key skillsets and capabilities
to look out for when employing people to implement any aspect of circular practices in a
smart city setting, with an emphasis on enhancing efficiency, achieving deliverables, and
thinking systemically to address complex challenges they may face during the implementation.
We also investigated the implementation of CE in smart cilies to provide a well-rounded
view of the different achievements and challenges faced during the process. This mainly
focuses on the work of governance in smart circular cities, a factor that has many important
implications and externalities in different sectors. This study describes the methodology
adopted to formulate a detailed questionnaire for expert interviews with respect to the skill
gap and capabilities necessary for working in the industry, the results of which aid discussions
regarding the different challenges faced in CE implementation. Our findings reveal that
background knowledge in engineering and sustainability is the most ‘highly critical” hard skill
according to the experts, while communication and stakeholder engagement are the essential
soft skills required to ensure the success of a circular economy within smart city settings.

Keywords: engineering education; technical competency; skillset; transferable capability;
circular economy; smart city; built environment; expert interviews; grounded theory
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Abstract

It is undeniable that digital technology enables, e.g., building information modelling, digital
twins, extended reality (ie., virtual reality augmented reality, mixed reality), and automa-
tion, have recently played a significant role in the construction and engineering industry
The traditional applications of digital technologies include design and construction man-
agement, waste management, and, to a limited ex®ent, asset management. Despite some
applications of digital technologies, the technology users are often isolated and siloed. In
reality, the cross-functional applications, roles, and co-benefits have not been thoroughly
understood or well demonstrated. This is evident by a very limited usage of such tech-
nology across either the whole lifecycle or the value chain of built emvironment sectors.
O this ground, this study is the first to tackle the challenges by conducting expert and
stakeholder interviews using open-ended gquestionnaires both online and offline (1 = 42) to
identify synergic roles and influences, as well as co-bene fits of digital technology enablers
Industry participants are dominant in our study and, unsurprisingly, siloed practice can
undermine cross-collaboration among value chain stakeholders. Clearly, co-benefits may
hypothetically occur, but they can be only unlocked by genuine, participative staleholder
engagement. This study is unprecedented, and our new findings also reveal technical
and societal capabilities of digital technologies, which can inclusively enable participative
decision-making, engagement, and integration of stakeholders for implementing build-
ings’ circularity through viable business and management models. Mew insights clearly
exhibit that digital technology enablers must be co-created by main stake holders in order
to yield co-benefits and harvest synergic value for circular management models in the
built environment.
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