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Abstract: This research focuses on the production and construction stages of the life cycle analysis
(LCA) of asphalt mixtures modified with industrial waste and by-products, based on the quantifica-
tion of methane (CH4), carbon monoxide (CO) and carbon dioxide (CO2) emissions produced during
these processes. A laboratory-designed and calibrated gas measurement system with a microcon-
troller and MQ sensors is used to compare the emissions (GHG) of a “conventional” asphalt mix
with those emitted by waste-modified asphalt mixes (polyethylene terephthalate and nylon fibres)
and industrial by-products (copper slag and cellulose ash). The results obtained show that the gases
emitted by each type of material can influence the design criteria from an environmental perspective.
Methane gas emissions for asphalt mixes made with polymeric materials increase compared to the
production phase of a conventional mix (M1) by 21% for PET and 14% for nylon. In contrast, for
mixtures made with copper slag and cellulose ash, this emission is reduced by 12%. In addition, the
use of copper slag and cellulose ash to replace natural aggregates reduces greenhouse gas emissions
by 15% during the production phase and contributes to the creation of photochemical ozone for a
shorter period of time. Regarding carbon dioxide emission, it increases considerably for all asphalt
mixes, by 26% and 44.5% for cellulose ash and copper slag, respectively. For asphalt mixtures made
of polymeric materials, the increase in carbon dioxide emission is significant, 130% for PET and 53%
for nylon. In addition, it is noted that for this type of material, not only the emission of the gas must
be taken into consideration, but also the time that the volatile particles spend in the atmosphere,
affecting climate change and photochemical ozone (smog). The carbon monoxide gases emitted in
the production phase of all the asphalt mixes analysed is similar among them.

Keywords: greenhouse gas emission; environmental impact; waste; industrial by-product;
asphalt mixes

1. Introduction

One of the main sectors contributing to the increase of environmental impact in the
world is the construction industry. Most of the damage caused is focused on water and
energy consumption, emissions of polluting gases into the atmosphere and the exploitation
of natural resources [1]. The construction of infrastructures and their subsequent operation
depend on the use of large amounts of energy and electricity, which involves the production
of elements that help to increase environmental damage [2]. Therefore, it is relevant to
develop new studies and techniques that help to reduce the ecological footprint during
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the life cycle of the materials that form an asphalt mix [3]. In 2017, the Paris Agreement
ratified the commitment to develop policies and activities that can address climate change
on a global scale. As an example, one of the agreed commitments (including the transport
sector) is that by 2050, at least 70% of electricity should be generated from renewable energy
sources in the signing countries [4].

Based on the problems generated by the exploitation of natural resources in the road
sector, it is relevant to point out that approximately 30,000 tonnes of natural aggregates
are used to build 1 kilometre of pavement, which corresponds to a total of 1,350 million
tonnes per year [5]. In addition, 100 million tonnes of bitumen are produced annually,
95% of which is used in road construction and maintenance [6,7]. The environmental
impact generated by the use of these natural resources is also associated with an economic
impact. For the construction of 1 km of new pavement, a cost of approximately $870,000 is
generated [8,9], without adding the cost to road users of delays during the construction of
the infrastructure. In 2017, the UK government estimated this cost to be more than $5.5
billion per year [10].

Chile is a country that concentrates the largest number of people in its capital city
(Santiago de Chile), around 40% of the national population. The urban area has grown
in recent decades, concentrating a major source of air pollution emissions [11–13]. The
Chilean vehicle fleet has increased by 85% in recent years, which has negatively affected the
existing road infrastructure, as pavements were not originally designed to withstand this
increased load [14]. New energy and environmental models have now been developed in
Chile to help forecast future energy demand and transport emissions, based on national and
international commitments [15–17]. However, it is necessary to establish new alternatives
based on the design and construction of pavements that help not only to reduce the gas
emissions produced in the phases, but also to increase their durability.

Since 2002, innovative techniques such as “cold recycling with foamed bitumen” have
been used to rehabilitate deteriorated asphalt pavements [18]. This technology is based on
the recovery of the pavement material by means of a recycling machine that generates a new
layer, without heating the aggregates, which reduces energy consumption [19]. However,
the high temperatures required for the manufacture of conventional hot mix asphalt (HMA)
are obtained by burning fossil fuels, which involves high energy consumption and GHG
emissions [20]. Estimates of energy use and CO2 emitted to the atmosphere per tonne
of HMA are 300 MJ and 28.8 kg, respectively. The asphalt industry has developed other
types of asphalt mixes that are manufactured at lower temperatures (WMA) and use
reclaimed asphalt pavement (RAP), reducing the environmental impact [21]. In 2019,
an environmental assessment of a traditional pavement rehabilitation technique (with
hot mix asphalt), based on the extraction of raw materials (natural resources) and the
manufacture of processed materials, was carried out in Spain. It was shown that the use of
reclaimed asphalt pavement (RAP) in an appropriate percentage is advisable to reduce the
total environmental impact produced. Furthermore, it was concluded that the production
of the bituminous binder with lower temperature techniques (hot or cold mixed asphalt)
improves the results of the environmental impact, maintaining the structural and functional
quality of the pavement, as well as its life cycle [22]. On the other hand, climate change
and the improvement of sustainability have increased the search for alternatives in road
engineering that help minimise the disposal of waste and industrial by-products in the
environment and reduce the extraction of natural resources. Among the various materials
that have been used are reclaimed asphalt pavement (RAP), copper slag, steel slag, blast
furnace slag (BFS), cellulose ash, plastic bottles, end-of-life tyres (crumb rubber), fishing
nets, cellulose fibre and construction and demolition waste [23–31]. However, although
the replacement of traditional asphalt mix materials with these wastes and by-products
helps to reduce the environmental impact of over-exploitation of raw materials, the actual
reduction of the global environmental impact must consider whether the use of these
materials implies a higher energy consumption or whether the pollutant gases emitted in
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the process increase, causing the environmental benefit to be reduced, especially when
plastic wastes are used.

In this research, the use of industrial by-products (copper slag and cellulose ash) and
polymeric wastes (nylon and polyethylene terephthalate) is combined in the manufacture
of hot mix asphalt (HAM) to evaluate their advantages in terms of environmental impact.
The asphalt mixtures used were selected on the basis of the results obtained in previous
mechanical tests (Marshall stability and flow, stiffness, resilient modulus and fatigue life),
including a conventional asphalt mixture. An LCI has been performed based on two main
phases: (1) production, considering the extraction and production phases of raw materials
and manufacturing; (2) construction, considering the paving and compaction stages. This
study is based on the life cycle inventory (LCI), based on the requirements of the ISO
14,040 series, as a stand-alone study supported by full LCA studies [32,33]. The regulation
provides for traceability of reuse, waste and/or industrial by-products, reincorporating
these materials in other construction activities, minimising their disposal in landfills [34].
The measurement of gas emissions (methane, carbon monoxide and carbon dioxide) for the
production phase is performed in the laboratory using sensors (MQ-4, MQ7 and MQ135)
calibrated for each gas which are similar to those used in other research associated with gas
emissions and air re-circulation [35]. Life cycle inventory data for the initial construction
and material production stages were obtained from different literature sources.

2. Materials and Methods
2.1. Research Overview

Figure 1 shows the scheme of the proposed research. The study is divided into
four steps: the first is the preparation of the materials before dosing. Natural aggregates and
copper slag are processed in the same manner (screening and washing) before calculating
their bulk density. The cellulose ashes, which have been incinerated, are screened to remove
the largest proportion of impurities before bulk density is calculated. The polymeric
materials (PET and nylon) come from storage sites, so they must be washed and dried
before being cut into fibres for their use in asphalt mixtures. The second step is based on the
manufacture of asphalt mixtures by heating the aggregates, binder and additional material
at different temperatures and subsequent compaction of the samples. The third step is
the measurement of greenhouse gases from sensors controlled by a condenser. different
sensor is used for each type of gas, which must be previously calibrated. The fourth step is
performed once methane, carbon dioxide and carbon monoxide have been measured. This
step consists of determining the global warming potential (GWP) from the CO2 equivalent
amount. Subsequently, the period (in years) that smog can be maintained in the atmosphere
is calculated depending on the type of material used in the asphalt mixes.

Figure 1. Research diagram of the proposed experimental study.
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2.2. Aggregates and Bitumen

The aggregates used in the research come from the crushing of natural gravel obtained
from a quarry located in the south of Chile. The particle size distribution of the mixture
(IV-A-12) is shown in Table 1.

Table 1. Particle size distribution of the materials.

ASTM
% Pass

Aggregates Copper Slags PET
3
4 ” 100 100 100
1
2 ” 87.5 100 100

3/8” 77.5 100 100
N◦4 50.5 100 22
N◦8 35 55 4

N◦30 18.5 12 0
N◦50 12.5 0 0
N◦100 9 0 0
N◦200 6 0 0

Table 2 shows the characteristics of the asphalt binder CA-24. It is indicated that 5.20%
of the binder is used in the manufacture of the mixes as a percentage of the total mass of
the mix.

Table 2. Properties of bitumen.

Properties Standard Bitumen (CA-24)

Penetration at 25 ◦C (0.1 mm) EN 1426 59
Softening point(◦C) EN 1427 50
Fraas breaking point (◦C) EN 12593 −13
Specific gravity at 25 ◦C
(g/cm3) EN 15236 1035

2.3. Waste and Industrial By-Products
2.3.1. Copper Slags

The copper slag used in this research comes from a deposit located in the north of Chile
and is generated in metallurgical mining processes. It is a slag with a density equivalent to
2802,93 kg/m3. The particle size distribution of the copper slag is shown in Table 2.

2.3.2. Polyethylene Terephthalate (PET)

Polyethylene terephthalate (PET) is a transparent, thermoplastic polyester with good
mechanical properties and good dimensional stability under varying loads. It is a material
used in clothing, food and other consumer products. For this research, beverage bottles cut
into small sheets and reduced to their final size using a shredder are used.

Table 2 shows the particle size distribution of the natural and additional materials
used for the manufacture of the asphalt mixes.

2.3.3. Cellulose Ashes

Cellulose ashes are classified as an industrial by-product and come from the process
of burning wood debarking and chipping for energy generation, due to the high-pressure
steam generated in biomass boilers [36]. These ashes are currently disposed of in authorised
industrial solid waste (ISW) landfills. For this research, the ash is sifted through the N◦200
sieve (0.08 mm) because, by its nature, it is mixed with other solid wastes, such as coal,
sand and wood chips. This material has a density equivalent to 2.48 g/cm3.
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2.3.4. Nylon Fibres

Nylon fibres are obtained from recycled fishing nets and nets deposited on the beaches
of southern Chile. The nets are made of nylon 6 and have a density of 1.14 g/cm3 and a
melting point of 215 ◦C. For this study, the fishing nets are cut into fibres with sizes close to
63.00 mm.

2.4. Dosing and Manufacturing of Asphalt Mixes

For this research, a total of five mixtures were manufactured according to the UNE
12697-30 standard, with the conventional mixture being denominated as (M1). M1 does
not contain recycled materials and the filler used is material recovered from the screening
of natural aggregate in a proportion of 4% to 8% of the total mass of aggregates.

Table 3 shows the dosages for each type of mix, considering that the following materi-
als are replaced for all mixes: (M2) replaces part of the stone aggregate with copper slag;
(M3) the original amount of aggregate and binder is maintained and 14% PET is added
with respect to the binder.; (M4) the filler is replaced with cellulose ash; (M5) 10% of the
asphalt binder is replaced with nylon.

Table 3. Dosage of the asphalt mixes produced.

Filler Added to the Asphalt Mixes

Asphalt Mix Aggregates
(%)

Bitumen
(%) Type of Material (%)

M1 100.00 5.20 Limestone -
M2 85.00 5.20 Copper slags 15.00
M3 100.00 5.20 PET 14.00
M4 94.00 5.20 Cellulose ashes 6.00
M5 100.00 4.68 Nylon fibres 0.52

These material combinations have been selected based on the results obtained in
previous investigations where the mechanical behaviour of asphalt mixtures developed
with different proportions of each of the materials under analysis was analysed. The
combinations selected for this research were those that obtained the best overall results in
Marshall stability and flow, resilient modulus and fatigue life tests, which are shown in
Table 4.

Table 4. Results of mechanical test.

Asphalt
Mix

Density
(g/cm3)

Voids
(%)

Marshall
Stability

(kN)

Flow
Marshall

(mm)

Stiffness
(kN/mm)

Resilient
Modulus

(MPa)

Fatigue Life
(Load Cycles)

M1 2.79 5.33 11.93 3.06 3.90 6888.00 30,946
M2 2.84 3.87 13.71 3.81 3.60 7031.00 72,930
M3 1.38 17.95 19.78 3.24 6.11 4125.00 26,747
M4 2.48 4.88 9.34 2.89 3.23 3210.00 38,190
M5 1.14 11.20 13.44 3.86 3.48 7709.00 15,035

For manufacture, the aggregates, ash and copper slag (when applicable) are condi-
tioned in an oven at 180 ◦C and the asphalt binder at a temperature of 158 ◦C for a period
of 4 h. The rest of the recycled aggregates are included without prior thermal conditioning,
being added dry at room temperature. Subsequently, the materials are homogeneously
mixed with an automated mixer until all the stone material is enveloped and recycled with
the asphalt binder.

The density is considering the mass per unit volume of the specimen, including the
volume of accessible and inaccessible voids at a known temperature. The void content of
the mix is obtained according to UNE-EN-12697-8, considering the difference between the
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actual volume of the asphalt specimen and the theoretical volume occupied by the asphalt
binder and aggregates.

2.5. Gas Measuring System

In order to measure the gases, it is necessary to develop a system capable of recording
the measured data, using accessible sensors that are applicable in the laboratory. In this
case, it is necessary to measure the emissions of methane (CH4), carbon monoxide (CO)
and carbon dioxide (CO2), since these are the most harmful gases that appear in the actual
process of manufacturing the asphalt mixture.

MQ Gas Sensors

MQ gas sensors consist of a steel exoskeleton containing a current-carrying sensor. In
this way, gases approaching the sensor are ionized and absorbed by the sensor, modifying
its resistance and altering the value of the output current.

The measurement system consists of a sealed polycarbonate chamber, with each
sensor positioned at the upper edges. The sensors are connected to the I/O block through
electrical circuits and fittings. The I/O block is linked to the microcontroller, which, in
turn, is connected to a computer that serves as the power supply and programming of
the system.

The first stage is intended to remove any remaining moisture or contamination from
the manufacturing process. For this, the MQ-4 and MQ-135 sensors are connected to the
power supply for an uninterrupted period of 24 h, while the MQ-7 sensor is connected for
a period of 48 h.

The second stage focuses on more detailed calibration. For MQ-4, it is recommended
to calibrate for 5000 ppm methane (CH4) concentration in air and to use a load resistance
value over 20 KΩ. For MQ-7, it is recommended to calibrate for 200 ppm CO concentration
in air and to use a load resistance value of 20 KΩ. For MQ-135, it is recommended to
calibrate for 100 ppm CO2 in clean air and to use a load resistance value of 20 KΩ. The
data sheets show the characteristic curves of each gas for each sensor and they are used to
convert the analogue output reading of the sensor to particles per million (ppm).

Regarding the specific calibration of the sensors, the sensitivity curve is adjusted to a
power function according to the following expression (1):

Rs
Ro

= a·ppmb (1)

where Rs is the sensor resistance to various gas concentrations, R0 is the sensor resistance at
a gas concentration, a is a scale factor, ppm is part per million and b is the exponential factor.

Several points are taken from the curve of the graph corresponding to the analysed
gas and making an approximation by least squares, the scale factor (a) and the exponent (b)
are obtained for each of the gases.

2.6. Life Cycle Inventory

The life cycle analysis (LCA) used in this research focuses on quantifying and compar-
ing the environmental impacts of materials reused in asphalt mixtures, such as copper slag,
polyethylene terephthalate coarse particles, cellulose ash and nylon fibres.

The analysis contains the manufacturing and construction phases of the asphalt mix,
limited to methane (CH4), carbon monoxide (CO) and carbon dioxide (CO2) emissions. The
life cycle inventory data for the material production and initial construction stages were
obtained from a thorough literature review of online databases, peer-reviewed journals,
papers and reports published by government agencies or academic institutions.

2.6.1. Production Phase

Phase 1 includes the production of materials (aggregates and asphalt binder) used
for the manufacture of the asphalt mix. In this case, the production of recycled materi-
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als and industrial by-products is not contemplated since their production has another
initial purpose.

Table 5 shows the data related to the LCA material used in this process. The manufac-
ture of the mixture is produced in the laboratory, so each CH4, CO and CO2 emission is
quantified with the gas measurement system described.

Table 5. Emissions produced in the production stage of the basic materials.

Gas Aggregates Bitumen

CH4 (kg CH4/ton) 0.00998 0.59466
CO (kg CO/ton) 0.01105 0.61260

CO2 (kg CO2/ton) 5.06258 147.24400

The impact produced in the production process and the equivalence of gases must be
taken into account: for example, 1 kg of methane (CH4) is equivalent to 28 kg of carbon
dioxide (CO2); 1 kg of carbon monoxide (CO) is equivalent to 0.027 kg of ethylene; 1 kg of
methane (CH4) is equivalent to 0.06 kg of ethylene [37].

2.6.2. Construction Phase

During the construction stage, the environmental impact is caused by the combustion
of the fuel used by the different equipment. The amount of materials (Table 6) required
must be estimated according to the total square meters (m2) of road to be built. In this
research, a total length of 1 km of road and a roadway width of 3.5 m is taken as a reference
and a total construction of 3500 m2 is estimated.

Table 6. Material required for road construction (Tons).

Asphalt Mix Aggregates Bitumen Added Material

M1 319.20 16.59 0.00
M2 276.08 16.88 48.72
M3 309.40 16.08 43.31
M4 293.46 16.23 18.73
M5 306.60 14.34 2.39

Table 7 shows the equivalent emissions in the paving and compaction stages [38].
Table 7. Gas emissions generated in the paving and rolling states for 1 tonne of asphalt mixes.

Gas Emissions (Kg) Paving and Rolling

CH4 0.00514
CO 0.02420
CO2 4.80297

3. Results
3.1. Production Phase

The results on the emission of greenhouse gases (methane, carbon dioxide and carbon
monoxide) during the manufacturing stage of the asphalt mixes with recycled industrial
wastes and by-products were obtained through the MQ-4, MQ-7 and MQ-135 sensors
calibrated in the laboratory.

Figure 2 shows the methane gas records obtained from the MQ-4 sensor at the manu-
facturing stage of each asphalt mix, including the conventional mix (M1). It can be seen
that for mixes M3 and M5, an increase in methane gas (CH4) emission with respect to the
conventional mix (M1) of 25.64% and 18.83%, respectively, is observed. The mixture with
cellulose (M4) increases its methane gas emission by 6.02%, although this increase is not
constant, as is the case with mixtures M3 and M5. All the mixtures (with the exception
of M2) present a similar behaviour after 180 s of the measurement, where a continuous
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methane gas emission is observed. However, the methane emission for the mixture (M2) is
reduced by 13.9% after the indicated period.

Figure 2. Methane (CH4) emissions produced in the production phase.

The carbon dioxide (CO2) emissions for the manufacture of each mixture are shown
in Figure 3. The results show that the highest emissions are recorded in the M3 mixture
manufactured with PET, followed by nylon (M5). It is observed that the increase in this
CO2 emission reaches more than 100% for PET, with respect to the conventional mixture
(M1). The environmental problem generated by plastic production is well known. For
every kilogram of PET produced, about 1.7 kg of CO2 are emitted into the atmosphere. It is
logical that the increase in temperature in the mixing phase degrades the material to the
point where CO2 emissions increase, compared to the rest of the mixtures. However, the
degradation point is not so high that the physical properties of the plastic material are lost,
so they still play a role in improving the durability and mechanical strength of the mixture.

Figure 3. Carbon dioxide (CO2) emissions produced in the production phase.

The samples with industrial by-products (M2 and M4) present CO2 emissions below
6000 ppm, showing differences of 33% with respect to the conventional mixture (M1).
However, the trend of both mixtures shows a reduction of carbon dioxide over time.

Figure 4 shows the results obtained on carbon monoxide (CO) emissions for all
the mixtures in the manufacturing process. It is evident that carbon monoxide (CO)
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emissions for the polymeric mixtures (M3 and M5) increase considerably with respect to
the conventional mixture (M1), as is the case with CO2. In addition, an erratic curve is
observed for the mixture with nylon (M5) due to the fact that its homogenization capacity is
not continuous with the other materials in the mixing process. In the mixtures with copper
slag and cellulose (M2 and M4), there is a reduction in the number of particles per million
(ppm) of carbon monoxide (CO) emitted, where M2 shows an “abnormal” behaviour in
the last minutes with respect to its previous state. This may be due to a calibration error.

Figure 4. Carbon monoxide (CO) emissions produced in the production phase.

To estimate the total gas emissions generated in phase 1 (production), it is necessary
to take into account (1) emissions in the extraction stage of raw materials (aggregates
and bituminous binder) and (2) emissions in the mixing stage. Table 8 shows the results
obtained for methane gas (CH4) emissions.

Table 8. Tons of methane (CH4) emitted during production phase.

Material M1 M2 M3 M4 M5

Aggregates 0.00319 0.00276 0.00309 0.00293 0.00306
Bitumen 0.00987 0.01004 0.00957 0.00965 0.00853

Asphalt mix 4.11917 3.60573 5.01649 4.27135 4.70171

Total 4.13223 3.61853 5.02914 4.28393 4.71330

The results show that the highest recorded methane emissions occur in the polymeric
mixtures (M3 and M5). In a way, this is logical since this increase is due to the heating
of their chemical compounds. Both are polymers consisting of molecules of hundreds of
thousands of atoms. As their temperature increases, these molecules break down into small
fragments, such as free radicals, free ions, H2 and CO. This is mainly due to covalent bonds
and limited resistance that is overcome by heat [39,40]. In addition, carbon atoms easily
establish double or triple bonds with each other (or with atoms of other species), giving
rise to a large number of simple organic molecules called monomers. Smaller molecules
are obtained from polymerization, which end up forming macromolecules.

Table 9 shows that the phase in which the greatest amount of carbon monoxide (CO)
is emitted is binder production. However, the production of aggregates and the production
of the asphalt mix are also relevant in phase 1.
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Table 9. Tons of carbon monoxide (CO) emitted during production phase.

Material M1 M2 M3 M4 M5

Aggregates 0.00353 0.00305 0.00342 0.00324 0.00339
Bitumen 0.01017 0.01035 0.00986 0.00995 0.00879

Asphalt mix 0.00511 0.00527 0.00613 0.00420 0.00725

Total 0.01881 0.01867 0.01941 0.01739 0.01943

Table 10 shows the results obtained on carbon dioxide (CO2) emissions in the produc-
tion stage. The polymeric mixtures (M3 and M5) present a clear difference with the rest,
even of almost 40% in the mixture with PET. This increase in CO2 in the atmosphere is
due to the behaviour of the bonds of polymeric materials under the effect of temperature.
Regarding the sample with copper slag (M2), there is an increase in emissions in the mixing
stage. This is due to the fact that in the mixing stage, a greater energy is needed than in the
conventional mixture (M1) because the copper slag absorbs a greater amount of binder.

Table 10. Tons of carbon dioxide (CO2) emitted during production phase.

Material M1 M2 M3 M4 M5

Aggregates 1.61598 1.39768 1.56636 1.48571 1.55219
Bitumen 2.44401 2.48689 2.36898 2.39042 2.11279

Asphalt mix 1285.55216 1859.74896 2962.16659 1622.20287 1975.15117

Total 1289.61216 1863.63353 2966.10193 1626.07899 1978.81614

3.2. Construction Phase

In the construction phase, the total gases emitted into the atmosphere calculated from
the tons of asphalt mixture used for the construction of 1 km of road and the emissions
generated during the paving and compaction stage are considered.

Table 11 shows that all the mixtures show a similar trend. The predominant gas is
carbon dioxide (CO2), exceeding the limit of 1.4 tons of carbon dioxide (CO2). It is observed
that the mixtures with copper slag (M2) are those that emit a greater amount of CO2,
although without departing from the conventional mixture.

Table 11. Greenhouse gas emissions during construction phase.

Gas (kg gas/ton) M1 M2 M3 M4 M5

CH4 0.00164 0.00167 0.00159 0.00161 0.00158
CO 0.00773 0.00786 0.00749 0.00756 0.00742
CO2 1.53311 1.56001 1.48604 1.49949 1.47259

In the production phase, the highest emissions of polluting gases into the atmosphere
are recorded, based on the different types of mixtures manufactured in the laboratory. It
is evident that the manufacturing process is very relevant when it comes to quantifying
greenhouse gases to estimate the life cycle of a pavement. Once the production and
construction phases are known, the global warming potential of the greenhouse gases
obtained must be indicated. To do this, the carbon dioxide equivalent (CO2 equivalent) is
calculated. This unit is recommended by the Intergovernmental Panel on Climate Change
in its publication IPCC Guidelines for National Greenhouse Gas Inventories.

4. Discussion

The results obtained confirm that it is necessary to perform previous research studies
for some recycling alternatives for polymeric materials such as PET and nylon. It has been
found in our research that the greenhouse gases emitted into the atmosphere could cause
increased environmental problems. For instance, the emission of carbon dioxide into the
atmosphere triples compared to other recycled materials used for the same purpose. With
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regard to industrial by-products such as copper slag and cellulose ash, the opposite is
observed. From the results obtained, it can be seen that the use of these materials minimises
the impact caused by their disposal in the environment and the greenhouse gas emissions
produced in the different phases are lower than those generated by conventional mixtures.
Furthermore, the addition of these materials improves the durability of asphalt mixes
and their mechanical properties, reducing permanent deformations and increasing their
resistance to external conditions. However, in order to perform a complete analysis of the
possible use of these industrial wastes and by-products in asphalt mixes, it is necessary
to determine the potential impact on climate change and the time period for the gases to
remain in the atmosphere. It will then be possible to ensure that the use of these materials
is a real benefit or a disadvantage as a solution to the environmental impact.

Global Warming Potential (GWP)

The global warming impact is expressed as GHG emissions in kg of CO2 equivalent.
The global warming potential (GWP) is a relative measure of how much heat can be trapped
by a greenhouse gas in a given period of time compared to CO2. This magnitude takes into
account the radiative efficiencies of different substances and their lifetime in the atmosphere.
For example, the GWP of methane (CH4) for a 20-year horizon is 72, which means that if
the same mass of carbon dioxide (CO2) and methane (CH4) is placed in the atmosphere,
it will trap 72 times more heat than CO2 in the 20-year period considered [41]. Figure 5
shows the kilograms of carbon dioxide (CO2) equivalent obtained for each mixture during
the life cycle analysis (LCA). The results show that asphalt mixtures with polyethylene
terephthalate (PET) have great potential to affect climate change. The use of recycled
materials or industrial by-products appears to have little effect on the global warming
potential for phase 2 (construction). In fact, it could happen that for relatively long transport
distances (in this case, 1500 km for copper slag), the use of these alternative materials could
be unfavourable for the environment.

Figure 5. Potential impact on climate change.

Photochemical ozone is a highly oxidizing substance; each ozone molecule is com-
posed of three oxygen atoms and is highly toxic when found in large concentrations. This
gas is one of those responsible for the greenhouse effect, which generates heat retention that
has increased in recent times [42]. Photochemical smog appears in the form of a brownish
haze that remains stationary when the weather is stable, since the air does not circulate
and the pollution does not dissipate [43]. This is aggravated in valley areas or when the air
in the upper layers is warmer than in the lower layers, since in these circumstances it tends
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to remain stagnant (thermal inversion). Pollution haze causes serious cardiorespiratory
problems and it is believed that deaths from pollution-related problems exceed deaths due
to road accidents [44].

Figure 6 shows the kilograms of ethylene equivalent (photochemical ozone) obtained
for each mixture during the analysed stages of the life cycle. It is observed that mixtures
that contain polyethylene terephthalate (M6) and nylon (M5) present the greatest potential
for deterioration of the ozone layer since they emit more carbon monoxide (CO) and
methane (CH4) compared to the other mixtures.

Figure 6. Potential impact of photochemical ozone creation.

The emissions of polluting gases generated in the stages analysed will affect climate
change and the production of smog. Pollutant gases remain in the atmosphere for a
specified period at the rate of decomposition [37].

To determine the relevance of the impacts as a function of time, Figure 7 shows the
normalized results of the number of years that climate change and smog (in air) will be
affected according to the emissions of each mixture.

Figure 7. Period of impact climate change and photochemical ozone creation (smog).
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It is observed that the gases emitted into the atmosphere from mixtures with polymers
(M3 and M5) will take longer to disappear. The mixtures made with industrial by-products
(M2 and M4) do not present great differences with the conventional mixture (M1). This is
due to the organic nature of the materials and their lower emission of polluting gases due to
the effect of temperature. However, the emission of any polluting gas into the atmosphere
will affect global warming, contributing to the increase in temperature of the planet and
causing climate change. 10−7

5. Conclusions

The environmental impact generated in the production and construction phases of
an asphalt pavement is analysed in this research. Five asphalt mixes made from different
types of industrial waste and by-products are analysed. From the results obtained, it can
be concluded that in the production phase, emissions of methane gas, carbon dioxide
and carbon monoxide are increased and reduced, depending on the materials used in the
asphalt mix. Regarding methane gas (CH4), mixtures with polymers have the highest
emissions into the atmosphere: 21% for mixtures with PET and 14% for mixtures with
nylon. On the other hand, the mixtures with copper slag and cellulose ash show a decrease
in methane emissions of 12% compared to the conventional mixture. With regard to carbon
dioxide emission, this increases considerably in all asphalt mixes. For the samples with
copper slag, the CO2 increases by 44.5%. This is due to the fact that more energy is required,
as the copper slag absorbs more bituminous binder than the conventional mix. For the
mixes with cellulose ash, the lowest increase occurs (26%), while for the mixes with PET
and nylon, the increase is significant (130% and 53%, respectively). In addition, CO2 from
these polymer mixtures remains in the atmosphere for a longer period of time, negatively
affecting climate change and the creation of photochemical ozone (smog). Therefore, it is
concluded that their use is subject to their life cycle being longer than that of the rest of the
modified and conventional mixes, as otherwise, they could cause greater damage to the
environment compared to other possible alternatives. Finally, it was determined that the
emission of carbon monoxide into the atmosphere during the production phase is similar
in all the asphalt mixes analysed.
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