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The concept of sustainability in the road construction sector is a complex issue because of
the various steps that contribute to the production and release of greenhouse gas (GHG)
emissions. Addressing this issue, the European Commission has put various policy
initiatives in place to encourage the construction industry to adopt circular economy
(CE) and industrial symbiosis (IS) principles e.g., the use of recycled materials. Cooperativa
Trasporti Imola (CTI), a company located in the Emilia-Romagna region (Italy), has been
chosen for the current case study to examine practices, management, and the industrial
symbiosis network among various companies in the road construction and rehabilitation
sector. In this regard, the use of steel slags, obtained by an electric arc furnace (EAF), and
reclaimed asphalt pavement (RAP), obtained by the deconstruction and milling of old
asphalt pavement have been investigated. Twomixtures of recycled hot Mix Asphalt (HMA)
i) were prepared incorporating different recycled material percentages for the wearing and
binder course, respectively, ii) were characterized in terms of size distribution, strength
modulus and volumetric properties, iii) and finally were compared to the performances of
two mixtures entirely designed by virgin materials for the wearing and binder course,
respectively. Therefore, the Life Cycle Assessment (LCA) tool was chosen to evaluate the
environmental impacts that affect the designed road life cycle. The results show that
recycling RAP and EAF slags in a CTI batch plant provides benefits by reducing the
consumption of virgin bitumen and aggregates and by reducing CO2eq emissions. Finally,
practical implications on the use of recycled materials in new asphalt mixtures from a life
cycle and industrial symbiosis perspective are provided.

Keywords: life cycle assessement, circular economy, industrial symbiosis, road construction, electric arc furnace
steel slags, reclaimed asphalt pavement, recycled aggregates, standard characterization

INTRODUCTION

Greenhouse gas (GHG) emissions in infrastructure projects are a key indicator when sustainability is
being assessed (Gasparatos et al., 2008; Fernández-Sánchez and Rodríguez-López, 2010). The road
sector, due to its characteristics (high energy consumption; use of resources, raw material, and
surface; generation of high volumes of waste; quantity of linked transports and long service life) is
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one of the main sectors that contributes to global warming (GW)
(Cass and Mukherjee, 2011). Significant GHG emissions result
from many stages of the road life cycle. Santero and Horvath
(2009) stated that GHG emissions could range from negligibly
small values to 60,000 tons of equivalent carbon dioxide (CO2eq)
per lane-kilometer over a service life of 50 years. Similarly, the
emission factor per meter per year associated with the
construction of road infrastructure has been estimated at
14.7 kg of CO2eq (Hill et al., 2012). In this sense, regarding
road construction and maintenance, several steps contribute to
the production and release of GHG emissions, i.e., site clearing,
preparation of the sub-grade, production of construction
materials (i.e., granular sub-base, base course, surfacing), site
delivery, construction works, ongoing supervision, and
maintenance activities. As European road infrastructure
includes a growing network, with 4.8 million km at the end of
2013 (European Union Road Federation, 2017) and
5.5 million km at the end of 2016 (European Union Road
Federation, 2019), this sector has broad margins for
environmental improvement (Santero et al., 2011a; Santero
et al., 2011b; JRC, 2016). For these reasons, this study is of
particular interest.

Road construction is one of three main drivers of resource use
in the European Union (Steger and Bleischwitz, 2011). Road
construction not only requires large quantities of materials, but
also their maintenance is highly material intensive. Construction
works and regular maintenance of roads require materials that are
produced through highly carbon-intensive and energy-
demanding processes (Santos et al., 2015; Jiang and Wu,
2019). Previous studies have suggested that the life-cycle of
GHG emissions associated with building roads can account for
10–20% of the emissions associated with the lifetime usage of the
road by vehicles (Chester and Horvath, 2009; Hanson and
Noland, 2015; Noland and Hanson, 2015). Previous research
has also shown that the bulk of the emissions related to road
construction and maintenance activities is often associated with
the upstream emissions embodied in the materials used (Hanson
and Noland, 2015; Huang et al., 2015; Noland and Hanson, 2015).
Hence, the choice of materials impacts local pollution and
environmental degradation. These materials primarily include
asphalt, concrete, and steel (Hanson and Noland, 2015).
Therefore, also considering the increase of landfilling
restrictions on CDW, the use of alternative materials such as
industrial by-products has gained greater significance and
attention from academia and industrial sectors (Jamshidi et al.,
2017).

The European Commission (EC) has put various policy
initiatives in place to encourage the construction industry
toward circular economy (CE) principles. The overall idea is
to reconsider the whole life cycle of resources, to make the
European Union (EU) a “circular economy” based on
recycling, and the use of waste as a resource (EC, 2011).

The use of alternative materials for the construction and
rehabilitation of roads would therefore be a strategy to be
boosted, establishing regional industrial symbiosis (IS)
agreements which can support companies to gain

competitiveness and reduce the environmental impact
associated to their day to day business activities (Martin-
Portugues Montoliu et al., 2019). For that reason, the EC has
recently launched an industry-led IS reporting and certification
system (EC, 2020). In this sense, symbiotic activities can be
applied at different levels. According to Roberts (Roberts,
2004), they can involve a single firm or organization (micro
level); companies co-located in the same area (meso level); and
finally the entire regional or national production system (macro
level). The greatest benefits are achieved at the meso level, where
the clustering of complementary companies provides a
complexity of functions (Roberts, 2004; Taddeo, 2016).

Background of Hot Mix Asphalt, Recycling
of Reclaimed Asphalt Pavement and
Electric Arc Furnace Steel Slags
Roads are built in layers and three main types of road pavements
can be identified: flexible, semi-rigid, and rigid pavements. In
Europe, the main pavement type is flexible (asphalt) (Sherwood,
2001; Garbarino et al., 2016). As shown in Figure 1, the main
road layers for flexible pavement are:

• surface, binder, and base courses, which consist of
bituminous mixtures;

• road base and sub-base courses, which consist of cement
bound or unbound aggregates.

Asphalt mixtures are typically composed of approximately
95% of mineral aggregates mixed with about 5% paving bitumen,
with bitumen functioning as the glue that binds the mineral
aggregates in a cohesive mix (EAPA, 2011). In general, three types
of asphalt mixtures can be used: hot mix asphalt (HMA), warm
mix asphalt (WMA), and cold mix asphalt (CMA).

Some aggregates can, usefully, be created by recycling
processes.

In this study, the use of steel slags obtained by an electric arc
furnace (EAF), and reclaimed asphalt pavement (RAP) obtained
by the deconstruction and milling of old asphalt pavement have
been investigated. The HMA technology was used in the
production process.

While recycling HMA results in a reusable mixture of
aggregates and aged asphalt binders known as RAP (Al-Qadi
et al., 2007; Noferini et al., 2018), recycling steel slags produces
artificial aggregates, containing 90% iron oxide and smaller
quantities of other oxides (calcium, magnesium, silicon, etc.),
derived from additives used in steel production. Moreover, on the
basis of production technology, steel slags can be classified as
basic oxygen furnace (BOF), electric arc furnace (EAF), and ladle
refining (LF) slags (Meng and Liu, 2000; Gu et al., 2018).

As is widely known, steel slags, produced during the
separation of molten steel from impurities in a steel-making
furnace, are one of the most common industrial wastes and they
can be used for several applications. Thanks to their high
hardness and cementing properties, they are commonly used
in the road sector (Rashad, 2019). In steel plants, high-grade steel
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is melted, obtaining a sinking heavy liquid metal fraction,
which agglomerates into a metal phase, separating metals
from some light fractions such as chromium by reducing
agents and liberating chromium from its compounds. Slag
composition can be optimized in relation with application
requirements and then it can be cast. In some processes
(i.e., RecArc project, http://www.recarc.bam.de) the high-
grade steel slags can be converted into a chromium-rich
metal phase, which can be used as a raw material in high-
grade steel production.

As far as the recycling of RAP and of EAF steel slags are
concerned, several studies have shown that the use of these
materials is common in pavement construction because of
their technical performances and economic value. Miliutenko
et al. (2013) have shown that HMAmixes with RAP content have
the same technical characteristics (stiffness, fatigue, and
deformation resistance) as virgin ones. Thanks to the
incorporation of RAP in new asphalt mixtures, the need of
neat bitumen is reduced, making RAP recycling economically
attractive (Noferini et al., 2018; Pantini et al., 2018).

Similarly, other studies have demonstrated that steel slags with
proper pre-processing and sufficient in-place quality control
procedures can perform credibly well as asphalt aggregates
(Del Fabbro et al., 2001; Ahmedzade and Sengoz, 2009; Gu
et al., 2018). In particular, EAF slags have been frequently
used as pavement aggregates due to their excellent mechanical
properties, which make them suitable for asphalt layers with any
kind of traffic load (Santos et al., 2015).

Moreover, Pasetto and Baldo (2017) studied the stiffness and
the fatigue performance of five different base-binder bituminous
mixtures, made with RAP and EAF steel slag, up to 70% by weight
of the aggregate. They reported that the resulting mixes with RAP
and EAF slag were characterized by improved stiffness and
fatigue performance compared to the control asphalt concrete,
made exclusively with natural aggregate.

The Life Cycle Assessment and the
Circularity Approach
The Life Cycle Assessment (LCA) is a considerable method to
evaluate the environmental impacts of a system, a product, or a
process. All the inputs (such as energy and resources) are
identified, with the aim of quantifying the relevant emissions,
the consumed resources, and the related environmental impacts.
Considering a product, the impacts do not only arise during the
manufacturing stage, but along its entire life cycle, including the
extraction and transportation of raw materials, use and
maintenance, possible reuse, and end of life. Therefore, the
approach encompasses the whole life cycle of a product, “from
cradle to grave,” as the first definition stated (SETAC, 1993): from
“cradle,” where raw materials are extracted, put into production,
and used, to “grave,” i.e., waste disposal, with the aim to provide a
comprehensive picture of the environmental impacts of the
system.

FIGURE 1 | Flexible pavement layer system (Garbarino et al., 2016). The sizes of each course represented in the figure do not necessarily correspond to the
actual ones.

FIGURE 2 | LCA phases (EC et al., 2010).
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According to a circularity perspective, a new philosophy,
referred to as “from cradle to cradle”, is taking hold: at their
end of life, materials are not considered as waste to be
discarded, but as secondary raw material, thanks to an
appropriate recycling process. In this way, a cradle-to-cradle
closed loop is outlined.

According to the ISO14040 standard, the four steps to perform
a Life Cycle Assessment (LCA) are: the definition of the goal and
scope of the analysis, the inventory analysis, the impact
assessment, and finally, the interpretation of the results
(Figure 2).

Goal and Scope Definition
The context of the study and its purpose are set. The goal of
the LCA states the intended application and the reasons for
carrying out the study, the intended audience, and whether
the results are to be used for internal purpose or for disclosure
to the public. The scope includes the following items:
functional unit, system boundary, allocation procedure,
data requirements, impact assessment method, assumption,
and data quality. In particular, the functional unit, that defines
the quantification of the identified function of the product,
has the primary purpose to provide a reference to which the
inputs and outputs are related, ensuring the comparability of
the LCA results. The system boundary defines the unit
processes to be included in the system. Criterions for the
choice of the system boundaries are physical (description of
the productive cycle), geographical (reference area), and
temporal (reference period).

Inventory Analysis or Life Cycle Inventory
It lists all the inputs (materials and energy) and outputs
(products, co-products, and emissions) to be used to
compare standards and processes. Inventory analysis
involves data collection and calculation procedures, aiming
at quantifying the relevant inputs and outputs of a product
system. The life cycle inventory uses both primary and specific
as well as literature and secondary data from international
databases.

Impact Assessment
The life cycle impact assessment (LCIA) includes the following
mandatory elements: the selection of impact categories and
characterization models; the assignment of LCI results to the
selected impact categories (classification); and the calculation of
category indicator results (characterization).

Interpretation
Finally, the life cycle interpretation aims at the identification of
substantial issues, based on the results of the previous steps. The
evaluation includes considerations about the completeness and
the consistency of the study, conclusions, limitations, and
recommendations.

In Figure 2, the two-way arrows highlight the iterative
approach of an LCA. During the analysis, the results and the
assumptions in subsequent stages might lead to the revision of
what has been done in previous stages, in a process of continuous

improvement. Information which was not available during the
compilation of the previous phases can be added afterward.

The Life Cycle Assessment in the Road Construction
Sector
Due to the high amount of GHG emissions generated during road
construction, rehabilitation, and operation, the evaluation and
reduction of the environmental impact related to the road sector
have become an international challenge (Espinoza et al., 2019). In
this sense, a systematic approach has emerged to assess the
environmental impact of pavements. LCA is considered a
relevant methodology to evaluate the environmental impacts
that affect the road life-cycle (Espinoza et al., 2019) and the
International Organization for Standardization (ISO) has
established the principles, requirements, and guidelines to
regulate the LCA analysis (ISO 14040, ISO 14044, ISO 14020,
ISO 14024, and ISO 14025). Moreover, the Joint Research Centre
(JRC) in 2016 proposed an LCA as an assessment methodology of
road environmental performance, with reference to ISO 14067 or
equivalents and ISO 14040/14044. Finally, according to Espinoza
et al., (2019), the use of an LCA for evaluating the environmental
performance of the construction of road projects allows
construction companies to obtain information that can be
used to predict the performance of their projects and to
evaluate compliance with environmental requirements.
Similarly, it allows the selection of optimal materials and
construction processes, reducing the GHG emissions and
permitting a more sustainable approach.

Therefore, LCA analysis performed by Espinoza et al., (2019)
highlighted that HMA production generates the greatest
environmental impact, considering the extraction of raw
material and the construction of the HMA layers. Previous
research has shown that HMA emits up to 18–22 kgCO2/t
(Agentschap Wegen en Verkeer, 2012; JRC, 2016) and a
recent LCA literature review for roads, carried out by JRC
(2016), shows that the second largest source of environmental
impact after the use phase is the production of construction
materials. In addition, in low traffic roads, this can in fact be the
most significant source of environmental impact (JRC, 2016).
Moreover, the durability of road materials is a key factor that will
influence the requirement for maintenance. The impacts of
maintenance activities themselves are dominated by impacts
from material production and transportation. Consequently,
special attention to HMA production and construction
materials is required in order to minimize GHG emissions.
For these reasons, several studies have pointed out the
environmental benefits of using recycled materials, such as
RAP and EAF steel slags. Hasan et al. (2020) argued that RAP
obtained after milling and screening existing asphalt pavements is
a viable alternative to mitigate the high GHG burdens of bitumen
and aggregates (Praticò et al., 2015; Guo et al., 2018) and
transport agencies (AASHTO, 2012; Hasan et al., 2020). In
particular, the use of steel slags in asphalt mixtures saves
natural resources, by reducing the consumption of natural and
non-renewable aggregates and the quantity of slag deposited on
landfill sites (Ferreira et al., 2016) and the reduction of the landfill
space requirements associated with the need to landfill industrial

Frontiers in Materials | www.frontiersin.org December 2020 | Volume 7 | Article 5729554

Bonoli et al. A Case Study of Industrial Symbiosis

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles


wastes and by-products (Carpenter et al., 2007; Huang et al., 2009;
Miliutenko, et al., 2013, Mladenovic et al., 2015). The EAF is a less
energy intensive process where electricity is used to melt steel into
the end product. This could be a promising alternative that may
have close to zero CO2 emissions, theoretically (Ferreira et al.,
2016; Morfeldt et al., 2015). Finally, Giani et al. (2015) explored
the replacement of virgin asphalt by 10% RAP in a HMA surface
course and by 20% RAP in a HMA binder course of a 1 km
asphalt pavement section in Italy. They found that the HMA RAP
alternative exhibited 688 tons of CO2eq (6.8%) GHG emissions
reductions, considering that the environmental burdens of
asphalt significantly depend on the bitumen content
(Häkkinen and Mäkelä, 1996).

Description of Context: Recycling Asphalt
Pavement in “Cooperativa Trasporti Imola
Scrl” Company
The “Cooperativa trasporti Imola Scrl” (CTI) company has four
plants for the production of asphalt mixes, three batch plants
and one drum plant. In both the typologies, the mineral
aggregates are dried and heated in a rotating drum.
Nowadays, the predominant plant type in the U.S. and New
Zealand is the drum-mix plant, while batch plants prevail in
Europe, South Africa, and Australia (EAPA, 2018). While in
batch plants aggregates are stored in hot bins to mix them with
bitumen in discrete batches, in drum plants the mixing of
aggregates with bitumen takes place in the same drum. After
those processes, the mixtures are stored in silos or loaded into
trucks for delivery. Afterwards, aggregates, temporarily stored
in a silo, are transported by mechanical shovels, and loaded on
hoppers for pre-dosage. The CTI plants have seven hoppers,
five for aggregates and two for milled materials, with the
possibility of introducing RAP. In the drum plant, the drum
acts both as a dryer and a mixer, whereas in the batch plant the
mixing of aggregates with bitumen takes place in different
machines. The bitumen, heated to 130–150°C by an oil-fired
oleothermal boiler, is kept at a constant temperature in the
storage tanks. Considering hot in plant recycling, while the
most conventional drum plants can accommodate up to 50%
RAP, and the percentage of reusable RAP in batch plants ranges
from 10 to 30% (Kandhal and Mallick, 1997; Noferini et al.,
2018), nowadays multiple readily available for production
technologies can accommodate up to 100% of recycled hot
mix asphalt (Zaumanis et al., 2014; Noferini et al., 2018). The
CTI batch plants might accommodate up to 45–50% RAP,
while the percentage of reusable RAP in drum plants is
approximately 50%. Hence, nowadays there is no technical
limit on RAP content in new asphalt mixtures, as long as an
adequate performance is achieved. However, it is a common
practice to set a maximum value, to guarantee the durability of
asphalt mixes in the long term (JRC, 2016), due to the possible
compromising effect of the aged bitumen in RAP on the final
mix. Moreover, the defined optimum content of RAP in asphalt
mixtures varies widely from country to country, from 7 to 50%
(up to 66%) by mass (Kalman et al., 2013; Garbarino et al.,
2016). On average, western European countries have 40% RAP

content in HMA and WMA mixtures, while Eastern European
countries have 6% (BIOIS and EC, 2011; Blankendaal et al.,
2014; Garbarino et al., 2016).

Moreover, according to the European Commission, steel slags
can be used in road construction, meeting the requirements of
European and national legislations and standards, although a
specific recycling target is not set (JRC, 2016).

In Italy, the steel slags resulting from steelmaking are
considered by-products, whereas RAP, as a result of the
milling operations of existing road pavements at their end of
life stage, is not considered to be waste, as long it is re-used within
the domain of the asphalt sector (Italian M.D. 69/2018). Due to
the fact that in Italy the use of steel slags and RAP for road
construction is allowed, in this study, the content of RAP and
EAF slags in the mixtures was designed to allow for the
production of the mixtures in the CTI batch plant and to
achieve acceptable values of physical and mechanical
properties, in compliance with national legislations and
technical standards.

Objectives and Research Approach
This study aims at testing the use of EAF steel slags and RAP in
two mixtures, for wearing and binder courses, respectively. The
physical and mechanical properties and the environmental
performances have been evaluated. The objectives of the
research study are summarized below:

• define a standard characterization of mixtures in order to
evaluate the physical and mechanical performances related
to the use of virgin and recycled materials;

• assess the environmental impacts associated with the
mixtures and model a best-case scenario for the CTI
batch plant with the maximum percentages of steel slags
and RAP;

• identify practical implications of the use of recycled
materials in new asphalt mixtures, from a life cycle and
industrial symbiosis perspective.

The research study is divided into two phases: in the first
phase, the effects of recycled materials on asphalt mixture
proprieties are investigated. Two specific types of asphalt
mixtures are produced with different compositions:

(1) 35% RAP and 16% steel slags for the wearing course, by
weight;

(2) 40% RAP and 15% steel slags for the binder course, by weight.

Asphalt materials are characterized in terms of size
distribution, strength modulus (indirect tensile strength), and
volumetric properties (air voids content).

The second phase aims at evaluating environmental impacts
by applying LCA methodology to the geographical context of the
CTI company. The novelty of this study is the integration of the
technical analysis of material characterization, assessed by
laboratory experiments, with the analysis of the environmental
impacts.
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MATERIALS AND METHOD

Performance Analysis of Asphalt Mixtures
Four mixtures were analyzed:

• A control mixture for the wearing course (MixW0)
• An experimental mixture for the wearing course (MixW1)
• A control mixture for the binder course (MixB0)
• An experimental mixture for the binder course (MixB1)

A description of the four mixtures can be found in Table 1.
The design of the aggregate distribution was based on

gradation limits specified in the UNI 13108 Italian technical
specification for bituminous layers, as shown in Figures 3, 4, with
cumulative percentage passing on the y axis and logarithmic sieve
size on the x axis. On the graphs, the sieve size scale (x axis) is
logarithmic.

The experimental program can be divided into three different
phases. In order to evaluate the physical and mechanical
performances of the designed mixtures, MixW1 and MixB1
were characterized in terms of particle size distribution (1),
volumetric properties (2), and strength modulus (3) according
to the standard UNI EN 933-1 (2012), UNI EN 12697-12 (2018),
UNI EN 12697-23 (2003), and UNI EN 12697-26 (2012). Asphalt
mixtures were manufactured in a laboratory with design neat
bitumen content of 6% for the wearing course and 5% for the
binder course (these percentages include aged bitumen contained
in RAP, 3.85% for the wearing course and 3.30% for the binder
course, respectively). A neat binder was incorporated into the
mixes, taking into account the presence of the aged binder in the
RAP fractions. At the same time, the inclusion of recycled
materials in the mixtures requires the addition of rejuvenating
agents (ACF) to improve the adhesion properties, thermal
susceptibility, viscosity, and workability of the mixes. The ACF

TABLE 1 | Composition of asphalt mixtures, percentages of aggregates by weight.

Material Fraction (mm) MixW0 (control) MixW1
(35% RAP, 15%

EAF steel
slags)

MixB0 (control) MixB1
(40% RAP, 16% EAF steel slags)

Gravel 14/20 — 15 6
Gravel 10/16 — — 20 —

Gravel 8/12 — — 10 —

Gravel 4/8 19 10 7 —

Gravel 3/6 30 9 12 10
Sand 0/4 45 30 32 25
Filler — 6 1 4 3
RAP 0/8 — 35 — —

RAP 8/12 — — — 40
EAF slag 4/8 — 15 — 16

FIGURE 3 | MixW1 gradation and limits.
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is incorporated in the commercial bitumen. Both aggregates and
bitumen can directly replace their equivalent virgin products in
the new mixtures (MixW1 and MixB1) at a ratio of 1:1.
Aggregates were heated at 160°C. The physical and mechanical
characterizations were then carried out. Asphalt mixes were
tested for particle size distribution (EN 933 – 1), air void
content (EN 12697-8), and indirect tensile strength (EN
12697 – 23).

Determination of Particle Size Distribution (EN 933 – 1)
The sieve analysis was carried out in a laboratory to define the
particle size distribution of MixW1 and MixB1. According to the
EN 933-1 standard, a representative weighed sample for each
mixture was separated on sieves of different sizes (Series 2). To
find the percentage of the aggregate passing through each sieve,
Eq. 1 was used:

% retained � WSieve

WTotal
× 100% (1)

where:WSieve is the mass of the aggregate in the sieve;WTotal is the
total mass of the aggregate.

In order to find the cumulative percentage of the aggregate
retained in each sieve, Eq. 2 was used. The total amount of the
aggregate retained in each sieve and the amount in the previous
sieves were added up. Then, the cumulative percentage passing of
the aggregate was found by subtracting the percentage retained
from 100%.

% cumulative passing � 100% −% cumulative retained (2)

The % cumulative retained (Pi) used was calculated using
Eq. 3:

Pc1,i · αC1 + Pc2,i · αC2 + . . . Pcj,i · αCj + . . . + Pcm,j · αCm,j � Pi (3)

where: Pcj,i is the passing at sieve j; αCj is the percentage by weight
of the total of the sieve j.

To solve Eq. 3, Eq. 4 was provided:

∑
m

j�1
αCj � αC1 + αC2 + . . . + αCj + . . . + αCm � 1 (4)

Determination of Air Voids Content (EN 12697-8)
Once the mix design for MixW1 and MixB1 was defined, the
following step in the research program considered their physical
analysis. The compactability and workability properties of the
HMAs were evaluated against gyratory compactor samples (EN
12697-31). For both mixtures, three specimens per MixW1 were
compacted up to 180 times more than the gyratory compactor,
and three specimens per MixB1 were compacted up to 210 times
more than the gyratory compactor. The air voids content (v) of
each specimen was evaluated according to the EN 12697-8
standard.

Determination of Indirect Tensile Strength (EN
12697–23)
Finally, for each mixture, according to the EN 12697-23 standard,
the indirect tensile strength (ITS) was performed at 25°C.

Life Cycle Assessment Study
The present study has assessed the impacts arising from the hot-
mix batch plant by applying an LCA methodology to the
geographical context of the CTI plant, located in the Emilia-
Romagna region. As previously described, an LCA study consists
of four stages: 1) goal and scope definition, 2) inventory analysis,
3) impact assessment, and 4) results and interpretation.

Goal and Scope Definition
Quantitative and comparative life cycle assessment results on
road construction materials are essential first steps toward
making informed decisions and toward more sustainable
practices in road construction (Chowdhury et al., 2010). The
present LCA study aims at evaluating the potential environmental
impacts related to asphalt mixtures: 1) MixW0 compared to
MixW1 and 2) MixB0 compared to MixB1. The final aim is to

FIGURE 4 | MixB1 gradation and limits.

Frontiers in Materials | www.frontiersin.org December 2020 | Volume 7 | Article 5729557

Bonoli et al. A Case Study of Industrial Symbiosis

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles#articles


provide recommendations to the CTI for the improvement of
technologies and regulations, based on environmental
considerations. The functional unit (FU) of LCA is 1 km of
secondary suburban road (with a width of 10.5 m, and a
thickness of 4 cm for the wearing course, and 6 cm for the
binder course). The system boundary includes all the treatment
processes, starting from virgin material mining, and secondary and
virgin materials entering the CTI batch plant (diesel, electricity),
until when they leave the plant as an (solid, liquid, or gaseous)
emission or as a new material. The final disposal or recycling
processes are out of the boundary. Hence, this LCA is a cradle-
to-gate analysis. As depicted in Figure 5, the system and processes
involved in the present study are:

- The raw material transportation from the mining site/quarry
to the CTI plant;

- The RAP transportation from road worksites to the CTI plant;
- The RAP pre-processing, which includes crushing and
screening;

- The avoided production and transportation of natural
aggregates (replaced by recycled aggregates), including
extraction, processing, and transportation to the CTI batch
plant;

- The avoided production and transportation of virgin bitumen
(replaced by recycled bitumen).

The geographical scope is local. The study focuses on the
conditions and CTI technologies used in 2018. The potential
environmental impacts were evaluated using the software
SimaPro®. This analytical tool works in accordance with the
ISO 14040 standard (ISO, 2006a). The impact assessment
baseline, performed by the Institute of Environmental Sciences
of the Leiden University (CML) in version 3.05, was selected as a
method for the environmental impact assessment, using the LCI
“Ecoinvent 3.5” and “Europe & Denmark input output”
databases. The following impact categories were evaluated:
abiotic depletion, acidification, eutrophication, global warming
potential, ozone layer depletion, and photochemical oxidation.

Inventory Analysis
Data regarding the core processes, i.e., transportation, hot
recycling, and energy consumption, are primary data. For
analyzing the CTI HMA batch plant, data were collected
directly from the CTI company. Data related to other
foreground processes, i.e., bitumen production, extraction of
natural mineral resources, and pre-processes of waste asphalt,
were instead taken from the LCA software SimaPro databases
(Ecoinvent and Europe & Denmark databases). Therefore, the
avoided impacts, due to the avoided consumption of natural
virgin aggregates because of the EAF steel slags and RAP addition
into hot mixes, are modelled using secondary data on quarry
activities in Europe.

Inventory data about the transportation of the raw materials,
asphalt waste, and bitumen are modelled using the primary data
on CTI transports, as shown in Table 2. Table 3 shows the
inventory data on energy consumption in the CTI batch plant.

Impact Assessment
In the LCIA, the CML impact assessment baseline calculation
method was adopted. The consumption of materials and energy
as well as the emissions to air, water, and soil were gathered
according to the effects they can have on the environment.
According to ISO 14044 (2006b), the LCIA consists of
classifications into impact categories, normalization, and the
weighting of impacts. In this standard, a distinction between
mandatory elements (classification and characterization) and
optional elements (normalization, grouping, ranking, and
weighting) was pointed out. In the current LCA study,
classification and characterization were performed to assess
the environmental impacts of MixW1 compared to MixW0
and of MixB1 compared to MixB0. No optional elements were
evaluated.

Therefore, this methodology aims to assess the environmental
impacts of the processes identified in the inventory analysis.
Hence, all substances were measured and assigned to an
impact category. The results are represented by single
midpoints.

FIGURE 5 | Diagram flow of recycling reclaimed asphalt pavement (RAP) and electric arc furnace (EAF) in the CTI batch plant.
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RESULTS

Standard Characterization Test Results:
Performances of the MixW1 and MixB1
Mixtures
In order to evaluate the physical and mechanical performances of
the mixtures incorporating different recycled aggregate
percentages for the wearing and binder courses, MixW1 and
MixB1 were characterized in terms of air void content (v),
indirect tensile strength (ITS), indirect tensile stiffness
modulus (ITSM), and indirect tensile strength ratio (ITSR).

The determination of the air void content of MixW1 and
MixB1 can be found in the SupplementaryMaterial as well as the
results of the determination of ITS, ITSR, and ITSM of MixW1
and of MixB1, respectively. According to the UNI EN 12 697 – 12
standard, the ITSR value represents the ratio of the indirect
tensile strength of wet (water conditioned) specimens to that
of dry specimens expressed as percentages, calculated by using the
following equation (Eq. 5):

ITSR � 100 · ITSw
ITSd

(5)

Where: ITSw is the indirect tensile strength of wet (water
conditioned) specimens; ITSd is the indirect tensile strength of
dry specimens.

Life Cycle Assessment Results:
Performances of the MixW1 and MixB1
Mixtures
The LCA was chosen to evaluate the environmental impacts that
affect the designed road life cycle (production and treatment
processes and transportation of the involved materials). The
overall environmental impacts related to the production of
asphalt mixtures MixW1 and MixB1 in the CTI batch plant
are shown in Table 4. The analysis was supported by the LCA in
compliance with the ISO 14040 standard and the ISO 14044
standard.

DISCUSSION OF STANDARD
CHARACTERIZATION OF MIXTURES AND
LIFE CYCLE ASSESSMENT
To discuss the results of the standard characterization of the
designed mixtures, a comparison of the performances of the
designed mixtures and control mixtures was first performed.

Tables 5, 6 show the results for the four mixtures, in terms of
average indirect tensile strength (ITS) and average air void
percentages.

TABLE 2 | Inventory data about the transportation of the asphalt waste, the by-products, and the primary materials to the plant.

Material Transport distance (km) Description Lorry type Source

EAF slags 150 Road distance between company – CTI batch plant 32 metric tons, EURO 6 Ecoinvent 3.5
Asphalt waste 40 Road distance between RAP site – CTI batch plant 32 metric tons, EURO 6 Ecoinvent 3.5
Natural aggregates 190 Road distances between quarry site – CTI batch plant 32 metric tons, EURO 6 Ecoinvent 3.5
Virgin bitumen 230 Road distances between bitumen plants – CTI batch plant 28 metric tons, EURO 6 Ecoinvent 3.5

TABLE 3 | Inventory data about the energy consumption in the CTI batch plant.

Processes Energy type Energy
consumption/ton (kWh/ton)

Methane (m3) Source

Line 0 Electricity 6131 8.5 Ecoinvent 3.5
Line 1 Electricity 273 8.5 Ecoinvent 3.5

TABLE 4 | Environmental impacts related to MixW1 and MixB1.

Impact categories Unit Total

MixW1 MixB1

Global warming potential kg CO2 eq. 4.60E + 04 5.80E + 04
Human toxicity kg 1.4 - DB eq. 1.82E + 04 2.62E + 04
Acidification kg. SO2 eq. 3.09E + 02 3.35E + 02
Eutrophication kg PO4 eq. 8.31E + 01 1.09E + 02
Ecotoxicity kg 1.4 - DB eq. 1.53E + 03 1.55E + 03
Photochemical oxidation kg C2H4 1.53E + 01 1.72E + 01
Ozone layer depletion kg CFC - 11 eq. 3.18E − 02 3.39E − 02
Abiotic depletion kg Sb eq. 1.45E − 01 1.49E − 01
Abiotic depletion fossil fuels MJ 2.52E + 06 2.73E + 06

TABLE 5 | Mechanical and volumetric properties of MixW1 and MixW0.

Specimen Avg. ITS (MPa) Avg. void (%)

10 120 210 (v)

MixW1 2.68 11.2 2.7 1.8
MixW0 1.19 13.2 4.0 2.5

TABLE 6 | Mechanical and volumetric properties of MixB1 and MixB0.

Specimen ITS (MPa) Void (%)

10 100 180

MixB1 1.88 9.6 4.6 1.6
MixB0 1.35 13.6 4.9 2.9
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The mechanical analysis was supported by the ITS test in
compliance with the EN 12697-23 standard. For each mixture,
three samples were prepared with a gyratory compactor (180 and
210 times) and then conditioned at 25°C for 4 h before testing.
According to the scientific literature, an ITS test is generally used to
assess the level of tenacity of the aggregate-filler-bitumen bond
(Sangiorgi et al., 2019) and the ITS value strongly depends on the
medium-high amount of aggregates, bitumen, and recycledmaterials.
From the analysis of data, there was a difference in terms of indirect
tensile resistance between the two experimental mixtures (MixW1
and MixB1) compared to the control ones (MixW0 and MixB0). It
could be argued that the results indicate a hardening of the composite
blend caused by the presence of the aged bitumen. Therefore, the two
mixtures show different air void contents.

To note, the average value of ITS recorded for both
experimental mixtures was considerably higher than the limit
suggested by the Italian technical specifications (ANAS, 2019),
which ranges between 0.72 and 1.60 MPa per wearing course, and
between 0.72 and 1.40 MPa per binder course.

Similarly, if the Italian technical specification is taken into
account, the air void content (v) was lower than the suggested
one, which ranges between 3 and 8%.

The standard characterization of the mixtures evaluated the
hardening effect of the old bitumen on the content blend.
According to Noferini et al. (2018), the hardening effect
becomes relevant when the RAP binder content is above 20%
by weight of the mixture. In particular, the new bituminous
mixtures per binder and wearing course (MixB1 and MixW1)

FIGURE 6 | Contribution analysis related to recycling of RAP and EAF slags in CTI batch plant for wearing course (above) and for binder course (below).
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were more rigid than the traditional ones (MixB0 and MixW0),
but they were not excessively thickened because the final void
value was less than 2%. Hence, the final void content of the two
new mixtures was optimal.

Moreover, as the stiffness and the fatigue performance were
not tested, further research might investigate these aspects.

Secondly, a comparison of LCA results between the two
mixtures for the wearing course (MixW0 and MixW1) and the
two mixtures for the binder course (MixB0 and MixB1) was
performed. Hence, Figure 6 and Table 7 show the results of the
contribution analysis related to the recycling of RAP and EAF
slags in the CTI batch plant. Interestingly, significant differences
were found between MixW0 and MixW1, and between MixB0
and MixB1. LCA allows the authors to evaluate the
environmental benefits related to the use of recycled
aggregates. Due to the reduction of emissions and natural
resources used, MixW1 and MixB1 provide environmental
benefits in all impact categories (abiotic depletion, abiotic
depletion fossil fuels, global warming potential, ozone layer
depletion, human toxicity, terrestrial ecotoxicity,
photochemical oxidation, acidification, and eutrophication).
The avoided impacts associated with the use of recycled
material and with the reduction in the consumption of
bitumen and aggregates overcome the impacts related to the
waste transportation and the pre-treatment processes, resulting in

a total reduction in environmental impact. Hence, it can be
argued that recycling RAP and EAF steel slags in the CTI
batch plant provides environmental benefits, besides reducing
the consumption of virgin bitumen and natural aggregates.

These results are supported by the ones obtained in a
preliminary and more general study, previously undertaken
(Degli Esposti et al., 2020), showing that the experimental
mixtures have fewer environmental impacts than the control
ones. According to the LCA results, a reduction in all impact
categories occurred, and mainly in human toxicity (−30.5%) and
eutrophication (−24%), related to the intensive energy
consumption and the utilization of non-renewable sources,
during both the extraction and transportation phases. In
particular, a robust reduction in CO2eq emissions was
demonstrated by the better performance of the category global
warming potential (−21%), as it was estimated at 46 tons of CO2eq

for the experimental mixtures (MixW1 and MixB1) and at
58 tons of CO2eq for the control mixtures (Mix W0 and
MixB0). To summarize, the use of RAP and EAF steel slags in
1 km of suburban road allows the CTI to reduce the content of
virgin bitumen by weight of the total mixture by 2.15% (by total
weight) for the wearing course and by 1.70% (by total weight) for
the binder course. Moreover, the use of recycled materials in 1 km
of suburban road allows the company to save 438.0 tons of
natural aggregates and 18.2 tons of virgin bitumen for the

TABLE 7 | Environmental impacts related to MixW0 and MixW1, MixB0 and MixB1.

Impact categories Unit Total

MixW0 MixW1 MixB0 MixB1

Global warming potential kg CO2 eq. 7.51E + 04 4.60E + 04 9.37E + 04 5.80E + 04
Human toxicity kg 1.4 - DB eq. 2.86E + 04 1.82E + 04 4.02E + 04 2.62E + 04
Acidification kg. SO2 eq. 5.30E + 02 3.09E + 02 6.36E + 02 3.35E + 02
Eutrophication kg PO4 eq. 1.30E + 02 8.31E + 01 1.73E + 02 1.09E + 02
Ecotoxicity kg 1.4 - DB eq. 2.30E + 03 1.53E + 03 2.33E + 03 1.55E + 03
Photochemical oxidation kg C2H4 2.61E + 01 1.53E + 01 3.25E + 01 1.72E + 01
Ozone layer depletion kg CFC - 11 eq. 4.74E − 02 3.18E − 02 5.97E − 02 3.39E − 02
Abiotic depletion kg Sb eq. 2.44E − 01 1.45E − 01 2.23E − 01 1.49E − 01
Abiotic depletion fossil fuels MJ 3.74E + 06 2.52E + 06 4.73E + 06 2.73E + 06

FIGURE 7 |Diagram flow of recycling RAP and EAF in the CTI batch plant for hot-mix asphalt, with the inclusion of the avoided products for wearing course (MixW0
and MixW1) and binder course (MixB0 and MixB1).
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wearing course, 826.2 tons of natural aggregates and 22.1 tons of
virgin bitumen for the binder course, as shown in Figure 7.

CONCLUSION

The inert nature of RAP, and the excellent mechanical properties
of the EAF slags make them two potentially useful materials in a
wide variety of applications, including re-use or recycling in new
asphalt pavements. This case study demonstrates the high
potential for recycling RAP and EAF steel slags in the road
construction sector, as a secondary raw material and a by-
product, respectively.

As a result of testing the use of EAF steel slags and RAP in new
bituminous mixtures, the physical and mechanical properties as
well as the environmental performances of the two mixtures have
been evaluated for wearing and binder courses, respectively. In
order to maximize the environmental sustainability of the road
pavement, the use of RAP and EAF steel slags can be
recommended.

Moreover, the authors believe that LCA results and indicators
are appropriate tools to compare and communicate the
environmental performances of different asphalt mixtures in
road construction.

By reducing the global environmental impact and recycling
by-products, the CTI and the co-located companies are a real case
study of industrial symbiosis at the meso-level.

The authors believe that the development of industrial
symbiosis projects provides the opportunity to promote waste
reduction, reuse, and recycling, while reducing the environmental
impacts, as well as increasing companies’ competitiveness, in
particular in countries like Italy, where there are already several
large industrial clusters. Moreover, information sharing among
stakeholders would facilitate the development of industrial
symbiosis networks.

Future research efforts could focus on investigating other
recycled materials, for the same applications as virgin ones,

with the purpose of reaching the same quality level and
performances. In this issue, no economic evaluation was
carried out. As a future research direction, the economic
sustainability will be evaluated.
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