
sustainability

Article

Comparative “from Cradle to Gate” Life Cycle
Assessments of Hot Mix Asphalt (HMA) Materials

Laura Moretti 1,*, Vittorio Mandrone 2, Antonio D’Andrea 1 and Silvia Caro 3

1 Department of Civil, Construction and Environmental Engineering, Sapienza University of Rome,
Rome 00184, Italy; antonio.dandrea@uniroma1.it

2 Tecnoprove, Monterodondo 00015, Italy; vittorio-3@hotmail.it
3 Department of Civil and Environmental Engineering, Universidad de Los Andes, Cra. 1 #18a-12,

Bogotá, Colombia; scaro@uniandes.edu.co
* Correspondence: laura.moretti@uniroma1.it; Tel.: +39-06-44585114

Academic Editor: Marc A. Rosen
Received: 3 February 2017; Accepted: 3 March 2017; Published: 8 March 2017

Abstract: The objective of this work is to compare the environmental impact of two different hot mix
asphalt (HMA) materials used for road construction in Italy. The analyses used a “from cradle to
gate” Life Cycle Assessment (LCA) boundary system and the methodology included considerations
about raw materials and fuel supply, as well as transport and manufacturing processes. Primary data
provided by the producers and secondary data available in the literature were used as part of the
analyses. The results suggest that the proposed method offers rigorous criteria for a comprehensive
assessment of the environmental impact of HMA materials, which could be used, among others,
as an evaluation parameter in public bids.
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1. Introduction

On 19 April 2016 came into force the new Italian Public Procurement Code [1], which implements
the European Directives 2014/23/EU, 2014/24/EU and 2014/25/EU [2–4]. This code provides
guidelines and specifications for three different design levels for infrastructure projects:

• the technical and economic feasibility design stage (i.e., the best cost-benefit ratio among
different alternatives);

• the selected or final design stage (i.e., the works that should be performed); and
• the executive project design stage (i.e., the description of the works and of the life cycle of

the project).

Among the various principles of this new Code, it is stated that the contracting authorities have
the ability and responsibility to adopt a policy inspired by social needs, as well as by the protection
of health, environment and cultural heritage, and/or by the promotion of sustainable development.
The concept of including environmental aspects into public procurement administration was addressed
for the first time in the “Green Paper on the modernization of EU public procurement policy towards
a more efficient European Procurement Market” [5]. This document introduced the possibility of
integrating environmental aspects as part of the procedures used for purchasing goods, works and
services. Accordingly, the European Community legislature has pointed out that the Member States
should use public procurement to promote products and services that are respectful to the environment
and, consequently, that they should also contribute to the implementation of the National Action Plans
for Green Public Procurement (NAP GPP).
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Unfortunately, the Green Public Procurement (GPP) has been poorly applied in contracts related
to construction works, mainly due to two reasons [6]:

• difficulties in obtaining services/green products suppliers; and
• procedural difficulties in the implementation of GPP.

Despite this situation, the new Italian Public Procurement Code requires the administrative
authorities to effectively contribute to the achievement of the environmental objectives set out in the
Italian NAP GPP. These action plans, adopted by the Interministerial Decree of 11 April 2008 [7], aim at
maximizing the use of GPP among public bodies in order to improve environmental, economic and
industrial efficiency. The Italian GPP NAP, that was updated through the Decree of 10 April 2013,
issued by the Italian Ministry of the Environment and the Protection of Natural Resources [8], contains
the Minimum Environmental Criteria (MEC) requirements that should be included as part of public
bids. Specifically, the Italian GPP NAP has identified a set of MEC for contracts related to the following
“product categories”: furniture; construction (construction and renovation of buildings with a focus on
building materials); waste management; urban and energy services; electronic equipment; textiles and
footwear; office furniture; food and catering services; building management services; and transport.
For building materials, the MEC does not currently provide any formal requirement applicable to
bitumen bounded road materials, which is the topic of this work, since it only stipulates regulations for
cement concrete. At the international level, the Environmental Declaration of Building Products, which
makes part of the Sustainability in Building Construction Specification ISO 21930:2007 [9], does not
either include regulations for road materials.

As can be observed, the achievement of ambitious environmentally friendly road projects in
Italy, as in any other European country, is still an on-going effort. Indeed, there are several gaps
and challenges in current regulations that need to be faced, especially in some of the most complex
processes which include many materials and works [10]. Thus far, for example, the assessment of
road sustainability is limited to the evaluation of the environmental impact assessment that should be
carried out in the case of major projects. These assessments focus on the principle of environmental
compatibility, which is the ability of a system or structure to get integrated into the environment
without negatively affecting or damaging it [11]. Nevertheless, the fact that this approach is only
applicable when the infrastructure project under consideration has national significance, restricts the
possibility of having a more comprehensive vision of an Italian environmental strategy for public
construction projects [12].

The implementation of such an integral vision, however, should consider that the environmental
criteria go beyond the environmental performance of materials and/or construction products.
The selection of specific materials and products for a specific project, for example, should
never overlook their geographical location and local availability, or the structural and functional
performances that have to be provided [13]. In this sense, current practices in road infrastructure
projects demonstrate that there is a need for a rigorous methodology that combines unbiased and
comparable environmental criteria. This methodology should recognize that a proper environmental
approach should avoid choosing a low cost material with higher environmental burden, balancing often
conflicting objectives [14]. Furthermore, it should also recognize that the production chain significantly
affects the environmental impact of any product [15] and, therefore, that each environmental analysis
is only valid under its own boundary system and operational conditions [16]. Consequently, a more
inclusive environmental approach for road projects should involve direct and indirect costs, both
environmental and monetary, during the whole life cycle of the infrastructure system [17–20]. This
perspective makes it possible to pursue the aim of sustainability, i.e., the integration of economic [21–23]
and environmental aspects [24]. It is noteworthy that an approach of this nature could be applied not
only to road infrastructure projects and related facilities [25], but also to railway [26,27], airports [28]
and sidewalk infrastructure [29].
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In the specific case of bituminous materials used in pavement engineering projects, there exist
some limited recent efforts that have conducted comparative Life Cycle Assessments (LCA) of
bituminous products (e.g., [30,31]). Nevertheless, these works do not analyze the impact related to the
characteristics of the used fuels during the production of the materials and the adopted production
processes. Furthermore, these results have regional specificity and are dependent on the adopted
methodologies [32]. For example, it is common that only CO2 emissions are considered as part
of the environmental analysis (e.g., [33,34]), even though the best environmental solution does not
necessarily correspond to that providing the lowest CO2 emissions due to the complexity of the
environmental problem.

The aim of this paper is to assess the environmental impact of two hot mix asphalt (HMA)
materials that are currently used in the Italian road industry. The proposed evaluation consists of a
series of environmental indicators that, according to existing international standards, are defined to
have a type III label [35]. This label is a document that quantifies the environmental impact of a product
based on LCA, which is verified by a qualified third party. The methodology used to accomplish the
objectives of this work is the LCA of the asphalt mixes, considering both the Life Cycle Inventory
analysis (LCI) and the Life Cycle Impact Assessment (LCIA) of the materials [36–38]. The study uses
a “from cradle to gate” boundary approach (i.e., the analysis considers the product life cycle from
the resource extraction processes to the moment at which the material is ready to be transported at
the factory gate), including upstream and downstream processes, as specified in the International
Environmental Product Declaration, or EPD® system. The interpretation of the results [39] permits to
compare the environmental impact of the materials, and identifying the strengths and weaknesses of
the processes evaluated. This, in turn, permits to improve and update the technology used as part of
the processes studied and boost competitiveness.

As observed, this work overcomes some of the main limitations of existing LCA conducted on
bituminous materials, which makes it a relevant contribution to the current state of knowledge on
this topic. It is also important to highlight that the methodology herein used could be efficiently
replicated to conduct similar analysis for other road materials and, consequently, it constitutes a
useful tool for the achievement of the environmental policies stipulated by the Italian and European
Community legislature.

2. Data and Methods

The authors calculated the environmental impact of two HMA produced by two different Italian
asphalt mix companies (Company 1 and Company 2) that are located near Rome. The declared unit for
the analysis is 1 Mg of bituminous concrete for binder layer used in flexible pavements. To compute
the product declaration of this declared unit of material, which is a necessary step in the LCA analyses,
the authors considered the methodological requirements stated in the ISO 14025:2006 standard [40],
as well as those stipulated in the “General Programme Instructions of the International EPD System
2.5” [41], and in the Product Category Rules in the European standard 15804:2012+A1:2013 [42].
The standard EN 15804 “Sustainability of construction works, environmental product declarations,
core rules for the product category of construction products” [42] provides guidelines to elaborate
an unbiased set of data useful to examine and improve the environmental performance of a building
material. For conducting the LCA of the two HMA considered in the study, some pre-specified
minimum requirements are stated by the Product Category Rules (PCR)—which were developed
and proposed by the Norwegian Environmental Product Declaration (EPD) Foundation [43]—for
preparing an environmental declaration (EPD) for a product group consisting of asphalt and crushed
stone. Indeed, the cited documents can be used to develop a type III label EPD of these materials [35].
This methodological approach was selected to conduct the environmental impact assessment of these
mixtures because several experts consider that it offers the most comprehensive strategy currently
available to perform these types of analyzes.
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The bituminous mixes evaluated, which volumetric properties are summarized in Table 1, satisfy
the Italian standards for road materials [44,45]. As observed in this Table, the composition of both
mixes is identical. In fact, their only difference is the source or origin of the materials, as explained in a
later section.

Table 1. Mixes composition.

Component Volume (%) Density (kg/m3) Weight * (kg)

Bitumen 10 1020 44.1
Aggregates (limestone) 85 2600 955.9

Air void content 5 - -

* These values refer to the declared unit.

The selected boundary of the system is a “from cradle to gate”, which means that the life cycle
analysis requires data for the raw materials and fuel sources, as well as for transport and manufacturing
processes. This means that the LCA study considered A1, A2 and A3 stages (upstream and core
processes), as explained in Figure 1. Modules from A4 to D (i.e., construction process, use, end-of-life
stages and benefits and loads beyond the system boundary) were considered to be beyond the scope
of this work and, therefore, they were not included as part of the analysis (Figure 1).
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Figure 1. System boundaries.

The EPD® system defines three data categories for the inventory analysis phase [41]:

• primary data, obtained through on-site surveys and carried out by the producers;
• secondary data, available in the literature;
• tertiary data (also defined as other generic data), obtained through statistical averages.

In this study, primary data include:

• the composition of the mix;
• the performance of the vehicles used for aggregates and bitumen transport;
• the annual fuel consumption of the asphalt mix plants; and
• the distance of the asphalt plant from the quarries and the refinery.

Secondary data are related to the environmental impact of raw materials, fuels and transport, and
they were obtained from existing environmental databases available in the literature [46–48]. Finally,
tertiary data were not used in this study.
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2.1. Inventory Analysis Phase: Primary Data

As explained previously, in the LCI phase, the authors collected primary data directly from the
two mix plants, named Company 1 and Company 2. The year 2014 was selected as the reference for
the analysis. Information for both companies for this year is presented next.

Company 1 includes aggregates that are both natural (purchased from the quarries) and recycled
(from recycling plants), and 20% of the total aggregates used in the binder mixes belong to the second
group. The bitumen used in the production of the HMA comes from two refineries located in Falconara
and Livorno (Italy), and the limestone material is extracted from a quarry in Riofreddo (Figure 2,
obtained from Google Earth, and Table 2). In terms of transportation, bitumen and fuels are transported
from the refineries to the plant by tankers with a capacity of 30 m3, and aggregates are transported
from the quarry to the plant by trucks with a capacity of 20 m3. Regarding the energy sources used in
the plant, the burner and the thermal oil boiler work with methane gas, and the annual consumption
of natural gas is 730,835 m3, while the annual electricity consumption is 392,020 kW. Finally, the annual
production of asphalt concrete in this plant is 49,758 m3 (the average hourly production is 80 m3).
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Table 2. Geographical data of Company 1.

Primary Data—Company 1 Place Distance (km)

Aggregates Riofreddo 73

Bitumen
Falconara 322

Livorno 325

Table 2 lists the distances of the raw products to the mix plant of Company 1.
Similar to Company 1, aggregates in Company 2 are both natural (purchased from the quarries)

and recycled (from recycling plants), and 20% of the total aggregates in the binder mixes are recycled.
In this case, the bitumen is obtained from two refineries located in Falconara and Livorno (Italy) and
limestone is extracted from a quarry in the city of Anagni (Figure 3, obtained from Google Earth).
Regarding the transportation of raw materials, bitumen and fuels are transported from the refineries
to the plant by tankers with a capacity of 20 m3, while aggregates are transported from the quarries to
the plant by trucks with a capacity of 20 m3. Energy sources in this plant include low-sulfur crude
oil, which is used to feed the oven in the plant mix, and gasoil, which feeds the diathermic oil boiler.
The annual consumption of gasoil is 107,640 kg and the annual consumption of low-sulfur crude oil
is 533,073 kg. In terms of production, this plant manufactures 51,257 m3 of asphalt concrete per year
(the average hourly production is 101 m3).
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Table 3 lists the distances of the raw products to the mix plant of Company 2.

Table 3. Geographical data of Company 2.

Primary Data—Company 2 Place Distance (km)

Aggregates Anagni 40.2

Bitumen
Falconara 322

Livorno 325

Tables 4 and 5 show the smokestacks emissions in both mix plants. The data presented in these
tables were obtained following the UNI EN ISO 16911-1:2013 standard [49], which regulates the
methods for sampling and analyzing the control of emissions. It is noteworthy that a third party
certified these data. The oxygen content by volume in the waste gas corresponds to 17% for Company
1 and to 16% for Company 2.

Table 4. Emissions generated by Company 1.

Substance Concentration
(mg/Nm3)

Mass Flow
(g/h)

Particulates 11.12 274.98

Volatile Organic Compounds 1.43 35.36

Carbon monoxide (CO) 98 2423

Nitrogen oxides (NOx) 39 964.27

Sulfur oxides (SOx) <1 <24.72

Hydrogen chloride (HCl) 0.1323 3.27

Hydrogen fluoride (HF) 0.0226 0.56

Cadmium (Cd) + Thallium (Tl) <0.0005 <0.012

Mercury (Hg) 0.00004 <0.0001

Antimony (Sb) + Arsenic (As) + Lead (Pb) + Chrome (Cr) + Cobalt (Co) +
Copper (Cu) + Manganese (Mn) + Nickel (Ni) + Vanadium (V) + Tin (Sn) <0.04879 <1.21

Polycyclic aromatic hydrocarbons <0.005 <0.12
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Table 5. Emissions generated by Company 2.

Substance Concentration
(mg/Nm3)

Mass Flow
(g/h)

Particulates 2.6 95.66

Volatile Organic Compounds <1 <36.79

Nitrogen oxides (NOx) 75 2759.33

Sulfur oxides (SOx) 48 1765.97

Hydrogen chloride (HCl) <1 <36.79

Hydrogen fluoride (HF) <0.1 <3.68

Cadmium (Cd) + Thallium (Tl) <0.01 <0.37

Mercury (Hg) <0.01 <0.37

Antimony (Sb) + Arsenic (As) + Lead (Pb) + Chrome (Cr) + Cobalt (Co) +
Copper (Cu) + Manganese (Mn) + Nickel (Ni) + Vanadium (V) + Tin (Sn) <0.002 <0.07

Polycyclic aromatic hydrocarbons <0.002 <0.07

2.2. Inventory Analysis Phase: Secondary Data

After reviewing several LCI databases available in the literature for LCIA, the following
information was selected for the analyses:

• For aggregates, the Environmental Impact Categories of “from cradle to gate” analysis defined by
the Union Nationale des Producteurs de Granulats [46,47] were used.

• For bitumen and fuels, the Life Cycle Inventory of Bitumen published by Eurobitume [48]
was selected.

• For transport, the data of exhaust gas emission standards were obtained from the current Italian
and European regulations [50–52]. Specifically, the data included information of the European
and Italian standards and limits for the emissions of carbon dioxide, carbon oxide, hydrocarbon,
and mono-nitrogen oxides.

• For earth-moving machines, data published by Vermeer [53] were considered.

In this phase, the LCI does not provide CO2 emissions from the manufacturing process. However,
the annual consumption of methane gas allows calculating the emissions of carbon dioxide that results
from burning methane gas for Company 1. The stoichiometric combustion reaction of methane is
(Equation (1)).

CH4 + 2O2 → CO2 + 2H2O (1)

Considering the following molecular mass of the substances, it is then possible to calculate the
corresponding CO2 emissions, as follow (Equation (2)).

1 kg CH4 + 4 kg O2 → 2.75 kg CO2 + 2.25 kg H2O (2)

Similarly, the annual consumption of low-sulfur oil and gasoil for Company 2 allows calculating
the emissions of carbon dioxide resulting from the burning processes. According to the Italian Ministry
of the Environment [54], the CO2 emissions for each ton of asphalt mix produced are (Equation (3)).

Ce = Q·EF·NCV·O f (3)

where Ce is the quantity of CO2 emission due to fuel combustion, Q is the quantity of fuel consumed, EF
is the emission factor, NCV is the net calorific value of fuel and Of is the oxidation factor, representing
the fraction of carbon oxidized during combustion. Table 6 lists the values used for this calculation.
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Table 6. Parameters used for calculating CO2 emissions of Company 2 [54].

Low-Sulfur Crude Oil

Q (kg) NCV (GJ/t) EF (tCO2/TJ) Of

4.50 41 76.4 0.99

Gasoil

Q (kg) NCV (GJ/t) EF [tCO2/TJ) Of

0.91 46 65.5 0.99

The obtained values of CO2, which do not contain biogenic CO2 emissions, refer to the declared
unit of asphalt concrete.

The environmental analysis also requires using available data for the construction of homogeneous
environmental profiles for the considered materials, machines and processes. According to the defined
system boundaries, the authors collected six types of environmental profiles for the different elements
considered in the analysis, as follows:

• limestone [46];
• recycled aggregate [47];
• bitumen [48];
• asphalt plant (smokestacks emissions);
• articulated lorry [51]; and
• earth-moving machine [53].

As an example of these profiles, Table 7 presents the air emissions of 1 Mg of limestone material.

Table 7. Air emissions for limestone at the quarry.

Emissions Quantity (g)

Carbon monoxide (CO) 18.6
Hydrocarbons (HC) 0.43

Nitrogen oxides (NOx) 61.9
Particulates (PM) 20.3

Volatile Organic Compounds 10.3
Sulfur oxides (SOx) 4.8

Hydrogen chloride (HCl) 3.71 × 10−2

Cadmium (Cd) + Thallium (Tl) 1.24 × 10−4

Mercury (Hg) 1.37 × 10−4

Nickel (Ni) 1.45 × 10−3

Selenium (Se) 8.21 × 10−5

Vanadium (V) 2.19 × 10−3

Methane (CH4) 2.53
Carbon dioxide (CO2) 2360

Biogenic carbon dioxide 12.4
Nitrous oxide (N2O) 4.52 × 10−1

Ammonia (NH3) 7.09
Hydrogen sulfide(H2S) 4.26 × 10−3

Arsenic (As) 3.15 × 10−4

Chrome (Cr3+) 6.84 × 10−3

Hexavalent chromium (Cr6+) 1.67 × 10−4

Copper (Cu) 2.05 × 10−3

Lead (Pb) 1.5 × 10−3

Zinc (Zn) 1.84 × 10−4



Sustainability 2017, 9, 400 9 of 16

Tables 8 and 9 list the amount of resources and the produced wastes that should be disposed
for this same material. Information in this table corresponds to the same declared unit of 1 Mg of
limestone. Equivalent information was collected for the other materials considered in the analysis.

Table 8. Use of resources in the process of obtaining limestone at the quarry.

Resource Use Quantity Unit

Use of natural energy resources 0.95 kg
Use of natural resources, non-energy 1040 kg

Total primary energy 60.9 MJ
Renewable energy 0.7 MJ

Non-renewable energy 60.2 MJ
Electricity consumption 2.54 kWh

Use of fresh water 27.6 L

Table 9. Limestone’s waste to disposal.

Waste to Disposal Quantity (kg)

Hazardous waste 8.82 × 10−3

Non-hazardous waste 2.39 × 10−1

In addition, these data were collected for each category of fuels, raw materials and machine
considered in the study, when available in the literature.

2.3. Life Cycle Impact Assessment

Data collected in the LCI phase are used for the LCIA through the characterization factors defined
by EN 15804. These are factors derived from an environmental model that are applied to convert
the assigned LCI results to a common unit of a category indicator. Therefore, this procedure reduces
the scores of the environmental impact of each category to the same measurement units, expressed
as equivalent (eq.) after the “conversion” process. For a given set of substances, the equivalence
describes the amount of the reference substance that would have the same environmental effect.
Consequently, they allow quantifying the extent to which each pollutant contributes to different
environmental impacts.

As an example of the result of this process, Table 10 lists the environmental impact of 1 Mg of
limestone, which was obtained using the information presented in Tables 7–9.

Table 10. Environmental impacts of 1 Mg limestone.

Environmental Impact Quantity Unit

Global warming potential, GWP 2.57 × 100 kg CO2 eq.
Depletion potential of the stratospheric ozone layer, ODP 2.71 × 10−7 kg CFC-11 eq.

Acidification potential of soil and water, AP 6.15 × 10−2 kg SO2 eq.
Eutrophication potential, EP 1.18 × 10−2 kg (PO4)3− eq.

Formation potential of tropospheric ozone, POCP 4.07 × 10−3 kg C2H4 eq.
Abiotic depletion potential for fossil resources, ADP-fossil fuels 6.02 × 101 MJ

Human Toxicity Potential (HTP) 8.53 × 10−1 kg 1,4-DCB eq.

The resulting data containing information about emissions, use of resources and wastes for each
one of the six categories evaluated describe the upstream process and allow calculating the A1–A2
modules of the EPD.

The allocation rules used in the LCIA comply with the EN 15804 regulation [42]. All materials and
energy flows were included in the calculation, therefore, energy and mass contributions considered
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in the analysis were fully allocated into the system. Nevertheless, energy and material contributions
related to asphalt production but different from the main object of the present analysis were excluded
(e.g., bitumen-bound aggregate mixtures). Finally, the wastes generated directly from the asphalt
production, if carried out within the plant, were allocated to the production of asphalt.

The authors obtained the EPD of 1 Mg of asphalt concrete to be used in the construction of binder
courses collecting data during the inventory analysis phase and selecting the characterization factors
provided by EN 15804 and by Huijbregts [55] for “Human Toxicity Potential” (HTP). Although it is not
defined by the EN 15804 specification, the additional parameter HTP was considered as part of the
analysis due to the interest of the European Community on this aspect.

In summary, the product declaration considers parameters describing the environmental impact,
the use of resources, the waste categories, the output flow materials, and the potential of human toxicity.

3. Results

Data collected in the LCI were modeled using the characterization factors listed in [42] and
proposed by Frischknecht et al. [56]. As explained previously, the concept of characterization factors
permits to compare the ability of different substances to cause the same environmental consequence.
These factors convert the assigned LCI results into a common unit of a category indicator as explained
by Equation (4).

IC = ∑
x

CFic(x)·INV(x) (4)

where IC is the Impact Category, obtained from the inventory INV(x) of the substance x and CFic(x) the
characterization factor assigned to the substance x for the calculation of IC.

For environmental impacts which have a chemical unit of measure, the unit is expressed as
equivalent (eq.) due to the applied “conversion” process.

Table 11 presents the resulting impact categories of 1 Mg of the asphalt concrete produced by
both companies.

Table 11. Impact categories of 1 Mg of asphalt concrete for the two companies.

Impact Categories Company 1 Company 2 Unit

Global Warming Potential, GWP 34.48 38.04 kg CO2 eq.
Acidification Potential, AP 0.16 0.16 kg SO2 eq.

Ozone layer Depletion Potential, ODP 2.55 × 10−7 2.55 × 10−7 kg CFC-11 eq.
Eutrophication Potential, EP 0.78 0.78 kg (PO4

3−) eq.
Formation potential of tropospheric ozone, POCP 0.01 0.01 kg C2H4 eq.

Abiotic Depletion Potential for fossil resources, ADP-fossil fuels 441.58 438.05 MJ
Use of natural energy resources 9.34 10.25 kg

Use of natural resources, non-energy 1054.75 1054.76 kg
Total primary energy 422.78 419.41 MJ

Renewable energy 0.68 0.68 MJ
Non-renewable energy 422.10 418.73 MJ
Electricity consumption 4.92 4.77 MJ
Net use of fresh water 0.03 0.03 m3

Components for reuse 0 0 kg
Materials for recycling 0.30 0.30 kg

Materials for energy recovery 0 0 kg
Human Toxicity Potential (HTP) 2.97 2.54 kg 1,4-DCB eq.

As observed, the main differences between the impacts of the two mix materials summarized in
Table 11 are related to the fuels and transport and manufacturing modules, while quality and quantity
of raw materials are the same for both companies. Except for ADP-fossil fuels, Company 1 has an
overall lower environmental impact. The results are compliant with the fact that this company uses
methane gas as a fuel source. Out of all fossil fuels, natural gas—which is used by Company 1—has
the highest ratio between energy produced by combustion and emitted CO2 and, therefore, it has a
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low contribution to global warming. Besides, it was found that Company 1 requires more electricity
than Company 2 to produce the declared unit of bituminous concrete, and Company 2 has a lower
HTP in comparison to Company 1.

The interpretation phase of the results included the analysis of the average percentage contribution
of fuels and raw materials (A1 phase), internal and external transport (A2 phase) and manufacturing
processes (A3 phase) of the two companies [39]. Table 12 summarizes the results obtained for the
analysis conducted for both mix plants.

The values in this table refer to the percentage of contribution of each phase (i.e., A1 to A3), to the
total LCA of the environmental impact under evaluation. Consequently, the values in every column
always sum up to 100%. The advantage of presenting the LCA results in this way is that it permits to
easily identify and analyze the stages that contribute the most to each environmental hazard or impact,
as done by Renzulli et al. [57].

Table 12. Results of LCA for the two companies (values in percentage).

Company 1 Company 2

Phase GWP AP ODP EP POCP ADP
Fossil HTP GWP AP ODP EP POCP ADP

Fossil HTP

A1 43 95 87 90 93 72 70 39 90 92 90 93 72 82
A2 22 3 7 7 6 28 1 20 0 4 3 6 28 0
A3 35 2 7 3 1 0 29 42 10 4 7 1 0 18

Note: GWP: global warming potential; AP: acidification potential; ODP: formation potential of tropospheric ozone;
EP: eutrophication potential; POCP: formation potential of tropospheric ozone; ADP fossil: abiotic depletion potential
for fossil resources; HTP: human toxicity potential.

4. Discussion

The obtained results are interesting and they should be examined to highlight the difference in
terms of environmental performances.

For the GWP, the differences in the results between the two asphalt plants are mainly due to the use
of different fuel sources in the manufacturing process. This result was already anticipated based on the
differences previously discussed about the LCA of the HMA of both companies. Transport phase (A2)
accounts for 22% and 20% of the total GWP, while internal transport included in the A2 phase resulted
to be negligible, as it represents less than 1% of the total GWP emissions. As observed in Table 12,
the GWP in phase A3 for Company 2 resulted to be 20% greater than that obtained for Company 1.
The reason explaining this result lies in the fact that natural gas is the most environmentally friendly
fossil fuel, as explained before. Indeed, natural gas is a much cleaner fuel source than crude oil and
its derivatives, since its combustion produces 20%–30% less carbon dioxide (CO2) compared to other
petroleum-based products [58,59].

In terms of the Acidification Potential (AP) emissions, it is observed that more than 90% of the AP
emissions comes from processes related to raw materials (A1). The third party certified analysis of
smokestacks emissions demonstrated strong differences between the two mix plants. Data in Table 12
show that the use of low-sulfur crude oil and gasoil instead of methane makes the A3 AP emissions of
Company 2 five times higher than the A3 emissions of Company 1. As stated previously, the use of
methane instead of gasoil and low-sulfur crude oil explains this result, as confirmed by Chai et al. [60].

Regarding the Ozone layer Depletion Potential (ODP) emission, the results show that more than
90% of the total emissions in both companies are related to raw materials and fuel processes (A1 stage).
Similar to what was reported for the AP emissions, the use of low-sulfur crude oil and gasoil instead
of methane also has a significant impact on ODP (stage A3 in Table 12). Besides, it was found that the
item related to internal transport processes included in the A2 stage represents less than 2% of the total
ODP results.

The results listed in Table 12 show that the differences in the contribution of the Eutrophication
Potential (EP) emissions for the A1 phase between the two companies are not appreciable. In this
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case, the distances from the quarries to the plants, as well as the type of fuel sources used, explain the
differences observed in the A2 and A3 results between the two companies (i.e., larger transport-related
emissions and lower manufacturing-related emissions for Company 1).

The results of POCP are the same for both mixes, suggesting that the use of different fuel sources
in the manufacturing process does not influence this environmental impact. The results highlight that
more than 90% of the total emissions in both companies are related to raw materials and fuel processes
(A1 stage). The item related to internal transport processes included in the A2 stage represents 6% of
the total POCP results, while the A3 stage contributes to 1%.

In terms of the Abiotic Depletion Potential (ADP) for fossil resources, the results for both
companies were found to be the same. The contribution of the consumption of fossil resources
is about half of the total environmental impact and it is correctly attributed to the A1 phase, according
to the EN 15804 [42].

Finally, for the distribution of Human Toxicity Potential (HTP) emissions, it was found that the
contribution of the A2 phase is negligible, whereas the incidence of raw materials (A1 phase) strongly
influences the results. In fact, the analysis showed that the average result for the aggregates-related
emissions is 70%, and for the bitumen is 6%. In this case, it is also important to observe that the
contribution of the A1 stage to the total HTP emissions where 15% lower for Company 1, while the
contribution of the A3 stage to the total HTP in Company 1 was 1.6 larger than for Company 2. These
results could be explained by the chemical composition of fuels: pollutants contained in gasoil and
low-sulfur crude oil have higher impact on the HTP emissions than the ones contained in natural gas.

As can be observed from the previous analysis, the LCAs herein conducted permitted to identify
the contribution of the different stages related to the production of both asphalt mixtures (i.e., from the
acquisition of the raw materials and fuel supplies to the final production of the mixes themselves), to a
diverse set of environmental impact factors.

The results demonstrate that there are important differences in the environmental performance
of the two HMA materials, and that these differences go beyond the specific results obtained for the
CO2 emissions. This is an important observation since several documents available in the literature
have quantified the environmental impact of asphalt mixes using the computation of greenhouse gas
emissions and, particularly, CO2 emissions (e.g., [34,61]). However, as demonstrated in this work,
the Global Warming Potential (GWP) is only one—though the most famous—of the environmental
categories to be considered when evaluating the environmental impact of a product. Indeed, the
experience gained in this area suggests that the exclusive consideration of CO2 emissions limits the
possibility of conducting an integral LCA, and promotes the chances of selecting of a low CO2 material
that could present unacceptable environmental burdens. The Italian Ministry of the Environment
is taking measures in this regard, since it is currently discussing the MEC for road construction
and maintenance. The implementation of NAP GPP would probably consider the type III label
as a rewarding parameter in public bids. This, in turn, will be useful not only for protecting the
environment, but also for improving and updating the technology used and boost competitiveness.

5. Conclusions

Although the interest in environmental-related construction issues has grown fast in recent years,
there is still a need for a comprehensive approach that could be universally applied to different civil
works. Often, the environmental analysis is conducted using a qualitative rather than a quantitative
approach, providing weak and far from reliable results. In Italy, the new Public Procurement Code
requires public authorities to assess the environmental impact of construction projects in public bids.

As a response to this need, this paper presents an application of the Life Cycle Assessment, or LCA,
processes on two different hot mix asphalt materials used for the construction of road infrastructure.
The method complies with current European standards concerning environmental management, and it
consists of four steps: (1) the definition of the goal and scope; (2) an inventory analysis; (3) the impact
assessment; and (4) the interpretation of the results.
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The presented analysis allows quantifying the environmental impact of a declared unit of 1 Mg
of hot asphalt mix for the construction of binder layers in pavement structures produced at two
different plant mixes (Company 1 and Company 2), using the “from cradle to gate” boundary system
(i.e., including upstream and core production processes). The primary and secondary data used for the
study were defined based on the European standard EN 15804.

The examined mix plants differ for the use of methane as a fuel source (Company 1) instead of
gasoil and low-sulfur crude oil (Company 2). The results suggest that the environmental impact of
Company 1 in terms of GWP and use of natural energy resources is lower than the one obtained for
Company 2. The LCA of both products demonstrates that Company 2 presents a lower ADP-fossil
fuels, energy and electricity consumption, and HTP. This shows that it is incorrect to consider only
one indicator to select the “greenest” process among several alternatives. Indeed, it was found
that each indicator had a different incidence in terms of its environmental impact, and that the
contribution of each stage related to the LCA of both mixtures (i.e., acquisition of raw materials
and fuel supplies, transportation, and manufacturing) was significantly different among indicators.
This result is paramount because contracting authorities often consider GWP as the only environmental
criterion to evaluate or control the impact of a product or process, while the results obtained in this
work demonstrate the need for considering a broader panel of environmental indicators.

In conclusion, the “from cradle to gate” Life Cycle Assessment conducted to the production
of bituminous concrete demonstrates that it is possible to use an unbiased tool to calculate and
examine the environmental performance of a road material. Furthermore, the results from those
assessments provide reliable information to identify potential actions that could contribute to reduce
the environmental impact related to a construction product. Finally, it is worth mentioning that
that the results obtained from this LCA could be used as reliable input data in more comprehensive
environmental analyses that include road construction and maintenance or rehabilitation activities
(e.g., [62]).
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30. Polat, M.Ö.; Bektaş, N. Life cycle assessment of asphalt pavement product. Sustain. Environ. Res. 2015, 25,
275–281.

31. Vidal, R.; Moliner, E.; Martínez, G.; Rubio, M.C. Life cycle assessment of hot mix asphalt and zeolite-based
warm mix asphalt with reclaimed asphalt pavement. Resour. Conserv. Recycl. 2013, 74, 101–114. [CrossRef]

32. Said, F.M.; Bolong, N.; Gungat, L. Life Cycle Assessment of asphalt pavement construction and
maintenance—A review. In Proceedings of the 10th Seminar Sains and Teknologi, Kota Kinabalu, Malaysia,
1–2 December 2012.

33. Huang, Y.; Bird, R.; Heidrich, O. Development of a life cycle assessment tool for construction and maintenance
of asphalt pavements. J. Clean. Prod. 2009, 17, 283–296. [CrossRef]

34. Peng, B.; Cai, C.; Yin, G.; Li, W.; Zhan, Y. Evaluation system for CO2 emission of hot asphalt mixture. J. Traffic
Transp. Eng. 2015, 2, 116–124. [CrossRef]

35. International Organization for Standardization (ISO). ISO 14025:2006. Environmental Labels and
Declarations—Type III Environmental Declarations—Principles and Procedures; ISO: Geneva, Switzerland, 2006.

36. International Organization for Standardization (ISO). ISO 14041:1998. Environmental Management—Life Cycle
Assessment—Goal and Scope Definition and Inventory Analysis; ISO: Geneva, Switzerland, 1998.

37. International Organization for Standardization (ISO). ISO 14040:2006. Environmental Management—Life Cycle
Assessment—Principles and Framework; ISO: Geneva, Switzerland, 2006.

38. International Organization for Standardization (ISO). ISO 14044:2006. Environmental Management—Life Cycle
Assessment—Requirements and Guidelines; ISO: Geneva, Switzerland, 2006.

39. International Organization for Standardization (ISO). ISO 14043:2000. Environmental Management—Life Cycle
Assessment—Life Cycle Interpretation; ISO: Geneva, Switzerland, 2000.

40. International Organization for Standardization (ISO). ISO 14042:2006. Environmental Management—Life Cycle
Assessment—Life Cycle Impact Assessment; ISO: Geneva, Switzerland, 2006.

41. The International EPD® System. General Programme Instructions for the International EPD® System_Version
2.5. 2015. Available online: http://www.environdec.com/Documents/GPI/General%20Programme%
20Instructions%20version%202.5.pdf (accessed on 6 March 2017).

42. EN (European Committee for Standardization). EN 15804:2012+A1:2013. Sustainability of Construction
Works—Environmental Product Declarations—Core Rules for the Product Category of Construction Products;
European Committee for Standardization: Brussels, Belgium, 2013.

43. The Norwegian EPD Foundation. Product-Category Rules (PCR) for Preparing an Environmental Declaration
(EPD) Product Group Asphalt and Crushed Stone; The Norwegian EPD Foundation: Oslo, Norway, 2010.

44. ANAS. Elenco Prezzi Nuove Costruzioni e Manutenzione Straordinaria 2015.
45. Consiglio Nazionale delle Ricerche (CNR). B.U. 178/95 Catalogo Delle Pavimentazioni Stradali;

Consiglio Nazionale delle Ricerche: Rome, Italy, 1998.

http://dx.doi.org/10.5539/mas.v8n3p1
https://luisreyher.files.wordpress.com/2011/09/epd198.pdf
http://dx.doi.org/10.1016/j.trd.2016.08.006
http://dx.doi.org/10.1016/j.jtte.2016.04.001
http://dx.doi.org/10.1016/j.resconrec.2013.02.018
http://dx.doi.org/10.1016/j.jclepro.2008.06.005
http://dx.doi.org/10.1016/j.jtte.2015.02.005
http://www.environdec.com/Documents/GPI/General%20Programme%20Instructions%20version%202.5.pdf
http://www.environdec.com/Documents/GPI/General%20Programme%20Instructions%20version%202.5.pdf


Sustainability 2017, 9, 400 16 of 16

46. Union Nationale des Producteurs de Granulats. Analyse de Cycle de Vie des granulats. Module
D’informations Environnementales de la Production de Granulats Issus de Roches Massives. 2012.

47. Union Nationale des Producteurs de Granulats. Analyse de Cycle de Vie des Granulats. Module
D’informations Environnementales de la Production de Granulats Recyclés. 2012.

48. Eurobitume. Life Cycle Inventory of Bitumen. 2012.
49. UNI EN ISO. UNI EN ISO 16911-1:2013. Emissioni da Sorgente Fissa—Determinazione Manuale ed Automatica

Della Velocità e Della Portata di Flussi in Condotti—Parte 1: Metodo di Riferimento Manuale; UNI: Rome, Italy, 2013.
50. Italian Ministry of Transportation. Decreto n. 39/2008. Disposizioni Concernenti L’omologazione e

L’installazione di Sistemi Idonei Alla Riduzione Della Massa di Particolato Emesso da Motori ad Accensione
Spontanea Destinati Alla Propulsione di Autoveicoli.

51. European Commission. Commission Regulation (EU) No. 459/2012 of 29 May 2012 Amending Regulation (EC)
No. 715/2007 of the European Parliament and of the Council and Commission Regulation (EC) No. 692/2008 as
Regards Emissions from Light Passenger and Commercial Vehicles (Euro 6); European Commission: Brussels,
Belgium, 2012.

52. European Commission. Strategy for Reducing Heavy-Duty Vehicles Fuel Consumption and CO2 Emissions;
European Commission: Brussels, Belgium, 2014.

53. Ueno, C. Understanding Tier 4 Interim (Stage IIIB) Emissions Regulations. 2012. Available online:
http://www.mtu-online.com/uploads/tx_templavoila/WhitePaper_Tier4i_and_Tier4_02.pdf (accessed on
6 March 2017).

54. Italian Ministry of the Environment and the Protection of Natural Resources. Deliberazione n. 14/2009
Disposizioni di Attuazione Della Decisione Della Commissione Europea 2007/589/CE del 18 Luglio 2007
che Istituisce le Linee Guida per il Monitoraggio e la Comunicazione Delle Emissioni di Gas a Effetto Serra
ai Sensi Della Direttiva 2003/87/Ce del Parlamento Europeo e del Consiglio.

55. Huijbregts, M.J.A. Priority Assessment of Toxic Substances in the frame of LCA—Development and Application of
the Multi-Media Fate, Exposure and Effect Model USES-LCA; Interfaculty Department of Environmental Science,
Faculty of Environmental Sciences, University of Amsterdam: Amsterdam, The Netherlands, 1999.

56. Frischknecht, R.; Jungbluth, N.; Althaus, H.J.; Doka, G.; Dones, R.; Heck, T.; Hellweg, S.; Hischier, R.;
Nemecek, T.; Rebitzer, G.; et al. Overview and Methodology; Ecoinvent Report No. 1, Ver. 2.0; Swiss Centre for
Life Cycle Inventories: Duebendorf, Switzerland, 2007; Available online: https://www.ecoinvent.org/files/
dataqualityguideline_ecoinvent_3_20130506.pdf (accessed on 6 March 2017).

57. Renzulli, P.A.; Notarnicola, B.; Tassielli, G.; Arcese, G.; Di Capua, R. Life Cycle Assessment of Steel Produced
in an Italian Integrated Steel Mill. Sustainability 2016, 8, 719. [CrossRef]

58. U.S. Energy Information Administration. Carbon Dioxide Emissions Coefficients by Fuel; U.S. Energy
Information Administration: Washington, DC, USA, 2016.

59. Wang, Q.; Li, R.; Jiang, R. Decoupling and Decomposition Analysis of Carbon Emissions from Industry:
A Case Study from China. Sustainability 2016, 8, 1059. [CrossRef]

60. Chai, J.; Zhou, Y.; Liang, T.; Xing, L.; Lai, K.K. Impact of International Oil Price on Energy Conservation and
Emission Reduction in China. Sustainability 2016, 8, 508. [CrossRef]

61. Yang, R.; Ozer, H.; Kang, S.; Al-Qadi, I.L. Environmental Impacts of Producing Asphalt Mixtures with
Varying Degrees of Recycled Asphalt Materials. In Proceedings of the International Symposium on Pavement
Life-Cycle Assessment, Davis, CA, USA, 14–16 October 2014.

62. Celauro, C.; Corriere, F.; Guerrieri, M.; Lo Casto, B.; Rizzo, A. Environmental analysis of different construction
techniques and maintenance activities for a typical local road. J. Clean. Prod. 2017, 142. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://www.mtu-online.com/uploads/tx_templavoila/WhitePaper_Tier4i_and_Tier4_02.pdf
https://www.ecoinvent.org/files/dataqualityguideline_ecoinvent_3_20130506.pdf
https://www.ecoinvent.org/files/dataqualityguideline_ecoinvent_3_20130506.pdf
http://dx.doi.org/10.3390/su8080719
http://dx.doi.org/10.3390/su8101059
http://dx.doi.org/10.3390/su8060508
http://dx.doi.org/10.1016/j.jclepro.2016.10.119
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Data and Methods 
	Inventory Analysis Phase: Primary Data 
	Inventory Analysis Phase: Secondary Data 
	Life Cycle Impact Assessment 

	Results 
	Discussion 
	Conclusions 

