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Highlights

What are the main findings?

Thin low-noise asphalt layers show the largest environmental impact reductions.
Reflective pavement coatings reduce fossil resource depletion but may increase land use.
Pavement durability and layer thickness strongly influence environmental performance.

Binder composition significantly affects environmental trade-offs in coating systems.
What are the implications of the main findings?

e  Surface coating selection can significantly reduce environmental impacts in pavement

rehabilitation.

e  Reducing pavement layer thickness is a key strategy for improving environmental
performance.

e  Life Cycle Assessment supports more sustainable material selection for road surface
technologies.

Abstract

Road pavement rehabilitation increasingly incorporates innovative surface technologies
aimed at improving pavement performance while reducing environmental impacts. In
addition to conventional recycled asphalt pavement (RAP) maintenance strategies, ad-
vanced pavement surface systems such as reflective coatings, rejuvenator-based self-healing
mixtures, and thin low-noise asphalt layers have been developed to enhance durability
and functional performance. This study presents a comparative Life Cycle Assessment
(LCA) of four pavement surface technologies using primary inventory data obtained from
full-scale road sections. The systems evaluated include a conventional maintenance mix-
ture and three alternative surface solutions: reflective pavement coatings, RAP mixtures
incorporating rejuvenator-based self-healing systems, and thin low-noise asphalt layers.
The assessment follows ISO 14040 and ISO 14044 standards and applies the ILCD 2011
midpoint+ (EF 2.0) method. To enable comparability between technologies with different
durability, the functional unit was defined as 1 m? of rehabilitated pavement per year of
service life. The results indicate that thin low-noise asphalt layers provide the highest
environmental benefits across most impact categories due to significant material savings
associated with reduced layer thickness. Reflective pavement coatings decrease several
impacts, particularly fossil resource depletion and atmospheric emissions, although higher
burdens are observed in some categories due to synthetic binder production. RAP mixtures
incorporating rejuvenator-based self-healing systems improve resource efficiency and ex-
tend pavement durability but may increase impacts associated with binder manufacturing.
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Overall, the findings highlight relevant environmental trade-offs between different pave-
ment surface technologies and demonstrate that parameters such as layer thickness, binder
composition, recycled material content, and service life strongly influence environmental
performance. The study illustrates how comparative Life Cycle Assessment supports the
development and selection of more sustainable pavement surface systems.

Keywords: life-cycle assessment; pavement surface coatings; asphalt mixtures; reflective
pavements; self-healing asphalt; low-noise pavements; sustainable pavements

1. Introduction

The construction and maintenance of road infrastructure play a fundamental role in
economic development and social mobility. However, these activities are also associated
with significant environmental burdens due to the large quantities of raw materials, energy,
and transportation processes required during pavement construction and rehabilitation. As-
phalt pavements in particular require extensive use of aggregates and bituminous binders,
whose extraction, processing, and production contribute substantially to greenhouse gas
(GHG) emissions, resource depletion, and other environmental impacts [1-3].

In recent years, increasing attention has been devoted to improving the sustainability of
road infrastructure systems in response to global climate mitigation goals and the transition
toward more resource-efficient construction practices. The pavement sector has explored
multiple strategies to reduce environmental impacts, including the incorporation of recycled
materials, the optimization of asphalt mixture design, and the development of innovative
pavement technologies that enhance durability and functional performance [4,5].

One of the most widely adopted approaches to improve pavement sustainability is the
recycling of reclaimed asphalt pavement (RAP). RAP contains both aggregates and aged
bitumen that can be reused in new asphalt mixtures, thereby reducing the demand for virgin
raw materials and lowering the environmental impacts associated with aggregate extraction
and binder production. Several studies have demonstrated that RAP incorporation can
significantly improve the resource efficiency of asphalt pavements and supports circular
economy strategies within the construction sector [6-10].

Beyond recycling strategies, recent research has focused on the development of ad-
vanced pavement surface technologies designed to improve pavement performance while
reducing environmental impacts. Among these solutions, reflective pavement coatings aim
to increase pavement albedo and reduce solar heat absorption, potentially mitigating urban
heat island effects and improving thermal performance in urban environments [11-13]. In
parallel, self-healing asphalt mixtures incorporating rejuvenators or encapsulated addi-
tives have been developed to restore the properties of aged binders and extend pavement
service life by promoting autonomous crack healing [14-16]. Additionally, thin asphalt
layers engineered for noise reduction have been introduced to decrease traffic noise while
simultaneously reducing material consumption due to their reduced thickness [17,18].

To evaluate the environmental performance of these pavement technologies, Life Cycle
Assessment (LCA) has become one of the most widely used methodologies in pavement
sustainability research [19,20]. LCA provides a systematic framework for quantifying
environmental impacts associated with all stages of a product or infrastructure system,
from raw material extraction to construction, operation, maintenance, and end-of-life
processes [21,22]. In the context of pavement engineering, LCA enables the identification of
environmental hotspots within pavement life cycles and supports decision-making aimed
at reducing environmental burdens in road infrastructure systems [23].
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Previous LCA studies have analyzed the environmental impacts of various asphalt
technologies, including recycled mixtures [24], warm-mix asphalt, and rubber-modified
binders [25-27]. These studies consistently indicate that asphalt mixture production, partic-
ularly binder manufacturing and aggregate extraction, represents the dominant contributor
to environmental impacts in pavement systems. Consequently, strategies aimed at reducing
material consumption, increasing recycled content, and improving pavement durabil-
ity have been identified as key approaches to reducing the environmental footprint of
road infrastructure.

Despite the growing body of literature on sustainable pavements, several limitations
remain in existing research. Many studies focus on individual technologies or specific ma-
terial modifications, making it difficult to directly compare the environmental performance
of different pavement surface solutions under consistent methodological conditions. In
addition, differences in system boundaries, functional units, and inventory data sources
across studies often limit the comparability of results reported in the literature [28,29].
Furthermore, the use of primary inventory data derived from real pavement construc-
tion projects remains relatively limited in many LCA studies, which frequently rely on
generic datasets or simplified modeling assumptions. The integration of empirical data
from actual road projects can significantly improve the reliability and representativeness
of environmental assessments and provide more realistic insights into the environmental
performance of pavement technologies [30,31].

In this context, the present study aims to address these research gaps by performing a
comparative LCA of several pavement surface technologies using a harmonized method-
ological framework and primary data obtained from full-scale road sections. The analysis
evaluates the environmental performance of reflective pavement coatings, RAP mixtures
incorporating rejuvenator-based self-healing systems, and thin low-noise asphalt layers in
comparison with a conventional asphalt surface used as the reference scenario.

The results provide insights into the environmental trade-offs associated with different
pavement surface technologies and highlight the influence of key parameters such as layer
thickness, binder composition, recycled material content, and pavement durability on the
overall environmental performance of road maintenance systems.

2. Materials and Methods
2.1. Goal and Scope Definition

The goal of this study is to evaluate the environmental performance of alternative pave-
ment surface technologies through a comparative LCA. The analysis focuses on innovative
pavement surface systems designed to improve pavement durability and functional perfor-
mance while reducing environmental impacts associated with road maintenance processes.

The study compares four different pavement surface technologies applied to real road
sections: a conventional asphalt mixture used as a reference solution, a reflective pavement
coating (cool pavement), a recycled mixture incorporating RAP with an alternative binder
system, and a RAP mixture incorporating rejuvenator-based self-healing technologies. In
addition, a thin asphalt layer designed to reduce traffic noise through optimized surface
texture and reduced thickness is also considered. These technologies represent emerging ap-
proaches for improving pavement sustainability through material optimization, increased
durability, or enhanced functional performance.

The LCA was carried out following the methodological framework defined by the
ISO 14040 and ISO 14044 standards. The study adopts a comparative attributional LCA
approach in order to quantify and compare the potential environmental impacts associated
with each pavement surface technology under equivalent functional conditions. The
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assessment considers the main stages related to the rehabilitation process, including raw
material extraction, material production, transportation, and pavement construction.

Primary inventory data were obtained from real experimental road sections con-
structed by industrial partners involved in the study. These datasets include information on
material composition, quantities used, transportation distances, machinery consumption,
and construction processes. The use of primary data from full-scale road sections improves
the representativeness and reliability of the environmental assessment compared with
studies relying solely on generic databases.

The scope of the study focuses on the rehabilitation phase of pavement systems,
considering the processes required to manufacture and apply the asphalt mixtures used
in each surface technology. Environmental impacts were evaluated using the ILCD 2011
midpoint+ method (EF 2.0), recommended by the European Commission for Environmental
Footprint studies [32]. This method allows the assessment of multiple environmental impact
categories related to resource use, emissions to air, water, and soil, and potential impacts
on human health and ecosystems.

The results of this study have the potential to support decision making in sustain-
able pavement management by identifying environmental trade-offs between different
pavement surface technologies and highlighting the most influential factors affecting the
environmental performance of road maintenance strategies.

2.2. Functional Unit

The functional unit is defined as 1 m? of rehabilitated pavement surface per year of
service life. This functional unit was selected to ensure comparability between the different
pavement surface technologies evaluated in this study, particularly considering that each
solution presents different expected service lives.

The use of a time-normalized functional unit allows the environmental impacts associ-
ated with each pavement surface system to be expressed relative to its durability, enabling
a fair comparison between alternatives that may differ in layer thickness, material com-
position, and lifespan. Surface technologies with longer service lives may involve higher
initial environmental burdens due to the use of additional materials or modified binders;
however, these impacts can be offset when evaluated over the entire service life of the
pavement system.

For the purpose of the analysis, the rehabilitated surface area was determined based on
the geometric characteristics of the experimental road sections provided by the industrial
partners involved in the study. The expected service life of each pavement surface technol-
ogy was estimated using technical information provided by the companies responsible for
the construction of the test sections as well as available literature on pavement durability.

The functional unit therefore allows the environmental impacts of each rehabilitation
strategy to be normalized according to both surface area and service life, ensuring that the
comparison reflects the long-term environmental performance of the evaluated pavement
surface technologies.

2.3. System Boundaries

The system boundaries considered in this study include the main processes associated
with the pavement rehabilitation phase. The assessment follows a cradle-to-construction
approach, covering the stages required for the production and implementation of the
asphalt mixtures used in each pavement surface technology.

The processes included within the system boundaries are the extraction and processing
of raw materials, including aggregates and binders; production of asphalt mixtures at the
asphalt plant; transportation of raw materials and asphalt mixtures; construction and
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implementation of the pavement surface layers on site; and energy consumption associated
with construction machinery used during pavement rehabilitation.

Upstream processes related to the production of materials and energy carriers were
modeled using background datasets obtained from the ecoinvent database, integrated
within the Air.e LCA software version 3.2 (Solidforest, Madrid, Spain) [33] used for the
environmental assessment.

Certain processes were excluded from the system boundaries due to their relatively
minor contribution to the overall environmental impacts or due to the lack of consistent
data across the different case studies. These exclusions include site preparation activities,
signaling and road marking operations, infrastructure installation unrelated to pavement
layers, maintenance of construction machinery, and cleaning operations after pavement
installation. In addition, long-term pavement maintenance and end-of-life scenarios were
not considered in this study due to the limited availability of reliable data and the focus on
the environmental impacts associated with the rehabilitation phase.

The system boundaries were defined consistently for all pavement surface technolo-
gies analyzed in order to ensure a fair comparison between the different rehabilitation
alternatives.

Figure 1 illustrates the system boundaries considered in the LCA and the pavement
surface technologies analyzed in this study. The assessment follows a cradle-to-construction
approach, including raw material extraction, material production at the asphalt plant,
transportation of raw materials and mixtures, and construction processes on site. The
figure also shows the four pavement surface technologies evaluated in the analysis: a
conventional asphalt layer used as the reference scenario, a reflective pavement coating
designed to increase surface albedo, a recycled asphalt mixture incorporating RAP with
self-healing properties, and a low-noise thin asphalt layer. This framework allows the
environmental impacts associated with each surface technology to be evaluated under
consistent system boundaries and comparable functional conditions.
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Figure 1. System boundaries and pavement surface technologies considered in the Life-Cycle Assessment.
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2.4. Pavement Surface Technologies

This study evaluates four pavement surface technologies applied to real road sections
in order to assess their environmental performance under comparable conditions. The
analyzed solutions include a conventional asphalt layer used as a reference case and three
innovative pavement surface systems designed to improve functional performance and
sustainability. The main characteristics of each technology are briefly described below.

2.4.1. Conventional Asphalt Layer

The conventional asphalt layer represents the standard rehabilitation solution com-
monly used in road maintenance. This mixture consists of traditional asphalt concrete
composed of virgin aggregates and bituminous binder produced in an asphalt plant. The
conventional system typically involves a surface layer thickness of approximately 5 cm
and serves as the baseline scenario for comparing the environmental performance of the
alternative pavement surface technologies analyzed in this study.

2.4.2. Reflective Pavement Coating

Reflective pavements are designed to increase surface albedo and reduce solar heat
absorption. In the analyzed case, the reflective system consists of a thin surface coating
applied over the pavement using a synthetic acrylic binder combined with aggregates. This
technology allows a significant reduction in layer thickness compared with conventional
asphalt mixtures, typically around 2.5 cm. In addition to reducing material consumption,
reflective pavements may contribute to mitigating urban heat island effects by increasing
pavement reflectivity.

2.4.3. RAP Self-Healing Mixture

The recycled asphalt mixture incorporates RAP together with rejuvenating agents
designed to restore the mechanical properties of aged asphalt binders. These additives
enhance the self-healing capacity of the mixture by promoting binder regeneration and
improving resistance to ageing and cracking. By reusing existing pavement materials, RAP
mixtures reduce the demand for virgin aggregates and bitumen while potentially extending
pavement service life.

2.4.4. Low-Noise Thin Asphalt Layer

Low-noise asphalt pavements are engineered to reduce traffic noise through modi-
fications in surface texture and mixture composition. In the analyzed system, the noise-
reducing pavement consists of a thin asphalt surface layer, typically around 3 cm thick,
designed to improve acoustic performance and reduce rolling noise generated by vehicles.
The reduced layer thickness also contributes to lowering material consumption and energy
requirements during pavement construction.

2.5. Life Cycle Inventory (LCI)

The life-cycle inventory (LCI) phase involved the compilation and quantification of all
material and energy flows associated with the pavement surface technologies evaluated in
this study. Inventory data were primarily obtained from real road rehabilitation projects
carried out by industrial partners. These companies provided detailed information on the
construction of experimental road sections where the surface technologies described in
Section 2.4 were implemented and monitored.

The inventory datasets include information on the composition of asphalt mixtures,
quantities of materials used, transportation distances, fuel and energy consumption of
construction machinery, and operational characteristics of asphalt plants. The data collected
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from these projects allow for the modeling of the main processes associated with pavement
rehabilitation under real operating conditions.
The inventory modeling was divided into three main categories of processes:

(a) Material production: This stage includes the extraction and processing of raw mate-
rials used in the asphalt mixtures and surface layers, such as aggregates, bitumen,
alternative binders, rejuvenators, and other additives. The quantities of each material
were determined based on the mixture designs provided by the companies involved
in the experimental sections.

(b) Transportation: Transportation processes include the delivery of raw materials from
their extraction or production sites to asphalt plants, as well as the transport of asphalt
mixtures from the production facilities to the construction sites. Transportation
distances were estimated using the information provided by the companies and
typical logistics conditions associated with the studied projects.

(c) Construction processes: The construction phase includes the energy consumption
associated with the machinery used during pavement rehabilitation, such as milling
machines, asphalt pavers, compactors, dump trucks, and auxiliary equipment. The
operating times and power requirements of each machine were obtained from project
documentation and technical specifications.

Background data required for upstream processes, including raw material extraction,
fuel production, electricity generation, and industrial manufacturing processes, were
obtained from the ecoinvent life-cycle database integrated within the Air.e LCA software.
These datasets provide internationally recognized background data that complement the
primary data collected from the case studies.

The inventory modeling was performed separately for each pavement surface tech-
nology in order to allow a consistent comparison of environmental impacts between the
different rehabilitation alternatives. The detailed inventory data used in the analysis are
presented in the corresponding tables for each case study.

Table 1 summarizes the main characteristics of the pavement surface technologies
evaluated in this study. The table presents key parameters relevant for the LCA including
layer thickness, binder type, and recycled material content. These parameters strongly
influence the environmental performance of the analyzed systems, as they determine the
quantity of materials required for pavement construction and the composition of the asphalt
mixtures used in each surface technology. The information shown in Table 1 provides a
simplified overview of the main differences between the conventional asphalt layer and
the innovative pavement surface solutions considered in the analysis.

Table 1. Main characteristics of the pavement surface technologies analyzed.

Technology Layer Thickness Main Binder Recycled Content
Conventional 5cm Bitumen 0%
Reflective 2.5cm Acrylic binder 0%
RAP self-healing 5cm Bitumen + rejuvenator 14.3%
Low-noise 3 cm Bitumen 0%

RAP was modeled using a cut-off approach, consistent with the system model of the
ecoinvent database. Under this approach, RAP is considered a secondary material that
enters the system without carrying environmental burdens from its previous life cycle.
Therefore, the impacts associated with the original production of aggregates and bitumen
are not allocated to RAP. Only the processes related to its recovery, transportation, and
processing (e.g., milling and handling) are included in the inventory.
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2.6. Life Cycle Impact Assessment (LCIA)

The environmental impacts associated with the pavement surface technologies were
evaluated using the ILCD 2011 midpoint+ method (EF 2.0), which is recommended by the
European Commission for Environmental Footprint studies. This method provides a stan-
dardized framework for assessing environmental impacts related to resource consumption,
emissions to air, water and soil, and potential effects on human health and ecosystems.

The impact categories considered in this study include climate change, ozone de-
pletion, particulate matter formation, human toxicity, ecotoxicity, photochemical ozone
formation, acidification, eutrophication, ionizing radiation, land use, water resource de-
pletion, and fossil and mineral resource depletion. These indicators represent midpoint
environmental impacts, which quantify the potential environmental effects of emissions
and resource use before they translate into endpoint damages to ecosystems, human health,
or natural resources.

All calculations were performed using the same LCA software described above [33],
which integrates both the ecoinvent database and the ILCD 2011 midpoint characterization
method. The software enables the systematic calculation of environmental impacts based
on the compiled life cycle inventory data and ensures consistent modeling of the processes
included within the system boundaries defined in this study.

Environmental impact categories are reported using standard abbreviations (e.g., AP,
GWP, ADPAf) for clarity and conciseness. The full names of all impact categories are
provided in the Abbreviations section.

2.7. Data Quality, Assumptions and Limitations

The reliability of the Life-Cycle Assessment results depends on the quality of the
inventory data and the assumptions adopted during the modeling process. In this study,
priority was given to the use of primary data obtained directly from the companies respon-
sible for the construction of the experimental pavement sections. These datasets include
detailed information on material quantities, mixture compositions, machinery operation,
and transportation distances.

However, certain upstream processes required the use of secondary data obtained
from the ecoinvent database, particularly for raw material extraction, energy production,
and industrial manufacturing processes. Although these datasets are widely used in LCA
studies, they may introduce some level of uncertainty due to differences between the
modeled processes and the specific conditions of the analyzed projects.

Another important assumption concerns the expected service life of the pavement sur-
face technologies. The service life values were determined based on technical information
provided by the companies involved in the construction of the experimental road sections,
complemented with values reported in the scientific literature on pavement durability.

These values are consistent with typical service life ranges reported for similar pave-
ment technologies under comparable traffic and environmental conditions. Although some
variability may arise depending on specific operating conditions, the selected values are
considered representative for the purpose of comparative analysis.

To account for uncertainty associated with pavement durability, both minimum and
maximum service life scenarios were considered in the analysis.

In addition, the case studies analyzed correspond to relatively short experimental
road sections, which may not fully represent the efficiencies that can be achieved in large-
scale rehabilitation projects. As a result, certain processes such as machinery operation or
transportation logistics may present higher relative impacts compared with full-scale road
rehabilitation works.
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Despite these limitations, the use of detailed primary data and consistent methodolog-
ical assumptions ensures that the results provide a reliable comparative evaluation of the
environmental performance of the pavement surface technologies analyzed in this study.

In this study, the system boundaries are limited to the rehabilitation phase of pavement
systems and therefore do not explicitly include the use phase or end-of-life processes. In
a full life-cycle assessment of road infrastructure, the use phase would typically include
repeated maintenance interventions over a defined analysis period. The effect of different
maintenance frequencies is implicitly accounted for through the definition of the functional
unit (1 m? of rehabilitated pavement per year of service life), which normalizes environ-
mental impacts according to pavement durability. As a result, surface technologies with
shorter service lives inherently reflect higher impacts per year due to the need for more
frequent interventions.

Nevertheless, explicitly modeling maintenance cycles over a defined analysis period
(e.g., 20-30 years) could provide additional insights into the long-term environmental
performance of pavement systems. Future research should therefore aim to extend the
system boundaries to a full life cycle perspective, incorporating use-phase dynamics and
end-of-life processes.

It should be noted that the environmental benefits associated with RAP incorporation
depend on the allocation approach adopted in the LCA model. In this study, a cut-off
approach was applied; however, alternative approaches such as system expansion (avoided
burden) could lead to different results, particularly in impact categories related to resource
use and climate change. Therefore, the results should be interpreted considering this
methodological assumption.

The results presented in this study are based on deterministic modeling and do
not include a formal uncertainty propagation analysis (e.g., Monte Carlo simulation or
confidence intervals). Although primary data from real pavement sections were used to
improve representativeness, uncertainty may arise from variability in input parameters
such as material quantities, transport distances, machinery performance, and estimated
service life.

Despite these uncertainties, the comparative results show consistent trends and rela-
tively large differences between the analyzed pavement technologies, which support the
robustness of the main conclusions. Nevertheless, future research should incorporate uncer-
tainty analysis methods to quantify the statistical significance of the observed differences.

The results obtained from the LCIA are presented and discussed in Section 3.

3. Results and Discussion
3.1. Environmental Performance of Reflective Pavement Coating

The environmental performance of the reflective pavement coating was evaluated
by comparing its impacts with those of the conventional asphalt surface layer used as the
reference scenario. The analysis was based on the functional unit defined in Section 2.2,
allowing the environmental impacts of both surface systems to be normalized per square
meter of pavement and per year of service life.

Tables 2 and 3 present the environmental impacts calculated per functional unit (1 m?
of rehabilitated pavement surface per year of service life) for the conventional asphalt
mixture and the reflective pavement coating. Two service life scenarios were considered
in order to account for the uncertainty associated with pavement durability: a minimum
service life scenario (Table 2) and a maximum service life scenario (Table 3). These results
allow a direct comparison of the environmental performance of the two pavement surface
systems under different durability assumptions.

https:/ /doi.org/10.3390/ coatings16050512


https://doi.org/10.3390/coatings16050512

Coatings 2026, 16, 512

Table 2. Environmental impacts per functional unit (1 m?-year) for conventional asphalt and reflective

pavement coating under the minimum service life scenario.

Impact Category Conventional Mix Reflective Mix
AP (mol H* eq) 5.23 x 1073 439 x 1073
WDP (m?3) 5.00 x 10* 1.99 x 10*
ODP (kg CFC-11 eq) 6.58 x 1077 1.28 x 107
ADPff (M]) 4.11 x 10! 1.98 x 10!
ADPel.ur (kg Sb eq) 3.71 x 10~° 451 x 1076
GWP (kg CO, eq) 9.16 x 107! 9.14 x 1071
FETP (CTUe) 1.27 x 102 7.56 x 10°
HTPc (CTUh) 7.25 x 1077 1.14 x 1078
HTPnc (CTUh) 7.45 x 1078 8.60 x 10~8
PMFP (kg PM2.5 eq) 4.96 x 1078 4.30 x 1078
FEP (kg P eq) 1.37 x 10~* 2.76 x 10~*
MEP (kg N eq) 1.01 x 1073 8.15 x 10~*
TEP (mol N eq) 1.11 x 1072 8.84 x 1073
POFP (kg NMVOC eq) 3.76 x 1073 3.06 x 1073
IRP (kBq U-235 eq) 2.00 x 107! 9.31 x 1072
LUP (kg C deficit) 5.05 x 10! 2.29 x 102

Note: Impact category abbreviations are defined in the Abbreviations section.

Table 3. Environmental impacts per functional unit (1 m?-year) for conventional asphalt and reflective

pavement coating under the maximum service life scenario.

Impact Category Conventional Mix Reflective Mix
AP (mol H* eq) 349 x 1073 352 x 1073
WDP (m?) 3.33 x 10* 1.60 x 10*
ODP (kg CFC-11 eq) 439 x 1077 1.03 x 1077
ADPff (M]) 2.74 x 10! 1.58 x 10!
ADPel.ur (kg Sb eq) 247 x 107° 3.61 x 1076
GWP (kg CO, eq) 6.11 x 107! 7.32 x 107!
FETP (CTUe) 8.50 x 10! 6.05 x 10°
HTPc (CTUh) 4.83 x 107° 9.12 x 107?
HTPnc (CTUh) 496 x 1078 6.88 x 1078
PMFP (kg PM2.5 eq) 3.31 x 1078 344 x 1078
FEP (kg P eq) 9.15 x 10~° 221 x 1074
MEP (kg N eq) 6.71 x 1074 6.52 x 10~*
TEP (mol N eq) 741 x 1073 7.07 x 1073
POFP (kg NMVOC eq) 2.51 x 1073 245 x 1073
IRP (kBq U-235 eq) 1.33 x 107! 7.45 x 1072
LUP (kg C deficit) 3.37 x 10! 1.84 x 102

The differences between Tables 2 and 3 are related to the assumed service life of the
pavement systems. Table 2 corresponds to a minimum service life scenario, while Table 3
represents a maximum service life scenario. Since the results are expressed per functional
unit (1 m?-year), longer service life values result in lower environmental impacts per year,
as the initial environmental burdens are distributed over a longer period.

In general, the reflective pavement reduces several environmental impact categories
compared with the conventional mixture.

Notable reductions are observed in fossil resource depletion (ADPff), photochemical
ozone formation (POFP), and particulate matter formation (PMFP). For acidification poten-
tial (AP), the results depend on the assumed service life scenario: a reduction is observed
in the minimum service life scenario, while slightly higher values are obtained for the
reflective pavement in the maximum service life scenario.
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However, higher impacts are observed in some categories such as freshwater eutroph-
ication (FEP) and land use (LUP). These increases are primarily related to the production
processes of the synthetic acrylic binder used in the reflective coating.

The relative environmental impacts of the reflective pavement coating compared with
the conventional asphalt mixture are presented in Figure 2. The results are expressed as
normalized values, where the environmental impacts of the conventional asphalt mixture
are set as the reference value (100%) for each impact category.

ODP100 ADPff ADPel,ur GWP100 FETP HTPc HTPnc  PMFP FEP MEP TEP POFP IRP LUP

Conventional asphalt Reflective pavement coating

Figure 2. Relative environmental impacts of reflective pavement coating compared with the conven-
tional asphalt mixture (reference value = 100%).

As shown in Figure 2, the reflective pavement coating reduces several environmental
impacts compared with the conventional asphalt mixture. In particular, noticeable reduc-
tions are observed in fossil resource depletion (ADPff), photochemical ozone formation
(POFP), and particulate matter formation (PMFP). The trend for acidification potential (AP)
depends on the assumed service life scenario.

However, higher relative impacts are observed in certain categories such as freshwater
eutrophication (FEP) and land use (LUP). These increases are primarily related to the
production processes of the synthetic acrylic binder used in the reflective coating. The
results therefore highlight the existence of environmental trade-offs associated with the use
of reflective pavement coatings.

As shown in Figure 3, asphalt mixture production represents the dominant contribu-
tion to climate change impacts for both pavement systems, accounting for more than 75% of
the total impacts. Transportation represents the second largest contribution, while construc-
tion machinery contributes only marginally. This confirms that reducing asphalt mixture
production is a key factor in improving the environmental performance of pavement
surface technologies.

These findings are consistent with previous studies indicating that reducing pave-
ment layer thickness and material consumption significantly decreases environmental
impacts in asphalt systems. In addition, similar trade-offs associated with alternative
binder compositions have been reported in recent LCA studies of innovative pavement
materials [11,13].

3.2. Environmental Performance of RAP Self-Healing Mixture

The environmental performance of the recycled asphalt mixture incorporating
rejuvenator-based self-healing technology was evaluated by comparing its impacts with
those of the conventional asphalt mixture used as the reference scenario. As in the previous
analysis, the environmental impacts were normalized according to the functional unit
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defined in Section 2.2 (1 m? of rehabilitated pavement surface per year of service life),

enabling a consistent comparison between pavement surface technologies.

Construction machinery

Transportation

Mixture production

0% 20% 40% 60% 80%

Reflective pavement Conventional asphalt

Figure 3. Contribution of life-cycle processes to climate change impact (GWP) for conventional
asphalt and reflective pavement coating.

The RAP self-healing mixture incorporates reclaimed asphalt pavement together with
rejuvenating agents designed to restore the mechanical properties of aged asphalt binders.
The use of RAP enables the reuse of aggregates and bitumen from existing pavement
materials, reducing the demand for virgin resources and promoting circular economy
strategies in road infrastructure maintenance.

Table 4 presents the environmental impacts calculated per functional unit for both the
conventional asphalt mixture and the RAP self-healing mixture. In addition, Table 5 shows
the corresponding absolute environmental impacts for the analyzed pavement systems.

Table 4. Environmental impacts calculated per functional unit for both the conventional asphalt
mixture and the RAP self-healing mixture.

Impact Category Conventional Mix RAP Self-Healing Mix
AP (mol H* eq) 1.85 x 1073 1.87 x 1073
WDP (m?) 2.07 x 10* 1.81 x 10*
ODP (kg CFC-11 eq) 1.61 x 107 332 x 1078
ADPff (M]) 1.01 x 10 8.58 x 10°
ADPel.ur (kg Sb eq) 1.02 x 107° 6.57 x 1077
GWP (kg CO; eq) 3.12 x 107! 3.81 x 1071
FETP (CTUe) 2.65 x 10! 7.06 x 10°
HTPc (CTUh) 3.15 x 107° 293 x 107
HTPnc (CTUh) 327 x 1078 2.06 x 1078
PMFP (kg PM2.5 eq) 2.40 x 1078 2.50 x 1078
FEP (kg P eq) 591 x 1073 6.10 x 1075
MEP (kg N eq) 424 x 1074 342 x 1074
TEP (mol N eq) 4.76 x 1073 3.90 x 1073
POFP (kg NMVOC eq) 1.49 x 1073 1.46 x 1073
IRP (kBq U-235 eq) 6.15 x 1072 1.58 x 1072
LUP (kg C deficit) 1.32 x 10! 3.46 x 10!
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Table 5. Environmental impacts of the conventional asphalt mixture and RAP self-healing mixture
incorporating the rejuvenator-based binder.

Impact Category Conventional Mix RAP Self-Healing Mix
AP (mol H* eq) 1.00 x 102 1.21 x 102
WDP (m?3) 1.12 x 10° 1.17 x 10°
ODP (kg CFC-11 eq) 8.67 x 1073 215 x 1073
ADPff (M]) 5.46 x 10° 5.56 x 10°
ADPel.ur (kg Sb eq) 5.53 x 1072 426 x 1072
GWP (kg CO, eq) 1.68 x 10* 247 x 10*
FETP (CTUe) 1.43 x 100 457 x 10°
HTPc (CTUh) 1.70 x 10~* 1.90 x 104
HTPnc (CTUh) 1.77 x 1073 1.33 x 1073
PMFP (kg PM2.5 eq) 1.29 x 1073 1.62 x 1073
FEP (kg P eq) 3.19 x 10° 3.95 x 10°
MEP (kg N eq) 2.29 x 10! 2.22 x 10!
TEP (mol N eq) 2.57 x 10? 2.53 x 10?
POFP (kg NMVOC eq) 8.02 x 10! 9.46 x 10!
IRP (kBq U-235 eq) 3.32 x 10° 1.03 x 103
LUP (kg C deficit) 7.12 x 10° 2.24 x 10°

The results indicate that the incorporation of recycled asphalt pavement leads to
reductions in several environmental impact categories associated with resource extraction
and material production.

In particular, lower impacts are observed in fossil resource depletion (ADPff), water
resource depletion (WDP), and ozone depletion potential (ODP), reflecting the reduced
demand for virgin aggregates and bitumen in the recycled mixture.

The relative environmental impacts of the RAP self-healing mixture compared with
the conventional asphalt mixture are illustrated in Figure 4. The environmental impacts of
the conventional mixture are used as the reference value (100%) for each impact category
in order to facilitate comparison between the two pavement systems.

120%
100%
80%
60%
40%
20%

0%

AP WDP ODP100 ADPff ADPel,ur GWP100 FETP HTPc  HTPnc PMFP FEP MEP TEP POFP IRP Lup

Conventional asphalt RAP self-healing
Figure 4. Relative environmental impacts of RAP self-healing asphalt mixture compared with the
conventional asphalt mixture (reference value = 100%).

As shown in Figure 4, the RAP self-healing mixture generally presents lower envi-
ronmental impacts than the conventional asphalt mixture in most of the impact categories
analyzed. Significant reductions can be observed in ozone depletion potential (ODP),
freshwater ecotoxicity (FETP), ionizing radiation potential (IRP), and abiotic resource deple-
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tion (ADPff). These reductions are mainly associated with the incorporation of reclaimed
asphalt pavement, which reduces the demand for virgin aggregates and bitumen during
asphalt mixture production.

Moderate reductions are also observed in categories such as water depletion (WDP),
human toxicity (HTPc and HTPnc), photochemical ozone formation (POFP), and terrestrial
eutrophication (TEP). This highlights the environmental advantages of recycling pavement
materials and support the application of circular economy strategies in road maintenance.

However, slight increases are observed in certain impact categories, particularly
climate change (GWP), particulate matter formation (PMFP), freshwater eutrophication
(FEP), and land use (LUP).

This pattern is also reflected in Figure 4, where the RAP self-healing mixture presents
lower impacts in several categories while exhibiting higher values for land-use potential (LUP).

These increases are mainly related to the production of rejuvenating agents used to
restore the mechanical properties of aged asphalt binders. The presence of these additives
introduces additional environmental burdens that partially offset the benefits associated
with the use of recycled pavement materials.

Overall, the results indicate that RAP mixtures incorporating rejuvenator-based self-
healing technologies can improve the environmental performance of pavement rehabilita-
tion systems by reducing the consumption of virgin materials, although careful considera-
tion should be given to the environmental impacts associated with chemical additives used
in the recycling process.

As shown in Figure 5, asphalt mixture production represents the dominant contribu-
tion to climate change impacts for both pavement systems. For the conventional asphalt
mixture, mixture production accounts for approximately 76% of the total impacts, followed
by transportation processes and construction machinery.

Construction machinery

Transportation

Mixture production

0% 20% 40% 60% 80%

RAP self-healing Conventional asphalt

Figure 5. Contribution of life-cycle processes to climate change impact (GWP) for conventional
asphalt mixture and RAP self-healing mixture.

In the case of the RAP self-healing mixture, mixture production remains the main
contributor, accounting for around 71% of the impacts. However, the relative contribu-
tions of transportation and construction machinery increase slightly compared with the
conventional mixture. This change is mainly associated with the additional handling and
processing operations required for recycled materials and rejuvenating agents.

This confirms that material production remains the most influential stage in the
environmental performance of pavement rehabilitation technologies.
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These results are in agreement with previous research showing that the incorporation
of reclaimed asphalt pavement improves resource efficiency and reduces impacts associ-
ated with virgin material production, although the use of additives or rejuvenators may
introduce additional environmental burdens [6,8,9].

3.3. Environmental Performance of Low-Noise Asphalt Mixture

The environmental performance of the low-noise asphalt mixture was evaluated by
comparing its impacts with those of the conventional asphalt mixture used as the reference
scenario. As in the previous analyses, the environmental impacts were normalized accord-
ing to the functional unit defined in Section 2.2 (1 m? of rehabilitated pavement surface per
year of service life), ensuring a consistent comparison between pavement technologies.

Low-noise asphalt mixtures are designed to reduce traffic noise through optimized
surface texture and reduced layer thickness. These mixtures typically require thinner sur-
face layers compared with conventional asphalt pavements, which can lead to a reduction
in the quantity of materials required for pavement rehabilitation. As a result, the produc-
tion of aggregates and bitumen may be significantly reduced, potentially improving the
environmental performance of the pavement system.

The results presented in Tables 6 and 7 indicate that the low-noise asphalt mixture
generally exhibits lower environmental impacts than the conventional asphalt mixture
when the results are expressed per functional unit. Although the absolute environmental
impacts shown in Table 6 are higher for the low-noise mixture due to the characteristics of
the specific test section, the normalization per functional unit presented in Table 7 reveals
clear environmental advantages associated with this pavement technology.

Table 6. Environmental impacts of conventional asphalt mixture and low-noise asphalt mixture.

Impact Category Conventional Mix Low-Noise Pavement
AP (mol H* eq) 1.00 x 10? 2.20 x 102
WDP (m°?) 1.12 x 10° 1.64 x 10°
ODP (kg CFC-11 eq) 8.67 x 1073 3.61 x 1072
ADPff (M]) 5.46 x 10° 2.08 x 10°
ADPel.ur (kg Sb eq) 5.53 x 1072 7.81 x 1072
GWP (kg CO, eq) 1.68 x 10* 2.77 x 10*
FETP (CTUe) 1.43 x 10° 6.29 x 10°
HTPc (CTUh) 1.70 x 1074 2.87 x 1074
HTPnc (CTUh) 1.77 x 1073 292 x 1073
PMFP (kg PM2.5 eq) 1.29 x 1073 1.75 x 1073
FEP (kg P eq) 3.19 x 10° 4.97 x 10°
MEP (kg N eq) 2.29 x 10! 4.32 x 10!
TEP (mol N eq) 2.57 x 10? 4.82 x 10?
POFP (kg NMVOC eq) 8.02 x 10! 1.63 x 102
IRP (kBq U-235 eq) 3.32 x 10° 1.13 x 104
LUP (kg C deficit) 7.12 x 10° 1.91 x 10°

In particular, noticeable reductions are observed in several impact categories related to

resource use and atmospheric emissions. Climate change potential (GWP) decreases from
3.88 x 107! t02.34 x 10~! kg CO,e per functional unit, representing a significant reduction
associated with the lower material demand of the thin asphalt layer. Similar reductions are
observed in fossil resource depletion (ADPff), particulate matter formation (PMFP), and
photochemical ozone formation (POFP), confirming the environmental benefits associated
with reduced material consumption.
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Table 7. Environmental impacts per functional unit (1 m?-year) for conventional asphalt mixture and

low-noise asphalt mixture.

Impact Category Conventional Mix Low-Noise Pavement
AP (mol H* eq) 3.12 x 1073 1.86 x 1073
WDP (m?3) 2.28 x 10* 1.38 x 10*
ODP (kg CFC-11 eq) 5.14 x 1077 3.06 x 1077
ADPff (M]) 2.95 x 10! 1.76 x 10!
ADPel.ur (kg Sb eq) 1.09 x 1076 6.61 x 1077
GWP (kg CO, eq) 3.88 x 107! 2.34 x 1071
FETP (CTUe) 8.88 x 10! 5.32 x 10!
HTPc (CTUh) 4.02 x 107° 243 x 1077
HTPnc (CTUh) 412 x 10-8 247 x 1078
PMFP (kg PM2.5 eq) 249 x 1078 1.48 x 1078
FEP (kg P eq) 6.94 x 107° 421 x 107
MEP (kg N eq) 6.16 x 1074 3.66 x 1074
TEP (mol N eq) 6.86 x 1073 4.08 x 1073
POFP (kg NMVOC eq) 2.32 x 1073 1.38 x 1073
IRP (kBq U-235 eq) 1.60 x 1071 9.56 x 1072
LUP (kg C deficit) 2.63 x 10! 1.61 x 10!

WDP ODP100 ADPff ADPel,ur GWP100 FETP HTPc

Reductions are also observed in other environmental impact categories, including
freshwater ecotoxicity (FETP), human toxicity (HTPc and HTPnc), eutrophication (FEP,
MEP, and TEP), ionizing radiation potential (IRP), and land use (LUP). These improvements
are primarily related to the smaller quantities of aggregates and bitumen required for the
low-noise asphalt mixture due to the reduced pavement thickness.

The relative environmental impacts of the low-noise asphalt mixture compared with
the conventional asphalt mixture are presented in Figure 6. In this figure, the environmental
impacts of the conventional mixture are used as the reference value (100%) in order to
facilitate comparison between pavement technologies.

HTPnc PMFP  FEP  MEP TEP  POFP  IRP  LUP
Conventional asphalt Low-noise pavement

Figure 6. Relative environmental impacts of low-noise asphalt mixture compared with the conven-
tional asphalt mixture (reference value = 100%).

As shown in Figure 6, the low-noise asphalt mixture presents consistently lower envi-
ronmental impacts than the conventional asphalt mixture across all impact categories evalu-
ated in the study. The most significant reductions are observed in fossil resource depletion,
climate change, particulate matter formation, and photochemical ozone formation. These
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reductions confirm that reducing pavement layer thickness is one of the most effective strate-
gies for improving the environmental performance of pavement rehabilitation systems.

In addition to the environmental improvements observed in the LCA results, low-
noise pavements also provide functional benefits by reducing traffic noise levels, which
contributes to improving environmental quality and living conditions in urban and peri-
urban areas. These combined environmental and functional advantages highlight the
potential of low-noise asphalt layers as a sustainable solution for pavement maintenance.

The contribution analysis presented in Figure 7 provides further insight into the
processes responsible for the environmental impacts of the low-noise asphalt system.
For the conventional asphalt mixture, asphalt mixture production represents the largest
contribution to climate change impacts, accounting for approximately 76% of the total
impacts, followed by transportation and construction machinery.

Transportation

Mixture production

0% 20% 40% 60%

oo

-

Low-noise asphalt Corwentional asphalt

Figure 7. Contribution of life-cycle processes to climate change impact (GWP) for conventional
asphalt mixture and low-noise asphalt mixture.

In the case of the low-noise asphalt mixture, asphalt mixture production remains the
main contributor, but its relative importance decreases to approximately 57% of the total
impacts. At the same time, the relative contribution of transportation increases to around
34%, while construction machinery accounts for approximately 9% of the impacts.

This shift in contribution reflects the reduced material demand associated with the
thinner pavement layer. As the quantity of asphalt mixture decreases, the relative impor-
tance of other processes such as transportation and construction operations becomes more
significant. Nevertheless, asphalt mixture production continues to be the dominant source
of environmental impacts for pavement rehabilitation systems.

These findings are consistent with previous studies highlighting that reducing pave-
ment layer thickness is one of the most effective strategies for lowering environmental
impacts in road infrastructure systems [19,20,23]. This reinforces the role of thickness reduc-
tion as a key strategy for improving the environmental performance of pavement systems.

3.4. Comparative Discussion of Pavement Surface Technologies

The comparative environmental performance of the pavement surface technologies
analyzed in this study is summarized in Figure 8. The environmental impacts of each
alternative surface system are expressed relative to the conventional asphalt mixture, which
is used as the reference scenario.
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Figure 8. Comparative environmental performance of pavement surface technologies.

The results show that the thin low-noise asphalt mixture presents the lowest environ-
mental impacts across most of the impact categories evaluated in the study. Reductions of
approximately 40% are observed in several indicators, including climate change (GWP),
fossil resource depletion (ADPff), particulate matter formation (PMFP), and photochemical
ozone formation (POFP). These improvements are mainly associated with the reduced thick-
ness of the pavement layer, which significantly decreases the amount of asphalt mixture
required for pavement rehabilitation.

The reflective pavement coating also shows reductions in several environmental im-
pact categories. However, the results reveal important environmental trade-offs, par-
ticularly in freshwater eutrophication (FEP) and land use (LUP). These increases are
mainly associated with the production of the synthetic acrylic binder used in the reflective
coating system.

The RAP self-healing mixture presents intermediate environmental performance. The
incorporation of RAP contributes to reducing the consumption of virgin materials, although
the environmental benefits are partially offset by the impacts associated with the production
of rejuvenating agents.

Overall, the results highlight that reducing pavement layer thickness represents one
of the most effective strategies for improving the environmental performance of pavement
rehabilitation technologies. This is consistent with the existing body of literature, which
identifies material consumption, layer thickness, and binder composition as key drivers of
environmental performance in pavement systems [20,21,24].

It should be noted that the results are based on a rehabilitation-focused system bound-
ary and a time-normalized functional unit. While this approach allows for a consistent
comparison between pavement surface technologies with different service lives, the explicit
modeling of maintenance cycles over a defined analysis period could further influence the
comparative results.

In particular, pavement solutions with longer service lives would likely show addi-
tional environmental advantages when evaluated over extended time horizons, as fewer
rehabilitation interventions would be required. Therefore, the inclusion of use-phase main-
tenance scenarios in future studies could provide a more comprehensive assessment of the
long-term sustainability of pavement surface technologies.

From a practical perspective, the selection of pavement surface technologies should
consider not only environmental performance but also local conditions such as traffic
intensity, climate, and material availability.

Thin low-noise asphalt layers appear particularly suitable in urban and peri-urban
areas with high traffic levels, where reducing material consumption and environmental
impacts is a priority. Reflective pavement coatings may be more appropriate in regions
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with high solar radiation or pronounced urban heat island effects, where increased surface
albedo can provide additional functional benefits. RAP self-healing mixtures are especially
relevant in contexts where the availability of reclaimed asphalt pavement is high and
circular economy strategies are promoted, allowing reductions in the use of virgin materials.

These considerations highlight the importance of integrating environmental
assessment with site-specific design criteria to support more sustainable pavement
management decisions.

4. Conclusions

This study presented a comparative Life-Cycle Assessment (LCA) of four pavement
surface technologies applied to road maintenance: a conventional asphalt mixture used as
a reference scenario, a reflective pavement coating, a recycled asphalt pavement (RAP) self-
healing mixture incorporating rejuvenator-based binders, and a thin low-noise asphalt layer.
The environmental assessment was performed using primary inventory data obtained from
real pavement sections and applying the International Reference Life Cycle Data System
(ILCD) 2011 midpoint+ method under a harmonized methodological framework.

The results of the comparative analysis allow the following conclusions to be drawn:

e  The thin low-noise asphalt layer presents the best overall environmental performance
among the evaluated technologies, achieving reductions of approximately 40% in
several impact categories compared with the conventional asphalt mixture. These
improvements are mainly associated with the reduced pavement thickness, which
significantly decreases material consumption and asphalt mixture production.

e  Reflective pavement coatings reduce several environmental impacts related to fossil
resource depletion and atmospheric emissions. However, the effect on acidification
potential depends on the assumed service life scenario.

e  RAP mixtures incorporating rejuvenator-based self-healing technologies contribute
to improving resource efficiency by reducing the demand for virgin aggregates and
bitumen. Nevertheless, the environmental benefits of recycling are partially offset by
the impacts associated with the production of rejuvenating agents required to restore
binder properties.

o  The contribution analysis indicates that asphalt mixture production is the dominant
source of environmental impacts in pavement rehabilitation systems, typically ac-
counting for more than 70% of total climate change impacts. Consequently, strategies
aimed at reducing material consumption represent one of the most effective pathways
for improving the environmental performance of road maintenance technologies.

e  Opverall, the results demonstrate that parameters such as pavement layer thickness,
binder composition, recycled material content, and expected service life strongly
influence the environmental performance of pavement surface technologies.

The findings of this study highlight the importance of applying Life-Cycle Assessment
methodologies to support decision-making in sustainable pavement design and main-
tenance. Comparative LCA can provide valuable insights for infrastructure managers,
road agencies, and policymakers seeking to identify environmentally preferable pavement
surface technologies and promote more sustainable road infrastructure systems.

Future research should further investigate long-term performance and maintenance
scenarios to better capture the full life cycle impacts of innovative pavement technologies.
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Abbreviations

The following abbreviations are used in this manuscript:

Abbreviation Meaning

ADPff Abiotic Depletion Potential (fossil fuels)
ADPel.ur Abiotic Depletion Potential (elements, ultimate reserves)
AP Acidification Potential

CTUh Comparative Toxic Unit for humans

CTUe Comparative Toxic Unit for ecosystems

EF Environmental Footprint

FEP Freshwater Eutrophication Potential

FETP Freshwater Ecotoxicity Potential

FU Functional Unit

GHG Greenhouse Gas

GWP Global Warming Potential

HH Human Health

HMA Hot Mix Asphalt

HTPc Human Toxicity Potential (cancer effects)
HTPnc Human Toxicity Potential (non-cancer effects)
ILCD International Reference Life Cycle Data System
IRP Ionizing Radiation Potential

1SO International Organization for Standardization
LCA Life Cycle Assessment

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment

LUP Land Use Potential

MEP Marine Eutrophication Potential

OoDP Ozone Depletion Potential

PMFP Particulate Matter Formation Potential

POFP Photochemical Ozone Formation Potential
RAP Reclaimed Asphalt Pavement

TEP Terrestrial Eutrophication Potential

WDP Water Depletion Potential
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