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Preface

In recent years, there has been a notable upsurge in the use of nanomaterials, particu-
larly within the construction and building sectors. The incorporation of nanoparticles
introduces noteworthy changes in the physico-mechanical and physical-chemical
characteristics of construction materials.

Despite the acknowledged advantages of employing nanomaterials, uncertainties
persist regarding their widespread adoption in development and applications, espe-
cially concerning potential environmental and human health implications. A crucial
aspect in thoroughly assessing the environmental impacts of nanoproducts is the
imperative quantification of effects on ecosystems and human health throughout the
entire life cycle of these products. The indispensable utilization of a comprehen-
sive tool, such as Life Cycle Assessment, becomes paramount in gaining a nuanced
understanding of potential environmental and health challenges, thereby ensuring
the environmental sustainability of nanomaterials.

This academic publication endeavours to provide nanoproduct manufacturers,
construction industry professionals, and waste managers with the necessary knowl-
edge to comprehend the environmental and health impacts associated with the
manufacturing, application, and disposal processes of nanoproducts used in the
construction industry. This contribution aims to enhance their personal and profes-
sional development, consequently bolstering their employability at the European
level.

A thorough comprehension of potential releases throughout the entire life cycle
of nanoproducts and their potential effects is imperative for ensuring the safe and
sustainable utilization of these innovative materials. The application of life cycle
thinking emerges as a pivotal component in appropriately evaluating the potential
impacts associated with nanomaterial releases.

Seville, Spain Pilar Mercader-Moyano
Paula Porras-Pereira
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Introduction

Buildings exert a direct influence on the environment, extending from the consump-
tion of raw materials in construction, maintenance, and renovation to the discharge
of detrimental substances over the building’s entire life cycle. The interconnection
between the construction industry and the environment is undeniable, with building
materials leaving a lasting imprint on both the constructed and natural surroundings
throughout their life cycle [1].

In recent years, the utilization of nanomaterials has witnessed a notable upsurge
across various applications, particularly within the construction and building sectors.
Nanotechnology has proven to be a focal point of uncovering novel applications for
nanomaterials, owing to their characteristics such as high-performance attributes,
substantial commercial influence, efficacy in energy storage and conversion, cost-
effectiveness, energy savings, and diminished environmental impacts. These unique
physical, chemical, mechanical, and efficacy characteristics of nanomaterials have
sparked a growing interest in their production, surpassing even the use of natural
materials, due to the transformative impact of nanomaterials in elevating the perfor-
mance of building materials [2, 3, 4]. Utilizing nanoparticles introduces note-
worthy changes in the physico-mechanical and physical-chemical behaviour of
constructional materials. This transformative impact encompasses properties such
as increased strength, self-sensing capabilities, self-cleaning features, antimicrobial
attributes, and pollution remediation capabilities, all of which can be significantly
improved through the incorporation of nanoparticles in construction materials [4].

The significance of these materials became evident as researchers discovered
that size could exert a profound influence on the physiochemical properties of
a substance [3]. Nanoparticles, owing to their nanoscale dimensions, showcase
remarkable attributes, with size being a pivotal factor [4].

Despite the reported benefits of nanomaterial applications for specific industrial
applications and consumer products in various sectors, the widespread adoption
of nanomaterials in development and applications remain significant uncertainties,
particularly concerning their potential environmental and human health impacts if
released into the environment [2, 5]. The release of nanomaterials can take place at
any stage in the nanomaterial life cycle, spanning from their production, through the
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manufacturing of nanoproducts, to the utilization/application of these nanoproducts,
and finally, their end-of-life management and disposal [5].

To date, much of the research on nanomaterials has centred on their unique
functionality in diverse fields and applications, with less attention given to poten-
tial environmental effects throughout their life cycle. Concerns also exist regarding
the environmental sustainability of nanomaterial pathways contributing to broader
environmental problems [2].

The effective incorporation of nanoparticles into construction materials enhances
the likelihood of workers being exposed to potentially toxic particles released during
construction. Consequently, there is a burgeoning research emphasis on compre-
hending the toxicity of nanomaterials to the environment and human health, partic-
ularly through construction materials, encompassing their manufacturing and recy-
cling processes. It is imperative for humanity to address these issues comprehen-
sively, seeking a thorough understanding of the limitations that nanoparticles may
impose on the environment and human health, while also addressing relevant safety
concerns. This proactive approach is crucial to ensure responsible and sustainable
practices in the utilization of nanomaterials in construction and related industries.

In order to thoroughly evaluate the environmental impacts of nanoproducts, it
becomes imperative to quantify the effects on ecosystems and human health arising
from releases throughout the entire life cycle of these products [6]. A comprehensive
tool, such as Life Cycle Assessment (LCA), proves essential in gaining a better
understanding of potential environmental and health challenges and ensuring the
environmental sustainability of nanomaterials. LCA, rooted in the concept of life
cycle thinking, offers a holistic approach to assessing the environmental impacts of
products, services, and processes. It accomplishes this by identifying the materials
used and the energy and emissions released to the environment, which is critical in
evaluating the potential impacts of nanomaterial releases [2, 5, 7].

A thorough comprehension of potential releases across the entire life cycle and
their potential effects is vital for ensuring the safe and sustainable utilization of these
new materials. The application of life cycle thinking emerges as a key component in
appropriately evaluating the potential impacts associated with nanomaterial releases
[5].

After establishing the current significance of nanoparticles in the construction
sector, in the context of the Erasmus+ project, a comprehensive series of analyses has
been conducted to underscore the significance of integrating Life Cycle Assessment
(LCA) into the realm of building materials involving nanoproducts.

The first analysis within this framework entailed the production of a comparative
study report designed to systematically gather and scrutinize the existing curricula
related to LCA across partner countries, namely Spain, Sweden, and Greece. The
primary objective of the comparative study report is to amass information on various
instructional resources provided by educational institutions, specifically focusing on
training and education in the domain of Life Cycle Assessment.

Moreover, subsequent to a meticulous examination of the respective national
reports, the comparative study aspires to accentuate exemplary practices while
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concurrently identifying any discernible gaps and weaknesses in the current educa-
tional landscape pertaining to Life Cycle Assessment. This multifaceted approach
aims to contribute to a nuanced understanding of LCA practices and educational
strategies, thereby fostering an environment conducive to informed decision-making.

The dearth of training opportunities in Life Cycle Assessments, despite their
recognized effectiveness in gauging the environmental impact of products, is conspic-
uous in the three countries under examination. In an initial exploration, it becomes
evident that a significant proportion of the scrutinized academic degrees provide
limited exposure to subjects encompassing competences associated with Life Cycle
Assessment or Environmental Impact Assessment.

Spain emerges as the nation with the highest inclination towards LCA training,
with 44% of the analysed degrees incorporating courses dedicated to LCA-related
subjects. In contrast, Greece demonstrates a markedly lower commitment, with only
7% of degrees including such courses, while Sweden falls even below this threshold,
with less than 5% of degrees offering LCA-related content. It is noteworthy that
the majority of LCA courses are predominantly affiliated with curricula centred on
Environmental studies. In the domain of Civil Engineering and Architecture, there is
a discernible scarcity of courses dedicated to addressing the intricacies of Life Cycle
Assessment.

In addition to the realm of higher education, the findings pertaining to the present
curriculum on Life Cycle Assessment and Environmental Impact in the construc-
tion sector underscore a substantial gap in the availability of professional courses
addressing these crucial subjects. It is noteworthy that within professional education,
a significant majority of examined professional associations do not incorporate any
courses or programs within their training offerings that encompass competences asso-
ciated with Life Cycle Assessment or Environmental Impact Assessment. Notably,
it is only in Sweden that certain entities provide training specifically geared towards
the development of Environmental Product Declarations.

The profound importance of LCA in the construction sector is reflected in its appli-
cation in various disciplines, since not only Architecture field, but also Civil, Environ-
mental, Building, Industrial, Materials and Architectural Engineering academic areas
are focused on Life Cycle Assessment basic principles, methods, and applications
as well.

This analysis emphasizes a notable deficiency in educational coverage regarding
essential facets of environmental impact assessment. This calls for careful consid-
eration and the possibility of incorporating modules specifically centred on Life
Cycle Assessment into pertinent academic programs. It underscores the impera-
tive for a more thorough assimilation of LCA principles into educational frame-
works, encompassing both academic and professional realms within the construction
industry.

Concluding this comprehensive examination of partner countries’ curricula, a
parallel study concentrating on nanoparticulate products within the construction
sector is concurrently conducted. This study’s objective is to gather and assess extant
curricula related to nanoparticulate products in the construction sector across partner
countries. It involves compiling diverse training guides provided by educational
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institutions that focus on instruction and education in the realm of nanoparticulate
products within the construction sector. Similar to the prior analysis, this compara-
tive study strives to underscore exemplary approaches while discerning any gaps or
shortcomings.

Despite the varied applications of nanomaterials in the construction sector and
the evident benefits they offer, this analysis reveals a significant deficit in training
opportunities in this field. The findings regarding the current curriculum highlight a
substantial gap in the provision of courses specifically addressing nanoparticles in the
context of construction products, particularly for professionals. Moreover, the results
indicate that the majority of courses adopt a combined perspective, encompassing
both nanoparticles and construction materials, underscoring the increasing influence
of nanotechnology in the construction industry.

Spain emerges as the nation with the highest inclination towards nanoparti-
cles training, with 17% of the analysed degrees incorporating courses dedicated to
nanoparticles related subjects. In contrast, Sweden demonstrates a markedly lower
commitment, with only 8% of degrees including such courses, while Greece falls
even below this threshold, with less than 5% of degrees offering nanoparticles related
content.

The primary rationale behind these outcomes is that, despite its unquestionable
relevance and innovative nature, the topic of nanoparticles in construction products
has yet to be fully developed and expanded across various academic and professional
domains.

It is noteworthy that, in Spain, while the previously analysed higher education
degrees predominantly lacked subjects related to nanoparticles and their application
in the construction sector, professional education tells a different story. In terms of
professional training, the only associations providing courses on nanoparticles are
those related to architecture. This observation highlights a distinctive trend where
architecture-related professional associations seem to be taking the lead in addressing
the training gap in nanotechnology within the construction sector.

Despite the current academic landscape, which features a limited percentage of
programs offering competences related to nanoparticles or nanoparticulate products
in the construction sector, there is a pressing need to broaden the academic scope
to encompass more professional sectors and both higher education and professional
degrees. This expansion is crucial to fostering innovation and facilitating the adoption
of more energy-efficient and sustainable solutions within the construction industry.

Although construction products incorporating nanoparticles are currently scarce,
indicating the industry’s early stages in this regard, the numerous advantages they
present compared to conventional materials suggest a potential significant surge in the
use of nanoproducts in the construction sector. This anticipated growth underscores
the imminent demand for knowledge pertaining to nanoparticles in construction
products.

Higher education plays a pivotal role in preparing a new generation of competent
professionals essential for various industries. Therefore, enhancing the incorporation
of Life Cycle Assessment into higher education curricula not only catalyses inno-
vation but also contributes to shaping a more sustainable future. Integration of LCA
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into higher and professional education curricula aids in cultivating a mindset among
students and professionals that addresses environmental sustainability through a
multidisciplinary approach.

To further promote sustainable and environmentally responsible construction
practices and contribute to the overarching goal of establishing a more sustainable
and resilient built environment, it becomes imperative to extend the academic offer-
ings related to nanoproducts and LCA to additional professional sectors and both
higher education and professional degree programs.

Another of the conducted analyses involved a comparative examination of the
normative criteria governing Life Cycle Assessment (LCA) for building materials in
Spain, Sweden, and Greece. The principal goal is to discern the commonalities and
distinctions in the criteria employed by these countries to regulate the environmental
impact associated with building materials.

In striving for this objective, the study seeks to enhance the comprehension of
the normative criteria for LCA of building materials and their potential role in
advancing sustainable practices within the construction sector. The insights garnered
from this investigation have the potential to shape future policies and practices in the
construction industry, fostering the adoption of sustainable building materials and
practices.

In recent years, numerous countries have implemented regulatory standards for
conducting Life Cycle Assessment on building materials, aiming to govern and miti-
gate their environmental impact. The formulation of these normative criteria exhibits
variability influenced by diverse factors, including national policies, regulations, and
industry practices. Consequently, undertaking comparative analyses becomes crucial
to unravel the nuances and resemblances embedded in the normative criteria for LCA
of building materials across distinct countries.

Following the conducted analysis, it is deduced that within each of the examined
countries concerning normative criteria for Life Cycle Assessment (LCA) of building
materials, there exist three distinct tiers of regulation:

The initial tier of regulation comprises ISO standards, given their international
standing. These standards play a pivotal role in the comprehensive framework
governing the evaluation of sustainability in construction endeavours. Their primary
focus lies in establishing Environmental Product Declarations for construction prod-
ucts, encompassing the formulation of product category rules, communication of
life cycle assessment results, and the definition of a coherent and harmonized frame-
work for assessing the environmental impacts of buildings throughout their entire
life cycle.

Moving to the second tier, European standards delineate the requirements for
Product Category Rules (PCRs) applicable to all construction products and services.
These standards furnish the groundwork for conducting Life Cycle Assessments on
construction products, spanning all phases of their life cycle.

Concluding the hierarchy at the third level are specific national regulations,
such as Royal Decrees, declarations, and certifications. It is noteworthy that a
majority of these standards draws upon the international and European standards
aforementioned, with minimal discernible variations between them.
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As the second and third tiers of regulations draw from ISO standards, they inher-
ently share a common drawback, a generic approach to Life Cycle Assessment that
may yield divergent results based on selected parameters. This inherent ambiguity in
the normative criteria foundation can introduce variability in the LCA outcomes for
building materials. Consequently, there is a critical imperative to prioritize harmo-
nization and standardization in LCA practices, ensuring greater consistency and
comparability of results.

This analysis underscores the evident need for continued efforts in unifying and
standardizing normative criteria for the LCA of building materials, despite the esca-
lating interest in sustainability and green building practices. Substantial work remains
to achieve a more cohesive and consistent framework in this critical domain.

Another of the conducted analyses involved a comprehensive examination of
normative criteria related to the application of nanomaterials in Spain, Greece, and
Sweden. This examination encompasses technical, occupational health and safety,
and environmental protection requirements. The primary objective is to provide the
target group with an updated version of all regulations, presented in a more accessible
and simplified manner. Additionally, this analysis aims to empower the consortium
to develop a nanotechnology application safety training environment in alignment
with workplace safety regulations.

In the pursuit of this overarching goal, the study aims to discern the similarities
and differences in the criteria employed by these countries to regulate nanoparticles.
The insights gleaned from this analysis have the potential to shape future policies
and practices within the construction industry. Moreover, they can play a pivotal
role in advocating for the adoption of nanoparticulate building materials, thereby
contributing to advancements in safety and regulation within the field.

As previously mentioned, the utilization of nanomaterials signifies a revolution
in enhancing the performance of construction products. However, notwithstanding
the advantages they bring, the safety of workers is facing significant compromise.
Nanomaterials pose an invisible threat to workers’ health, as their minute size enables
interactions at the cellular level. Therefore, a meticulous and proactive approach
to addressing safety measures becomes imperative to safeguard the well-being of
workers in this evolving landscape of construction technology.

None of the three partner countries has specific regulations addressing the use
of nanomaterials in the construction sector. However, amidst this regulatory uncer-
tainty, the European Agency for Safety and Health at Work (EU-OSHA) outlines the
existing legislation and underscores the employer’s obligation to assess and manage
the risks associated with nanomaterials in the workplace, irrespective of the regula-
tory framework. Currently, these directives, in conjunction with the standards “UNE-
EN 482:2012+A1:2016: Exposure in the workplace. General requirements relating
to the operation of measurement procedures for chemical agents” and “UNE-EN
689:1996: Atmospheres in the workplace. Guidelines for the assessment of inhala-
tion exposure of chemical agents for comparison with limit values and measurement
strategy,” form the foundation for ensuring the health and well-being of workers in
the construction sector.
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In Greece, the regulatory framework applicable to chemical agents, including
those used in nanomaterial applications, can be succinctly summarized by the over-
arching principles outlined in Law 3850/2010 (Government Journal 84/2-6-2010),
along with other relevant laws and presidential decrees concerning chemical agents.
This regulation emphasizes that employers are obligated to be cognizant of the risks
posed to workers’ health by factors present or generated in the workplace.

To meet these requirements, employers have the right to solicit information from
manufacturers, importers, or suppliers regarding the risks associated with these
factors and the safe methods of their use. Furthermore, harmful agents must undergo
special treatment, as appropriate, to render them harmless to humans, animals, and
the environment before being discharged into the environment. The regulation also
specifies that the exposure limit values of chemical substances commonly used in
nanomaterial applications have been designated.

In Sweden, the occupational health and safety risks associated with nanoparticles
are not a novel concept, and existing laws pertaining to chemicals and dust emis-
sions remain pertinent to the newer nanoparticles introduced in the market, partic-
ularly within construction products. The foundation of Swedish legislation lies in
assigning responsibilities to employers for the identification of potentially hazardous
substances, the assessment of risks linked to these substances, the implementation
of relevant mitigation measures, and the verification of the efficacy and utilization
of these measures.

This analysis reveals a noticeable legal void, across the partner countries,
concerning the advancement of measures aimed at mitigating potential health risks
and promoting safe practices in workplaces dealing with chemical agents, particu-
larly those involving nanomaterial applications. This underscores the pressing need
for regulatory initiatives and normative actions to address the unique challenges
posed by nanoparticles and ensure the protection of workers and the environment
in these contexts. Given the acknowledged hazards linked to nanoparticles and the
existence of specific EU regulations explicitly addressing them, companies bear a
responsibility to undertake appropriate actions. The urgent need for organizations is
to adopt a proactive stance in response to these regulatory demands.

In light of the recognized dangers associated with nanoparticles and the specific
EU regulations explicitly addressing them, it becomes incumbent upon companies
to take necessary measures and to embrace a proactive approach in response to these
regulatory imperatives.

Finally, a comprehensive analysis has been conducted on research disseminated
in scientific papers. The forthcoming phase encompasses the formulation of a report
originating from a comparative examination of existing scientific literature, with a
specific emphasis on potential adverse effects on workers’ health and the environment
arising from the utilization of nanomaterials in the construction sector. The report
will also highlight measures aimed at controlling these risks.

This analysis has been divided into two parts: the first involves peer-reviewed
environmental studies on nanomaterials, and the second focuses on peer-reviewed
studies on the health effects of nanomaterials. Both analyses cover the same types of
nanoparticles, those frequently used in the construction sector. For each nanoparticle,
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its effect on environmentally relevant species and human cells was examined, along
with the dose and exposure time necessary to produce a harmful effect.

In most of the analysed cases, the harmful environmental impact of these parti-
cles becomes evident after about 24 hours of exposure, whereas for human cells,
these effects can be observed with just 4 hours of exposure. These findings high-
light the importance of waste management protocols to prevent nanoparticles from
being released into the environment. Additionally, they underscore the necessity of
comprehensive safety and health protocols that encompass all work environments
and protective measures. Informing workers about the risks is crucial, given that
negative effects can manifest within just half a workday.

The next stage of this analysis involves the formulation of a report derived from a
comparative examination of extant scientific literature that delve into the application
of Life Cycle Assessment on building materials, encompassing both qualitative and
quantitative dimensions.

In contrast to anticipated outcomes, the majority of studies pertaining to nanoparti-
cles deviate from standardized Life Cycle Assessment methodologies. This deviation
poses a challenge to achieving a comprehensive approach for a comparative analysis
of their side effects.

A substantial portion of the examined literature demonstrates the utilization of
informatic tools in LCA processes. Arguably, the adoption of open-source software
is anticipated to enhance data exchange and the establishment of shared knowledge,
thereby fostering a greater convergence in results in the future.

While a considerable proportion of the papers delve into at least one mid-point
category, fewer than 50% address any end-point category. This outcome aligns with
the absence of consensus regarding the assessment of end-point impact categories.

Significant variations exist in the distribution of papers addressing each impact
category, indicating a lack of consistency in the applied processes across different
studies. Once again, this disparity hampers a comprehensive understanding of the
impact of nanoparticles.

The limitations of Life Cycle Assessments on nanoparticles are further
compounded by the comparative analysis of system boundaries. Notably, none of
the studies encompass the entirety of the cradle-to-cradle cycle, with the majority
restricting their analysis to the cradle-to-gate stage, thereby bypassing the in-use
stage. This omission is particularly significant when assessing the suitability of
nanoparticle-containing materials for construction, as it hinders the evaluation of
their side effects during this crucial phase. A comprehensive cradle-to-cradle anal-
ysisis imperative to yield a thorough understanding of the risks or damages associated
with nanoparticles throughout their entire life cycle.

In future studies within this domain, it is essential to consider a proper and compre-
hensive functional unit that takes into account all the additional functionalities of
nanomaterials. This approach would provide more realistic and equitable assess-
ments of the potential benefits of nanomaterials in advanced technologies. The inad-
equacy of defining the functional unit introduces higher uncertainty into the study,
underscoring the importance of addressing this aspect for more reliable results.
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Environmental Product Declarations (EPDs) can serve as valuable sources for
datasets related to construction products containing nanoparticles, facilitating their
utilization in whole building Life Cycle Assessments and enabling comparisons
among different construction products with similar functions. However, it is crucial
to exercise caution when employing EPDs, as the comparability of studies may be
challenging or even impeded if proper adherence to standards is lacking.

A notable challenge in utilizing EPDs lies in the fact that not all of them encompass
the use phase. This is a significant consideration, particularly in the building sector,
where nanoparticles can contribute to increased lifespans or enhanced performance,
leading to potential savings. Therefore, when assessing construction products that
incorporate nanoparticles, it is imperative to consider the inclusion of the use phase in
the analysis to obtain a comprehensive understanding of their environmental impact.

The rapid technological progress in nanotechnology necessitates a more in-depth
exploration of the environmental toxicity pathways of nanomaterials from a Life
Cycle Assessment (LCA) perspective. Understanding the current state-of-the-art
LCA applications in nanotechnology is crucial to gaining insights into existing
practices and forecasting future developments in this field [2].

The burgeoning growth in the construction sector, fuelled by advancements in
nanoscience and technology, is accompanied by an increased utilization of nanoma-
terials. This surge, however, brings about new complexities in terms of assessment
and analysis within the construction industry. The effects of nanoparticles on the
environment and human health create substantial gaps in our understanding of their
nature and behaviour. In light of research revealing the negative impact of nanoma-
terials on the environment and human life, it becomes imperative to adopt stringent
action plans and guidelines to mitigate environmental risks associated with their use

[4].
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Materials and Methods

Objectives

The primary objective of the book is contributing to provide nanoproduct manufac-
turers, construction industry professionals and waste managers with the knowledge
necessary to understand the environmental and health impacts of the manufacturing,
application, and disposal processes of nanoproducts used in the construction industry.
This will contribute to their personal and professional development, thus to their
employability at European level.

The publication endeavours to educate and train professionals within the
construction sector through a holistic approach on environmental health and safety.
Consequently, it is imperative that all agents engaged in various facets of nanoprod-
ucts within the construction sector—spanning from nanomaterials and nanoproducts
manufacturing, distribution, construction, management, maintenance, and waste
management to diverse categories of end-users—actively participate and stay well-
informed. Such collective engagement is indispensable for fostering an environment
conducive to promoting the health of individuals and the broader environment.

For this purpose, the ensuing specific goals have been established:

e Identification of prevalent nanoproducts in the European construction sector and
an exploration of their associated risks.

e Development of a comprehensive curriculum designed to equip individuals
engaged with nanoproducts throughout their life cycle with essential knowledge
pertaining to environmental impact. This curriculum, aligning with the transfor-
mative influence of nanotechnology on traditional industrial processes, aims to
train professionals such as chemists, designers, engineers, architects, builders,
and waste managers.

e Raising awareness among professionals in the construction sector, manufacturers
of nanoproducts, and waste managers regarding the crucial environmental impact
of nanoproducts.

e Integration of the curriculum into educational programs to instil knowledge of
nanoproducts for upcoming professions.

XXi



XXii Materials and Methods

e Formulation of best practice guidelines for conducting life cycle analyses of
nanoproducts.

e Provision of training to targeted groups to enable them to proficiently conduct life
cycle analyses of nanoproducts.

Readership

This publication targets entities, organizations, communities, and associations with
an interest in comprehending and receiving training regarding the distinct risks asso-
ciated to nanoproducts in the construction sector, particularly concerning their health
and environmental impacts. It is also directed towards research centres engaged
in exploring these issues, students, and professionals in the fields of architecture,
engineering, chemistry, and waste management, as well as Public Administrations,
professionals, and manufacturers actively involved in the construction, maintenance,
or management of materials comprising nanoproducts.

Presentation and Structuring of Content

Comprising three parts, this book, while unified by a common thematic context, is
designed to be modular, allowing readers to delve into specific sections independently
based on individual interests, approaches, or queries. Each chapter is meticulously
segmented into distinct sections, a deliberate strategy employed to enhance the overall
organization and coherence of the presented information.

The inaugural part, denominated Fundamental Principles of Sustainability in
the Construction Sector: Life Cycle Assessment, is intricately subdivided into three
distinct chapters. The initial segment serves as an introduction, elucidating funda-
mental concepts regarding the significance of employing Life Cycle Assessment
(LCA) for building products incorporating nanoparticles. This chapter encompasses
an exploration of the environmental impact generated by the construction sector, an
examination of the environment and sustainable development within the framework
of Circular Economy principles, and a comprehensive definition of nanoparticles and
their contemporary applications. Moving forward, the second chapter systematically
acquaints the reader with Life Cycle Assessment (LCA), meticulously defining its
primary objectives, scope, and application in the construction sector. This chapter also
delineates the normative framework governing Life Cycle Assessment, accompanied
by an exploration of its specific terminology. Conclusively, the third chapter metic-
ulously articulates the Life Cycle Assessment methodology, providing a detailed
exposition of the various phases inherent in the process, an exploration of diverse
impact categories, and an overview of commonly utilized tools for LCA develop-
ment. Additionally, the chapter sheds light on prevalent environmental certification
standards. Furthermore, the chapter culminates with the conclusions elucidating the
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intricate process of conducting a Life Cycle Assessment for construction products,
offering insights into the multifaceted considerations involved in the analysis.

The ensuing part, designated as Nanoproducts in the Construction Sector, is struc-
tured into three discernible chapters. The initial segment unfolds by expounding upon
the foundational concepts of nanotechnology, tracing its historical evolution, delving
into its normative framework of reference, and elucidating its diverse applications
across various sectors, navigating the inherent challenges associated with nanotech-
nology. The second chapter is dedicated to an exhaustive elucidation and evaluation
of the deployment of nanoproducts in materials integral to the construction sector.
This includes a precise definition of the primary nanoproducts prevalent in this sector,
accompanied by an in-depth analysis of their most prevalent characterization tech-
niques. Furthermore, the subchapter scrutinizes the environmental and health risks
entailed in the application of these nanoproducts within the construction domain.
Conclusively, the third chapter aims to provide a comprehensive understanding of
the ecological footprint and implications associated with the life cycle of nanoprod-
ucts in the construction sector. This chapter unfurls a detailed examination of the
potential environmental ramifications stemming from the disposal of nanoproducts,
defining waste treatment policies associated with nanoproducts, and conducting an
exploration of their life cycle dynamics and an analysis of the pollutant emissions
engendered by their application.

The third part, titled Integration of Life Cycle Assessment and Nanomaterial
Assessment, constitutes the final chapter of the book and meticulously undertakes a
comprehensive Life Cycle Assessment of a conventional product, which would be
compared with the results obtained from a LCA of a product infused with nanopar-
ticles. Each section within this chapter aligns with distinct phases of the method-
ology, encompassing the definition of study objectives and scope, development
of an inventory detailing consumption and emissions, selection and quantification
of environmental impact categories, and the subsequent interpretation of obtained
results. The chapter concludes with the synthesis of findings, coupled with formulated
recommendations for enhancing the integration of nanoparticles in the construction
sector.

The fourth part, entitled Application of Life Cycle Assessment Results in Building
Assessment, is organized into two distinctive subchapters. The first subchapter delves
into the creation of Environmental Product Declarations (EPDs) for construction
products incorporating nanoparticles. This involves a comprehensive elucidation of
EPDs, detailing the communication of product impact, and providing an overview
of prevalent building Life Cycle Assessment (LCA) calculations and tools. The
chapter culminates in its second subchapter with an insightful interpretation of LCA
results and their comparability, defining the constituent modules and explicating how
to analyse diverse scenarios and executing a thorough sensitivity and uncertainty
analysis.
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Sustainable Criteria Within st
the Construction Industry

Juana Esperanza Llorente-Garcia, David Caparros-Pérez,
and Maria Desiré Alba-Rodriguez

Abstract This initial segment serves as an introduction, elucidating fundamental
concepts regarding the significance of employing Life Cycle Assessment (LCA) for
building products incorporating nanoparticles. This chapter encompasses an explo-
ration of the environmental impact generated by the construction sector, an exam-
ination of the environment and sustainable development within the framework of
Circular Economy principles, and a comprehensive definition of nanoparticles and
their contemporary applications.

According to the United Nations Environment Programme (UNEP) three planets will
be necessary by 2050 to bear the world consumption and our way of life. This will be
the case if the current consumption and production is continued, taking into consid-
eration the growing population. Hence, in several fields, there is an increasing focus
on sustainability in general and on the environmental impact of different processes
in various sectors [1].

Climate change poses one of the most formidable challenges confronting the
society today, prompting numerous endeavours aimed at addressing this pressing
issue. For instance, as part of the European Climate Change Programme (ECCP) the
European Union has set targets for reducing Greenhouse Gas (GHG) emissions in
the EU progressively up to 2050 [2]. The latest revisions to these objectives entail

J. E. Llorente-Garcia (B<) - D. Caparrds-Pérez

Department of Sustainable Construction and Architectural Heritage, Technological Centre for
Marble, Stone and Materials, Murcia, Spain

e-mail: juana.llorente @ctmarmol.es

D. Caparrés-Pérez
e-mail: david.caparros @ctmarmol.es

M. D. Alba-Rodriguez

Department of Design Engineering, Higher Technical School of Building Engineering, University
of Seville, Seville, Spain

e-mail: malba2@us.es

© The Author(s) 2025 3
P. Mercader-Moyano and P. Porras-Pereira (eds.), Life Cycle Analysis Based on

Nanoparticles Applied to the Construction Industry,
https://doi.org/10.1007/978-3-031-79115-4_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-79115-4_1&domain=pdf
mailto:juana.llorente@ctmarmol.es
mailto:david.caparros@ctmarmol.es
mailto:malba2@us.es
https://doi.org/10.1007/978-3-031-79115-4_1

4 J. E. Llorente-Garcia et al.

striving to reduce greenhouse gas (GHG) emissions by 55% by the year 2030, with
the ultimate goal of attaining climate neutrality by 2050 [3, 4].

1 Environmental Impacts Produced by the Construction
Sector

The construction sector, along with its supporting materials industries, stands as
a prominent global consumer of natural resources, encompassing both physical
and biological realms. Consequently, this industry substantially contributes to the
unsustainable trajectory of the global economy [5].

Construction endeavours exert considerable adverse impacts on the environment,
manifesting in dust and gas emissions, noise pollution, waste generation, heightened
water consumption, and increased air pollution [4]. Notably, in 2021, construction
activities regained momentum, returning to levels reminiscent of the pre-pandemic
era across the majority of major economies. As a result, buildings energy demand
increased by around 4% from 2020—the largest increase in the last 10 years [6].

According to a United Nations report, the construction sector is the largest emitter
of greenhouse gases, reaching nearly 38% of global CO, emissions [7]. Itemising
this Fig. 1, buildings account for around 27% of operational energy related CO,
emissions, which excludes materials [6]. The emissions from the manufacturing of
concrete, steel and aluminium used in the construction of buildings are estimated to
represent a further 6% of global emissions [6]. The cement industry is responsible
for around 63% of the total CO, emissions from the manufacturing process alone
[8]. Other materials used in the construction of buildings, such as bricks and glass,
are estimated to account for around 2-4% of global emissions. Added together, these
would represent around 9% of global operational energy and process-related emis-
sions [6]. According to the report, approximately one third of the world’s energy
consumption is related to the use of residential and office buildings, and approxi-
mately 30-40% of gas emissions come from the construction sector, which, in turn,
uses around three billion tons of raw materials, accounting for approximately 40-50%
of global extraction levels [8].

Advancing techniques that reduce the emissions from concrete and steel would
lead to a fall in embodied emissions for newly constructed buildings, though there
is also a strong need to reduce the demand for materials and reuse construction
materials more effectively [6].

As stated above, at a worldwide level, construction is responsible for about 40%
of carbon emissions, 20-50% of consumption of natural resources, and 50% of
total solid waste. A significant percentage of these impacts arises during the oper-
ational phase, thereby exerting a substantial environmental footprint [9, 10]. With
its vast influence on both the environment and available resources, the construction
sector also contributes to environmental degradation, notably through air, soil, and
water pollution. Consequently, there is an urgent imperative to mitigate these adverse
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effects. It was demonstrated empirically that energy consumption in the construction
industry might represent even 40% of the overall energy demand in a developed
country [8]. The significance of buildings in addressing climate change issues is
paramount, given their substantial global contribution to greenhouse gas emissions
and the escalating domestic energy consumption [11].

Acknowledging the building sector’s notable role in global carbon dioxide emis-
sions, considerable efforts have been directed towards mitigating this impact [12—14].
A significant portion of the energy consumed within the building sector is attributed
to various stages of material production, extraction, high-temperature processes,
transportation, and waste management [15].

The construction industry’s reliance on extensive quantities of virgin materials,
coupled with the cement industry’s contribution of 8% to global carbon dioxide emis-
sions, underscores the urgency of addressing these challenges [16]. As the world’s
population continues to grow, there is a corresponding surge in demand for new mate-
rials, exacerbating the strain on natural resources. The prevailing linear economic
model perpetuates this pattern, resulting in substantial resource consumption and
pollution accumulation throughout the materials’ life cycle. These factors present
the main driving forces for the endeavour to deal with the negative consequences on
the world climate [17].

The construction sector has significant environmental impacts, contributing to
various forms of pollution and resource depletion. These impacts can occur at
different stages of a construction project, from extraction of raw materials to demoli-
tion and disposal of structures [17]. Some of the key environmental impacts produced
by the construction sector include:
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Resource Depletion:

Raw Material Extraction: The construction industry relies heavily on the extraction
of natural resources, such as sand, gravel, timber, and minerals, which can lead to
habitat destruction, soil erosion, and depletion of finite resources.

Energy Consumption:

High Energy Usage: Construction activities consume substantial amounts of energy
for machinery, transportation, and heating or cooling at construction sites. The energy
often comes from fossil fuels, contributing to greenhouse gas emissions.

Waste Generation:

Construction Waste: Construction generates a significant amount of waste, including
concrete, wood, metals, plastics, and hazardous materials. Improper disposal can lead
to landfills, pollution, and soil contamination.

Demolition Waste: Demolishing buildings also produces substantial waste, which
may contain hazardous materials like asbestos or lead.

Air Pollution:

Dust and Particulate Matter: Construction activities generate dust and particulate
matter, which can degrade air quality and pose health risks to workers and nearby
residents.

Emissions: The operation of heavy machinery and vehicles on construction sites
can release air pollutants, including nitrogen oxides (Nox) and volatile organic
compounds (VOCs).

Water Pollution:

Runoff and Sedimentation: Construction sites can contribute to water pollution
by allowing runoff containing sediment, construction materials, and pollutants to
enter nearby water bodies, leading to sedimentation, erosion, and damage to aquatic
ecosystems.

Chemical Contamination: Improper storage or disposal of construction chemicals,
like paints, solvents, and adhesives, can contaminate water sources.

Habitat Disruption: Construction can disrupt natural habitats, leading to the displace-
ment or extinction of local plant and animal species. Wetlands, forests, and other
ecosystems may be destroyed or fragmented.

Noise Pollution: Construction sites are often noisy, and excessive noise can negatively
impact the health and well-being of both workers and nearby residents.

Energy-Intensive Building Materials: The production of energy-intensive building
materials, such as steel and cement, contributes to greenhouse gas emissions.
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Urban Heat Island Effect: Construction in urban areas can contribute to the urban heat
island effect by replacing green spaces with heat-absorbing surfaces like concrete
and asphalt.

Overall, the United Nations “2022 Global Status Report for Buildings and
Construction” highlights that since 2015, some progress has been made on the policy
level and with an increase in investments, but there must be greater effort to reduce
emissions overall and improve building energy performance (Fig. 2) [6].

Nevertheless, the aforementioned data shows that few structural changes have
yet occurred within the buildings sector to reduce energy demand or cut emissions.
Despite some progress at the policy level, the lack of structural change highlights the
growing gap between the actual climate performance of the sector and the necessary
decarbonization pathway [6].

The primary issue in sustainable growth with Linear Economy is that it pursues
continual economic expansion at the cost of environmental degradation, with no clear
grasp of whether this enhances social fairness [18]. As a result, global sustainability
concerns are on the rise [19].

2 Environment and Sustainable Development: Circular
Economy

“Humanity has the ability to make development sustainable—to ensure that it meets
the needs of the present without compromising the ability of future generations to
meet their own needs” [20].

Building construction activities have rebounded from the pandemic lows and have
been a driver behind both the growing investment in more efficient buildings and the
increased global energy demand and related emissions [6]. As aforementioned, the
construction industry stands as the foremost consumer of natural resources globally.
Historically, this industry has operated under a non-sustainable, linear economic
model, adhering to the “take, make, dispose of” paradigm. Regrettably, this approach
persists in current practices [21]. The linear approach currently employed does not
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facilitate the disassembly and repurposing of constructed facilities, rendering them
obsolete once they reach the end of their functional lifespan [22]. However, this
paradigm must evolve in alignment with the contemporary emphasis on sustainability
and worldwide green initiatives [19].

The Circular Economy, which has captured the interest of researchers and prac-
titioners in the last decade, is contrary to this ineffective and unsustainable linear
economic paradigm [ 19]. Regardless of the various schools of thought and definitions,
the Circular Economy aims to maintain resources flowing at their best value within
boundaries. This guarantees that there is no requirement for new natural resources
to manufacture materials and that waste generation is minimized [19]. Aside from
resource circularity in closed-loop systems, the Circular Economy focuses on better
resource management by rethinking and reducing unnecessary consumption [19].
The Circular Economy is considered a solution to diminish the dependency on
resource extraction. It is a condition for preserving the current way of life by
sustaining the value of resources and keeping them in circulation [23, 24]. The tran-
sition from a Linear Economy to a Circular Economy is a real challenge. However,
attaining this objective will contribute significantly to achieving long-term sustain-
ability goals. The Circular Economy is thought to have aided in transforming the
conventional Linear Economy into a closed substance economy, which is required and
beneficial for developing a sustainable society [19]. The Circular Economy’s founda-
tion is built on better resource management through lower consumption and replacing
the “end-of-life” concept with the reusing, recycling, and recovering materials and
components, a novel approach to achieving sustainable development [19, 25].

The construction industry faces many problems, including a non-linear economy,
the absence of financial assistance, lack of proper technology, non-supportive infras-
tructure, and lack of political will towards sustainable development [19]. The
construction industry grapples with complexities arising from various uncertainties,
including fluctuating raw material prices, material shortages, rising demand, urban-
ization trends, impacts of climate change, inadequate waste management infrastruc-
ture, and improper recycling technologies [26]. These factors give rise to contro-
versies regarding the root causes of problems and the appropriate strategies for
addressing them. However, complexity is beyond the scope of any single organi-
zation to comprehend and respond [19]. Implementing Circular Economy principles
in construction industry will lower industry costs; reduce negative environmental
effects; make urban areas more liveable, productive, and convenient; and help deal
with these process complexities [27]. While the concept of the Circular Economy
has garnered attention in academia, business, and government circles, its broad adop-
tion and implementation remain limited [28]. The adoption of the Circular Economy
concept within the construction industry is still in its early stages. Nevertheless, irre-
spective of its current level of implementation, the Circular Economy has emerged
as one of the most crucial and contemporary approach for addressing sustainability
concerns [29].

The United Nations’ (UN) 17 Sustainable Development Goals (SDGs) aim to
make the world a better place for people and the environment by 2030 [30]. By
adopting the SDGs in 2015, 193 countries agreed to address the world’s most pressing
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issues [31]. The Circular Economy contributes to the achievement of the UN’s SDGs
[32]. This possibility abounds in the many ways in which individuals and corpora-
tions engage while enabling the Circular Economy. The Circular Economy can start
with the basics and have a big impact, opening new avenues for collaboration to
maintain and develop value through revitalized buildings, meaningful occupations,
and enhanced mobility [33]. The SDGs provide a new prism through which global
needs and objectives can be transformed into economic alternatives for the construc-
tion industry. The 17 SDGs can be divided into five categories or the SPs: people,
planet, prosperity, peace, and partnership [19]. These 5Ps of the SDGs underscore the
imperative for collaboration among various stakeholders, such as governments, insti-
tutions, and corporations. Given the pivotal role of the construction industry in this
framework, it is essential for the industry to devise strategies that align its business
strategies with the SDGs. Since the introduction and approval of the UN 2030 agenda,
academics and practitioners from various fields have been working hard to research
possible SDGs implementation techniques [32]. The construction industry should be
no exception to this, and uplift from the lens of UN SDGs is needed while striving
to enable Circular Economy in the construction industry. Circular Economy could
directly contribute to the achievement of several SDGs, including SDG6 (provide
universal access to water and sanitation), SDG7 (affordable and clean energy), SDGS8
(inclusive and sustainable economic growth, employment, and decent work), SDG 9
(resilient infrastructure, sustainable industry, and innovation), SDG 11 (make cities
inclusive, safe, resilient, and sustainable), SDG12 (responsible consumption and
production), and SDG15 (Life on land) [34, 35].

Circular Economy principles are incredibly relevant to the construction industry,
with the building sector being a major worldwide consumer of commodities such as
energy, materials, and resources [36]. For its high resource intensity, the construction
industry draws the most attention throughout the Circular Economy transition [37].
Nevertheless, uncertainties caused by fluctuating raw material prices, shortage of
materials, increasing demand, urbanization, climate change, absence of proper waste
infrastructure, and use of wrong recycling technologies all lead to complexities in the
construction industry [19]. Industries perceive the Circular Economy as a strategy
to harmonize economic, societal, and environmental interests by transitioning from
linear economies to circular economies, thus maximizing the value of products [38].
Unfortunately, this integration comes at the cost of increased complexity in various
ways [39].

3 Waste in the Construction Process

The wreckage developed during the reformation, constructional activities and demo-
lition practices of various structural elements and pavements gives rise to the C&D
(construction and demolition) wastes [40]. Based on their generation phase, C&D
waste can be classified into three main categories: construction waste (CW), renova-
tion waste (RW), and demolition waste (DW) [41]. Specifically, construction waste
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encompasses a diverse range of building materials arising from construction activi-
ties, which may originate from various stages such as design, procurement, handling,
operation, and residual sources. On the other hand, demolition waste comprises
materials like wall coverings, paint, paper, aggregate, wood, concrete, fasteners, and
adhesives. In broad terms, the components of C&D waste are typically categorized
into two groups: major and minor. The former consists of plastic, stone, steel, bricks
and wood, whereas the latter contains tiles, paints, glass and electrical fixtures and
panels [40]. Typical components in C&D waste are inert materials, which are gener-
ally believed have little damage to the environment. Hence, C&D waste is deemed
a priority for recycling under the EU Waste Strategy. However, there are also some
hazardous components in this particular stream. If these components are not disposed
of properly, negative impacts will be made on the environment [41].

In the European Union, according to the amendment to the Act on waste 2014/955/
EU: Commission Decision of 18 December 2014 amending Decision 2000/532/EC
on the list of waste pursuant to Directive 2008/98/EC of the European Parliament
and of the Council [42], waste is “a substance and/or an object which the holder
concerned intends or is required to discard.”’[42-44]. Waste management encom-
passes the collection, transportation, and processing of waste, including sorting activ-
ities, along with the oversight of these processes. Additionally, it involves the subse-
quent management of waste disposal sites and activities carried out as a waste seller
or waste broker [45]. On the contrary, according to the aforementioned Act, waste
management is “waste generation and management” [45], and material recovery is
understood as “any recovery other than energy recovery and reprocessing into mate-
rials that can be used as fuels or other means of energy production; material recovery
includes, preparation for re-use, recycling and earthworks” [8, 45].

Many current construction materials rely on energy intensive, mineral-based
extractive processes which cause deleterious environmental impacts across the mate-
rial life cycle, such as biodiversity loss and water scarcity as well as contributing to
both embodied and operational carbon emissions. Additionally, at the end-of-use
phase of building systems and infrastructure, materials are often wasted, exacer-
bating the environmental impacts associated with current ‘take-make-waste’ linear
material production practices. Globally, approximately 100 billion tonnes of waste is
caused by construction, renovation and demolition, with about 35% sent to landfills
whereas it could be recovered and upcycled. In fast-growing developing economies,
construction materials are set to dominate resource consumption, with associated
greenhouse gas emissions expected to double by 2060 [6]. In the European Union,
these construction and demolition projects are also responsible for about a third of the
total waste generated, with a significant share being landfilled which creates serious
environmental problems during the entire lifecycle of buildings, especially during
the operation and end-of-life stages [46]. The C&D waste management has been a
grave matter worldwide owing to the significant amount of C&D waste generation
across the globe (Fig. 3) [40].

The categorization of waste is contingent upon its origins and the level of hazard or
potential harm it poses to health, human life, animals, or the environment. Waste can
be classified into various categories based on factors such as its source (consumption
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Fig. 3 C&D waste created crosswise the globe [40]

or production), degree of hazard, properties, and origin [45]. Within the European
Union, waste is classified into 20 groups based on their respective origins [45]. In
recent years, particularly within the construction sector, notably the housing industry,
a noticeable trend towards “low environmental impact” has emerged. This trend
emphasizes the utilization of materials sourced from natural origins, as well as waste
and recycled materials. Such solutions are seen as cost-effective, energy-efficient,
and beneficial for both health and the environment. A significant advantage of these
approaches lies in the utilization of waste materials [8, 45].

According to a 2019 OECD report, the global consumption of raw materials
will almost double by 2060 as the world economy grows and living standards rise,
exacerbating the environmental overloading we are experiencing today [6]. Based
on the report, the most significant rise in resource consumption by 2060 is projected
to occur in minerals, encompassing construction materials and metals, especially
in rapidly developing economies [6]. The extensive extraction of natural resources,
coupled with inefficient utilization of end-of-life materials, leads to the generation of
substantial volumes of waste. There is a need to reassess the existing material streams
in order to alleviate environmental pressures and effectively attain sustainability
objectives [17].

In G7 countries, material efficiency strategies, including the use of recycled
materials, could reduce greenhouse gas emissions in the material cycle of residen-
tial buildings by 80-100 per cent in 2050 [6]. Comprehensive measures must be
implemented across the sector, adopting a holistic and systems-thinking approach
that considers the entire life cycle. This approach would facilitate engagement with
multiple stakeholders and encourage collaboration across various industries (Fig. 4)

[6].
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Transitioning to a more sustainable future requires the design of multi-beneficial
material strategies that take a whole building life cycle and systems-thinking
approach. Nevertheless, the foremost priority should be to enhance the longevity
of both existing and new building stock, while also maximizing the reuse of existing
components whenever possible. A whole life cycle analysis approach is increasingly
being adopted by industry leaders to guide strategies to address this problematic.
These strategies can be categorized into three main approaches: “avoid,” “shift,”
and “improve”, all of which ultimately contribute to enhance “adaptability”. The
measures encompass a spectrum, from reducing construction, minimizing material
requirements, and utilizing low-carbon materials, to adopting circular approaches and
enhancing designs with longer lifespans and reduced operational emissions during
building use (Fig. 5) [6].

Due to environmental imperatives, there is a critical need for large-scale recycling
of C&D waste [47]. Utilizing C&D leftovers aids in reducing the demand for new
resources, conserving land for future urbanization, safeguarding the environment and
ecology, reducing transportation and energy production costs, and diverting waste
from landfills [40]. Integrating C&D debris as a substitute for natural aggregates
helps mitigate the ecological footprint associated with the construction sector [40].
This substitution proves valuable, potentially saving up to 60% of natural aggregates,
asindicated in a study [47]. Given the scarcity of natural resources, repurposing C&D
waste proves instrumental in addressing the heightened demand for aggregates within
the construction sector [40].

As a result, the establishment of an efficient C&D waste management system,
which is both environmentally sustainable and economically viable, has become a
pressing global issue necessitating in-depth exploration and discussion [41]. Recog-
nizing the significance of accurately quantifying C&D waste, it is imperative at
both project and regional levels. At the project level, quantification involves fore-
casting C&D waste production for a specific project. This enables project managers
to adjust material purchase schedules, organize on-site stockpiling, and assess the
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(6]

potential benefits of waste recycling and disposal costs. On a regional scale, quantifi-
cation entails estimating the total C&D waste generation across all projects within a
designated area [41].

4 Energy in the Process of Sustainable Construction

Operational energy demand in buildings (for space heating and cooling, water
heating, lighting, cooking and other uses) accounts for around 30% of final demand,
which is an increase of around 4% from 2020 and exceeds the previous peak in
2019 by 3%. The change in energy demand in buildings in 2021 reflects a complex
picture. On the one hand, buildings are being operated more intensively than during
the pandemic as workplaces reopen and businesses resume more “normal” opera-
tions. Equally many workplaces are choosing to maintain hybrid working policies,
so a distribution of energy demand in both workplaces and homes remains. Energy
used for buildings to produce concrete, steel, and aluminium accounts for a further
4% of final energy demand [6]. Together with operational energy demand this brings
buildings energy demand to 34% (Fig. 6). Other materials used in the construction of
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Fig. 6 Energy consumption in buildings by fuel, 2010-2021 (left), and share of buildings in total
final energy consumptions in 2021 (right) [6]

buildings, such as bricks and glass, also contribute to global energy use and together
with concrete, steel and aluminium could account to around 5% of global energy
demand [48].

Similarly, in low- and middle-income countries, access to modern fuels was
disrupted due to the pandemic, as highlighted in the latest SDG 7 progress report.
This report indicates that 733 million people lack access to electricity, while approx-
imately 2.4 billion people rely on polluting fuels for cooking, adversely affecting
their health. The countries with the largest number of people without access to elec-
tricity were within Central and Western Africa, with 442 million (6%) being within
the African continent. These levels of energy access have improved from 2010 but
are off track to meeting the commitments of the Sustainable Development goals by
2030 [6].

The International Energy Agency (IEA) estimates that, in 2021, around 8% of
operational energy and process-related CO, emissions were from the direct use of
fossil fuels in buildings (i.e., direct emissions) and a further 19% were due to elec-
tricity use (i.e., indirect emissions). The IEA ascribes the increase in direct CO,
emissions to increased use of fossil fuels in both advanced and emerging economies,
particularly fossil fuel gas in emerging economies [6].

5 The Impact of Transport on Sustainable Criteria

Transportation infrastructure, serving as an intricate network, interlinks cities and
facilitates human activities, thereby integrating social, economic, and environmental
systems amid urbanization and population expansion. Moreover, this network plays a
pivotal role in advancing socioeconomic development and enhancing overall quality
of life by fostering inter- and intra-city connectivity during urbanization [49-51].
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Furthermore, it is imperative to prioritize objectives such as low-carbon emissions,
resilience, and sustainable development when expanding the transportation network
[52].

Transportation carries both benefits and drawbacks for society. On the one hand,
mobility, or the ability to move, is a basic human need that enables social partici-
pation and leads to urban aggregation and diffusion, greatly boosting the regional
and national economic development [51]. In 2016, transportation, created 5% of the
gross value added in the European Union [50]. On the other hand, growing traffic
volumes have led the transportation sector to contribute significantly to ecological
destruction, climate change and overall greenhouse gases (GHGs) [51, 53].

Transport is responsible for a quarter of the EU’s greenhouse gas emissions, with
road transport representing the greatest share, 72% in 2019 [53]. In 2020, the transport
sector accounted for 57% of global oil demand and 28% of total energy consumption.
Figure 7 shows the development of CO, emissions for different transport modes for
the 2000-2018 time period, with passenger road vehicle transport being by far the
largest contributor. In contrast, rail accounted for only about 0.3% of direct CO,
emissions [54].

As seen in Fig. 8, between 2010 and 2019, transport CO, emissions rose in
all regions, except Europe, where they fell 2%, a drop attributed to advanced fuel
economy regulations and advancing initiatives on sustainable urban mobility [54].

Climate and energy policies within the EU have led to substantial reductions in
greenhouse gas emissions across all sectors, with the exception of transport. Between
1990 and 2019, total transport greenhouse gas emissions increased by over 33%, and
road transport emissions surged by almost 28% [53, 55]. Despite existing policy
measures, the European Commission projects that transport carbon dioxide (CO,)
emissions will be 3.5% higher in 2030 than in 1990 and are expected to decrease by
only 22% by 2050 compared to 1990 levels (Fig. 9). This is a long way from the 90%
reduction by 2050 that is needed from transport to achieve the overall 2050 climate
neutrality target [55]. While emissions from road transport are projected to fall over
time, it will remain the most important sector in terms of its contribution [56]. This
highlights the substantial contribution of society’s predominant reliance on cars to
high greenhouse gas (GHG) emission rates. Given that GHGs are the primary drivers
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Fig. 7 Transport sector CO2 emissions by mode (2000-2018) [54]
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of global warming, transportation emerges as a pivotal factor in achieving the Paris
Agreement goal of limiting the global temperature rise [53].

Further direct and indirect negative effects caused by the current transportation
system include an increase in inequality regarding accessibility, congestion (which
harms public health), unsustainable resource use, and accidents, among others [53].

CO, emissions (Mt)
1,000 4
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Other road transport
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Aviation
Heavy goods vehicles
Cars
= 90% reduction compared to 1990

2005 2030 2050

Fig. 9 CO, emissions from the transport sector (including international aviation but excluding
international maritime) in the EU Reference Scenario 2020 [54]
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Thus, there is an urgent need for transformative action that will accelerate the tran-
sition to sustainable transport at the global level, since progress to date with regard
to sustainable transport has been insufficient. Flows of people, goods, and informa-
tion have surged significantly in recent decades, with projections indicating continued
growth alongside increased demand for sustainable transport [54]. Promoting sustain-
able transportation concepts is paramount to sustaining mobility while effectively
managing transportation in an environmentally sound, socially acceptable, and
economically efficient manner. Sustainable transportation concepts are indispensable
for mitigating global warming and fostering social well-being [53].

Transportation, as a core component supporting the interactions and development
of socioeconomic systems, has been the object of much consideration as to what
extent it is sustainable. Sustainable transportation refers to the ability to fulfil the
mobility requirements of a society in a manner that minimizes harm to the environ-
ment and ensures that the mobility needs of future generations are not compromised
[49].

Sustainable transport encompasses the infrastructure that enables individuals and
societies to meet their fundamental access needs safely and in a manner that aligns
with human and ecosystem health, as well as equity within and between generations.
It aims to provide safe, affordable, accessible, efficient, and resilient transportation
solutions. Moreover, a sustainable transportation system minimizes emissions, envi-
ronmental impact, consumption of non-renewable resources, wasting, and the use of
land and production of noise (Fig. 10). Therefore, sustainable transport is not an end
in itself but rather a tool to achieve sustainable development [49, 57].

Sustainable transport plays a pivotal role in sustainable development, intersecting
with various Sustainable Development Goals (SDGs) and serving as a cornerstone

® Environmental Integrity
® Natural Resources
® System Resilience

Environmental
Sustainability
Comprehensive
Sustainability
Economic Socio-cultural
Sustainability Sustainability
® Economic Effidency ® Sodal Equity
® Economic Development ® Safety and Human Hedth
® Finandal Affordability ® Quality ofLife

Fig. 10 The three essential factors of transportation system sustainability [57]
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for achieving the 2030 Agenda for sustainable development and the Paris Agreement
on Climate Change. Beyond facilitating the mobility of people and goods through
services and infrastructure, sustainable transport acts as a multifaceted catalyst, accel-
erating progress towards critical objectives such as poverty eradication, inequality
reduction, gender empowerment, improved access to essential services, and climate
change mitigation. Furthermore, it contributes to the realization of human rights.
Hence, sustainable transport is indispensable for advancing the 2030 Agenda for
Sustainable Development and the Paris Climate Change Agreement [54].

Applying sustainable development principles to transport systems entails fostering
connections between environmental protection, economic efficiency, and social
progress. Anticipated outcomes of sustainable transport encompass enhancements in
efficiency, safety, and environmental preservation. Within the environmental dimen-
sion, the goal is to comprehend the reciprocal influences between the physical envi-
ronment and industry practices, ensuring that all facets of the transport sector address
environmental concerns. Economically, the aim is to promote efficiency by encour-
aging the provision of necessary infrastructure and mobility systems. Transport
should be cost-effective and adaptable to evolving demands. Socially, the objective
is to elevate living standards and improve quality of life [49]. Accelerating the tran-
sition to sustainable transport requires intensified national efforts, multi-stakeholder
partnerships, and international cooperation [54].

Scientific advancements and the swift adoption of new technologies are impera-
tive for achieving the transition to sustainable transport at the necessary scale and
pace. Embedded safety mechanisms, eco-friendly fuels and engines, pervasive digi-
talization, real-time information processing applications, autonomous vehicles, and
intelligent transport systems are now core elements of the transport innovation arena.
Ongoing research is vital not only for refining existing solutions but also for devel-
oping novel ones to address more challenging issues, such as emissions that are
difficult to mitigate from specific transport modes [54].

Environmental sustainability has emerged as an increasingly focal point for trans-
portation service providers, prompting them to prioritize the acquisition of expertise
in environmental management. The primary challenge lies in integrating environmen-
tally sustainable transport practices within competitive market frameworks, while
also addressing changes in transportation demand and enhancing transport supply
[58]. One of the aims of the European Union’s transport policy is to achieve that at
least 50% of freight is carried by rail and water, for more than 300 kms by 2040.
Countries implementing this policy are in the process of establishing public logistics
centres in most strategically suitable locations of the country [1]. This is to ensure
the sustainable development of transport [59].

Hence, it can be concluded that, although there are positive developments in the
transportation sector, more efforts are required to address the fragmentation within the
transportation sector and facilitate cohesive, coordinated efforts among the transport
community toward achieving a sustainable transformation in transport that ensures
inclusivity and leaves no one behind [54]. The need for a set of universally applicable
criteria to assess the sustainability of holistic urban transportation is unquestionable
[53].
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As it has been demonstrated before, transportation plays a key role in minimizing
the impact of climate change. It is, therefore, of the utmost importance to make trans-
portation more sustainable, but also, socially acceptable, and economically efficient
[53].

6 Definition of Nanoparticles. Current Application

In recent years, nanotechnology is one of the most famous concepts due to the great
development of the world of science and technology. Nanotechnology has been a
recognized field of research since the last century. Since Nobel laureate Richard
P. Feynman introduced nanotechnology in his renowned 1959 lecture “There’s
Plenty of Room at the Bottom,” the field has witnessed numerous ground breaking
advancements [60].

Nanotechnology could be defined as the discipline focused on the study, design,
synthesis, manipulation and application of materials, devices and functional systems,
through the control of matter at the nanoscale and the exploitation of phenomena and
properties of matter at the nanoscale [61].

Nanotechnology has facilitated the production of materials across various types
at the nanoscale level. Nanoparticles (NPs) are wide class of materials that include
articulate substances, which have one dimension less than 100 nm at least. The
significance of these materials became apparent when researchers discovered that
size can significantly impact the physiochemical properties of a substance, such as
its optical properties [60].

Nanoparticles are complex entities, consisting of three distinct layers: (a) The
surface layer, which can be functionalized with various small molecules, metal ions,
surfactants, and polymers, (b) the shell layer, a chemically distinct material from the
core in all aspects, and (c) the core, which is essentially the central portion of the NP
and usually refers the NP itself [62].

The US Environmental Agency has classified nanomaterials into four types
according to their main component: carbon-based nanomaterials, metal-based nano-
materials, dendrimers, and composite nanomaterials. Carbon-based ones with an
ellipsoidal or spherical shape are known as fullerenes, while cylindrical ones are
called nanotubes. Metal-based ones include quantum dots, gold and silver nanopar-
ticles, and metal oxides such as titanium dioxide. Dendrimers are nanoscale polymers
constructed from branched units, featuring numerous terminal groups on their surface
and internal cavities capable of encapsulating other molecules. Composite nanoma-
terials combine different types of nanoparticles or nanoparticles with larger materials
[61].

Dendrimers are nanometric-sized polymers constructed from branched units, a
surface with numerous chains ends and interior cavities into which other molecules,
such as drugs, can be introduced. Compounds combine nanoparticles with other
nanoparticles or with larger materials [61].
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Furthermore, according to the origin of nanomaterials, they are classified as
natural, being produced by trees, plants, volcanoes or marine species; incidental,
when they arise during combustion in vehicles and industrial processes; and artifi-
cial, the most common one, produced by two manufacturing processes: top-down/
bottom-up (Fig. 11). On one hand, top-down techniques consist of the division of
macroscopic material or group of solid materials until reaching the nanometric size.
Physical methods such as grinding or wear, chemical methods and the volatiliza-
tion of a solid followed by the condensation of the volatilized components are used,
until a series of assemblies are obtained that are precisely controlled until reaching
the desired size. On the other hand, bottom-up techniques consist of the manufac-
ture of nanoparticles with the capacity to self-assemble or self-organize through the
condensation of atoms or molecular entities in a gas phase or in solution [61].

7 The Impact of Nanoparticle Composite Materials
on Sustainable Construction

Nanoparticles are produced from different types of metals such as gold, iron, platinum
or metal oxides. Currently, the most used and characterized nanoparticles are those
synthesized from silver ions (AgNPs), due to their physical (conductivity), chemical
(stability) and biological (catalytic and antibacterial activity) properties [61].
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Many of the adverse effects of nanoparticle synthesis have been associated with
the toxicity of physical and chemical methods, due to the presence of toxic substances
absorbed on the surface of the NP [58, 61].

Eco-friendly alternatives are biological methods for the synthesis of nanoparticles
using microorganisms, enzymes, fungi, and plant extracts. The development of these
ecosystem-friendly methods for nanoparticle synthesis has become an important
branch of nanotechnology: green synthesis [61, 63].

Traditional nanoparticle production uses toxic materials such as solvents and
surfactants that can affect the environment. Green synthesis is an alternative technique
for bioproduction of nanoparticulate material together with metallic materials (gold,
silver, iron, and metal oxides), which seeks to be environmentally friendly [64].

Green synthesis is based on the reduction of metals using natural species with
antioxidant power. During the last decade, it has been shown that many biological
systems can replace chemical reducing agents including plants and algae, diatoms,
bacteria, yeasts, fungi, viruses and human cells [61].

Microorganisms are able to transform inorganic metal ions into metal nanoparti-
cles through the reducing capacities of their metabolites and proteins. The synthesis
of nanoparticles can be carried out at an intra- or extracellular level, this is how plants
are able to reduce the same inorganic ions into metal nanoparticles both on their plant
surface and in certain tissues [63].

Different strategies with plants have been developed for the synthesis of nanopar-
ticles, some use metal salts (example: silver nitrate) or metal oxides (example: tita-
nium oxide) during plant growth and then the nanoparticles are extracted from the
dry material of plants [61].

Another way to directly synthesize nanoparticles is through the use of aqueous
plant extracts, which contain one or more active ingredients from a specific plant.
The use of plant extracts to synthesize nanoparticles is the fastest method [61].
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Chapter 2 ®)
Life Cycle Assessment (LCA) St
Fundamental Principles

Esperanza Conradi-Galnares, Begoiia Blandon-Gonzalez,
and Madelyn Marrero-Meléndez

Abstract This second chapter systematically acquaints the reader with Life Cycle
Assessment (LCA), meticulously defining its primary objectives, scope, and applica-
tion in the construction sector. This chapter also delineates the normative framework
governing Life Cycle Assessment, accompanied by an exploration of its specific
terminology.

In our society, buildings are ubiquitous, yet they inherently entail adverse environ-
mental impacts. As previously discussed, throughout their lifecycle, they deplete
significant resources and energy, encroach upon land, and eventually face demoli-
tion. With a burgeoning interest in environmental concerns, particularly within the
construction sector, there is a heightened focus on sustainable housing technologies
and construction practices [1].

Frequently, products marketed as inexpensive in the short term may incur substan-
tial maintenance or waste management expenses, while highly technological prod-
ucts can have exorbitant production costs that are never recovered. Adopting a
life cycle perspective is crucial for informed decision-making when selecting the
most suitable technology and minimizing the environmental footprint of build-
ings through design or refurbishment [2]. While the emphasis is often placed on
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reducing energy consumption and utilizing eco-friendly materials, the significance
of life-cycle thinking is increasingly recognized [1].

1 Life Cycle Assessment: Definition and Objectives

Sustainable construction processes have been of key importance to the construction
industry for the last two decades. The environmental impacts that may result from
such processes are of equal importance to the decision makers. This has led to the
quest for the application of life cycle thinking, with a view to reuse and recycles
materials [3].

Building materials play a crucial role in the construction industry, and the use of
sustainable building materials has become increasingly important in recent years.
Life cycle assessment (LCA) is a widely used method to assess environmental
burdens of a product, service or process throughout their entire life cycle, from
the extraction of raw materials to their disposal, from cradle to grave, in order to
assist consumers in making decisions that will benefit the environment (Fig. 1).

The main goals of LCA are to quantify or otherwise characterize all the inputs and
outputs over a product’s life cycle, specify the potential environmental impacts of
these material flows and consider alternative approaches that change those impacts
for the better (Fig. 2) [5].

Stages:
- Raw Materials

- Processing
- Transport %_ %
- Retail / Use Product 2 \7
- Waste Lifecycle 3 |°
Models g 2
5 |IR

Fig. 1 Product’s life cycle [4]
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. Other Environmental
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Fig. 2 Inputs and outputs over a product’s life cycle [5]

Incorporating considerations of the natural environment, human health, and
resource depletion, along with the life cycle perspective, LCA ensures that problem-
shifting between various life cycle stages, regions, and environmental issues is
avoided [1]. LCA studies help to avoid resolving one environmental problem while
creating others. Life Cycle Assessment is therefore a powerful decision support tool
necessary to make consumption and production more sustainable [4]. LCA can help
identify the areas of the life cycle where environmental impacts can be reduced and
promote sustainable production practices [1], although in each life cycle stage there
is the potential to reduce resource consumption and improve the performance of
products [4].

Life-cycle assessment has emerged as a valuable tool for decision support, bene-
fiting both policymakers and industries in evaluating the cradle-to-grave impacts of
products or processes. This evolution is driven by three main factors. Firstly, govern-
ment regulations are shifting towards “life-cycle accountability,” emphasizing that
manufacturers are responsible not only for direct production impacts but also for
those associated with product inputs, use, transportation, and disposal. Secondly,
businesses are engaging in voluntary initiatives incorporating LCA and product
stewardship components, such as ISO 14000 and the Chemical Manufacturer Asso-
ciation’s Responsible Care Program, to promote continuous improvement through
enhanced environmental management systems. Thirdly, environmental “preferabil-
ity”” has become a criterion in consumer markets and government procurement guide-
lines, further emphasizing the importance of considering environmental impacts
throughout the product lifecycle Together these developments have placed LCA
in a central role as a tool for identifying cradle-to-grave impacts both of products
and the materials from which they are made [6].
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The impacts of all life cycle stages need to be considered comprehensively by citi-
zens, companies, and governments, when making decisions regarding consumption
and production patterns, policies, and management strategies. On a macro level, life
cycle approaches prevent the shifting of problems from one stage of the life cycle to
another, from one geographic area to another, and from one environmental medium,
such as air quality, to another, such as water or land. On a micro level, they empower
individuals, such as product designers, service providers, and government agents,
to make informed choices for the long term, taking into account all environmental
media, such as air, water, and land [4].

A LCA can be performed to a building even before the start of construction activity
to know the impacts on the environment, thereby giving the contractor a scope to
reduce the environmental impacts by using alternate construction materials [7].

2 LCA in Construction Sector

In industrial processes, LCA is widely utilized and frequently employed to assess
the environmental impact of products and processes [5, 7]. Buildings, however, are
special products that differ thoroughly from these mostly controlled processes. In the
construction industry, such a study is therefore on the average much more complex
because of multiple issues [1]:

e Buildings and constructions have extremely long lifetimes, often more than
50 years. It is difficult to predict the life cycle ‘from cradle-to-grave’, there are
more uncertainty variables and parameters [8].

e During this life span, the building or construction may undergo many changes
in its form and function because of maintenance and retrofitting or because the
shorter lifespan of some of its elements and components. These changes can be as
significant, or even more significant, than the original construction. The ease with
which changes can be made and the opportunity to minimise the environmental
effects of changes are partly functions of the original design [8].

e Many of the environmental impacts of a building occur during its use (energy and
water consumption). Proper design and material selection are critical to minimise
those in-use environmental loads, being crucial to take into consideration the
distances to factories [8].

e There are many actors in the building and construction column. The designer,
who makes the decisions about the final building or construction or its required
performance, does not produce the components, nor does he or she build the
building neither the construction. In many cases, very formal relations exist among
commissioners, designers, and contractors [8].

e Traditionally, each building or construction is unique and is designed as such.
There is very little standardisation in the building design and, usually, many
different materials and processes are used in it. Innovative choices have to be
made for each specific situation [8].
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The long lifespan and dependence of user behaviour thus require much more
assumptions, coming with larger uncertainties and consequently influence the cred-
ibility of the results [9]. So, since the building process is less standardized than
industrial processes, such a Life Cycle Assessment is a challenging task [1].

LCA studies of entire buildings are a great tool to investigate building concepts and
to support decision-making to reduce environmental burdens. Nonetheless, the LCA
methodology does has inherent limitations, thus the results should be interpreted
and applied cautiously. Firstly, comparing cases is challenging due to their specific
characteristics such as layout, climate, comfort requirements, local regulations, and
so forth. Additionally, the widespread estimations of building lifespans represent
another limitation. While these limitations can be partially mitigated by calculating
annual burdens per square meter of useful floor space or per person, other aspects
of the studies may vary, including system boundaries, assumptions, level of detail,
LCIA methods, and so on. Moreover, LCA is essentially a model and simplification
of reality, necessitating the making of assumptions that can introduce uncertainties
at various levels: model, scenario, and parameter uncertainties. Processing the first
two aspects statistically is often challenging and they are frequently excluded from
analysis. However, with the latter, this is feasible as data quality indicators are acces-
sible for all materials and processes in the databases. Parameter uncertainty is also
frequently compounded by data gaps, leading to less precise data being utilized.
When accounting for the variability and stochastic error of the figures, reliability is
bolstered, but interpretation necessitates the use of probability statements, which are
less common. Nonetheless, useful conclusions can still be drawn [1].

As previously stated, the utilization phase of buildings overwhelmingly
contributes to the environmental burdens throughout their entire life cycle, primarily
due to high energy consumption. The burdens of this phase are based on estimations,
taking average values of the whole society into account. Since individual inhabi-
tant behaviour is difficult to predict, it is also an issue of concern when considering
the reliability of any conclusion on energy consumption. This reality underscores
the practical significance of LCA, regardless of the precision of the calculations.
Research concluded that numerous efficiency enhancements fail to decrease energy
consumption as significantly as anticipated. As they make energy services cheaper,
the demand for these services will increase. For example, if a dwelling is well insu-
lated, residents are more likely to heat up the spaces above the calculated temperature,
since this entails only a limited additional cost. This psychological phenomenon is
called the rebound effect and until now this has not been taken into account [1, 10].
A stochastic approach based on real data could partly counter this problem; however,
rebound effects will always occur as economic savings will trigger other (non-
building related) expenditures which of course entail also environmental burdens.
An extra difficulty is the fact that user behaviour and consumption habits are often
regionally defined [1, 11].

Another limitation of current LCA practice within the construction sector is its
isolated approach to environmental issues. Often, the focus is restricted to seeking
environmental optimizations without linking them to other factors. For instance, LCA
typically does not consider quality, energy, structural, or aesthetic requirements.
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Furthermore, while design’s impact on the environmental profile is significant, it
is often overlooked compared to purely technological improvements. Additionally,
financial feasibility is seldom taken into consideration, despite the availability of tools
like Life Cycle Costing. Although new regulations and frameworks have been devel-
oped for assessing all aspects of sustainability, they are not yet widely implemented
[1].

Indeed, despite certain limitations, the LCA technique remains a powerful and
science-based tool for evaluating environmental impacts.

3 Life Cycle Assessment Terminology

The following list of terms includes the main terms needed to understand when
reading, evaluating, or interpreting an LCA report. For the purposes of this document,
the following terms and definitions, included in the ISO 14044:2006 standard, apply
[12-14].

e Life cycle

Consecutive and interlinked stages of a product system, from raw material
acquisition or generation from natural resources to final disposal [12].

e Life Cycle Assessment (LCA)

Compilation and evaluation of the inputs, outputs, and the potential environmental
impacts of a product system throughout its life cycle [12, 14].

e Life cycle inventory analysis (LCI)

Phase of life cycle assessment involving the compilation and quantification of
inputs and outputs for a product throughout its life cycle [12].

e Life cycle impact assessment (LCIA)

Phase of life cycle assessment aimed at understanding and evaluating the magni-
tude and significance of the potential environmental impacts for a product system
throughout the life cycle of the product [12, 14].

e Life cycle interpretation

Phase of life cycle assessment in which the findings of either the inventory analysis
or the impact assessment, or both, are evaluated in relation to the defined goal and
scope in order to reach conclusions and recommendations [12, 14].

e Comparative assertion

Environmental claim regarding the superiority or equivalence of one product
versus a competing product that performs the same function [12].



2 Life Cycle Assessment (LCA) Fundamental Principles 33

e FEnvironmental aspect

Element of an organization’s activities, products or services that can interact with
the environment [12].

e Co-product

Any of two or more products coming from the same unit process or product system
[12].

® Process
Set of interrelated or interacting activities that transforms inputs into outputs [12].
e FElementary flow

Material or energy entering the system being studied that has been drawn from the
environment without previous human transformation, or material or energy leaving
the system being studied that is released into the environment without subsequent
human transformation [12].

e Energy flow

Input to or output from a unit process or product system, quantified in energy
units [12].

e Embodied energy

Total energy expended throughout the entire lifecycle of a product, encompassing
all stages from raw material extraction and processing to manufacturing, transporta-
tion, use, and disposal. It reflects the cumulative energy required to bring a product
into its current state [13].

e Operating energy

Total energy required to operate a system, such as the total energy consumed by
a building during its lifetime [13].

® Raw material
Primary or secondary material that is used to produce a product [12].
e Ancillary input

Material input that is used by the unit process producing the product, but does not
constitute part of the product [12].

e Functional unit

Quantified performance of a product system for use as a reference unit [12].
It provides a quantitative expression of the product under study, encompassing its
function, quantity, performance, and duration. The functional unit remains consistent
across the different alternatives being evaluated in the study [13].
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® Input
Product, material, or energy flow that enters a unit process [12].
e [ntermediate flow

Product, material, or energy flow occurring between unit processes of the product
system being studied [12].

e [ntermediate product

Output from a unit process that is input to other unit processes that require further
transformation within the system [12].

e Life cycle inventory analysis result (LCI)

Result outcome of a life cycle inventory analysis that catalogues the flows crossing
the system boundary and provides the starting point for life cycle impact assessment
[12].

e Qutput
Product, material or energy flow that leaves a unit process [12].
® Product system

Collection of unit processes with elementary and product flows, performing one
or more defined functions, and which models the life cycle of a product [12].

o Sensitivity analysis

Systematic procedures for estimating the effects of the choices made regarding
methods and data on the outcome of a study [12].

e System boundary

Set of criteria specifying which unit processes are part of a product system [12,
14]. They serve as an interface between a product system and the environment or
other product systems. It defines the activities and processes that will be included in
each life cycle stage for the LCA analysis and those that will be excluded [13].

e Uncertainty analysis

Systematic procedure to quantify the uncertainty introduced in the results of a life
cycle inventory analysis due to the cumulative effects of model imprecision, input
uncertainty and data variability [12].

e Unit process

Smallest element considered in the life cycle inventory analysis for which input
and output data are quantified [12].

e Category endpoint

Attribute or aspect of natural environment, human health, or resources, identifying
an environmental issue giving cause for concern [12].
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e Characterization factor

Factor derived from a characterization model which is applied to convert an
assigned life cycle inventory analysis result to the common unit of the category
indicator [12].

o Environmental mechanism

System of physical, chemical, and biological processes for a given impact cate-
gory, linking the life cycle inventory analysis results to category indicators and to
category endpoints [12].

e [mpact category

Class representing environmental issues of concern to which life cycle inventory
analysis results may be assigned [12]. These categories encompass specific areas
related to ecosystem quality, resource use, or human health that are quantified in the
Life Cycle Assessment [12].

e [mpact category indicator
Quantifiable representation of an impact category [12]
e Completeness check

Process of verifying whether information from the phases of a life cycle assess-
ment is sufficient for reaching conclusions in accordance with the goal and scope
definition [12].

e Consistency check

Process of verifying that the assumptions, methods and data are consistently
applied throughout the study and are in accordance with the goal and scope definition
performed before conclusions are reached [12].

e Sensitivity check

Process of verifying that the information obtained from a sensitivity analysis is
relevant for reaching the conclusions and giving recommendations [12].

e FEvaluation

Element within the life cycle interpretation phase intended to establish confidence
in the results of the life cycle assessment [12].

o (Critical review

Process intended to ensure consistency between a life cycle assessment and the
principles and requirements of the international standards on life cycle assessment
[12].

e [nterested party

Individual or group concerned with or affected by the environmental performance
of a product system, or by the results of the life cycle assessment [12].
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4 Normative Frame of Reference for LCA

In recent years, many countries have introduced normative criteria for the LCA
of building materials to regulate their environmental impact. The development of
normative criteria can vary depending on factors such as national policies, regu-
lations, and industry practices. Therefore, it is important to conduct comparative
studies to understand the differences and similarities in the normative criteria for
LCA of building materials in different countries [1].

The normative frame of Life Cycle Assessment is a vital tool for making Informed
decisions that contribute to sustainable, environmentally responsible design and
construction. By following the systematic process of LCA and considering the norma-
tive implications of their choices, experts can play a crucial role in minimizing the
environmental footprint of the built environment.

Although ISO standards outline the global framework for LCA, the specific tech-
nique for calculating environmental impacts is not prescribed. Depending on the
nature of the research, various methods can be selected, each defined by its envi-
ronmental mechanisms as described in ISO 14044:2006 related to environmental
management, Life Cycle Assessment, and requirements and guidelines [1].

Following, a list of existing regulations regarding Life Cycle Assessment (LCA)
of building materials is presented [15].

e SO 14040 and ISO 14044 on life cycle assessment

These are the prominent international standards governing Life Cycle Assessment
(LCA). They primarily centre on the process of conducting LCA, tracking a product’s
impact from cradle to grave. ISO 14040 establishes the principles and framework
for conducting Life Cycle Assessment, while ISO 14044 specifies the requirements
and provides guidelines for implementing LCA [15].

e SO 14067 on the carbon footprint of products

ISO 14067 outlines principles, requirements, and guidelines for quantifying and
reporting the carbon footprint of a product, specifically its impact on climate change.
However, carbon offsetting and communication of carbon footprint are not addressed
within the scope of this standard [15].

The standard is consistent with ISO 14040 and ISO 14044. Howeyver, it also includes
requirements on specific issues relevant to carbon footprinting, including land-use
change, carbon uptake, biogenic carbon emissions, and soil carbon change [15].

e SO 14020,1ISO 14021, ISO 14024,1SO 14025, and ISO 14026 on environmental
labels

These standards set out principles, requirements and guidelines for the development
and use of environmental labels and declarations, as well as for the communication
of footprint information [15].
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In addition to the generic product standards and guidelines aforementioned, there
are more-product-specific international standards [15].

e SO 22526 parts 1, 2, 3 and 4 on carbon footprint and removals for biobased
plastics

The ISO 22526 series, parts 1, 2, and 3, sets out the principles, requirements, and
guidelines for the quantification of, and reporting on, the carbon footprint throughout
the life cycle of partly or wholly biobased plastics. The process carbon footprinting
of biobased plastics is carried out in accordance with the ISO 14067 guidelines
on carbon footprinting. The series also establishes the standard for determining the
material carbon footprint, including the carbon dioxide removed from the air and
incorporated into a given plastic product [15].

e ISO 20915 on life cycle inventory for steel products

ISO 20915 delineates requirements and guidelines for conducting life cycle inven-
tory (LCI) studies specifically tailored to steel products, encompassing closed-loop
recycling. The standard adheres to the principles of international LCA standards ISO
14040 and ISO 14044, illustrating how these principles can be effectively applied to
the manufacturing and recycling processes of steel products [15].

Moreover, there are also Standards and guidelines available for corporations and
other organizations, such as:

e [SO 14063 on environmental communication

ISO 14063 provides guidelines to organizations regarding general principles, policy,
strategy, and activities pertaining to both internal and external environmental commu-
nication. It is applicable to all organizations, irrespective of their size, type, location,
structure, activities, products, and services. ISO 14063 can be utilized in conjunction
with any of the ISO 14000 family of standards, or independently [15].

e SO 14064, parts 1, 2 and 3, on greenhouse gases and removals

The ISO 14064 series outlines the principles and requirements for quantifying, moni-
toring, reporting, verifying, and validating activities intended to reduce greenhouse
gas emissions or enhance removal, at both the organization and project levels. These
standards specify requirements for greenhouse gas (GHG) project planning and offer
guidelines for identifying GHG sources, sinks, and reservoirs. Part 1 of the series
addresses the organization level, while Part 2 focuses on the project level. Part 3
provides guidance for verifying and validating GHG statements [15].

e [SO 14080 on greenhouse gas management and climate actions

ISO 14080 establishes guidelines and principles for identifying, assessing, revising,
developing, and managing methodologies for actions addressing climate change,
encompassing both adaptation to its impacts and mitigation of greenhouse gas
emissions [15].



38 E. Conradi-Galnares et al.

e ISO 14069 on guidance for the application of ISO 14064-1

ISO 14069 delineates the principles, concepts, and methods pertaining to the quan-
tification and reporting of both direct and indirect greenhouse gas emissions for
an organization. It offers guidance for quantifying and reporting direct emissions,
energy indirect emissions, and other indirect emissions [15].

e SO 14072 on effective application of ISO 14040/44 to organizations

ISO 14072 is atechnical specification that sets out additional requirements and guide-
lines for an effective application of ISO 14040 and ISO 14044 to organizations.
Among other things, it details the application of LCA principles and methodology
to organizations, the benefits that LCA can bring to organizations, by applying the
LCA methodology at organizational level, the system boundary, specific considera-
tions when dealing with LCI, LCIA, and interpretation, and the limitations regarding
reporting, environmental declarations, and comparative assertions [15].

Finally, there are combined standards and guidelines that contain information for
environmental assessments at the product, organization, and country levels [15].

e SO 14046 on water footprint

ISO 14046 establishes principles, requirements, and guidelines concerning the
assessment of water footprints for products, processes, and organizations using LCA
methodology. This standard aligns with the international ISO 14044 LCA standard
[15].

e Global Water Footprint Standard

The global water footprint standard in the Water Footprint Assessment Manual offers
guidelines on the water footprint of individual processes and products, on carrying
out water-footprint sustainability assessments, and on using the results to prioritize
strategic actions to be taken at the local, national, regional, and global levels [15].

e [SO 14001, 14006, 14007, 14008, and 14009 on environmental management
systems

The ISO 14000 series, which includes standards like 14001, 14006, 14007, 14008,
and 140009, establishes requirements and guidelines for environmental management
systems within organizations. Aligned with the organization’s environmental policy,
the primary objectives of an environmental management system include enhancing
environmental performance, meeting compliance obligations, and achieving envi-
ronmental objectives [15].

Additionally, the standards provide guidelines and principles for eco-design, quanti-
fying environmental costs and benefits, evaluating environmental impacts in mone-
tary terms, and integrating material circulation into the design and development of
products [15].
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e Greenhouse gas protocol standards at the product and organization levels

The Greenhouse Gas Protocol offers standards for quantifying life cycle greenhouse
gas emissions at both the product and organization levels. The Product Life Cycle
Accounting and Reporting Standard offers guidelines for organizations to assess the
life cycle greenhouse gas emissions of their products. The Corporate Accounting
and Reporting Standard outlines the requirements for companies to document their
greenhouse gas emissions. The Corporate Value Chain Accounting and Reporting
Standard provides guidance to companies on measuring emissions throughout their
entire value chains, encompassing emissions beyond their operations and electricity
consumption [15].

Nowadays, there are also sustainability standards that currently are in the develop-
ment phase, although some of them are on the publication stage, such as:

e SO 14068 on carbon neutrality

ISO 14068 will serve as a standard for organizations, constituting a part of the
previously mentioned 14060 family of standards. Its primary emphasis will be on
GHG management and achieving carbon neutrality [15].

e SO 59004, 59010, 59020 on the circular economy

This ISO series (ISO 59004, 59010, 59020) will set out guidelines and principles for
implementing and measuring circularity and for circular business models and value
chains [15].

e SO 14074 on life cycle assessment on normalization, weighting, and interpreta-
tion

ISO 14074 will establish guidelines, requirements, and principles for the normaliza-
tion, weighting, and interpretation of LCAs [15].

e ISO 14097 on greenhouse gas reporting for financing activities

ISO 14097 will set out principles and requirements for assessing and reporting on
financing activities and investments related to climate change [15].

Normative criteria for Life Cycle Assessment play an essential role in providing
a structured and consistent framework for appraising the environmental impacts of
products and processes, encompassing building materials. However, it is imperative
to acknowledge that these criteria carry their own set of limitations and implications,
which necessitate consideration during the execution of LCAs.

Given the substantial reliance of Life Cycle Assessment on data, the chal-
lenges associated with securing accurate and representative data, particularly for
niche or innovative materials, can pose a significant hurdle. Inaccurate or incom-
plete data introduces a risk of unreliable LCA results, potentially influencing the
decision-making process. Furthermore, the diverse choices in defining system bound-
aries can yield markedly disparate outcomes. Therefore, a meticulous definition of
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system boundaries in LCA is imperative to ensure a faithful representation of the
environmental impacts associated with building materials.

Additionally, the allocation of environmental impacts among multiple products
or processes introduces subjectivity. Awareness of the chosen allocation methods
and their implications is crucial when comparing materials or processes. Aligning
the impact categories considered with project-specific goals and priorities becomes
pivotal in this context.

A critical limitation lies in regional variability, as LCA criteria may inadequately
address regional disparities in material sourcing, energy utilization, or waste manage-
ment. Recognizing the regional context becomes indispensable when interpreting
LCA results, as it allows for the incorporation of variations in environmental impacts
associated with specific regions.

In summary, the interpretation of Life Cycle Assessment results must be grounded
in the particular context of project goals and environmental priorities to facilitate
informed and sustainable decision-making.
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Chapter 3 ®)
Life Cycle Assessment (LCA) St
Methodology

Marco Antonio Sanchez-Burgos, Esperanza Conradi-Galnares,
and Dimitrios Dragatogiannis

Abstract This third chapter meticulously articulates the Life Cycle Assessment
methodology, providing a detailed exposition of the various phases inherent in
the process, an exploration of diverse impact categories, and an overview of
commonly utilized tools for LCA development. Additionally, the chapter sheds
light on prevalent environmental certification standards. Furthermore, the chapter
concludes by presenting insights into the application of this LCA methodology within
the construction industry.

The construction sector stands as a significant consumer of both renewable and
non-renewable natural resources, occupying a prominent position in discussions
surrounding environmental sustainability. As previously mentioned, the procedures
and activities involved in construction demand substantial quantities of materials
throughout its service life cycle. Therefore, the selection and utilization of eco-
friendly construction materials assume paramount importance in the development
and implementation of sustainable building practices [1].
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1 Methodology and Phases of a Life Cycle Assessment

LCA addresses the environmental aspects and potential environmental impacts
throughout a product’s life cycle, spanning from the acquisition of raw materials,
through production, usage, end-of-life treatment, recycling, and ultimate disposal
[2].

In order to comprehensively assess the environmental burdens associated with
processes and products throughout their entire life cycle, four essential steps must
be undertaken, facilitating the comparison of different studies and ensure a holistic
understanding of the environmental implications: goal and scope, Life Cycle Inven-
tory (LCI), Life Cycle Impact Assessment (LCIA) and an interpretation (Fig. 1)
[3].

e Scope and Goal definition

The first step, goal and scope, defines purpose, objectives, functional unit and system
boundaries [5]. Defining the goal & scope of an LCA means defining what we want
to analyse, how we want to analyse it, deciding which Impact Categories are going
to be the focus of the assessment, and how far we want to go with our analysis [4].
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Fig. 1 Phases of a life cycle assessment [4]



3 Life Cycle Assessment (LCA) Methodology 45

One of the strengths of LCA is defining investigated products and processes based on
their function instead of on their specific physical characteristics. This way, products
can be compared that are inherently different, but fulfil a similar function [3].

e Lifecycle inventory (LCI) analysis

The subsequent phase, known as Life Cycle Inventory (LCI), involves the compre-
hensive gathering, description, and validation of data pertaining to inputs, processes,
emissions, and other relevant factors across the entirety of the life cycle [3, 4].
Initially, this entails delineating a work breakdown structure to identify various
components and subsequently computing the necessary quantities of materials
required [6].

e Lifecycle impact assessment (LCIA)

Thirdly (LCIA), environmental impacts and used resources are quantified, based on
the inventory analysis. This step contains three mandatory parts: precise selection of
impact categories depending on the parameters of goal and scope, assignment of LCI
results to the selected impact categories (classification) and calculation of category
indicators (characterization) [3].

An impact category consolidates various emissions into a single environmental
effect. Within the Life Cycle Impact Assessment (LCIA) process of a LCA, efforts
are made to quantify these diverse emissions into tangible metrics. This involves
aggregating emissions with similar environmental repercussions into unified units,
facilitating the translation of disparate impacts into distinct impact categories [7].

Within the LCIA phase, two optional steps may be included: normalization
and weighting. Normalization entails determining the scale of category indicator
outcomes in relation to a reference dataset, such as the average environmental impact
of a European citizen over the course of one year. Weighting involves the transforma-
tion of indicator outcomes from various impact categories into broader, overarching
concerns or a singular score. This is achieved through the application of numerical
factors derived from value-based decisions, such as policy objectives, monetization,
or expert panel assessments. It represents the initial and significant stage in a LCA
where subjective evaluations are introduced [3].

e Interpretation

The fourth and final step is the interpretation of the results, making the most
reliable conclusions and recommendations [2, 3]. According to ISO 14044:2006,
this is what the interpretation of a Life Cycle Assessment should include [4]:

Identifying significant issues based on our LCI and LCIA phase.
Evaluating the study itself, how complete it is, if it’s done sensitively and
consistently.

e Conclusions, limitations, and recommendations.

To gain a comprehensive understanding of the results, it’s imperative to contex-
tualize them within the broader framework of the analysis. This involves ensuring
the collection of accurate data and meticulous attention to measurement and analysis
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procedures. By meticulously examining the data and methodologies employed, it can
be ensured that the results are interpreted correctly and provide an accurate portrayal
of the overall picture [4].

Figure 2 illustrates the different phases of a LCA, defining what is going to be
analysed, how is going to be analysed, and how far the analysis will go in each stage
[4].

The approaches to calculate environmental impacts can be classified into two
fundamental groups: attributional and consequential LCA. Attributional LCA is char-
acterized by its emphasis on delineating environmentally significant flows within a
specified timeframe, while consequential LCA aims to describe how these flows
might evolve in response to potential decisions [8]. Generally, most authors state
that consequential LCAs are more appropriate for decision-making, unless their
uncertainties in the modelling outweigh the insights gained from it [3]

One of the challenges in current LCA practices is the potential for disparate
results when different methods are applied to the same case. For instance, a
narrow-focused carbon footprint analysis may yield different outcomes compared to
studies employing a broader set of impact indicators. Variations in methodology can
attribute different levels of significance to various properties or impacts, consequently

@ Goal & Scope @ Life Cycle Inventory

WHAT DO WE WANT TO MEASURE? COLLECT AND STRUCTURE OURDATA
@s Define the product / company / What data do we need? In this stage,
service you want to measure we collect all the inputs and processes
that we want to measure.
What system do we measure in? :‘7 For example...
Which parts of the life cycle? The raw materials and bill of materials
Which impact category (CO2, water,...)? The energy we use and buy
Supplier data
(—\) What do we exclude? everything that goes into and flows out of

the system we want to measure!

@ Impact Assessment @ Interpretation

TRANSLATE OUR DATA TO IMPACTS WHAT DOES ALL OF THIS MEAN?
g We look at Life Cycle Databases (for How high are our emissions?
example Ecoinvent) and scientific
papers to define what the impact of :!> How do our products compare? Can

our Life Cycle Inventory is. we improve them?

We sum up the impacts in category ‘\$ Can we improve our processes?
totals - for example, Global Warming ¢ X
Potential (CO2). What are the biggest levers for us?

Fig. 2 Development of the different phases of a Life Cycle Assessment [4]
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suggesting divergent strategies for reducing ecological burdens. It’s crucial to recog-
nize that LCA results lack absolute values and thus cannot independently certify
the sustainability of a product or service. However, they are invaluable for facili-
tating comparisons between different products and processes. Meaningful compar-
ison between LCAs is contingent upon the subjects fulfilling identical functions as
defined by their respective goals and scopes [3].

Another limitation lies in the incapacity to fully examine local impacts, as conven-
tional LCA methodologies typically assess environmental damage on a global scale.
However, this approach may overlook the nuances of localized conditions, where
emissions and other factors can have heightened consequences, particularly in vulner-
able regions. A more effective approach involves integrating LCA with special-
ized tools designed to evaluate local impacts, such as Risk Assessment method-
ologies [9]. This combination offers a more comprehensive understanding of envi-
ronmental effects, allowing for better-informed decision-making regarding sustain-
ability measures. Furthermore, local emissions can trigger additional repercussions,
such as influencing the indoor climate of a building. While these emissions might not
significantly impact the environment from a broader perspective, ensuring a healthy
indoor environment necessitates the integration of supplementary criteria within the
functional unit of an LCA or other localized damage assessments. Often, these criteria
are included to adhere to regulatory standards. This underscores the challenge and
significance of incorporating qualitative considerations into LCA methodologies,
emphasizing the need for a more holistic approach to environmental assessment [3].

2 Impact Categories in LCA

As it has been defined before, an impact category can be understood as a class
representing environmental issues of concern to which life cycle inventory analysis
results may be assigned, it groups different emissions into one effect on the envi-
ronment. Impact categories are helpful when make actionable statements about how
Greenhouse Gas (GHG) emissions influence the environment.

Emissions manifest in various forms and compositions, reflecting the stark
disparity between emissions generated during raw material harvesting and those
generated in the process of electricity generation. This is where impact categories
come into place. During the Life Cycle Impact Assessment (LCIA) of an LCA,
these different emissions are unified into actionable numbers: different emissions
that cause the same impact are converted into one unit that translates into one impact
category [7].

Table 1 provides a comprehensive summary of 15 environmental impact cate-
gories, including their respective units of measurement and descriptions [7].
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Table 1 Environmental impact categories [7]
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Impact category/Indicator Unit Description

Climate change—total, fossil, | kg COz-eq Indicator of potential global warming due to

biogenic and land use and land emissions of greenhouse gases to the air.

use change Divided into 3 subcategories based on the
emission source: (1) fossil resources, (2)
bio-based resources and (3) land use and
land use change

Ozone depletion kg CFC-11-eq | Indicator of emissions to air that causes the
destruction of the stratospheric ozone layer

Acidification kg mol H + Indicator of the potential acidification of
soils and water due to the release of gases
such as nitrogen oxides and sulphur oxides

Eutrophication aquatic kg P-eq Indicator of the enrichment of the

freshwater freshwater ecosystem with nutritional
elements, due to the emission of nitrogen or
phosphor-containing compounds

Eutrophication aquatic marine | Kg N-eq Indicator of the enrichment of the marine
ecosystem with nutritional elements, due to
the emission of nitrogen-containing
compounds

Eutrophication—terrestrial mol N-eq Indicator of the enrichment of the terrestrial
ecosystem with nutritional elements, due to
the emission of nitrogen-containing
compounds

Photochemical ozone formation | kg NMVOC-eq | Indicators of emissions of gases that affect
the creation of photochemical ozone in the
lower atmosphere (smog) catalysed by
sunlight

Depletion of abiotic kg Sb-eq Indicator of the depletion of natural

resources—minerals and metals non-fossil resources

Depletion of abiotic MIJ, net Indicator of the depletion of natural fossil

resources—fossil fuels

calorific value

fuel resources

Human toxicity—cancer,
non-cancer

CTUh

Impact on humans of toxic substances
emitted to the environment. Divided into
non-cancer and cancer-related toxic
substances

Eco-toxicity (freshwater) CTUe Impact on freshwater organisms of toxic
substances emitted to the environment
Water use m3 world eq. Indicator of the relative amount of water
deprived used, based on regionalized water scarcity
factors
Land use Dimensionless | Measure of the changes in soil quality

(biotic production, erosion resistance,
mechanical filtration)

(continued)
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Table 1 (continued)

Impact category/Indicator Unit Description
Ionising radiation, human health | kBq U-235 Damage to human health and ecosystems
linked to the emissions of radionuclides
Particulate matter emissions Disease Indicator of the potential incidence of
incidence disease due to particulate matter emissions

3 Tools for the Development of LCA: Databases
and Programs

Life cycle assessments are complex processes requiring a great quantity of input
data and analysis [10]. Since environmental management standards UNE-EN ISO
14040 and UNE-EN ISO 14044 are in place in 2006, many LCA databases have been
developed to assist in this process and make it easier [11]. Each has a specific goal
(stated or implicit), such as reducing greenhouse gas emissions or improving indoor
environmental quality [10].

Numerous databases are available for studying the environmental impact of
construction materials throughout the building process; however, upon reviewing
studies in this field, several significant issues have been identified. These include
discrepancies between the locations covered by the LCA database and the actual
study locations [11], a lack of transparency [12], and/or the unsuitability of the data
for the specific conditions of the building project [13].

Initially, databases were academic niche projects. However, as LCA emerged
as a pivotal instrument for driving environmental innovation, national governments
eagerly adopted its methodologies. Nowadays, most LCA databases are developed
by collaborations between governments, research groups, and national universities
located in specific countries or territories, and model processes based on its regional
manufacturing technologies [10]. In some cases, these databases do not even provide
users with original data sources [14]. Additionally, many LCA databases predomi-
nantly employ a cradle-to-gate model, focusing solely on analysing the initial stages
of a building’s life cycle; however, this approach often overlooks other critical
phases. Nevertheless, this omission presents an opportunity to incorporate additional
factors, such as material transportation to the construction site and the management
of construction and demolition waste (CDW), without duplicating efforts, provided
that the transparency of the database allows for such modifications [15]. Despite the
challenges highlighted earlier, significant advancements have been made in LCA
methodology. Efforts to enhance database quality assurance, ensure methodological
consistency, and harmonize approaches have all contributed to substantial progress
in this field [16].

The European Commission’s Institute for Environment and Sustainability
provides a compilation of available LCA databases.
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e FEcoinvent

Ecoinvent was developed by the Swiss Centre for Life Cycle Inventories [17].
Due to its consistency and transparency, it has been included in SimaPro 7, and it is
also possible to use it with GaBi 5 and Umberto 5. A cradle-to-gate model is applied
in most of the LCA studies, which are based on downloadable reports [18-20].
In these reports, the methodology, flow charts, life cycle inventories, and literature
references are presented. On paying the full licence, Ecoinvent is perfectly suited for
construction, since every construction materials category is included and developed
with a high variety of products. Users can also consult it online and download the
data directly.

e GaBi Database

GaBi Database, by PE INTERNATIONAL, is one of the biggest LCA databases on
the current market [21]. More than one thousand processes for construction materials
are included, some of them from PlasticsEurope, ELCD, or Eurofer, and are cradle-
to-gate. This is a complete database, which encompasses various processes, including
those related to construction materials, with a diverse array of options within each
product category. Moreover, the process data undergoes annual updates facilitated
by a team of 50 LCA experts, ensuring its relevance and accuracy over time.

e PlasticsEurope Eco-Profiles

Eco-Profiles were first developed by PlasticsEurope in 1991 and have been contin-
uously updated. This is a specialized and freely accessible LCA database focusing
specifically on plastic materials. It offers cradle-to-gate data covering major poly-
mers as they are manufactured in Europe. Notably, this database is integrated into
both SimaPro and GaBi, widely used software platforms for conducting life cycle
assessments. The methodology is complemented by intuitive flow charts and life
cycle inventories for the different production stages. Eco-Profiles are calculated using
average values from the industry, and then weighted depending on manufacturers’
production. Raw material extraction, emissions to air and water, waste generation,
as well as transportation related to production, vehicle maintenance, and the replace-
ment of batteries and tires, are encompassed within the assessment. The energy and
emissions linked to the construction of manufacturing plants, as well as human activ-
ities such as food consumption and commuting to work, are considered insignificant
in comparison to industrial processes [22].

o Athena database

Athena database is used by Athena Impact Estimator. This database includes data
for construction materials, energy, transport, construction and demolition processes,
maintenance, repairing, and waste disposal, which is taken from U.S.LCI Database
[23]. The data reflects the manufacturing process in Canada and the U.S.A, classi-
fied by regions, which considers differences in transport, energy mix and recycled
material rates. All categories of construction materials are included, and it is capable
of modelling 95% of the building stock in North America.
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e U.S. Life Cycle Inventory Database

U.S. Life Cycle Inventory Database was developed in 2001 by the National
Renewable Energy Laboratory of the U.S. Department of Energy. It was last updated
in 2022 through a meeting with data providers. Data follows cradle-to-gate, cradle-
to-grave and gate-to-gate models and considers input and output flows of energy and
materials [24].

® PBase Carbone

Created by the ADEME agency, and designed to determine greenhouse gas
balances, the Base Carbone provides data on CO;-emission factors for France and
its islands and colonies. This freely accessible online database encompasses sets of
metals, glass, plastics, and various other construction materials. It adopts a cradle-to-
grave model, delineating life-cycle stages that encompass the manufacturing of new
or recycled materials and their end-of-life phase. The output is quantified in equiva-
lent kilograms of CO; per ton. Extensive documentation and reports accompany the
data to provide comprehensive support. However, LCA inventories are somewhat
limited, as this database primarily focuses on equivalent CO, emissions [25].

e BEDEC database

BEDEC is a structured database originating from Spain, developed by the Insti-
tute of Technology of Construction in Catalonia (IteC). It encompasses economic
and environmental data for over half a million variations of construction elements.
Specifically, the database offers information on embodied energy, CO, emissions, and
waste disposal associated with each construction material. However, a notable draw-
back is the absence of accompanying documentation, which represents a significant
inconvenience for its users [26]. The lack of traceability and outlining of the method-
ological process makes its data sets unverifiable. The data is from organizations and
enterprises (e.g., Puerto de Barcelona, Grohe, Isover, Porcelanosa, Roca, Texsa), and
works in collaboration with the ICAEN, the Polytechnic University of Catalonia and
the Technological Centre of Construction. The data has been obtained from Ecoin-
vent, but no visible links are available to LCA studies in order to be consulted. The
data on embodied energy of materials takes into account several factors, including
raw material extraction, transportation from the source to the manufacturing facility,
and the transformation processes carried out at the manufacturers. However, it does
not encompass the transformation of these materials into construction products nor
their transportation to the building site, then it can be defined as a cradle-to-gate
model [26].

Despite all these problems, this is the most widely used database in Spain for
environmental studies of a building construction process, since it matches very well
with the variety of construction elements used, which makes it simple to use when
the evaluator wishes to study an entire building [27].

e CPM LCA Database
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CPM LCA Database, previously known as LCAIT, was developed in 1998 by the
Swedish Center for Environmental Assessment of Product and Material Systems.
This database is maintained by the University of Chalmers and contains manufac-
turing processes of construction materials. The database includes life cycle invento-
ries, literature references and comprehensive documentation expressing the sources
of each element of the studied process [28].

® ProBas

ProBas is a free online well-structured database, which can be read in GEMIS
4.8 [29]. Around seven hundred construction materials are included, belonging to
all category types [30]. This comprehensive database includes references, life cycle
inventories, and concise information for each entry. Most data come from the Oko-
institut, whose headquarters are in Freiburg im Breisgau, Germany, complemented
with LCA studies [31].

In Spain, there are not mandatory tools created by the administration that promote
Green Public Procurement (GPP). There are private initiatives, such as HADES,
which is a free tool which helps in the design for of more sustainable building.
HADES is mainly oriented for housing, although it can also be used for offices
and equipment. It evaluates energy, materials and circular economy, water, indoor
environmental quality, and climate change. Other tool is VERDE also developed
by GBCe which aims to provide a methodology for evaluating the sustainability of
buildings. It is a methodology that allows us to conceive the building in a global way,
including all its phases. VERDE develops tools for residential buildings, offices,
rehabilitation, etc. LCA of the building is carried out where the potential impacts
are weighted in absolute values and then these are associated to one of the 6 levels
of certification through a comparison with a reference building. LEED y BREEAM,
the first is also managed by GBCe and the second by BREEAM Spain, evaluate
the CO, emissions caused by the manufacturing of materials employed and by the
operational energy consumed. Its methodology is based on the determination of
impacts classified by categories, although these impacts do not conform to the LCA.
Atthe end of the process, like VERDE, it is the accredited certifier who calculates the
rating of the building. Another tool available in Spain is ECOMETRO open source
for the design, environmental assessment, and measurement of LCA in buildings.
Among other aspects, it evaluates the carbon footprint in the construction and use
phase, with the aim of obtaining zero CO, buildings.

These four tools (HADES, VERDE, BREEAM and ECOMETRO) have a life
cycle approach, which requires specialized cognizance of environmental assessment
procedures. Level(s) is a very ambitious but demanding proposal from the point
of view of the previous knowledge needed to be able to use it correctly. In Spain,
there is still room for improvement for easy-to-use tools, free, and that allow the
self-evaluation by the user.
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4 Environmental Certification Tools

Buildings exert significant direct and indirect impacts on the environment throughout
their lifecycle stages, including construction, occupancy, renovation, repurposing,
and demolition. These phases involve substantial consumption of energy, water, and
raw materials, as well as the generation of waste and emissions with potential environ-
mental consequences. In response to these challenges, various green building stan-
dards, certifications, and rating systems have been developed. These frameworks
aim to address and mitigate the environmental impact of buildings by promoting
sustainable design principles and practices [32].

Since the 1980s, green product standards have emerged in the marketplace, and
their scope and prevalence have steadily increased. Initially, many of these stan-
dards arose in response to mounting apprehensions regarding product toxicity and
its ramifications for children’s health and indoor environmental quality (IEQ). In the
present day, with escalating concerns regarding climate change and resource deple-
tion backed by extensive research, the proliferation and diversity of green product
standards and certifications persist. Furthermore, the focus of these standards has
broadened to encompass a wider array of environmental considerations, including
the entire lifecycle impacts of products from manufacturing to use and reuse. Despite
the absence of a universal definition, green products are designed to fulfil claims of
delivering environmental benefits while adhering to specific standards [32].

The marketplace is witnessing a proliferation of standards, rating systems, and
certification programs aimed at guiding, demonstrating, and documenting endeav-
ours to create sustainable, high-performance buildings. Globally, there exist hundreds
of green product certifications, each employing diverse approaches. Some certifica-
tions delineate prerequisites alongside optional credits, offering flexibility in meeting
sustainability goals. Others adopt a prescriptive approach, specifying detailed
criteria for compliance. Additionally, certain certifications propose performance-
based requirements that can be achieved through various methods tailored to specific
products and project types [32].

Green building certification systems are increasingly recognized globally, with
ongoing evolution to address the imperative of achieving net-zero emissions. These
systems have established criteria for assessing sustainable actions within the building
sector across various dimensions, including energy, water, waste, transportation,
materials and resource consumption, pollution, land use, and human health. As
a result, these certifications offer compelling evidence of the strides being made
by the building sector towards embracing sustainable and eco-friendly practices in
construction and development [32].

As of 2021, there were 74 green building certification systems worldwide, with
the majority being administered by members of the World Green Building Council
(WorldGBC). These certification systems have been utilized in at least 84 countries
around the globe. However, despite the extensive range of available options, only 14
certification systems are included in the Global Buildings Climate Tracker, based on
transparent and accessible data. Nonetheless, the number of certificates issued under
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these 14 certification systems exhibited robust growth, with an average cumulative
increase of 19% in 2021. This marks a slight uptick compared to the 18% growth
observed in 2020 and the 24% growth recorded in 2019 [32].

Green building certifications serve multiple purposes beyond environmental
impact reduction. They contribute to the dissemination of local knowledge, fostering
awareness and offering training opportunities in sustainable practices. Moreover,
they serve as a crucial benchmark for sustainable investment and financing, func-
tioning as a quality mark that enhances marketability and value. For instance, the
European Bank for Reconstruction and Development mandates the use of green
certifications such as EDGE, BREEAM, or LEED for all construction investments,
underscoring their significance in the financing realm (Table 2). However, the limited
recognition of local labels may hinder the adoption of locally recognized sustain-
ability approaches. Establishing a clear framework for the utilization of certifications
can facilitate collaboration among designers, investors, manufacturers, governmental
and non-governmental organizations, thus driving collective efforts to accelerate
decarbonization across the entire value chain [32].

Table 2 Global building certification programmes

Region Country Rating
Europe Austria DGNB Austria
Croatia DGNB Croatia
Denmark DGNB Denmark
France HQE
Germany DGNB
Ireland Home performance index
Italy Italy GBC Home, historic building, Quartieri, Condomini
Latvia BREEAM-LV
Netherlands BREEAM-NL, DGBC Woonmerk
Norway BREEAM-NOR
Russia OMIR
Spain DGNB Spain, VERDE
Sweden BREEAM-SE, Miljobyggnad, Miljobyggnad iDrift, CEEQUAL,
NollCO,
Switzerland Minergie, SNBS, DGNB Switzerland
United BREEAM, EDGE
Kingdom
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5 Life Cycle Assessment Conclusions

To mitigate the impact of material production on natural resources, it is imperative to
advocate for the adoption of cutting-edge techniques and innovations in production
facilities. Furthermore, wherever feasible, there should be a concerted effort to substi-
tute finite natural resources with waste generated from various production processes,
thereby closing the loop on product cycles. This necessitates a firm commitment to
practices such as reuse and recycling, while simultaneously minimizing the trans-
portation of raw materials and finished products. Encouraging the utilization of
locally available resources further promotes sustainability by reducing reliance on
distant sources and minimizing carbon emissions associated with transportation [5].

To enhance sustainability in the construction industry, it is crucial to extend, tailor,
and standardize existing inventory databases of construction materials to align with
the unique characteristics and requirements of each country’s construction sector.
Public institutions should play a proactive role in urging material manufacturers to
adopt Environmental Product Declarations (EPDs) or Type III ecolabels, as per ISO
standards. These EPDs, verified by independent entities, would provide standardized
information based on the Life Cycle Assessment (LCA) of the real environmental
impact of each product [5].

This approach would incentivize competition among manufacturers to introduce
more eco-efficient products to the market. Such products, accompanied by EPDs,
would be highly valued by the construction sector as they offer buildings with demon-
strably low environmental footprints, not only in terms of energy consumption but
also due to the reduced impact of the materials used [5].

Accurate information provided by EPDs would enable a more precise assessment
of a building’s environmental impact from an LCA perspective. Without this data,
the assessment of a building’s impact would rely on rough estimates derived from
existing inventories, which may not adequately reflect the realities of a specific
geographical area. Therefore, promoting the adoption of EPDs and standardized
environmental labels is essential for advancing sustainability in the construction
industry and ensuring informed decision-making [5]

The current practice of demolishing buildings at the end of their service life often
results in the indiscriminate disposal of materials in landfills or incinerators, making
recycling challenging. To enable effective recycling of construction materials, it is
imperative to advocate for a fundamental shift in building design to facilitate the
disassembly of materials at the end of their lifecycle [5].

To achieve this goal, buildings must be designed with a focus on ease of disas-
sembly. This involves incorporating reversible joints between different materials,
such as bolted joints, while minimizing the use of adhesives. This approach allows
for the separation of materials without causing damage, facilitating their reuse, and
recycling [5].

This paradigm shift in building design is essential to promote a circular economy in
the construction sector. By prioritizing disassembly and recycling in building design,
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waste generation and resource depletion can be significantly reduced, advancing
towards a more sustainable built environment [5].

In conclusion, the implementation of a sustainable building strategy should be
integrated into a broader framework of sustainable development, aimed at achieving
a reduction in overall resource consumption and exploitation. It is essential to avoid
potential rebound effects and ensure a per capita decrease in the use of natural
resources. To accomplish this objective, several measures should be considered.
Firstly, moratoria should be established for the construction of new buildings and
large infrastructures, promoting a more judicious use of land and resources [5].

By incorporating these aspects into a comprehensive sustainable decline strategy,
a path towards achieving long-term environmental sustainability and resilience is
paved, ensuring a balanced relationship between human activities and the natural
world [5].
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Part 11
Nanoproducts in the Construction Sector



Chapter 4 ®)
Advanced Materials: Introduction Gedar
to Nanotechnology

Begoiia Blandon-Gonzalez, Aikaterini Flora Trompeta,
and Pilar Mercader-Moyano

Abstract The initial segment unfolds by expounding upon the foundational
concepts of nanotechnology, tracing its historical evolution, delving into its norma-
tive framework of reference, and elucidating its diverse applications across various
sectors, navigating the inherent challenges associated with nanotechnology.

1 Historical Approach to New Materials

The nanotechnology revolution is making a ground-breaking impact on diverse
science, engineering, and commercial sectors, including the construction industry.
The physical and chemical properties unique to the nanoscale can lead to remark-
able efficacy enhancement in (photo)catalysis, (thermal and electrical) conductivity,
mechanical strength, and optical sensitivity, enabling applications such as catalysts,
electronic and energy storage devices, advanced mechanical materials, and sensors
[1].

The earliest ideas surrounding nanotechnology can be traced back to the
pioneering insights of physicist Richard Feynman (Nobel Prize in physics 1965),
who, in his seminal lecture titled “There is a lot of room in the background”, presented
at the annual meeting of the American Physical Society in 1959. Within his discourse,
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Feynman eloquently expressed: “Most cells are tiny, but they are very active, they
make substances, they move, they contort, and they do a lot of wonderful things, all
on a small scale. They also store information. Let’s consider the possibility that we,
too, could make entities so small that they did whatever we wanted, that we could
make an object that maneuverer at that level” [2].

The word nanotechnology was first used by Norio Taniguchi in 1974, to designate
ananoscale production technique, which involves processes of separation, consolida-
tion, and deformation of materials with the help of a single atom or a single molecule.
But it was not really disseminated until 1986 by Eric Drexler in his book “Creation
Machines”, in which he described the bases for the construction of atom-by-atom
materials that “would open the doors to a technological development unprecedented
in the history of mankind, which would make it possible to overcome disease and
death, make intergalactic trips and have almost infinite material resources” [2, 3].

Louis Brus, working at AT&T Bell Laboratories, discovered colloidal semicon-
ductor nanocrystals, called quantum dots, that led him to be recognized as one of the
leading researchers in the field of nanoscience in the early 1980s [2].

In 1985 Sir Harold W. Kroto, Richard E. Smalley and Robert F. Curl, Jr. (Nobel
Prize in Chemistry 1996) obtained hollow carbon molecules that formed a closed cage
by using a laser to vaporize graphite rods in a helium gas atmosphere. The capsule
comprised 60 carbon atoms intricately bonded through both single and double bonds,
meticulously arranged to fashion a hollow sphere characterized by 12 pentagonal
and 20 hexagonal faces. Such nanostructures, exemplified by this configuration, are
commonly referred to as fullerenes [2, 4].

Japanese physicist Sumio Iijima in 1991 discovered and detailed the atomic
structure and helical shape of single- and multi-walled carbon nanotubes [2].

In 1993, at the Massachusetts Institute of Technology, Moungi Bawendi and
his collaborators developed a synthesis of nanocrystals obtaining semiconductor
colloidal quantum dots, this nanotechnology being one of the first to be integrated
with the biological sciences [5].

Since 1998 chemical engineer Thomas Webster worked on the design, synthesis
and evaluation of nanomaterials for various medical applications. This included self-
assembled chemistries, nanoparticles, nanotubes and nanostructured surfaces. Some
of the medical applications included inhibiting the growth of bacteria, controlling
inflammation, and promoting tissue growth [6, 7].

In the new century multiple contributions have been generated, among them are
the gold nanocapsules for cancer treatment of Medicine and Surgery; nanoscale
assembled devices similar to DNA and a methodology to generate nanoscale patterns
and structures [2, 8].
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2 Nanotechnology: Basic Concepts

Nanotechnology has been a recognized field of inquiry since the previous century,
notably propelled into the scientific Richard P. Feynman during his aforementioned
seminal lecture “There’s Plenty of Room at the Bottom” in 1959. Since then, the
landscape of nanotechnology has been marked by a succession of groundbreaking
advancements. This domain has witnessed the synthesis and manipulation of mate-
rials at the nanoscale level, ushering in a new era of scientific exploration and
technological innovation [9].

Central to the realm of nanotechnology are nanoparticles (NPs), a diverse class of
materials encompassing particulate substances characterized by at least one dimen-
sion measuring less than 100 nm. The significance of these nanostructures became
evident as researchers uncovered their capacity to profoundly influence the phys-
iochemical properties of materials. Indeed, the size of nanoparticles emerged as a
critical factor, intricately shaping phenomena such as optical properties, and offering
tantalizing prospects for tailored material functionalities [9].

As aforementioned, nanoparticles are complex entities, consisting of three distinct
layers: (a) The surface layer, which can be functionalized with various small
molecules, metal ions, surfactants, and polymers, (b) the shell layer, a chemically
distinct material from the core in all aspects, and (c) the core, which is essentially
the central portion of the NP and usually refers the NP itself [10]. Due to these
remarkable attributes, researchers across diverse fields have been captivated by the
potential of these materials, sparking widespread interest and enthusiasm among
multidisciplinary practitioners [9].

NPs are extensively categorized into different classes, delineated by their
morphology, dimensions, and chemical attributes. Notable among these classifi-
cations are the following well-recognized categories, distinguished based on their
distinct physical and chemical characteristics [9]:

e (Carbon-based NPs

Fullerenes and carbon nanotubes (CNTs) stand out as prominent categories within
the realm of carbon-based nanoparticles. Fullerenes are characterized by their glob-
ular hollow cage-like structures, comprising various allotropic forms of carbon. These
nanostructures have garnered substantial commercial attention owing to their excep-
tional electrical conductivity, impressive strength, unique structural attributes, high
electron affinity, and remarkable versatility [11]. Given their distinctive physical,
chemical, and mechanical properties, these materials find utility not only in their pris-
tine form but also as integral components in nanocomposites, facilitating a myriad
of commercial applications. These applications include utilization as fillers, efficient
gas adsorbents for environmental remediation, and support mediums for a diverse
array of inorganic and organic catalysts [9].

e Metal NPs
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Metal nanoparticles are exclusively composed of metal precursors. Harnessing
the intrinsic properties of these metals, metal NPs exhibit distinct optoelectrical
behaviour attributed to their well-documented localized surface plasmon resonance
(LSPR) phenomenon. Among the alkali and noble metals, including copper (Cu),
silver (Ag), and gold (Au), these NPs display a broad absorption band within the
visible range of the electromagnetic solar spectrum [12].

The controlled synthesis of metal NPs, with precise manipulation of their facets,
sizes, and shapes, is paramount in contemporary materials science and pivotal in the
development of cutting-edge materials, enabling tailored properties and functionali-
ties that cater to diverse technological applications [12]. Metal nanoparticles, owing
to their sophisticated optical properties, are instrumental across various research
domains. Notably, gold nanoparticles (NPs) coatings are extensively employed in
the realm of scanning electron microscopy (SEM), in order to augment the elec-
tronic beam, thereby enhancing the signal-to-noise ratio and overall quality of SEM
images [9].

e Ceramics NPs

Ceramic nanoparticles represent a class of inorganic non-metallic solids, synthe-
sized through processes involving intense heat followed by controlled cooling.
Exhibiting a diverse array of morphologies including amorphous, polycrystalline,
dense, porous, or hollow structures, these nanoparticles have garnered significant
interest from researchers. Their versatile properties render them indispensable in
various applications such as catalysis, photocatalysis, the photodegradation of dyes,
and imaging applications [9, 13].

e Semiconductor NPs

Semiconductor materials occupy a unique position between metals and nonmetals,
endowing them with a spectrum of properties that make them highly versatile in
various applications [14]. Semiconductor nanoparticles, in particular, are charac-
terized by wide bandgaps, which render them susceptible to significant alterations
in their properties through bandgap tuning. As a result, these nanoparticles play a
pivotal role in fields such as photocatalysis, photo optics, and electronic devices [9].

For instance, semiconductor nanoparticles exhibit remarkable efficiency in water
splitting applications, attributed to their suitable bandgap and bandedge positions.
This capability to efficiently harness solar energy for catalytic reactions underscores
the pivotal role of semiconductor nanoparticles in advancing sustainable energy
technologies and addressing environmental challenges [9].

e Polymeric NPs

Typically derived from organic materials, nanoparticles in the literature are
often referred to collectively as polymer nanoparticles (PNPs). These nanoparticles
predominantly exhibit nanospheric or nanocapsular shapes [15]. Nanospheres repre-
sent matrix particles with a solid overall mass, with additional molecules adsorbed at
the outer boundary of their spherical surface. Conversely, nanocapsules encapsulate
a solid mass entirely within the particle structure [9, 16].
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One of the distinguishing characteristics of PNPs is their high degree of function-
ality, enabling researchers to modify their surface properties with ease. This attribute
renders PNPs highly versatile and applicable across a wide range of fields in scientific
literature [9, 16].

e Lipid-based NPs

Nanoparticles containing lipid moieties have emerged as valuable assets in
numerous biomedical applications. Characteristically spherical, lipid nanoparticles
typically exhibit diameters ranging from 10 to 1000 nm. Similar to polymeric
nanoparticles, lipid nanoparticles feature a solid core composed of lipids, while a
matrix within them accommodates soluble lipophilic molecules. The external core
of these nanoparticles is stabilized by surfactants or emulsifiers [9, 17].

Lipid nanotechnology represents a specialized field dedicated to the design and
synthesis of lipid nanoparticles for diverse applications, such as drug delivery and
carrier systems, as well as the targeted release of RNA in cancer therapy [9, 17].

Nanomaterials are further categorized based on their origins into natural, inci-
dental, and artificial types. Natural nanomaterials originate from sources such as trees,
plants, volcanoes, or marine species. Incidental nanomaterials are generated during
processes like combustion in vehicles and industrial activities. Artificial nanomate-
rials, the most prevalent category, are produced through two primary manufacturing
processes: top-down and bottom-up techniques (Fig. 1) [2].

Top-down techniques involve the reduction of macroscopic materials or solid
groups to nanoscale dimensions. Physical methods like grinding or abrasion, chem-
ical processes, and the vaporization of solids followed by condensation are employed
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Fig. 1 Nanoparticle synthesis techniques [2]
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to achieve controlled assemblies until the desired size is reached. Conversely, bottom-
up techniques involve the creation of nanoparticles capable of self-assembly or self-
organization through the condensation of atoms or molecular entities in a gaseous
phase or solution. These techniques facilitate the precise construction of nanoparti-
cles from atomic or molecular components, enabling tailored design and functionality

(2].

3 Nanotechnology Applications in Different Sectors:
Challenges and Trends

Considering their unique properties, NPs can be used in a spectrum of applications.
Some significant examples of their versatility and practical use are given below [9]

e Applications in drugs and medications

Nano-sized inorganic particles, whether simple or intricate in nature, exhibit
unparalleled physical and chemical characteristics, rendering them indispensable
in the advancement of innovative nanodevices. These nanomaterials play a pivotal
role across diverse realms including physical sciences, biology, biomedicine, and
pharmaceuticals [1].

NPs have garnered escalating attention across various medical disciplines due to
their capacity to deliver drugs within the optimal dosage range. This often trans-
lates into heightened therapeutic efficacy, diminished side effects, and enhanced
patient adherence. When selecting NPs for applications such as biological and cellular
imaging, as well as photothermal therapy, emphasis is placed on their optical prop-
erties. The ongoing pursuit of hydrophilic NPs as drug carriers reflects a significant
challenge in recent years, signifying a pivotal area of research and development in
pharmaceutical science [9].

Superparamagnetic iron oxide NPs, when endowed with suitable surface chem-
istry, boast a wide array of in vivo applications, such as MRI contrast enhancement,
tissue repair, and immunoassay, detoxification of biological fluids hyperthermia,
drugs delivery and cell separation [9].

In recent decades, there has been a notable surge in the exploration of biodegrad-
able nanoparticles (NPs) as potent drug delivery systems. Researchers have lever-
aged a plethora of polymers in this pursuit, capitalizing on their ability to efficiently
transport drugs to targeted sites. This strategy enhances therapeutic efficacy while
mitigating potential side effects. Central to this endeavour is the concept of controlled
drug release, aiming to administer pharmacologically active agents precisely to the
desired site of action, at the optimal dosage and frequency [9].

Semiconductor and metallic nanoparticles stand out for their significant poten-
tial in both cancer diagnosis and therapy, owing to their ability to leverage surface
plasmon resonance (SPR) for enhanced light scattering and absorption. Silver
nanoparticles (Ag NPs) are witnessing growing utilization in wound dressings,
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catheters, and a variety of household products, thanks to their remarkable antimicro-
bial properties. The presence of such antimicrobial agents is critical in diverse sectors
such as textiles, medicine, water disinfection, and food packaging, where they play a
vital role in maintaining hygiene and preventing the spread of infectious agents [9].

e Applications in manufacturing and materials

Among consumer products incorporating nanotechnology, health and fitness prod-
ucts dominate the market, constituting the largest category. They are closely followed
by products in the electronic and computer sector, as well as those in the home and
garden category. Nanotechnology has garnered considerable attention as the next
revolutionary force across numerous industries, with anticipated transformations in
areas such as food processing and packaging [9].

Resonant energy transfer (RET) systems, comprising organic dye molecules and
noble metal nanoparticles, have emerged as a focal point of interest in both bio
photonics and material science. The integration of NPs into commercially avail-
able products is increasingly prevalent, reflecting the growing recognition of their
potential across various applications [9, 18].

Metal nanoparticles, particularly noble metals like gold (Au) and silver (Ag),
exhibit a diverse array of colours in the visible spectrum owing to their plasmon
resonance phenomenon. This resonance arises from the collective oscillations of
electrons at the nanoparticle surface [19]. The wavelength of this resonance is highly
influenced by factors such as nanoparticle size and shape, interparticle distance,
and the dielectric properties of the surrounding medium. Leveraging these unique
plasmon absorbance characteristics, noble metal nanoparticles have found extensive
utility in various applications, notably including chemical and biosensors [19].

e Applications in the environment

The growing utilization of engineered nanoparticles in both industrial and house-
hold settings raise concerns regarding their release into the environment. Evaluating
the environmental risk posed by these NPs necessitates a comprehensive under-
standing of their mobility, reactivity, ecotoxicity, and persistence. Of particular
concern is the potential for increased NP concentrations in groundwater and soil
due to engineering material applications, as these represent the primary exposure
pathways for assessing environmental risks [9].

Natural nanoparticles play a significant role in the partitioning of contaminants
between solid and water phases due to their high surface-to-mass ratio. Contami-
nants can adhere to the surface of NPs, become co-precipitated during the forma-
tion of natural NPs, or be trapped through NP aggregation, where contaminants are
initially adsorbed. The interaction between contaminants and NPs is influenced by
various characteristics of the NPs, including their size, composition, morphology,
porosity, aggregation/disaggregation tendencies, and aggregate structure. Addition-
ally, in environmental contexts, luminophores, while not inherently safe, can be
shielded from environmental oxygen by encapsulating them within the silica network

[9].
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The majority of environmental applications of nanotechnology can be classified
into three main categories:

1. Environmentally benign sustainable products.
2. Remediation of materials contaminated with hazardous substances.
3. Sensors for environmental stages.

The extraction of heavy metals, such as mercury, lead, thallium, cadmium, and
arsenic, from natural water sources has garnered significant interest due to their
detrimental impacts on both environmental ecosystems and human health. Super-
paramagnetic iron oxide nanoparticles have emerged as a potent sorbent material for
efficiently capturing these hazardous elements from water, presenting a promising
solution for addressing the challenges posed by such toxic contaminants [9].

The scarcity of measurements for engineered nanoparticles in the environment can
be attributed to the absence of analytical techniques capable of precisely quantifying
trace concentrations of NPs. Additionally, it is noteworthy that photodegradation
by NPs is a prevalent phenomenon, with many nanomaterials being deliberately
employed for this purpose [9].

e Applications in electronics

In recent years, there has been a burgeoning interest in the advancement of
printed electronics. This interest stems from the allure of printed electronics as
a compelling alternative to conventional silicon-based techniques, which hold the
promise of delivering low-cost, large-area electronic solutions, particularly well-
suited for flexible displays and sensor applications [20]. The rapid adoption of printed
electronics, which incorporate diverse functional inks containing nanoparticles such
as metallic NPs, organic electronic molecules, CNTs, and ceramic NPs, is anticipated
to revolutionize mass production processes for novel electronic devices [20].

The distinctive structural, optical, and electrical characteristics exhibited by one-
dimensional semiconductors and metals position them as pivotal building blocks for
the development of a new generation of electronic, sensor, and photonic materials
[21].

A prime illustration of the synergy between scientific discovery and technological
advancement is exemplified in the electronic industry. The exploration and identifi-
cation of novel semiconducting materials have sparked a transformative revolution,
transitioning from vacuum tubes to diodes and transistors, ultimately culminating in
the miniaturization of electronic components into integrated circuits [9].

The important attributes of nanoparticles include their inherent ease of manip-
ulation and reversible assembly, enabling their integration into electric, electronic,
or optical devices. This capability, exemplified by “bottom-up” or “self-assembly”
approaches, serves as a hallmark of nanotechnology, offering versatile pathways for
the design and fabrication of advanced nanoscale devices [9].

e Applications in energy harvesting

Recent research has raised concerns regarding the limitations and scarcity of
fossil fuel reserves in the foreseeable future, attributed to their non-renewable nature.
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Consequently, scientists are shifting their research focus towards developing renew-
able energy sources derived from readily available and cost-effective resources.
Nanoparticles have emerged as prime candidates for this purpose due to their expan-
sive surface area, optical properties, and catalytic capabilities. Particularly in photo-
catalytic applications, NPs play a significant role in harnessing energy through photo-
electrochemical (PEC) and electrochemical water splitting [22, 23]. Furthermore,
NPs are extensively utilized in electrochemical CO; reduction to produce fuel precur-
sors, as well as in the fabrication of solar cells and piezoelectric generators, offering
promising avenues for energy generation [9, 24-26]. Additionally, NPs find appli-
cations in energy storage, enabling the storage of energy in various forms at the
nanoscale level [9].

Innovatively, nanogenerators have been developed to convert mechanical energy
into electricity, utilizing piezoelectric principles, which is an unconventional
approach that represents a significant advancement in energy generation technology
[27].

e Applications in mechanical industries

The remarkable mechanical properties of nanoparticles, including their excep-
tional Young’s modulus, stress, and strain characteristics, unlock numerous appli-
cations in mechanical industries, particularly in coatings, lubricants, and adhesive
applications. Moreover, these properties facilitate the development of mechanically
robust nanodevices for diverse purposes. By embedding nanoparticles in metal and
polymer matrices, tribological properties can be finely tuned at the nanoscale level,
resulting in enhanced mechanical strength [9].

Furthermore, nanoparticles exhibit favourable sliding and delamination proper-
ties, contributing to reduced friction and wear, thus enhancing lubrication effects.
Coatings incorporating nanoparticles can impart a range of robust mechanical char-
acteristics, enhancing toughness and wear resistance. Notably, alumina, titania,
and carbon-based nanoparticles have proven successful in achieving desirable
mechanical properties in coatings [9, 28].

4 Normative Frame of Reference for Nanoproducts
in Construction Sector

In the European Union, nanomaterials are subject to the same rigorous regulatory
framework as other chemicals and mixtures, namely the Registration, Evaluation,
Authorization, and Restriction of Chemicals (REACH) and Classification, Labeling,
and Packaging (CLP) regulations. This mandates the assessment of hazardous prop-
erties specific to nanoforms of substances and ensures the safe use of nanomaterials
[29].

To define the term nanomaterials, the European Commission has issued a recom-
mendation focused on the size of constituent particles within a material, regardless of
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hazard or risk considerations. This definition encompasses materials of natural, inci-
dental, or manufactured origin and serves as the foundation for regulatory measures
governing this class of materials. However, in certain legislative domains, the driver
for legal obligations or nanomaterials stem from their potential to exhibit different
properties compared to larger particles [29].

For legal manufacturing or importation within the EU, all substances falling under
the scope of REACH must undergo registration. This process mandates that manufac-
turers and/or importers provide information on both human health and environmental
impacts, encompassing any hazardous nanoforms. Additionally, they are required to
estimate exposure levels throughout the life cycle of the substance [29]. The same
obligations extend to nanomaterials within the EU. When nanomaterials exhibit
hazardous properties, they must be notified to the ECHA and appropriately labelled
and packaged in accordance with the CLP regulation. This ensures that nanomaterials
can be safely used in compliance with regulatory standards [29].

It is imperative for companies to be transparent in their REACH registration
process, particularly regarding clearly addressing how the safety of nanoforms has
been managed. This includes delineating the necessary measures to effectively
control potential risks associated with these nanoforms. To assist companies in
fulfilling these obligations, the ECHA offers guidance documents that provide further
support to companies on how to identify and report properties of nanoforms, aiding
in the comprehensive and accurate registration of nanomaterials under REACH [29].

As of 1 January 2020, companies engaged in the manufacturing or importing of
nanoforms are subject to explicit legal requirements under REACH. These reporting
obligations address specific information requirements as outlined in revised annexes
to the REACH regulation [30]:

e characterisation of nanoforms or sets of nanoforms covered by the registration
(Annex VI) [30].

e chemical safety assessment (Annex I) [30].

e registration information requirements (Annexes III and VII-XTI) [30].

e downstream user obligations (Annex XII) [30].

The amendments encompass both new and existing registrations involving
nanoforms [30].

Given that nanomaterials fall within the scope of REACH and CLP regulations,
it is essential for the ECHA to effectively execute its responsibilities concerning
nanoforms within the various REACH (e.g., registration, evaluation, authorization,
and restrictions) and CLP processes (e.g., classification and labelling) as it would
for any other form of a substance. To achieve this, ECHA must possess adequate
scientific and technical capacity [30].

With this objective in mind, ECHA has increased its efforts in this domain since
2011, with a concentrated focus on [30]:

e Developing new and updated guidance documents [30].
e Enhancing both internal and external capacity building [30].
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Facilitating dialogue and fostering consensus among Member State Competent
Authorities, as well as members of the risk assessment and Member State commit-
tees, regarding safety information pertaining to nanomaterials included in REACH
registration dossiers [30].

Offering feedback and guidance to companies engaging in the registration of
nanomaterials [30].

Engaging actively and contributing to ongoing international regulatory initiatives,
such as the OECD Working Party on Manufactured Nanomaterials or the Malta
Initiative aimed at developing test guidelines [30].

Conducting webinars to disseminate information and facilitate discussions on
recent advancements concerning REACH and CLP processes related to nanomate-
rials. These sessions aim to assist registrants in preparing and submitting dossiers
that involve nanomaterials, ensuring compliance with regulatory requirements
[30].

The Nanomaterials Expert Group (NMEG) was established in October 2012 with
the backing of the competent authorities for REACH and CLP (CARACAL) and
for Biocides. This informal advisory group plays a pivotal role in bolstering the
execution of ECHA’s workplans for nanomaterials. It furnishes guidance and
counsel on scientific and technical matters pertaining to the implementation of
REACH, CLP, and BPR legislation concerning nanomaterials [30].

Hosting the European Union Observatory for Nanomaterials as a means to enhance
the transparency of information pertaining to nanomaterials [30].

In the European Union, legislation concerning environmental, worker, and

consumer protection is commonly implemented through directives. In cases where
nanomaterials present potential risks to the environment, workers, or consumers,
the overarching regulations established within the legislation are applicable to
nanomaterials in the same manner as they are to other forms of the substance [29].
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Chapter 5 ®)
Nanoproducts in Building Materials e

Paula Porras-Pereira, Juana Esperanza Llorente-Garcia,
and Costas A. Charitidis

Abstract The second chapter is dedicated to an exhaustive elucidation and eval-
uation of the deployment of nanoproducts in materials integral to the construction
sector. This includes a precise definition of the primary nanoproducts prevalent in this
sector, accompanied by an in-depth analysis of their most prevalent characterization
techniques. Furthermore, the chapter scrutinizes the environmental and health risks
entailed in the application of these nanoproducts within the construction domain.

1 Main Nanoproducts in Construction Sector

A variety of MNMs can have beneficial applications in construction that encompass
superior structural properties, functional paints and coatings, and high-resolution
sensing/actuating devices [1].

As mentioned above, the nanomaterials used in the construction sector are called
manufactured nanomaterials, which are those that have undergone manufacturing
processes. Following, nanoparticles containing materials used in the construction
industry have been identified, defining its properties and applications in the sector
(Table 1).
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Table 1 Nanomaterials in construction [1-6]

Nanoparticle type Material/ Expected benefits
Application
SiO; nanoparticles [1, | Concrete Reinforcement in mechanical strength; rapid
2] Ceramic hydration; durability. Coolant; light transmission; fire
Coatings resistant. Refrigerant properties; anti-reflective; fire
Painting resistant. Improves adhesion and durability. Flame-
Windows proofing; anti-reflection
TiO; nanoparticles [1, | Cement Rapid hydration; increased degree of hydration;
2] Asphalt Wood | self-cleaning. Durability; noise reduction; reduction of
Windows pollutants in the air. Ultraviolet (UV) radiation
Solar Cell protection. Superhydrophilicity; anti-fogging;
Coating/ fouling-resistance. Non-utility electricity generation
painting Photocatalytic; self-cleaning
Carbon nanotubes [1, | Concrete Mechanical durability, crack prevention. Enhanced
2] Ceramic mechanical and thermal properties Real-time
NEMS/ structural health monitoring Effective electron
MEMS Solar | mediation
Cell
Fe, O3 nanoparticles [1, | Concrete Increased compressive strength, abrasion-resistant
2]
Cu nanoparticles [1, 2, | Steel Weldability, corrosion resistance, formability
5]
Ag nanoparticles [1] Coating/ Biocidal activity. Self-cleaning
painting
Windows
Clay nanoparticles [2] | Bricks Increased compressive strength and surface roughness
Mortars
Zycosoil® [2] Asphalt Increased fatigue life, higher compaction
Concrete
Al,O3 nanoparticles [2] | Asphalt Increased serviceability
Concrete
Timber
ZnO nanoparticles [4, | Cement Enhanced performance. Photocatalytic; self-cleaning;
5] Coating/ durability; biocidal; hydrophobic
painting
CaCOs nanoparticles | Concrete Accelerated hydration, increased the flowability &
[5] increased compressive strength
MgO nanoparticles [6] | Coating/ Energy-saving
painting

e Si0;

Silicon oxide (SiO,), or also known as silica, is nature’s most abundant mineral and
is found in sand. In their nano form, nanosilica (NS), they are defined as nanoparticles
(1-5001 nm) of amorphous SiO, insoluble in water. Thanks to its properties, nano
silica has become the most reactive silica material, being able to obtain benefits such
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as increased mechanical strength, flexibility, scratch and abrasion resistance. Size,
size distribution and specific surface area are parameters that are defined according
to the synthesis process [1, 2].

o Ti0O;

Titanium oxide or TiO; is a natural mineral very abundant on planet Earth, whose
physical appearance consists of a white crystalline powder and which is extracted
from ilmenite, rutili and anatase. TiO, nanoparticles are composed of titanium (T1)
and oxygen (O) atoms, they can come in different shapes and sizes, including spher-
ical nanoparticles, nanotubes and nanofibers. Together with nano-SiO,, they are
the most commonly used additives in building materials. What most characterizes
nano-TiO, is for its great effectiveness in self-cleaning concrete and providing the
additional benefit of decontaminating the environment [1, 2].

e Carbon nanotubes

Nanotubes (CNTs) have proven their value in building materials and motivation
to find an effective solution to harness their long-term efficiency. CNTs are classified
as one-dimensional materials, are allotropes of carbon, cylindrical nanostructure in
shape, and are members of the fullerene structural family. It is an element that is
composed solely of carbon atoms, with elongated formations with a diameter of 1—
100 nm and a length of 100 pm. Nanotubes are classified as single-walled nanotubes
(SWNT) and multi-walled nanotubes (MWNT). Carbon nanotubes are perhaps one
of the most promising nanomaterials, commonly used as a selective sorbent to remove
organic matter and/or biological contaminants from streams. They are allotropes of
carbon, cylindrical in shape, have high thermal, electrical conductivity and mechan-
ical properties. In terms of improving flexibility and increasing strength, carbon
nanotubes are the best nanomaterials. The main techniques used for production is
chemical vapor deposition. This method uses the catalytic transformation of carbon
[1,2].

o F€203

Iron oxide (Fe,O3) is a compound in the form of dust that does not conduct
electricity and whose colour depends on the change of electrons at the penultimate
energy level. At the nanometre scale, it is a material widely used in the construction
industry. Its properties consist of high chemical stability, corrosion resistance and
magnetic properties, in addition to exhibiting photocatalytic properties, which means
that it can break down organic pollutants under sunlight or artificial light. It features
a reduced particle size, which leads to a larger surface area and higher chemical
reactivity [1, 2].

OAg

Silver nanoparticles, typically range in size from 1 to 100 nm, are commonly
referred to as “silver”. Some of these nanoparticles consist primarily of silver oxide,
owing to the significant presence of silver atoms on both their surface and within
their volume. Various forms of nanoparticles can be synthesized based on specific
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applications; while spherical shapes are prevalent among silver nanoparticles, thin,
octagonal, and diamond-shaped sheets are also frequently encountered [1].

o AL203

These are nano-sized spherical particles of an alumina mass. Alumina nanopar-
ticles can be synthesized through various methods, such as pyrolysis, sputtering,
sol-gel, and the commonly preferred technique of laser ablation. Aluminium nanopar-
ticles typically exist in two forms: individual particles with nearly spherical shapes
or as oriented fibres [2].

The properties of bulk alumina that render it a versatile element in industry differ
from those of its nanoparticles. The larger diameter of bulk aluminium limits its
surface interaction with the environment, thereby constraining its potential applica-
tions in areas such as catalysis or adsorption. However, the emergence of nanopar-
ticles presents a new frontier for exploring the diverse applications of the already
abundant and useful aluminium oxide compound. The reduction in size offers several
advantages, but it is the alteration in the chemistry of nanoparticles compared to their
larger counterparts that sparks interest in incorporating these nanoparticles across
various fields of science and engineering [2].

® 7no0

Zinc oxide is a semiconductor material found in nature in the mineral known
as Zincite. It stands out as one of the most extensively studied semiconductors
in contemporary research, primarily owing to its exceptional physical properties,
obtaining its greatest technological significance in low-dimensional structures, such
as nanoparticles, nanowires, or nanofibers [4, 5].

In its nanoparticle form, zinc oxide exhibits several key characteristics, such as
excellent light retention, low resistivity, non-toxicity, and natural abundance. These
properties are particularly important for optoelectronic and piezoelectric materials,
where ZnO nanoparticles can be utilized to enhance performance and efficiency
[4, 5].

2 Nanomaterial Characterization Techniques

Nanomaterials are characterized using a variety of techniques to understand their
properties, structure, composition, and behaviour at the nanoscale.

Nanostructures have garnered significant attention as a rapidly expanding cate-
gory of materials with diverse applications. Various techniques have been employed
to characterize nanoparticles, encompassing aspects such as size, crystal structure,
elemental composition, and a range of other physical properties. In many instances,
multiple techniques can be utilized to assess the same physical properties. However,
the differing strengths and limitations of each technique complicate the selection of
the most suitable method, while often a combinatorial characterization approach is
necessary to comprehensively evaluate nanoparticles [7].
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In recent years, there has been a notable increase in the synthesis of various types
of nanomaterials, produced in larger quantities than ever before, thus requiring a
pressing need to develop more precise and credible protocols for their characteri-
zation. However, achieving comprehensive characterization can be challenging due
to inherent difficulties in analysing nanoscale materials compared to bulk materials.
Moreover, the multidisciplinary nature of nanoscience and nanotechnology often
limits access to a wide range of characterization facilities for research teams. As a
result, a comprehensive approach is often required, combining multiple techniques
in a complementary manner for a thorough characterization of nanoparticles. It is
crucial to understand the strengths and limitations of different techniques to deter-
mine if the use of one or two methods alone can provide reliable information when
studying a specific parameter. The scientific community recognizes that analytical
characterization methods for nanomaterials may operate differently compared to
their traditional use for macroscopic materials, highlighting the ongoing growth and
evolution of nanoscience and nanotechnology [7, 8].

In this context, various methods for characterizing nanoparticles are thoroughly
examined. Some of these techniques are tailored specifically for studying certain
properties, while others are versatile and can be combined for a comprehensive
analysis [9]. Following, these techniques were compared, taking into account factors
such as availability, cost, selectivity, precision, non-destructive nature, simplicity,
and affinity to particular compositions or materials [7].

Microscopy-based methods offer insights into the size, morphology, and crystal
structure of nanomaterials. Additionally, specialized techniques cater to specific
material groups, such as magnetic techniques. Furthermore, many other methods
furnish detailed information regarding the structure, elemental composition, optical
properties, and various other common and specialized physical properties of
nanoparticle samples [7].

Tables 2 and 3 present numerous distinct characterization techniques for NPs,
categorized according to the properties studied by each method.

Size and shape represent two of the main parameters examined during the charac-
terization of nanoparticles. Additionally, measurements encompass size distribution,
degree of aggregation, surface charge, surface area, and, to some extent, assessment
of surface chemistry. It is noteworthy that the size, size distribution, and presence
of organic ligands on the particle surface can significantly influence other properties
and potential applications of the NPs [7].

However, the analysis of nanomaterials has significant challenges due to the inter-
disciplinary nature of the field, the lack of suitable reference materials for cali-
brating analytical tools, complexities associated with sample preparation, and the
interpretation of data [7].

e X-ray-based techniques

X-ray diffraction (XRD) stands out as one of the most widely employed tech-
niques for characterizing NPs. Generally, XRD furnishes valuable insights into the
crystalline structure, phase nature, lattice parameters, and crystalline grain size of
the materials under investigation [7].
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Table 2 Summary of the experimental techniques that are used for nanoparticle characterization

[7]

Technique

Main information derived

XRD (group: X-ray based techniques)

Crystal structure, composition, crystalline grain
size

XAS (EXAFS, XANES)

X-ray absorption coefficient
(element-specific)—chemical state of species,
interatomic distances, Debye—Waller factors,
also for non-crystalline NPs

SAXS

Particle size, size distribution, growth kinetics

XPS

Electronic structure, elemental composition,
oxidation states, ligand binding
(surface-sensitive)

FTIR (group: further techniques for structure /
composition /
main properties)

Surface composition, ligand binding

NMR (all types) Ligand density and arrangement, electronic
core structure, atomic composition, influence of
ligands on NP shape, NP size

BET Surface area

TGA Mass and composition of stabilizers

LEIS Thickness and chemical composition of
self-assembled monolayers of NPs

UV-Vis Optical properties, size, concentration,
agglomeration state, hints on NP shape

PL spectroscopy Optical properties—relation to structure
features such as defects, size, composition

DLS Hydrodynamic size, detection of agglomerates

NTA NP size and size distribution

DCS NP size and size distribution

ICP-MS Elemental composition, size, size distribution,

NP concentration

SIMS, ToF-SIMS, MALDI

Chemical information (surface-sensitive) on
functional group, molecular orientation and
conformation, surface topography, MALDI for
NP size

SQUID-nanoSQUID (group: magnetic
nanomaterials)

Magnetization saturation, magnetization
remanence, blocking temperature

VSM Similar to SQUID through M-H plots and
ZFC-FC curves
Mossbauer Oxidation state, symmetry, surface spins,

magnetic ordering of Fe atoms, magnetic
anisotropy energy, thermal unblocking,
distinguish between iron oxides

(continued)



5 Nanoproducts in Building Materials

Table 2 (continued)

81

Technique Main information derived

FMR NP size, size distribution, shape,
crystallographic imperfection, surface
composition, M values, magnetic anisotropic
constant, demagnetization field

XMCD Site symmetry and magnetic moments of

transition metal ions in ferro- and
ferri-magnetic materials, element specific

Superparamagnetic relaxometry

Core properties, hydrodynamic size
distribution, detect and localize
superparamagnetic NPs

TEM (group: microscopy techniques)

NP size, size monodispersity, shape,
aggregation state, detect and localize/quantify
NPs in matrices, study growth kinetics

HRTEM

All information by conventional TEM but also
on the crystal structure of single particles.
Distinguish monocrystalline, polycrystalline
and amorphous NPs. Study defects

Liquid TEM

Depict NP growth in real time, study growth
mechanism, single particle motion, superlattice
formation

Cryo-TEM

Study complex growth mechanisms,

aggregation pathways, good for molecular
biology and colloid chemistry to avoid the
presence of artefacts or destroyed samples

Electron diffraction

Crystal structure, lattice parameters, study
order—disorder transformation, long-range
order parameters

STEM

Combined with HAADF, EDX for morphology
study, crystal structure, elemental composition.
Study the atomic structure of hetero-interfaces

Aberration-corrected (STEM, TEM)

Atomic structure of NP clusters, especially
bimetallic ones, as a function of composition,
alloy homogeneity, phase segregation

EELS (EELS-STEM)

Type and quantity of atoms present, chemical
state of atoms, collective interactions of atoms
with neighbours, bulk plasmon resonance

Electron tomography

Realistic 3D particle visualization, snapshots,
video, quantitative information down to the
atomic scale

SEM-HRSEM, T-SEM-EDX

Morphology, dispersion of NPs in cells and
other matrices/supports, precision in lateral
dimensions of NPs, quick
examination—elemental composition

(continued)
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Table 2 (continued)

Technique Main information derived

EBSD Structure, crystal orientation and phase of
materials in SEM. Examine microstructures,
reveal texture, defects, grain morphology,
deformation

AFM NP size and shape in 3D mode, evaluate degree
of covering of a surface with NP morphology,
dispersion of NPs in cells and other matrices/
supports, precision in lateral dimensions of
NPs, quick examination—elemental composition

MFM Standard AFM imaging together with the

information of magnetic moments of single
NPs. Study magnetic NPs in the interior of
cells. Discriminate from non-magnetic NPs

XAS quantifies the X-ray absorption coefficient of a material relative to energy.
Each element exhibits a distinct set of absorption edges corresponding to various
binding energies of its electrons, conferring element selectivity to XAS. Notably,
EXAFS is particularly sensitive, offering a convenient means to discern the chemical
state of species, even at very low concentrations [7, 10].

The small-angle X-ray scattering (SAXS) technique is utilized to ascertain particle
size, size distribution, and shape. However, it is important to acknowledge that SAXS
is a low-resolution technique. In certain instances, additional studies using XRD and/
or electron diffraction techniques are essential for comprehensive characterization
of NPs [7].

e Additional techniques for the characterization of the structure, composition, and
other main NP properties

Additionally, numerous other techniques help in determining the structure,
composition, size, and other fundamental characteristics of NPs [7].

Fourier transform infrared spectroscopy (FTIR) relies on measuring the absorp-
tion of electromagnetic radiation within the mid-infrared region (4000—400 cm™!).
When a molecule absorbs IR radiation, its dipole moment undergoes modification,
rendering the molecule IR active. The recorded spectrum reveals bands corresponding
to the strength and nature of bonds, as well as specific functional groups. This
information sheds light on molecular structures and interactions [11].

Nuclear magnetic resonance (NMR) spectroscopy is a crucial analytical tech-
nique for both quantitative and structural determination of nanoscale materials. It
is based on the NMR phenomenon displayed by nuclei possessing non-zero spin
when subjected to a strong magnetic field, resulting in a small energy difference
between the ‘spin-up’ and ‘spin-down’ states. Transitions between these states are
probed using electromagnetic radiation in the radio wave range. NMR is commonly
employed to investigate interactions or coordination between ligands and the surface
of diamagnetic or antiferromagnetic NPs. However, it is unsuitable for characterizing
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Table 3 Parameters needed to be determined and the corresponding characterization techniques

[7]

Entity characterized

Characterization techniques suitable

Size (structural properties)

TEM, XRD, DLS, NTA, SAXS, HRTEM, SEM,
AFM, EXAFS, FMR, DCS, ICP-MS, UV-Vis,
MALDI, NMR, TRPS, EPLS, magnetic
susceptibility

Shape

TEM, HRTEM, AFM, EPLS, FMR,
3D-tomography

Elemental-chemical composition

XRD, XPS, ICP-MS, ICP-OES, SEM-EDX,
NMR, MFM, LEIS

Crystal structure

XRD, EXAFS, HRTEM, electron diffraction,
STEM

Size distribution

DCS, DLS, SAXS, NTA, ICP-MS, FMR,
superparamagnetic relaxometry, DTA, TRPS,
SEM

Chemical state—oxidation state

XAS, EELS, XPS, Mdssbauer

Growth kinetics

SAXS, NMR, TEM, cryo-TEM, liquid-TEM

Ligand binding / composition / density /
arrangement / mass, surface composition

XPS, FTIR, NMR, SIMS, FMR, TGA, SANS

Surface area, specific surface area

BET, liquid NMR

Surface charge

Zeta potential, EPM

Concentration

ICP-MS, UV-Vis, RMM-MEMS, PTA, DCS,
TRPS

Agglomeration state

Zeta potential, DLS, DCS, UV-Vis, SEM,
Cryo-TEM, TEM

Density

DCS, RMM-MEMS

Single particle properties

Sp-ICP-MS, MFM, HRTEM, liquid TEM

3D visualization

3D-tomography, AFM, SEM

Dispersion of NP in matrices/supports

SEM, AFM, TEM

Structural defects

HRTEM, EBSD

Detection of NPs

TEM, SEM, STEM, EBSD, magnetic
susceptibility

Optical properties

UV-Vis-NIR, PL, EELS-STEM

Magnetic properties

SQUID, VSM, Mgssbauer, MFM, FMR,
XMCD, magnetic susceptibility

ferri—or ferromagnetic materials due to the large saturation magnetization, which
induces variations in local magnetic fields, resulting in frequency shifts and dramatic

reductions in relaxation times [12].

The Brunauer—Emmett-Teller (BET) technique is employed for characterizing
nanoscale materials, relying on the physical adsorption of a gas onto a solid surface.
This method is extensively utilized for determining the surface area of nanostructures,
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as it offers a relatively accurate, rapid, and straightforward approach for this purpose
[12].

Thermal gravimetric analysis (TGA) offers insights into the mass and composition
of stabilizers. In this technique, a nanomaterial sample undergoes heating, causing
components with varying degradation temperatures to decompose and vaporize,
leading to a recorded change in mass. The TGA device records both temperature
and mass loss, enabling the determination of the type and quantity of NP organic
ligands, considering the starting sample mass. TGA is advantageous for its simplicity
and directness, requiring minimal sample preparation aside from ensuring the sample
is in a dry state [7].

Nowadays, a multitude of alternative techniques are available for nanoparticle
characterization. Among these, the Low-energy ion scattering (LEIS) method stands
out as a modern analytical approach facilitating rapid thickness characterization of
self-assembled monolayers. Additionally, the UV-Vis spectroscopy (UV-Vis) tech-
nique is employed to gauge the intensity of light reflected from a sample, comparing
it with a reference material. Photoluminescence (PL) spectroscopy monitors light
emitted from atoms or molecules upon photon absorption, particularly useful for
characterizing fluorescent nanoparticles. Lastly, the Dynamic light scattering (DLS)
technique is widely utilized for sizing nanoparticles in colloidal suspensions within
the nano- and submicrometer ranges [7].

e Characterization methods for magnetic nanostructures

In this section the focus is on the characterization techniques that are employed
to evaluate the magnetic properties of Magnetic NPs.

One such technique is Superconducting Quantum Interference Device (SQUID)
magnetometry, which serves as a tool for measuring the magnetic properties
of nanoscale materials. Nanomaterials, in particular, exhibit distinct properties
compared to bulk materials due to their small size and sensitivity to local condi-
tions. Typical SQUID measurements provide information such as magnetization
saturation (MS), magnetization remanence (MR), and blocking temperature (TB).
Additionally, SQUID can also be employed to measure the magnetic response of
individual molecules [11].

Vibrating Sample Magnetometry (VSM) is an alternative method used to record
M-H loops for magnetic nanomaterials, enabling the determination of parameters
such as MS and MR. This technique allows for the study of magnetic properties of
nanoparticles as a function of magnetic field, temperature, and time [7].

Mossbauer spectroscopy is an invaluable analytical technique grounded in the
recoil-free resonance fluorescence of y-photons within matter containing Mossbauer-
active elements, like Fe. This method allows for the assessment of various properties
of Fe atoms in nanoparticle samples, including oxidation state, symmetry, spin state,
and magnetic ordering. Consequently, Mossbauer spectroscopy aids in identifying
magnetic phases within a sample. Additionally, for magnetically ordered materials,
Mossbauer spectra recorded across temperature variations enable the estimation of
magnetic anisotropy energy and the quantification of thermal unblocking [7].
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Ferromagnetic Resonance (FMR) is a spectroscopic technique utilized to investi-
gate the magnetization of ferromagnetic materials, including those at the nanoscale.
It shares similarities with Electron Paramagnetic Resonance (EPR) and Nuclear
Magnetic Resonance (NMR), as it probes the sample magnetization arising from
the magnetic moments of dipolar-coupled yet unpaired electrons. FMR spectra offer
valuable insights into the average shape and size of catalyst particles, comprised of
ferromagnetic elements, utilized in the production of carbon nanotubes [13].

X-ray Magnetic Circular Dichroism (XMCD) serves as a technique utilized to
locally probe and study the site symmetry and magnetic moments of transition metal
ions within ferro- and ferrimagnetic materials [7].

e Microscopy techniques for NP characterization

Transmission Electron Microscopy (TEM) is a microscopy technique leveraging
the interaction between a uniform current density electron beam and a thin sample.
Upon reaching the sample, some electrons are transmitted while others are elastically
or inelastically scattered. The extent of interaction is influenced by factors such as
size, sample density, and elemental composition. The resulting image is constructed
from the information gathered from the transmitted electrons [14, 15].

High-Resolution Transmission Electron Microscopy (HRTEM) represents an
imaging mode of transmission electron microscopy employing phase-contrast
imaging, where both transmitted and scattered electrons are merged to generate the
image [16]. Given its capability to furnish crucial information regarding nanoparticle
structure, HRTEM has emerged as the predominant technique for characterizing the
internal structure of nanoparticles [7].

Electron Diffraction (ED), alternatively referred to as Selected Area Electron
Diffraction (SAED), stands as another pivotal microscopy tool for scrutinizing the
crystal structure of NPs [17]. This technique is instrumental in probing multiply
twinned structures and dynamical events occurring within metal NPs [7].

Electron Energy Loss Spectroscopy (EELS) encompasses a range of techniques
that gauge the alteration in kinetic energy of electrons after their interaction with
a material [7]. Typically employed to discern the atomic structure and chemical
properties of a sample, EELS aids in identifying various aspects such as the type and
quantity of atoms present, the chemical state of atoms, and collective interactions of
atoms with their neighbours [18].

Electron Tomography (ET), a form of 3D electron microscopy, has been devel-
oped to address the limitations of other techniques, which typically provide only two-
dimensional (2D) projections of three-dimensional (3D) objects. Beyond offering 3D
structural insights, electron tomography enables the analysis of chemical composition
in 3D by merging tomography principles with analytical TEM techniques. Conse-
quently, electron tomography is recognized as a pivotal tool for comprehending the
relationship between the properties and structure of nanoparticles [7].

Indeed, the aforementioned microscopy techniques represent only a subset of
the wide array of characterization techniques available today. For instance, Atomic
Force Microscopy (AFM) is a microscopy technique renowned for producing
three-dimensional images of surfaces at high magnification. Additionally, Electron
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Backscatter Diffraction (EBSD) serves as a microstructural-crystallographic charac-
terization technique utilized in the study of crystalline or polycrystalline materials.
EBSD aims to comprehend the structure, crystal orientation, and phase of materials,
further enriching the toolbox available for material analysis and research [7].

Definitely, it is imperative to recognize that obtaining a comprehensive under-
standing of the diverse features associated with a nanomaterial typically necessi-
tates the utilization of multiple techniques. Often, evaluating even a single prop-
erty thoroughly and comprehensively requires the integration of several analytical
methods. By employing a combination of techniques, researchers can achieve a more
nuanced and comprehensive characterization of nanomaterials, thereby advancing
our understanding of their properties and potential applications [7].

3 Environmental Risks Associated

The integration of MNM:s into construction materials offers numerous benefits, such
as enhanced mechanical properties and durability. However, these advantages may
be counteracted by concerns regarding their potential to act as harmful environmental
contaminants if released incidentally or accidentally. This emphasizes the importance
of conducting proactive risk assessments and establishing regulatory guidelines to
ensure the safe utilization and disposal of products containing MNMs [1].

Despite the numerous reported benefits of MNMs across various sectors, it is
important to acknowledge the potential health and environmental risks associated
with their development and application, which are not yet fully understood. The
production of NMs often involves bottom-up processes, including physical and chem-
ical vapor deposition, as well as liquid-phase synthesis. These methods demand
substantial energy and material inputs, leading to pollution in the form of effluents
and emissions released into the air, water, and soil [19].

Different nanoforms of a chemical may behave differently in the environment,
due to the nanospecific properties of the material. Nanomaterials, because of their
small size and unique physicochemical properties, present particular challenges in
assessing their environmental fate assessment. Factors such as surface modification,
either by intentional functionalisation or by adsorption of environmental species,
can significantly influence degradation kinetics, mobility, bioavailability, and bioac-
cumulation potential. In addition, interactions of nanomaterials with environmental
matrices and protein corona formation can alter their behaviour and toxicity.

Furthermore, bioaccumulation of nanomaterials in living organisms is a critical
aspect that needs thorough examination. The accumulation of nanoparticles in biolog-
ical tissues can lead to adverse effects on health and biodiversity. Assessing this
phenomenon requires an in-depth understanding of the exposure routes, absorption,
distribution, metabolism, and excretion of such particles at the nanoscale level.

An unresolved inquiry revolves around whether nano-enabled construction mate-
rials can be engineered to maintain both safety and the advantageous properties that
render them useful. Prioritizing the principles of industrial ecology and pollution
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prevention is essential to avert environmental pollution and the associated impacts
caused by MNMs. Certain substances can be re-engineered to yield safer, more envi-
ronmentally friendly, yet still effective products. Hence, it is crucial to decipher the
molecular structures and associated properties that render NMs harmful and identify
which receptors may face heightened risks [1].

As novel materials are developed and introduced into various applications, it
becomes imperative to comprehend their potential mobility and impacts across air,
water, soil, and biota. Prioritizing advanced analytical capabilities is crucial for the
detection and characterization of MNMs (whether released from or integrated into
construction materials) at environmentally relevant concentrations within the intri-
cate environmental and biological matrices. Additionally, environmentally respon-
sible lifecycle engineering of MNMs in construction must be emphasized. While
there is considerable enthusiasm regarding the potential of MNMs to bolster our
infrastructure, it is essential to acknowledge reasonable concerns about unintended
consequences. This underscores the necessity to support research aimed at safe
design, production, use, and disposal practices, alongside initiatives promoting recy-
cling, reuse, and remanufacturing, enhancing the sustainability of both the nanotech-
nology and construction industries [1]. The following table (Table 4) presents some
of the adverse environmental effects of the most frequently used nanomaterials in
the construction sector:

Therefore, adopting a comprehensive approach like Life Cycle Assessment (LCA)
can offer deeper insights into the potential environmental challenges and guarantee
the environmental sustainability of NMs. As aforementioned, LCA adheres to inter-
nationally standardized methodologies, following the ISO 14040 series, to evaluate
the environmental impacts of a product across its entire life cycle. It accomplishes
this by scrutinizing the materials utilized and the energy and emissions released into

Table 4 Environmental implications of nanoparticles emissions

Nanoparticle type Affected cell/Organ /System
Silver nanoparticle (Ag NP) Inhibits growth [20, 21]
Titanium dioxide (TiO,) Inhibition of the growth of certain species [22, 23]

Oxidative stress [24]
Phytotoxicity [25]

Iron oxide (Fe304) Oxidative DNA damage [26]
Malformations [27, 28]

Copper dioxide (CuO) Accumulation toxicity [29, 30]
Phytotoxicity [31]

Carbon nanotubes (CNT) Oxidative stress [32, 33]

Physical interactions [34, 35]
Mortality [36]
Magnesium oxide (MgO) Inhibits growth [37-39]
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the environment, originally devised to gauge the environmental footprint of products
and their respective processes [40].

Previous research has delved into the LCA of nanomaterials, revealing three prin-
cipal challenges encountered when modelling them within the LCA framework.
The initial challenge involves the insufficient utilization of a suitable functional unit
capable of encompassing all the distinctive and additional functionalities inherent
in nanomaterials. Subsequently, the second challenge pertains to the dearth of trans-
parent Life Cycle Inventory (LCI) data during the production phase of nanomaterials.
In many cases, manufacturers refrain from disclosing information concerning mate-
rials and energy inputs due to commercial confidentiality concerns. Lastly, the third
challenge revolves around the absence of standardized characterization methods for
released nanomaterials. These methods are indispensable within the context of Life
Cycle Impact Assessment (LCIA) for comprehensively evaluating the environmental
implications of nanomaterials throughout their life cycle [40].

4 Health Risks Associated

In order to advance environmentally conscious nanotechnology within the construc-
tion sector, it is imperative to not only address the inadvertent environmental reper-
cussions across all phases, including manufacturing, construction, utilization, demo-
lition, and disposal but also to assess the lifecycle impacts of NMs on the well-being
of construction personnel and inhabitants [1].

The incorporation of nanomaterials marks a paradigm shift in enhancing product
performance. By leveraging nanoparticles and nanocomposites, the mechanical prop-
erties of materials have significantly augmented. However, alongside the enhance-
ment in material quality attributed to these nanocomposites, there arises a substantial
compromise in the safety of workers. Nanomaterials pose an imperceptible yet potent
threat to the health of labourers [41].

Although they offer notable advantages, a significant portion of workers remain
unaware of their interaction with nanomaterials, and the potential adverse effects
are not yet fully understood. Multiple studies indicate the existence of documented
health hazards associated with various manufactured nanomaterials, which, due to
their minute size, have the capability to interact at the cellular level [41].

The inhalation of MNMs during coating, moulding, compounding, and integra-
tion processes presents a respiratory health hazard to workers. An evaluation of risk
conducted on nano-TiO2 revealed that occupational exposure surpassed the permis-
sible threshold solely during the packaging stage. Furthermore, worker exposure to
certain MNMs might occur during the production and processing stages prior to their
incorporation into products [1].

Hence, it is imperative to conduct periodic air monitoring throughout all stages of
manufacturing across the entire operational zones. Scaling up the production of nano-
materials to quantities suitable for construction applications necessitates substantial
adjustments and potential alterations in control measures and contingency plans.
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Moreover, the absence of comprehensive material descriptors further impedes the
formulation and implementation of handling and safety protocols. Certain nanoma-
terials may exhibit varying material states throughout their life cycles, influencing
the likelihood of occupational exposure [1].

The safety and health protocols concerning nanomaterials in the workplace are
confronted with numerous knowledge gaps, primarily stemming from limited data
on toxicology, health ramifications, and the effectiveness of ventilation systems and
personal protective equipment (PPE). Additionally, the absence of established Occu-
pational Exposure Limits (OELs) and the definition of suitable metrics for assessing
exposure to nanomaterials further compound these challenges [42].

The health ramifications associated with emissions from the primary nanoparticles
utilized in the construction industry are outlined in Table 5.

Table 5 Health implications of Nanoparticles emissions [1, 43-45]

Nanoparticle type Affected cell/Organ /System
Silver nanoparticle (Ag NP) Immune system

Lungs

Liver

Brain

Carcinogenesis [43]

Titanium dioxide (TiO,) Vascular System

Reproductive Organs
Fibroblast

Inflammation in lungs
DNA damage
Metabolic changes

Mitochondrial brain lesions [44]

Zinc oxide nanoparticle (ZnO NP) Carcinogenesis
Cell death
Cell proliferation
Iron oxide (Fe304) Oxidative DNA damage
Copper zinc ferrite (CuZnFe;Oy4) DNA damage
Oxidative DNA damage
Carbon nanotubes (CNT) DNA damage
Oxidative stress
Copper dioxide (CuO) Inflammation
DNA damage
Silica nanoparticles (SiO7) Oxidative DNA damage

Bronchoalveolar carcinoma
Magnesium oxide (MgO) DNA damage [45]
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Despite the lack of detailed information currently available, preventive measures
for handling nanomaterials must be specifically tailored to each work situation,
considering the types of nanomaterials used and the available information on expo-
sure to them [46]. A thorough understanding of the type of industrial process involved,
the properties of the nanomaterials present, the potential exposures—including the
frequency and duration of operations—the specific work procedures and the general
characteristics of the working environment is essential for the proper selection of
such measures.

If the use and generation of health-hazardous nanomaterials cannot be eliminated
or replaced, worker exposure should be minimised through engineering controls at
source, organisational measures and, as a last resort, personal protective equipment
[47]. To effectively implement preventive measures, it is recommended to follow a
well-established control hierarchy:

e Process Modification: changes can be made to work procedures, such as
decreasing the amount of nanomaterial used in certain activities or replacing
nanomaterials in powder form with other presentations where the nanomaterial is
in a liquid medium or embedded in a solid matrix.

e Isolation/Confinement: Operations involving a possible release of nanomaterials
in the workplace should be carried out in separate facilities or in areas where
handling is carried out from a protected space.

e Engineering Control Measures: These measures are aimed at reducing the emis-
sion of the pollutant at the point of origin by creating a physical barrier between
the worker and the nanomaterial. These measures include localised extraction
systems.

In the workplace context where nanomaterials are present, organisational
measures play a crucial role in safeguarding the health of workers. Minimising the
number of exposed employees is a fundamental principle, thus reducing the risk
potential. Limiting the time of exposure is also an effective strategy to reduce the
likelihood of adverse incidents. It is equally important to clearly delimit and signpost
work areas, using pictograms to warn about the presence of nanomaterials and the
corresponding protective measures. Careful management of the amount of particu-
late nanomaterial in use at any one time is also essential to maintain a safe working
environment.

Continuous training and information to workers on potential risks and preventive
measures are essential elements of any safety programme. Such training should be
provided on a regular basis to refresh knowledge and practices and to update staff
on new developments in the field of nanomaterials.

Maintaining work facilities in a clean and tidy condition is a requirement that not
only contributes to operational efficiency, but also to safety. Regular cleaning prac-
tices should include the use of wet wipes or hoovers equipped with high-efficiency
filters to avoid resuspension of airborne particles. Tools such as compressed air or
high-pressure water jets, which can disperse nanomaterials, should be avoided.

Collective protection measures are equally vital and should be seriously consid-
ered. Extraction cabinets and filtration collection systems with high efficiency HEPA
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or ULPA filters, designed to enclose and capture contaminants at the point of
origin, are critical in this fight against exposure. The integrity of extraction duct
systems, especially for nanomaterials that may be more reactive than their larger-scale
counterparts, is crucial to prevent releases and ensure system effectiveness.

Although collective measures should be prioritised, the use of individual protec-
tion should not be ruled out. For short-term tasks, full, half or quarter masks with
P3 particulate filters can be used. For longer exposures, the use of powered filtering
devices with P3 filters is recommended. In addition, the use of protective gloves is
recommended, which should comply with current regulations for protection against
chemicals and microorganisms, and in the case of disposable gloves, the use of two
pairs of overlapping gloves is suggested for greater protection. If the nanomaterial
is in powder form, appropriate protective clothing should be worn.
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Chapter 6 ®)
Nanomaterials in Construction Check for

and Demolition Waste (CDW)
Management

David Caparrés-Pérez, Georgios Zaverdinos, and Jaime Solis-Guzman

Abstract This third chapter aims to provide a comprehensive understanding of the
ecological footprint and implications associated with the life cycle of nanoprod-
ucts in the construction sector. This chapter unfurls a detailed examination of the
potential environmental ramifications stemming from the disposal of nanoproducts,
defining waste treatment policies associated with nanoproducts, and conducting an
exploration of their life cycle dynamics, and an analysis of the pollutant emissions
engendered by their application.

The significant expansion of the global construction sector has resulted in a substan-
tial increase in the production of construction and demolition (C&D) waste. This
category of waste represents the largest portion of waste generated and demands
efficient treatment and utilization to meet sustainability objectives. Within C&D
waste, numerous economically valuable materials are present, many of which can
be repurposed as construction materials. Ideally, these waste materials are processed
or treated in close proximity to demolition sites to ensure a consistent supply of raw
materials, such as recycled aggregates, for use in construction projects [1].

Processing and treating C&D waste presents several challenges due to the
variability in material properties and the bulky nature of the waste [1].
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1 Waste Treatment Policies for Materials Composed
of Nanoparticles

In order to discern the prevailing categories of waste containing nanomaterials,
it proves advantageous to conduct a comprehensive evaluation of the collective
waste streams. It is imperative to acknowledge that the scarcity of quantitative data
pertaining to the production of nanomaterials, their integration into goods, and their
pathways into diverse waste streams introduces uncertainty regarding whether certain
waste streams predominantly harbour higher quantities of nanomaterials compared
to others. Nonetheless, in the absence of alternative methods for identifying predomi-
nant waste streams containing nanomaterials, estimating overall waste streams could
serve as a useful initial step [1].

The largest portion of C&D waste originates from the construction and demo-
lition of buildings, public infrastructure, road planning and maintenance activities.
As previously mentioned, in Europe, nanomaterials find widespread application in
various construction components such as cement, insulation materials, and paints.
Construction materials often incorporate nanoparticles like titanium dioxide, zinc
oxide, silicon dioxide, and aluminium oxide. These nanoparticulate construction
materials are commonly found in coatings, glass, concrete, steel, insulation, and
composites, reflecting the diverse array of nanomaterials utilized, including silica,
titanium, metal oxides, carbon nanotubes, nanoclays, and aluminium, among others.
The increasing use of nanomaterials in the construction sector implies their presence
in the waste streams generated during construction and demolition processes [1, 2].

The second-largest fraction of waste in the C&D sector typically arises from
mining and quarrying activities. However, it’s noteworthy that there is a lack of
publications specifically addressing the presence of nanomaterials in this particular
waste stream [1].

The manufacturing sector constitutes the third most significant contributor to
waste generation, encompassing a variety of industries responsible for producing
industrial wastewater and residual materials containing nanomaterials. Manufac-
turing operations commonly result in the generation of substantial quantities of
contaminated water, which may carry nanomaterials utilized in the production
processes [3, 4]. Additionally, these processes often result in the production of
sludge, which may also contain nanomaterials. It’s important to note that manu-
facturing activities span across different industries, each contributing differently to
waste streams. While the metal industry constitutes a significant portion of indus-
trial waste (29% of manufacturing waste), there is currently no available data on its
contribution to waste streams containing nanomaterials [5].

Another significant portion of waste by mass is municipal solid waste, encom-
passing waste from households, commerce, small businesses, office buildings, insti-
tutions, and selected municipal services. This waste category includes a diverse range
of discarded products containing nanomaterials that find their way into waste treat-
ment facilities. According to the OECD 2016 report, municipal solid waste was
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identified as one of the primary sources of nanomaterials [6]. As the use of nano-
materials in products continues to rise, their presence in waste streams is expected
to increase as well. Some of the most mentioned nanomaterials found in municipal
solid waste include silver, titanium, zinc, and carbon-based nanomaterials [1].

Wastewater represents a substantial source of waste in Europe, with both indus-
trial and household activities contributing to its composition. OECD has highlighted
wastewater and sewage sludge as significant sources of nanomaterials [6]. Recent
studies investigating the pathways of nanomaterial-containing waste through treat-
ment facilities have underscored the importance of wastewater as a source of nano-
materials. Analysis of water samples from wastewater treatment plants has revealed
the presence of nanoparticles such as nano cerium oxide and titanium oxide orig-
inating from anthropogenic activities. Additionally, nanoparticles rich in Ce-La,
Fe—Al, Ti—Zr, and Zn—Cu have been detected in water samples, further indicating
the prevalence of nanomaterials in wastewater [7—10]. Moreover, nanomaterials have
been increasingly observed in outdoor urban environments, including urban runoffs
[1].

Sewage sludge consists of solids separated from water during the wastewater
treatment process. Traditionally, it finds application in agriculture as a fertilizer,
undergoes treatment in incineration plants, or is disposed of in landfills [5]. Sewage
sludge is a byproduct arising from both municipal and industrial wastewater treat-
ment processes. Within municipal sewage sludge, nanomaterials stemming from
commonly utilized products such as nano-silver, titanium, zinc, and cerium are
detectable [11, 12].

The OECD report delineated seven primary sources of waste that may potentially
contain nanomaterials [6]:

Municipal solid waste.

End-of-life products.

Sludge and biosolids from wastewater treatment plants.
Fly ash and bottom ash from incinerators.

Landfill leachate.

Household drainage.

Commercial and industrial sewage.

The report also classified these sources based on the typical waste management
process they undergo. After considering the significant waste streams containing
nanomaterials and conducting an extensive literature review on nanomaterials in
municipal solid waste, an updated version of the OECD list has been formulated (see
Table 1). Additionally, the waste management phase of biological treatment has been
incorporated into the classification [1].
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Table 1 Potential sources of nanomaterials in waste streams [1]

‘Waste management phase | Waste source of nanomaterials

Biological treatment Municipal solid waste
Sludge and biosolids from wastewater treatments plants

Recycling Municipal solid waste
End-of-life-products
Construction and demolition waste

Incineration Municipal and industrial (manufacturing) solid waste
Sludge and biosolids from wastewater treatments plants

Landfilling Municipal solid waste

Fly ash and bottom ash from incinerators (municipal solid waste and
sewage sludge)

Sludge and biosolids from wastewater treatments plants
Construction and demolition waste

Wastewaster treatment Household sewage

Commercial and industrial sewage

Landfill leachate

Process water from wet scrubber (municipal solid waste)
Urban runoff

2 Waste Management of Materials Composed
of Nanoparticles

New products incorporating nanomaterials continue to be introduced to the market for
various applications, leading to an increasing volume of these products reaching the
end-of-life stage and being disposed of. Nanowaste, whether in solid or liquid form,
is presently managed like conventional waste and is thus routed through existing
waste management channels. Additionally, nanowaste may find its way into the
environment through direct littering. The prevention of littering and illegal disposal
typically relies on effective waste management practices and educational initiatives.
Nevertheless, there remains a lack of comprehensive understanding regarding the
environmental release of nanomaterials from waste streams [13].

The disposal of products containing nanomaterials contributes to the generation
of nanowaste, which encompasses a diverse array of waste types due to the broad
applications of nanomaterials. Nanowaste originates from various sources, including
household, industrial, medical, and research waste streams. Despite its prevalence,
there is currently no universally accepted definition of "nanowaste". However, one
proposed definition describes it as "separately collected or collectable waste mate-
rials that contain engineered nanomaterials”". The manner in which nanomaterials
are incorporated into waste depends on their initial application. For instance, nano-
materials may be tightly integrated into a solid matrix (e.g., carbon nanotubes in
display screens) or exist as free particles or agglomerates dispersed in liquids (such
as titanium dioxide in certain sunscreens) [14].
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Waste management systems across European countries exhibit variations in orga-
nization and technology adoption, encompassing diverse methods such as recycling,
incineration, and landfilling. Consequently, the treatment of solid nanowaste will vary
depending on the specific waste management infrastructure and practices employed
within each locality [15-17].

In regions outside of Europe, landfilling often emerges as the primary method
for waste disposal [18]. Additionally, nanomaterials may find their way into water
sources and subsequently undergo controlled processing within wastewater treatment
facilities. For instance, titanium dioxide nanoparticles found in sunscreen may be
washed off during showering, while nanoparticle-laden leachate from solid waste
can also be subjected to treatment processes [13].

At present, European Waste Legislation does not include specific regulations for
the treatment of nanowaste. Consequently, solid waste containing nanomaterials is
managed within existing waste management systems as conventional waste mate-
rial. However, these conventional systems were not initially designed to address
the unique characteristics of nanomaterials. Therefore, the presence of nanowaste
raises concerns regarding potential emissions during incineration, leaching from
landfills, or during recycling processes, which could result in elevated environmental
concentrations of nanomaterials [13].

Throughout various treatment stages, nanomaterials could potentially be liber-
ated from the raw waste. Mechanical processes during recycling, such as crushing,
shredding, or grinding, may result in the release of nanomaterials from the waste.
Similarly, during incineration, where waste is combusted at high temperatures, nano-
materials may become volatilized. In landfilling, the waste matrix undergoes disin-
tegration, potentially leading to the release of particles. Therefore, the extent and
rate of nanomaterial release during waste management will largely depend on the
specific processes employed [13].

Nanomaterials within nanowaste could potentially be discharged into the environ-
ment through standard waste treatment procedures, consequently infiltrating various
environmental domains such as air, water, and soil. For instance, mechanical actions
during recycling or combustion processes during incineration may propel nanoma-
terials into the air. Additionally, waterborne release might transpire during recycling
operations or over time in landfills where rainwater is not adequately managed.
Furthermore, these liberated nanomaterials could seep into the soil, contributing to
environmental dissemination [13]

In general, waste treatment operations incorporate mechanisms designed to
capture any substances emitted from the waste, employing filtration systems, gas
cleaning systems, or sealed landfills. Nevertheless, the degree of effectiveness of
these systems in preventing the release of nanomaterials into the environment remains
uncertain across all pathways [13].

Thus, the extent of environmental exposure will be influenced not only by the
particular waste treatment procedures and release characteristics, but also by the
attributes of the nanowaste (whether solid or liquid) and the types of nanomaterials
utilized. While a few case studies have suggested a low to medium potential for
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environmental exposure, it’s important to note that generalizing such conclusions is
challenging [13, 14].

3 Management and Recycling of Nanoparticle Composite
Materials

Although C&D waste is relatively inert, the main environment concern is asso-
ciated with its high volume, weight and large worldwide annual production [19].
The management of CDW has been recognised as a major global issue due to the
associated environmental impacts and constitutes a priority for most environmental
programmes worldwide [20]. In response to this, a range of solutions aimed at
increasing recycling routes have been explored in the past decades. This is reflected in
the large number of studies on C&D waste in the literature, which are largely focused
on the physical and mechanical properties as recycled aggregates for civil engi-
neering applications. Applications of crushed concrete and bricks include produc-
tion of concrete, mortars or tiles, production of cement [19], as cemented pasted
backfill [21] or as road pavement material [22] among many others. Many construc-
tion wastes such as concrete, paints or steel contain nano-size range material in
their formulation [23] and degradation during prolonged exposure may unlock these
nano-particulates. Adverse health impacts on residents and waste workers may occur
following resuspension of fine particulates and subsequent inhalation.

Despite the considerable attention given to nanomaterials by researchers, indus-
tries, and governments, relatively little focus has been placed on developing recycling
and waste management strategies for them. There are only a limited number of studies
examining the fate of nanomaterials once nano-products reach the end-of-life stage.
Considering the already demonstrated environmental and health risks associated with
nanomaterials, it is imperative to implement proper waste management and recycling
practices to mitigate their potential toxicities. Following the end-of-life of a nano-
material product, it may undergo recycling, incineration, or landfilling. However,
these particles have the ability to disperse through the air, water, and soil, potentially
becoming emerging pollutants if not effectively managed, treated, or recycled [24].

Whilst the physicochemical properties of construction wastes are well docu-
mented in the literature, the characteristics of nanoparticles in their formulations
are not well known. Ultrafine particulates such as carbon nanotubes, Si02, TiO2,
Fe203, Cu or Ag nanoparticles are increasingly used in multiple applications in
construction owing to their ability to improve the physical, chemical, and mechan-
ical performance of concrete, ceramic, steel or paint [25]. Nanomaterials enhance
physical and chemical properties of concrete during its use phase, and various types
have been tested and recommended by researchers [19]. However, these rarely have
been examined embedded in a building material matrix. Despite their unique prop-
erties and potential benefits, their release to the environment could bring adverse
biological and toxicological effects including cell and DNA damage, inflammatory
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and immune responses, or ROS-induced oxidative stress among others [25]. Further
investigation is required to assess the operational lifespan of constructive solutions
incorporating nanomaterials and nanoparticles, as well as their end-of-life processes.
It’s important to evaluate these impacts, especially given that landfills often serve as
the final disposal site. It is essential to be aware the toxicity-related characteristics
of nanomaterials in construction, such as size, shape, chemical composition, surface
properties, agglomeration/aggregation state, and biodegradability. Hazard assess-
ment for each nanomaterial is crucial; for instance, the higher toxicity of nano-ZnO
is linked to its dissolution into toxic Zn2 -+ , unlike insoluble nano-TiO2 and the
non-toxic degradation products of nano-SiO2. Similarly, assessing the potential toxi-
city of nanoparticles in aquatic environments necessitates consideration of critical
parameters [26].

The use of nano-TiO2 as coating in buildings has received considerable interests
in recent years due to its excellent ability to purify the environment by capturing
some of the pollutants in the air and by using its inherent photocatalytic proper-
ties to its advantage. The use of TiO2 coating on windowpanes carries a positive
effect on acidification potential, eutrophication potential, criteria air pollutants and
smog formation potential, while it increases environmental loads in global warming,
fossil fuel depletion, water intake, human health, and ecological toxicity. Taking
into account the overall environmental performance, findings indicate that the total
environmental score of coated glass pane is 0.44, whereas a value for uncoated glass
is 0.56. Therefore, the lower the score, the less negative effect the product has on
the environment. Consequently, TiO2 coating has a positive effect on air purifying
and environment [27]. The relative abundance of spherical TiO2 nanoparticles in
concrete and tiles is also worth noting. At C&D wastes crystalline forms such as
anatase and rutile have been found. Currently, it is estimated that 10-30% of TiO2,
30% of ZnO, 5-10% of CeO2 used in paint and coatings are formulated as ultrafine
particles close to the nanometric scale [28]. Even traditional pigments such as TiO2
contain a nanometric fraction, from which about 36% of the particles are < 100 nm
[29].

For the case of nano-ZnO, this is also used mainly in paints for the construction
sector. Life cycle analysis of self-cleaning coatings of metal panels containing ZnO
nanoparticles has shown improved performance over coatings without ZnO nanopar-
ticles, in most impact categories of an LCA analysis, thus prolonging their service-
life. Overall, the benefits from weathering resistance gained from usage of ZnO
nanoparticles outweigh the environmental drawbacks in the nanoparticle production
stage [30]. Although there is a lack of information in literature, regarding the life
cycle of nano-ZnO enhanced cement, there are indications that suggest a positive
environmental impact from the addition of ZnO nanoparticles in cement mixtures,
due to the improved material performance, and consequential reduction of required
maintenance resources [31, 32]. The presence of nanoparticles in the cement mixture,
though, poses health risks for those involved in the cement paste preparation, there-
fore novel mixing, dispersion, and hydration procedures are being developed [19]
and their impact needs to be assessed. The lack of information about end-of-life
management of ZnO nanoparticles, highlights the need for more accurate LCA data
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for every stage of their life cycle, and the development of technologies and protocols
for nanoparticle retrieval and recycling from construction and demolition waste.

Nano-SiO2 has found extensive use in cement structures. Meng et al. [30],
conducted an environmental assessment that compared the concrete strength and
service life of natural concrete, recycled concrete, and recycled concrete with nano-
Si02. The concrete specimens were subjected to natural and marine environments. In
marine environment, untreated recycled concrete has a shorter lifespan compared to
normal concrete due to high levels of chloride, resulting corrosion in rebar. However,
this gap narrows in natural conditions. The incorporation of nano-SiO2 into recy-
cled concrete significantly prolongs its lifespan, nearly equalling that of normal
concrete. Despite the energy-intensive process of producing nano-SiO2, its appli-
cation has minimal environmental repercussions and enhances recycled concretes’
performance, while extending its lifespan especially in marine environments. Thus,
incorporating nano-SiO2 into recycled concrete exhibits significantly greater envi-
ronmental efficiency compared to the control groups when considering concrete
strength and service life and it is a possible route of recycling also for the nanomate-
rial [30]. Moreover, Li et al., investigated that nano-SiO2 may act as the inert fillers
that block the CO2 diffusion [31] and could also react with Ca(OH)2 to form C-S-H,
which could reduce the local pH that led to decreased CO2 capture, that potentially
counteracts emissions from concrete production. Therefore, during an LCA of a
concrete structure with nano-SiO2 the CO2 emissions should be quantified, taking
into consideration also the CO2 capture that is achieved [32]. Finally, a recent LCA
study has proved that decreasing transportation distances and eliminating concrete
disposal contribute to sustainability of recycled concrete [30].

Spherical nanoparticles of magnetite (Fe304) are also abundant in concrete and
tiles from C&D wastes. Magnetite is widely used for the manufacture of steel, and it is
acommon mineral in coal fly ash used for the cement manufacture. Itis acknowledged
that the Fe in nano-magnetite can induce the formation of reactive oxygen species,
promoting the oxidative stress of cells; it is also thought to play a role in the extent
to which hydrogen-free radicals attack DNA, resulting in mutation and malignant
transformations [33].

Literature demonstrates significant variability and uncertainty concerning the
health implications, reactivity, ecological impacts, and environmental fate and trans-
port of CNTs, which is added to cement for enhanced compressive and flexural
strength [34]. Therefore, it is imperative to assess the toxicity of resulting concrete
when CNTs are incorporated to produce high-performance cements. This evalua-
tion is essential to understand how the inclusion of CNTs may alter the environ-
mental characteristics of the cement [35]. Studies have assessed theoretical high-
performance cements reinforced with CNTs through LCAs to compare their envi-
ronmental impact and performance with that of traditional cements. It was found
that the incorporation of CNTs significantly increases the environmental footprint of
cement production. Incorporating inorganic nanotubes has been proposed as a more
viable approach for reducing the environmental impact while retaining the enhanced
properties [36]. End-of-life considerations for CNTs and CNT-incorporating mate-
rials are pivotal in determining their safe reuse, repurposing, or recycling. In addition,



6 Nanomaterials in Construction and Demolition Waste (CDW) Management 103

the presence of carbon nanotubes in elongated and amorphous forms was reported
in concrete samples of C&D waste [37]. Currently, most CNTs in industrial use
are found in batteries or nanocomposites, yet research on the toxicological impact of
CNTs released during incineration or leaching from landfills remains limited. There-
fore, further investigation into the toxicological effects of CNT disposal is imperative
[38].

Modelling studies suggest that metallic nanoparticles may ultimately end up in
landfills following their incineration [39]. For instance, when modelling the flows
of nano-TiO2, nano-ZnO, nano-Ag, and carbon nanotubes (CNTs) in the recycling
system, it was observed that the majority of these materials are directed to landfills
and incineration plants as waste, with only a small portion being recycled into new
products. For example, in Switzerland, out of 43 tons/year of TiO2 entering the recy-
cling system, 23 tons/year are directed to waste incineration plants, while 13 tons/
year are sent to landfills. A small portion (2-3 tons/year) may be exported abroad
or used in the production of cement and concrete aggregates, and approximately
2% ends up in wastewater. However, there is some positive news as several recovery
processes have successfully retrieved significant portions of nanomaterials from recy-
clable waste streams [40]. For instance, zinc nanoparticles have been recovered up
to 99% using thermal procedures involving inert gas condensation and vacuum sepa-
ration from waste. Similarly, purified carbon nanotubes have been recovered up to
70% from the waste of supercapacitor materials through filtration and extraction
techniques [41].

Efforts to recover nanomaterials from waste streams are frequently hindered by
inefficiencies or the absence of suitable methods, largely due to constraints imposed
by societal norms, financial considerations, product design, recycling technologies,
and the inherent challenges of separation dictated by thermodynamics [42]. To
address these issues, proposals for disposal and recycling standards specific to nano-
waste have been put forward. These standards encompass policies aimed at regulating
nanotechnology, adhering to the precautionary principle in the development of nano-
materials, establishing protocols to address potential risks to human health, environ-
mental well-being, and biodiversity, as well as delineating safe commercialization
pathways and disposal methods [41].

As nanotechnology continues to advance and expand its scope, effective waste
management of nanomaterials emerges as a formidable challenge. Addressing this
challenge requires substantial investment in research, raising consumer awareness
about waste handling practices, developing industrial recycling capabilities, ensuring
cost-effectiveness of waste management strategies, formulating appropriate policies,
and fostering political commitment to implement these measures [41]. Improved
regulations and implementation of measures to safely contain C&D waste would be
advisable to minimise exposure risks to the population. Organised and supported
informal waste recycling could help decrease the environmental burden associated
with the use of natural resources whilst effectively contribute to reduce poverty and,
crucially, address the public health challenges posed by uncontrolled dumping of
construction waste [37].
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4 Pollutant Emissions of Materials Composed
of Nanoparticles

Nanoparticles emerge through both natural phenomena, like volcanic eruptions,
erosion, and forest fires. Generally, contamination is linked with human activities,
concerning industrial processes such as combustion of charcoal and fuels, and occur-
rences like dust storms [43]. The toxicity of nanoparticles is predominantly deter-
mined by their origin, stability, size, and concentration, as well as the route and
extent of exposure. Additionally, factors such as size, bulk and surface chemistry,
mass, aggregation, and surface area also influence their toxicity [44]. Additionally,
crucial parameters impacting toxicity include aspect ratio, modifications, surface
coatings, and crystalline structure [41].

The challenge of toxicity poses a significant obstacle for researchers, engi-
neers, and scientists engaged in the development of nanomaterials. Various forms
of toxicity associated with nanomaterials encompass cytotoxicity, dermal toxicity,
pulmonary toxicity, genotoxicity, carcinogenic toxicity, liver toxicity, cardiovascular
toxicity, haemolytic toxicity, and immune toxicity [45]. Mechanisms underlying
the toxic effects of nanomaterials include apoptosis, generation of reactive oxygen
species, formation of free radicals, granuloma formation, and heightened inflamma-
tory responses [46]. Nanomaterials are administered to humans via routes such as
intravenous, intraperitoneal, and oral methods [47].

Toxicity levels vary depending on the type of nanomaterial, as well as their
physiochemical characteristics, including morphology, electrical, magnetic, and
optical properties, surface charge, size distribution, surface chemistry, oxidation state,
composition, crystalline structure, aggregation, concentration, dispersion state, and
synthesis techniques, among others [48]. Moreover, the size and shape of nano-
materials influence cellular uptake, mass diffusivity, sedimentation velocity, attach-
ment efficiency, and deposition velocity on biological surfaces [47]. Different cell
types may respond differently to nanomaterials of varying sizes. Toxicity tends to
escalate with increasing nanomaterial concentration [49]. Additionally, synthesis
methods impact nanomaterial toxicity due to impurity residues and inadequate refine-
ment. Nanomaterials pose risks to human health, potentially affecting the cardio-
vascular and central nervous systems, disrupting various organ functions, inducing
neurotoxicity, or eliciting immunotoxicity responses [46].

Studies investigating the toxicity of nanomaterials have revealed that iron nanopar-
ticles, for instance, can accumulate within organisms, leading to various effects such
as apoptosis, generation of reactive oxygen species, and production of oxidative
stress. The process of nanomaterial assimilation within organisms can occur through
ingestion or inhalation, subsequently disseminating to different organs and tissues,
thereby inducing toxicological effects on the organism [50].

Although numerous studies have explored the toxicological effects of nanoma-
terials on animal and plant cells, investigations into the toxicological impacts of
magnetic nanoparticles on plants remain limited. Some researchers have examined
the transformation of copper oxide (CuO) nanoparticles upon interaction with plant
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cells, noting that the toxicity level of nanoparticles is influenced by their conversion
upon interaction with plant cell constituents [19].

Factors such as the active surface area, particle size and shape, and functional
groups attached to the material’s surface directly influence nanoparticle toxicity,
particularly in biotechnological applications, owing to their potential to modulate
protein mechanisms and binding. Binding interactions may give rise to various
biologically distressing compounds, subsequently leading to reduced enzymatic
activities and protein degradation. Environmental parameters also significantly influ-
ence nanomaterial behaviour, with characteristics such as water hardness or seawater
composition, as well as organic compound constituents, impacting material aggre-
gation processes [51]. Further research focusing on the biochemical interactions and
kinetics of nanoparticles is essential to advance our understanding of nanoparticle
accumulation dynamics [41].
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Chapter 7 ®)
Calculation of Life Cycle Assessment e
of Construction Products

with Nanoparticles

Marco Antonio Sanchez-Burgos, Paula Porras-Pereira,
and Pilar Mercader-Moyano

Abstract This chapter meticulously undertakes a comprehensive Life Cycle Assess-
ment of a product infused with nanoparticles. Each section within this chapter aligns
with distinct phases of the methodology, encompassing the definition of study objec-
tives and scope, development of an inventory detailing consumption and emissions,
selection and quantification of environmental impact categories, and the subsequent
interpretation of obtained results. The chapter concludes with the synthesis of find-
ings, coupled with formulated recommendations for enhancing the integration of
nanoparticles in the construction sector.

In general, nanoparticles are included in composite elements, and the same nanopar-
ticle can be associated to different elements, to form different composite elements. In
addition to this, nanoparticles properties mostly depend on the shape of the particle,
so their characteristics are different to the bulk material [1].

The same way, the behaviour of nanoparticles released to the environment, or
adsorbed by humans is different to the corresponding bulk material. Due to their size
and shape, these particles react with the environment and tissues different to the corre-
sponding bulk substance, and currently these processes have not been adequately
addressed by scientific research [1]. Consequently, nowadays it is challenging to
define the risk assessment of most nanoparticles [2].
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Currently there are available sources that help to conduct the risk assessment
of nanoparticles, such as EUNON Nano Data, which is an EU-funded project.
These databases are an important source of information to assess the volume
of the emissions, the characterisation, and the risk assessment of most used
nanoparticles. Regarding risk assessment, EUNON Nano Data include data on
psycho-chemical characterisation, toxicological and ecotoxicological assessment of
commercial nanomaterials in the European market [2].

Nanomaterials are produced used and disposed of; therefore, life cycle approach
can be applied [3]. Furthermore, LCA methodology is considered the best approach to
evaluate the potential impacts of engineered nanomaterials alongside their complete
life cycle [4, 5]. However, as stated above, significant gaps remain regarding the
long-term fate of nanoparticles’ environmental emissions and their effects on human
health and ecosystem quality, making LCA application to nanoparticles challenging
[1].

Life cycle assessment has already been applied to a wide range of products
including nanoparticles [6, 4]. These studies results have been assessed and general
conclusions regarding this question have been established. Consequently, there are
available guidelines to apply LCA methodology to nanomaterials. A reliable example
is the Guidance for applying Life Cycle Assessment to nanomaterials by REACH-
nano Consortium, a guidance document that is aimed at helping manufacturers and
downstream users of engineered nanomaterials to perform a complete risk and envi-
ronmental assessment taking into account all life cycles and considerations of nano-
materials [5]. Finally, it has to be stressed that, currently the potential impacts of the
released nanomaterials in the categories of Human health and Environmental Toxi-
city are not included in LCA methods, therefore uncertainties and data gaps exist
[4-6].

1 Definition of Objectives and Scope of the Study

The initial phase of the Life Cycle Assessment (LCA) methodology involves defining
the goal, which encompasses specifying the intended application, study objectives,
target audience, and any adopted constraints and assumptions.

The scope of the LCA study provides a detailed description of the system under
assessment and its associated analytical parameters. This scope must align with the
previously defined goal and includes identifying the Life Cycle stages incorporated
into the study.

Following the goal and scope definition, the next steps involve establishing the
functional unit, reference flow, and system boundaries. The functional unit represents
the service rendered by the products under evaluation, with all resource consumption
and emissions quantities referenced to the production of this functional unit. When
conducting comparative LCAs between different products or processes, comparisons
are made based on the amount of product required to deliver the functional unit.
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The reference flow denotes the quantity of product necessary to deliver the func-
tional unit, while system boundaries delineate which flows, such as emissions and
resource consumption, are considered within the LCA study. These flows must be
necessary for providing the functional unit.

In conjunction with defining the system boundaries, cut-off criteria and alloca-
tion rules are established. Cut-off criteria determine which flows are deemed signif-
icant for assessing the potential impacts of the product, including considerations of
resulting secondary raw materials and the end-of-life stage for the product. Allo-
cation rules come into play when there are multiple co-products resulting from the
assessed system, determining the allocation of impacts to each co-product.

For a thorough and precise evaluation of nanomaterials through LCA, adher-
ence to the following procedures is advised to guarantee comprehensive and precise
assessments [5]:

e Taking into account that releases and emissions of nanoparticles occur mostly
during use phase and end-of-product stage, and they depend on how nanoprod-
ucts are managed, the associated potential impacts will be associated to each
nanoproduct Life Cycle. Therefore, LCA studies should be focused in nanoprod-
ucts instead of nanoparticles [5].

e Nanomaterials provide us with improved products that can develop enhanced or
new functions. In most cases the use of nanomaterials enables the reduction in
energy, raw materials and emissions. In that sense, it is important to define an
adequate functional unit that cover all these advantages [5].

¢ Environmental and toxicological impacts for nanomaterials occur during all Life
Cycle stages, therefore it is advised to extend LCA studies to “cradle to grave”
scope for these products [5].

e For stages with little information, it is advised to consider different scenarios in
order to conduct a sensitivity analysis [5].

[\S]

Development of an Inventory of Consumption
and Emissions

The inventory analysis, encompassing the gathering of all input and output flows
within the evaluated product system, constitutes the Life Cycle Inventory (LCI).
Clear establishment of system boundaries is essential for accurately computing input
(consumption) and output (emission) flows.

Typically, for data collection, employing primary data for core processes and
secondary data for ancillary processes is recommended. Primary data is derived
from modelling or monitoring of the processes, while secondary data is sourced
from existing databases like Ecoinvent, Gabi, or ELCD.

Presently, Life Cycle Inventories (LCIs) for nanomaterials encounter the following
challenges [5]:
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e Data corresponding to nanomaterials are not included in existing LCA databases.
Therefore, these gaps need to be completed, specifically for each study. Otherwise,
the study results will not represent the complete process [5]. It advised to prioritise
data taken from real measures of assessed processes.

e The information regarding nanomaterials production is often confidential.
Furthermore, this is a fast-evolving field of technology. As a consequence, avail-
able data is scarce, and it is needed to make estimations in some processes. This
leads to some degree of uncertainty that has to be assessed [5]. Each nanoparticle
synthesis method assessed has to be studied to obtain consumption and emission
flows. For estimations, different scenarios must be evaluated, and discussed [5].

e Regarding emissions of nanoparticles, in most cases a critical step is the incor-
poration of nanoparticles in the form of powder, to the material. In these cases,
the exposition of workers to nanoparticles emissions during production has to be
included in the LCA study.

e [.CA studies for nanomaterials should encompass all life cycle stages, from
production to disposal, adhering to the “cradle to grave” approach.

e In general, there is no information about the released quantities of nanoparticles
and their fate in the long term, for each stage of their Life Cycle. Furthermore,
there is no consensus about how to measure these emissions.

This data must be gathered on a process-specific basis. It is imperative to acquire
extensive information regarding the assessed process to compile a comprehensive
set of emission data. The emissions of nanoparticles throughout all stages of the
process’s life cycle must be incorporated into the resulting LCI.

Uncertainty must be assessed.
It is advised to gather information regarding emissions using templates.

In detail, the following data should be addressed:
e Production stage:

— Inputs and outputs during production stage; consumption and emission
associated.

— Emissions of nanoparticles during production stage, exposition of workers.

— Releases during production stage, compartment of the emission.

— Transformation of the particle after the emission

e Use stage:

— Lifespan and services obtained from the product.

— Inputs and outputs produced during use; maintenance, cleaning, consumption
and emission associated to use.

— Emissions of nanoparticles during production stage, exposition of workers.

— Releases during production stage, compartment of the emission. Transforma-
tion of the particle after the emission

— Possibility of nanoparticles emissions during use. Environmental compartment
of the emission. Transformation of the particle after the emission
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e End-of-life stage.

— Characteristics of nanoproducts wastes generated at the end-of-life stage.

— Treatment and final disposal of nanoproducts wastes.

— Recycling: Type of recycling process. Emissions of nanoparticles during
recycling. Quantity of nanoparticles in recycled products.

— Disposed to landfill: Degradation or transformation of nanoproducts. Environ-
mental compartment for the final fate of nanoproducts waste.

— Incineration: transformation of nanoparticles after incineration. Nanoparticles
included in resulting ashes. Environmental compartment for the final fate of
nanoproducts included in resulting ashes.

An example of check-list template for LCI data gathering is included (Table 1)
[4,7].

3 Selection and Quantification of Environmental Impact
Categories

This phase encompasses four sequential steps:

e (lassification: Assignation of each consumption and emission to the relevant
impact category.

e Characterisation: Calculation of impact contribution for each emission and
consumption, and aggregation of contributions related to each impact.

e Normalisation (this step is optional): Impact scores al multiplied by normalization
factors, which relate the obtained impact for each category to the global impact
produced in social group (European, national, global). This allows to inform of
the relative relevance of the impacts obtained.

e Weighting (this step is optional): This is a rather controversial step. It consists
of multiplying obtained impact scores to enable comparison between impact
categories. It has to be stressed that according LCA methodology, scores
corresponding to different impact categories cannot be aggregated.

Various methods exist for converting emissions and consumptions of substances
into impact scores for different environmental categories. Presently, midpoint impact
category methods are well-established, offering robust and meaningful results albeit
with challenging interpretation. Examples of these established methods include CML
and ReCiPe.

Alternatively, endpoint impact category methods are easier to interpret, yet lack
scientific consensus, resulting in limited usage. These methods are not widely adopted
due to their less-established nature.

Environmental impact category methods employ scientifically developed models
that quantify the relationship between material consumption or substance emissions
and the generated impacts.
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Table 1 Check-list template for LCI data gathering [7]
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Type of information

Data requested

Process description

General description of the
process (Ex. Synthesis of LFP
nanoportides)

Productive process

Typology of process/route of
production

Partner/company responsible

Resulting material/product
description. Flow reference:

Material produced

Type of material synthesized.
For ENMS, specify the format
of the final product (powder,
dilution,..,)

Quantity (g)

Co-products (If any)

Quantity (g), use of co-product

Process description

Phases of the process

Duration (hours)

Equipment used

Process scale

Scale (lab, pilot, industrial,...)

Production capacity (kg/year)

Inventory of INPUTS

Energy consumption
(Electricity)

Source/origin

Quantity (kWh)

Function/use (phase, equipment
used,...)

Energy consumption (heat)

Source/origin

Quantity (MJ)

Function/use (phase, equipment
used,...)

Water consumption

Source/origin

Quantity (1)

Function/use (process water or
cleaning water,... }

Raw Materials (precursors,
gases, solvents, others...]
Other materials/substances
used within the process,
including ancillary materials
(cleaning,...)

Name/source

Quantity (g)

Funetion/use (precursor,
solvent,..,)

Origin: geographical (km),
synthesis process,...

Other information (supplier, %
recycled content...,)

Packaging

Packaging material (type),
weight (g),...

Size and capacity of packaging

(continued)
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Table 1 (continued)

Type of information Data requested
Transport processes inputs Distance (km), type of vehicle
Inventory OUTPUTS Direct emissions to air Name/type of emission

(including ENMs emissions) Quantity (g)

Process origin

Treatment/filtration (% of
elimination of ENMs in

filtration)
Emissions to water [including | Pollutants, % of ENMs, type of
ENMSs emissions) effluent
Wastewater produced Type of wastewater

(characterisation, pollutants)

Origin process (cleaning,,.)
Potential content of ENMs
(%of ENMs)

Treatment/Final Destination (%
of degradation of ENMs,
elimination and release of
ENMs)

Solid waste Name/Type

Classification/code
Content of ENMs
Origin process
Quantity [g]

Treatment/Destination (ENMs
degradation and liberation)

Liquid waste Name
Classification/code
Content of ENMs
Origin process
Quantity [g]

Treatment/Destination [ENMs
degradation and liberation)

Other outputs (scraps,
subproducts, co-products,.)

It’s important to note that current impact category calculation methods do not
include nanomaterials. Consequently, there are no defined characterization factors
to assess nanoparticle emissions, leading to their exclusion from resulting impact
scores.
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In general, nanoparticle emissions impact Human Toxicity and Environmental
Toxicity categories. However, these categories cannot be adequately addressed for
nanoparticle emissions using current impact calculation methods.

Given these considerations, recommendations for nanomaterials LCA should
include:

e Utilizing impact methods recommended at the European level, such as those
outlined in the ILCD handbook.

e Including relevant categories for nanoparticles, such as Human Toxicity and
Ecosystems Toxicity.

e Deriving characterization factors for assessed emissions using prospective
approaches based on consensus models aligned with the characteristics of releases
and fate of the corresponding process.

To achieve this, it is recommended to collaborate with a diverse team of experts
specializing in risk assessment from various fields. If calculating characterization
factors proves to be impractical, it is advised to employ a precautionary approach.
This involves utilizing characterization factors for analogous substances, such as the
corresponding bulk material, while carefully considering potential disparities in final
fate behaviour.

3.1 Recommended Impact Category Calculation Methods

The Table (Table 2) features the recommended methods outlined in the ILCD Hand-
book. Notably, impacts such as Water Depletion and Land Transformation are
deemed insignificant for nanoparticle studies and thus are advised to be omitted.
However, for other methods, it is imperative to incorporate the specific risks asso-
ciated with nanoparticles in LCA studies. It is important to note that none of
these methods encompass flows or characterization factors tailored to evaluate the
specific damages caused by nanoparticles. Hence, the assessment of this risk must
be conducted separately [7].
The pertinent impact categories concerning nanoparticles are as follows:

e Ecotoxicity for aquatic fresh water.

For Soil Ecotoxicity and Marine Ecosystems Toxicity, there is insufficient
consensus, hence they are not considered. The only method recommended by the
ILCD for evaluating Ecotoxicity in Freshwater is the midpoint USEtox.

Currently, no ecotoxicity impact calculation method (including USEtox) incor-
porates characterization factors for nanoparticles. USEtox includes characterization
factors for bulk material emissions to air, water, and soil. To assess the effects of
nanoparticle emissions, new characterization factors must be established. It’s impor-
tant to note that the USEtox tool calculates fate factors for emissions based on the
behaviour of soluble compounds, thus nanoparticles are not adequately represented in
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Table 2 ILCD Handbook recommended impact categories [7]
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PEF impact categories ILCD Classification | Significant for | Relevant for
recommended of LCA of released
Impact recommended | nanoproduets | Nanopartfcles
assessment impact method
model (ILCD)
1. Climate change Bern 1 Potentially No
model—Global | (recommended | significant
‘Warming and during all life
Potentials satisfactory) cycle,
(GWP) over a especially
100 year time manufacturing
horizon
2. Ozone depletion EDIP model I Potentially No
based on ODPs | (recommended | significant
of the World and during ail life
Meteorological | satisfactory) cycle
Organization
(WMO)
3. Ecotoxicity for aquatic US5Etox model | II Potentially Yes
fresh water [8] (recommended | significant
but in need of | during all life
same cycle,
improvements)/ | especially
I end-of-llife
(recommended,
but to be
applied with
caution)
4. Human toxicity—cancer | USEtox model |II Potentially Yes
effects [8] (recommended | significant
but in need of | during all life
some cycle,
improvements)/ | especially
1 end-of-life
(recommended,
but to be
applied with
caution)
5. Human U5Etox model | II Potentially Yes
toxicity—oon-cancer [8] (recommended | significant
effects but in need of | during all life
some cycle,
improvements)/ | especially
1 end-of-life
(recommended,
but to be
applied with
caution)

(continued)
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Table 2 (continued)

M. A. Sanchez-Burgos et al.

PEF impact categories ILCD Classification | Significant for | Relevant for
recommended of LCA of released
Impact recommended | nanoproduets | Nanopartfcles
assessment impact method
model (ILCD)

6. Particulate matter/resp. RiskPoli model |1 Potentially Yes

Inorganics [9] and Greco (recommended | significant
et al. 2007 and during all life
satisfactory) cycle

7. lonising radiation—HH | Human health 1I Potentially No

effects effect model as | (recommended | significant
developed by but in need of | during all life
Drelcer et al. some cycle
1995 [10] improvements }
8. Photochemical ozone LOTOS-EUROS | III Potentially No
formation model as applied | (recommended | significant
in ReCiPe but in need of | during all life
some cycle
improvements)

9. Acidification Acumulated I Potentially No
Exceedance (recommended | significant
model [11, 12] but in need of | during all life

some cycle
improvements)

10. Eutrophlcation- Acumulated 11 Potentially No

terrestrial Exceedance (recommended | significant
model [11, 12] but in need of | during all life
some cycle
improvements)

11. Eutrophlcation—aquatic | ELTTREND 11 Potentially No
model [13] as (recommended | significant
implemented in | but in need of | during all life
ReCiPe some cycle

improvements)

12. Resource Swiss Scarcity | III Not significant | No

depletion-water mod. [10] (recommended,
but to be
applied with
caution)

(continued)
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Table 2 (continued)
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PEF impact categories ILCD Classification | Significant for | Relevant for
recommended of LCA of released
Impact recommended | nanoproduets | Nanopartfcles
assessment impact method
model (ILCD)
13 Resource CML2002 11 Potentially No
depletion-mineral, fossil model [14] (recommended | significant for
but in need of | manufacturing
some processes
improvements)
14. Land transformation Soil Organic I Not significant | No
Matter (50 M) (recommended,
model [15] but to be
applied with
caution)

this model. Considering nanoparticles’ diverse characteristics dependent on physical
properties like shape and size, each nanoparticle requires specific examination.

e Human Toxicity

The impact on human health resulting from emissions of chemicals released
into the three natural compartments (soil, air, and water) depends on the fate of
these emissions, human population exposure, and the toxicological effects on the
population.

Currently, the USEtox tool is considered the best option, albeit requiring some
enhancements. As mentioned earlier, this tool lacks nanoparticle characterization
factors. To assess the effects of nanoparticle emissions, new characterization factors
need to be developed.

e Particulate Matter

No comments regarding this impact category.

4 Interpretation of Results

This phase involves a comprehensive review of inventory data and impact scores to
draw conclusions from the study. It encompasses sensitivity analysis and uncertainty
analysis.

Sensitivity analysis entails calculating impact scores while varying key consump-
tion and/or emission parameters to quantify how modifications to the calculation
scenario affect the obtained results. Although not mandatory in ISO standards, it is
recommended.
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Uncertainty analysis involves statistically assessing the quality of data included in
the Life Cycle Inventory. While not compulsory in ISO standards, it is recommended.
Currently, this assessment is conducted using tools such as Monte Carlo software.

As mentioned earlier, LCA studies on nanomaterials entail a high level of uncer-
tainties; therefore, all utilized data and sources of uncertainty must be meticulously
documented.

Obtaining reliable and robust results from nanoparticles LCA is crucial for
enhancing existing methods and databases. Taking this into account, the following
guidelines are proposed:

e Conduct an external critical review by a panel of experts in LCA and nanotech-
nology.
Perform uncertainty analysis to evaluate the robustness of the results.
Utilize the results from LCA studies to augment inventory data for existing
databases and improve impact characterization methods.

In scenarios where no characterization factor exists for the assessed emissions,
a predictive scenario specifically tailored for the assessed nanomaterial should be
included. This scenario should encompass:

e (Quantification of nanoparticle releases throughout the entire life cycle of the
product (from cradle to grave).
Identification of environmental compartments for each release.
Prediction of the long-term fate of nanoparticles released, including their
transformations in the environment.

e Assessment of toxicity for both humans and the environment due to emitted
nanoparticles.

All this data should be included in the LCA study as additional information
annexed in the interpretation step.

5 Conclusions and Proposals for Improvement of NPs
in the Construction Sector

The estimated size of the EU nanomaterials (NMs) market for 2020 stands at
140.9 Kilotons per volume and € 5205 million per value. Over the next five years,
this market is projected to experience substantial growth, with a Compound Annual
Growth Rate (CAGR) of 13.9% per volume and 18.4% per value. Given this trajec-
tory, it is imperative to assess the impacts associated with the production and
utilization of these products [5].

As discussed in previous sections, there exists a notable dearth of information
concerning the fate of nanoparticle emissions upon release into the environment,
as well as their ramifications for human health and ecosystem integrity. Conse-
quently, the conventional Life Cycle Methodology alone cannot adequately address
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the study of nanoproducts. Alternative methodologies capable of evaluating the
impacts on human health and ecosystems resulting from nanoparticle emissions
must be employed.

Moreover, comprehensive information on emissions throughout the entire life
cycle of nanoproducts must be provided for each study, as existing databases for
product Life Cycle Inventory lack specific nanoparticle data. In light of the current
inability to calculate impacts associated with nanoparticle emissions, it is prudent
to incorporate information on predicted emissions and conduct risk assessments for
the involved nanoparticles in LCA studies.

Fortunately, several institutions have established databases containing valuable
information on nanoparticle emissions, environmental fate, and risk assessment. One
notable example is the EU-funded Eunon Nano Data, which offers insights into
nanoparticles associated with nanoproducts legalized in the European market. This
platform provides accessible information necessary for registering nanoproducts in
the European market [5].
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Chapter 8 ®)
EPDs for Construction Products izl
with Nanoparticles

Varun Gowda Palahalli Ramesh and Christina Lee

Abstract This initial segment serves as an introduction, elucidating fundamental
knowledge needed to understand and conduct an LCA for the development of
EPDs for construction products with nanoparticles. This chapter encompasses an
overview of the general framework of Environmental Product Declarations in Europe,
detailing the main standards governing EPDs. Additionally, it provides guidelines
for developing EPDs for construction products containing nanoparticles, outlining
the necessary procedures they must undergo.

Environmental Product Declarations (EPDs) are standardized verified documents
containing information on the environmental profile of a product. EPDs are Type I1I
environmental declarations that are useful for business-to-business communication,
decision making and comparing the environmental profile of products with similar
functions. In the context of the construction products, within the European Union, the
EPDs are developed by following the standard EN 15804:A2 (2021) [1]. EPDs are
created based on the Life Cycle Assessment (LCA) methodology, which evaluates
the environmental performance of a product. LCA is conducted by analysing process
inputs (e.g., material and energy-based consumables) and outputs (e.g., waste) during
the life cycle of a product. For manufacturers, the manufacturing phase of a product is
obligatory to cover. This is the phase where the manufacturer has the most influence
and is, therefore, in focus for this part. The core reading material for this part is
the regulation EN 15804:2012 + A2:2019/AC:2021—Sustainability of construction
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works—Environmental product declarations—Core rules for the product category
of construction products [1].

1 General Framework of Environmental Product
Declarations

Several standards need to be followed while developing an EPD for a construction
product in Europe, and they are shown in Fig. 1. The first step in developing an
EPD is to decide on the framework that will be followed. This is determined by the
Programme Operator whom the EPD will be published by. A common programme
operator in Europe is the International EPD System. Once a programme operator is
decided, the structure that needs to be followed can be investigated which usually
consists of several standards. For conducting an LCA study on which the EPD is
formed, the methodology is described in the earlier units. To recap, there are two
standards, ISO 14040 [2] and ISO 14044 [3], that are followed by LCA practitioners
while conducting the LCA.

Refers to what is provided by the EPD program operator to EPD
developers

Set of specific guidelines that define the procedures for
conducting LCA and preparing an EPD for a very specific product

Provides core Product Category Rules (PCRs) for developing
EPDs to assess the sustainability of construction products and
services

LCA standards — ISO )
14040:2006 and ISO Standards governing the LCA

14044:2006

[ -

Fig. 1 Framework for developing the EPDs for the construction sector in Europe
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2 EN 15804:A2 (2021)

In the context of developing EPDs for construction products within the European
Union, standard EN 15804 has been developed. The latest version of European stan-
dard EN 15804:2012 + A2:2019/AC:2021, referred to as EN 15804:A2 (2021) in
this chapter, sets forth guidelines for the allocation of the inputs (such as energy
and material) and outputs (waste) to different life cycle modules and for quanti-
fying the environmental performance of construction products [1]. The guidelines
are provided in the form of Product Category Rules (PCRs). PCRs provide the rules,
requirements, and guidelines to conduct an LCA and develop an EPD for a specific
product category. They are used to ensure consistency and comparability among
EPDs for functionally similar products. The PCR 2019:14 Construction products
within the International EPD System (based on EN 15804:A2 [4]) provides clear
information on how to define the system boundary, choose a functional unit for the
assessment, and which impact categories are to be declared.

2.1 Standards Governing EPDs in Detail

The following section provides in-depth information on the standards used for
conducting LCAs and EPDs.

ISO 14040 and 14044

In 1993, the International Organization for Standardization (ISO) initiated a standard-
ization process aimed at enhancing the interpretability of LCA results. This initia-
tive resulted in the development of international standards for LCA. Notable among
these at that time were ISO 14040, which focused on Life Cycle Impact Assessment
(LCIA); ISO 14041, dedicated to Life Cycle Inventory (LCI) modelling; and ISO
14043, aimed at interpreting LCA results. The standardisation process resulted in the
development of a common framework and fundamental principles for conducting an
LCA study [5]. The standards have since been updated and the following two interna-
tional standards provide the framework and principles for conducting modern LCA
studies:

e SO 14040 [2]: Environmental management—Life cycle assessment—Principles
and framework. The standard describes the “principles and framework for LCA,
encompassing: the definition of the goal and scope, the LCI phase, the LCIA
phase, and the life cycle interpretation phase”.

e SO 14044 [3]: Environmental management—Life cycle assessment—Require-
ments and guidelines. The standard specifies “requirements and provides guide-
lines for LCA, encompassing: defining the goal and scope of the LCA study, the
LCI phase, the LCIA phase, the life cycle interpretation phase, reporting and crit-
ical review of the LCA results, limitations of the LCA, the connection between
LCA phases and the criteria governing the utilization of value choices and optional
elements”.
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GPI

Your chosen EPD programme operator will have a general set of instructions on
how an EPD should be produced within their programme, known as the General
Programme Instructions (GPI). These build on the ISO standards for describing the
LCA methodology with additional guidance considering the end purpose of creating
an EPD document. The International EPD System uses GPI 5.0.0 currently as their
general instructions. More information is provided on the GPI later in this chapter.

EN 15804:A2 (2021)

Each Programme Operator can have its own PCR for construction products. However,
these are based on the European Standard, EN 15804:A2 (2021) with minor adjust-
ments to match their programme. EN 15804:A2 (2021) is part of a series of stan-
dards developed by the European Committee for Standardization (CEN) under the
Construction Products Regulation (CPR). EN 15804:A2 (2021) is the standard that
provides core Product Category Rules (PCRs) for developing EPDs to assess the
sustainability of construction products and services. The first version was published
in 2012, known as EN 15804:A1 “Sustainability of construction works—Environ-
mental product declarations—Core rules for the product category of construction
products”. Since 2021, an updated version of the standard has been used within
the construction sector, which is called EN 15804:2012 + A2:2019/AC:2021. The
current standard includes the rules for calculating the LCI and LCIA for the under-
lying LCA. In addition, it also includes the guidelines on how to develop an EPD
document along with the contents that need to be included in it. The overarching
goal of EN 15804:A2 (2021) is to provide transparent and comparable environmental
information about construction products [1].

Sub-Product Category Rules

Product Category Rules are a set of specific guidelines that define the procedures
for conducting LCA and preparing an EPD for a very specific product within the
broader product category; construction products in this case. Not every construction
product has a sub-PCR available, and this should be checked within the chosen EPD
programme operator before commencing an LCA to ensure compliance.

2.2 The EPD Methodology for Construction Products

The PCR based on EN 15804:A2 (2021) consists of guidelines specific to construction
products. By following these guidelines, manufacturers and practitioners of LCA can
systematically conduct studies and generate EPDs for construction products that can
be communicated accurately and transparently with different stakeholders. Within the
context of EN 15804:A2 (2021), the PCR defines the following key methodological
choices [4].
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Methodological Choices

Methodological choices in an LCA study are critical as they influence the relia-
bility, comprehensiveness, and applicability of the results. Methodological choices
encompass various aspects of the LCA process, including goal and scope definition,
system boundaries, data collection, impact assessment, interpretation, and reporting.
The following section provides a brief description of the different methodological
choices with respect to conducting an LCA study for the preparation of an EPD as
described in the PCR of EN 15804:A2 (2021).

e System boundary:

The definition of a system boundary is necessary to establish the function of the
product system to be considered for the LCA study. The system boundary defines
the scope of the study by delineating the processes, activities, inputs, and outputs to
be considered throughout the life cycle of the product or system under assessment.
According to EN 15804:A2 (2021), system boundaries can be defined through cradle-
to-gate, cradle-to-grave, and cradle-to-gate with options, depending on the intended
focus of the study.

— Cradle-to-gate: Under this system boundary, only the product phase is included
(See Fig. 2, highlighted in orange box).

— Cradle-to-grave: Under this system boundary, the study should encompass all the
life phases of the product.

— Cradle-to-gate with options: Under this system boundary, the product phase
along with the End-of-Life (EoL) phase of the product is included (See Fig. 2,
highlighted in orange and green boxes).

Since the standard is designed from a modular perspective, a product’s life cycle
can be differentiated into different phases, as shown in Fig. 2. Each phase is further
divided into modules, thus enabling the differentiation of the impact originating from
different life cycle phases.

Product phase Construction Use phase End of Life phase Resource
process phase recovery
phase

Raw material supply
Transport
Manufacturing
Transport
Construction and installation
Use
Maintenance
Repair
Replacement
Refurbishment
Operational energy use
Operational water use
De-construction demolition
Transport
Waste processing
Disposal
Reuse-Recovery-Recycling potential

A4 A5 B1 B2 B3 B4 BS B6 B7 c1 c2 c3 c4 D

Fig. 2 Life cycle stages of a product according to EN 15804:A2 (2021) [1]
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— Module Al—the acquisition of raw materials through extraction and processing,
processing of secondary material input (e.g., recycling processes).

— Module A2—the transportation of the raw material to the manufacturer.

— Module A3—the manufacturing process.

— Module A4—the transportation of the product to the construction site.

— Module A5—the installation of the product under study into buildings or roads.

— Module B1-B7—the use stage of a product.

— Module C1-C4—the EoL for products which addresses the activities related to
different disposal strategies, recycling, or reuse of the product.

— Module D—benefits or loads beyond the system boundary. Given the EoL scenario
used for module C, the product can be assumed to displace the use of a virgin
product which serves the same purpose.

e Functional unit and declared unit:

As the construction product can have several applications, a reference unit known
as a functional or declared unit needs to be defined. A functional or reference unit
provides a reference to which all the material flows, such as inputs and outputs of the
manufacturing process, are normalized to express information on a common basis.
Depending on the goal and scope of the EPD, a functional or declared unit is used
to conduct LCA.

— Functional unit: A functional unit calculates the data for a manufacturing process’s
inputs and outputs in LCA. Within the framework of EN 15804:A2 (2021), the
functional unit shall specify the function, reference service life, and performance
of the product under study to conduct an LCA study.

— Declared unit: According to EN 15084:A2 (2021), a declared unit shall be used
in the case where a specific function cannot be defined for a product, meaning
that the product can be used for several applications in the context of construction
works. The declared unit in the EPD shall be one of the following: mass (kg),
length (m), area (m?2), volume (m3), or an item [1].

e Data quality:

The results generated from an LCA study are dependent on the data quality. Hence,
there are certain requirements that need to be satisfied concerning data quality, and
they are as follows:

1. The data used for the LCA study should cover 1 year of manufacturing i.e. the
data should be based on 1-year average data.

2. AnILCD format should be used for data sets in the LCI used for LCA modelling.

3. Data referring to the foreground system, i.e., producer-specific data, should not
be older than 5 years.

In addition to the above mentioned requirements, there are additional mandatory
requirements that need to be satisfied, which are described in the standard.
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Table 1 Core impact categories that need to be declared according to PCR in EN 15804:A2 (2021)

Impact category Unit Method

Global warming potential total, Kg CO; eq IPCC baseline, 100 years, 2013
GWP—total

Global warming potential fossil, | Kg CO; eq IPCC baseline, 100 years, 2013
GWP—fossil

Global warming potential Kg CO;z eq IPCC baseline, 100 years, 2013
biogenic, GWP—biogenic

Global warming potential land Kg CO; eq IPCC baseline, 100 years, 2013
use and land use change,

GWP—LULUC

Depletion potential of the Kg CFC-11 eq Steady-state ODPs, WMO 2014
stratospheric ozone layer, ODP

Acidification potential, Mol H* eq Accumulated Exceedance, Seppéld
accumulated exceedance, AP et al. 2006, Posch et al., 2008
Eutrophication potential, fraction | Kg P eq EUTREND model, Struijs et al.,

of nutrients reaching freshwater
end compartment, EP-freshwater

2009b, as implemented in ReCiPe

Eutrophication potential, fraction
of nutrients reaching freshwater
end compartment, EP-freshwater

Kg (PO4)*~ eq

EUTREND model, Struijs et al.,
2009b, as implemented in ReCiPe

Eutrophication potential, Mol N eq Accumulated Exceedance, Seppild
accumulated exceedance, et al. 2006, Posch et al. 2008
EP-terrestrial

Formation potential of Kg NMVOC eq LOTOS-EUROS, Van Zelm et al.,
tropospheric ozone, POCP 2008, as applied in ReCiPe
Abiotic depletion potential for Kg Sb eq CML 2002, Guinée et al., 2002,

non-fossil resources,
ADP—minerals & metals

and van

Abiotic depletion potential for
fossil resources, ADP-fossil fuels

MIJ, net calorific value

CML 2002, Guinée et al., 2002,
and van

Water (user) deprivation potential,
deprivation weighted water
consumption, WDP

m?> world eq. deprived

Available WAter REmaining
(AWARE), Boulay et al., 2016

e Inventory analysis:

Inventory analysis includes the process of data collection, and guidance provided
in EN ISO 14044:2006 should be followed. In the PCR of EN 15804:A2 (2021),
the focus is placed on the allocation methods that should be followed (for further
information refer to the standard).

L4 Impact assessment:

In addition, the PCR provides information regarding the different impact cate-
gories that need to be quantified in an LCA [1], along with the characterisation
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Table 2 Additional impact categories addressing the dust, toxicity and impact on soil that are
optional to declare according to according to PCR in EN 15804:A2 [1]

Impact categories Unit Method

Potential incidence of disease due | Disease SETAC-UNEP, Fantke et al. 2016

to PM emissions, PM incidence

Potential human exposure kBq U235 | Human health effect model as developed by

efficiency relative to U235, IRP eq Dreicer et al. 1995 updated by Frischknecht
et al., 2000

Potential comparative toxic unit | CTUe Usetox version 2 until the modified USEtox

for ecosystems, ETP-fw model is available from EC-JRC

Potential comparative toxic unit | CTUh Usetox version 2 until the modified USEtox

for humans (cancer effects), model is available from EC-JRC

HTP-c

Potential comparative toxic unit | CTUh Usetox version 2 until the modified USEtox

for humans (non-cancer effects, model is available from EC-JRC

HTP-nc

Potential soil quality index, SQP | na Soil quality index based on LANCA

factors and methods that need to be used during the LCIA phase to quantify the envi-
ronmental impacts. Tables 1 and 2, show the core and additional impact categories
respectively, that shall be quantified. Tables 3 and 4 show the resource consumption
and waste parameters that need to be quantified.

2.3 General Programme Instructions

The General Program Instructions (GPIs) of an EPD program provide guidelines
and requirements for the development, verification, and registration of EPDs. These
instructions are designed to ensure consistency, transparency, and reliability of the
registered EPDs within a specific EPD program. At present there are several EPD
programs in operation across Europe, including: EPD international, EPD Norway,
IBU (Institut Bauen und Umwelt), INIES, and EPD Belgium among others. It should
be noted that the GPIs for each EPD program vary, and different programme operators
are more common in certain countries (i.e. EPD Norway is more common in Norway
than in France). While specific GPIs may vary between different EPD programs, they
typically cover several key aspects:

1. Compliance with EN 15804:A2 (2021): GPIs ensure that EPDs comply with
the requirements and guidelines set forth in EN 15804:A2 (2021). This includes
adherence to specific methodologies, data quality standards, and reporting
formats outlined in the standard.

2. Scope and Applicability: GPIs define the scope of the EPD program under
EN 15804:A2 (2021), specifying the types of construction products eligible for
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Table 3 Resource use parameters addressing the use of primary and secondary resources
Parameter Unit Method
Use of renewable primary energy excluding renewable primary MIJ, net Based on
energy resources used as raw materials, PERE calorific LCI data
value
Use of renewable primary energy resources used as raw materials, | MJ, net Based on
PERM calorific LCI data
value
Total use of renewable primary energy resources, PERT MIJ, net Based on
calorific LCI data
value
Use of non-renewable primary energy excluding non-renewable MJ, net Based on
primary energy resources used as raw materials, PENRE calorific LCI data
value
Use of non-renewable primary energy resources used as raw MIJ, net Based on
material, PENRM calorific LCI data
value
Total use of non-renewable primary energy resources, PENRT MIJ, net Based on
calorific LCI data
value
Use of secondary material, SM kg Based on
LCI data
Use of renewable secondary fuels, RSF MIJ, net Based on
calorific LCI data
value
Use of non-renewable secondary fuels, NRSF MIJ, net Based on
calorific LCI data
value
Net use of fresh water, FW m3 Based on
LCI data
Table 4 Categories addressing waste and other external flows
Parameter Unit Method
Other environmental information describing waste categories
Hazardous waste disposed, HWD kg Based on LCI data
Non-hazardous waste disposed, NHWD kg Based on LCI data
Radioactive waste disposed, RWD kg Based on LCI data
Indicators describing external flows
Components for re-use (CRU) Kg Based on LCI data
Materials for recycling (MFR) Kg Based on LCI data
Material for energy recovery (MER) Kg Based on LCI data
Exported electrical energy (EEE) MJ Based on LCI data
Exported thermal energy (EET) MJ Based on LCI data
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EPD certification. They may outline criteria for determining eligibility based on
product category, material composition, or other relevant factors.

3. Data Requirements and Methodologies: GPIs provide guidance on the data
requirements and methodologies for conducting LCA studies. This includes spec-
ifying the types of data to be collected, the functional unit to be used, and the
system boundaries to be defined.

4. Format and Presentation: GPIs outline how environmental data should be
presented, what should be part of the EPD document, and can discuss impact
categories that should be included, which is typically those listed in EN 15804:A2
(2021) (See from Tables 1, 2, 3 and 4). That being said, there are programmes
like INIES that requires the declaration of other impact indicators in addition to
the ones defined in EN 15804:A2 (2021).

5. Verification and Certification: GPIs outline procedures for third-party verifica-
tion, certification, and registration of EPDs on the EPD program. They specify the
requirements for independent review, verification, and certification by authorised
reviewers to ensure the credibility of EPDs.

2.4 Applications of EPDs

EPDs can be used in Environmental, Social, and Governance (ESG) reporting by
providing standardized and transparent information about the environmental perfor-
mance of products or services. The following provides an overview of how EPDs
can be used in ESG reporting:

1. Environmental Performance Assessment: ESG reporting frameworks often
require companies to disclose their environmental performance. Since EPDs
consist of information regarding the environmental impacts of products or
services throughout their life cycle, they can be used in ESG reporting, making
EPDs a valuable tool for assessing and reporting environmental impacts.

2. Transparency and Disclosure: As transparency is a fundamental principle of
EPDs that ensures the credibility, reliability, and usability of environmental
performance information, companies can use EPDs to demonstrate their commit-
ment to transparency and environmental responsibility by disclosing detailed
information about the environmental impacts of their products or services.

3. Comparative Analysis: EPDs enable manufacturers to compare the environ-
mental performance of different products or services within the same product
category. This comparative analysis allows manufacturers to identify oppor-
tunities for improvement and make informed decisions about product design,
sourcing, and manufacturing processes. In ESG reporting, manufacturers can
use EPDs to demonstrate progress towards sustainability goals and benchmarks.

4. Stakeholder Engagement: EPDs provide valuable information for stakeholders,
including investors, customers, regulators, and non-governmental organizations
(NGOs), who are interested in the environmental performance of products
or services. By including EPDs in ESG reporting, companies can enhance
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3

stakeholder engagement and demonstrate their commitment to environmental
sustainability.

Application of EPDs in environmental assessment of buildings: Digital EPDs
(asdescribed in ISO standard 22057:2022)) also have an application for assessing
the environmental impact of an entire building or construction project with
an integration into Building Information Modelling (BIM). The EPD data in
digital EPDs is stored in a structured way using an ILCD + EPD data format.
This enables incorporating project specific EPDs into third-party BIM software,
allowing construction companies to evaluate the selection of different prod-
ucts based on that particular product and supplier specifications from a holistic
environmental perspective.

EPDs for Construction Products with Nanoparticles

The following section offers guidelines for the development of Environmental
Product Declarations (EPDs) specific to construction products that incorporate
nanoparticles.

3.1 Development of an EPD

Developing an EPD for the construction products with nanoparticles would entail
a process similar to that of any construction product such as steel or bricks. The
process of developing an EPD is shown in the Fig. 3. The first step to publishing
an EPD is to choose an EPD program where the EPD needs to be published. Later
steps include reviewing of the PCR and the GPI of the chosen EPD program. This is
followed by conducting an LCA study and going through the verification process to
verify the results before publishing the EPD.
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Fig.

3 The approximated resources needed in the process of publishing an EPD [6]
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Which PCR or sub-PCR is applicable depends on the application of the
product. Many construction products containing nanoparticles fall under c-PCR-
017 Technical-chemical products (for the construction sector). This c-PCR covers
product-specific terms for glues, adhesives, screens, plasters, renders, fine smoothing
compounds, sealants, primers, mortars, liquid applied membranes and surface treat-
ment products. If not specified, then no sub-PCR needs to be applied and only the
PCR for construction products (EN 15804:A2 (2021)) needs to be followed.

Defining a System Boundary

The system boundary of the product life cycle determines the processes to be included
or excluded in the LCA. For a construction product with nanoparticles, a generic
system boundary can be represented as shown in Fig. 4. As illustrated, the system
boundary can be divided into three stages: upstream, foreground, and downstream
processes which can be mapped to the modules given in EN 15804:A2. Specification
for system boundaries can be specified in c-PCR for specific application. However,
these are not defined in any particular PCR or c-PCR for nanoparticles in construction
products. A similar approach, as depicted in Fig. 4, is described in the PCR 2023:02
Graphite products. However, this is not a PCR for construction products.

Background process

(Upstream) Foreground process Downstream

Production of raw

materials Packaging

Manufacturing of

nanoparticle

Production of energy Transport

Production of
packaging of raw
materials

Product use

Manufacturing of
construction product

End of Life

Transport

!

Waste Waste

Fig. 4 Illustrating the processes that needs to be included in the product system under assessment,
divided into upstream, foreground, and downstream processes. These can then be mapped to one
of the 16 sub-modules identified in EN 15804:A2 [1] described in Fig 2.
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e Upstream processes:

The upstream process should include the following:

— Extraction and processing of raw materials required for the core processes,

— Recycling processes of secondary materials from other product life cycles,

— Production of input consumables,

— Treatment of waste generated by the upstream module,

— Transport of raw materials and components along the upstream supply chain to a
distribution point (e.g. a stockroom or warehouse),

— Production and distribution of packaging,

— Generation of electricity and production of fuels, steam and other energy carriers
used in upstream processes.

e Foreground processes:

The foreground processes, also referred to as ‘core processes’, include the manu-
facturing of the nanoparticles and the manufacturing of the studied product, see
Fig. 5. In addition to what is shown in Fig. 5, the foreground process also includes:

— Maintenance of the manufacturing equipment
— Any emission generated during manufacturing (CO,, CO, NOx, SOx, heavy
metals, PM, etc.). Note: Pay attention to double counting.

Foreground process

Manufacturing of
construction product
under study

Manufacturing of
Nanoparticle

Consumables:
Energy
Water

Diesel
Chemicals

Consumables:
Energy
Water

Diesel
Chemicals

—— End product

!

Waste

Fig. 5 Foreground process

Waste
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— EoL treatment of the waste from the manufacturing process, even if it is outsourced
to a waste treatment facility outside of the manufacturing facility; in such cases,
transportation needs to be included.

e Downstream processes:

The downstream processes of the system boundary include:

— Transportation to the location where the product is intended to be used (use default
scenario when a specific scenario is not defined in a sub-PCR)

— Product use which refers to the use of any consumables, such as electricity, chem-
icals, water, etc., needed for the installation, use, and maintenance during the
product’s life cycle.

— EoL refers to the waste treatment process for the used product along with its
packaging, including the transportation to the waste treatment facility.

Specifying a Functional/Declared Unit

The definition of the functional or declared unit depends on the system boundary of
the assessment. The functional/declared unit for the LCA study can be influenced by
the chosen system boundary conditions. Examples of functional units depending on
the different system boundaries used can be as follows:

e In Cradle-to-grave studies: The functional unit for the LCA study should
describe the product’s function during its use phase.

¢ In Cradle-to-gate studies: Under this boundary condition, an LCA practitioner
can choose the declared unit since the study only encompasses the production
phase. For example, in the case of paints, the declared unit can be the amount of
product needed to cover 1 m? of surface.

e In Cradle-to-gate with options studies: Under this boundary condition, a
declared unit similar to that of the Cradle to gate can be used.

What to Include in Each Life Cycle Module

As described in section “Defining a System Boundary” the system boundary for LCA
can be divided into upstream, foreground, and downstream processes. In contrast,
while developing an EPD, a product’s life cycle can be divided into different life cycle
modules. And the processes included in the upstream, foreground, and downstream
processes is included in different life cycle modules according to EN 15804:A2
(2021). The following Fig. 6 and Table 5, describes what to include in each sub-
module in the case of construction products with nanoparticles. Data should be
collected for one year of production.
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Table 5 Description of life cycle modules and the respective data requirements

Life cycle | What to include Data requirement
module
Module For nanoparticle components of |+ Quantity of consumables such as energy,
Al the product: water, chemicals etc. in production of raw
¢ Production of raw materials materials (commonly available as data
* Production of packaging (if records)
applicable) * Quantity of waste generated during the
* Waste generated during the process
production process * Quantity of consumables such as energy,
 Step by step manufacturing water, chemicals etc.in the manufacturing of
process and the consumables nanoparticles
used * Quantity of waste generated during the
» Treatment of waste generated manufacturing of nanoparticles
during the manufacturing * Quantity of consumable such as energy,
process water, chemicals etc
For further components of the ¢ Quantity of waste gene.rated during the
construction product: process and the respective waste treatment
* Production of raw material and
packaging
* Treatment of waste generated
during the production process
Module For Nanoparticle components of | ¢ Type of transport (eg. Truck, trains and/or
A2 the product: ship)
* Transportation distance between |« Transportation distance
the producers of raw materials |« Quantity of raw material that is transported
and manufacturing facility
For further components of the » Type of transport (eg. Truck, trains and/or
product: ship)
* Transportation distance between |« Transportation distance
the producers of raw materials |« Quantity of raw material that is transported
and manufacturing facility
Module For the complete construction * Quantity of different types of consumables
A3 product: used during the manufacturing process
 Step by step manufacturing * Quantity of waste generated and the
process and the consumables respective waste treatment
used
» Treatment of waste generated
during the manufacturing
process
Module Transportation of final product to | ¢ Type of transport (e.g. Truck, trains and/or
A4 the location where it is used ship)

Transportation distance
Quantity of raw material that is transported

(continued)
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Table 5 (continued)

Life cycle | What to include Data requirement

module

Module Installation of the product * Quantity of different types of consumables
AS used during the installation

EoL treatment of packaging waste used for
packaging of the final product

Module * B1—Use or application of the  Data requirement varies for different
B1-B7 installed product products. Hence the data collected here

B2—Maintenance of the product | should be specific to product
» B3—Repair if required during | * Data requirement is dependent on which life

the reference service life (RSL) cycle module form B1 to B7 is included the
« B4—Replacement if required study
during RSL
* B5—Refurbishment if required
during RSL
* B6—operational energy use, if
any
* B7—operational water use, if
any
Module ¢ Cl—de-construction, demolition | * Data requirement varies for different
C1-C4 e C2—transport to waste products. Hence the data collected here
processing should be specific to product
* C3—waste processing for reuse, | In case of construction product with
recovery and/or recycling nanoparticles, there should specific EoL
¢ C4—disposal treatment and hence the data requirement
can vary
A2 A3 Ad A5 B1-B7 C1-C4

Manufacturing of
construction

Application of

Manufacturing 4
of nanoparticle construction
product with

nanoparticle

product with
nanoparticle

End of Life
including
removal of
construction
productwith

Production of
raw materials Consumables
Product use,
maintenance,
repair,
replacement

Transport of
construction
product with

Transport

Waste

nanoparticle,
transport to

nanoparticle waste

Production of
packaging of raw
materials

Packaging processing
facility for
Treatment of treatment
packaging

waste used

while
transporting the
product

Waste Waste

Fig. 6 Whatto include in each life cycle module. Note: Consumables can include electricity, diesel,
chemicals, water, and so on. These are the inputs to the manufacturing process that are not part of
the final product but are necessary for the production process as auxiliary inputs
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3.2 Allocation

Once the data is collected, a complete LCI should be available for one year of produc-
tion. The data should then be related to the modules and the functional/declared unit
(e.g. by using a reference flow). The sum of all the modules and products according
to the functional/declared unit should be equal to the sum of the total LCI. Where
possible, the division of the modules should reflect real data according to those
modules. If this data is missing, the allocation to the separate modules should be
described.

If only one product is produced, further allocation is not needed, and the LCI for
each module can be directly related to the functional/declared unit. If more than one
product is produced, further allocation needs to be considered. EN 15804:A2 (2021)
outlines a hierarchy on allocation choices which are described below:

® Avoid allocation. Ideally, allocation is avoided in systems producing multiple
products by, for example, dividing modules into sub-processes that relate to only
one product.

e Allocation based on physical properties. If allocation cannot be avoided, then
allocation should be conducted based on a relevant physical property of the
products, for example, mass.

e Allocation based on other related descriptions of the product. If allocation
cannot occur based on physical properties, other relationships between the prod-
ucts can be used to allocate the LCI, for example, the economic value of the
products [1].

Further guidance is given on allocation in both ISO 14044 and EN 15804:A2
(2021).

3.3 LCIA

After gathering the requisite data for each life cycle module, the subsequent step
involves conducting an impact assessment to derive comprehensive LCA results.
Following the guidelines outlined in EN 15804:A2 (2021), the impact assess-
ment should adhere to the procedures presented in the standard. Detailed instruc-
tions pertaining to this process can be within the EN 15804:A2 (2021) standard
documentation.

3.4 Further Steps

Upon completion of the impact assessment, interpretation of the results is needed. To
understand the influence of data quality and methodological decisions, a sensitivity
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analysis should be conducted, and a contribution analysis is also recommended. The
results should be used to identify where improvement potentials can exist to reduce
the environmental impact of the product. Many of the standards within the EPD
framework can provide extra guidance on the interpretation of the results.

After the interpretation of the results and producing a report on the LCA study,
the LCA results need to be presented in an EPD. The structure of the EPD may
vary depending on the chosen program operator overseeing the EPD’s publication.
Detailed specifications regarding the EPD structure for a particular program operator
can typically be accessed via their respective website.

Subsequently, the generated EPD undergoes a verification process, conducted by
an authorized verifier, prior to its publication. This verification process ensures the
accuracy, reliability, and adherence to established standards of the EPD. Only upon
successful verification does the EPD become available for public dissemination.

References

1. UNE—Asociacion Espafiola de Normalizacién, “UNE-EN 15804:2012+A2:2020/AC:2021.
Sustainability of construction works—Environmental product declarations—Core rules for the
product category of construction products,” 2021. [Online]. Available: https://www.une.org/enc
uentra-tu-norma/busca-tu-norma/norma?c=norma-une-en- 15804-2012-a2-2020-ac-2021-n00
67399. [Accessed 21 may 2024]

2. International Organization for Standardization (ISO), “ISO 14040:2006. Environmental
management — Life cycle assessment — Principles and framework,” [Online]. Available: https://
www.iso.org/standard/37456.html [Accessed 09 September 2023]

3. International Organization for Standardization (ISO), “ISO 14044:2006. Environmental
management — Life cycle assessment — Requirements and guidelines,” [Online]. Available:
https://www.iso.org/standard/38498.html. [Accessed 09 September 2023]

4. Swedish Environmental Research Institute [IVL], & International EPD System. (2020). PCR
2012:01 Construction products and construction services (EN 15804:A1) (2.33). Available:
https://portal.environdec.com/api/api/v1/EPDLibrary/Files/8db1b3cb-e7b9-4716-bd72-c13
9274f5bed/Data [Accessed: 09 September, 2023]

5. M.Z. Hauschild, M.A.J. Huijbregts, in Introducing Life Cycle Impact Assessment, eds. by M.Z.
Hauschild, M.A.J. Huijbregts. Life Cycle Impact Assessment (Springer Netherlands, Dordrecht,
2015)

6. C. Lee, F. Sanchez, G. Asbjornsson, M. Evertsson, Application of production simulation
combined with site-specific data to quantify the environmental performance of aggregate
products at five pilot sites, in Conference in Minerals Engineering (2024)


https://www.une.org/encuentra-tu-norma/busca-tu-norma/norma%3Fc%3Dnorma-une-en-15804-2012-a2-2020-ac-2021-n0067399
https://www.iso.org/standard/37456.html
https://www.iso.org/standard/38498.html
https://portal.environdec.com/api/api/v1/EPDLibrary/Files/8db1b3cb-e7b9-4716-bd72-c139274f5bed/Data

8 EPDs for Construction Products with Nanoparticles 145

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.


http://creativecommons.org/licenses/by/4.0/

Chapter 9 ®)
Interpretation of LCA Results and EPD oy
Comparability

Varun Gowda Palahalli Ramesh and Christina Lee

Abstract The chapter aims to facilitate the interpretation of Life Cycle Assess-
ment (LCA) results and improve the comparability of Environmental Product Decla-
rations (EPDs). This chapter provides guidance on analysing LCA data, grasping
fundamental impact categories, and conducting data quality assessments during EPD
development. By offering clear methodologies and criteria for assessment, it facil-
itates the simultaneous comparison of multiple EPDs or individual comparisons,
thereby supporting more informed decision-making in the construction industry.

1 Environmental Product Declarations (EPD) Information

The results published in an EPD for any product is a selected sample from a larger
and more extensive LCA report usually referred to as the background report which
is not publicly available. The purpose of the background report is to convey infor-
mation associated with conducting the LCA with all assumptions clearly stated,
complete LCI results, data records used for modelling, and the allocation of the
impact to different products or product groups, among more. Additional analysis
is also included in the background report such as contribution and sensitivity anal-
ysis. This should enable a certified verifier to verify that the process and results are
executed according to the prescribed standards and that the results are plausible.
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1.1 EPD Impact Categories

EPD documentation includes essential information that the readers of the
EPD requires, for example, information on the definition of system boundaries, which
modules are included in the study, definitions of different scenarios, which functional
unit is declared, the data quality, and which allocation method is applied. The most
valuable information from the EPD is the quantified results of the different impact
categories, resource use, waste, and external flows (see Tables 1, 2, 3 and 4 for the
included categories and parameters).

Table 1 Core impact categories that need to be declared according to PCR in EN 15804:A2 (2021)

Impact category Unit

Global warming potential total, GWP—total kg CO; eq
Global warming potential fossil, GWP—fossil kg COz eq
Global warming potential biogenic, GWP—biogenic kg COz eq
Global warming potential land use and land use change, kg CO; eq
GWP—LULUC

Depletion potential of the stratospheric ozone layer, ODP kg CFC-11 eq
Acidification potential, Accumulated Exceedance, AP Mol H* eq

Eutrophication potential, fraction of nutrients reaching freshwater end | kg (PO4)3~ eq
compartment

Eutrophication potential, fraction of nutrients reaching freshwater end |kg N eq
compartment

Eutrophication potential, Accumulated Exceedance, EP-terrestrial mol N eq

Formation potential of tropospheric ozone, POCP kg NMVOC eq

Abiotic depletion potential for non-fossil resources, ADP- minerals & |kg Sb eq
metals

Abiotic depletion potential for fossil resources, ADP-fossil fuels M]J, net calorific value

Water (user) deprivation potential, deprivation weighted water m? world eq. deprived
consumption, WDP

* IPCC—Intergovernmental Panel on Climate Change

Table 2 Additional impact categories addressing the dust, toxicity and impact on soil according
to PCR in EN 15804:A2 (2021)

Impact categories Unit

Potential incidence of disease due to PM emissions, PM Disease incidence
Potential human exposure efficiency relative to U235, IRP kBq U235 eq
Potential comparative toxic unit for ecosystems, ETP-fw CTUe

Potential comparative toxic unit for humans (cancer effects), HTP-c CTUh

Potential comparative toxic unit for humans (non-cancer effects, HTP-nc | CTUh

Potential soil quality index, SQP na
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Table 3 Resource use parameters addressing the use of primary and secondary resources according

to PCR in EN 15804:A2 (2021)
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Parameter

Unit

Use of renewable primary energy excluding renewable primary energy
resources used as raw materials, PERE

MJ, net calorific
value

Use of renewable primary energy resources used as raw materials, PERM

MIJ, net calorific
value

Total use of renewable primary energy resources, PERT

M1, net calorific
value

Use of non-renewable primary energy excluding non-renewable primary
energy resources used as raw materials, PENRE

MIJ, net calorific
value

Use of non-renewable primary energy resources used as raw material,
PENRM

MIJ, net calorific
value

Total use of non-renewable primary energy resources, PENRT

MIJ, net calorific
value

Use of secondary material, SM

kg

Use of renewable secondary fuels, RSF

MJ, net calorific
value

Use of non-renewable secondary fuels, NRSF

M1, net calorific
value

Net use of fresh water, FW

m3

Table 4 Categories addressing waste and other external flows according to PCR in EN 15804:A2

(2021)

Parameter Unit
Hazardous waste disposed, HWD kg
Non-hazardous waste disposed, NHWD kg
Radioactive waste disposed, RWD kg
Components for re-use, CRU Kg
Materials for recycling, MFR Kg
Material for energy recovery, MER Kg
Exported electrical energy, EEE MJ
Exported thermal energy, EET MJ

Note All EPD results are relative and are only comparable to the same impact category for a
similar product applying the same PCR or c-PCR with similar assumptions. The flexibility of the
EPD frameworks allows for different assumption based on product/production specific information,
different system boundaries, and the use of different databases for the quantification

The following sections emphasize crucial aspects necessary for interpreting EPD
information, enabling meaningful comparisons between different EPDs within the
same product category.
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1.2 Understanding Core Impact Categories

As stated in the PCR of EN 15804:A2 (2021), there are 13 core impact categories that
shall be declared in an EPD. It is important to understand what these categories mean
and what they measure. Table 5 gives an overview of the core impact categories.

The EPD framework also outlines six additional impact categories which are
not discussed in Table 5. This omission is because these categories are optional
for disclosure in an EPD as per EN15804:A2 (2021) due to their high uncertainty.
Similarly, the categories within resource consumption and waste reported in Tables 3
and 4 respectively, are not elaborated further as they rely directly on the Life Cycle
Inventory (LCI) data.

2 Data Quality Assessment

Data quality assessment is an important step in developing the EPDs. This informa-
tion is also essential for the reader of the EPD to assess the validity of the results.
The assessment of data quality is based on the following:

e Geographical representativeness : LCA results are sensitive to the geograph-
ical representativeness of the data records used while modelling the different
processes. For example, consider a hypothetical production process occurring
in China that requires data referring to electricity use to calculate the impact.
It’s necessary that the data record used to model the electricity use accurately
reflect the conditions specific to China, for example, the proportions of energy
production sources (solar, wind, coal powerplant etc.), otherwise, there is a risk
of overestimating or underestimating the environmental impacts.

e Temporal representativeness: The data records used for modelling the different
processes shall not be older than 5 years in case of processes manufacturing of the
product under assessment. In the instances where generic data is used, then the
data records shall not be older than 10 years. Refer to Table E.1 in the appendix
of EN 15804:A2 (2021) standard for further clarifications.

e Technological representativeness : The methods used for modelling the fore-
ground processes shall be representative of the actual manufacturing process for
the product and it should represent the state-of-the-art manufacturing process that
exists at the manufacturing facility.

Refer to Table E.1 in the appendix of EN 15804:A2 (2021) standard
that describes the data quality assessment scheme used to assess generic and specific
data records in the LCA study. The assessment scheme is a direct extract from
EN15804:A2 (2021) and should be used for EPDs on construction products.
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Table 5 Brief overview of core impact categories (the definitions are drawn from sources such as

EN 15804:A2 (2021) and EPD-Belgium)

Impact category

Description

Global warming potential total, GWP—total

Global Warming Potential total (GWP-total)
which is the sum of GWP-fossil,
GWP-biogenic, and GWP-luluc.

Global warming potential fossil, GWP—fossil

The global warming potential related to
greenhouse gas (GHG) emissions that originate
from the fossil fuels by means of their
transformation (e.g. combustion, digestion,
etc.).

Global warming potential biogenic,
GWP—biogenic

The global warming potential related to carbon
emissions to air (CO,, CO and CHy) originating
from the oxidation and/or reduction of
aboveground biomass through transformation or
degradation (e.g., combustion, digestion,
composting, landfilling) and CO, uptake from
the atmosphere through photosynthesis during
biomass growth—i.e. corresponding to the
carbon content of products, biofuels, or above
ground plant residues such as litter and dead
wood.

Global warming potential land use and land
use change, GWP—LULUC

The global warming potential related to carbon
uptakes and emissions (CO;, CO and CHy)
originating from changes in carbon stock
caused by land use and land use change. This
sub-category includes biogenic carbon
exchanges from deforestation, road construction
or other soil activities (including soil carbon
emissions).

Depletion potential of the stratospheric ozone
layer, ODP

Measures the impact on stratospheric ozone
layer caused by the breakdown of certain
chlorine and/or bromine-containing compounds
(chlorofluorocarbons or halons). These
compounds break down and catalytically
destroy ozone molecules.

Acidification potential, accumulated
exceedance, AP

Measure the impact of acid depositions on the
environment. The main sources for emissions
such as SO, NOx, and NH3 are agriculture and
fossil fuel combustion.

Eutrophication potential, fraction of nutrients
reaching freshwater end compartment,
EP-freshwater

The potential to cause over-fertilization of
freshwater as a result of increased growth of
algae in fresh water and the following impacts.

Eutrophication potential, fraction of nutrients
reaching freshwater end compartment

The potential to cause over-fertilization of
marine water, which can result in increased
growth of biomass.

(continued)
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Table 5 (continued)

Impact category Description

This is focused on waterborne and airborne
nitrogen emissions.

Eutrophication potential, accumulated The potential to cause over-fertilization of soil,

Exceedance, EP-terrestrial which can result in increased growth of biomass
and following impacts.

Formation potential of tropospheric ozone, The potential to create ground-level ozone

POCP which is harmful to organisms. This is caused

by chemical reactions brought about by the light
energy of the sun creating photochemical smog.

Abiotic depletion potential for non-fossil Consumption of non-renewable resources, their

resources, ADP- minerals & metals* availability for future generations.

Abiotic depletion potential for fossil Measure for the depletion of fossil fuels such as

resources, ADP-fossil fuels* oil, natural gas, and coal. The stock of the fossil
fuels is formed by the total amount of fossil
fuels.

Water (user) deprivation potential, deprivation | Accounts for water use related to the local
weighted water consumption, WDP* scarcity of water as freshwater is a scarce
resource in some regions, while in others it is
not.

*The results of this environmental impact indicator shall be used with care as the uncertainties on
these results are high or as there is limited experience with the indicator

Besides considering the geographical, technical, and temporal representation, it is
important to systematically address aspects of precision, completeness, representa-
tiveness, consistency, and reproducibility to ensure the validity of EPD results. Preci-
sion demands the data reflects the environmental impacts with minimal variability,
whereas completeness involves covering all environmental flows from resource
extraction to End-of-Life (EoL) (Note: This can vary depending on the system
boundary). Representativeness ensures the data aligns closely with the actual condi-
tions of the product’s lifecycle, including geographical location, technology used, and
relevant time frames. Consistency across the study guarantees that methodologies
are applied uniformly, facilitating reliable comparisons between different products.
Reproducibility emphasizes the importance of documenting the assessment process
comprehensively, so independent practitioners can replicate the results. Moreover,
specifying all sources of data is crucial, whether originating from datasets, models,
or assumptions and expressing the uncertainty of information clearly, acknowledging
any potential variability or assumptions made during the assessment. These elements
collectively define the data quality.
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3 EPD Programme Operators

The initial step in creating an EPD is to select an appropriate EPD program oper-
ator which are often regional. Several EPD program operators exist today whose
purpose is to oversee the verification and publication of EPDs. At present, there are
at least 18 EPD program operators that are in operation [7]. Table 7 provides an
overview of a few common EPD program operators in Europe.

Rules and guidelines from different EPD programme operators are not completely
harmonized. Occasionally, EPD program operators such as IBU supplement the core
PCRs defined in EN 15804:A2 (2021) with c-PCRs, also called Part B PCRs. A
Part B PCR provides additional rules and guidelines for a specific group of products

Table 7 List of EPD program operators

EPD Operator

Description

EPD International [2]

EPD International oversees the global EPD system with the
headquarters located in Sweden, providing a framework for the
development and verification of EPDs across various industries and
regions worldwide. Their standards ensure consistency and
comparability of EPDs on a global scale. The program operates in
accordance with ISO 14025, ISO 14040, ISO 14044, and EN
15804:A2 (2021). The International EPD System has a global
service network with exclusive representations in countries such as
Argentina, Australia, Bangladesh, Brazil, Chile, Egypt, India,
Mexico, New Zealand, Russia, Southeast Asia (Indonesia, Malaysia,
the Philippines, Singapore and Vietnam) and Turkey.

IBU (Institut bauen und
umwelt e.V.) [3]

IBU is a German EPD program operator primarily focused on
construction and building materials. They provide EPD services for
various construction products in compliance with European
standards such as EN 15084:A2. (2021).

EPD-Norway [1]

EPD-Norge is the Norwegian EPD program operator responsible for
managing EPDs in Norway. The program allows the publication of
EPDs which accordance with ISO 14025, ISO 21930, and EN
15804:A2(2021) on their platform.

EPD Denmark [4]

EPD Danmark serves as the operator of the Danish EPD program,
tasked with managing Environmental Product Declarations (EPDs)
in Denmark. Their responsibilities include overseeing the
verification and publication of EPDs for construction products in
compliance with ISO 14025 and EN 15804:A2 (2021).

EPD Ireland [5]

EPD Ireland is an EPD program operator focusing on Ireland. They
manage the EPD process for various products and sectors within the
Irish market, ensuring compliance with relevant standards and
guidelines.

EPD Belgium [6]

EPD Belgium is an EPD program operator focusing on the Belgian
market. The main aim of the Belgian EPD program is to support
sustainable construction and procurement practices in the Belgian
market. B-EPD issues EPDs for construction products that comply
with ISO 14025 and EN 15804:A2 (2021).
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like specific construction materials. The program operators can issue these Part B
PCRs independently which has led to inconsistencies while developing EPDs for
the same product [7, 8]. In addition, there are some differences due to different
stakeholders being involved in setting these rules and guidelines on a product level.
These can be methodological differences such as cut-off rules, modelling approaches,
or allocation rules. Although EN 15804:A2 (2021) has been successful to a certain
extent in harmonizing the EPDs of the same product category, a study by Gelowitz and
McArthur [8] finds that 3—12% of the EPDs are incomparable even while following
the same PCR, and 73-87% of the EPDs for the same product category following
different PCRs are incomparable.

However, there are some mutual recognition agreements in place. The EPD oper-
ators in Sweden, Denmark, and Norway have an agreement on mutual recognition of
EPDs, including the PCR and c-PCR they operate under. This implies that owners of
EPDs, namely manufacturers, will gain significantly different visibility and access to
a broader market. Concurrently, it will simplify the process for consultants, contrac-
tors, and others involved in calculating the climate impact of buildings to obtain data
on the building products employed in their construction projects.

4 Comparability of EPDs

When comparing EPDs there is an option to compare multiple EPDs at the same time
or comparing one-on-one. In most cases, one-on-one comparison occurs. Comparing
multiple EPDs at once is labour intensive as compiling information from multiple
EPDs for statistical analysis is still a very manual process. This will hopefully
improve as digital EPDs become more readily available. It can, however, be highly
beneficial for the creator of an EPD to get information on how they stack up to
the rest of the industry. Comparing an individual EPD to another is more common for
customers receiving the EPDs in business-to-business communication and deciding
on a better option based on multiple criteria.

Statistical Analysis

Benchmarking! product impacts from EPDs is a challenging task for multiple
reasons, as discussed in the previous section. There are several factors influencing
the comparability of different EPDs. These are, for example, based on the selection
of the Programme Operator, the PCR or c-PCR, data used for the quantification,
involved databases, and how the data collection has been performed, to name a few.
On top of sources of uncertainty from the EPD process, there is also an uncertainty
in the benchmarking as well: how well do the available EPDs represent the overall
market?

1 Benchmarking is a systematic approach for comparing business process and performance metrics
to the industry performance distribution.
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Fig.1 Cumulative distribution for GWP contribution for aggregates

The number of EPDs is continuously increasing and for some products, there
are enough for statistical analysis. For example, for aggregates in Sweden, there are
EPDs for 148 product groups from 28 quarries. This enables us to get a representative
distribution curve of the impacts. Figure 1 illustrates the cumulative distribution
of GWP of aggregates in Sweden. The number of similar construction products
containing nanoparticles are still too low to perform similar benchmarking to the
industry distribution, as can be done for aggregates. With the introduction of digital
EPDs though, the compilation of information could be automated and kept up to date
for even smaller product sample sizes.

The shape of the distribution curve in Fig. 1 is close to a normal distribution
curve, and other products follow a similar pattern with a narrow and steep inclina-
tion centrally. In these cases, the mean and median values are of a similar value.
However, the distribution curve is not always normally distributed. If there is a
significant difference in the mean and median, the distribution can be skewed or
even bimodular, especially if you are evaluating multiple impact categories. The
mean and median of the distribution of GWP for aggregates in Sweden is 3.13 kg
CO2 eq. per tonne and 3.1 kg CO2 eq. per tonne respectively. This indicates a
close to normally distributed sample. With the collected product EPD results from
multiple EPDS at hand, producers could compare their performance with the overall
industry performance. If aggregate producers have a product that has GWP impact
of 2 kg CO2 eq. per tonne then they would be able to assess that they were outper-
forming 80% of the industry’s product groups. The same approach could be done
on all impact categories to evaluate the overall impact of the product. This can help
individual manufacturers determine if major improvements could be achieved in
their production process from the perspective of its environmental performance, and
encourage competition for more environmentally friendly manufacturing processes.
For an additional example on the impact distributions, see the Welling and Ryding
study on insulation material [9].
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Comparative Analysis

While comparing the results for different impact categories in EPDs for the same
product from different manufacturers, it is essential to understand the differences in
methodological choices, databases used, cut-off criteria, allocation methods and the
assumptions in the LCA framework. This is because these aspects will influence the
overall results of an LCA study. The following section provides a brief description
of how the differences in different methodological choices and databases used for
the LCA study will influence the results.

e Differences in Functional or Declared Unit

An EPD for a construction product can be published by using either a functional
(FU) or declared unit (DU) (Part 4, Chap. 8, Sect. 2.2 for further information).
Although the LCA standards, ISO14040 and ISO14044, specify that a FU should
be used while conducting an LCA, the core PCR in EN15804:A2 (2021) allows
for the use of a DU in the place of a FU. For example, a DU can be 1 kg of paint
without reference to the function it performs. A DU is recommended to be used when
a product has multiple functions, or the function is unknown. Using a DU usually
results in the exclusion of the use phase (module B1-B7) from the study. Choosing
DU or FU while conducting an LCA study influences the system boundary definition,
along with the input process that is included in the study. Therefore, a comprehensive
understanding of both the DU and FU is imperative while comparing the EPDs of a
construction product under the same product category.

¢ Differences in System Boundary

As described in earlier chapters, defining a system boundary is dependent on the
goal of an LCA study. In the context of an EPD, the inclusion or exclusion of a life
cycle module from the assessment depends on the scope, the choice between FU
or DU, and the availability of data. The core PCR allows for publishing EPDs with
different system boundaries (Refer to the system boundary section in Part 4, Chap. 8,
Sect. 2.2). Consequently, EPDs for a construction product under the same product
category manufactured by different manufacturers can only be compared across the
same system boundary. The reason is that the system boundary defines the unit
processes to be included in the assessment. This influences the LCA results reported
in the EPD. For example, consider the EPDs for a steel structure manufactured by two
different manufacturers located in the same area. The EPD from the first manufacturer
covers the product phase (A1-A3) and the EoL phase (C1-C4), and the EPD of the
second manufacturer covers all life cycle phases (A1-A3, A4, AS, B1-B7, C1-C4).
In this case, these EPDs cannot be directly compared due to the differences in system
boundary.

e Differences in Databases

EPDs for construction products can be created using data from different databases.
Using manufacturer-specific data is important while developing an EPD though. To
develop an LCA, manufacturer-specific data (i.e., Foreground data) is collected,
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which can then be modelled by using data records from different databases such as
Ecoinvent, GaBi, Okobaudat, and others to provide information on the environmental
impact. Taking electricity as an example, the data record used for the modelling of the
electricity should be representative of the national electricity production where the
product is manufactured. In the context of EPDs, this can vary depending on the EPD
program operators. For instance, in order to model electricity consumption during
the manufacturing of a certain construction product in LCA, the GPI of different
program operators, for example IBU and international EPD system, allow for the use
of both Ecoinvent and GaBi, however, in the case of EPD Norway, Ecoinvent should
be used. Using different databases to assess the same product can lead to differences
in the results. The difference in results can depend on several factors such as the
version of the database and quality of the data record.

In addition to differences in FU or DU units, system boundaries, and databases
used in an LCA study to develop an EPD, there are other factors influencing
the comparability of the product. These include allocation methods, assumptions
regarding transportation, and more. One more aspect that could specifically be
influenced by the integration of nanoparticles into the product is the Reference
Service Life (RSL) since in most application the purpose of integrating nanopar-
ticles is to improve the product longevity. However, this should not be included
in the EPD according to c-PCR-017 Technical-chemical products (for construction
sector). Therefore, when interpreting and comparing EPDs for the same product from
different manufacturers, it’s crucial to consider all these aforementioned factors and
be aware of the GPI, PCR and c-PCR involved. This comprehensive approach ensures
a more accurate and meaningful comparison of environmental impacts between
products, facilitating informed decision-making.

S Sensitivity Analysis in LCA

In LCA studies, sensitivity analysis explores possible future scenarios based on
manufacturer-specific assumptions. A sensitivity analysis can be used to assess the
sensitivity of the LCA results. The scenarios described in this section provide insight
into multiple ways of conducting a sensitivity analysis in an LCA study. The scenario
is often chosen to provide insights to the manufacturer about the possible future.
Hence the sensitivity analysis described under this section is directed towards the
manufacturer of the product.
Sensitivity analysis can be performed in multiple ways, for example:

1. Sensitivity analysis based on the quantity of the input raw material and quality
of the data record used for modelling.

Sensitivity analysis based on the transportation to the installation site.
Sensitivity analysis based on EoL treatment.

Sensitivity analysis based on the allocation method.

Sensitivity analysis based on changes in process configuration.

SO
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Table 8 Comparison of different scenarios covering A1-A3

Core impact Baseline (total for Scenario—increase in Scenario—using
categories A1-A3 per DU for a significant input by X % | lower quality data
product)

GWP-total - - -
GWP-fossil - - -
GWP-biogenic - - -
GWP-LULUC - - -
GWP-GHG - - -
ODP - - -
AP - - -

EP-freshwater - - -

The following section provides a brief description of the first three examples.
Steel as a product will be used as an example to illustrate the different possibilities
for sensitivity analysis.

Note: Within the EPD framework the scenarios are usually described in detail in
the LCA background report. Only a brief description and the results of these scenarios
is later reported in the EPD, if at all, depending on the scope of the EPD.

Sensitivity Analysis Based on Raw Material Quantity

Let’s consider a manufacturing process to produce structural steel components.
For such a process, raw material such as iron ore, ferrosilicon, ferroman-
ganese, ferrochromium, and ferrovanadium are required in different quantities to
manufacture a certain quality of steel. In a baseline? assessment, the LCA model is
developed from real data from the manufacturer to assess the environmental impact
of the steel structure. To explore a possible scenario where the quantity of one of the
raw materials needs to be increased by “X % to manufacture a different quality of
steel, a sensitivity analysis can be conducted. The influence of such change can be
modelled in LCA to assess its influence on the environmental impact of the product by
increasing the material flow of the raw material for “X %” in a hypothetical model.
This scenario can be expanded to include the influence of data quality on the LCA
results. For example, a lower-quality data record can be used to calculate LCA results
and compare them with the results from the baseline assessment.

Table 8 is an example of how such results from a sensitivity analysis covering
modules A1—A3 could be presented.

Sensitivity Analysis Based on the Transportation to Manufacturing Site

In industries like steel manufacturing, transport distance plays a significant role
in the overall assessment. Take, for instance, the shift towards circularity in steel
production, where ’green iron’ is now being utilized. This transition is motivated by

2 Baseline refer to the LCA model for the actual manufacturing process NOT the scenario.
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Core impact Scenario 1—baseline Scenario 2—baseline Scenario 3—baseline

categories results per DU for steel | results per DU for steel | results per DU for steel
using conventional iron | using green iron with a | using green iron with a
with a default distance | default distance of 100 | distance of 2000 km
of 100km km

GWP-total - - -

GWP-fossil - - _

GWP-biogenic |- - -

GWP-LULUC |- - -

GWP-GHG - - -

ODP - - -

AP - - -

EP-freshwater - - -

Note An EoL route need not be one or the other. Depending on the type and complexity of a product,
an EoL treatment route can be a combination of reuse and recycling. In the case of steel, a hybrid
EoL route can be that a portion of steel scrap is subjected to reuse and the remainder is recycled

its lower environmental impact compared with steel manufactured using traditional
processes, as it removes fossil fuels from the manufacturing process, replacing it
with green hydrogen [10].

Here is where the transport distance and transport mode play a pivotal role. Hence
conducting a sensitivity analysis is necessary to effectively compare the two manu-
facturing routes—one utilizing conventional iron and the other relying on green iron.
In the case of green iron, the distance between the steel manufacturer and the green
iron producer could be much larger and if the transport distance is significant, it
could potentially offset the environmental benefits gained from avoiding conven-
tional iron. Hence conducting a sensitivity analysis could be beneficial to understand
the trade-offs.

Table 9 shows an example of how scenarios encompassing the influence of changes
in transport distance and change in the mode of transportation® could be presented.
This scenario can be expanded to include the influence of changes in transportation
mode on the LCA results.

Sensitivity Analysis Based on EoL Treatment

By examining various scenarios, such as different disposal methods or recycling
options, one can better understand the environmental impacts of products throughout
their entire life cycle.

Considering a steel product as an example within the cradle-to-grave system
boundary of LCA, it becomes essential to include the EoL treatment stage when the
steel product reaches its End of Waste (EoW) state. For instance, the steel product

3 Mode of transportation refers to the different transportation modes such as truck, train, ship etc.
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Table 10 Example for presenting the sensitivity analysis for EoL treatment

Core impact Results for C1-C4 per DU for a product
categories

Scenario—reuse | Scenario—recycle | Scenario—combined | Scenario—landfilling
reuse and recycling

GWP-total - - - -
GWP-fossil - - - -
GWP-biogenic | — - - -
GWP-LULUC | - - - -
GWP-GHG - - - -
ODP - - - -
AP - - - -

EP-freshwater | — - - _

at its EoL can either be reused without additional treatment if it meets quality stan-
dards, or it can undergo treatment as scrap steel and enter a recycling process. In
such cases conducting thorough sensitivity analyses can be beneficial. By exploring
various EoL treatment routes, such as reuse, recycling, or disposal, a manufacturer
can gain insights into how each option affects the steel product’s environmental
profile throughout its life cycle.

In conclusion, a sensitivity analysis can encompass the whole life cycle of a
product or just a portion of it. It mainly depends on the goal and scope of the
LCA study and also the availability of data to conduct a robust scenario analysis.
For producers of construction material that could potentially incorporate nanoparti-
cles, they could evaluate the performance per DU of including nanoparticles in their
products, evaluate different quantities, look at different suppliers or set up different
scenarios based on EoL associated with different strategies.
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Chapter 10 ®)
Results and Discussion Check for

Paula Porras-Pereira and Pilar Mercader-Moyano

Abstract This chapter presents a practical application of LCA within the context of
nanotechnology in construction. Specifically, it focuses on an environmental evalu-
ation aimed at determining the more sustainable alternative between a nano-silica-
modified asphalt mixture and an unmodified asphalt mixture used in road paving. The
practical exercise, titled Comparative Life Cycle Assessment (LCA) of Unmodified
and Nano-Silica-Modified Asphalt Mixtures for Road Paving: A Practical Exercise,
provides a detailed comparison of the two materials, emphasizing their environ-
mental implications across key life cycle stages. By integrating nanotechnology into
conventional construction materials, this study contributes to the understanding of
its potential environmental benefits and challenges, offering valuable insights for
sustainable infrastructure development.

Keywords Life Cycle Assessment - Nanomaterials + Construction -
Sustainability -+ Nanosilica - Asphalt

After the investigation, it is concluded that one of the fundamental methodologies
for assessing the environmental ramifications of a product or service is through the
application of Life-Cycle Assessment (LCA). In this section, we delve into a prac-
tical demonstration of conducting a Life Cycle Assessment within a nanotechnology
construction context, which main objective is to conduct an environmental evaluation
to discern the most ecologically sound option between the utilization of a nano-silica-
modified asphalt mixture and an unmodified asphalt mixture on the process of paving
aroad. The practical exercise is titled:
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Comparative Life Cycle Assessment (LCA) of Unmodified and Nano-Silica-
Modified Asphalt Mixtures for Road Paving: A Practical Exercise

Asphalt stands as the predominant choice for pavement across the globe, boasting
unparalleled popularity. It is comprised of bitumen, serving as the binding agent,
intertwined with either crushed or natural aggregates. This amalgamation of compo-
nents culminates in the creation of asphalt mixtures, the cornerstone of modern
road construction. Consequently, asphalt mixtures are endowed with the capacity
to offer unparalleled driving comfort while also facilitating adaptable maintenance
procedures. The design of asphalt pavements is meticulously crafted to ensure peak
performance over their intended lifespan. Nevertheless, these pavements undergo
deformations within relatively short timeframes. This, exacerbated by escalating
traffic volumes and harsh weather phenomena, has prompted authorities overseeing
asphalt pavements to explore alternative remedies aimed at bolstering their resilience
against mechanical wear and environmental stressors [1].

In this context, although few additives exist, nanotechnology and nanomaterials
have recently garnered considerable attention from the pavement industry. Particu-
larly, the utilization of nanomaterials as modifiers for asphalt is experiencing a surge
in popularity, owing to their distinctive properties that significantly enhance asphalt
binder performance [1].

Incorporating nano-silica into asphalt mixtures has been demonstrated to yield
numerous advantages. It enhances resistance to oxidative aging, mitigates rutting
effects, improves rheological properties, reduces asphalt molecule interaction,
thereby lowering mixing and compaction temperatures. Furthermore, it bolsters
adhesion, resilience against cracking and rutting, albeit at the expense of decreased
ductility and temperature sensitivity [1].

Despite the manifold benefits of integrating nanomaterials into asphalt, uncer-
tainties loom over their environmental repercussions. Hence, as aforementioned, this
study endeavours to evaluate nano-silica-modified and unmodified asphalt mixtures
using the LCA methodology.

To accomplish the main objective of the practical demonstration of the inves-
tigation, initially, an LCA for an unmodified asphalt mixture will be conducted.
Subsequently, the results will be thoroughly analysed and contrasted, based on their
environmental impact categories, with the provided LCA results for a nano-silica-
modified asphalt mixture. Ultimately, the most environmentally preferable asphalt
variant will be identified. The application of LCA to NMAM offers a valuable tool
for informing stakeholders and decision-makers in the judicious selection of pave-
ment modification additives, empowering them to harness the complete advantages of
integrating nanomaterials into pavements, while concurrently mitigating any possible
adverse environmental impacts.
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1 Life Cycle Assessment of an Unmodified Asphalt Mixture

In order to carry the LCA for an unmodified asphalt mixture, it is essential to define
the construction process of paving a street, which encompasses a series of intricate
procedures aimed at guaranteeing the longevity, safety, and visual appeal of the
roadway. To execute the paving of a new road correctly, multiple layers must be laid,
each serving.

In this instance, the following layers will be implemented on the existing
compacted natural ground: a sub-base layer, a base layer, an intermediate layer,
and a surfacing layer. Below, the various components comprising the construction
detail are elaborated upon (Fig. 1).

Considering the preceding statements, an analysis is conducted to determine the
LCA of an unmodified asphalt mixture with the aim of identifying and quantifying
the materials utilized. As aforementioned, the Functional Unit (FU) serves as the
foundation of all LCA investigations. It represents a quantified measure of a product
system’s performance, utilized as a standard reference unit in LCA analyses. Estab-
lishing a fixed value for the FU is essential, as the resulting environmental impact
outcomes across various impact categories are contingent upon this chosen unit.
For this study, a Functional Unit of 1000 kg (1t) of asphalt mixtures production
was adopted. This assessment focuses initially on segmenting the mixture into its
constituent layers, as depicted in Fig. 1. In the initial phase, the construction unit
of the layer is determined, delineated by the material constituting the layer itself,
which, in this instance, pertains to granitic artificial aggregate.

The Life Cycle Inventory (LCI) phase entails the collection of actual data and
the modelling of the product system. In order to gather data on material extraction,
processing and production, the evaluation version (2024.f) of the ‘Generador de
precios de la construccién’, a downloadable software tool developed by the Spanish
company CYPE Ingenieros, S.A., has been utilized. This software is available for
download at https://generadorprecios.cype.es/descarga_generador.htm?0.

BITUMINOUS MIX SURFACING LAYER
7 CM of AC22 surf-B35/50S

} — - e - ———— e { BITUMINOUS MIX INTERMEDIATE
LAYER 5 CM of AC32 bin-B35/50S

BITUMINOUS MIX BASE LAYER
5 CM of AC32 B35/50S
SUB-BASE LAYER

{

‘ GRANITIC ARTIFICIAL AGGREGATE
|
‘ COMPACTED NATURAL GROUND
|

|
|
|
|

Fig. 1 Road pavement construction section of an unmodified asphalt mixture
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Following this, the Life Cycle Impact Assessment (LCIA) phase ensues. During
this stage, the collected data undergoes analysis to assess its contribution to each
impact category. LCIA encompasses characterization, normalization, evaluation, and
weighting, depending on the specific LCIA methodology utilized.

The initiation of the LCA process of an unmodified asphalt mixture, the ’Construc-
tion Price Generator’ software will be accessed, which should have been previously
downloaded. Upon program initiation, the tab for project type and geographical
location selection will be opened. For this street paving exercise, "urban spaces’ will
be chosen as the project type, with Spain designated as the location. Subsequently,
within the left-hand side brown menu of the interface, the precise work location will
be defined by selecting the province followed by the municipal area.

e Sub-base layer

To initiate the LCA process, the first step involves evaluating the impact of the
sub-base layer. Subsequently, in the broken-down prices tab of the menu, the mate-
rial constituting the sub-base layer to be analysed, artificial granitic gravel, will
be searched for. In this case, it can be found under the categories of urban pave-
ments and pavements—bases and subbases—granular—granular subbase. Once the
material is located, its properties will be configured, including the filling material
(artificial granite gravel) and the compaction level relative to the maximum dry
density achieved in the Modified Proctor test, set at 95%. With the material param-
eters defined, its information, including breakdown price, specifications, generated
waste, environmental impact indicators, and health and safety data, can be extracted.
For this instance, data concerning the breakdown price, waste generated, and envi-
ronmental impact indicators will solely be retrieved using the export option in PDF
format situated on the right-hand side of the interface. Following that, the downloaded
information will be analysed.

In the following table (Table 1), which identifies and quantifies the materials
utilized for the layer construction, a detailed description of the material of the respec-
tive layer is provided first, along with its identification code and unit of measurement.
Additionally, in the second part of the table, divided into six columns, the different
materials comprising the layer are categorized, along with the equipment, machinery,
and labour required for its execution, as well as the complementary direct costs
stemming from it. The “code” column represents the identification code of the corre-
sponding material used by the software tool employed; the “unit” column denotes
the unit of measurement for the material; the “description” column offers a brief
description of the material; the “performance” column indicates the execution time
in hours, based on the equipment, machinery, and labour utilized; the “unit price”
column defines the hourly rate of execution; and finally, the “cost” column represents
the actual cost of execution, taking into account the performance and unit price.



10 Results and Discussion 167

Table 1 Unit cost of the sub-base layer
MBGOI0  |m’ | Granular base | |

Granular base with artificial granite gravel, and compaction at 95% of the Modified Proctor
with mechanical means, in 30 cm thick layers, until reaching a dry density of no less than 95%
of the Modified Proctor of the maximum obtained in the Modified Proctor test, carried out
according to UNE 103.501, to improve the resistant properties of the soil. The price does not
include the performance of the Modified Proctor test

Code Unit | Description Performance | Unit Cost
price
1 Materials
mt01zah010d |t Artificial granite gravel 2.200 10.93 | 24.05
Materials subtotal 24.05
2 Equipment and machinery
mq02rot030b | h Self-propelled tandem compactor, 63 kW, | 0.110 46.83 | 5.15
9.65, working width 168 cm
mq04dua020b | h Front dump dumper with 2 t payload 0.110 10.58 | 1.16
mq02cia020j |h Tanker truck, 8 m? capacity 0.011 121.25 | 1.33
Equipment and 7.64
machinery subtotal
3 Labour
moll3 h Ordinary construction labourer 0.199 21.19 |4.22
Labour subtotal 4.22
4 Additional direct costs
% Additional direct costs 2.000 3591 |0.72
Direct costs (1 + 2 + | 36.63
3+4)
Table 2 Waste generated by the sub-base layer
LER | Type Weight | Volume
code (kg) 1)

01 04 | Gravel and crushed rock waste other than those mentioned in 15.603 10.402
08 code 01 04 07

Waste generated 15.603 10.402

To assess waste generation, Table 2 provides detailed information on the waste
generated from the execution of the layer, quantified in both mass (kg) and volume
(1) units. As expected, since the sub-base layer consists solely of artificial granite
aggregate, it constitutes the sole type of waste.
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Regarding the environmental impact and resource utilization of the sub-base layer,
detailed within are the specific embodied energy values of the material, along with
their corresponding conversion factors (see Table 3). On one hand, the table illus-
trates environmental impact indicators related to global warming potential (GWP),
stratospheric ozone depletion (ODP), soil and water resource acidification deple-
tion (AP), eutrophication potential (EP), tropospheric ozone formation potential
(POCP), abiotic resources for non-fossil resources depletion potential (ADPE), and
abiotic resources for fossil resources depletion potential (ADFP). On the other hand,
resource use indicators are provided concerning the total use of renewable primary
energy (PERT), total use of non-renewable primary energy (PERNRT), and net use
of freshwater resources (FW). All these indicators are itemised for various stages of
the life cycle, classified as follows: raw material supply, raw material transportation
and product manufacturing; product transportation; and construction and installation
processes.

Subsequently, in Tables 4, 5, and 6, the environmental impact and resource use
indicators of the sub-base layer are categorized by life cycle stage according to
the materials, machinery, and auxiliary means utilized. In the manufacturing stage
(Table 4) and the product transportation stage (Table 5), the values of these envi-
ronmental impact and resource use indicators for the material, in this case natural
aggregate, align with the total values shown in Table 1. However, in the construction
and installation stage (Table 6), it can be observed that the fuel consumption of the
machinery used is the primary source of energy and emissions in this stage of the sub-
base layer’s life cycle. The environmental impact values associated with auxiliary
means closely resemble those generated by asphalt bitumen, indicating a relatively
minor impact on the construction of the base layer compared to other components.
The environmental impact values associated with auxiliary means are insignificant
when juxtaposed with those stemming from natural aggregate and diesel, as their
respective impact values are substantially smaller.

e Base layer

To continue the LCA process, the next step involves evaluating the impact of the
base layer. Subsequently, in the broken-down prices tab of the menu, the material
constituting the base layer to be analysed, hot mix bituminous AC, will be searched
for. In this case, it can be found under the categories of urban pavements and pave-
ments—urban pavements—bituminous mixtures and irrigation—hot mix bituminous
AC. Once the material is identified, its properties will be configured, including the
type and maximum size of aggregate (32 mm limestone), the type of layer (base
layer) and the type of binder to use in the mixture (B35/50), as well as the type of
mixture (semi-dense), the application tonnage (more than 1000 t/day) and the bitumen
(0.05 t of bitumen per t of mixture). With the material parameters defined, its infor-
mation, including breakdown price, specifications, generated waste, environmental
impact indicators, and health and safety data, can be extracted. For this instance,
data concerning the breakdown price, waste generated, and environmental impact
indicators will solely be retrieved using the export option in PDF format situated on
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the right-hand side of the interface. Following that, the downloaded information will
be analysed.

As in the sub-base layer, in the following table (Table 7), which identifies and
quantifies the materials utilized for the base layer construction, a detailed description
of the material of the respective layer is provided first, along with its identification
code and unit of measurement. Additionally, in the second part of the table, the
different materials comprising the layer are categorised, along with the equipment,
machinery, and labour required for its execution, as well as the complementary direct
costs stemming from it.

To assess waste generation, Table 8 provides detailed information on the waste
generated from the execution of the layer, quantified in both mass (kg) and volume
(1) units. As expected, since the base layer consists solely of bituminous mixtures, it
constitutes the sole type of waste.

Regarding the environmental impact and resource utilization of the base layer,
detailed within are the specific embodied energy values of the material, along with
their corresponding conversion factors (see Table 9). Likewise, the table illustrates
environmental impact and resource use indicators itemised for various stages of the
life cycle.

Subsequently, in Tables 10, 11, and 12, the environmental impact and resource
utilization metrics of the base layer are segmented by life cycle phase, categorized by
the materials, machinery, and auxiliary resources employed. In the production phase
(Table 10) and the transportation of the product phase (Table 11), the environmental
impact and resource utilization metrics for the base layer are delineated based on the
two constituent materials: asphalt bitumen and natural aggregate. Across most envi-
ronmental impact indicators in these phases, asphalt bitumen exhibits notably higher
values, except for the indicator pertaining to tropospheric ozone formation potential,
where natural aggregate displays a greater impact. Regarding indicators concerning
soil and water resource acidification depletion and eutrophication potential, the values
for both materials are more evenly balanced. In terms of resource utilization indi-
cators, there is greater variability: natural aggregate has a more pronounced impact
on the indicator related to total renewable primary energy consumption, whereas
asphalt bitumen demonstrates markedly higher values for the indicator concerning
total non-renewable primary energy consumption. However, for the indicator of net
utilization of freshwater resources, both materials exhibit similar impacts.
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MPBO001

t

Hot mix
bituminous AC

Continuous hot bituminous mix AC 32 base B35/50 S, for base layer, semi-dense, with
limestone aggregate of 32 mm maximum size, with 0.05 t of bitumen per t of mixture, for an
application tonnage of more than 1000 t/day. The price does not include transportation of the

mixture

Code

Unit

Description

Performance

Unit price

Cost

1

Materials

mt47aag001ogj

-

Continuous hot
bituminous mix
AC 32 base B35/
50 S, for base
layer, semi-dense,
with limestone
aggregate of 32
mm maximum
size, with 0.05 t of
bitumen per t of
mixture, according
to UNE-EN
13.108-1

1050

83.42

87.59

Materials subtotal

87.59

2

Equipme

nt and machinery

mgq1lext030

h

81 kW chain
asphalt paver

0.011

231.73

2.55

mq02ron010a

Self-propelled
tandem vibrating
roller. 24.8 kW.
2450 kg. working
width 100 cm

0.011

56.81

0.62

mqllcom010

Self-propelled tire
compactor, 12/22 t

0.011

66.47

0.73

Equipment and machinery

subtotal

3.90

Labour

mo041

1st civil works
construction
officer

0.066

22.25

1.47

mo087

Civil works
construction
assistant

0.044

21.56

0.95

Labour subtotal

242

Additional direct costs

%

Additional direct
costs

2.000

93.91

1.88

(continued)
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Table 7 (continued)
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MPB001 t Hot mix
bituminous AC

Continuous hot bituminous mix AC 32 base B35/50 S, for base layer, semi-dense, with
limestone aggregate of 32 mm maximum size, with 0.05 t of bitumen per t of mixture, for an
application tonnage of more than 1000 t/day. The price does not include transportation of the

mixture
Code ‘ Unit ‘ Description Performance Unit price Cost
Ten-year maintenance cost: 13.41€ in the first | Direct costs (1 +2 + 3 + 4) 95.79
10 years
Reference and title of the standard Applicability® | Obligation® | System®
EN 13.108-1:2006 1.3.2007 1.3.2008
Bituminous mixtures. Material specifications. Part 1: Bituminous
concrete
EN 13.108-1:2006/AC:2008 1.1.2009 1.1.2009 172 4 /3/4
2Date of applicability of the harmonized standard
"Date on which the coexistence period ends
¢System for evaluating and verifying the constancy of benefits
Table 8 Waste generated by the base layer
LER code | Type Weight (kg) | Volume (1)
1703 02 | Bituminous mix other than those mentioned in code 17 03 | 11.025 11.025
01
Waste generated 11.025 11.025

However, during the construction and installation phase (Table 12), similar to
what was observed in the previously analysed sub-base layer, it becomes evident
that the fuel consumption of the utilized machinery stands out as the predominant
source of energy consumption and emissions across all the indicators examined in
this phase of the base layer’s life cycle. Similarly, during this life cycle stage, the
environmental impact of natural aggregate is significantly higher across all studied
indicators, except for the abiotic resources for fossil resources depletion potential and
the total use of non-renewable primary energy, where both materials exhibit more
balanced values. The environmental impact values associated with auxiliary means
closely resemble those generated by asphalt bitumen, indicating a relatively minor
impact on the construction of the base layer compared to the other components.
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e Intermediate layer

To continue the LCA process, the next step involves evaluating the impact of the
intermediate layer. Subsequently, in the broken-down prices tab of the menu, the
material constituting the intermediate layer to be analysed, hot mix bituminous AC,
will be searched for. In this case, it can be found at the same place as the base
layer, under the categories of urban pavements and pavements—urban pavements—
bituminous mixtures and irrigation—hot mix bituminous AC. Once the material is
identified, its properties will be configured, including the type and maximum size of
aggregate (32 mm limestone), the type of layer (intermediate layer) and the type of
binder to use in the mixture (B35/50), as well as the type of mixture (semi-dense),
the application tonnage (more than 1000 t/day) and the bitumen (0.05 t of bitumen
per t of mixture). With the material parameters defined, its information, including
breakdown price, specifications, generated waste, environmental impact indicators,
and health and safety data, can be extracted. For this instance, as in the previous
layers, data concerning the breakdown price, waste generated, and environmental
impact indicators will solely be retrieved using the export option in PDF format
situated on the right-hand side of the interface. Following that, the downloaded
information will be analysed.

As in the previous layers, in the following table (Table 13), which identifies and
quantifies the materials utilized for the intermediate layer construction, a detailed
description of the material of the respective layer is provided first, along with its iden-
tification code and unit of measurement. Additionally, in the second part of the table,
the different materials comprising the layer are categorised, along with the equip-
ment, machinery, and labour required for its execution, as well as the complementary
direct costs stemming from it.

To assess waste generation, Table 14 provides detailed information on the waste
generated from the execution of the layer, quantified in both mass (kg) and volume
(1) units. As expected, since the base layer consists solely of bituminous mixtures, it
constitutes the sole type of waste.

Regarding the environmental impact and resource utilization of the intermediate
layer, detailed within are the specific embodied energy values of the material, along
with their corresponding conversion factors (see Table 15). Likewise, the table illus-
trates environmental impact and resource use indicators itemised for various stages
of the life cycle.

Subsequently, in Tables 16, 17, and 18, the environmental impact and resource
consumption metrics of the intermediate layer are organized by life cycle phase, char-
acterized by the materials, machinery, and auxiliary resources utilized. During the
production phase (Table 16) and the transportation of the product phase (Table 17), the
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Table 13 Unit cost of the intermediate layer

P. Porras-Pereira and P. Mercader-Moyano

MPBO001

t

Hot mix
bituminous AC

Continuous hot bituminous mix AC 32 bin B35/50 S, for intermediate layer, semi-dense, with
limestone aggregate of 32 mm maximum size, with 0.05 t of bitumen per t of mixture, for an
application tonnage of more than 1000 t/day. The price does not include transportation of the

mixture

Code

Unit

Description

Performance

Unit price

Cost

1

Materials

mt47aag001ngj

t

Continuous hot
bituminous mix
AC 32 bin B35/50
S, for intermediate
layer, semi-dense,
with limestone
aggregate of 32
mm maximum
size, with 0.05 t of
bitumen per t of
mixture, according
to UNE-EN
13,108-1

1.050

83.42

87.59

Materials
subtotal:

87.59

2

Equipme

nt and machinery

mql1ext030

h

81 kW chain
asphalt paver

0.011

231.73

2.55

mq02ron010a

Self-propelled
tandem vibrating
roller, 24.8 kW,
2450 kg, working
width 100 cm

0.011

56.81

0.62

mqllcom010

Self-propelled tire
compactor, 12/22 t

0.011

66.47

0.73

Equipment and
machinery
subtotal:

3.90

Labour

mo041

1st civil works
construction
officer

0.066

22.25

1.47

mo087

Civil works
construction
assistant

0.044

21.56

0.95

Labour subtotal:

242

Additional direct
costs

(continued)
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Table 13 (continued)

MPB001 t Hot mix
bituminous AC

Continuous hot bituminous mix AC 32 bin B35/50 S, for intermediate layer, semi-dense, with
limestone aggregate of 32 mm maximum size, with 0.05 t of bitumen per t of mixture, for an
application tonnage of more than 1000 t/day. The price does not include transportation of the
mixture

Code Unit Description Performance Unit price Cost
% Additional direct | 2000 93.91 1.88
costs
Ten-year maintenance cost: 13.41€ in the first Direct costs (1 +2 + 3 + 4): 95.79
10 years
Reference and title of the standard Applicability® Obligation® System®
EN 13,108-1:2006 1.3.2007 1.3.2008
Bituminous mixtures. Material specifications.
Part 1: Bituminous concrete
EN 13,108-1:2006/AC:2008 1.1.2009 1.1.2009 1/2+/3/4

4Date of applicability of the harmonized standard
YDate on which the coexistence period ends
¢System for evaluating and verifying the constancy of benefits

Table 14 Waste generated by the intermediate layer

LER code | Type Weight (kg) | Volume (1)
17 03 02 | Bituminous mix other than those mentioned in code 17 03 | 11.025 11.025

01

Waste generated 11.025 11.025

environmental impact and resource consumption metrics for the intermediate layer
are delineated based on the two constituent materials: asphalt bitumen and natural
aggregate. Unlike the sub-base and base layers, in the manufacturing phase of this
intermediate layer, asphalt bitumen exhibits higher impact values than natural aggre-
gates, whereas during the construction phase, natural aggregate demonstrates higher
impact values across all environmental impact and resource consumption indica-
tors.During the production phase (Table 16), asphalt bitumen generally shows signifi-
cantly higher values across most environmental impact indicators compared to natural
aggregate. However, there are exceptions where both materials exhibit more balanced
values, particularly in indicators related to soil and water resource acidification deple-
tion, eutrophication potential, tropospheric ozone formation potential, and abiotic
resources for non-fossil resources depletion potential. Resource utilization indica-
tors show greater variability: natural aggregate tends to have a more pronounced
impact on the indicator concerning total renewable primary energy consumption,
while asphalt bitumen typically demonstrates substantially higher values for the
indicator of total non-renewable primary energy consumption. Nonetheless, for the



P. Porras-Pereira and P. Mercader-Moyano

184

(panunuoo)
1660 L£9'9 6£6'9| S0—o€8'l 0—9ICTY 600°0 2000 80—9LT'€ 9610 sy
¥TLO 8199 VLY 6LE 2000 €100 8%0°0 1¥2°0 ¥00°0 0st'€ v
EV-TV-1V
62T°0| 069'891°C| G789 | 066TL6T|  90-°9T'6 €800 7200 S0T°0 90—966'l 856°0C [eI0L,
(gun) W | W (D) | (83 'ba qs | (8Y) ba ouema | (8Y) ba _(YOd) | (83) ‘b2 20s | (33) ‘bo 11 DD | (BY) b2 20D
MA| TINJAd | 199d d1av 4dav dD0d dq dv ddo dmD
a3els
$90INOSAI JO IS s107eOIpUI JoRdW [RJUSWUOIIAUY | J[0KD 9JI]

19A®[ 9JBIPOULIUI A} JO SIOJBIIPUI 9SN 90INOSAI pue Joeduwil [BIUSWUOIIAUY ST J[qBL,



185

10 Results and Discussion

$90IN0saI J91em de) JOoosnidN ‘MA

A31ou0 Arewrnid a[qemouaI-uou Jo asn [€10], : LYNYTd

A310u9 Arewnid s[qemauar Jo asn [BIOL, Iy Td

$901n0s31 (1850 10§ [enuajod uorno[dop 90In0s3I ONOIQY ‘d ATV
$90IN0SAI [ISS0J-uou 10y Tenjuajod uonordap 90IM0saI ONOIQY :FJAV

enuajod uonewioy auozo osudydsodoi], :gDOJ
renuojod woneorydonnyg :g7

SOOINOSAT JoJeM PUE [I0S JO UONEIYIPIOR 10J [BNUANOJ ‘JV

renuajod uonerdap suozo osueydsolens :gqo
renudjod Sururem [8qo[D :dMOH

$$9001d UOTJE[[EISUT PUE UOTIONIISUO)) (G}
uonelodsuen 1onpoid Yy

Sunmjoenuew jonpoid £y

S[erIojew Mel Jo uoneodsuel], :7y

A1ddns s[eorew mey 7y

SUOISSTW

pue A310ud

SY6'T | 9v6'1CT'E |  ST89 | €0V'60€°E 2000 9600 0800 6¥°0 ¥00°0 €06'7C [e10L,

SV-HV

9IL'l 96T°¢S €1+'98¢ 2000 €100 LS00 720 #00°0 SY6'e [eI0L,
(gun) W | W (D) | (83 'ba qs | (8Y) ba ouema | (8Y) ba _(YOd) | (83) ‘b2 20s | (33) ‘bo 11 DD | (BY) b2 20D
MA| TINJAd | 199d d1av 4dav dD0d dq dv ddo dmD

o3e)s

$90IN0SAI JO IS S103e0IpUl JoedWI [BJUSWIUOIIAUY | 9[0AD oI

(ponunuoo) gy dlqe,



P. Porras-Pereira and P. Mercader-Moyano

SUOISSTUID
620 | 069'891°C| ST89 | 066'TT6T| 90—99C°6 €800 00 S0T0| 90—9S6'I 8S6°0C pue AS10ud [e)0,
(1) swnjop | Aruryoen
6TC0| 069'89T°C| ST89 | 066°TI6T| 90—9CT°6 £€80°0 00 S0T0| 90—266'1 856°0C 000°0S0°T [e10L
91e32133e
L61'0 06069 | Sco'v 06069 | 90—°96C 6L0°0 0100 6L0°0| LO—°I69 8¥6'¢ 000°L86 [eIneN
uownjiq
T€0°0 | 009'660°C| 0681 | 006€S8T| 90—20£9 ¥00°0 €100 9CI'0| 90—29C'L o10°LT 000°€9 Ieydsy
(3) WSop | S[ELIRIEN
D () ()
(gun) | () (D) | (8 'baqs | “baoudua | ‘b (*0d) | (8) baZ0s | b2 104D | (8) 'bo 20D
MA | TINYAd | L9dd d4av 44av dD0d dd dv ddo dMD
Suumjoeynuew Jonpoid '€V
S[elIdJeW MBI JO uoneuodsuel], ‘7Y
Addns s[euerew mey 1V
Suumjoeynuey
93e1s 9[040 1] uondwnsuo)

186

$s9001d Furnoejnuew oY) JuLINp JOAE] SJRIPAULIdIUL AY) JO SIOJEIIPUI SN 9IIN0SAI pue Joedwll [BJUSWUOIIAUT 9] J[qE],



187

10 Results and Discussion

SUOISSIUID
YCL0 81991 VLY 6LE 2000 €100 8100 1vT0 00°0 0Sy'e pue £310U9 [BI0L,
(1) swn[op | AIouryoRIA
¥ZL0 819°9% VLY 6LE 2000 €100 810°0 1vC0 +00°0 0sy'e 000°0S0°T [e10L
91e3a133e
189°0 128'ey 90L9S¢ 2000 100 S¥0°0 LTT0 +#00°0 €vee 000°L86 [einjeN
uawnjiq
£v0°0 L6L'T 89L°CC| ¥O—=¥C1| #0—°99°L £€00°0 710°0 ¥0—269°C LOT0 000°€9 eydsy
(3Y) wSrop | s[eLRIEIN
)] )] )]
() W | W (W) | (3) ‘baqs| baoudma| ba (Od) | (B) baTos| ba11 24D | (B) ba 20D
MA | LINYAd | Lddd d4aVv 4dAdv d00d dd dv ddo dMD
uoneyodsuen jonpoid $v
UoNONISUO))
a3e)s o[0Ad 91T uondwnsuo))

(1odsuen) sseoo1d uonoNNsuod 2y} SurINp JoKe] SILIPIWIANUI AY) JO SIOJEIIPUT SN 30INOSAI pue Joedwll [BJUSWUOIIAUT L] J[qEY,



P. Porras-Pereira and P. Mercader-Moyano

188

SUOISSTUID

1660 LE99 6£6'9 | SO—°€8'T | ¥0—°ICTY 600°0 7000 80—°LTE 961°0 pue £31ouo [eI0],
sugow
€000 2100 $20°0| 80—9LE9 | 90—°9¥%'1 S0—20T°¢ 90—9°8S'L| OI—°%I'T 2000 Arerrxny
€L6°0 YLS9 0189 | S0—208'1| ¥0—o€l'V 600°0 000| 80—°IT¢ 9810 8LI°0 [1oseH
(1) swnjop | Arouryoejy
G100 500 SOT'0| LO—SLL'T| 90—9LE9 70—9G6¢'1 S0—20¢€| 0I—9S6'% L000|  000°0SO‘T [e10L
91e32133e
¥10°0 6¥0°0 6600 | LO—R19C| 90—966'S Y0—9LT'T S0—=0I'¢| O0I—9S9¥ L00°0 000°L86 [eingeN
udwmiq
$0—200'6 €000 900'0| 80—999'1 | LO—9C8'¢E 90—201'8 90—986'T | TI—°L6C $0—20Sv 000°¢€9 eydsy
(3) WSM | S[ELIRIEN
(G2)) &) (3]
(gu) W) | W | (D) | (8 baqs| baousma | ‘ba _(*Od) | (3) b2 20s | bo 11 D40 | (B) bo 20D
MA| IINYEd | L¥9d | 44aV H4dav dD0d dd dv ddo dMD
$s9001d UOTIR[[RISUT PUE UOT)ONISUO)) "GV
uoroNNSUo))
93e)s 9[0A0 1] uondwnsuo)

(uonoNISu0d) $s9001d UONONNSUOD 3y} SULIND ISAL] SJBIPSUWLISJUT AY) JO SIOJEIIPUI ASN AOINOSAI pue JoedwWl [BJUSWUONAUT QT I[qEL,



10 Results and Discussion 189

indicator measuring the net use of freshwater resources, both materials demonstrate
similar impacts.

Conversely, during the construction phase (Table 17), natural aggregate displays
significantly higher values than asphalt bitumen across most environmental impact
indicators. However, there are exceptions where both materials demonstrate more
balanced values, particularly in indicators related to eutrophication potential and
abiotic resources for non-fossil resources depletion potential. Similarly, in terms of
resource utilization indicators, natural aggregate consistently exhibits notably higher
values than asphalt bitumen.

However, in the construction and installation phase (Table 18), mirroring obser-
vations from previous layers analysed, it becomes apparent that the fuel consumption
of the utilized machinery emerges as the primary driver of energy consumption and
emissions across all the examined indicators in this phase of the intermediate layer’s
life cycle. Likewise, during this life cycle stage, the environmental impact of natural
aggregate is notably higher across all studied indicators, with exceptions noted in
the abiotic resources for fossil resources depletion potential and the total use of
non-renewable primary energy, where both materials exhibit more balanced values.
The impact indicator values associated with auxiliary means closely resemble those
generated by asphalt bitumen, highlighting their significance in the construction of
the intermediate layer.

e Surfacing layer

In order to conclude the LCA process, the last step involves evaluating the impact
of the surfacing layer. Subsequently, in the broken-down prices tab of the menu, the
material constituting the surfacing layer to be analysed, hot mix bituminous AC,
will be searched for. In this case, it can be found at the same place as the base and
intermediate layer, under the categories of urban pavements and pavements—urban
pavements—bituminous mixtures and irrigation—hot mix bituminous AC. Once
the material is identified, its properties will be configured, including the type and
maximum size of aggregate (22 mm limestone), the type of layer (surfacing layer)
and the type of binder to use in the mixture (B35/50), as well as the type of mixture
(semi-dense), the application tonnage (more than 1000 t/day) and the bitumen (0.05
t of bitumen per t of mixture). With the material parameters defined, its information,
including breakdown price, specifications, generated waste, environmental impact
indicators, and health and safety data, can be extracted. For this instance, as in the
previous layers, data concerning the breakdown price, waste generated, and envi-
ronmental impact indicators will solely be retrieved using the export option in PDF
format situated on the right-hand side of the interface. Following that, the downloaded
information will be analysed.

As in the previous layers, in the following table (Table 19), which identifies
and quantifies the materials utilized for the surfacing layer construction, a detailed
description of the material of the respective layer is provided first, along with its iden-
tification code and unit of measurement. Additionally, in the second part of the table,
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the different materials comprising the layer are categorised, along with the equip-
ment, machinery, and labour required for its execution, as well as the complementary
direct costs stemming from it.

To assess waste generation, Table 20 provides detailed information on the waste
generated from the execution of the layer, quantified in both mass (kg) and volume (1)
units. As expected, since the surfacing layer consists solely of bituminous mixtures,
it constitutes the sole type of waste.

Regarding the environmental impact and resource utilization of the surfacing layer.
detailed within are the specific embodied energy values of the material. along with
their corresponding conversion factors (see Table 21). Likewise. the table illustrates
environmental impact and resource use indicators itemised for various stages of the
life cycle.

Subsequently, in Tables 22, 23 and 24, the environmental impact and resource
utilization metrics of the surfacing layer are presented by life cycle phase, reflecting
the materials, machinery, and auxiliary resources involved. During the production
phase (Table 22) and the transportation of the product phase (Table 23), the environ-
mental impact and resource utilization metrics for the surfacing layer are detailed,
focusing on the two constituent materials: asphalt bitumen and natural aggregate.
Similar to the intermediate layer, during the manufacturing phase of this surfacing
layer, asphalt bitumen demonstrates higher impact values than natural aggregates,
whereas in the construction phase, natural aggregate exhibits higher impact values
across all environmental impact and resource utilization indicators.

During the production phase (Table 22), asphalt bitumen generally exhibits
notably higher values across most environmental impact indicators compared to
natural aggregate. Nevertheless, there are instances where both materials display
more balanced values, particularly in indicators related to soil and water resource
acidification depletion, eutrophication potential, tropospheric ozone formation
potential, and abiotic resource depletion potential for non-fossil resources. More-
over, resource utilization indicators demonstrate greater variability: natural aggregate
tends to exert a more significant impact on the indicator concerning total renewable
primary energy consumption, while asphalt bitumen typically presents substantially
higher values for the indicator of total non-renewable primary energy consump-
tion. However, for the indicator measuring the net use of freshwater resources, both
materials exhibit similar impacts.

Contrarywise, in the construction phase (as illustrated in Table 23), natural aggre-
gate exhibits notably higher values than asphalt bitumen across most environmental
impact indicators. Nevertheless, there are instances where both materials present
more balanced values, particularly in indicators related to soil and water resource
acidification depletion and eutrophication potential. Similarly, regarding resource
utilization indicators, natural aggregate consistently demonstrates notably higher
values than asphalt bitumen.

However, during the construction and installation phase (as depicted in Table 24),
resembling findings from previous layers analysed, it becomes evident that the fuel
consumption of the utilized machinery emerges as the primary contributor to energy
consumption and emissions across all the examined indicators in this phase of the
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Table 19 Unit cost of the surfacing layer

MPB001 t Hot mix
bituminous AC

Continuous hot bituminous mix AC 22 surf B35/50 S, for surfacing layer, semi-dense, with
limestone aggregate of 22 mm maximum size, with 0.05 t of bitumen per t of mixture, for an
application tonnage of more than 1000 t/day. The price does not include transportation of the
mixture

Code Unit Description Performance Unit price Cost
1 Materials
mt47aag001jgj |t Continuous hot 1.050 83.47 87.64

bituminous mix
AC 22 surf B35/50
S, for surfacing
layer, semi-dense,
with limestone
aggregate of 22
mm maximum
size, with 0.05 t of
bitumen per t of
mixture, according

to UNE-EN
13.108-1
Materials 87.64
subtotal
2 Equipment and machinery
mq11ext030 h 81 kW chain 0.011 231.73 2.55
asphalt paver
mq02ron010a h Self-propelled 0.011 56.81 0.62

tandem vibrating
roller. 24.8 kW,
2450 kg, working
width 100 cm

mqllcom010 h Self-propelled tire | 0.011 66.47 0.73
compactor, 12/22 t

Equipment and | 3.90

machinery
subtotal
3 Labour
mo041 h 1st civil works 0.066 22.25 1.47
construction
officer
mo087 h Civil works 0.044 21.56 0.95
construction
assistant
Labour subtotal | 2.42
4 Additional direct costs

(continued)



192 P. Porras-Pereira and P. Mercader-Moyano

Table 19 (continued)

MPB001 t Hot mix
bituminous AC

Continuous hot bituminous mix AC 22 surf B35/50 S, for surfacing layer, semi-dense, with
limestone aggregate of 22 mm maximum size, with 0.05 t of bitumen per t of mixture, for an
application tonnage of more than 1000 t/day. The price does not include transportation of the
mixture

Code Unit Description Performance Unit price Cost
% Additional direct | 2.000 93.96 1.88
costs
Ten-year maintenance cost: 13.42€ in the first | Direct costs (1 +2 +3 +4) 95.84
10 years
Reference and title of the standard Applicability® Obligation® System*®
EN 13.108-1:2006 1.3.2007 1.3.2008
Bituminous mixtures. Material specifications.
Part 1: Bituminous concrete
EN 13.108-1:2006/AC:2008 1.1.2009 1.1.2009 1/2+/3/4

4Date of applicability of the harmonized standard
YDate on which the coexistence period ends
¢System for evaluating and verifying the constancy of benefits

Table 20 Waste generated by the surfacing layer

LER code | Type Weight (kg) | Volume (1)
17. 03.02 | Bituminous mix other than those mentioned in code 17 03 | 11.025 11.025

01

Waste generated 11.025 11.025

surfacing layer’s life cycle. Similarly, during this life cycle stage, the environmental
impact of natural aggregate is notably higher across all studied indicators, with
the exception noted in the total use of non-renewable primary energy, where both
materials exhibit more balanced values. The impact indicator values associated with
auxiliary means closely resemble those generated by asphalt bitumen, underscoring
their significance in the construction of the surfacing layer.

After completing the LCA for an unmodified asphalt mixture, it becomes evident
that the values for each environmental impact indicator and resource usage across
the base, intermediate, and surfacing layers remain consistent. This uniformity
arises from the identical composition of these top three layers (asphalt bitumen and
natural aggregate), which only modify their granulometry, resulting in equivalent
environmental impact and resource consumption profiles.
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2 Life Cycle Assessment of a Nano-Silica-Modified Asphalt
Mixture

Upon completion of the LCA for an unmodified asphalt mixture, confirming
the substantial environmental and resource utilization impact of asphalt bitumen
throughout different stages of its life cycle, especially in the initial phases, the subse-
quent course of action entails conducting a comparable evaluation for a nano-silica-
modified asphalt mixture. Due to the absence of materials with nanoparticles in
the ‘Construction Price Generator’ software, data concerning the LCA of a nano-
silica-modified asphalt mixture will be sourced from published scientific literature.
However, it’s worth noting that this data could have been sourced from any database
containing such information. By adopting this approach, it becomes possible to ascer-
tain the asphalt variant that is most environmentally preferable. This methodology
proves to be applicable across diverse geographical regions and databases, provided
that requisite data is accessible.

The impact values for each of the various categories employed in the LCA of
a nano-silica-modified asphalt mixture will be sourced from the scientific article
entitled “Life Cycle Assessment for the Production Phase of Nano-Silica-Modified
Asphalt Mixtures,” authored by Sackey Solomon, Lee Dong-Eun, and Kim Byung-
Soo, who are associated with Kyungpook National University of Korea. This article
was published in the MDPI “Applied Sciences” Journal on March 29th, 2019. For
this study, as well as for the previous LCA, a Functional Unit of 1000 kg (1 t) of
asphalt mixtures production was adopted.

Table 25 Environmental Impact Categories [1]

Impact Category Reference Unit Impact Result
Environmental impactiglobal warming kg CO2-eq 7.44563 x 10
Human healthlrespiratory effects, average kg PM2.5-Eq 8.86935 x 107
Environmental impactlozone depletion kg CFC-11-Eq 3.71600 x 1072
Environmental impactleutrophication kg N-Eq 1.49156 x 10!
Human healthlcarcinogenic kg benzene-Eq 2.18467 x 103
Environmental impactiphotochemical oxidation kg NOx-Eq 3.03420 x 10!
Human healthlnon-carcinogenics kg toluene-Eq 6.07040 x 10°
Environmental impactlecotoxicity kg 2.4-D-Eq 1.08917 x 10*
Environmental impactlacidification moles of H + -Eq 1.87879 x 103
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The forthcoming table (Table 25) displays the different environmental impact
indicators published in the referenced scientific article, along with their respective
impact values. These values will serve as the basis for comparison with the outcomes
derived from the LCA of an unmodified asphalt mixture.

In the ensuing table (Table 26), adopting a similar format to that employed in the
LCA of an unmodified asphalt mixture, a condensed summary of Table 25 is provided,
exclusively presenting the values of environmental impact indicators shared by both
LCAs. These indicators will be pivotal in facilitating a comparative analysis, aiding
in the determination of the asphalt variant with the highest environmental preference.

As depicted in the preceding table (Table 26), this scientific publication does not
provide data categorized by each of the life cycle stage, but instead presents overall
values for the product’s entire lifespan. Therefore, the comparison between both case
studies will be conducted using the total values for each asphalt mixture.

Table 26 Environmental impact and resource use indicators of the nano-silica-modified asphalt
mixture

Life cycle stage Environmental impact indicators

GWP ODP AP EP

CO3 eq. (kg) CFC 11 eq. (kg) | SOz eq. (kg) (PO4)3~ eq. (kg)
Total A1-A2-A3 |- - - -

A4 - - - -

A5 - - - -

Total A4-AS - - - -

Total energy and | 744.563 x 103 | 371.600 x 107 187.879 x 105 | 149.156 x 10!
emissions

AI: Raw materials supply

A2: Transportation of raw materials

A3: Product manufacturing

A4: Product transportation

A5: Construction and installation process

GWP: Global warming potential

ODP: Stratospheric ozone depletion potential

AP: Potential for acidification of soil and water resources
EP: Eutrophication potentia
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3 Quantitative Assessment of the Attained Outcomes

Subsequent to the completion of the LCA of an unmodified asphalt mixture and
the acquisition of results from a LCA of a nano-silica-modified asphalt mixture, a
graphical representation is employed to compare the results obtained for each case
study across their entire life cycle, in order to discern the most ecologically sound
option.

As indicated in the preceding section, due to the absence of categorized data
for each life cycle stage in the consulted scientific publication, the comparison
between both case studies will rely on the total values for each of the asphalt mixtures
compared. Consequently, the results obtained from the LCA of an unmodified asphalt
mixture for each layer of the road asphalt process (unit of work) are consolidated into
a single table (Table 27). Due to the absence of asphalt mixture and the exclusive use
of artificial granitic gravel in the sub-base layer, the results obtained for this layer
will not undergo evaluation.

Finally, a graphical comparison is generated to illustrate the results obtained
for each case study throughout their entire life cycle, focusing on the impact cate-
gories shared by both LCAs: global warming potential, stratospheric ozone depletion
potential, potential for acidification of soil and water resources, and eutrophication
potential (Table 28).

After evaluating a conventional asphalt mixture in terms of materials produc-
tion emissions through the LCA methodology and comparing these findings with
those of a nano-silica-modified asphalt mixture, the research underscores significant
disparities in their impact contributions. Notably, the nano-silica-modified variant
exhibits notably worse performance across all four analysed impact categories, partic-
ularly in the categories of global warming potential and stratospheric ozone depletion
potential.

The category demonstrating the most pronounced disparity lies in the potential
for acidification of soil and water resources, where the nano-silica-modified asphalt
mixture registers an impact magnitude exceeding conventional asphalt by a factor of
100.000. Similarly, the analysis reveals substantial variability in the impact category
of stratospheric ozone depletion potential, on account of the near-negligible impact
of unmodified asphalt, which is almost zero. Furthermore, notable disparities are also
observed in the category of global warming potential, where the impact of the nano-
silica-modified asphalt mixture is 10 times greater. Conversely, the eutrophication
potential category showcases more balanced values in both asphalt mixtures.

However, the conclusions derived from this research concerning nano-silica
should not be extrapolated to all other types of nanomaterials. The environmental
effects and overall outcomes associated with the integration of nanomaterials into
asphalt depend on the manufacturing methods specific to each nanomaterial type.
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Table 28 Comparison of the environmental impact and resource use indicators of the upper layers

Environmental impact indicators

GWP ODP AP (Potential for | EP (Eutrophication
(Global (Stratospheric acidification of | potential)
warming | ozone depletion | soil and water

potential) | potential) resources)
COyeq. |CEC 11eq. (kg) | SO; eq. (kg) (PO4)’>~ eq. (kg)
(kg)

Unmodified asphalt 74.709 0.012 1.347 0.24

mixture

Nano-silica-modified |7,445.63 |371.60 187,879.00 14.92

asphalt mixture

Reference

1. S. Solomon, L. Dong-Eun, K. Byung-Soo, Life Cycle Assessment for the Production Phase of
Nano-Silica-Modified Asphalt Mixtures. Appl. Sci. 9(7), 1315 (2019)
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Conclusions

Building upon the earlier progress made in Life Cycle Analysis focusing on nanopar-
ticles applied to the construction industry, the research has yielded detailed and
precise information. This information is intended to be instrumental in educating
and training professionals within the construction sector through a holistic approach,
particularly focusing on environmental health and safety, thus aligning with the
primary objective of the research.

Furthermore, these insights not only contribute to educate and train professionals,
but also serve as a foundation for enhancing industry practices in the construction
sector. The comprehensive approach to environmental health and safety, central to
the research objective, aims to foster a sustainable and responsible integration of
nanoparticles in construction materials and practices.

As aforementioned, LCA is a tool that helps to assess the environmental impacts
of materials and products so that decisions can be made not just on the benefits
of using these materials but also considering their environmental contributions.
This study assessed a conventional asphalt mixture in terms of materials produc-
tion emissions through the LCA methodology, and the results were compared to a
nano-silica-modified asphalt mixtures to understand the impact contribution of nano-
silica-modified asphalt mixtures. The results showed that the modification of asphalt
materials with nano-silica causes the nano-silica-modified asphalt mixture exhibits
notably worse performance across all four analysed impact categories. Neverthe-
less, the conclusions drawn from this research concerning nano-silica should not be
generalized to all other types of nanomaterials. The environmental effects and overall
outcomes when incorporating nanomaterials into asphalt depend on the manufac-
turing methods specific to each type of nanomaterial. Therefore, it is plausible that
some nanomaterials could pose greater or minor environmental risks. Utilizing LCA
for nanomaterial-modified asphalt mixtures offers a strategic approach for decision-
makers to choose pavement modification additives, leveraging the advantages of
nanomaterials in pavement construction while mitigating potential environmental
hazards.

© The Editor(s) (if applicable) and The Author(s) 2025 203
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204 Conclusions

As emphasized throughout the document, comprehending the influence of data
quality and methodological choices on LCA results is essential. These aspects signif-
icantly impact the reliability and comprehensiveness of LCA results, thus shaping
the conclusions drawn and the decisions made based on them. Using high-quality
data is essential in ensuring the credibility and validity of LCA results. Only after
gaining a good understanding of these aspects, can we understand LCA results and
decide on how to use them.

Along with the understanding of data quality and methodological choices, there
is a need to understand the c-PCRs in different EPD programs. This enables mean-
ingful comparisons between LCA results, particularly when presented in the form of
EPDs for construction products within the same product category. The LCA results
presented in the EPD should not merely be disseminated publicly but also lever-
aged to pinpoint areas where environmental impact reduction potential exists for the
product. Furthermore, various standards within the EPD framework offer additional
guidance on interpreting LCA results, enhancing their utility and applicability in
decision-making processes.

In conclusion, while the utilization of the LCA methodology offers a wide range
of advantages when applied to nanoproducts, there remains a considerable scope for
further exploration in this domain. Future research is required by considering the
analysis of the whole life cycle for nano-modified asphalt materials using different
nanomaterials as a modifier to verify if nanomaterials are sustainable materials.
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