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Received: 14 December 2023

Revised: 13 January 2024

Accepted: 17 January 2024

Published: 19 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Review

Circular Material Usage Strategies and Principles in Buildings:
A Review
Paulo Santos 1,* , Génesis Camila Cervantes 2 , Alicia Zaragoza-Benzal 3 , Aimee Byrne 4, Ferhat Karaca 5 ,
Daniel Ferrández 3 , Adriana Salles 2 and Luís Bragança 2

1 ISISE, ARISE, Department of Civil Engineering, University of Coimbra, 3030-788 Coimbra, Portugal
2 ISISE, ARISE, Department of Civil Engineering, University of Minho, 4800-058 Guimarães, Portugal;

cami_cervantes@hotmail.com (G.C.C.); adfsalles@gmail.com (A.S.); braganca@civil.uminho.pt (L.B.)
3 Escuela Técnica Superior de Edificación, Universidad Politécnica de Madrid, 28040 Madrid, Spain;

alicia.zaragoza@upm.es (A.Z.-B.); daniel.fvega@upm.es (D.F.)
4 Office of the Vice President for Sustainability, Technological University Dublin, D07 H6K8 Grangegorman, Ireland;

aimee.byrne@tudublin.ie
5 Department of Civil and Environmental Engineering, School of Engineering and Digital Sciences,

Nazarbayev University, Astana 010000, Kazakhstan; ferhat.karaca@nu.edu.kz
* Correspondence: pfsantos@dec.uc.pt; Tel.: +351-239-797-199

Abstract: Building construction accounts for a significant proportion of global greenhouse gas
emissions, raw material extraction, and waste production. Applying circular economy (CE) principles
in the building construction industry would considerably reduce these values. However, uptake by
the industry is relatively slow, which is largely attributed to sectoral barriers, including limitations in
knowledge and experience. This review paper aims to assess and contribute to diminishing these
obstacles by offering a comprehensive review of circular material usage principles and strategies
within the construction sector. Opportunities and facilitators of change are also presented, including
innovations and emerging technologies in recycling, digitization, robotic systems, novel materials,
and processing. Finally, four case studies demonstrate the application of circular theory via a
novel block system, recycled aggregate, modular kitchen reuse, and an energy efficiency retrofit.
The conclusions show that future efforts should prioritize the development of strong regulatory
frameworks, awareness initiatives, and international cooperation. In this regard, the integration of
technological advancements, such as AI, robotics, and blockchain, is essential for optimizing waste
management efficiency. Furthermore, education on circular practices plays a critical role. Through
global collaboration, standardizing circular construction approaches can promote a more sustainable
and resilient building construction industry.

Keywords: circular economy; buildings; circular materials; strategies; principles; review

1. Introduction

The EU has agreed to reduce greenhouse gas emissions by 55% (of 1990 levels) by
2030 and to become carbon neutral by 2050 [1]. The construction industry is a critical sector
because it accounts for 5–12% of total greenhouse gas emissions through material extraction,
construction product manufacture, and building work. This includes the production of
cement, aluminum, steel, brick, and glass, which contributes approximately 9% of global
energy related CO2 emissions [2].

Furthermore, the sector is a lead consumer of raw materials, accounting for approx-
imately 50% of global extracted material [3], including finite resources such as cement
and metals. Mineral aggregates, such as sand and gravel, which are extensively used in
buildings and construction as concrete, asphalt, and glass, are the largest extracted material
group in the world [4]. Scarcity of supply, high demand, and resulting increasing prices
have led to illegal extraction activities, including that of river sand [5]. Natural alluvial
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sand is essentially a nonrenewable resource consumed in the making of materials such as
concrete and plaster, leading to a global sand crisis and research into alternative substi-
tutes [6,7]. In addition to this, the European Commission (EC) has defined a list of “Critical
Raw Materials”. These materials and minerals are crucial to Europe’s economy and need to
be maintained to meet growing demands in expanding sectors such as renewable energy
and digital technologies [8]. Examples include coking coal, which is used in steelmaking [9],
and bauxite used in aluminum production [10]. The European Commission (EC) proposed
the Critical Raw Materials Act [11] in 2023, intending to make the European Union (EU)
more competitive and sovereign by boosting the research and development of alternative
materials and more sustainable mining and production. This is a consideration in building
design and also for demolition and waste management because many of these materials
are already locked inside existing buildings.

Not only does the construction sector contribute significantly to emissions and material
extraction but it also represents a major source of waste in the European Union. This is
commonly called construction and demolition waste (CDW), which accounts for 36% of
total waste generated, according to 2018 figures [12]. A total of 10–15% of building material
is wasted during the construction phase [13]. Recycling rates for CDW vary greatly across
Europe, from 10% to 90% [14]. Although soil represents the largest portion of CDW, this
is closely followed by concrete, brick, gypsum, wood, glass, metal, plastic, and solvents
in EU-27 countries [15]. This waste stream has a high resource value, but it also a high
potential for reuse and recycling [12].

Despite stringent financial penalties, illegal disposal practices, such as fly-tipping
of CDW, persist (Figure 1). The EU has, therefore, made the management of CDW a
priority [14]. The Waste Framework Directive (WFD) 2008/98/EC [16] set a mandatory
recovery target of 70% recovery rate by weight for CDW by 2020. These recovery efforts
encompass various activities, including the preparation of nonhazardous CDW for reuse,
recycling, and other material recovery operations, inclusive of backfilling [12].
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The adoption of circular building materials and practices has been gaining momentum
as a means of curtailing energy consumption, emissions, raw material extraction, and waste
generation from the sector. A circular economy (CE) has the potential to reduce global
CO2 emissions from building materials by 38% by 2050 [18,19], which would contribute
significantly to achieving a net zero EU. The CE is a production and consumption model
that aims to retain the value of existing materials and resources for as long as possible,
while minimizing waste [20]. It is a departure from the traditional linear economy model
of “take-make-dispose”, in which materials are extracted, manufactured into products, and
ultimately discarded. Instead, it focuses on creating a closed-loop system in which materials
are continuously reused, recycled, or regenerated. Although there is no universally accepted
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definition of a circular built environment [21], it is increasingly recognized that a circular
approach to the sector could provide a sustainable solution to meet growing demands
without exacerbating environmental degradation.

This paper presents a review of circular material usage principles and strategies within
the construction sector. First, the methodological approach is outlined. This is followed by
an explanation of key circular economy and material usage concepts. The main principles
for circular material usage at the design stage and for construction activities are then
outlined. Finally, examples of these concepts in practice are illustrated using selected case
studies. It is expected that the research findings can contribute to the development of
future research and provide valuable content for the academic and professional community
interested in the circular economy and its application in various sectors, including the
construction industry.

2. Methodology

In this chapter, the VOSviewer software (https://www.vosviewer.com/ accessed
on 6 November 2023) for bibliometric analysis was utilized to examine the knowledge
domains and trends related to the circular economy in the construction sector. The anal-
ysis aimed to identify patterns, relationships, and clusters of research articles, providing
valuable insights into the field.

2.1. Bibliometrics Search

Considering the aim of this paper to review circular material usage principles and
strategies within the construction sector, a literature review was conducted, followed by a
scientometric analysis. Scopus was the selected database for the review, and a first search
was conducted using the keywords “circular economy”, resulting in a total of 3.973 review
articles on the topic. The search revealed that the concept of the circular economy began to
emerge in 2004. Since then, there has been a significant increase in the number of published
articles, with potential growth in the following years, particularly in 2019.

This growth has had a greater impact, both academically and in the development
of concepts related to the circular economy. Over the years, new keywords have been
developed for this circular economy concept, demonstrating its increasing importance
in the construction of knowledge in this field. Figure 2 shows the results of the impact
analysis using different keywords such as sustainability, renewable energy, sustainable
development, and climate change. This bibliometric analysis allowed us to identify the
most used and relevant keywords in the field of study.
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Based on the results of this first search, we selected the keywords circular economy,
buildings, circular materials, strategies, principles, and review for this research paper.
These keywords were chosen based on their alignment with the existing literature in the
field of circular economy, which provides confidence in the relevance and pertinence of
the research. By focusing on these keywords, we aim to explore the advances, trends,
and perspectives related to the circular economy in the specific areas of buildings, circular
materials, policies, principles, and review.

The approach chosen for this paper involves a critical analysis and synthesis of selected
articles, identification of patterns and gaps in the existing literature, and generation of
valuable insights into the field of study. Figure 3 outlines the connection between the
research results with the keywords mentioned.
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In collecting this information, an analysis was made of the number of countries that
have made efforts to research and publish material on the circular economy over the years.
Significant growth has been observed in this area, particularly in countries with a global
impact, as can be seen in Figure 4.

Countries that stand out in terms of research and development on the circular economy
include Italy, China, Canada, the United Kingdom, and France. These countries have shown
a remarkable commitment to investing in education and developing initiatives related
to the circular economy. Italy was recognized for its leadership in implementing circular
strategies, such as waste management, and promoting circularity in different sectors. China,
on the other hand, has made significant efforts to transition to a more sustainable economy,
with a focus on resource efficiency and emissions reduction. Canada focuses on the
circular economy in areas such as waste management, renewable energy, and sustainable
production. The UK has put in place strong legislation and support programs to promote
the circular economy, particularly in sectors such as construction and manufacturing.
France has implemented ambitious policies and strategies to promote the circular economy,
with a focus on reducing waste and promoting sustainable production and consumption.
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These countries have demonstrated a strong commitment to promoting the circular
economy, and their investment in education and the development of related initiatives has
led to a greater impact on the sustainable development of their respective countries.

It is important to note that this analysis only mentions some of the countries that have
shown a greater focus on the circular economy, but many other countries are also making
significant efforts in this area. The global drive toward a circular economy reflects a growing
global awareness of the importance of sustainability and the efficient use of resources.

2.2. Scientometric Analysis

A review of available English-language open access (OA) articles was then con-
ducted. As a result of this process, a total of 4515 articles that met the established criteria
were selected.

By this approach, it was possible to have a more comprehensive and up-to-date
understanding of the existing literature on the circular economy, including articles from
European countries, as well as other emerging countries in the field. Thus, we were
able to conduct a more accurate and informed bibliometric review based on the relevant
information available.

After this analysis, we decided to select 162 articles that confirmed the information
obtained in the first analysis, as illustrated in Figure 5.

The specific analysis of the 162 selected articles allowed us to identify the keywords
that highlight the interest of our research. These keywords include sustainability, reuse,
and the construction industry.

It is interesting to note that these keywords are in line with and complementary
to the previous analysis of the existing literature in the circular economy field. This
alignment provides greater confidence in the relevance and pertinence of our research
because these keywords are consistent with the themes and approaches addressed in the
existing literature.
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Moreover, these keywords provide a solid foundation for article selection and generate
an appropriate bibliometric review for the content that will be developed in the following
sections of this paper. By focusing on sustainability, reuse, and the construction industry, it
becomes possible to explore the advances, trends and perspectives related to the circular
economy in these specific areas in depth.

This critical approach analyzes and synthesizes the selected articles, identifying pat-
terns and gaps in the existing literature and generating relevant and novel insights into the
field of study. It also provides a solid basis for the development of future research and the
generation of valuable content for the academic and professional community interested in
the circular economy and its application in the construction industry.

3. Understanding the Circular Economy and Material Usage

According to the Ellen MacArthur Foundation [22], the three principles of a circular
economy are the elimination of waste and pollution, the use of circular products and materi-
als, and the regeneration of nature. Within these principles, there are several subcategories
and concepts that will be discussed in terms of buildings and the construction industry in
this section.

3.1. Eliminating Waste and Pollution

In circular building practice, materials can be designed to remain in use for multi-
ple cycles by following the 3R principles: reduce, reuse, recycle. “Reduce” refers to the
reduction of consumption and waste generated, “reuse” includes the reuse of building
products or material at the end of life, and “recycle” involves processing to break down
and reproduce materials and new products [23]. There have been many iterations of the R
principles that subdivide the 3 Rs into 14, 22, and even up to 38 Rs [24,25]. The 38 identified
by Reike et al. [26] are listed here in alphabetic order: “re-assembly, recapture, recondition-
ing, recollect, recover, recreate, rectify, recycle, redesign, redistribute, reduce, re-envision,
refit, refurbish, refuse, remarket, remanufacture, renovate, repair, replacement, reprocess,
reproduce, repurpose, resale, resell, re-service, restoration, resynthesize, rethink, retrieve,
retrofit, retrograde, return, reuse, reutilize, revenue, reverse and revitalize”. However,
the most commonly encountered principle is the 10 Rs included in Figure 6, which also
indicates their hierarchy from 1 to 10 based on maximizing resource efficiency, minimizing
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waste generation, and highest value creation and retention. Recycling and recovery are
ranked lowest because of the loss of complex state and the need for higher energy inputs
and higher polluting potential [27].
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3.2. Use of Circular Products and Materials

Circular materials usage within construction can be largely divided into two groups:
1. bio-based or renewable low materials, such as wood, and 2. materials that are already in
use and can be reused, repaired, or recycled using low-energy and -emissions processes [29].
Bio-based building materials can follow the biological cycle of concentric loops, whereas all
building systems, products, and materials have the potential to follow the technical cycle
as illustrated in Figure 7.
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The technical cycle on the right includes construction materials such as metals, con-
crete, plastics, glass, or synthetic composites. At the end of a building’s life, or building
products’ life, these materials are recovered from the demolition or deconstruction process,
sorted, and processed before being reprocessed or reused in construction or other applica-
tions. The inner loops in Figure 7 retain most value in the material or product. This is based
on the more general circular economy butterfly diagram [31] in which the innermost loop,
“Maintenance”, prolongs the life of the material or product. This is followed by “Reusing”
and “Redistributing”, which keeps materials in their original form and displaces the need
to manufacture new items or extract new materials. “Refurbishing” and “Remanufacturing”
then include some processing, and the outermost loop, “Recycling”, is the least favored
option according to the hierarchy.

The biological cycle only includes materials that can be safely regenerated in the bio-
sphere via composting or anaerobic digestion, such as timber, bamboo, or straw. Materials
from the technical cycle can end up in the biological cycle once they can no longer make
a product. The inner loops of the left side of the butterfly diagram show the “cascading
principle”, which is the cascading use of renewable resources, with several reuse and
recycling cycles [32]. For the construction industry, this is most applicable to timber, which
could begin its first product life as solid timber beams and end its fifth life being incinerated
for energy recovery (Figure 8).
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Cascading ensures that biogenic carbon remains locked in products and materials
for longer over multiple lifecycles [33]. Cascading also allows for the sharing of resources
across multiple industries so that maximum value is achieved, for example, as a feedstock
or soil fertilizer in the farming industry [34].

3.3. Regenerate Nature

This final principle for a circular economy aims to enhance and preserve resources,
restoring or renewing materials and energy. In the context of circular construction, biomimicry
includes the principles of: nature only using material it needs, prioritizing resilience over
performance, simple materials that easily decompose, and the reuse of resources [35]. Ur-
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banization and the loss of natural spaces can have devastating impacts on biodiversity.
The use and processing of natural resources is estimated to cause up to 90% of global
biodiversity loss [36]. Building construction can contribute to the regeneration of nature by
incorporating strategies that support ecological restoration, biodiversity enhancement, and
sustainable land management practices [37–39]. The aforementioned biological cycle con-
tributes to biodiversity and ecosystem health by promoting the use of renewable materials
that can be regrown and replenished [40]. Maintaining materials in-use also contributes to
this principle because less land is required for sourcing virgin raw materials, which allows
more land to be returned to nature.

3.4. Challenge Areas

While circular construction materials hold great potential for sustainable and resource-
efficient building practices, several challenges need to be addressed to facilitate widespread
adoption. These can be broadly grouped as economic, informational, institutional, politi-
cal, and technical challenges [41], with multiple subcategories identified in the literature
(Table 1).

Table 1. Challenges for a circular built environment compiled from review articles (Source: adapted
from Adams et al. [21], Munaro and Tavares [41], and Wuni [42]).

Categories Challenge

Economic

Cost of upfront investment
Lack of financial aid, incentives, or short-term benefits
Low value of circular materials
Lack of grants or unclear financial case

Informational
Lack of awareness, interest, and knowledge
Lack of research, education, and information
Lack of best practice case studies and leadership

Institutional/Structural
Fragmented supply chains
Lack of strategic vision and collaborative platforms
Lack of market mechanisms for recovery

Political/Governmental
Lack of regulatory instruments or pressure
Lack of tax actions
Lack of circular vision

Technological

Lack of integrated processes, tools, and practices
Lack of an information management system
Complexity of buildings
Technology and infrastructure readiness

A key challenge in the sector is existing buildings that were not designed for decon-
struction, which contain materials that are difficult to reuse or recycle and lack detailed
documentation [43]. Reused materials require additional time and more qualified labor, and
there is a lack of market mechanisms to aid recovery [21]. A system needs to be developed
that supports the use of circular materials, including procedures for quality assurance,
standardization, certification, and classification, as well as mechanisms for transport and
storage and access to the market [41,44].

Finances, or lack of understood financial benefit, was identified as a leading barrier to
CE uptake for stakeholders [13,21,42]. In the context of construction materials, this includes
the high availability and low cost of virgin raw material [42], cost of deconstruction, work
involved in providing and preparing material for reuse, cost of recycled or reused materials,
and lack of reward or penalty [41].

Institutional or informational challenges include a lack of knowledge compounded by
a lack of guidance or support tools [41]. Stakeholders throughout construction value chains
in Europe are not sufficiently familiar with how CE principles would operate in the built
environment, and many were unable to identify the first steps toward a CE transition [13].
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Addressing these challenges requires collaborative efforts from multiple agents, including
policymakers, professional bodies, and business organizations with input from industry
professionals, researchers, and end users.

Overcoming these barriers will pave the way for more widespread adoption of circular
construction materials; however, there is a need initially to provide evidence, compile best
practice examples, and develop guidance. The following sections act as a first step toward
providing this support.

4. Design Principles for Circular Material Usage

This section describes the design principles that enable the development of novel
materials produced under circular economy criteria.

4.1. Designing for Circularity

The transition toward the design of new materials that allow for the recirculation
of building products is a challenge for the current industry, ranging from organizational
changes in the way buildings are conceived to new methods for building design [45]. This,
in turn, involves increasing the interest of the technicians involved (including the creation
of incentives), as well as their level of knowledge about the potential applications of CDW
for the design of new materials [46].

The principles and design criteria for the development of ecofriendly materials in an
CE have been schematically outlined in Figure 9.
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Therefore, although research tends to focus on the recovery of CDW for the develop-
ment of products with a high content of recycled material and the human factor associated
with the management [49], Figure 9 shows that the possibilities are much broader and arise
from the study of compatibility between the recycled material and its final application.

In the design phase, the requirements established in the current regulations must be
taken into consideration. For example, Del Rio et al. describe the possibility of apply-
ing different CDW typologies to produce gypsum composite materials for the design of
prefabricated products [50]. Likewise, the aforementioned research shows that recycled
materials, such as thermal insulators or plastics, improve the thermal properties of the
final products and meet the minimum mechanical strength requirements. This highlights
the importance of performing characterization tests beforehand in accordance with the
applicable regulations and monitoring the development of the material itself.

These issues bring the focus of the researchers to the final application of the devel-
oped products. This is the case for the design of structures using disassembled joints,
instead of using glues or binder materials. By analyzing the final application of the prod-
uct, conclusions can be drawn about the amount of recycled raw material that can be
reincorporated [51], its viability for the design of certain construction systems [52], or the
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possibility of developing economies of scale that allow a competitive cost advantage to be
obtained [53]. This combines the need to develop a design to obtain technical characteristics
under the requirements of the product during its useful life and analyze the economic
viability and profitability of the developed proposal.

Finally, an analysis of suppliers and clients should be conducted, analyzing their level
of concentration, the possibility of performing vertical integration actions, the storable or
non-stackable nature of the developed product, and the available information channels.
In this way, it can be inferred that the analysis of the general and specific environment, as
well as the study of the resources and capacities of the construction company, are a starting
point to explore potential applications and the development of business models based on a
circular design of the product.

4.2. Material Selection and Management

The construction sector, in particular, plays a pivotal role in transitioning toward a less
resource-intensive economy by maximizing the use and recovery of resources in building
design and construction. Sustainable material sourcing and efficient recycling techniques
are crucial for achieving a circular economy [54].

4.2.1. Criteria for Selecting Circular Materials

The European Union (EU) recognizes the importance of implementing circular econ-
omy (CE) principles across various economic sectors, giving special attention to water
and energy conservation, waste prevention, material recycling, the promotion of reuse
and repair, and the utilization of secondary raw materials [55]. According to the Waste
Framework Directive [16], end-of-waste (EoW) criteria specify when certain waste ceases
to be waste and becomes a product or a secondary raw material. In the construction sector,
CE aims to optimize resource use and recovery in buildings, thereby minimizing their
environmental impact.

To achieve this, it is crucial to design buildings that prioritize rehabilitation and
utilize recyclable materials, as well as incorporate new industrialized long-life materials
made from recovered and valued resources. Embracing these practices can contribute to
sustainable approaches in the construction sector [54]. By adopting these recommendations,
the construction industry can play a pivotal role in transitioning to a more resource-efficient
economy and promoting circularity. These efforts are in line with the broader goals of the
CE, which include reducing waste generation, conserving resources, and promoting the
use of sustainable materials.

4.2.2. Sustainable Material Sourcing

In terms of the availability of raw materials, critical raw materials hold significant
economic importance for the EU. The extraction of these materials has a significant impact
on the environment, and they are highly sensitive to supply interruption. For instance,
lithium, which is a critical raw material, is commonly found in electronic devices. However,
the current low recycling rate of these materials results in missed economic opportunities.
Therefore, it is essential for the circularity strategy at the European level to prioritize in-
corporating these materials into reduction, reuse, and recycling practices. The EU aims
to achieve autonomy concerning these materials by advocating for diversified and undis-
torted access to global raw materials markets. Simultaneously, efforts are being made to
reduce external dependence on these materials and mitigate the environmental pressures
associated with their import [55].

4.2.3. Material Efficiency and Recycling Techniques

The EU places a strong emphasis on the importance of providing incentives for
the adoption of resource efficiency measures and promoting increased recycling, eco-
innovation, and investments in green products and services [55]. To transition toward an
economic model of material efficiency, it is crucial to align economic priorities and lifestyles.
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The goal is to reduce excessive reliance on materials through the principles of circularity,
namely, prioritizing reduction and reuse before recycling [55]. Within the concept of circular
economy, key aspects related to recycling include (i) designing with a focus on efficient
use of materials and energy, utilizing recyclable and renewable materials, and facilitating
easy disassembly and replacement of materials and components; and (ii) promoting the
recycling and recovery of nonreusable materials [54].

Despite high recycling rates in some EU member states, waste prevention remains a
significant challenge [55]. The use of recycled materials can contribute to partially meeting
the overall demand for materials, thereby reducing the need for raw material extraction.
Establishing efficient secondary materials markets facilitates higher-value recycling cycles,
as most materials are recycled after disassembly.

The principles listed next aim to address the significant challenge of waste prevention
and promote sustainable practices:

• Waste prevention;
• Design oriented toward the economy of materials and energy;
• Use of recycled materials;
• Use of recyclable and renewable materials;
• Easy disassembly and replacement of materials and components.

4.2.4. Lifecycle Assessment and Material Management

The efficient use of materials in production systems plays a crucial role in transition-
ing to a CE. It is essential to prioritize activities that incorporate CE principles from the
beginning of the production process, rather than solely focusing on recycling and waste
conversion at the end. This approach serves as a recommendation for changing economic
models and moving towards a less resource-intensive economy. Innovative and effective
methodologies that analyze material flows and specific circularity indicators linked to the
lifecycle are fundamental in addressing this transition [55].

By adopting these methodologies, companies can identify areas where material ef-
ficiency can be improved and waste can be minimized. They also facilitate optimizing
resource allocation by identifying opportunities for reuse, recycling, and material recovery.
These practices not only help reduce the environmental impact but also enhance com-
petitiveness and contribute to the development of a sustainable economy. Emphasizing
efficient material use from the outset of production processes supports the evolution toward
a circular model and enables the realization of a more resource-efficient and sustainable
future [55].

5. Principles and Strategies for the Circular Use of Materials in Construction Operations

This section is devoted to examining the principles and strategies related to the circular
utilization of materials within the construction industry. It begins by outlining strategies
aimed at prolonging the lifespan of materials and addressing end-of-life considerations.
Subsequently, collaborative approaches and business models designed to promote a circular
economy in the construction sector are discussed. The assessment and illustration of
technological innovations for circular material usage follow. A comprehensive review of
the primary obstacles and facilitators influencing circular material usage in the building
sector is then provided. Finally, exemplars of best practices in circular economy within the
construction industry, specifically about material usage, are presented as “case studies”.

5.1. Extending Product Lifespan and End-of-Life Strategies

Frequently, the economy is saturated with items that have been created without
considering the question: What are the implications for this product at the conclusion
of its lifecycle [56]? Hence, it is crucial to establish, during the design phase, the end-of-
life strategies that will enhance the circular economy (CE) of construction products and
materials. The construction industry is undergoing a gradual and progressive shift towards
CE, as determined and affirmed by Charef et al. [57]. Indeed, the building industry is
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beginning to adopt circular strategies, as illustrated by the work of Nußholz et al. [58].
In their study, they examined 65 real-world cases of new construction, renovation, and
demolition projects in Europe, considering the circular solutions employed, the extent of
their application in buildings, and the reported potential for decarbonization.

Several researchers developed and made use of disruptive technologies to foster the
circular building industry. Setaki and Timmeren [59] delineated how disruptive, frequently
digital technologies have the potential to facilitate a CE in the building industry, particularly
during the construction and demolition phases, which are recognized as the two most
wasteful stages in the building cycle. Furthermore, in the realm of additive manufacturing,
Tavares et al. [60] conducted a comprehensive review outlining the assessment of advan-
tages and obstacles associated with additive manufacturing in the context of the circular
economy. They also introduced a proposed framework. Moreover, there is a rising trend in
employing artificial intelligence to improve the integration of systemic circular practices
within the construction industry, as recently examined by Oluleye et al. [61].

As stated by Marsh et al. [62], the construction CE principles could be congregated
as follows:

• Minimization of material usage through design and specification;
• Creation of long-lasting designs to enhance durability;
• Emphasis on maintenance, repair, and refurbishing;
• Adoption of practices for reuse and remanufacturing;
• Incorporation of recycling methods.

A fundamental principle of the circular economy is to maximize the utilization dura-
tion of products and materials, as emphasized by Figge et al. [63]. This involves designing
for longevity to prolong the time items remain in use [62]. The objective is to maximize the
period of use for products and materials, encouraging practices such as reuse, refurbish-
ment, remanufacturing, and recycling. Prolonging the lifespan of products preserves their
value and diminishes the necessity for extracting and processing new resources. Neverthe-
less, Kirchherr et al. [64] stated “that the CE is most frequently depicted as a combination
of reduce, reuse and recycle activities”. They also observed that the term “recover” is
frequently added to the previously mentioned CE activities, thereby establishing a 4Rs
framework instead of the traditional 3Rs.

In addition to enhancing the durability of materials and products, it is crucial to pro-
mote their repairability. Moreover, there should be the incorporation of a remanufacturing
process, with a focus on upgrading the product to its highest value whenever feasible.

Given the numerous available possibilities and potential approaches for addressing
the circular economy in existing buildings, it is highly pertinent to assess the recoverable
value of in situ building materials. Mollaei et al. [65] established a new computational
tool to “choose the optimal combination of reuse, recycling and disposal options for
those materials”, considering “cost, value, duration, environmental impacts, and building
component precedence in demolition and deconstruction activities”.

According to Marsh et al. [62], the principles and strategies of CE can be organized into
three primary groups, categorized by the lifecycle stage, as outlined in Table 2. It is worth
noting that numerous other strategies could be defined and incorporated into this table,
such as the recovery of products/materials from a building’s end-of-life for subsequent
reuse, remanufacturing, or recycling. Another instance could involve the recovery of
thermal energy from the combustion of a material (e.g., plastic or rubber). Both examples
mentioned above pertain to the end-of-use lifecycle stage.

The actual subsection will primarily address strategies aimed at prolonging the lifes-
pan of products and explore the existing end-of-life approaches to promote circular material
usage in construction activities.
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Table 2. CE strategies/principles organized by lifecycle stage (Source: adapted from Marsh et al. [62]).

Lifecycle Stage CE Strategies/Principles

Design stage - Reduction of material usage through design and specification
- Design for increased longevity

In-service
- Maintenance
- Repair
- Refurbishing

End-of-use
- Reuse
- Remanufacturing
- Recycling

5.1.1. Extending Product Lifespan

- Increasing durability through maintenance, repair, and refurbishment

Maintenance, repair, and refurbishment represent in-service strategies to decelerate
resource flows by prolonging the technical lifespan of products and components [62].
Maintenance entails universal upkeep, and preventive measures aim to prevent damage
to building components, such as the application of protective coatings. Repair and re-
furbishment involve addressing limited damage to a component or replacing a damaged
component entirely with a new one [62].

Designers should consider how their product aligns with either technical or biological
cycles after use, ensuring that the product is created with the subsequent path in mind.
In the case of products intended for technical cycles, it is advantageous for them to be
easily repairable and maintainable, simple to disassemble, and constructed with modular
components that can be replaced [66]. They should possess sufficient durability to endure
the wear and tear caused by numerous users. Additionally, they should be crafted from
materials that can be easily recycled.

The optimal solution would involve utilizing self-healing materials to prolong their
lifespan and, in the extreme, create “immortal” products or components, as investigated by
Haines-Gadd et al. [67].

5.1.2. End-of-Life Strategies

- Remanufacturing and Upgrading

In the processes aimed at enhancing durability mentioned earlier, when the product
becomes unusable, its components should, whenever feasible, undergo remanufacturing
and upgrading [68]. Upgrading and remanufacturing are strategies employed at the end
of a product’s use, aiming to decelerate resource flows by incorporating still-functional
components from end-of-use products into new products. In his research work, Atta [68]
outlined how digital technologies play a role in facilitating the adoption of circular service-
based models centered around remanufacturing in contemporary construction practices.

Plans for upgrading and remanufacturing building components should be antici-
pated during the design phase. Van Stijn and Gruis [69] established an integral design
software for circular buildings components (CBC), named “CBC-generator” 2.0. This soft-
ware is a parameter-based “three-tiered design tool, consisting of a technical, industrial
and business model generator”, in which the designers can choose and compare various
design alternatives.

- Reuse, Reverse Logistics, and Take-Back Programs

These are also strategies employed at the end of use. Indeed, the most efficient method
for preserving the highest value of products is through maintenance and reuse. Take a
window, for instance: its value is greater as a functional window than as a collection of
individual components and materials (such as PVC or aluminum from the frame, glass,
etc.). Therefore, the initial stages in the technical cycle focus on maintaining products
intact to maximize their potential value. This may encompass business models centered on
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sharing, allowing users access to a product rather than ownership, and facilitating broader
usage over time (e.g., renting equipment during the construction phase). It might involve
reuse through resale or recurring cycles of maintenance, repair, and refurbishment.

Reverse logistics (RL), defined as a series of activities conducted after the sale of a
product to recapture value and conclude the product’s lifecycle, plays a crucial role in
promoting the circular economy in the construction sector [70]. It usually entails sending a
product back to the manufacturer or distributor or redirecting it for servicing, refurbishment,
or recycling. In the context of construction, RL is described as “the movement of products
and materials from salvaged buildings to a new construction site” [70]. This approach
promotes material reuse, as well as the processes of deconstruction and disassembly.

In a more recent study, Ding et al. [71] conducted a review on forward and reverse
logistics for the circular economy in construction, concluding that “while similar methods
and CE strategies are used in forward logistics (FL) and RL, RL operations require more
integration between supply chain actors to close the loop for CE in construction”.

A take-back program essentially involves a brand reclaiming or repurchasing its own
materials or products. These items are either cleaned, repaired, and subsequently resold by
the brand at a discounted rate, dismantled and repurposed in other collections, or recycled
through alternative methods. The construction industry is also beginning to adopt this
strategy [72,73].

A market for secondhand building products and materials already exists, encompass-
ing items like windows and doors (see Figure 10), lumber, flooring, furniture, masonry,
tiles, stones, sheathing boards, appliances, architectural/decorative elements, lighting,
heating, and cooling devices, electrical components, plumbing, etc., which are available for
commercialization and reuse [74–76].
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- Material Recovery

Material recovery pertains to the process of reclaiming and reutilizing materials from
construction and demolition waste (CDW). This involves the identification of valuable
materials within the “waste” stream, salvaging them for reuse or resale [77]. The activities
involved in material recovery typically include deconstruction, which requires the careful
disassembly of structures to preserve valuable components. Recovered materials may
encompass lumber [78,79], cross-laminated timber [80], bricks [81], and other items that can
be repurposed in upcoming construction projects. The primary aim of material recovery is

seconduse.com
rotordc.com
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to decrease waste generation, conserve resources, and minimize the environmental impact
associated with the extraction of new raw materials.

It is important to acknowledge that CDW can originate from various sources, whether
human-made or natural, as depicted in Figure 11. Concerning the human-made sources of
CDW, these authors categorize them into three groups: (1) public works construction and
maintenance; (2) building construction works; and (3) building renovation and demolition
works. The key constituents of this CDW, encompassing the natural sources, are also
outlined in the illustration (Figure 11), including aggregates, concrete, bricks, stone, wood,
glass, metals, plastic, etc.
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In their study, [83] assessed the dynamics at a local scale to enhance the sustainable
management of CDW. Their findings emphasized the importance of investing in local
solutions to optimize logistics and address cost issues, fostering cooperation among stake-
holders, and enhancing the market for recycled aggregates. Furthermore, they underscored
the necessity of providing support in the form of information, awareness, and training,
with a focus on promoting good practices onsite and implementing oversight procedures.
While material recovery concentrates on salvaging and reusing intact components or mate-
rials, recycling involves breaking down waste materials to generate new products or raw
materials, as will be elaborated on next.

- Material Recycling

Recycling serves as an end-of-use strategy aimed at closing resource loops by repro-
cessing materials for use in another product, thereby preventing both waste generation and
the extraction of raw materials [62]. Components that cannot undergo remanufacturing
can be disassembled into their constituent materials and recycled. Although recycling is
ideally considered as a last resort due to the potential loss of embedded value in products
and components, it is crucial as the final step in ensuring that materials remain within the
economy and do not become waste [56].

Recycling entails converting waste materials into new products or raw materials,
which can subsequently be utilized for diverse purposes. Within the construction sector,
recycling typically denotes the transformation of CDW into reusable materials. This
process may include activities such as crushing, grinding, or shredding waste materials like
concrete, asphalt, metal, and wood to produce recycled aggregates [83], crushed concrete,
or other materials capable of substituting virgin materials in construction projects.
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Numerous studies have explored the feasibility and effectiveness of new recycled
materials derived from CDW, including cement [84], concrete [85], mortars [86], plas-
ters [87], gypsums [88], plastics [89,90], insulation materials [91], bricks [92,93], soil rein-
forcement [94], and fire-resistant materials [95].

In addition to CDW, other waste sources are being recycled and investigated for
utilization in the construction sector and the building environment, including concrete [96],
mortars [97], plasters [87,98], gypsum [88], thermal break strips made of recycled tire
rubber [99,100] and rubber–cork composites [99,100], plastics [101], and insulation materials
such as silica–aerogel composites and recycled tire rubber [102,103].

5.2. Collaborative Approaches and Business Models

This section includes some of the innovations that are currently affecting business
models linked to construction and which promote the integration of circular economy
criteria in this industrial sector.

5.2.1. Circular Supply Chains and Networks

The literature addressing CE in the construction sector includes the design of circular
supply chains to improve the management of natural resources and reduce the volume of
waste generated [104]. Policymakers have referred to these circular supply chains as a key
activity to move toward sustainable and environmentally friendly economic growth [105].
In the linear model, construction products at the end of their use are considered waste,
and their management becomes a challenge for cities [106]. It is known that in the de-
molition processes, about 40% of the total mass of raw materials extracted during the
execution/production phase is lost, making the construction industry one of the most
polluting on a global scale [2]. For this reason, the CE includes as a goal “closing the loop”
in the flow of raw materials and resources used in construction throughout the useful
life of buildings [64,71] because it is at this point that the supply chain represents a value
proposition in the redesign of the execution process [107,108].

To provide an overview, Figure 12 schematically shows the relationship between
stakeholders and the different stages included in the supply chain.

Therefore, as shown in Figure 12, it is necessary to make a combined effort on the
part of all stakeholders included in the network generated in the process of supplying
construction materials to advance toward the integration of the CE in the sector [109]. In
this regard, the establishment of agile communication channels that enhance transparency
in the agreements and allow CDW to be recovered, create value from them, or correctly
dispose of them [71,110] is particularly relevant. This is the only way to achieve an eco-
industrial symbiosis and incorporate the reverse logistics stage in the manufacture of
building products, redesigning current distribution processes and improving warehouse
management to increase the level of service [71,111]. In turn, a greater recirculation of
construction products would favor the creation of a controlled market for CDW, which,
together with strategies that impute the environmental costs derived from the distribution
process to the final product, would make it possible to boost its demand [41].

Finally, the importance of separating CDW at the point of origin should be emphasized.
A selective sorting of waste at the initial stage of the recycling or reuse process would
significantly improve the management process of these secondary raw materials [112]. This
would reduce costs by reducing the work of intermediate processing and sorting plants,
obtaining more homogeneous products, and improving the traceability of samples [113].
At the same time, this separation at the starting point would mitigate the environmental
impact by reducing the number of trips to the landfill and the volume of occupation at the
deposit points [86].
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5.2.2. Sharing Economy and Product-as-a-Service Models

The strategies used at the industrial level to promote value creation have evolved in
recent years as a result of globalization processes and the dizzying technological devel-
opment that has taken place in recent decades [114]. Sharing economy business models
aim to create a service around a product, technology, or equipment in such a way as to
enhance its reuse and share it among the different stakeholders [115]. This initiative has
also affected the construction sector, which, through the development of new information
channels, allows stakeholders to use and share goods to move toward a model based on
product–service systems (PSS) [116]. This adds complexity because companies are forced to
introduce innovations in their manufacturing process and increase the level of interaction
in the development phases to enable these business models [117,118]. By transmitting
the value of the product to its use and linking its functionality to its use, manufacturers
are forced to understand its complete lifecycle and the needs of the customer in depth,
sometimes requiring a redesign of activities [118].

Certain factors (external and internal) have been found to condition the incorporation
of these business models in the construction sector (Figure 13), and it is necessary to raise
consumer awareness to promote the acceptance of this product or service model.

Several authors have worked on the implications of implementing this business model
to different products to advance in this “servitization” process. Thus, we find examples
linked to construction machinery and construction equipment [114,118], prefabricated
building products [119], or building components [120]. In the cases in which it has been
implemented added environmental benefit is obtained thanks to the greater ease of product
recovery [121]. It is worth noting that the promotion and proliferation of online platforms
has made it possible, among other things, to share geographic location, know the demand
and available resources in real time, and provide new opportunities for business collabora-
tion [122]. This makes it possible to promote a more democratic organization and reduce
information asymmetries between the parties involved [123]. In short, this collaborative
economy model allows companies to have high value-added resources available without
the need to purchase them with the large initial outlay that this action entails, thus reducing
the volume of waste generated as a result of disuse [119].
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5.2.3. Extended Product Responsibility

Extended product responsibility (EPR) was first defined at the beginning of the century
by Lindhqvist [124] as a strategy to protect the environment and is intended to ensure that
any product manufacturer takes responsibility for its entire lifecycle, incorporating the
stages of recovery, recycling, collection, and disposal. As a result of this definition, other
related actions have arisen, such as the extension of the useful life of products, which goes
against the traditional linear model, where the benefit lies in individual mass consumption
and preventing products from remaining for long periods of time [125].

This approach would make it possible to change the current production models
related to the construction industry, so that the companies involved should include in
their activities a plan for collection and management of the resource once it has been
consumed [12]. Some secondary raw materials, as in the case of plastics, are leading the
way in the development of these business models [126], as well as household appliances
or air conditioning equipment commonly used in homes [127]. However, complex civil
infrastructures or constructed buildings, conceived as unique products made onsite, hinder
the implementation of these models. In this sense, it is possible to think of an EPR localized
to the main raw materials used in the elaboration of constructive systems; however, the
useful life of this is rarely less than 50 years, and it becomes difficult to manage the final
management of these products [128].

In this sense, it is necessary to review the current initiatives and regulations in force
to address the problems related to CDW generated and implement the “polluter pays”
principle as far as possible [129]. Thus, through a solid legislative framework, companies
can be encouraged to incorporate CE criteria in their manufacturing process, moving toward
eco-efficient design and including the final stages of recycling, recovery, and revaluation of
the manufactured product [130,131].
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5.2.4. Public–Private Partnerships and Policy Implications

Public–private partnerships (PPPs) have become a very useful tool in the construction
industry, seeking to leverage the expertise of private companies supported by public re-
sources [132]. These relationships are established with a medium- to long-term temporary
objective and with the intention of moving toward a more sustainable design of the sec-
tor. These relationships are, therefore, based on mutual trust between the organizations
involved, which allows the sharing of resources and capabilities and must, therefore, be
coordinated in decision-making [133]. In this sense, there is a shared responsibility and,
therefore, these agreements cannot always be considered favorable. Figure 14 shows the
advantages and disadvantages of these agreements, as stated by Bao et al. [134].

Buildings 2024, 14, x FOR PEER REVIEW 20 of 38 
 

useful life of this is rarely less than 50 years, and it becomes difficult to manage the final 
management of these products [128]. 

In this sense, it is necessary to review the current initiatives and regulations in force 
to address the problems related to CDW generated and implement the “polluter pays” 
principle as far as possible [129]. Thus, through a solid legislative framework, companies 
can be encouraged to incorporate CE criteria in their manufacturing process, moving to-
ward eco-efficient design and including the final stages of recycling, recovery, and reval-
uation of the manufactured product [130,131]. 

5.2.4. Public–Private Partnerships and Policy Implications 
Public–private partnerships (PPPs) have become a very useful tool in the construc-

tion industry, seeking to leverage the expertise of private companies supported by public 
resources [132]. These relationships are established with a medium- to long-term tempo-
rary objective and with the intention of moving toward a more sustainable design of the 
sector. These relationships are, therefore, based on mutual trust between the organizations 
involved, which allows the sharing of resources and capabilities and must, therefore, be 
coordinated in decision-making [133]. In this sense, there is a shared responsibility and, 
therefore, these agreements cannot always be considered favorable. Figure 14 shows the 
advantages and disadvantages of these agreements, as stated by Bao et al. [134]. 

 
Figure 14. Advantages and disadvantages of public–private partnerships in the construction sector 
(Source: authors). 

However, although PPPs are already established for tasks related to the development 
of construction infrastructures or the design, execution, and development of facilities 
[135,136], in the area of waste management, moving toward a circular economy model in 
the EU is still a pending task, and there is still a long way to go. For this reason, managers 
and environmental policymakers in the Union are moving toward the development of an 
international legal framework that will allow for the proliferation of such agreements in 
the construction sector [137]. Despite this, the changes brought about to date have not 
been as efficient as could be desired, although it is true that the path has been set by poli-
cymakers to create resilient infrastructures that make these collaboration models attractive 
to companies and serve to maintain solid support from the public administrations that 
back the agreements [138]. 

5.3. Technological Innovations for Circular Material Usage 
CE aims to enhance productivity in the construction industry through investments 

in technology and digitalization. In the study by Ferrer et al. [54], the importance of estab-
lishing efficient networks for recycling, reusing, and recovering construction materials is 
highlighted, as illustrated in Figure 15. These networks play a crucial role in achieving 
several key objectives related to CE [54]. 

Figure 14. Advantages and disadvantages of public–private partnerships in the construction sector
(Source: authors).

However, although PPPs are already established for tasks related to the development of
construction infrastructures or the design, execution, and development of facilities [135,136],
in the area of waste management, moving toward a circular economy model in the EU
is still a pending task, and there is still a long way to go. For this reason, managers
and environmental policymakers in the Union are moving toward the development of
an international legal framework that will allow for the proliferation of such agreements
in the construction sector [137]. Despite this, the changes brought about to date have
not been as efficient as could be desired, although it is true that the path has been set
by policymakers to create resilient infrastructures that make these collaboration models
attractive to companies and serve to maintain solid support from the public administrations
that back the agreements [138].

5.3. Technological Innovations for Circular Material Usage

CE aims to enhance productivity in the construction industry through investments
in technology and digitalization. In the study by Ferrer et al. [54], the importance of
establishing efficient networks for recycling, reusing, and recovering construction materials
is highlighted, as illustrated in Figure 15. These networks play a crucial role in achieving
several key objectives related to CE [54].

To promote reindustrialization and sustainability in the construction sector, innovation
ecosystems advocate for the implementation of research, development, and innovation
(R + D + i), as well as knowledge transfer instruments. These instruments focus on
various areas, including 4.0 technologies, recycling and recovery of challenging materials
and components (such as plastics, composites, and waste), productivity enhancements in
component manufacturing and recovery through 3D printing, robotics, artificial intelligence
(AI), and internet of things (IoT), as well as the development of new long-lasting materials
and material traceability technologies like blockchain [54].
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5.3.1. Recycling Technologies

The resource recovery approach, which serves as a business model and a catalyst for
the CE, primarily emphasizes the reclamation of materials or energy from waste. Examples
include the recycling of steel and fibers, as well as the use of recycled aggregates in
construction or other industries. The adoption of CE principles relies on the establishment
of industrial and energy symbiosis between complementary sectors [54].

In the construction industry, the adoption of disassembly and recycling best practices
is crucial to revalue construction waste, which is often considered as “low value” material.
By employing testing methods for disassembly, treatment, and recycling, the recovery
and reuse of materials can be optimized, leading to more efficient resource utilization
in the production process. Implementing advanced recycling technologies allows the
construction industry to reduce waste, decrease the extraction of virgin resources, and
promote a more sustainable approach to material management [70]. These technologies
enable the transformation of waste into valuable resources, fostering the development of a
CE. Recycled steel, fibers, and aggregates find applications in various sectors, including
construction, creating a closed-loop system in which materials are continuously reused
and recycled [61]. This approach not only reduces the environmental impact of resource
extraction but also contributes to the development of a more resource-efficient and less
wasteful economy, as highlighted by the European Environment Agency [139].

5.3.2. Revolutionizing Material Sorting and Separation Systems

Intelligent sorting and separation systems play a crucial role in advancing the prin-
ciples of the CE by improving the efficiency and effectiveness of waste management and
resource recovery processes [54]. These systems leverage cutting-edge technologies like
AI, machine learning, computer vision, and robotics to accurately identify, sort, and seg-
regate different types of materials. This enables appropriate recycling, reuse, or recovery,
promoting sustainable practices.

By automating the sorting process, these systems enhance the purity and quality of
recovered materials, increasing their value for subsequent reuse or recycling. They also
optimize resource allocation by dynamically adjusting parameters like conveyor speed and
sensor settings, maximizing efficiency while minimizing waste [140]. Additionally, these
systems detect and eliminate contaminants, improving the quality of recovered materials
and reducing the risk of cross-contamination [141].

Moreover, intelligent sorting systems reduce the need for manual labor, increase
throughput capacity, and enable the processing of larger volumes of waste due to their
exceptional accuracy and speed. Furthermore, they generate valuable data on waste
composition, quantity, and quality. This data-driven approach facilitates informed decision-
making, process optimization, and the development of innovative recycling technologies.
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By integrating into circular supply chains, these systems facilitate the efficient recovery
and reintroduction of recycled materials, closing the loop in the CE. As technology continues
to advance, intelligent sorting systems are expected to contribute significantly to resource
efficiency, waste reduction, and sustainable material utilization.

5.3.3. The Transformational Power of Digitalization and Blockchain Applications

The delivery of a sustainable and circular built environment requires the promotion
of a guaranteed system for components and spare parts, along with digital traceability
through a European passport and associated documentation. These measures ensure trans-
parency and accountability in the construction industry, as emphasized by Ferrer et al. [54].
Furthermore, financial aid for investments by industrialized and sustainable construction
companies is proposed as a complementary measure. This includes support for technolo-
gies such as modular design, building information modeling (BIM), internet of things
(IoT) digitalization, 3D printing, and cutting-edge robotics. Additionally, the establish-
ment of components’ banks and material passports is suggested as a means to promote
public–private collaboration and drive innovation in the industry. These initiatives aim
to encourage sustainable practices and foster the transition toward a circular economy, as
highlighted by Ferrer et al. [54].

In terms of material circularity, the utilization of blockchain technology for material
passports addresses the issue of low transparency and traceability in the construction
industry. This solution allows for improved tracking of materials such as fiber plates, steels,
coatings, and facades [142]. The integration of collaborative design and manufacturing tech-
nologies, such as BIM and the internet of things (IoT), benefits from the availability of these
new technologies. Thus, by integrating design, production, and delivery systems, including
just-in-time (JIT) delivery, construction sites can operate more efficiently and effectively.

5.3.4. Robotic Deconstruction

Technological advancements in deconstruction have brought about innovative tools
and techniques that enable the dismantling and repurposing of buildings and structures
in a more efficient, sustainable, and profitable manner. These innovations are designed to
reduce waste, minimize environmental impact, and enhance safety throughout deconstruc-
tion [142].

In this regard, robotic systems have emerged as a promising solution for deconstruc-
tion, offering improved efficiency and sustainability in the construction industry. Tradi-
tional demolition methods often pose significant risks and have adverse environmental
effects, particularly in densely populated urban areas, as highlighted by [143].

In Japan, alternative approaches have been developed to address the legal, economic,
and ecological requirements of deconstruction. These include the utilization of single-task
construction robots (STCRs) and the establishment of semiautomated onsite factories. These
methods aim to streamline the deconstruction process while meeting the specific needs
of the project [142]. By implementing these technological innovations, the construction
industry can achieve more efficient and environmentally friendly deconstruction practices,
contributing to overall sustainability and safety [61].

However, the implementation of traditional industrial robots in a deconstruction
environment presents challenges, particularly in terms of human–robot interaction and
collaboration. To address these challenges, the efficient collaboration between humans and
robots is carefully considered when designing deconstruction STCRs. Moreover, the adop-
tion of the robot-oriented design method can enhance the efficiency of the deconstruction
system’s operation [143].

To evaluate the effectiveness of robot-assisted, systemized deconstruction, Leder et al. [142]
proposed a framework that includes performance indicators that can be adjusted based
on the perspectives of stakeholders. Overall, the use of robots in deconstruction provides
a scalable and sustainable solution for the industry, offering improved efficiency and
environmental outcomes [142].
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5.3.5. Emerging Materials and Sustainable Manufacturing Processes

Innovation in materials, sustainable design, and the development of alternative tech-
nologies can play a crucial role in mitigating supply risks. These advancements can help
reduce the ecological footprint and increase material recovery, ultimately improving the
safety and competitiveness of production processes. While solutions to these challenges are
within reach, global scenarios continue to present increasing complexity and competition
for natural resources, as highlighted by Morató et al. [55]. Industrialized systems exhibit
lower durations and footprints of carbon dioxide (CO2), water, and material consump-
tion. The environmental impact of circular and sustainable industrialized construction can
vary depending on different modelling scenarios of recycling percentages, as identified
by Ferrer et al. [54]. This suggests that by incorporating circular and sustainable prac-
tices, such as increased recycling, the duration and environmental impact of construction
processes can be further reduced.

5.4. Barriers and Enablers of Circular Material Usage

It is critical to identify the barriers and enablers to understand the circular material us-
age strategies and principles in construction activities. This could be achieved by collecting
stakeholders’ opinions, particularly the ones who are the implementers of CE in the sector.
However, this is out of the scope of this review study, so we decided to extend the literature
review to investigate the barriers and enablers that others have already identified.

The first and most critical finding during our closer inspection of the existing literature
is that the CE concept is multifaceted and that barriers and enablers have a primary focus
on the use of materials and products and their technical specifications, including their
compositions and origins. Charef et al. [144] identified and classified barriers into six
different categories. The first category, economic barriers, refers to those that are related
to market constraints, such as lack of financial resources or funding. The second category,
sociological barriers, addresses cultural or psychological obstacles that can impede progress.
The third category, political barriers, involves obstacles that arise due to government
policies or regulations. The fourth category, organizational barriers, includes obstacles that
involve stakeholders, such as a lack of support or resistance from key players. The fifth
category, technological barriers, pertains to issues related to technology, such as outdated
equipment or inadequate infrastructure. Finally, the sixth category, environmental barriers,
concerns ecological impact and any obstacles that may arise due to environmental factors.
Similarly, Ababio and Lu [145] also identified five distinct categories of barriers in this
field. These categories are as follows: social and cultural barriers, political and legislative
barriers, financial and economic barriers, technological barriers, and framework- and
theory-related barriers.

The second critical general issue identified during the review is that while significant
research has been conducted on the barriers, including obstacles and challenges, that hinder
the development of circular economy practices, relatively little attention has been given to
the factors that, as enablers, facilitate and promote CE initiatives. For instance, Ababio and
Lu [145] did not classify enablers but discussed them within selected themes. Therefore,
this research addresses the importance of conducting more studies and research on CE
enablers to identify the key drivers that can accelerate the transition. Generally, enablers
are related to building design and construction technologies and innovations, internal
and external policies and legislations, professional training and education, stakeholders’
awareness, financing options, and market creation.

After providing the justifications above, we decided to concentrate this section of the
present report on the barriers associated with material usage that the literature addresses.
They are discussed in four categories and summarized in Figure 16.
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5.4.1. Legislative and Economic Barriers

Insufficient and immature markets are the most common economic barriers to the
implementation of circular economy practices in the construction sector, and they are
mostly associated with the low demand for reused and recycled materials [146–148]. The
construction industry is often criticized for its inflexibility in adopting innovative practices
due to the perceived risk of losing profits [144,147].

The construction industry faces a major challenge in adopting CE practices: the higher
cost of resources associated with deconstruction compared to demolition. Virgin materi-
als are less expensive than recycled ones, and recycling costs more than CDW disposal.
Unfortunately, the COVID-19 pandemic has further worsened these challenges by halt-
ing economic development and increasing the use of single-use materials. Implementing
CE practices in construction requires significant investments, such as renewing equip-
ment [148]. Moreover, outdated legislation and the lack of standardized guides related
to design and procurement procedures are other leading major regulatory barriers to CE
development [144,149]. The lack of government and public institutional support are critical
barriers to CE adoption [144,150].

The construction industry can benefit greatly from the integration of CE practices. To
achieve this, it is important to adopt new business models and methods of evaluating assets
that prioritize the material value. One way to do this is by making long-term investments
that support the CE business case through the use of whole-life costing. This involves
considering all the costs of a product or service over its entire lifespan, from design and
production to disposal or recycling. By implementing CE practices, businesses can also
transform their existing business models into product-as-a-service contracts (PSS). This
approach involves providing a product or service to customers as a subscription or on
a pay-per-use basis rather than selling it outright. This can help to reduce waste and
improve resource efficiency because the manufacturer retains ownership of the product
and is responsible for its maintenance and repair [151]. The adoption of CE practices can
also lead to the development of new revenue streams. For example, businesses can recover
and sell valuable materials from waste streams, creating a new source of income. Ababio
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and Lu [145] highlighted that enablers have been commonly identified, including design-
build-operate-maintain contracts and their variations. Furthermore, Torgautov et al. [149]
suggested to stakeholders that implementing circular economy practices can offer more
flexible working arrangements.

5.4.2. Cultural and Behavioral Challenges

The construction industry faces many obstacles when adopting innovative practices,
particularly those related to CE and sustainability. The industry is known for conservatism
and reluctance to embrace new ideas that challenge established attitudes, customs, and
beliefs. These cultural and behavioral issues pose significant challenges to adopting sus-
tainable practices. One primary cultural challenge is the need for more awareness among
construction stakeholders regarding CE and sustainability practices. Many stakeholders
are unfamiliar with these concepts and, therefore, need to understand their potential ben-
efits. This lack of awareness can lead to a reluctance to invest in sustainable practices.
Another cultural challenge is the inherent risk aversion in the construction industry. This
risk aversion can make it difficult to adopt innovative practices, particularly when there
is a perceived risk that they may not work as intended. As a result, many stakeholders
may be hesitant to invest in new technologies or processes that are not proven. There
is also a preference for virgin construction materials over reused and recycled products.
This preference is often reinforced by ingrained beliefs that circular economy practices are
not feasible. Many construction stakeholders believe that using recycled materials may
compromise the quality and safety of construction projects [144,150].

The literature highlights that the perceptions of various stakeholders toward incor-
porating CE practices in construction significantly impact their adoption. The reluctance
of contractors to use recycled or refurbished materials in their projects stems from con-
cerns about the potential decline in the quality of their work. They fear that using such
materials may adversely impact the durability and reliability of the structures they con-
struct [42,144,150].

Similarly, customers may not prefer buildings made using old materials due to the
perception that they may not be aesthetically pleasing or may lack modern features. Fur-
thermore, the quality of reclaimed materials is often viewed as inferior to virgin materials,
which further fuels skepticism about the feasibility of CE practices [149].

5.4.3. Stakeholder Engagement and Awareness

Addressing existing cultural and behavioral barriers is essential to facilitating the
widespread adoption of CE practices in the construction industry. This can be achieved
through various initiatives, including training, education, awareness-raising activities, and
cultural change through work culture. By doing so, stakeholders can work toward creating
a CE, which would benefit the industry and the environment.

Open and honest communication between different groups of stakeholders can in-
crease awareness of important issues, challenge assumptions and biases, and ultimately
lead to a shift in attitudes and behaviors. It allows people to share their perspectives,
experiences, and concerns and encourages active listening and empathy. Through dialogue,
individuals can gain a deeper understanding of complex issues, build trust and respect,
and work towards finding common ground. Dialogue is a powerful enabler for promot-
ing CE [145]. This can involve open and honest communication between stakeholders,
including industry professionals, academics, and government officials. Through dialogue,
stakeholders can better understand each other’s perspectives and work collaboratively
toward finding solutions to industry challenges.

Academic engagement and professional workshops are also essential enablers for pro-
moting CE [145]. These educational opportunities give stakeholders ideas and knowledge
to address industry challenges and help them to be equipped with the skills and expertise
needed to implement CE practices.



Buildings 2024, 14, 281 26 of 37

5.4.4. Governmental Support and Incentives

The global construction industry needs more adequate policies, laws, and frameworks
to adopt circular practices and business models. Government support, such as financial
aid or tax incentives, is needed to make it more economically feasible to invest in circular
models. This, in turn, discourages their adoption. The absence of regulatory pressure
and strict laws fails to establish the necessary urgency for circularity. As a result, the
required behavioral changes in the construction industry are not taking place. This pressing
issue needs to be addressed so that the construction industry can move towards a more
sustainable and circular future [42].

Circular buildings are gaining popularity as we move towards a more sustainable
future due to their environmental benefits. Circular buildings are designed to promote
the idea of “building as a material bank” [147], which means that the materials used in
the construction of the building can be stored and reused when the building is no longer
needed. This approach minimizes waste and reduces the construction industry’s carbon
footprint. However, designing circular buildings requires careful planning because they
need to be easily deconstructed and reconstructed. This is because circular buildings are
designed to be disassembled, and all materials are recycled or reused at the end of their
useful life. Therefore, the design of circular buildings should prioritize using modular
components and materials that can be easily separated and recycled. While the benefits
of circular buildings are clear, some challenges need to be addressed. One of the main
challenges is the cost, as circular buildings are generally more expensive to construct than
traditional buildings. However, governmental support and incentives for circular buildings’
long-term economic and environmental benefits can offset this cost.

The circular economy in the construction industry is a complex issue requiring all
stakeholders’ involvement, including governments, investors, designers, constructors, and
users. The transition towards circular practices requires a significant change in mindset
and approach and the adoption of new technologies and systems. Nonetheless, the benefits
of circularity in the construction industry are far-reaching, including reduced waste and
carbon emissions, increased resource efficiency, and improved social and economic out-
comes. Therefore, all stakeholders must collaborate and work toward a more sustainable
future for the construction industry.

6. Case Studies and Best Practices

This section presents a series of case studies where principles and criteria based on the
circular economy have been successfully applied in the building sector. Different elements
have been considered within all stages of the construction process, such as materials,
construction systems, furniture, and complete buildings.

6.1. Polyblock System (Germany) [49]

The Polyblock has emerged as a prefabricated block-type construction component
(Figure 17) that is intended to be used as an alternative to conventional concrete. Its design
is based on the reuse of waste materials together with the rational and responsible use of
local materials. These blocks are composed of two distinct parts, the cover or shell and the
inner filling based on EPS or mineral wool. The shell is made from polymer concrete, a
material composed of 12% unsaturated terephthalic polyester resin, which contains up to
38% recycled PET as a binder and up to 88% filler material, such as local sand or secondary
raw materials recovered from industry or the construction sector, such as slag, tailings, or
construction and demolition waste.

Mechanically, the block demonstrates very good strength, both in compression (90–13 MPa)
and bending (MPa), exceeding those obtained for cement concrete. Likewise, due to the
significant amount of thermal insulation contained in the block, its thermal behavior is also
improved, obtaining wall thermal transmittance values of 0.4–0.55 W/m2·K. In addition, it
has a low specific weight.
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The design of the block allows the materials of which it is composed to be recovered
again at the end of its useful life. Firstly, the insulating filler can be easily extracted, with
little or no contamination with other materials, and then crushed and sieved to obtain
different particle sizes. Secondly, the additions contained in the resin shell can be recovered
through electrodynamic fragmentation, so that they can be reintroduced into the production
of new Polyblocks. The process of building a wall with these blocks, which is rather similar
to an assembly, is performed by stacking the blocks and connecting them with threaded
rods. This facilitates the assembly and disassembly of the parts as required for the repair
of individual components or the complete disassembly of the construction element at the
end-of-life stage.

6.2. Concrete Structure with Recycled Aggregates (Korbach, Germany) [152]

In this project, the concept of urban mining (Figure 18) is put into practice, applying
circular economy criteria from the design phase of the building. Nowadays, recycled
concrete aggregate is widely known in the construction sector; however, its main use is as
filler in road construction. In this case study, the old concrete structure of the Korbach town
hall was demolished and reconstructed using concrete with recycled aggregate from the
old structure, resulting in a total floor area of 4373 m2 built.
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First, a selective demolition of the structure was conducted, thus facilitating the subse-
quent separation of the different materials in accordance with German regulations [153]
and European guidelines [154]. A total of 7060 tonnes of concrete was demolished and
transported to a mobile treatment plant 41 km from the construction site. At the treatment
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plant, the rubble was crushed, screened, and separated from the steel waste through mag-
netic separation. The plastic and wood waste were then removed using an air sifter and
manual sorting.

For the construction of the new structure, two different dosages were used, the
first with 43% recycled aggregate for elements exposed to nonaggressive environments
(XC1 class), such as interiors, and another dosage with 35% recycled aggregate designed for
exposure to humid environments (XC2 class) for the foundations. In all cases, the cement
used in the mixes was CEM II/A-LL.

To determine the total environmental impact of this case, a lifecycle analysis of the
structure was conducted considering the product footprint, i.e., taking into account energy,
water, and environmental factors of the materials and services required for its manufacture.
The following factors were analyzed at all stages of the material production: the selective
process in the demolition, the transformation in the mobile plant, and obtaining the final
concrete. The results show that the use of recycled aggregate reduced the use of raw
materials by 37% for the XC1 dosage compared to conventional concrete, although it
should be noted that in the case of using 100% recycled aggregate, the savings in original
raw materials could reach up to 50%. It is worth noting that the use of these aggregates
may increase water consumption, depending on the process of obtaining the aggregate,
thus increasing the environmental impact of the final product.

6.3. The Circular Kitchen (Delft, The Netherlands) [155]

This project approaches the development of a housing component in a holistic way,
from the design of the component itself to the supply chain and the business model, to
achieve a solution as sustainable and circular as possible. To this end, collaborative work has
been conducted between housing associations, companies involved, such as manufacturers,
material and appliance suppliers, and contractors. The opinions of all these stakeholders
have been recorded and evaluated throughout the development process.

This research had a two-fold approach: to extend the useful life of a component for
social housing, which is usually around 20 years, and to make it easily dismountable and
reusable or adaptable at the end of its useful life. These products are usually made up of
pieces of chipboard with a honeycomb finish, joined together using glue. This, together
with their low price and low adaptability, makes them elements with great potential to
achieve significant reductions in the use of resources and waste generation.

The main difference between the circular kitchen (CIK) and a conventional kitchen is
based on its design, considering first of all the demountability and durability of the materi-
als. These strategies allow for the generation of a closed cycle, as well as the deceleration of
the renovation process within the same unit. Based on a modular system (Figure 19), the
structure of the CIK is formed by a base or docking frame, where the different modules
are connected and disconnected without the use of tools, thus allowing a great variety of
possibilities within the system itself. The material chosen for the construction of the system
was primarily highly durable plywood. The result is a product that can be adapted to the
user’s needs at any time, avoiding the need for full replacement in an easy and convenient
way and saving tons of waste in landfills while preventing the use of natural resources.

CIK not only applies circular economy strategies to product design but also encom-
passes the development of a business system based on these same principles. The prototype
was tested in a series of social housing units; therefore, CIK was sold to housing associa-
tions, which installed the cookstoves in eight housing units. The CIKs had a subscription
scheme, whereby the supplier provided assistance in the case of changing, extending, or
returning any of the modules at the user’s request.
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After the construction of the first prototype, the CIK has undergone several changes
according to the requirements of the producers, always trying to remain faithful to the
concepts of circularity that gave rise to it. The main change took place in the basic structure
of the kitchen, which is now made up of removable panels of sustainable chipboard,
contributing to the greater repairability of the system. In addition, the modules were
redesigned so that the side panels could be installed without any type of exterior coating
(saving on the use of materials and resources), with this coating only being necessary
on the horizontal shelves, as these suffer greater wear and tear during the useful life of
the product.

The CIK as an alternative to conventional kitchens has proven to generate a lower
impact on the environment through a design that encompasses all stages of the product
lifecycle, prioritizing the durability, adaptability, ease of disassembly, and reusability of
each component.

6.4. VELUXlab (Milano, Italy) [156]

This case study focuses on the energy renovation of a building in Southern Europe,
designed by ACTX/IDOM studio, which was a modular housing building that was trans-
ported and assembled onsite. The project approaches the concept of circular economy from
several perspectives: the reuse of previously built structures for reuse, the application of
recycled and recyclable materials, and the concept of design for disassembly.

In the new design, a change in use from housing to offices and research centers
has been conducted, where maximum efficiency has been prioritized with the use of
minimum resources. The design process of the refurbishment was based on the active
house methodology, which evaluates indoor comfort, energy efficiency, and environment
impact while prioritizing sustainability and the well-being of the occupants. All project
decisions were based on a continuous analysis of the lifecycle of the materials and solutions
used in the renovation, taking into account aspects related to the environmental impact of
the production of the materials, the service life of the building, and its end of life.

The external deterioration of the old facade led to the proposal of a new envelope
reusing the old enclosure as a base, which was used to modify the construction system and
reduce its thermal transmittance. In the new solution, both recycled and recyclable materials
were used. In this sense, recycled glass panels with a plaster finish were used as the
exterior cladding, leaving a 3 cm-thick ventilated air gap, thus improving the performance
of the façade, especially in summer. For the next layer of the envelope, prefabricated
rigid polyurethane panels were used, which had ledges to support the exterior finish
while allowing natural air movement in the cavity. These panels were placed on a steel
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substructure to ensure a good connection. Figure 20 shows a schematic diagram of the
construction solution implemented in this rehabilitation.
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On the other hand, the poor uniformity of the old facade resulted in some gaps between
the old building envelope and the new one, which compromised the maximum efficiency
of the solution. To solve this, it was decided to fill these gaps with powdered polystyrene
waste from the construction site disposal. This solution proved to be the most suitable as,
due to the transport of other elements, there was a large amount of EPS packaging waste
available onsite. In addition, the insulating power of this material was found to be similar
to other insulators, such as rock wool or polystyrene, with the advantage that it reduced
the global warming potential (GWP) by up to 60% compared with commercial XPS.

Ultimately, the new solution has allowed the energy performance of the refurbished
building to be optimized by using more sustainable recycled materials and employing dry
systems that enable future disassembly at the end of the building’s useful life. Overall, the
aim has been to reduce the energy embodied in the construction while minimizing energy
use during the use phase of the building, resulting in an environmentally and energetically
sustainable building.

7. Discussion and Conclusions

This paper reviews the main challenges in circular construction material usage and
proposes collaborative solutions. Circular construction materials can revolutionize sustain-
able building practices by adopting circular principles. By embracing this approach, the
construction industry can substantially reduce its environmental impact, conserve natural
resources, and build a more resilient environment. However, many challenges must be
addressed to facilitate the widespread adoption of circular construction materials.

Based on the conducted state-of-the-art review, specific recommendations for ad-
dressing the challenges of the widespread adoption of circular construction materials
are highlighted, and future directions are addressed. This interdisciplinary review study
also explored the circular material usage strategies and principles in buildings; several
barriers, critical success factors, and enablers are also identified within the scope of this
research niche.

The construction sector is a significant contributor to waste generation and a major
consumer of resources. However, it also has the potential to play a leading role in the
transition to a circular economy. The construction sector can reduce its environmental
impact by implementing design principles for circular material usage, conserving resources,
and promoting sustainable material use. The key design principles for circular material
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usage in the construction sector include designing for circularity and material selection
and management. Buildings should be designed to be durable, adaptable, and easy to
disassemble. This will facilitate the reuse, recycling, and upcycling of materials at the
end of the building’s lifecycle. Construction materials should be selected based on their
environmental impact, recyclability, and durability. And construction waste should be
minimized and managed to maximize the recovery of materials. The implementation of
these design principles will require collaboration between all stakeholders in the construc-
tion sector, including architects, engineers, contractors, and material suppliers. However,
the benefits are clear: a more circular construction sector will be more sustainable, more
resilient, and more competitive. Implementing design principles for circular material usage
in the construction sector can lead to reduced costs, increased innovation, and improved
job creation, in addition to the benefits mentioned above.

Additionally, this review addresses the importance of the shift toward a circular
economy (CE) in buildings that involves collaborative business models and technological
innovations. Circular supply chains, product-as-a-service models, and extended product
responsibility are pivotal for sustainability. Public–private partnerships offer promise but
need careful management. Future efforts should focus on robust regulatory frameworks,
awareness programs, and international collaboration. Technological advancements, in-
cluding AI, robotics, and blockchain, must be integrated for efficient waste management.
Education on circular practices is crucial. Global collaboration can standardize circular
construction approaches, fostering a more sustainable and resilient industry that, according
to the perspective of this review paper, prioritizes resource efficiency, circular practices,
innovation, stakeholder collaboration, and adaptive strategies to minimize environmental
impact and maximize sustainable practices throughout its operations

Considering the above conclusions drawn from our study, there are significant and
far-reaching implications for applying CE principles within the construction industry. This
review recommends actionable steps to integrate these principles into practical applications,
including design principles for circular material usage, collaboration among stakehold-
ers, technological integration, and the need for robust regulatory frameworks. These
recommendations present a roadmap for future implementations and provide a tangible
framework for policymakers, practitioners, and stakeholders to adopt and implement these
principles. By embracing these conclusions, the construction industry can successfully
transition towards a more sustainable and resilient future, reducing environmental impact,
conserving resources, and fostering innovation. Additionally, the integration of these
principles aligns with the broader global agenda of sustainability, contributing significantly
to the advancement of CE practices beyond the confines of the construction sector.

The review of the implementation of CE principles in the construction industry has
revealed some vital lessons to improve sustainability and reduce environmental impact.
However, the slow adoption of these principles can be attributed to some industry-specific
barriers, such as limited knowledge and experience. Therefore, there is a need for a col-
lective effort toward educating and disseminating information to overcome these barriers.
Embracing innovation presents a promising way to drive circularity. Successful case studies
of circular practices can provide valuable insights for broader industry adoption. Develop-
ing robust regulatory frameworks can incentivize sustainable practices, while integrating
advanced technologies can optimize waste management processes. Education on circu-
lar practices is essential, and global collaboration is critical for standardizing universally
accepted approaches.
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10. Szczepański, M. Briefing: Critical Raw Materials for the EU—Enablers of the Green and Digital Recovery; European Parliamentary

Research Service; European Union: Brussels, Belgium, 2020.
11. European Commission. Proposal for a Regulation of the European Parliament and of the Council Establishing a Framework for Ensuring a

Secure and Sustainable Supply of Critical Raw Materials and Amending Regulations (EU) 168/2013, (EU) 2018/858, 2018/1724 and (EU)
2019/1020; European Union: Belgium, Brussels, 2023.

12. Moschen-Schimek, J.; Kasper, T.; Huber-Humer, M. Critical Review of the Recovery Rates of Construction and Demolition
Waste in the European Union—An Analysis of Influencing Factors in Selected EU Countries. Waste Manag. 2023, 167, 150–164.
[CrossRef] [PubMed]

13. Acharya, D.; Boyd, R.; Finch, O. From Principles to Practices: First Steps towards a Circular Built Environment; ARUP, Ellen MacArthur
Foundation: Isle of Wight, UK, 2018.

14. European Commission. Construction and Demolition Waste. Available online: https://environment.ec.europa.eu/topics/waste-
and-recycling/construction-and-demolition-waste_en (accessed on 7 November 2023).

15. Giorgi, S.; Lavagna, M.; Campioli, A. Guidelines for Effective and Sustainable Recycling of Construction and Demolition Waste. In
Designing Sustainable Technologies, Products and Policies; Benetto, E., Gericke, K., Guiton, M., Eds.; Springer International Publishing:
Cham, Switzerland, 2018; ISBN 978-3-319-66980-9.

16. European Parliament; Council of the European Union. Directive 2008/98/EC of the European Parliament and of the Council of 19
November 2008 on Waste and Repealing Certain Directives; European Union: Brussels, Belgium, 2008.

17. Mihai, F.-C. Construction and Demolition Waste in Romania: The Route from Illegal Dumping to Building Materials. Sustainability
2019, 11, 3179. [CrossRef]

18. Ellen MacArthur Foundation. Reimagining Our Buildings and Spaces for a Circular Economy. Available online: https://
ellenmacarthurfoundation.org/topics/built-environment/overview (accessed on 8 July 2023).

19. Material Economics. Industrial Transformation 2050—Pathways to Net-Zero Emissions from EU Heavy Industry; University of
Cambridge Institute for Sustainability Leadership (CISL): Cambridge, UK, 2019.

20. European Parliament Circular Economy: Definition, Importance and Benefits. Available online: https://www.europarl.
europa.eu/news/en/headlines/economy/20151201STO05603/circular-economy-definition-importance-and-benefits?&at_
campaign=20234-Economy&at_medium=Google_Ads&at_platform=Search&at_creation=RSA&at_goal=TR_G&at_audience=
importance%20of%20circula (accessed on 17 July 2023).

21. Adams, K.T.; Osmani, M.; Thorpe, T.; Thornback, J. Circular Economy in Construction: Current Awareness, Challenges and
Enablers. Proc. Inst. Civ. Eng. Waste Resour. Manag. 2017, 170, 15–24. [CrossRef]

22. Ellen MacArthur Fundation. What Is Circular Economy? Available online: https://ellenmacarthurfoundation.org/topics/
circular-economy-introduction/overview (accessed on 17 July 2023).

23. Akhimien, N.G.; Al Tawheed, A.A.; Latif, E.; Hou, S.S. Circular Economy in Buildings. In The Circular Economy—Recent Advances
in Sustainable Waste Management; Zhang, T., Ed.; IntechOpen: London, UK, 2022.

www.circularb.eu
https://doi.org/10.1016/j.exis.2021.100904
https://doi.org/10.1016/j.oneear.2021.04.011
https://doi.org/10.3390/su14137674
https://doi.org/10.1016/j.wasman.2023.05.020
https://www.ncbi.nlm.nih.gov/pubmed/37267878
https://environment.ec.europa.eu/topics/waste-and-recycling/construction-and-demolition-waste_en
https://environment.ec.europa.eu/topics/waste-and-recycling/construction-and-demolition-waste_en
https://doi.org/10.3390/su11113179
https://ellenmacarthurfoundation.org/topics/built-environment/overview
https://ellenmacarthurfoundation.org/topics/built-environment/overview
https://www.europarl.europa.eu/news/en/headlines/economy/20151201STO05603/circular-economy-definition-importance-and-benefits?&at_campaign=20234-Economy&at_medium=Google_Ads&at_platform=Search&at_creation=RSA&at_goal=TR_G&at_audience=importance%20of%20circula
https://www.europarl.europa.eu/news/en/headlines/economy/20151201STO05603/circular-economy-definition-importance-and-benefits?&at_campaign=20234-Economy&at_medium=Google_Ads&at_platform=Search&at_creation=RSA&at_goal=TR_G&at_audience=importance%20of%20circula
https://www.europarl.europa.eu/news/en/headlines/economy/20151201STO05603/circular-economy-definition-importance-and-benefits?&at_campaign=20234-Economy&at_medium=Google_Ads&at_platform=Search&at_creation=RSA&at_goal=TR_G&at_audience=importance%20of%20circula
https://www.europarl.europa.eu/news/en/headlines/economy/20151201STO05603/circular-economy-definition-importance-and-benefits?&at_campaign=20234-Economy&at_medium=Google_Ads&at_platform=Search&at_creation=RSA&at_goal=TR_G&at_audience=importance%20of%20circula
https://doi.org/10.1680/jwarm.16.00011
https://ellenmacarthurfoundation.org/topics/circular-economy-introduction/overview
https://ellenmacarthurfoundation.org/topics/circular-economy-introduction/overview


Buildings 2024, 14, 281 33 of 37

24. Çimen, Ö. Development of a Circular Building Lifecycle Framework: Inception to Circulation. Results Eng. 2023, 17, 100861.
[CrossRef]

25. Çimen, Ö. Construction and Built Environment in Circular Economy: A Comprehensive Literature Review. J. Clean. Prod. 2021,
305, 127180. [CrossRef]

26. Reike, D.; Vermeulen, W.J.V.; Witjes, S. The Circular Economy: New or Refurbished as CE 3.0? — Exploring Controversies in the
Conceptualization of the Circular Economy through a Focus on History and Resource Value Retention Options. Resour. Conserv.
Recycl. 2018, 135, 246–264. [CrossRef]

27. Mesa, J.A.; Esparragoza, I. Towards the Implementation of Circular Economy in Engineering Education: A Systematic Review. In
Proceedings of the 2021 IEEE Frontiers in Education Conference (FIE), Lincoln, NE, USA, 13–16 October 2021. [CrossRef]

28. Potting, J.; Hekkert, M.; Worrelland, E.; Hanemaaijer, A. Circular Economy: Measuring Innovation in the Product Chain; Policy Report;
PBL Netherlands Environmental Assessment Agency: The Hague, The Netherlands, 2017.

29. Garg, R. Here’s How to Creat a Circular Economy for Building Materials. In Proceedings of the United Nations Climate Change
Conference COP27, World Economic Forum, Sharm el-Sheikh, Egypt, 6–18 November 2022; Volume 2.

30. Ottenhaus, L.M. Butterfly Diagram of Circular Buildings. Figshare. Figure 2022. Available online: https://figshare.com/articles/
figure/Butterfly_Diagram_of_Circular_Buildings/21249573/1 (accessed on 7 November 2023).

31. Ellen MacArthur Foundation. Circular Economy Butterfly Diagram. Available online: https://ellenmacarthurfoundation.org/
circular-economy-diagram (accessed on 9 July 2023).

32. European Commission. A Sustainable Bioeconomy for Europe: Strengthening the Connection between Economy, Society and the
Environment; European Commission: Brussels, Belgium, 2018. [CrossRef]

33. Niu, Y.; Rasi, K.; Hughes, M.; Halme, M.; Fink, G. Prolonging Life Cycles of Construction Materials and Combating Climate
Change by Cascading: The Case of Reusing Timber in Finland. Resour. Conserv. Recycl. 2021, 170, 105555. [CrossRef]

34. Ellen MacArthur Fundation. The Biological Cycle of the Butterfly Diagram. Available online: https://ellenmacarthurfoundation.
org/articles/the-biological-cycle-of-the-butterfly-diagram (accessed on 9 July 2023).

35. Jackson, A.; Brady, C.; Montano Owen, C. The Circular Built Environment Playbook; World Green Building Council: London,
UK, 2023.

36. Oberle, B.; Bringezu, S.; Hatfield-Dodds, S.; Hellweg, S.; Schandl, H.; Clement, J. Global Resources Outlook: 2019; International
Resource Panel, United Nations Envio: Paris, France, 2019.

37. Liu, F.; Lin, B.; Meng, K. Green Space Settlement Landscape Optimization Strategy under the Concept of Ecological Environment
Restoration. J. King Saud Univ. Sci. 2023, 35, 102539. [CrossRef]

38. Lu, J.; Jiao, S.; Han, Z.; Yin, J. Promoting Ecological Restoration of Deeply Urbanized Hilly Areas: A Multi-Scale Ecological
Networks Approach. Ecol. Indic. 2023, 154, 110655. [CrossRef]

39. Haines-Young, R. Land Use and Biodiversity Relationships. Land Use Policy 2009, 26, S178–S186. [CrossRef]
40. Mouton, L.; Allacker, K.; Röck, M. Bio-Based Building Material Solutions for Environmental Benefits over Conventional

Construction Products—Life Cycle Assessment of Regenerative Design Strategies (1/2). Energy Build. 2023, 282, 112767.
[CrossRef]

41. Munaro, M.R.; Tavares, S.F. A Review on Barriers, Drivers, and Stakeholders towards the Circular Economy: The Construction
Sector Perspective. Clean. Responsible Consum. 2023, 8, 100107. [CrossRef]

42. Wuni, I.Y. Mapping the Barriers to Circular Economy Adoption in the Construction Industry: A Systematic Review, Pareto
Analysis, and Mitigation Strategy Map. Build. Environ. 2022, 223, 109453. [CrossRef]

43. Sparandara, L.; Werner, M.; Kaminsky, A.; Finch, L.; Douglas, K. Accelerating the Circular Economy through Commercial Deconstruction
and Reuse, 1st ed.; Ellen MacArthur Fundation & Google: Isle of Wight, UK, 2019.

44. Akinade, O.; Oyedele, L.; Oyedele, A.; Davila Delgado, J.M.; Bilal, M.; Akanbi, L.; Ajayi, A.; Owolabi, H. Design for Deconstruction
Using a Circular Economy Approach: Barriers and Strategies for Improvement. Prod. Plan. Control 2020, 31, 829–840. [CrossRef]

45. Hossain, M.U.; Ng, S.T. Critical Consideration of Buildings’ Environmental Impact Assessment towards Adoption of Circular
Economy: An Analytical Review. J. Clean. Prod. 2018, 205, 763–780. [CrossRef]

46. Cambier, C.; Galle, W.; De Temmerman, N. Research and Development Directions for Design Support Tools for Circular Building.
Buildings 2020, 10, 142. [CrossRef]

47. Brown, M.; Haselsteiner, E.; Apró, D.; Kopeva, D.; Luca, E.; Pulkkinen, K.-L.; Rizvanolli, B.V. (Eds.) Sustainability, Restorative
to Regenerative: An Exploration in Progressing a Paradigm Shift in Built Environment Thinking, from Sustainability to Restorative
Sustainability and on to Regenerative Sustainability; COST Action CA16114 RESTORE, Working Group One Report: Restorative
Sustainability; COST Association: Belgium, Brussels, 2018; ISBN 978-3-9504607-0-4.

48. Dumée, L.F. Circular Materials and Circular Design—Review on Challenges towards Sustainable Manufacturing and Recycling.
Circ. Econ. Sustain. 2022, 2, 9–23. [CrossRef]

49. Kouvara, A.; Priavolou, C.; Ott, D.; Scherer, P.; van Zyl-Bulitta, V.H. Circular, Local, Open: A Recipe for Sustainable Building
Construction. Buildings 2023, 13, 2493. [CrossRef]

50. del Río-Merino, M.; Vidales-Barriguete, A.; Piña-Ramírez, C.; Vitiello, V.; Santa Cruz-Astorqui, J.; Castelluccio, R. A Review of the
Research about Gypsum Mortars with Waste Aggregates. J. Build. Eng. 2022, 45, 103338. [CrossRef]

51. Herrero, S.; Mayor, P.; Hernández-Olivares, F. Influence of Proportion and Particle Size Gradation of Rubber from End-of-Life
Tires on Mechanical, Thermal and Acoustic Properties of Plaster-Rubber Mortars. Mater. Des. 2013, 47, 633–642. [CrossRef]

https://doi.org/10.1016/j.rineng.2022.100861
https://doi.org/10.1016/j.jclepro.2021.127180
https://doi.org/10.1016/j.resconrec.2017.08.027
https://doi.org/10.1109/FIE49875.2021.9637395
https://figshare.com/articles/figure/Butterfly_Diagram_of_Circular_Buildings/21249573/1
https://figshare.com/articles/figure/Butterfly_Diagram_of_Circular_Buildings/21249573/1
https://ellenmacarthurfoundation.org/circular-economy-diagram
https://ellenmacarthurfoundation.org/circular-economy-diagram
https://doi.org/10.2777/792130
https://doi.org/10.1016/j.resconrec.2021.105555
https://ellenmacarthurfoundation.org/articles/the-biological-cycle-of-the-butterfly-diagram
https://ellenmacarthurfoundation.org/articles/the-biological-cycle-of-the-butterfly-diagram
https://doi.org/10.1016/j.jksus.2023.102539
https://doi.org/10.1016/j.ecolind.2023.110655
https://doi.org/10.1016/j.landusepol.2009.08.009
https://doi.org/10.1016/j.enbuild.2022.112767
https://doi.org/10.1016/j.clrc.2023.100107
https://doi.org/10.1016/j.buildenv.2022.109453
https://doi.org/10.1080/09537287.2019.1695006
https://doi.org/10.1016/j.jclepro.2018.09.120
https://doi.org/10.3390/buildings10080142
https://doi.org/10.1007/s43615-021-00085-2
https://doi.org/10.3390/buildings13102493
https://doi.org/10.1016/j.jobe.2021.103338
https://doi.org/10.1016/j.matdes.2012.12.063


Buildings 2024, 14, 281 34 of 37

52. Cejuela, E.; Negro, V.; del Campo, J.M.; Martín-Antón, M.; Esteban, M.D.; López-Gutiérrez, J.S. Recent History, Types, and Future
of Modern Caisson Technology: The Way to More Sustainable Practices. Sustainability 2018, 10, 3839. [CrossRef]

53. Zaragoza-Benzal, A.; Ferrández, D.; Diaz-Velilla, J.P.; Zúñiga-Vicente, J.A. Manufacture and Characterisation of a New Lightweight
Plaster for Application in Wet Rooms under Circular Economy Criteria. Case Stud. Constr. Mater. 2023, 19, e02380. [CrossRef]

54. Ferrer, J.; Herrería, N.; Remón, A.; Armas, R.; Rivera, T.D.; Ramos, I.; Sartori, T.; Isla, M.; Morató, J.; Villanueva, B. Proyecto
Economía Circular España—Acelerando La Transición En El Sector de Construcción. 2022.

55. Morató, J.; Jiménez, L.M. Informe COTEC—Situación y Evolución de La Economía Circular En España; Fundación Cotec Para La
Innovación: Madrid, Spain, 2021.

56. Ellen Macarthur Foundation. Available online: https://ellenmacarthurfoundation.org/ (accessed on 8 July 2023).
57. Charef, R.; Lu, W.; Hall, D. The Transition to the Circular Economy of the Construction Industry: Insights into Sustainable

Approaches to Improve the Understanding. J. Clean. Prod. 2022, 364, 132421. [CrossRef]
58. Nußholz, J.; Çetin, S.; Eberhardt, L.; De Wolf, C.; Bocken, N. From Circular Strategies to Actions: 65 European Circular Building

Cases and Their Decarbonisation Potential. Resour. Conserv. Recycl. Adv. 2023, 17, 200130. [CrossRef]
59. Setaki, F.; van Timmeren, A. Disruptive Technologies for a Circular Building Industry. Build. Environ. 2022, 223, 109394. [CrossRef]
60. Tavares, T.M.; Ganga, G.M.D.; Filho, M.G.; Rodrigues, V.P. The Benefits and Barriers of Additive Manufacturing for Circular

Economy: A Framework Proposal. Sustain. Prod. Consum. 2023, 37, 369–388. [CrossRef]
61. Oluleye, B.I.; Chan, D.W.M.; Antwi-Afari, P. Adopting Artificial Intelligence for Enhancing the Implementation of Systemic

Circularity in the Construction Industry: A Critical Review. Sustain. Prod. Consum. 2023, 35, 509–524. [CrossRef]
62. Marsh, A.T.M.; Velenturf, A.P.M.; Bernal, S.A. Circular Economy Strategies for Concrete: Implementation and Integration. J. Clean.

Prod. 2022, 362, 132486. [CrossRef]
63. Figge, F.; Thorpe, A.S.; Givry, P.; Canning, L.; Franklin-Johnson, E. Longevity and Circularity as Indicators of Eco-Efficient

Resource Use in the Circular Economy. Ecol. Econ. 2018, 150, 297–306. [CrossRef]
64. Kirchherr, J.; Reike, D.; Hekkert, M. Conceptualizing the Circular Economy: An Analysis of 114 Definitions. Resour. Conserv.

Recycl. 2017, 127, 221–232. [CrossRef]
65. Mollaei, A.; Bachmann, C.; Haas, C. Estimating the Recoverable Value of In-Situ Building Materials. Sustain. Cities Soc. 2023,

91, 104455. [CrossRef]
66. Zhuang, G.L.; Shih, S.G.; Wagiri, F. Circular Economy and Sustainable Development Goals: Exploring the Potentials of Reusable

Modular Components in Circular Economy Business Model. J. Clean. Prod. 2023, 414, 137503. [CrossRef]
67. Haines-Gadd, M.; Charnley, F.; Encinas-Oropesa, A. Self-Healing Materials: A Pathway to Immortal Products or a Risk to Circular

Economy Systems? J. Clean. Prod. 2021, 315, 128193. [CrossRef]
68. Atta, N. Remanufacturing Towards Circularity in the Construction Sector: The Role of Digital Technologies. In Technological

Imagination in the Green and Digital Transition; Springer International Publishing: Cham, Switzerland, 2023; pp. 493–503,
ISBN 978-3-031-29515-7.

69. van Stijn, A.; Gruis, V. Towards a Circular Built Environment: An Integral Design Tool for Circular Building Components. Smart
Sustain. Built Environ. 2020, 9, 635–653. [CrossRef]

70. Hosseini, M.R.; Rameezdeen, R.; Chileshe, N.; Lehmann, S. Reverse Logistics in the Construction Industry. Waste Manag. Res.
2015, 33, 499–514. [CrossRef]

71. Ding, L.; Wang, T.; Chan, P.W. Forward and Reverse Logistics for Circular Economy in Construction: A Systematic Literature
Review. J. Clean. Prod. 2023, 388, 135981. [CrossRef]

72. Antwi-Afari, P.; Ng, S.T.; Hossain, M.U. A Review of the Circularity Gap in the Construction Industry through Scientometric
Analysis. J. Clean. Prod. 2021, 298, 126870. [CrossRef]

73. Hart, J.; Adams, K.; Giesekam, J.; Tingley, D.D.; Pomponi, F. Barriers and Drivers in a Circular Economy: The Case of the Built
Environment. Procedia CIRP 2019, 80, 619–624. [CrossRef]

74. Rebuydeal.Com. Available online: https://www.rebuydeal.com/en/buy-sell-second-hand/115/building-materials (accessed on
15 July 2023).

75. Seconduse.Com. Available online: https://www.seconduse.com/inventory/categories/windows/ (accessed on 15 July 2023).
76. Rotordc.Com. RotorDC—Deconstruction and Consulting, Photography by Pascal BROZE (2021162-20). 2022. Available online:

https://rotordc.com/aboutus-1 (accessed on 7 November 2023).
77. Oluleye, B.I.; Chan, D.W.M.; Saka, A.B.; Olawumi, T.O. Circular Economy Research on Building Construction and Demolition

Waste: A Review of Current Trends and Future Research Directions. J. Clean. Prod. 2022, 357, 131927. [CrossRef]
78. Ghobadi, M.; Sepasgozar, S.M.E. Circular Economy Strategies in Modern Timber Construction as a Potential Response to Climate

Change. J. Build. Eng. 2023, 77, 107229. [CrossRef]
79. Ahn, N.; Dodoo, A.; Riggio, M.; Muszynski, L.; Schimleck, L.; Puettmann, M. Circular Economy in Mass Timber Construction:

State-of-the-Art, Gaps and Pressing Research Needs. J. Build. Eng. 2022, 53, 104562. [CrossRef]
80. Llana, D.F.; González-Alegre, V.; Portela, M.; Íñiguez-González, G. Cross Laminated Timber (CLT) Manufactured with European

Oak Recovered from Demolition: Structural Properties and Non-Destructive Evaluation. Constr. Build. Mater. 2022, 339, 127635.
[CrossRef]

81. Cobîrzan, N.; Balog, A.-A.; Thalmaier, G.; Nasui, M.; Munteanu, C.; Babota, F. Microscopical and Macroscopical Analysis of
Recovered Bricks for Assessing Their Reusability in Masonry Buildings. Procedia Manuf. 2020, 46, 144–149. [CrossRef]

https://doi.org/10.3390/su10113839
https://doi.org/10.1016/j.cscm.2023.e02380
https://ellenmacarthurfoundation.org/
https://doi.org/10.1016/j.jclepro.2022.132421
https://doi.org/10.1016/j.rcradv.2023.200130
https://doi.org/10.1016/j.buildenv.2022.109394
https://doi.org/10.1016/j.spc.2023.03.006
https://doi.org/10.1016/j.spc.2022.12.002
https://doi.org/10.1016/j.jclepro.2022.132486
https://doi.org/10.1016/j.ecolecon.2018.04.030
https://doi.org/10.1016/j.resconrec.2017.09.005
https://doi.org/10.1016/j.scs.2023.104455
https://doi.org/10.1016/j.jclepro.2023.137503
https://doi.org/10.1016/j.jclepro.2021.128193
https://doi.org/10.1108/SASBE-05-2019-0063
https://doi.org/10.1177/0734242X15584842
https://doi.org/10.1016/j.jclepro.2023.135981
https://doi.org/10.1016/j.jclepro.2021.126870
https://doi.org/10.1016/j.procir.2018.12.015
https://www.rebuydeal.com/en/buy-sell-second-hand/115/building-materials
https://www.seconduse.com/inventory/categories/windows/
https://rotordc.com/aboutus-1
https://doi.org/10.1016/j.jclepro.2022.131927
https://doi.org/10.1016/j.jobe.2023.107229
https://doi.org/10.1016/j.jobe.2022.104562
https://doi.org/10.1016/j.conbuildmat.2022.127635
https://doi.org/10.1016/j.promfg.2020.03.022


Buildings 2024, 14, 281 35 of 37

82. dos Reis, G.S.; Quattrone, M.; Ambrós, W.M.; Cazacliu, B.G.; Sampaio, C.H. Current Applications of Recycled Aggregates from
Construction and Demolition: A Review. Materials 2021, 14, 1700. [CrossRef] [PubMed]

83. Ramos, M.; Martinho, G.; Vasconcelos, L.; Ferreira, F. Local Scale Dynamics to Promote the Sustainable Management of
Construction and Demolition Waste. Resour. Conserv. Recycl. Adv. 2023, 17, 200135. [CrossRef]

84. Sahoo, P.; Dwivedi, A.; Tuppad, S.M.; Gupta, S. Sequestration and Utilization of Carbon Dioxide to Improve Engineering
Properties of Cement-Based Construction Materials with Recycled Brick Powder: A Pathway for Cleaner Construction. Constr.
Build. Mater. 2023, 395, 132268. [CrossRef]

85. Bergonzoni, M.; Melloni, R.; Botti, L. Analysis of Sustainable Concrete Obtained from the By-Products of an Industrial Process
and Recycled Aggregates from Construction and Demolition Waste. Procedia Comput. Sci. 2023, 217, 41–51. [CrossRef]

86. Ferrández, D.; Saiz, P.; Zaragoza-Benzal, A.; Zúñiga-Vicente, J.A. Towards a More Sustainable Environmentally Production
System for the Treatment of Recycled Aggregates in the Construction Industry: An Experimental Study. Heliyon 2023, 9, e16641.
[CrossRef] [PubMed]

87. Zaragoza-Benzal, A.; Ferrández, D.; Atanes-Sánchez, E.; Morón, C. New Lightened Plaster Material with Dissolved Recycled
Expanded Polystyrene and End-of-Life Tyres Fibres for Building Prefabricated Industry. Case Stud. Constr. Mater. 2023, 18, e02178.
[CrossRef]

88. Zaragoza-Benzal, A.; Ferrández, D.; Santos, P.; Morón, C. Recovery of End-of-Life Tyres and Mineral Wool Waste: A Case Study
with Gypsum Composite Materials Applying Circular Economy Criteria. Materials 2023, 16, 243. [CrossRef]

89. Sormunen, P.; Deviatkin, I.; Horttanainen, M.; Kärki, T. An Evaluation of Thermoplastic Composite Fillers Derived from
Construction and Demolition Waste Based on Their Economic and Environmental Characteristics. J. Clean. Prod. 2021, 280, 125198.
[CrossRef]

90. Ahmed, N. Utilizing Plastic Waste in the Building and Construction Industry: A Pathway towards the Circular Economy. Constr.
Build. Mater. 2023, 383, 131311. [CrossRef]
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