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LCA OF WASTE MANAGEMENT SYSTEMS

Comparative LCA of concrete with recycled aggregates: a circular economy
mindset in Europe

Francesco Colangelo® & Tomas Gémez-Navarro? & llenia Farina® & Antonella Petrillo?

Abstract

Construction and demolition waste (C&DW) is the largest waste stream in the European Union (EU) and all over the world.
Proper management of C&DW and recycled materials—including the correct handling of hazardous waste—can have major
benefits in terms of sustainability and the quality of life. The Waste Framework Directive 2008/98/EC aims to have 70% of
C&DW recycled by 2020. However, except for a few EU countries, only about 50% of C&DW is currently being recycled. In the
presentresearch, the environmental impact of concrete with recycled aggregates and with geopolymer mixtures is analysed. The
aim of the present research is to propose a comparative LCA of concrete with recycled aggregates in the context of European
politics.

Life cycle assessment (LCA) methodology is applied using Simapro© software. A cradle to grave analysis is carried out. The
results are analysed based on the database Ecoinvent 3.3 and Impact 2002+.

Results show that the concrete with 25% recycled aggregates is the best solution from an environmental point of view.
Furthermore, geopolymer mixtures could be a valid alternative to reduce the phenomenon of “global warming”; however, the
production of sodium silicate and sodium hydroxide has a great environmental impact.

A possible future implementation of the present study is certainly to carry out an overall assessment and to determine the

most cost-effective option among the different competing alternatives through the life cycle cost analysis.

Keywords C&DW - LCA - Recycled aggregate - Circular economy - Geopolymer concrete mixtures

1 Introduction

Construction and demolition waste (C&DW) are the heaviest
and most voluminous waste streams generated in the EU and
all over the world. C&DW waste generation around the world
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reached approximately 3 billion tonnes (Akhtar and Sarmah
2018). While, in Europe, it accounts for approximately 25—
30% of all waste generated and consists of numerous mate-
rials, including concrete, bricks, gypsum, wood, glass, metals,
plastic, solvents, asbestos and excavated soil, many of which
can be recycled (Provis 2017; Davidovits 2018; Walling et al.
2019; Gluth et al. 2017). Thus, C&DW has been identified as
a priority waste stream by the European Union (Tangtinthai
etal. 2019; Mercante etal. 2012). There is a high potential for
recycling and re-use of C&DW, since some of its components
have a high resource value. In particular, there is a re-use
market for aggregates derived from C&DW waste in roads,
drainage and other construction projects (Galvez-Martos et al.
2018; Colangelo and Cioffi 2017). That is why the European
Commission introduced a new protocol (EU Construction and
Demolition Waste Protocol and Guidelines 2016) on con-
struction and demolition. This protocol fits within the
Construction 2020 strategy (COM (2012) 433), as well as
the Communication on Resource Efficiency Opportunities in
the Building Sector (COM (2014) 445). It is also part of the
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European Commission’s ambitious and more recently
adopted Circular Economy Package. The proposed actions
will contribute to reaching the Waste Framework Directive
(2008/98/EC) target of 70% of C&D waste being recycled
by 2020, closing the loop of product lifecycles through greater
recycling and re-use and bringing benefits for both the envi-
ronment and the economy. And more is currently done at
local, regional, national and EU levels (Di Maria et al.
2018). One of the objectives of the Waste Framework
Directive (2008/98/EC) is to provide a framework for moving
towards a European recycling society with a high level of
resource efficiency. The scope of the Protocol includes waste
from construction, renovation and demolition works.
However, one of the common hurdles to recycling and re-
using Construction and Demolition waste in the EU is the lack
of confidence in the quality of C&D recycled materials.
Furthermore, the European Commission has issued the
Communications “A resource efficient Europe” and
“Roadmap to a Resource Efficient Europe”, the stated goal
of which is to reconsider the whole life cycle of resource use
so as to make the European Union a “circular economy”, one
based on recycling and the use of waste as a resource.
Moreover, life cycle assessment (LCA) and life cycle thinking
(LCT) is core to many of these policies (Blengini et al. 2017;
Colangelo et al. 2018Db). In this context, C&DW is a possible
source of unconventional aggregates, which are recognised as
essential and valuable resources for the economic and social
development of modern societies (Blengini et al. 2012). In
Italy, we are very far from the target (70%) imposed by the
Directive (2008/98/EC), especially in the regions of southern
Italy due to the presence of many legal and illegal mines and
the access to natural aggregates that is very cheap (Pantini
et al. 2019). Thus, upon the above considerations, the
motivation behind this work can be summarized as follows:
(i) ensure the reduction ofthe volume of aggregates in landfill;
(ii) re-use of rubble after earthquakes; (iii) decrease of exca-
vations for the production of aggregates; (iv) implement sus-
tainable practices in the construction industry in order to have
a win-win situation that is mutually beneficial to the environ-
ment, society, and the economy.

In detail, the present research evaluates the environmental
impacts associated with the non-hazardous C&DW manage-
ment by applying the LCA methodology (from cradle to
grave). In fact, according to the European Union policies, life
cycle assessment (LCA) is a widespread tool to assess the
environmental benefits and burdens associated to waste man-
agement systems and to identify strategies that will improve
their performance (ISO 14040 2006; ISO 14044 2006).

In the present research, eight different types of concrete
have been analysed, i.e. with recycled aggregates, natural ag-
gregates and Portland cement (PC)—based concretes versus
alkali-activated ground granulated blast furnace slag
(GGBFS)-based concretes. The research is limited to

alkaline-activated GGBFS. GGBFS-based concrete are con-
sidered as third-generation cement after lime and ordinary
Portland cement. On average, they have good mechanical
strength, low permeability, good chemical resistance, and ex-
cellent fireresistance (Petrillo etal. 2016). Itisrelevanttonote
that PC-based concretes and the wide variety of alkali-activat-
ed/geopolymer concretes can be diametrically opposed to
eachotherinrespectto their technical properties (consistency,
working time, strength development, resistance to environ-
mentalimpact, occupational safety aspects),andtheirenviron-
mental impact cannot be considered isolated from these as-
pects. Thus, the final aim of the present study is to outline
possible research prospects to be followed in the near future
according to the European Union regulation. One main nov-
elty of the present research paper is to consider the impacts
deriving from the production of the steel necessary for con-
crete reinforcement. Furthermore, interesting considerations
can be drawn about examined GGBFS mixtures. In the liter-
ature, it is very difficult to find such mixtures with recycled
aggregates having a compressive strength of 30 MPa, as in our
case study. In order to summarize the research lines following
astate of art of the topic under study is analysed, materials and
methods are described, and the main contributions of the re-
search and future developments are explained.

2 State of art on life cycle approach of C&DW

The increasing volume of C&DW associated with economic
growth is posing challenges to the sustainable management in
the construction sector (Zhang et al. 2019). In this regard,
significant efforts have been devoted to assessing C&DW
management. The need for broad-scope empirical measure-
ment of the environmental performance of C&DW manage-
ment system has been emphasised in scientific studies and
common political discussion (Lu and Yan 2011). However,
in our opinion, there is little knowledge to understand the
proper utilisation of the developed models for assessing
C&DW environmental impacts (Wu et al. 2019). Our aim
was to investigate the use of LCA methodology applied to
C&DW management. The SCOPUS database was used, since
itis the world’s largest abstract and citation database of peer-
reviewed research literature. The literature review pointed out
some interesting studies that adopt LCA methodology to as-
sess C&DW performance. Obviously, the literature analysis
below is not intended to be exhaustive but aims to highlight
only research that is most in line with our scientific interest.
Thus, after careful analysis, some scientific papers have been
selected and are described in detail below. The results of the
main scientific papers analysed, and in line with our research,
are summarised in Tables 1 and 2. More in detail, Table 1
summarizes the main information about the analysed studies.
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Table 1 Literature related to

LCA and C&DW—functional Authors Functional unit Materials and methods
unit,systemboundaries, materials
and methods Fixed and mobile Recycled Natural System
recycling plant aggregates aggregates  boundaries
Blengini etal. 1t of collected and X X Cradle to
(2010) recycled C&DW grave
Borghi et al. 1 t of non-hazardous X X Cradle to
(2018) C&DW grave
Estanqueiro 1 t of coarse aggregates X X Cradle to
et al. (2018) gate
Vossberg 1 t of collected and X Cradle to
etal. (2014) recycled aggregates grave
Marinkovi¢ 1 m® of concrete - X X Cradle to
et al. (2010) gate
ToSi€ et al. 1 m3 of concrete - X Cradle to
(2015) gate
Colangelo 1 m? of concrete - X Cradle to
et al. (2018) gate
Braga et al. 1 m?® of concrete - X Cradle to
(2017) gate
Knoeri et al. 1 m? of concrete - X Cradle to
(2013) gate
On the other hand, Table 2 summarizes the database and According to the literature analysis, an interesting study is
the impact method used to perform a LCA study. proposed by Blengini and Garbarino (2010). In their study, a

Table 2 Literature related to
LCA and C&DW—database and ~ Authors Database Impactanalysismethod

impact analysis method
Impact  Econdicator =~ CML IPCC

2002+ 99 2007
Blengini Literature and database of provincia di Torino, X X
et al. interview with operators, distances retrieved
(2017) from a GIS model
Borghi etal.  Primary data for recycling plants (visited) X
(2018) Literature and Ecoinvent for recycling of steel
and landfilling of inert
Estanqueiro  Site-specific primary data X
et al.
(2018)
Vossberg Interviews, Ecoinvent database X
et al.
(2014)
Marinkovi¢ Primary data from their previous work, GEMIS X
et al. database
(2010)
ToSiCetal. Primary data and GEMIS database X
(2015)
Colangelo Literature, SimaPro database, LCI from Italian X
et al. Technical Economic Association of Concrete
(2018) (ATECAP), literature review
Bragaetal.  Companies and literature X
(2017)
Knoeri etal.  Ecoinvent, literature (distances) X
(2013)
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combined geographical information system (GIS) and life cy-
cle assessment (LCA) model is developed using site-specific
data and paying attention to land use, transportation and
avoided landfill. A real case study in the Turin (Italy) is
analysed. One of the most interesting studies from our point
of view is proposed by Marinkovi€ et al. (2010). The main
purpose of this work was to determine the potentials of
recycled aggregate concrete for structural applications and to
compare the environmental impact of the production of natu-
ral aggregate concrete (NAC) made entirely with river aggre-
gates and recycled aggregate concrete (RAC) made with nat-
ural fine and recycled coarse aggregates. On the other hand,
Knoeri et al. (2013) analysed the life cycle impacts of 12
recycled concrete (RC) mixtures with two different cement
types and compared it with corresponding conventional con-
cretes (CCs) for three structural applications. Afterwards, in
2014, Vossberg et al. (2014) presented the results of LCA on
the energy requirements and greenhouse gas (GHG) emission
implications of recycling C&D rubble and container glass in
Cape Town, South Africa. ToSiC etal. (2015),according to the
LCA methodology, identified the optimal choice of aggregate
type and transport scenario in concrete production, employing
a multicriteria optimization method considering technical,
economic and environmental limits and constraints.
Recently, Braga et al. (2017) performed a life cycle assess-
ment of concrete (cradle to gate) including all stages except
application, maintenance and demolition stages. More
recently, Borghi et al. (2018) applied the LCA methodology,
in Lombardy Region (Italy), to evaluate the environmental
performance of the current regional management of C&DW
and to identify critical aspects and possible improving actions.
On the other side, Estanqueiro et al. (2018) analysed an inter-
esting point of view. In fact, in their study, LCA was used to
compare the environmental impacts of three alternatives of
procurement of coarse aggregates for concrete production:
extraction and processing of natural aggregates; in addition,
recycling of demolished concrete either using a fixed or a
mobile plant was analysed. Finally, Colangelo et al. (2018a)
applied the standard protocol of life cycle assessment to 3
different concrete mixtures composed by wastes from con-
struction and demolition (C&D), marble sludge and cement
kiln dust (CDK) in order to compare the environmental and
energy impacts. The main purpose was to analyse the poten-
tials (capabilities/benefits) of recycled aggregate concrete.
The literature analysis highlighted applications, con-
crete types, aggregates, cement amount and the functional
unit considered in the other studies developed according
to LCA methodology. An important issue concerns the
choice of the functional unit. In the analysed papers, dif-
ferent types of functional units are chosen with respect to
the specific study. The importance of literature analysis
was twofold. First, it allowed us to have an overview
how the topic is addressed in the scientific community.

Secondly, it allowed us to collect and analyse data useful
for our research.

3 Materials and methods

LCA study (ISO 14040 2006), consists of four phases that are
described in the following four subsections.

3.1 Phase no.1—goal and scope

A comparative LCA of concrete withrecycled aggregates and
PC versus GGBFS-based concrete mixtures is proposed.

3.1.1 Functional unit

In this work, the functional unit (FU) is represented by 1 cubic
meter of reinforced concrete with a compressive strength of
30 MPa to be used in a building. In this way, in addition to
considering the use of raw materials needed for the production
of the building material, the contribution of steel to the sus-
tainability of a building is also highlighted.

3.1.2 Functional flows

Different types of concrete have been analysed with recycled
aggregates and GGBFS-based concrete mixtures. In total,
eight concrete mixtures were prepared using CEM-I
Portland cement conforming to EN 197-1 with R
32.5 MPa and recycled and natural aggregates (with an
amount of recycled aggregates ranging from 0 to 100%) and
using both a traditional binder and GGBFS as precursor of the
alkaline-activated binder. All the mixtures displayed a good
workability; the slump was measured through the Abrams
cone method, and it resulted as S4 slump class, ranging be-
tween 19 and 20 cm. The SimaPro© software was used to
follow the ISO 14040-44 standards. The four mixtures of con-
crete withrecycled and natural aggregates are those suggested
in the study by Etxeberria et al. (2007).

Table 3 Mix proportioning of concrete mixtures with Type I Portland
cement (compressive strength 30 MPa)

Co C25 C50 C100
Cement (kg/m?) 300 300 318 325
Water (1/m%) 165 165 165 162
Recycled aggregate (kg/m?) 0 266 536 1123
Sand (kg/m?) 765 765 739 683
Gravel (kg/m’) 1207 905 609 0
Density (kg/m?) 2442 2408 2372 2301
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Table 3 shows the mix proportioning of the following four
mixtures:

— Mixture with cement as binder and 0% recycled aggre-
gates (CO0)

—  Mixture with cement as binder and 25% recycled aggre-
gates (C25)

— Mixture with cement as binder and 50% recycled aggre-
gates (C50)

—  Mixture with cement as binder and 100% recycled aggre-
gates (C100)

Table 4 shows, instead, four mix proportioning of the
GGBFS-based mixtures under examination, prepared in the
laboratory of the University of Naples “Parthenope”:

—  Mixture with GGBFS-based binder and 0% recycled ag-
gregates (GO)

—  Mixture with GGBFS-based binder and 25% recycled
aggregates (G25)

—  Mixture with GGBFS-based binder and 50% recycled
aggregates (G50)

—  Mixture with GGBFS-based binder and 100% recycled
aggregates (G100)

Regardless of the type of binder, as the percentage of
recycled aggregates increases, it is necessary to increase the
amount of cement in order to guarantee the same mechanical
properties. Furthermore, in these mixtures, granulated ground
blast furnace slag (GGBFS) has been employed as binder. The
amount of steel constituting the reinforcement in both sets of
mixtures was assumed to be 120 kg/m? of concrete.

3.1.3 System boundaries

The LCA followed a cradle-to-grave approach, i.e. the life
cycle of the concrete mixture is taken into

Table 4 Composition of geopolymer mixtures (compressive strength
30 MPa)

GO G25 G50 G100
GGBEFS (kg/ m®) 350 350 360 385
Sand (kg/m?) 737 737 737 737
Natural aggregate (kg/m?) 1098 841 503 0
Recycled aggregate (kg/m?) 0 239 521 953
NaOH solution (kg/m?) 67.5 67.5 67.5 67.5
NazSiOs solution (kg/m?) 141.3 141.3 141.3 141.3
Density (kg/m?) 2397 2381 2336 2291

consideration starting from the extraction of raw materials
up to the demolition, considering that our case study is
about a building. C&DW, after the selective demolition,
travels by road to the recycling plant, where it is treated;
the secondary raw materials, output of waste treatment
plant, are then sent to the concrete mixing plant. The
natural aggregates are transported from the quarries to
the concrete mixing plant where concrete is produced
and then sent to the construction site. The impacts related
to the construction, use and maintenance phases of the FU
in the building have not been considered. This hypothesis
is supported by numerous studies in the literature, sum-
marized in Tables 1 and 2, and it is assumed that the
impacts are the same for all the mixtures analysed. The
analysis of the life cycle sees the demolition of the build-
ing as the final point; the steel of the demolished structure
is assumed as sent to the recycling process and substitute
primary steel somewhere else. Besides, the steel of the
demolished structure is recycled, and 15% of the inert
materials are landfilled, following the hypothesis defined
by Colangelo et al. (2018). Regarding the remaining 85%
of inert material, the process to which it is subjected has
not been specified; this following the idea that in about
50 years (EN 1992-1-1: 2004), when the building will be
subjected to partial or total demolition, the techniques of
recovery will be reasonably changed. Figure 1 schema-
tizes the building construction process for reinforced
PC-based concrete.
The distances considered are the following:

—  30kmtravelledby C&DW from the demolition site to the
fixed recycling plant

— 20kmcovered byrecycled aggregates from the treatment
plant to the concrete plant

— 30 km from the cement production plant to the concrete
mixing plant

— 30 km from the sand and gravel quarries to the concrete
mixing plant

— 40 km from the concrete plant to the construction site

— 300 km travelled by steel for the building’s reinforce-
ment. This is approximately the distance that separates
the steelworks of Taranto from a hypothetical construc-
tion site in the province of Naples.

Figure 2 schematizes the building construction process
for GGBFS-based concrete. It is evident that the activities
are similar to those of mixtures with traditional binder
except the block relating to the production of the binder.
Construction and demolition waste, after selective demo-
lition, travel by road to get to the recycling plant to be
treated, while the secondary raw materials, leaving the
waste treatment plant, are treated in the concrete mixing
plant. The natural aggregates are transported from the
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Fig. 1 Flow diagram for building
construction process for
reinforced PC-based concrete
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use and maintenance phase were not considered according
to numerous researches published in the literature (see
Tables 1 and 2). On the other hand, most of the published
studies propose the analysis of the impacts up to the pro-
duction of aggregates or up to the production of concrete
(Chen et al. 2020; Jafary Nasab et al. 2020; Colangelo
et al. 2020; Gomes et al. 2020; Khan et al. 2019).
The distances considered are the following:

Fig. 2 Flow diagram relating to
the life cycle of the building with
GGBFS-based concrete
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— 300 km is travelled by steel for the building’s reinforce-
ment and for the transport of the blast furnace slag from
the steelworks to the concrete mixing plant

3.2 Phase no. 2—LClI

Data collection was based on the literature review, filed work
or, alternatively, gathering information from the Ecoinvent 3
Life Cycle Inventory database.

In particular, the main assumptions are summarized as
follows:

—  Forthe gravel natural aggregate, the eco-profile is repre-
sented by the entry “Gravel, market for gravel, round
{RoW}” in the Ecoinvent 3 database.

—  For sand, fine natural aggregate, the entry “market for
Sand {GLO}” from the Ecoinvent 3 database, constitutes
its eco-profile.

— Forrecycled aggregates, the study by Borghietal. (2018)
hasbeen considered. This study, supported by the admin-
istration of Lombardy region, has as its object the LCA of
the current chain of disposal of demolition waste in
Lombardy. Borghi et al. (2018) have quantified the con-
sumption of electricity and fuel of fixed and mobile plants
for the production of recycled aggregates. For the former,
it has been estimated an electricity consumption of
1.74 kWh per tonne of recycled aggregate produced;
0.38 1 of diesel is used to produce 1 t of secondary raw
material. Finally, 0.03 kg of steel isused in the production
of 1 t of recycled aggregate from a fixed plant.

—  For the steel, the data present in Ecoinvent 3 were used
under the entry “market for reinforcing steel {GLO}”.

— Asregards cement, the eco-profile present in Ecoinvent 3
was used under the entry “market for cement, Portland
{Europe without Switzerland}”.

—  For the transportation, it was assumed that the materials
travel on road, so the impact connected to the transported
tonnes/km was assessed by referring to the item
“Transport, freight, lorry 16-32 metric tonne, EUROS5
{GLO} | market for | Alloc Def, S” in the Ecoinvent 3
database. The data concerning the distances travelled will
be discussed in the following sections.

— Thedatarelating to additives were also obtained from the
Ecoinvent 3 database. In particular, the item “Sodium
hydroxide, without water, in 50% solution state {GLO}
| market for | Alloc Def, S” has been chosen as represen-
tative of the inventory of sodium hydroxide in the
geopolymer mixture.

—  For the sodium silicate solution, it was chosen the entry
Sodium silicate, without water, in 37% solution state
{GLO} | market for | Alloc Def, S; this represents the
worst case from the point of view of the environmental

loads, among the entries present in Ecoinvent regarding
sodium silicate solutions. Data on the production of con-
crete in the concrete plant have been extrapolated from
the study by Marinkovi€ et al. (2010), in which a life
cycle analysis of a traditional concrete is drawn up. For
the aforementioned study, 5575 kWh of electricity is
needed for the production of 1 m? of ready-to-use
concrete.

—  Electricenergy; the datapresent in Ecoinvent 3 have been
used; in particular, it has been considered the medium
voltage electricity produced in the Italian market.

— Also, data on the demolition of a building have been
obtained from the study by Marinkovi€ et al. (2010). In
particular, 89.59 MJ of energy deriving from the combus-
tion of diesel is needed to demolish 1 m® of concrete.

— Itisimportant to underline that when we talk about diesel
consumption during demolition, we are using the entry
“market for diesel, burned in agricultural machinery
{GLO}” as a model of the inventory related to the com-
bustion of the latter. This is because the aforementioned
item is a good approximation of the impacts related to
diesel subject to combustion in the engines of excavators
and grinders (Marinkovi€ et al.2010).

— As regards the blast furnace slag, we are faced with an
allocation problem, faced by several authors in the litera-
ture (Van den Heede and De Belie 2012; Sayagh et al.
2010; Chen et al. 2010; Van den Heede and De Belie
2012).

3.3 Phase no. 3—LCIA

Life cycle impact assessment (LCIA) is used to clarify the
intensity of the LCI results with respect to their environmental
effects. In this regard, it is relevant to note that although the
endpoint effects are those we really care about, it can be dif-
ficultto measure them directly. Thus, most impact assessment
methodologies use midpoint measurements. In this study, the
life cycle impact assessment methodology IMPACT 2002+
was used since it suggests a feasible implementation of a com-
bined midpoints/damage approach as suggested by several
authors (Bare et al. 2000; Jolliet et al. 2003). These combina-
tions link all types of life cycle inventory (LCI) results, the
elementary flows and other interventions, throughout the 14
midpoint categories summed up to four damage categories.
Normalization is carried out at midpoint level. The damage
categories used by IMPACT 2002+ are:

Human Health, measured in DALY (“disability-adjusted
life years”) characterizes the disease severity, accounting
for both mortality (years of life lost due to premature
death) and morbidity (the time of life with lower quality
duetoanillness, e.g. athospital). Default DALY values of
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13 and 1.3 (years/incidence) are adopted for most carcino-
genic and non-carcinogenic effects, respectively
Ecosystem quality, measured in PDF*m?*year;
(“Potentially disappeared fraction of species overa certain
amount of m? during a certain amount of year”) is the unit
to “measure” the impacts on ecosystems. The PDF-
m? year represents the fraction of species disappeared on
1 m? of earth surface during 1 year. For example, a prod-
uct having an ecosystem quality score of 0.2 PDF-m? year
implies the loss 0£20% of species on 1 m? of earth surface
during 1 year

Climate Change or “global warming”, measured in kg of
CO; equivalent released to the air. The climate change
damage factor 0f 9950 kg CO2-eq/point is largely domi-
nated by CO2 emissions

Resources, expressed in MJ. Is the sum of the midpoint
categories “non-renewable energy consumption” and
“mineral extraction”. The resources damage factor of
152,000 MJ/point is largely dominated by non-
renewable energy consumption.

3.4 Phase no. 4—interpretation

The highest impacts occur in the production of cement,
together with that of steel, which is however balanced by
its recycling. In the case of geopolymer concrete, most of
the impacts come from the production of sodium hydrox-
ide and sodium silicate. The impacts related to steel are
balanced by recycling operations. Figure 3 a and b show
the values of the impact indicators after the characteriza-
tion phase. For each impact category, the most impacting
mixture is shown with the value 100; the others in relation
to the latter take values between 0 and 100. With these
first data, it is possible to understand which categories it
is important to focus on in order to identify solutions that
make concrete production more sustainable, as well as
identify areas where there is a large inequality between
one solution and another.

However, considering only the characterization phase,
without comparing it with a reference point, would be too
rough; the normalization phase therefore allows us to under-
stand more clearly which categories are important to investi-
gate. Figure 4 shows the analysis for: Global Warming, Non-
Renewable Energy, Respiratory Inorganics, Carcinogens,
Non-Carcinoges and Terrestrial Ecotoxicity.

Geopolymers lead to a reduction of about 10% in global
warming, although it is disadvantageous from the point of
view of the other two categories.

Here below is a detail of the contribution of each category
on the main individual processes in order to define the eco-
profile of eight mixtures.

3.4.1 Global warming

The results regarding COyq emissions are shown in Fig. 5.
Results highlight an advantage in adopting the technological
solution represented by GGBFS binders. The sum of the im-
pacts of the precursors is, in fact, always lower than the COxq
released for cement production. The greater impact of trans-
port is due to the longer distances that characterize the
GGBFS-based concrete supply chain. Recycled aggregates
are less impactful than natural ones. The GGBFS binder has
an impact of 30% less than the traditional one without consid-
ering GGBFS (20% considering them). Steel accounts for
about 13% of the total, not considering the recycling process.
The mixtures with recycled aggregates and geopolymers rep-
resent the opportunity to further reduce the amount of CO;
emitted. This is because the amount of steel constituting the
reinforcement can be reduced in the lighter mixtures while
ensuring the same mechanical performance in response to
earthquakes.

3.4.2 Non-renewable energy

From the point of view of the consumption of non-renewable
energy resources (Fig. 6), the impacts associated with the pro-
duction of sodium hydroxide and sodium silicate are the main
obstacle to the competitiveness of the GGBFS binder. The use
of recycled aggregates reduces the consumption of non-
renewable energy. GGBFS-based concretes have an impact
of about 35% more than traditional concretes. Recycled ag-
gregates have an impact of 75% less than natural aggregates,
although they both are almost negligible compared with the
other life cycle processes. Steel accounts for about 15% ofthe
total mixture, not considering the recycling process.

3.4.3 Respiratory inorganics

In this impact category, it is still possible to underline the
incidence of sodium silicate and sodium hydroxide (Fig. 7).
Recycled aggregates have an impact equal to 0.3 times that of
natural aggregates, also being very small. GGBFS-based con-
cretes are more impactful because of silicate and sodium hy-
droxide. The relative contribution of steel to the Respiratory
Inorganics category is about 3% in the cement concrete
mixtures.

It is possible to notice how the use of GGBFS-based
concrete involves a reduction of about 10% of global
warming, although it is disadvantageous from the point
of view of the other two categories highlighted. The use
of recycled aggregates does not involve disadvantages;
therefore, reducing the volume of inert waste in landfills,
together with alleviating the pressure over the natural ag-
gregate quarries, can only benefit the community. This
result is in line with what was found in the literature
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Fig. 5 Impact 2002+, normalization stage for each mixture, global warming impact category

(Marinkovi€ et al. 2010; Knoeri et al. 2013). As for
GGBFS-based concrete, also in this case, the conclusions
that can be drawn from the present work are in line with
what can be found in the literature: the main advantage that
can be derived from their use is the decrease of the green-
house effect. In the other categories, however, their use is

disadvantageous. While the CO, released during the pro-
duction of clinker is responsible for the greater greenhouse
effect associated with the use of Portland cement; on the
other hand, the energy needed to produce the precursors of
GGBFS based concrete is the responsible of the impacts
that are not negligible in the other categories. The search

Non-renewable energy (MJ primary)

6,00E+03

5,00E+03

4,00E+03

3,00E+03

2,00E+03

1,00E+03

0,00E+00

“  Demolition = Concrete plant
= Sand » Sodium hydroxide

" Cement
m Recycled aggregate

G100 C100
" GGBFS " Gravel = Additive
» Sodiumsilicate w Transport m Steet net recycling

Fig. 6 Impact 2002+, normalization stage for each process, non-renewable energy
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Fig. 7 Impact 2002+, normalization stage for process, respiratory inorganics

for alternative technologies for the production of the
GGBFS-based concretes, as well as a replacement of the
precursors, could be the solution to make them more com-
petitive. The present study, therefore, is going to increase
the number of researches in the sector, significantly con-
tributing for having considered, within the life cycle, also
the phases related to the production, transportation and
recycling of steel.

3.4.4 Carcinogens

Figure 8 indicates a preference for traditional concrete.
It is interesting to underline the strong dependence be-
tween this category of impact and the steel content in
the mixtures, in a similar way to what happens for eu-
trophication. By reducing the amount of steel making
up the reinforcement, it would be possible to reduce

Carcinogens (kg C,H;Cl,,)
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Fig. 8 Impact 2002+, normalization stage for each process, carcinogens
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Fig. 9 Impact 2002+, normalization stage for each process, non-carcinogens

this impact considerably. The lower density of concrete  3.45 Non-carcinogens

with recycled aggregates could therefore push towards the

adoption of mixtures with higher percentages of recycled  In this category, the impacts are strongly dependent on the
aggregates. steel and the binder. There is not a big difference between

Terrestrial ecotoxicity (kg TEG soil)
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Fig. 10 Impact 2002+, normalization stage for each process, terrestrial ecotoxicity
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Table5 Summary of the main results and scientific questions

Research question Response Future developments

Does the use of recycled Yes: Theuse of recycled aggregates isalways preferable Analyse the impact deriving from the use of recycled
aggregates respect theprinciple ~ compared to the traditional solution (CO0). aggregates fromamobile plantin order to evaluate the
of an efficient circular The zero waste scenario is accompanied by reduced potential logistical advantage.
economy? emissions.

How much does steel net of Net of recycling, steel accounts for around 15% of the Analyse the variation ofthe eco-profile of the mixtures in
recycling affect? main categories ofthe IMPACT 2002+method. Other ~ response to the reduction of the steel content in the

categories, such as “mineral extraction” are mainly lower density solutions.

influenced by the material constituting the
reinforcement.
How do transport processes Transport is not particularly important for the main Changing method, adopting one that gives great
impact? impact categories of the IMPACT 2002+ method. importance to categories such as “respiratory
organics” and “land occupation”, could lead to a
strong dependence of the results on the hypotheses on

distances.
Geopolymer binder vs traditional The advantage ofusing geopolymersis foundinthe 20% Analyse in detail the production process of sodium
binder: which one is less reduction of the “global warming” phenomenon; on hydroxide and sodium silicate in order to identify
impactful? the other hand, the use of geopolymers is not critical issues.

recommended in the remaining categories.

the GGBFS binder and the traditional binder (Fig. 9); even  The obtained results confirm the validity of the circular econ-
by adapting the steel content to the density of the mixture, = omy perspective in the construction sector, indicated by the
one could arrive at a favourable situation for the GGBFS-  European legislation. Thankfully, the challenges of sustain-
based concrete. At the moment, with the hypoth- eses  able construction, industrial growth and the importance of
made, the most environmentally sustainable mix for the  resource efficiency are now clearly recognised by govern-
non-carcinogens category is the one with traditional binder =~ ments around the world and are now at the forefront of strat-
and 25% of recycled aggregates. egy and policy. Furthermore, the results demonstrate that
transportation is not found particularly important for main
impact categories of IMPACT 2002+ method. Table 5 sum-

3.4.6 Terrestrial ecotoxicity ‘ )
marizes the main results of the study.

The phase that contributes the most to this category of
impact is the demolition phase, along with transport and 5§ conclusion
steel (Fig. 10). Therefore, once again, a better distribution
of facilities, reducing the distances to be covered would
reduce the impacts associated with transport. A lower
density of the mixture, allowing a lower quantity of steel
in the production of the reinforcement, would allow a
reduction of the environmental load.

The problems related to the increase in C&DW, together with
the desire to reduce the environmental impacts deriving from
the construction sector, have pushed this research. After a
careful literature analysis aimed at identifying the best prac-
tices of the LCA applied to the construction sector, a compar-
ative LCA of concrete with recycled aggregates was carried
4 Results and discussion out. In this study, four different mix proportions of concrete

mixtures with Portland cement and four different
It is interesting to see the impact results. However, itis well ~ geopolymeric mixtures were examined. It was therefore pos-

known that geopolymers are more impactful because of sili-  sible to identify the best scenario to investigate, as well as to
cate and sodium hydroxide, though the study validates the = evaluate, theeffective validity ofthe application ofthe circular
applicationofcirculareconomy conceptinto constructionsec-  economy concept in the construction sector suggested by the

torassuggested by the European Directive 2008/98/EC. Thus,  European Directive 2008/98/EC. With the assumptions made
the results seem to discourage the production of the concrete  in the present study, the solution consisting in concrete with
based on geopolymer cement mixtures. In fact, if onthe one ~ 25% ofrecycled aggregates is the best from the environmental
hand the use of geopolymers mitigates the global warming  pointofview. However,all solutions withrecycled aggregates
and on the other the high energy consumption (electricity ~ are not more impacting than those having exclusively gravel
and heat) makes it right now, their use is notrecommended.  inthe mix design. Therefore, the recycling of concrete for the
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production of secondary raw materials is perfectly in line with
the dictates of an efficient circular economy. Excluding the
recycling, steel accounts for about 15% in two of the main
categories of the IMPACT 2002+ method and about 30% in
the Respiratory Inorganics category. Transportationisnot par-
ticularly important for the mainimpactcategories of IMPACT
2002+ method. As regards the possibility of using GGBFS-
based concrete, these represent an already valid alternative
regarding the reduction of global warming. However, the big
impact in the other categories, connected to the production of
sodium silicate and sodium hydroxide, represents an obstacle
to their employment. The weak point of this study is repre-
sented by the absence of primary data: databases and data in
literature have been used. The above perspectives indicate the
importance of studying in detail the production process of
precursors in order to identify the critical issues: a possible
reduction of the environmental load connected to the produc-
tion of sodium silicate and sodium hydroxide would increase
the employment of third-generation cements. A possible fu-
ture implementation of the present study is certainly to carry
out an overall assessment and to determine the most cost-
effective option among the different competing alternatives
through the life cycle cost analysis. Furthermore, it would be
interesting to study in future research what would happen in
case of production of recycled aggregates of enough quality in
a mobile plant, followed by a re-use on site. It would be also
interesting to examine an already developed context where the
distances to travel are shorter. Finally, in the future research, a
sensitivity analysis will be developed, since it is a significant
tool for studying the robustness of results and their sensitivity
to uncertainty factors in life cycle assessment (LCA). It high-
lights the mostimportantsetof model parameters to determine
whether data quality needs to be improved and to enhance
interpretation of results.
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