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Abstract: In this study, our aim was to explore the potential energy savings obtainable from the
recycling of 1 tonne of Construction and Demolition Waste (C&DW) generated in the Metropolitan
City of Naples. The main fraction composing the functional unit are mixed C&DW, soil and stones,
concrete, iron, steel and aluminium. The results evidence that the recycling option for the C&DW
is better than landfilling as well as that the production of recycled aggregates is environmentally
sustainable since the induced energy and environmental impacts are lower than the avoided energy
and environmental impacts in the life cycle of recycled aggregates. This LCA study shows that
the transition to the Circular Economy offers many opportunities for improving the energy and
environmental performances of the construction sector in the life cycle of construction materials by
means of internal recycling strategies (recycling C&DW into recycled aggregates, recycled steel, iron
and aluminum) as well as external recycling by using input of other sectors (agri-food by-products)
for the manufacturing of construction materials. In this way, the C&D sector also contributes to
realizing the energy and bioeconomy transition by disentangling itself from fossil fuel dependence.

Keywords: energy savings; circular economy; construction and demolition waste; recycled aggregates;
agri-food by-products

1. Introduction

The main research context of the present study is the Construction and Demolition
Waste (C&DW) management system of the Metropolitan City of Naples (Italy). This section
starts by introducing the relevant environmental and energy impacts of the C&D sector as
a whole (Section 1.1), highlighting the need for transitioning to a Circular Economy (CE)
(Section 1.2). The goal of this study is described in Section 1.3.

1.1. The Environmental Impacts of C&D Sector

The New Circular Economy Action Plan [1] suggests the urgence of taking actions
towards the implementation of CE, particularly in some key product value chains such
as C&D (a list of the acronyms used is provided at the end of the manuscript) and agri-
foods. In the European Union (EU), around 460 million t/year of C&DW are generated [2],
while food waste amounts to 88 million t/year (20% of total food production). The lack
of sustainability practices in these sectors largely contributes to the worsening of climate
change [3] and other environmental problems [1]. The construction sector in particular is
the largest consumer of natural resources [4,5] and this figure is expected to continue in the
future [6,7] since urban areas are growing and contributing to the increase of the demand of
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construction materials and products [8,9]. Sand and gravel are the raw materials most used
after water on Earth and their use largely exceed their regeneration rate [10], needed by
natural processes to concentrate the raw material [11], and thus is not sustainable [12]. The
direct environmental impacts at the extractive sites of such materials are also huge [13,14]
(such as to the flora, fauna, habitats, landscape, biodiversity, water bodies) [15] and can
be partially mitigated by the adoption of cleaner and more sustainable practices also in
compliance with the legislation when available, as in the EU [16].

1.2. Circular Economy Opportunities for C&D Sector

Currently, at the global level it is calculated that about 20–30% of C&DW is recycled
or reused. Thus, a change in this pattern is an imperative given the scarcity of natural
resources and the associated just above-mentioned environmental impacts due to their
extraction [5]. The transition to the CE with a focus on the reduction of the generation of
C&DW [16,17] and the increase of their recycling would reduce the dependence on primary
resources and improve the efficiency in their use. It will be also beneficial to mitigate
the fossil energy demand [18,19] and the related environmental impacts such as global
warming [20], simultaneously contributing to the achievement of climate neutrality by
2050 as envisaged in the EU Green Deal [1] and very recently confirmed by EU parliament
and the G-20 Rome meeting. In the EU, the production and use of energy accounts for a
large share (75%) of GHGs emissions [1]. Moreover, the CE practices for the construction
sector also offer the opportunity of improving its environmental performances through
the creation of synergistic relationships with other sectors such as agri-food [21] and
the use as input of its by-products (e.g., hemp by-products) [22] for the production of
construction materials.

1.3. Goal of the Present Study

In this explorative study we mainly evaluate the potential energy savings coming
from the recycling of the current annual flows of C&DW available in the Metropolitan City
of Naples (Southern Italy). As found by previous literature, the reintroduction of secondary
materials from C&DW streams in a new production cycle generates energy savings from
avoided landfill disposal as well as limited extraction of raw materials [23–30]. The extent
of the life cycle energy savings depends on the recycling potential of the secondary raw
materials to substitute the virgin materials of the new products [31]. For example, steel
scraps from C&D can be re-converted into valuable materials similar to the virgin materials,
whereas in the case of recycled aggregates (RA) their value is currently lower compared to
the natural substitutes, resulting in less energy savings [31]. However, in the future should
the CE model be more extensively applied to the C&DW sector, the RA could become
more suitable substitutes of natural aggregates (NA) [32,33]. This study contributes to
the evaluation of CE scenarios in C&DW management that potentially may be beneficial
to the achievement of the following United Nations’ Sustainable Development Goals:
11 (Sustainable cities and communities), 12 (Responsible consumption and production),
and 13 (Climate action) [34].

The present study develops over five sections. In Section 2, we briefly summarize pre-
vious studies on the field, whereas in Section 3 (Material and Methods), the main features of
the investigated system, the type of data used, and the stages of this Life Cycle Assessment
(LCA) study are presented. Section 4 presents the main results, its limitations and proposals
for future research avenues, and Section 5 concludes by presenting the main findings, the
added value of the present study and their political and managerial implications.

2. Previous Literature on LCA of C&DW Management Systems

So far LCA as a method has been extensively used to analyse the environmental
impacts and benefits (including the energy benefits) deriving from the adoption of the
CE framework in the C&D sector [5,18,20,23,35–37]. Entire C&DW management systems
located in different geographical areas (Italy, Finland) have been investigated by means
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of LCA [24] or in combination with other tools such as GIS as in [30] or methods such
as Life Cycle Costing and Material Flow Accounting [38]. Further analytical frameworks
have been also proposed to study C&DW management systems in a more comprehensive
sustainability perspective such as by [39], integrating environmental and resource-related
impacts, and social and economic impacts.

The energy aspects are key factors that affect the environmental competitiveness of
recycled aggregates compared to NA [13]. Studies have found that energy consumption for
the extraction and production of NA is higher (1664.11 MJ) compared to the amount used
for the recycling of C&DW (246.41 MJ). The largest contribution to the Cumulative Energy
Demand (CED) is due to the non-renewable energy category because of the prevalent use
of fossil fuels in the processes [28].

Many LCA studies have also found that the transport stage is significant in the
life cycle of RA and their collection and re-use should be considered within a limited
distance [10,19,20,23,28,40–42]. This highlights that the main market both for the recy-
cling and the delivery of RA should be local. As a result, e.g., the planning of recycling
facilities should take into account the relevance of the transport distances for the sustain-
ability of C&DW recycling option and the associated energy, environmental and economic
costs [28,43].

With regard to LCA studies analysing entire C&DW management systems, [25] found
that the avoided impacts of the life cycle of C&DW in the province of Torino (Italy) are
higher than the energy and environmental impacts generated in the life cycle of C&DW.
The net energy savings resulted 250 MJ/t whereas the total net contribution to global
warming amounted to about 14 kg CO2 eq. [25]. Reference [38] reported higher avoided
environmental impacts (−360 kg CO2 eq.) for the life cycle of C&DW in Finland includ-
ing the pre-treatment stage, treatment (landfilling), recovery/utilization, transportation,
and avoided production, whereas [19], by modelling three scenarios (current scenario,
landfilling scenario and best-case scenario), found that only the latter yielded avoided
energy impacts equal to −24 MJ-eq./tonne of managed C&DW whereas the contribution to
climate change was −1.78 kg CO2 eq. Finally, [39] also considered three scenarios: baseline,
linear with total disposal of C&DW in landfilling and best practice scenario based on the
adoption of selective demolition and an increased amount of high-quality RA produced in
stationary recycling plants compared to the baseline scenario. Their indicators in the best
practice scenario show that the management of 1 t of C&DW can save 18 kg CO2 -eq./t
and about 6 kg oil-eq./t.

3. Material and Methods

In this section we summarize the main features of the C&DW system under inves-
tigation as well as of the Life Cycle Assessment (LCA) model developed in the present
study. LCA, as a well-known tool for evaluating the environmental aspects and potential
impacts of products, processes and services, was chosen as the main method of analysis
and performed according to the standard ISO 14040:2006 [44].

3.1. The Investigated C&DW Generating System

The C&W management system of the Metropolitan City of Naples is considered in
this study. The Metropolitan City of Naples is one of the five provinces of Campania
Region (Southern Italy) (Figure 1). Its total surface covers a small area (1179 km2, 8.6%) of
the whole regional territory but hosts more than the half of the total regional population.
The population density is very high (2630 inhabitants/km2) both compared to the other
provinces of Campania Region and Italy. In administrative terms, the Metropolitan City
of Naples was established under the Italian Law No. 56/2014 replacing the Province of
Naples from 1 January 2015 while maintaining the same land area.
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ardous C&DW produced annually remains in the Metropolitan City, as most of them are 
sent to other Italian Regions. 

Figure 1. The location of the Metropolitan City of Naples (in Campania Region, Southern Italy). Adapted from [45].
Note: the small box in the Figure 1 depicts the main urban centres of the Metropolitan City of Naples with green circles.
Naples is the most important city in the area and has the largest circle compared to the other towns.

With regard to C&DW, the available primary data evidence that its production
amounted to 9.13 × 105 tonnes in the year 2017 consisting of non-hazardous C&DW
(9.02 × 105 tonnes) and hazardous C&DW (1.12 × 105 tonnes). Figure 2 shows the com-
position of the generated non-hazardous C&DW in the Metropolitan City of Naples. The
main fractions composing the total amount are mixed C&DW (47.37%), soil and stones
(24.81%), iron and steel (7.03%), concrete (6.69%), and bituminous mixtures (5.25%).

After the collection on the construction or demolition sites, the C&DW are sent to
the available recycling plants in the Metropolitan City of Naples. The data evidence
that, in the year 2017, they were almost entirely treated under the management option
“R5” (87% of the total amount), that entails the recycling/recovery of other inorganic
substances, whereas minor fractions (10%) were treated under the option “R4”, that regards
the recycling/recovery of metallic compounds. A low fraction (3%) was stocked at the
end of the year (31 December 2017). Hazardous C&DW were a minor fraction of the total
annual C&DW (1%) and after the generation they were mainly disposed of under the
category “D15”, involving a preliminary disposal of C&DW before other kinds of disposal
options. After that, only a small fraction (973 tonnes) of the total amount of hazardous
C&DW produced annually remains in the Metropolitan City, as most of them are sent to
other Italian Regions.
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3.2. Life Cycle Assessment Method

The LCA as a technique has been developed since the sixties to better understand and
address the environmental impacts of products, services and activities [44,46,47] in a wide
range of sectors [48,49], including construction [50–53] and demolition [54,55] activities.
The ISO 14040 (2006) [44], that is the main normative framework for the LCA, suggests its
use for many purposes:

• Improvement of the environmental performance of products throughout their life cycle;
• Support to decision-makers in industry, government or non-government organizations

(e.g., strategic planning, priority setting, product or process design or redesign);
• Selection of relevant indicators of environmental performance, including measure-

ment techniques;
• Marketing (e.g., implementation of an ecolabelling scheme of type I (ISO 14024) such

as the Eco-label), or making an environmental claim (e.g., the environmental labelling
of type II regulated by the ISO 14021) or adhering to an environmental product decla-
ration (e.g., the environmental labelling of type III within the ISO 14025 standards).

The LCA takes into account the environmental aspects and the potential environmental
impacts of a product (e.g., the use of natural resources and the environmental consequences
of their use) in a holistic manner given that it considers the whole life cycle of a product
from raw material extraction, through production, use, end-of-life treatment, recycling and
final disposal (i.e., cradle-to-grave). In so doing, the LCA stimulates industrial activities
to look beyond the traditional focus on production sites and manufacturing processes, so
to include the environmental impacts of a product in all the other stages, including the
end-of-life stages and the return to the original or new production cycle, by means of the
reuse of products or components [56–58] or the recycling of materials [59]. This contributes
to closing the production and consumption cycle as suggested by the CE framework while
maximizing resource reuse (also avoiding their future extraction) and the reduction of
waste disposed of in landfills [25,60].
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The procedural framework for performing an LCA consists of four phases that com-
prises: the definition of the goal and scope of the LCA study, the life cycle inventory
analysis (LCI), the life cycle impact assessment (LCIA), the life cycle interpretation, report-
ing and critical review of the LCA, limitations of the LCA, the relationship between the
LCA phases, and conditions for use of value choices and optional elements (ISO 14040:
2006) [44].

In waste management, the LCA is useful in the comparison of the environmental im-
pacts of products made of natural and recycled materials since it provides the opportunity
to expand the system boundaries beyond the waste management processes [61]. In this
perspective, it is also applied to identify the best management options for waste products
available in the waste hierarchy (e.g., reuse, recycling, waste to energy and landfilling),
being considered a very good scientific alternative to the latter [27].

3.2.1. Goal and Scope

The LCA methodology is applied in this study with the aim of evaluating the energy
savings coming from the implementation of recycling scenarios for the different fractions
of non-hazardous C&DW generated in the Metropolitan City of Naples in the year 2017.

The present study further integrates previous works of the research group [62,63],
having the goal of providing scientific support and useful feedback to the Public Adminis-
tration of Campania Region that is in charge of the management of C&DW. These latter
are classified as special waste in Italy, and are a specific matter of regional authorities, that
by means of regional plans, decide the main strategies for such kind of special waste. The
functional unit considered in this study is 1 tonne of recycled non-hazardous C&DW.

The system boundaries include the stages and associated processes to the recycling
of the main fractions composing the total non-hazardous C&DW (mixed C&DW, soil and
stones, iron and steel, aluminium, concrete and bituminous mixtures) (Figure 2). Therefore,
the stages considered in this LCA study for the recycling scenario are the following:

• Collection and transportation of the generated C&DW to the recycling plants of the
Metropolitan area;

• Recycling of the most relevant materials (mixed waste, iron and steel, Aluminium,
soil and stones, concrete) into recycled aggregates of different types (A, B, C) and
recycled metals;

• Delivery of the RA and secondary metals and their reintroduction in the production
cycle (it was assumed to occur in the local market so as to reduce as much as possible
the contribution of this stage);

• Avoided landfilling;
• Avoided extraction and production of virgin materials.

The above first three steps require energy and materials for collection and processing
in order to make the recycled materials available to the user. These costs and related
impacts are referred to in the following section of this study as “induced”, in so meaning
that they are needed to implement the recycling process. However, the recycled products
allow additional savings in that the landfill and mine operations are avoided. We will
refer with the term “avoided” to these much larger costs and impacts that will be no
longer needed thanks to the recycling processes, in so pointing out the huge benefit of
C&DW recovery.

Figure 3 considers the boundaries of the system and the main unit of process. With
regard to the output of the recycling stage, due to the lack of data of the quality of the
recycled aggregates, we assumed that all the concrete C&DW could be recycled into
recycled aggregates of higher quality (Type A) that can be used in concrete production
(UNI EN 12620 Standard). We assumed that the other C&DW fractions could be recycled
into aggregates of type B and type C in conformity to the UNI EN 13242 standard. Our
assumptions are based on the data of the ARPAC Campania from which result that almost
the whole amount of non-hazardous C&DW inert fraction generated annually is recovered
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under the category R5 (recycling/recovery of other inorganic substances) as described in the
annual reports by the Italian Institute for Environmental Protection and Research (ISPRA).

In addition to the evaluation of the recycling scenario for C&DW into recycled aggre-
gates of different types, this study also considers expanding the analyses to the production
of concrete to indicate (as an example) the end-use of recycled aggregates in the Metropoli-
tan City of Naples. In that, a comparison of concrete produced from natural, recycled
and green aggregates (using agro-industry by-products) is proposed. We assumed the
use of hemp-integrated aggregates (aggregates enriched with hemp by-products) for the
production of green concrete in agreement with our goal of exploring synergies between
the construction and the agri-food sector. In this case we applied the allocation procedure
for the partitioning of the energy impacts on the basis of the fact that “when a process
has two co-products, the allocation is performed to both of them, generally based on their
energy content or their mass or their fraction of economic value” [44,64].

The cumulative energy demand (CED) method [65] was chosen in the present study
as LCA impact assessment method to assess the energy consumption and savings related
to the recycling of 1 tonne of C&D waste in the Metropolitan City of Naples. Considering a
zero-burden approach, CED represents all the direct and indirect energy input flows includ-
ing the collection and transportation of C&D waste to the recycling plant [66]. According
to [67], CED has been criticized as a single-score life cycle impact assessment method and
in order to counter this constraint, this paper chose to incorporate the ReCiPe MidPoint
and Endpoint method [68] pointing towards decision-making to include environmental
impact indicators affecting human health, resources and ecosystems scores. The SimaPro
version 9.1.1 [69] software tool is used to both the CED and ReCiPe impact scores.

We complement this study with a further assessment where we evaluated and com-
pared the energy impacts (CED) of conventional concrete with two alternative concretes
made of RA and hemp by-products in order to explore the sustainability of this latter
material. There is an increasing interest in reintroducing the hemp crop in Italy and in the
Campania Region due to the wide range of applications in industry that this crop could
have. This latter analysis can be considered preliminary to future research works of the
research team of the authors.
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3.2.2. Life Cycle Inventory (LCI)

This second phase in the LCA consists of an inventory of input/output data of the
system under investigation and then involves the collection of the data that are necessary
for achieving the goal of the study (ISO 14040: 2006) [44].

The data in this LCA study consist of both primary and secondary data. The primary
data regard the annual flows of C&DW generated in the Metropolitan City of Naples in
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the year 2017 in all projects of construction and demolition of buildings or infrastructures.
The data were kindly provided by the Campania Regional Agency for the Environmental
Protection (ARPAC).

The secondary data collected regarded the transport stage of the C&DW waste from
the construction sites to the modelled recycling plants: Ecoinvent 3.8 database [70] and
previous literature [24,31,39]. We assumed to cover a distance of 30 km which aligns with
the distance considered by [39]. This latter study was applied to the Campania Region
which hosts the Metropolitan City of Naples as one of the five provinces and the area of
investigation in this LCA. The data of the treatment of C&D waste at the recycling plant
were adopted from [19] based on a number of recycling facilities in the Lombardia Region
in Northern Italy.

The landfill option was adopted from the Ecoinvent 3.8 [70] database for a sanitary
landfill treatment of inert waste (Europe without Switzerland).

Tables 1 and 2 show the specific inventories (input and output) relating to the recycling
of C&D waste, avoided extraction and production of virgin construction materials and
finally the production of concrete from natural, recycled and agri-food (hemp–concrete)
aggregates. Table 1 includes as input 1 tonne of recycled C&DW composed of mixed C&DW
(47.37%), soil and stones (24.81%), iron and steel (7.03%), concrete (6.69%) and bituminous
mixtures (5.25%). Table 2 does not include the input flow of C&D waste considering a
zero-burden approach but instead includes resources for collection and treatment.

For the comparison of the different types of concrete (made of NA, RA and hemp
by-products), we collected the data from the study by [71] related to the production of
conventional and recycled concrete as well as from [22] for the production of hemp concrete.

Table 1. Inventory data for 1 tonne of C&DW collected and recycled in the Metropolitan City of Naples.

1 Processes Amount Unit CED (MJ)

Collection and recycling of C&D waste (functional unit) 1 tonne
Avoided landfilling

Inert waste (Europe without Switzerland) | landfill (Ecoinvent 3.8) 1 tonne
Materials/fuels (Input)

Diesel, low sulphur 0.68 kg 38.58
Ferromanganese, high-coal, 74.5% Mn (GLO)| market for | APOS, S 0.02 kg 0.44

Transport, freight, lorry >32 metric ton, EURO5 (RER)| market for transport, freight,
lorry >32 metric ton, EURO5 | APOS, S 30 tkm 45.52

Water 3.7 kg 0.03
Lubricating oil (RER) | market for lubricating oil | APOS, S 0.001 kg 0.07

Synthetic rubber (GLO) | market for | APOS, S 0.0043 kg 0.38
Electricity, medium voltage (IT)| market for | APOS, S 1.13 kWh 11.58

Total CED 96.59
Outputs

Recycled aggregates Type A 66.9 kg
Recycled aggregates Type B 336.28 kg
Recycled aggregates Type C 504.52 kg

Recycled Iron and Steel 70.3 kg
Recycled aluminium 22.10 kg

2 Potentially avoided landfilling and mining and production of virgin construction material 1 tonne
Avoided landfilling of inert material 1 tonne

Avoided steel production 70.3 kg
Avoided aluminium production 22.1 kg

Avoided production of other virgin construction materials 504.42 kg
Avoided extraction of gravel 336.28 kg

Concrete production 66.9 kg
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Table 2. Inventory data for the production of conventional concrete and the alternative options made of recycled aggregates
and hemp by-products.

Input and Output Amount Units

Concrete from natural aggregates * 1 m3

Materials/fuels (input) *
Cement, Portland (Europe without Switzerland) | market for | APOS, S 300 kg

Gravel, crushed (RoW) | market for gravel, crushed | APOS, S 1890 kg
Water, deionized (Europe without Switzerland) | market for water, deionized | APOS, S 105 kg

Adhesive mortar (GLO) | market for | APOS, S 3.3 kg
Transport, freight, lorry 7.5–16 metric ton, EURO5 (RER)| market for transport, freight, lorry

7.5-16 metric ton, EURO5 | APOS, S 50 tkm

Concrete from recycled aggregates * 1 m3

Materials/fuels (input) *
Cement, Portland (Europe without Switzerland) | market for | APOS, S 320 kg

Water, deionized (Europe without Switzerland) | market for water, deionized | APOS, S 130 kg
Concrete mixing factory (CH) | construction | APOS, S 4.57 × 10−7 p

Lubricating oil (GLO) | market for | APOS, S 1.19 × 10−2 kg
Steel, low-alloyed, hot rolled (GLO) | market for | APOS, S 2.38 × 10−2 kg

Synthetic rubber (GLO) | market for | APOS, S 7.13 × 10−3 kg
Electricity/heat

Electricity, medium voltage (IT)| market for | APOS, S 4.36 kWh
Heat, district or industrial, natural gas (RER)| market group for | APOS, S 1.04 MJ

Recycled aggregates 1890 kg
Green concrete from Agri-industry (Hemp by-products) aggregates 1 m3

Materials/fuels (Input) (**) and (*)
Water, deionized (Europe without Switzerland) | market for water, deionized | APOS, S 130 kg

Concrete mixing factory (CH)| construction | APOS, S 4.57 × 10−7 p
Lubricating oil (GLO)| market for | APOS, S 1.19 × 10−2 kg

Steel, low-alloyed, hot rolled (GLO) | market for | APOS, S 2.38 × 10−2 kg
Synthetic rubber (GLO) | market for | APOS, S 7.13 × 10−3 kg

Sun hemp plant, harvested (GLO) | market for sun hemp plant, harvested | APOS, S 1570 kg
Cement, pozzolana and fly ash 36–55% (Europe without Switzerland) | market for cement,

pozzolana and fly ash 36–55% | APOS, S (*) 320 kg

(*) [71]; (**) [22].

3.2.3. Life Cycle Impact Assessment

As the third phase in an LCA study, the impact assessment allows to determine the
potential contribution on the environment and human health generated by a product or
service in its life cycle. The inputs and outputs of the inventory phase are assigned to
specific impact categories concerning internationally recognized environmental effects as
significant (classification), so as to be able to quantify, through specific characterization
methods, the total contribution that the product or service generates to each of the environ-
mental effects considered. In that, the purpose of this phase is elaborating the information
resulting from the LCI and better understand their environmental significance (ISO 14040:
2006). The results of this phase are presented in detail in the following Section 4.

4. Results

This section shows the results obtained after processing the inventory data (reported
in Tables 1 and 2) of the recycling scenario for the main fractions of C&DW by means of
the LCA SimaPro 9.1.1. software tool [69]. In the second part of this section, we show the
results of an explorative analysis where we compare the concrete blocks made of NA and
RA as well as of hemp by-products.

4.1. Energy and Environmental Impacts of the Recycling Scenario for C&DW

Table 3 shows the results in terms of energy related characterized CE impacts asso-
ciated with the functional unit (1 tonne of collected and recycled C&DW). The transport
stage and the recycling plant stage, both due to the use of diesel, are the most significant
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energy upstream factors as shown by the higher values compared to the other inputs.
The transport and recycling stages mainly contribute to the non-renewable fossil energy
category (91.31 MJ) within the total CED. This leads to determine that the life cycle of
1 tonne of C&DW mainly generate impacts related to the non-renewable fossil category
with small contributions by the other non-renewable (nuclear and biomass) and renewables
(biomass, wind, solar and geothermal) categories.

These results are clearly evidenced in Figure 4 that shows the percentage contribution
of each input to the different energy impact categories (fossil, hydro, nuclear, etc). The last
column is the total CED, indicating that transport stage and diesel used in the recycling
plant contribute to about 90% of the total CED impacts (non-renewable and renewable
sources). Electricity and diesel (non-renewable fossil energy) contribute significantly to the
energy demand of the recycling facility, due to the mechanical operations for sorting waste
and their treatment for the production of RA.

Table 3. Characterized induced CED impacts associated with the collection and recycling of 1 tonne of C&DW.

CED Impact Categories Unit Transport Ferromang. Water Lubricat. Oil Diesel Synthetic Rubber Electricity Total CED

Non-renew. Fossil MJ 44.13 0.25 0.02 0.06 38.34 0.34 8.17 91.31
Non-renew. Nuclear MJ 0.82 0.05 0.01 0.00 0.14 0.02 1.26 2.29
Non-renew. Biomass MJ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Renew. Biomass MJ 0.17 0.01 0.00 0.00 0.03 0.01 0.50 0.72
Renew. (w. Solar, geo.) MJ 0.08 0.01 0.00 0.00 0.01 0.00 0.56 0.66

Renew. Water MJ 0.31 0.13 0.00 0.00 0.05 0.01 1.10 1.61
Total induced CED impacts MJ 45.52 0.44 0.03 0.07 38.58 0.38 11.58 96.59

Note: Renew. (w. solar, geo), renewables (wind, solar, geothermal).
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In the year 2018, the Italian electricity mix was composed of 45% natural gas (a fossil
fuel), followed by hydroelectricity for 16.5% and other renewable energy sources accounting
for less than 25% combined (biomass, solar and wind). If the energy transition is realized,
in the light of the need for reducing the contribution to climate change and greenhouse
emissions, there is a possibility to completely replace fossil fuels with renewable fuels (at
least for the production of electricity) enabling the reduction of the impacts caused by
non-renewable fossils [72,73]. In order to reduce the contribution to global warming it
would be important to understand how to replace fossil fuels with renewables in the light
of the recent IPCC report on climate change. On the other hand, the avoided extraction and
production of virgin construction material replaced by secondary materials will favour the
transition to CE thus improving overall energy savings.

Table 4 shows the avoided characterized CED impacts in the life cycle of 1 tonne of
C&DW. The high share of prevented impacts (1181.13 MJ) comes from the avoidance of
steel production in all the CED categories (non-renewables and renewables). Moreover,
avoided aluminium and avoided virgin materials also led to non-negligible avoided CED
impacts. The same impacts are shown in Figure 5, as percentage values in each category.

The last column of the Table 4 shows the net energy savings arising from the difference
between the induced and avoided CED impacts. In total they amount to −1628.98 MJ. The
highest contribution to the total is due to the savings realized in the non-renewable fossil
component of the CED (−1498.40 MJ).
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Table 4. Avoided versus induced characterized CED impacts associated to the collection and recycling of 1 tonne of C&DW.

CED IMPACT
Categories Unit Avoided Inert

Landfill
Avoided
Concrete

Avoided
Gravel

Crushing
Avoided Steel

Avoided
Other Virgin

Materials

Avoided
Aluminium

Total Avoided
CED Impacts

Total Induced
CED Impacts

Net Energy
Savings

Non-renew.
Fossil MJ −37.19 −85.88 −54.46 −1095.94 −102.23 −214.01 −1589.71 91.31 −1498.40

Non-renew.
Nuclear MJ −0.32 −4.06 −2.59 −38.26 −16.10 −6.57 −67.89 2.29 −65.60

Non-renew.
Biomass MJ 0.00 −0.02 0.00 −0.05 −0.01 0.00 −0.09 0.00 −0.09

Renew.
Biomass MJ −0.33 −3.73 −0.55 −14.90 −1.76 −1.86 −23.12 0.72 −22.40

Renew. (w,
Solar, geo) MJ −0.04 −0.43 −0.29 −4.56 −1.48 −0.78 −7.59 0.66 −6.92

Renew. Water MJ −0.17 −2.06 −1.13 −27.42 −3.58 −2.81 −37.17 1.61 −35.56

Total Av. CED
impacts MJ −38.05 −96.18 −59.03 −1181.13 −125.15 −226.03 −1725.58 96.59 −1628.98

Notes: Non-renew. (non-renewable); Renew. (renewable); Renew. (w, sol, geo), renewable (wind, solar, geothermal). Total Av. CED Impacts (total avoided CED impacts).
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The contribution of steel in total avoided CED impacts is also well highlighted in
Figure 5 showing the percentage values of all avoided factors in the life cycle of 1 tonne
of C&DW.

As a complement to Table 4, Table 5 summarizes the LCA induced environmental
characterized impacts associated with the collection and recycling of 1 tonne of C&DW.
The latter contributes to global warming by realizing in total 3.74 kg CO2 equiv. with the
transport stage mainly contributing with 2.73 kg CO2 equiv. Lower absolute values of GHG
emissions are released by the diesel and electricity used in the recycling plants. The use of
fossil fuels in the transport and recycling stages translates into environmental impacts in
the fossil resource scarcity category. Percentage impacts for this process are also shown in
Figure 6, for easier identification of the most contributing steps and flows.

For the sake of clearer identification of the main contributing inflows to the LCA im-
pacts, Figure 6 expresses selected environmental impact categories highlighting transport,
electricity and diesel as dominating input flows which are carrying a significant proportion
of the environmental burden associated with the collection and recycling of 1 tonne of
C&D waste.

Table 6 evidences the avoided environmental impacts resulting in the life cycle of
1 tonne of C&DW. The avoidance of landfilling generates environmental benefits in terms
of avoided GHG emissions of 2.56 kg CO2 equiv. The environmental benefits of steel
recycling are relevant as they avoid the production of primary steel and the associated
release of GHG emissions (−145.29 kg CO2 equiv.).

The difference from induced (Table 5) and avoided (Table 6) environmental compo-
nents result in a negative net contribution to global warming (−181.13 kg CO2 equiv.)
and to fossil resource scarcity (−32.56 kg oil eq.) evidencing the environmental benefits
of recycling.
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Table 5. LCA induced environmental characterized impacts associated to the collection and recycling of 1 tonne of C&DW.

Impact Categories Unit Transport Water Diesel Lubric. Oil Synthetic Rubber Ferromang. Electricity Total ind. env. imp.

Global Warming kg CO2 eq. 2.73 0.00 0.39 0.00 0.01 0.02 0.59 3.74
Ozone Formation kg NOx eq. 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fine Partic. Matter kg PM2.5 eq. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Terrestrial Acidific. kg SO2 eq. 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01

Freshwater Eutroph. kg P eq. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Human carc. Toxicity kg 1,4-DCB 0.05 0.00 0.01 0.00 0.00 0.61 0.01 0.68

Land Use m2a crop eq. 0.36 0.00 0.02 0.00 0.05 0.01 0.22 0.65
Miner. Resour. Scarc. kg Cu eq. 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fossil Resour. Scarc. kg oil eq. 0.96 0.00 0.84 0.00 0.01 0.01 0.18 1.99
Water Consumption m3 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.02

Table 6. Environmental avoided characterized impacts in the life cycle of 1 tonne of C&DW.

Impact
Categories Unit Avoided Inert

Landfill
Avoided
Concrete

Avoided Gravel
Crushing Avoided Steel Avoided Other

v. Materials
Avoided

Aluminium
Total Av. env.

Impacts
Net Environ.

Impacts

Global Warming kg CO2 eq. −2.56 −10.60 −3.91 −145.29 −7.75 −14.75 −184.87 −181.13
Ozone

Formation kg NOx eq. −0.03 −0.03 −0.02 −0.31 −0.04 −0.09 −0.53 −0.52

Fine Partic.
Matter kg PM2.5 eq. −0.01 −0.01 −0.01 −0.23 −0.02 −0.03 −0.30 −0.30

Terrestrial
Acidific. kg SO2 eq. −0.01 −0.03 −0.02 −0.37 −0.04 −0.06 −0.52 −0.51

Freshwater
Eutroph. kg P eq. 0.00 0.00 0.00 −0.05 0.00 0.00 −0.06 −0.06

Human carc.
Toxicity kg 1,4-DCB −0.05 −0.47 −0.18 −21.01 −0.54 −0.35 −22.59 −21.90

Land Use m2a crop eq. −0.49 −2.55 −0.62 −23.47 −1.54 −2.00 −30.67 −30.01
Miner. Resour.

Scarc. kg Cu eq. 0.00 −0.11 −0.02 −5.51 −0.07 −0.99 −6.71 −6.70

Fossil Resour.
Scarc. kg oil eq. −0.81 −1.87 −1.19 −23.77 −2.23 −4.68 −34.55 −32.56

Water
Consumption m3 0.00 −0.09 −0.48 −0.92 −0.20 −0.04 −1.74 −1.72



Energies 2021, 14, 8561 15 of 23

Figure 7 (with percentage values derived from Table 6) highlights very clearly the
highest shares of avoided steel, aluminium and virgin materials production in all the
environmental impact categories. Moreover, a non-negligible share results from avoided
gravel crushing in the environmental category “water consumption”.
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4.2. Comparison of Conventional, Recycled and Green Concrete Aggregates

After understanding the performances of the recycling plant in processing and treating
1 tonne of C&D waste, and the avoided extraction and mining of virgin construction
materials, the next step considers expanding the analyses to the production of concrete
to indicate (as an example) the end-use of recycled aggregates in Naples. A comparison
of concrete produced from natural, recycled and green aggregates (using agro-industry
by-products) is proposed and presented in Table 7 and Figure 8. All concrete production
systems include raw materials production such as cement, additive, hemp production (in
the case of green concrete) and water supply to produce 1 m3 of concrete as an output.
Table 7 shows the energy costs to produce 1 m3 of concrete of different characteristics and
production process. The first one, conventional concrete (made with natural aggregates),
requires 1963.67 MJ of energy, out of which 1635.53 MJ is fossil sources, 217.51 MJ is nuclear
source, 42.08 MJ is biomass source, 21.43 MJ from wind, solar and geothermal sources,
and finally 46.62 MJ from hydro sources. The total is carried out vertically and provides
the CED calculated by the LCA software. The second kind of concrete, from recycled
aggregates, of course requires less energy (total: 1401.02 MJ) because the raw material
is not primary mineral but recycled one and therefore there are no mining energy costs.
The non-renewable demand is less, while the other typologies are more or less the same.
Finally, the third typology (green concrete) is produced by means of agro-industrial hemp
by-products. Its total demand is lower, depending on the allocation of the energy costs, and
has a larger fraction of renewable energy demand from biomass compared to natural and
recycled aggregate concretes. Concerning green concrete, a sensitivity test was performed
by allocating by 30%, 20%, and 10%, independently on the choice of mass, energy or
economic based allocation.
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Table 7. Energy characterized CED impacts for production of 1 m3 of conventional, recycled and green concretes aggregates.

Impact Categories Unit Natural agg. Concrete Recycled agg. Concrete Green Concrete *** Green Concrete ** Green Concrete *

Non-renewable, Fossil MJ 1635.53 1138.80 766.92 757.02 747.12
Non-renewable, Nuclear MJ 217.51 165.94 110.06 109.62 109.18
Non-renewable, Biomass MJ 0.50 0.52 0.37 0.35 0.33

Renewable, Biomass MJ 42.08 40.75 385.46 266.35 147.25
Renewable, (Wind, Solar, geo) MJ 21.43 18.01 12.38 12.33 12.27

Renewable, Water MJ 46.62 37.00 26.31 26.12 25.93
Total CED impacts MJ 1963.67 1401.02 1301.50 1171.78 1042.07

*** Green concrete made of hemp by-products (allocation to hemp by-products 30%); ** green concrete made of hemp by-products (allocation to hemp by-products 20%); * green concrete made of hemp
by-products (allocation to hemp by-products 10%).
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Table 7 and Figure 8 show that the total CED characterized impacts decrease from
values for natural aggregates concrete down to lower values for green concretes, due
to the replacement of the fossil energy component by means of different percentages of
biomass source.
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4.3. Discussion

The results of this LCA study show that the avoidance of landfilling (that in the waste
hierarchy is the less preferable option for waste management) by means of the recycling of
non-hazardous C&DW fractions into aggregates of different types and secondary materials
(iron, steel and aluminium) has the potential of providing many energetic and environ-
mental benefits contributing to reduce the dependence of the sector on fossil energy and
associated environmental impacts. The performances of recycling scenarios can be further
improved by reducing the share of fossil energy use in the recycling plants by means of
electricity from renewable sources (e.g., the installation of PV panels) as found by previous
studies [40].

The results agree with previous LCA studies that have analysed the environmental and
energy impacts of entire C&DWM systems (national, regional or provincial) such as [24,30].
However, in [24], the avoided energy and environmental impacts of the recycling of
C&DW are higher than the energy and environmental impacts of landfilling (for almost all
impact categories), only in the best-case scenario. In the best-case scenario the authors [24]
assumed that all the C&DW are sent to recycling; all the recycling plants are powered by
electricity; transport distances have been reduced at the minimum value of their range
with the exception of NAs selling distance that was unchanged; 90% of the produced RAs
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are considered of high quality and the related replacement coefficient has been maximized
so it was set equal to 1 (10% of the produced RAs are still considered of low quality because
of the presence of fine non-removable material in the C&DW [24]. The only category that
performs worst in the best-case scenario compared to landfilling scenario is freshwater
ecotoxicity. Other studies evaluating the recycling of C&DW compared to other options
such as waste to energy and landfilling found that recycling is a better option compared to
landfilling [27,74–79] even if it is dependent on the transport distances [25,36,80].

In the present study, the above benefits are definitely already achieved for iron, steel
and aluminium that have well developed markets, whereas for RA, as evidenced in our
previous research, the market is still underdeveloped, and the demand is low [48]. The
primary data collected about the annual generation and recovery of non-hazardous C&DW
evidence that they are almost recovered for the whole amount in the Metropolitan City
of Naples, but their value is still underestimated both from an environmental and purely
economic point of view due to the very low demand [63,81]. This is in contrast with
previous studies where, e.g., the market price of NA is lower than the price of RA [82,83].

The next steps in our research will be to further improve the knowledge on the
recycling stage in the Metropolitan City of Naples in order to rely on primary data about
the recycling plants and related processes and products and their market. This would
overcome one of the limits in this LCA study due to the reliance on secondary data from
Ecoinvent database and previous LCA literature. Another limit is due to our assumption
about the replacement ratio of RA with NA that we assumed to be 1:1 which is not currently
the real case in the Metropolitan City of Naples due to the lack of confidence on RA.

Finally, the explorative analysis in this LCA study involving the comparison of al-
ternative concrete blocks made of virgin materials, recycled aggregates and agri-food
by-products from hemp crop show the potential of further improving the environmental
sustainability of the construction sector by using alternative concretes. From our results, 1
m3 of green concrete made with hemp by-products requires an energy cost in terms of CED
ranging from 1301.50 to 1042.07 MJ/m3 that is much lower than the energy cost of conven-
tional concrete made of virgin materials (1963.67 MJ/m3). There is an increasing interest in
Italy on construction products and materials made of agri-food by-products [64,84,85]. In
this view it is worth highlighting that the available certified construction products in the
Italian market made of hemp by-products are designed to be recyclable and biodegradable
at the end-of-life [22,64,86,87], contributing to the opportunity of a better alignment of the
construction sector to the principles of CE [88].

4.4. Policy Implications

The results of this study confirm the importance, in this initial phase of transition to
CE, of the political support to favour the substitution of NA with RA whenever possible in
non-structural applications so as to reduce the huge environmental impacts of NA. The
political support in the creation of circular supply chains and networks is needed, to reduce
the uncertainties and risks embedded in the use of circular products and in general of the
adoption of the CE model. Currently, in the Metropolitan City of Naples, the main barrier
to the use of RA is the lack of confidence by the designers or contractors [63].

It is important to underline that if the RA would be considered as perfect substitutes,
the annual amount of generated C&DW, assuming their complete recycling, might even
not be enough to cover the demand for aggregates for non-structural applications This is
according to our calculation and previous research including interviews to stakeholders in
the Metropolitan City of Naples [63]).

Hopefully, in the Metropolitan City and Campania Region, the current transition to the
CE, also supported by the adoption of the Environmental Minimum Criteria decree [89,90],
would be a driver for boosting the use and production of certified recyclable construction
materials and products such as those bearing the “Remade in Italy” [91]. This latter certifi-
cation scheme, in turn, will encourage the traceability and transparency of the life cycle of
RA, further integrating the information provided by the CE marking and declaration of



Energies 2021, 14, 8561 19 of 23

performance with those related to the environmental quality of the RA in terms of recycled
content and Italian origin [91].

If the Environmental Minimum Criteria is extended beyond the public buildings, to
cover private buildings, the effects could be much higher. Given the lack of confidence by
the stakeholders of the sector on the use of RA, only within a strict legislative framework,
their use could increase and progress.

5. Conclusions

This explorative LCA study aimed to evaluate the energy savings coming from the
implementation of recycling scenarios for the different fractions of non-hazardous C&DW
generated in the year 2017 in the Metropolitan City of Naples (Southern Italy). We also
included the results of other environmental impact categories such as global warming,
fossil resources scarcity and land use for a more complete environmental assessment. The
main results are highlighted in the following:

# The construction sector as the biggest consumer of natural resources, by means of the
adoption of CE recycling scenarios (as showed in this LCA study), has the potential
of contributing to tackling the current environmental challenges also caused by the
fossil energy use for mining and manufacturing of construction materials;

# The results show that prolonging the value of construction and demolition materials
by means of their recycling has the potential of realizing environmental and energetic
savings compared to the disposal in landfill in line with the waste hierarchy.

# Recycling of C&DW into RA should be encouraged at the political level to favour
their use. The political support should occur in an integrated framework along with
the other CE strategies (e.g., reduce, reuse) throughout the waste hierarchy.

# In a circular product design perspective, the recycling of C&DW into RA is an intended
strategy and not an end-of-pipe solution, as it is still now, and then its adoption in the
C&DW sector would be important for further progressing their recyclability including
the quality of RA and increase the trust in their use.

# The circular designer may also decide to replace the use of technical conventional
materials with bio-based construction materials and this study can be also useful for
that purpose as it shows how the energy and environmental performances of concrete
change according to the feed stock materials (natural aggregates, recycled aggregates,
hemp by-products).

# Finally, the funding of research projects is essential for educating professionals that
have the technical and knowledge skills on the CE model in order to be applied in the
C&D sector and favour its technological renewal in line with the CE principles [92].
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Nomenclature

APOS At Point of Substitution
C&DW Construction and Demolition Waste
CE Circular Economy
CED Cumulative energy demand
EU European Union
GHG Greenhouse gas
IPCC Intergovernmental Panel on Climate Change
ISO International Organization for Standardization
LCA Life Cycle Assessment
MJ MegaJoules
NA Natural aggregates
RA Recyled aggregates
Non-renew. Non-renewable
Renew. Renewable
Renew. (w, solar, geo) Renewable (wind, solar, geothermal)
Total Av. CED impacts Total avoided CED impacts
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