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Editorial

Sustainability issues of by-product and waste management systems, to produce building material
commodities: A comprehensive review of findings from a virtual special issue

1. Introduction

The energy consumption associated with the life cycle of buildings
accounts for around 40% of the global demand, thereby making
buildings one of the most energy demanding sectors (Berardi, 2017;
Kanchanapiya et al., 2018; Ingrao et al., 2018a). Two types of energy
should be considered when investigating life cycle of buildings, namely
the embodied energy and the operational one. The embodied energy is
sequestered in buildings and building materials during all processes of
production, on-site construction, and final demolition and disposal, and
is characterised by the direct and the indirect component. The former is
used for construction, maintenance, renovation and demolition of
buildings, whilst the latter is consumed to produce all materials and
auxiliaries that are utilised for building construction (Dixit et al., 2012).
By contrast, the operational energy is spent to maintain the inside en-
vironment at the desired levels of comfort through a complex of ac-
tivities, such as heating and cooling, lighting and operating building
appliances (Ramesh et al., 2010; Kanchanapiya et al., 2018). The lit-
erature indicates that the operational energy is the largest contributor
to the energy consumed in the life cycle of a building, because its share
can vary between 70% and 90%. Whilst, the embodied energy con-
tribution generally ranges between 10% and 30%, depending upon the
building system considered (Asdrubali et al., 2013; Kanchanapiya et al.,
2018; Ingrao et al., 2018a).

Therefore, to face today's climate change impact and other en-
vironmental challenges, the building sector should accommodate so-
lutions that are environmentally sustainable and, at the same time,
enable reduction of life cycle amounts of resources, materials, fuels and
energy as consumed in buildings (La Rosa et al., 2014; Ingrao et al.,
2018a). For this purpose, it is recommended that materials and tech-
nologies are selected and assessed from the early stages of design, to
reduce the environmental burdens concerning not only to building
construction, but also to the next phases of use (operation and main-
tenance) and end-of-life (Ingrao et al., 2016, 2018a). In particular,
material selection is an essential element to be accounted for in the
design of a building to reduce: consumption volumes of both embodied
and operational energy; and life cycle environmental impact (Ingrao
et al., 2017).

In this context, the usage of material commodities produced from
by-products and/or wastes has been documented to be a valid solution
in this sense. Both BREEAM and LEED, the two leading sustainability
accreditation schemes, provide requirements to consider and minimise
life cycle environmental burdens of building material commodities, and
encourage utilising materials with high levels of recycled material
content (Joyce et al., 2018).

The literature is increasingly rich of studies investigating such a
research field. By way of example, Intini and Kühtz (2011) and Ingrao
et al. (2014) assessed, from an environmental perspective, the pro-
duction of polyester fibre mats for building thermal insulation obtained
from postconsumer bottles made of Polyethylene Terephthalate (PET).
From either of the two studies, it was found that the utilisation of such a
waste material enables environmental gains that highly compensate the
impacts coming from the most harmful processes involved. This makes
such insulating mats environmentally competitive compared to those,
also of natural origin, that are currently available in the market with
equal function (Ingrao et al., 2014). Environmental benefits in the field
of recycled materials for application in buildings were also highlighted
by Rincon et al. (2014) specifically for rubber obtained from recycling
of out-use tires. As a matter of fact, the authors performed Life Cycle
Assessment (LCA) and emphasised upon the potential of using this
material to form drainage layer for extensive green roofs and compared
results with conventional roof systems (Ingrao et al., 2017).

Several other studies have been developed in recent years to assess,
from a technical, environmental, and socio-economic perspective, uti-
lisation of waste streams in the manufacturing of building construction
materials and products, as one valid way to save natural resources and
promote environmental sustainability (Kanchanapiya et al., 2018). This
can be considered as a consequence of traditional resource management
strategies straggling to stem the rising tide of resource consumption and
attendant environmental challenges, particularly given historic para-
digms that economic growth is fundamentally linked to a linear in-
dustrial economy (Babbitt et al., 2018). This type of economy has
dominated the last 150 years and was based upon a one-way track
model, according to which resources were extracted from the natural
environment, converted into products providing economic value, with
no plans made for reusing the generated wastes or actively regenerating
the economy (Venkata Mohan et al., 2016; Babbitt et al., 2018; Ingrao
et al., 2018b). Such an economy system appears as surprisingly wasteful
in its model of value creation: as a matter of fact, current material re-
cycling and waste-based energy recovery captures, in Europe, only an
average of 5% of the original raw material value (Ingrao et al., 2018b).
So, it emerges that linear economies are totally unsustainable, both
environmentally, and socio-economically (Korhonen et al., 2018;
Ingrao et al., 2018b). Hence, the rationale for transitioning to circular
models of the economy is evidently urgent, apart from being well-
documented in the scientific literature currently available in the sector.
In addition to this, the size of the economic opportunity, as well as the
wide range of benefits, is gradually emerging both from an analytical
perspective and through the compelling case studies provided by early
adopters and researchers worldwide (Ingrao et al., 2018b). Only now
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concrete efforts seem to have been devoted to shifting the policy fra-
mework from eco-destructive and resource-exhausting societies to re-
source conserving and environmentally friendly ones (Venkata Mohan
et al., 2016; Ingrao et al., 2018b). The literature has documented that
economy and environmental sustainability are strongly interconnected
and contribute to their mutual development and improvement
(Arbolino et al., 2017; Ingrao et al., 2018b).

In this context, Circular Economy (CE) is increasingly attracting
interest and attention from both scholars and practitioners at the in-
ternational level (Kirchherr et al., 2017). It is a highly-debated topic in
the strategic management field, as it gives several opportunities for
academia, decision- and policy-makers, and business (Ünal et al.,
2019). CE is based upon implementation and promotion of circular
flows to reduce environmental impacts, whilst maximising resource
efficiency (Moreau et al., 2017; Saavendra et al., 2018; Ingrao et al.,
2018b). In practice, CE offers a provocative alternative by: decoupling
economic development from resource consumption; selecting non-ex-
tractive technologies and renewable materials, and returning valuable
resources into productive usages. Maximising reuse and recycling of
waste materials is one of the important paradigms which CE is centred
upon (Arrigoni et al., 2018). As the consequence of this, there would be
reduced net material consumption and, in theory, reduced environ-
mental impact associated, overall, to the manufacturing system (Babbitt
et al., 2018). Therefore, CE can play multiple key roles for sustainable
development and its environmental, economic and social dimension
(Korhonen et al., 2018).

CE is based upon affordable, effective and truly sustainable waste
management systems, so as to positively contribute to sustainable de-
velopment (Goulart Coelho and Lange, 2016). In turn, this enables re-
duction of cannibalisation of material and energy resources, resulting
from the increasing globalisation and industrialisation phenomenon
(Govindan, 2015). To this end, in a CE perspective, waste management
systems should be focussed not only upon traditional disposal scenarios
like landfilling but, also, upon integrated strategies for: development
and optimisation of separate-municipal collection systems; and more
environmentally sustainable recovery scenarios. With regard to this

issue, landfill can be an expensive option if the cost of resource de-
pletion and environmental pollution are considered, whilst recycling
not only increases the efficiency of resources but, also, reduces en-
vironmental burdens (Zaman and Swapan, 2016). Nevertheless, landfill
remains the end-of-life option that is pursued for the majority of the
construction materials utilised in buildings (Kookos et al., 2019).

The European Commission has, indeed, adopted a CE-Package, to
propose a 65% target for municipal waste recycling and to reduce its
landfill to a maximum of 10% by 2030. Unfortunately, it currently
stands that only 35% of the non-compostable fraction of municipal
waste is recycled and almost 30% is still committed to landfill (Arrigoni
et al., 2018). Such an aspect further emphasises upon the need for
sustainability-oriented strategies, to: minimise, through a set of mea-
sures and actions, environmental and socio-economic burdens asso-
ciated with the management of solid wastes (from collection to treat-
ment); and to favour their recovery and recycling (Põldnurk, 2015).

Within this context, it is no surprise for this guest editorial group
that the valorisation of wastes through sustainable management sce-
narios is by now a global matter that is increasingly raising attention
and interest of researchers, producers, and decision and policy makers.
Waste valorisation has multiple key-roles for the sustainability of a
huge number of sectors (Valenti et al., 2017), like buildings and civil
works, and can contribute to sustainable development pathways at the
urban and rural context.

Unfortunately, major competitions are occurring nowadays upon
by-product and waste streams, actually because they are increasingly
being utilised for production of material commodities that find appli-
cation in a wide range of sectors: buildings are one of those. This is the
instance case of straw that is by now widely accepted and treated as a
cereal cultivation by-product, and is increasingly being utilised in
buildings as enveloping material with insulation function (Ingrao et al.,
2017) or also as biofuel in direct combustion applications for produc-
tion of building material commodities (Ingrao et al., 2019).

Hence, investigation and research is recommended for innovation
and improvement and, for that, studies have been developed – and
several others of those are expected in the future - to address

Fig. 1. This figure shows: the percentages of accepted and rejected papers with respect to the total submissions received; the geographical distribution of the papers
(10) included in this VSI, based upon affiliations of the corresponding authors; and the geographical distribution of all authors (46) contributing to the papers
accepted.
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technological, logistics, environmental, socio-economy, market, gov-
ernance, legislation and policy aspects for the sustainability of waste
management systems; and support the development of sustainability-
oriented strategies, guidelines, legislations and policies.

In this context, this Virtual Special Issue1 (VSI) was accommodated
in this journal to motivate prominent researchers to explore the re-
levance of addressing - and possibly interconnecting - those aspects for
the assessment, improvement, encouragement and promotion of sus-
tainability of by-product and waste management systems as involved in
the production of building material commodities.

2. Scope of this virtual special issue

This VSI was developed based upon the concern that sustainable
buildings, and more generally built environments can feed the transi-
tion to equitable, sustainable, post fossil-carbon societies, as of Ingrao
et al. (2016) and Ingrao et al. (2018c). A transition towards societies
and economies where by-product and waste streams are managed in
more responsible and sustainable manners and so are processed into
green building materials (Ingrao et al., 2017). However, the transition
must be properly envisioned, designed, tested, and implemented to
ensure sustainable production, distribution and consumption of sus-
tainable building material commodities (Ingrao et al., 2018c). Fur-
thermore, if properly made, it will help to catalyse improvements in
technological quality, socio-economic equity and environmental sus-
tainability of buildings in holistically integrated ways (Ingrao et al.,
2018c).

In this context, the central purpose of this VSI was to highlight the
importance of the academic research in documenting ways for theore-
tical concepts, tools, technologies, practices and policies to enable, as-
sess and stimulate sustainability of building materials and, more gen-
erally, of buildings.

In particular, the VSI was conceived to collect relevant studies in-
vestigating sustainability-related issues in the production of building
material commodities using by-product and waste streams, and so to
serve as a solid platform for enhancement of knowledge on emerging
methods, practical implementations, state-for-the-arts analyses, find-
ings and lessons learned in this area of research.

Finally, this editorial arises with the aim of reviewing and building
upon the papers that have been included in this VSI, to highlight main
objectives and findings and so their contributions to the specialised
literature.

3. Overview of the papers included in this virtual special issue

This VSI attracted huge interest and attention from the scientific
community worldwide with the submission of nearly 30 papers, which
exceeded expectations of the guest editorial team members. Following
the responsibility of the ‘Resources, Conservation, and Recycling’ journal
all articles were subjected to in-depth, constructive reviews, with the
objective of improving their quality and scientific relevance. A total of
10 papers were accepted for publication, so representing 36% of the
overall submissions collected: they were submitted by 10 (corre-
sponding) authors from several countries worldwide, but were the re-
sult of the joint work and commitment made by a total of 46 authors
from numerous parts of the world (Fig. 1). This shows that research
development is often taken as the occasion to strengthen ongoing col-
laborations at the international level and create new ones.

In their papers, the authors dealt with several materials, which were
classified in this review study based upon their enveloping, filling, and/
or insulating function: those papers were reviewed in Section 3.1.

Finally, a few other papers addressed general concerns, like those
related to: decarbonisation of the building sector in a CE context
(Nußholz et al., 2019); value creation in circular business models (Ünal
et al., 2019); and Construction and Demolition (C&D) waste manage-
ment (Gálvez-Martos et al., 2019). In this regard, it should beTa
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underscored that a significant share of municipal waste is constituted
by C&D debris (Arrigoni et al., 2018). Every year, the construction
sector produces in Europe 820 million tonnes of C&D waste, so con-
tributing nearly 46% of the overall-generated amount of waste (Gálvez-
Martos et al., 2019). Concrete, ceramics and masonries represent, on an
average, up to 85% of a standard C&D waste, and so can be considered
as the largest components (Arrigoni et al., 2018; Gálvez-Martos et al.,
2019). However, there can be found large amounts of wood and plas-
terboard, thereby making C&D waste someway heterogeneous with
differences in composition, depending upon the origin from which that
waste was generated (Gálvez-Martos et al., 2019). C&D waste is char-
acterised by high levels of volume and weight, and by the highest inert
fraction compared to other waste streams. Furthermore, each tonne of C
&D waste is not exempt from generating environmental impacts but
these are, anyway, lower than other waste streams. This changes
drastically if one looks at the high amount produced overall in Europe,
which is the reason why C&D waste management has become a global
concern (Gálvez-Martos et al., 2019) and an important issue to be ad-
dressed urgently, from an environmental and socio-economic point of
view. In this regard, it is essential to clearly define and share best
practice techniques to develop new policy and strategy frameworks that
can positively contribute sustainable development in the construction
sector (Gálvez-Martos et al., 2019). This field of research was in-
vestigated by Gálvez-Martos et al. (2019): in their paper, the authors
synthesised indeed main principles standing behind the definition of
best practices for the management of C&D waste. Great heterogeneity
was found in the study amongst European Member States (EMSs), with
special regard to: treatment of waste and development of markets for
secondary materials. In addition to this, the authors interestingly
highlighted that, though technologies and potentials for high per-
forming C&D waste management systems are already available in the
market, the construction sector shows behaviours that are heavily based
upon traditional standards as fully economically driven. Finally, the
high variety of actors involved in the C&D waste value chain creates a
complex mesh of responsibilities, with very different decision-making
chains across EMSs (Gálvez-Martos et al., 2019).

Huge geographical variability was documented by Arrigoni et al.
(2018) in the rate C&D waste is re-used or recycled, with values from
5% in China to 95% in the Netherlands, with 30–60% ranges in many
other European countries.

C&D waste can be either re-used in its original form or, most com-
monly, can be re-processed into coarse or fine aggregates (Arrigoni
et al., 2018), so generating secondary building materials for a wide
range of applications. Several research studies highlighted the in-
creasing need for sustainable new construction to increase the percen-
tage of materials re-utilised or recycled at the end of a building life
cycle (Leising et al., 2018; Ünal et al., 2019). Such - and other related -
practices enable reduction of embodied carbon emissions, so resulting
to be vital for decarbonisation of the building sector (Nußholz et al.,
2019). This research area was studied by Nußholz et al. (2019) who
understood and brought to readers’ attention: the relevance of strate-
gies for utilising secondary materials to decarbonise the building sector;
and the interplay of policy and business model innovation to advance
those strategies. The authors highlighted that carbon saving potentials
are strictly dependent upon which of the harmful processes in primary
material production are replaced through the usage of secondary ma-
terials and the indirect consequences at the industry level (Nußholz
et al., 2019). In this regard, Nußholz et al. (2019) recommended pro-
cesses and markets to be duly accounted for at both levels of product
and industry to ensure actual carbon savings, especially in the case of
strategy selection to give support to policy initiatives. Finally, the au-
thors found critical business model innovation for implementation of
secondary material usage to revolve around development of recovery
technologies and capabilities, and partner networks for access to sec-
ondary raw materials (Nußholz et al., 2019). All partners (i.e. suppliers
of raw materials, manufacturers, retailers, and designers) involved in

establishing buildings meeting CE principles should consider im-
plementing practices that reshape the design of their supply chain and
build their own circular business model (Ünal et al., 2019). This area of
research was explored by Ünal et al. (2019), who documented that
recycling natural and local waste in buildings is essential for circular
business models, by considering the impact on stakeholders. Moreover,
Ünal et al. (2019) found that, in the building sector, CE requires busi-
ness model adaptability in terms of value creation process. This can be
achieved by creating circular business models to be based upon internal
and external contextual conditions, and by regenerating natural waste
through aligned managerial practices, sociocultural and socioeconomic
settings and sustainable behaviours amongst supply chain actors (Ünal
et al., 2019). Finally, in line with Gálvez-Martos et al. (2019); Ünal
et al. (2019) reported that the building sector is by nature characterised
by a large network of highly-interconnected and co-working suppliers,
collaborators and employees; not to mention the long life cycles of
products and the high economic rents. In the light of this, Ünal et al.
(2019) interestingly concluded that, in buildings as in any other pro-
ductive sector, a circular business model enables co-creation of the
shared value and so provides robust opportunities for regional re-
generation at the environmental and socio-economic level.

3.1. Review of papers assessing specific categories of building material
commodities

This section was dedicated to reviewing studies where specific ca-
tegories of building products have been tested from a technical, en-
vironmental and/or socio-economic perspective.

Several by-product and/or waste streams can be utilised for pro-
duction of building material commodities in a CE context: one of those
is represented by demolished concrete. Once generated, such a waste
stream is sorted and re-processed into coarse Recycled Concrete
Aggregates (RCAs) for application as base or sub-base in road works, as
natural aggregate substitutes in the manufacturing of fresh concrete or
as backfilling material in quarries and foundations (Arrigoni et al.,
2018). However, there are also innovative viable paths for demolished
concrete re-utilisation, like that of ramming it into layers to form load-
bearing walls for Stabilised Rammed Earth1 (SRE) applications (Hall
and Swaney, 2005; Arrigoni et al., 2018). Whilst the field of RCA
production and application has been extensively investigated, a very
few studies have been carried out over the course of the last years to
explore RCA utilisation in SRE applications (Arrigoni et al., 2018).

In this context, Arrigoni et al. (2018) built upon those studies and,
then, evaluated SRE samples with different RCA contents, by focalising
attention upon environmental sustainability issues, as well as other is-
sues related to material mechanical behaviour, durability, and hygro-
scope and microstructure. Different mixtures were evaluated by the
authors and provided: RCAs, excavated in-situ soil, and/or crushed
limestone as substrates; and cement and/or fly ash as additives. Dif-
ferent weight-percentages of application were considered depending
upon the mixture: 0%–100% for the substrates; and 5%–10% for the
additives (Arrigoni et al., 2018). The study, together with that from
Arrigoni et al. (2017), through application of attributional and con-
sequential LCA, highlighted that using RCA in replacement of quarried
products generates several environmental benefits. These were attrib-
uted by the authors mainly to: avoided occupation of mineral extraction
sites; avoided exploitation of resources and energy for raw material
production, with subsequent avoided emissions of Greenhouse Gases
(GHGs); and avoided landfill scenarios. However, since both studies

1 Rammed earth (RE) is an ancient construction procedure where walls are
built by compacting an earthen mixture between formwork. SRE is a modern
form of rammed earth in which a (usually cementitious) binder is added to the
earth mix for improvement of the material’s mechanical resistance (Arrigoni
et al., 2018).
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regard assessment of mixture-based samples, the authors found sus-
tainability results to be highly dependent upon the types and amounts
of the other materials utilised to form the mixture. With regard to this
point, the authors documented that including fly ash in the mixture and
reducing the cement content to 5% led to a net reduction of the life
cycle GHG-emissions of up to 15 kg CO2 eq./m2 without compromising
mechanical resistance or durability (Arrigoni et al., 2018). However, it
should be underscored that negative influences could be exhibited by
the surrounding conditions on the environmental sustainability of RCA-
containing products, as is for the majority of the system-level LCAs. For
instance, as highlighted by Arrigoni et al. (2018), if RCAs were trans-
ported for long distances prior to usage in the building construction
site, it may be more sustainable for some impact categories, like non-
renewable energy and global warming, to use natural aggregates.

The mixture made only from excavated in-situ soil could be con-
sidered, indeed, as the optimal rammed earth solution in terms of
sustainability and moisture buffering ability. However, when that soil is
not available for earthen structures or greater resistances, rammed-
RCAs may represent a valid alternative option (Arrigoni et al., 2018).

Another waste stream is represented by the sulphur-free and low
molecular lignin polymers being yielded from the organosolv process2 .
According to Hildebrandt et al. (2019), the obtained lignin is a very
valuable component for replacing phenolic compounds within phenolic
resin systems. However, its feasibility and sustainability of application
for manufacturing of products and components for buildings is still
under evaluation. This is mainly because there is a wide range of de-
grees for substitution of fossil-based resins and mineral fibres (from low
substitution to high substitution) and their impact on mechanical
properties and environmental performance (Hildebrandt et al., 2019).
Hildebrandt et al. (2019) contributed this research field, by techno-
environmentally assessing laminates made out of beech wood fibres and
a thermoset binder system based on lignin-based phenolic resin. Inter-
estingly, the authors evaluated different production scenarios that were
developed by operating changes in the shares of the resin matrix (RM)
and the lignin content within the RM. Additionally, the share of fresh
wood was varied against an alternative share of saw-mill by-products
from fresh wood assortments, with 20% and 100% substitutions
(Hildebrandt et al., 2019). This study was based upon LCA application
to evaluate the environmental impacts and potential benefits that can
be obtained by varying shares of resins, of fibre content and of lignin,
within the resin matrix. Through their study, the authors documented
that the optimised usage of a beech wood feedstock for substitution of
fossil-based phenolic resin and the high wood-based fibre content offer
potentials for enhancing the environmental performance that are far
higher than those attainable by extending the coupled use of saw mill
by-products. Finally, based upon findings from the study it can be
concluded that the beech fibre laminates with 20% resin matrix, 20% of
lignin content, and 80% fibre content by weight in the final board ex-
hibits the most optimal mechanic properties and shows the lowest ne-
gative environmental impacts, compared to the other scenarios con-
sidered. Sustainability of those laminates were documented by
Hildebrandt et al. (2019) to be improvable if that 80% fibre content is
contributed partially (20%) or – even better – totally (100%) by saw-
mill by-products.

The development of composites using petroleum-derived polymer
matrices reinforced with natural fibres has attracted significant atten-
tion in civil engineering applications (Kookos et al., 2019). However,
production of plastics from non-renewable resources causes a set of
environmental hotspots mainly related to resource depletion and GHG
emission (Ingrao et al., 2015). In particular, CO2 emission from fossil
fuel combustion represents a major contributor to global warming (GW)

and could have potentially devastating social, economic and environ-
mental consequences in the future, if not addressed (Colwill et al.,
2012). This is such a global concern that emphasises upon the need for
alternatives to petroleum mineral-based products and processes (Ingrao
et al., 2015). In fact, the continuous search for more environmentally
sustainable material options has been receiving the attention of a broad
research community at the global level (Paiva et al., 2012). In this
context, production of biodegradable polymers from renewable re-
sources should be adopted to tackle the environmental problems caused
by petroleum-derived plastics as proposed by many literature-cited
studies (Kookos et al., 2019). Poly(3-hydroxybutyrate) (PHB) is one of
those polymers and, amongst several other uses like barrier packaging
material in biomedicine and food industry (Siracusa et al., 2017), is
finding increasing applications in the production of fibre reinforced
biocomposites (Khoshnava et al., 2017). In this context, the aim of
Kookos’s et al. (2019) study was that of performing a full LCA of pro-
duction of PHB from soybean cultivation, also in comparison with
production of polymers from non-renewable petrochemical resources.
The study was characterised by detailed inventory and impact assess-
ments of PHB production in order to compare the obtained results with
literature-cited publications (Kookos et al., 2019). From results, PHB
production is advantageous compared to its petrochemical counterpart.
In addition to this, GHG emissions, non-renewable energy use, as well
as acidification and eutrophication potentials associated with PHB
production were found to be strongly dependent upon the specific re-
newable raw material used and the allocation methodology adopted
(Kookos et al., 2019). So, it is understandable why differences in results
were recorded by the authors with previously-published literature
studies. Finally, Kookos et al. (2019) suggested investigation of alter-
native raw materials especially agricultural residues and side streams
from the food industry. Doing so would make it possible to offer several
advantages over dedicated crops when combined with the development
of integrated biorefineries (Kookos et al., 2019).

Yet another residual stream that is worth mentioning is that of the
bauxite outlet from the first stage of aluminium production (Joyce
et al., 2018). Its treatment has long been a concern of the alumina in-
dustry (Evans, 2016; Joyce et al., 2018), so much so that more sus-
tainable disposal scenarios, other than the classic landfilling, are cur-
rently under development (Joyce et al., 2018). One valid way for
recovery of the Bauxite Residue (BR) would be that of recycling it into
building materials, so enabling high-volume valorisation of this waste.
This would also meet the increasing demand from the construction
industry for building materials demonstrating high environmental
performance (Joyce et al., 2018). In their study, Joyce et al. (2018)
dealt with such a research theme, with the aim of identifying: potential
hotspots of environmental impact in the production of paving blocks
from novel high BR-content inorganic polymers; and opportunities for
impact reduction prior to the final development and subsequent ap-
proval of the technology. For the purpose of the study development, the
authors applied an anticipatory Life Cycle Assessment (LCA) to the
early stages of the design and development of the technology, so using
data from lab-scale experiments. From the study, it was highlighted that
the energy consumed in the BR firing process is the most significant
hotspot of impact, and represents a high priority target for improve-
ment (Joyce et al., 2018). Though utilisation of this energy is thermo-
dynamically unavoidable, the authors suggested options for reduction
of the resulting environmental impact. One of those options, for im-
mediate future application, could be that of firing with ‘clear burning
fuels’ like natural gas, so enabling impact decrease for all impact ca-
tegories considered in the study, but ozone layer depletion (Joyce et al.,
2018). Such a result should be attributed to emissions of the ozone
depleting substances (i.e. Halon 1301 and Halon 1211) which are re-
quired for usage as fire suppressants in the production and transmission
of natural gas (Joyce et al., 2018). In the medium-long term, new
heating methods, like those providing microwave, was suggested by
Joyce et al. (2018) to offer a more sustainable outlook. This agrees with

2 This is a thermo-chemical process applied in lignocellulosic bio-refineries to
fractionate wood resources into their components cellulose, lignin and hemic-
cellulose (Hildebrandt et al., 2019).
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Falciglia et al. (2018), who documented that microwave heating is one
environmentally valid option for application for remediation of hy-
drocarbon-contaminated marine sediments, compared to other phy-
sical-chemical technologies like the electro-kinetic.

The manufacturing of blocks for buildings was also investigated by
Kanchanapiya et al. (2018), but this time those were made out of
Lightweight Concrete (LWC): in their study, the authors carried out
research to determine the most suitable blends for production of LWCs
mixed with Polyisocyanurate (PIR) foam waste (PIRW). The driving
goal was not only to meet industrial standards but also to achieve
economic feasible production practices from the viewpoint of the PIR
foam manufacturers: the authors achieved the proposed goal. As a
matter of fact, their study documented a thermal conductivity value for
the LWC-PIRW blocks under testing (0.36W/m °K) to be fully in line
with that of other typical foamed concretes. In addition to this, results
from the study highlighted that LWC-PIRW block production to be
economically feasible with a net present value equal to 34,570 USD and
a 21.5% internal rate of return. So, in agreement with Kanchanapiya
et al. (2018), it can be asserted that, thanks to their insulating prop-
erties, production of blocks made out of suitable blends of LWC and
PIRW can favour efficient management of waste streams and saving of
energy from indoor conditioning during building operation.

Several other insulating materials and products are currently
available in the market for applications in buildings: the majority of
them derive from mineral wool and plastics, and only a small part is
natural (Barreca et al., 2019). A set of advantages warrant utilisation of
natural materials in buildings, including the lower energy for indoor
temperature control (Barreca et al., 2019), and the capture of carbon
dioxide (CO2) during plantation growth (Zampori et al., 2013; Barreca
et al., 2019). In the past, agricultural or forestry residues were widely
utilised in rural farms as building components, or as complementary
materials, mainly with cladding and insulating functions (Väisänen
et al., 2016; Barreca et al., 2019). This field was contributed by the
research that Barreca et al. (2019) conducted with the aim of energy
and environmentally testing building elements made out of two typical
natural materials of the Mediterranean area, namely giant reed (Arundo
donax L.), and agglomerated cork. In particular, the authors analysed a
cavity wall panel made by a wood skeleton on which two double
crossed layers of giant reed stems were fixed, and a multilayer ag-
glomerated cork wall with a double cavity composition (Barreca et al.,
2019). The wall composition designed was characterised in terms of
heat transmittance, showing a value largely lower than that of a stan-
dard brick-based composition. In addition to this, energy consumption
for indoor heating and cooling was estimated through a dynamic
thermal analysis in the context of a hypothetic single-floor Mediterra-
nean house. As the consequence of the better insulation performances,
buildings where those two natural material based composition were
utilised recorded the lowest energy demands. Finally, with regard to the
assessment of environmental issues, the authors focussed attention
upon the CO2-emission saving (with respect to the standard brick wall)
during heating and cooling, which was estimated to be equal to 75% in
the case of agglomerate cork and 26% when giant reed is utilised
(Barreca et al., 2019).

In another study, Ingrao et al. (2019) focussed attention upon uti-
lisation of straw as a by-product from Durum Wheat (DW) cultivation in
Sicily. Based upon Chinnici et al. (2015), local management practices
provide 90% of the straw produced in Sicily to be utilised in farmlands
as animal feed, or is burned just after the cereal harvest to improve the
organic matter content of the soils. The remaining 10% is destined to
other applications, including a series of innovative ones like renewable
feedstock in anaerobic digestion plants or building material with en-
veloping and insulating functions (Ingrao et al., 2019). Additionally,
straw can find feasible applications as fuel in direct combustion pro-
cesses for generation of energy usable in a wide range of sectors (Ingrao
et al., 2019). However, Giuntoli et al. (2013) highlighted a gap in the
literature with regard to environmental sustainability of straw-fired

installations: Ingrao et al. (2019) investigated such a research area and
gave an attempt in contributing filling that existing gap. In their study,
the authors addressed life-cycle environmental issues related to a straw-
fired installation in an industrial system for production of Expanded
Clay Granulates (ECG). In particular, within that system, straw is sub-
jected to direct combustion in a rotary kiln to produce heat, as required
for cooking and expansion of input fresh-clay granulates (Ingrao et al.,
2019). The study was conducted in collaboration with a local ECG
producing firm, which changed the type of solid fuel to be combusted in
the kilning step for cooking and expansion of input fresh clay (Ingrao
et al., 2019). As clarified by Ingrao et al. (2019), the research was
aimed at validating, from an environmental perspective, the firm choice
by carrying out a comparative LCA of the two plant configurations,
based upon utilisation of different fuels: hard coal (ante-operam); and
DW straw (post-operam). The proposed goal was achieved, as the study
confirmed renewable biomasses, like straw, to be alternative fuels to
decrease the environmental impacts associated with building material
production systems. In detail, from the study it was found that DW
straw production is more impacting than hard coal, because greater
amounts were used per cubic metre of ECG. However, on equal amount
used, hard coal generates higher environmental burdens associated
with its production, compared to those coming from straw production.
According to Ingrao et al. (2019) the environmental damage in the
ante-operam plant was documented to be higher than in the post-op-
eram one, mainly because of the presence of hard coal generating huge
emissions of CO2, thus strengthening the imperative need to accelerate
the transition from fossil to renewable energy sources. Finally, the study
sustains the belief that replacing fossil fuels (i.e. coal) with agricultural
residues (i.e. straw) may represent an environmentally friendly method
for the management of those residues and a suitable way for con-
servation of fossil fuels and natural resources (Ingrao et al., 2019).

Finally, all papers included in the VSI and reviewed in this in-
troductory article were classified in Table 1, based upon: the publica-
tion year; the first-author names (in alphabetic order); the category of
building product and related function within the building structure; the
(waste) material utilised; and the assessment conducted.

4. Conclusions

This VSI achieved the proposed goal, namely that of collecting se-
lected relevant studies with the aim of addressing sustainability of by-
product and waste management systems, to produce building material
commodities. It allowed documenting that the usage of by-product and
waste streams enables environmental and economic sustainability of
building material commodities making them valid alternatives to the
virgin counterparts, whether their quality and functionality is not
compromised.

All articles accepted for publication and included in this VSI were
characterised by a clear discussion about: the peculiarities of the re-
searches they were reporting upon and the ways they contributed the
subject literature and knowledge; and the practical, environmental, and
economic implications of those researches.

In addition to this, the majority of them provided a material design/
formulation, characterisation and testing phase prior to that for as-
sessment of environmental, and/or socio-economic issues by means of
tools like LCA and cost analysis. In this way, through this VSI, it was
proven once again that such methodologies can exhibit multiple key
roles for assessment and improvement of economic-environmental is-
sues already in the design phase.

Moreover, the significant response to this VSI was particularly en-
couraging, because it has proven that academic communities continue
to scale up research on topics related to usage of by-product and waste
streams for production of building material commodities. More im-
portantly than that, researches were translated into applications outside
of academia. According to this VSI guest editors, this will make it
possible not only to provide a platform to exchange knowledge and best
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practices, but also to ask new questions for future academic research.
Finally, scanning through the working teams of the papers it was

observed that several of them are composed by authors from worldwide
countries and/or from different affiliations in the same country, so
highlighting the importance of joint work for research development. In
addition, the guest editors believe that this VSI has been a valuable
occasion to strengthen ongoing collaborations at the international level
and create new ones.
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