
mdpi.com/journal/sustainability

Special Issue Reprint

Sustainability of 
Transport Infrastructures

Edited by 
Joel R. M. Oliveira, Hugo Silva, R. Christopher Williams and Zejiao Dong



Sustainability of Transport
Infrastructures





Sustainability of Transport
Infrastructures

Guest Editors

Joel R. M. Oliveira

Hugo Silva

R. Christopher Williams

Zejiao Dong

Basel Beijing Wuhan Barcelona Belgrade Novi Sad Cluj Manchester



Guest Editors

Joel R. M. Oliveira

Department of Civil

Engineering

University of Minho

Guimaraes

Portugal

Hugo Silva

Department of Civil

Engineering

University of Minho

Guimaraes

Portugal

R. Christopher Williams

Department of Civil,

Construction, and

Environmental Engineering

Iowa State University

Ames

United States

Zejiao Dong

School of Transportation

Science and Engineering

Harbin Institute of

Technology

Harbin

China

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal Sustainability

(ISSN 2071-1050), freely accessible at: www.mdpi.com/journal/sustainability/special issues/

infrastructures.

For citation purposes, cite each article independently as indicated on the article page online and

using the guide below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-2902-6 (Hbk)

ISBN 978-3-7258-2901-9 (PDF)

https://doi.org/10.3390/books978-3-7258-2901-9

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

About the Editors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Joel R. M. Oliveira, Hugo M. R. D. Silva, R. Christopher Williams and Zejiao Dong

Editorial of “Sustainability of Transport Infrastructures”
Reprinted from: Sustainability 2024, 16, 10158, https://doi.org/10.3390/su162310158 . . . . . . . 1
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Preface

This reprint compiles a selection of research articles from the Special Issue, titled “Sustainability

of Transport Infrastructures”, addressing critical challenges and innovative solutions in the field.

This collection of articles highlights the growing importance of sustainable practices in transportation

systems, which play a vital role in reducing environmental impacts, promoting economic efficiency,

and enhancing social equity.

This reprint begins with a comprehensive overview, discussing holistic approaches to

sustainable road maintenance policies and their assessment. Following this, it explores crucial

challenges, including the decarbonization of public transport and the sustainable management of

resources in light-duty vehicles, emphasizing the pressing need for climate action and resource

conservation.

A significant portion of this collection explores sustainable materials in road construction,

showcasing the potential of steel slag, recycled concrete aggregates, and bio-based materials to

replace traditional, resource-intensive components. Urban mobility solutions, such as bike-sharing

systems and permeable pavements, are also examined, offering practical applications to enhance city

sustainability.

The final section focuses on advanced pavement assessment and maintenance methodologies,

demonstrating how technologies like life cycle assessment and polymer-modified asphalts can

contribute to long-term environmental and economic benefits.

By addressing topics ranging from innovative materials to systemic approaches, this Book

represents a comprehensive resource for researchers, practitioners, and policymakers. By providing

actionable insights, this Book facilitates the creation of sustainable transport infrastructure capable of

meeting current and future challenges.

The editors hope this reprint inspires collaboration and innovation in creating resilient,

eco-friendly transport systems supporting global sustainability goals.

Joel R. M. Oliveira, Hugo Silva, R. Christopher Williams, and Zejiao Dong

Guest Editors
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Sustainability in transport infrastructures has become a key priority for governments,
industries, and researchers worldwide. Alongside their substantial environmental reper-
cussions, efficient transportation systems contribute significantly to societies’ economic
and social progress. Recent international goals, such as the United Nations Sustainable
Development Goals [1], have underscored the need to reduce the carbon footprint of trans-
portation. Organisations like the European Union [2] have also set ambitious targets for
lowering greenhouse gas emissions. These objectives have pushed the industry to adopt
greener technologies, use materials more efficiently, and develop innovative strategies to
enhance the resilience and longevity of transport networks [3].

In the context of pavement construction, sustainability efforts focus on reducing the
consumption of natural resources, minimising energy use, and lowering the environmental
impact of infrastructure projects. These goals have been achieved through the increased
integration of bio-based binders [4] and advanced design techniques, along with the adop-
tion of circular economy principles, which promote the reuse and recycling of materials to
reduce waste and extend the life cycle of resources used in construction [5]. Moreover, self-
healing materials have shown promise as an innovative approach to enhance the durability
of pavements by allowing minor damage to repair itself, potentially reducing maintenance
needs and extending infrastructure lifespans [6]. Sustainable transport infrastructures are
also essential for enhancing social equity, as they improve accessibility and connectivity,
particularly in underserved communities [7]. Resilience to climate change is another crit-
ical aspect [8]. With the increasing frequency of extreme weather events, it is crucial to
design transport infrastructures that can withstand such conditions, ensuring long-term
performance [9,10].

However, despite these advancements, several challenges remain. One of the primary
issues is the durability and long-term performance of sustainable materials under varying
environmental conditions, such as temperature fluctuations and moisture exposure [11].
Despite the increasing adoption of sustainable practices, the ability of these materials to
endure different environmental stresses is still not fully understood. Additionally, although
life cycle assessment (LCA) is widely recognised as a valuable tool for evaluating environ-
mental impact [12], its practical application in projects remains limited [13]. More robust
policies are needed to address these gaps and ensure the consistent implementation of LCA
and other sustainable practices across different regions and transportation networks [14].

This collection of research papers on “Sustainability of Transport Infrastructures”
brings together studies addressing these critical challenges. The articles span a range of
topics, including decarbonising transport systems, utilising recycled and bio-materials
in pavement construction, and conducting life cycle analyses of infrastructure solutions.
Taken together, these contributions provide a solid foundation for understanding the

Sustainability 2024, 16, 10158. https://doi.org/10.3390/su162310158 https://www.mdpi.com/journal/sustainability1
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current state of sustainable transport infrastructure and offer pathways to address existing
knowledge gaps.

A significant focus of this volume is the increasing use of recycled materials in pave-
ment construction in alignment with the principles of the circular economy. Research shows
that incorporating recycled asphalt pavement, reclaimed concrete aggregates, and other in-
dustrial by-products, such as steel slag, can significantly reduce the environmental footprint
of road construction. In addition to maintaining or improving the mechanical properties
of pavements, these materials help reduce reliance on virgin resources and thus lower
construction costs [15]. In summary, using recycled materials supports both environmental
sustainability and economic efficiency by promoting the circular use of resources.

Decarbonisation in transportation is another central theme in this Special Issue. Sev-
eral articles examine how technologies such as warm mix asphalt (WMA) and alternative
binders contribute to reducing carbon emissions. For instance, WMA enables lower pro-
duction temperatures, thus cutting fuel consumption and greenhouse gas emissions during
asphalt production. These studies highlight practical solutions already implemented in
real-world scenarios, demonstrating how they can significantly reduce the carbon footprint
of transport infrastructure.

Life cycle assessment is also a crucial research theme presented here. LCA enables
a comprehensive evaluation of environmental impacts throughout the entire lifespan of
a transport system, including stages such as material extraction, production, construc-
tion, maintenance, and eventual disposal or recycling. Several contributions in this issue
illustrate how LCA can effectively compare the environmental performance of different ma-
terials and maintenance strategies. Consequently, these insights hold significant value for
policymakers, enabling them to make well-informed decisions about which infrastructure
solutions are the most sustainable.

Looking ahead, several promising directions for research and development stand out.
For example, bio-based materials, such as bio-binders derived from waste products, offer
great potential for reducing the environmental impact of pavement construction [16]. How-
ever, further research is needed to evaluate the long-term performance of these materials
under real-world conditions. Additionally, the emergence of smart infrastructure systems
presents another exciting avenue for exploration. Integrating sensors and monitoring tech-
nologies into pavements makes it possible to collect real-time data on road performance [17].
These data could then optimise maintenance schedules, extend infrastructure lifespans,
and reduce the need for resource-intensive repairs [18]. In combination with sustainable
construction practices, these technologies could transform how transport networks are
built and maintained.

Moreover, policy frameworks must also evolve to support the adoption of sustainable
materials and practices. Technological advancements are essential, but strong policy
measures are equally necessary to encourage the use of greener technologies and ensure
compliance with sustainability standards [19]. Policymakers can find valuable guidance in
the research presented in this volume. Indeed, it demonstrates how sustainable practices
can be effectively implemented and highlights the benefits of adopting a life cycle approach
to decision-making.

The contributions to this Special Issue offer a comprehensive view of the current state
of sustainable transport infrastructure. By addressing key challenges, such as using recycled
materials, reducing carbon emissions, and implementing life cycle assessments, the research
offers theoretical insights and practical applications to guide future infrastructure projects.
As the transportation sector continues to evolve in response to environmental, social, and
economic pressures, collaboration between researchers, engineers, and policymakers is
essential. Over time, these endeavours will pave the way for the emergence of technically
viable and more sustainable transport solutions.

Future research will be crucial in advancing these initiatives, particularly in bio-
material development [20], smart infrastructure, policy integration, circular economy
principles, and digitalisation of construction processes [21]. The integration of artificial
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intelligence (AI), data mining, and building information modelling (BIM) also offers promis-
ing pathways in sustainability assessments [18]. For instance, AI and data mining can
enhance performance monitoring and predictive maintenance [22], allowing for optimised
resource use and more sustainable pavement management. Additionally, combining BIM
with life cycle assessment (LCA) enables more precise sustainability analyses by providing
detailed insights into material use, energy consumption, and environmental impacts across
the infrastructure life cycle [23]. By continuing to explore these avenues, society will move
closer to achieving truly sustainable transport infrastructure that meets the needs of both
present and future generations.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Assessing the holistic sustainability of public policies remains a challenge rarely taken
up due to a lack of adequate assessing methods. Frequently, only environmental and/or financial
aspects are addressed, rather than the three pillars, including macro- and micro-economic as well as
social performance. This paper presents an assessment method to fully compare the performance of
pavement resurfacing policies for all its stakeholders and considering pavement–vehicle interactions.
First, an analytical and then systemic approach to road maintenance highlights all its stakeholders, and
a complete set of sustainability indicators is proposed to quantify the various impacts of maintenance
programs: tax revenues, road operator’s and users’ savings, domestic production and employment,
net present value, users’ time savings and noise reduction health benefits, as well as protection
of natural resources, biodiversity and human health. Second, specific physical models of road
condition (International Roughness Index) and its role in pavement–vehicle interaction in terms of
vehicle consumption and wear as well as traffic noise are introduced. Then, equations to calculate
these indicators are presented based on a comparison of existing assessment methods. The final
transdisciplinary method pulls from road engineering, industrial ecology, acoustics and economics.
It especially combines environmental and economic life cycle assessments and economic input–
output analysis, as well as financial and socioeconomic appraisals. Finally, this article takes up the
interdisciplinary challenge of building a fully holistic assessment method to help decision makers
properly address sustainability, and its general algorithm can be adapted to assess a variety of
transportation policies.

Keywords: holistic sustainability; road maintenance policies; multicriteria decision making support;
life cycle assessment; macroeconomics; socioeconomic appraisal; public investments; pavement–
vehicle interaction

1. Introduction

The sustainability of road transportation strongly depends on infrastructure mainte-
nance policies, but the impacts of these policies have never been quantified with a com-
prehensive triple bottom line framework. As an example, in France, road transportation
accounts for 8% of jobs and 13% of the gross domestic product, and it generates annual
tax revenues of EUR 45 billion [1]. The average household spends more than 10% of its
budget on cars [2]), and the average individual spends a cumulative period of 4 years on the
road in their life (calculated from the French households transportation survey [3]). These
socioeconomic figures have concomitant environmental implications, as 29% of primary
energy consumption [4] and 28% of greenhouse gas (GHG) emissions [5] are attributable to
road transportation in the country. Road vehicles are also responsible for local pollution,
particularly particulate matter emissions, including PM2.5, that alone would cause almost

Sustainability 2022, 14, 1513. https://doi.org/10.3390/su14031513 https://www.mdpi.com/journal/sustainability5
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10,000 annual deaths in France (see Supplementary Material). Moreover, the impact of road
noise affects 16 million people, around 1 million of them at critical health thresholds [6].

Road conditions—and thus pavement maintenance policies—influence this perfor-
mance. For instance, road surface deterioration increases consumption and wear for the
vehicles traveling over them due to pavement–vehicle interactions (PVI) [7], thereby af-
fecting the overall efficiency of the road and especially its environmental performance [8].
Nevertheless, the holistic sustainability of pavement maintenance policies has never been
assessed comprehensively. While some methods were developed to make triple bottom
line assessments of specific activities or products, such as buildings in Turkey [9], small and
medium manufacturing companies [10] or urban food system governance [11], methods
are still needed for transportation [12] and its infrastructure maintenance plans. Numerous
methods claim a sustainability approach while being in fact mono-pillar, i.e., considering
only one of the three dimensions: social, environmental or economic.

The main objective of this article is to build a comprehensive method to assess the
holistic sustainability of road maintenance policies, with a focus on pavement resurfacing
and PVI. Indeed, besides major refurbishments, pavement resurfacing is the most common
and important kind of road maintenance operation, consisting of (re)building the top layer
of a road surface, by spreading road materials over a thickness of 1 to less than 10 cm. This
paper’s subobjectives are as follows: first, to define road maintenance stakeholders and
the categories of holistic sustainable impacts affecting them; second, to introduce specific
physical models of road condition (international roughness index (IRI)) and its role on
the pavement–vehicle interaction in terms of vehicle consumption and wear as well as
traffic noise and third, to put forward a set of equations to fully specify the assessment
model and make it computable. A companion article “Part II” will present a case study on
maintenance policies for an interurban highway in France and show the practicability of
the method and its concrete usefulness.

2. Literature Review

2.1. Mono-Pillar Sustainability Methods and Hybridization

Fairly extensive literature exists on the environmental evaluation of roads through
life cycle assessment (LCA) [13], sometimes used specifically for the question of resur-
facing [14–21]. Life cycle cost analysis (LCCA) can also be used to financially optimize
roads [22–25]. Next, the input–output analysis (IOA) approach ([26] is an operational
method for grasping the macroeconomic impacts of an economic policy on domestic pro-
duction and employment [27]. It has been used in the transportation sector to assess the
impact of a new road in the U.S. [28] or in France [29], of rolling out electric vehicles in
France [30] or of the Paris–Bordeaux high-speed rail line in France [31], but never for road
resurfacing. Finally, hybrid methods are used to assess the impact of roads excluding
road maintenance. For example, a socioeconomic appraisal method is used by the French
Ministry of Transportation to assess the public utility of a new transportation infrastruc-
ture, which combines macroeconomic, financial, social (time saved) and environmental
dimensions [29]. This method has been hybridized with LCA in the case of an urban road
rehabilitation operation [32]. However, it is not suitable for analyzing maintenance and
there are deficiencies in its scope. Moreover, whole life cost analysis—hybridizing LCA
and LCCA—was recently used in a pavement management study [33].

2.2. PVI Models and Road Maintenance Sustainability

Many models of vehicle operating costs have been developed since the 1970s [7]:
incremental models linking the IRI with vehicle consumption and wear were developed
for the World Bank between 1971 and 2005 by the Massachusetts Institute of Technology
(MIT) [34], the Transportation Research Lab [35–37] and Birmingham University [38].
Originally developed for roads and vehicles in developing countries, these models were
first calibrated for a developed country in the U.S. by Michigan State University [7]. This
calibration reveals consumption differences of around 3%, 8% and 130% in fuel, tires and
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suspension systems, respectively, between vehicles traveling on a very smooth surface
(IRI = 1 m/km) and vehicles running on a road in fairly poor condition (IRI = 6 m/km),
these percentages depending on the vehicle type and its roll speed.

Finally, several studies have assessed some sustainability consequences of vehicle
consumption due to road surface conditions. We summarize the characteristics of these
studies in Table 1 and describe them further.

Table 1. Characteristics of road assessments considering PVI.

Lead Author and Year
Indicators Consumption of Goods

Costs GHG Energy Others Roadworks Fuel Tires Suspension Parts

Wang 2012b X X X X
Chong 2017 X X X X
Wang 2014 X X X X
Bryce 2014 X X X

Yu 2015 X X X (LCA) X X
Yang 2015 X X X X X

Santos 2015 X X X (LCA) X X
Santos 2017 X X X X (LCA) X X

Pellecuer 2014 X X X (LCA) X X
Guevara 2017 X Time X X X X

The models of vehicle consumption sensitivities to the IRI established by Chatti and
Zaabar [7] have been used several times to assess the effectiveness of road maintenance
practices. Wang et al. [8] compared the improvements in GHG emissions and energy con-
sumption obtained from a resurfacing program leading to a lower than usual IRI, including
in the scope of their assessment both the impact of roadwork and the fuel consumption
of the vehicles traveling on the roads. Chong and Wang [39] conducted a fairly similar
study, extending the latter approach with an optimization program considering the initial
dimensions of the road. Wang, Harvey and Kendall [40] assessed the optimum potential
gain in GHG emissions in relation to road maintenance policy in the State of California and
calculated the cost of mitigation in dollars per ton of CO2 equivalent saved. Bryce et al. [41]
presented a five-year optimization model that minimizes total energy consumed in both
road maintenance and fuel consumption, constrained by the road operator’s costs and road
conditions. Yu et al. [42] developed an optimization program of the same type, extending
the environmental scope to GHG emissions, acidification potential and respiratory effects,
using a weighting method. Yang et al. [43] compared the impact of resurfacing programs
with differences in the proportion of reclaimed asphalt pavement included in the new
resurfacing material from an environmental perspective—GHG emissions and primary
energy consumption—and from the perspective of the financial impact on the road opera-
tor. The only environmental effect from PVI considered was fuel consumption. Similarly,
Santos et al. [44] compared the environmental performance of several resurfacing tech-
niques but also left out the impact of differences in tire and suspension wear arising from
PVI. This performance was assessed using the environmentally extended input–output
method but not LCA in a second comparative study considering tires and suspension
parts [33]. The latter study also includes an economic performance indicator, in the form of
net present value (NPV), including the economic flows associated with road maintenance
as well as vehicle consumption, calculated with a single discount rate of 2.3%. A decision
support method for road surface management, developed by Pellecuer et al. [45], calculates
the monetized health impacts of road noise and atmospheric pollution, as well as the cost
of carbon dioxide emissions associated with traffic, under different road surface conditions.
It also includes the variation in fuel consumption but not wear on tires and suspension.
This study considers the monetary cost of noise pollution.

Finally, the marginal effect of vehicle consumptions according to road condition on the
time spent by the users to operate their vehicle is considered by Guevara [46]. Nevertheless,
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no studies have compared the excess time spent because of roadwork with the time saved
on the logistics of vehicle consumptions (journeys to gas stations to fill up and to service
stations for tire and suspension maintenance).

2.3. Article’s Scientific Contributions

As shown in the literature review, the methods developed to assess the sustainability
of road maintenance policies are numerous but fragmentary with respect to the range of
impacts on sustainable development and on stakeholders, as well as in consideration of the
consequences of PVI. We thus propose a method that completes the existing approaches by
adding the social, macroeconomic and financial aspects missing in the literature and by con-
sidering all the consequences of PVI—in particular the previously neglected environmental
contributions of tire and suspension system wear. A novel method is also integrated to
quantify the impact of road pavement resurfacing on traffic noise over time and ultimately
damage to road local residents’ health.

3. Method Overview

3.1. Identifying Road Maintenance Stakeholders and a Comprehensive Classification of Impacts

We built the method based on a reflection on which fundamental goals a public pol-
icy should follow towards a sustainable pathway, considering all four thinking schemes
of socioeconomic ethics [47], main findings of the economics of welfare [48] and happi-
ness [49] and the analysis of the original French texts theoretically driving the national
social contract [50–52]. After a thorough analysis, the socioeconomic factors of happiness
which are related to the strategies of road maintenance are: health, safety and security,
employment, leisure and free time, resources and natural environment (details are available
in the Supplementary Material and a Ph.D. thesis manuscript [53]). These factors affect the
following stakeholders: the asset manager (i.e., road operator), the users, the residents, the
State (or Government) and the environment.

Then, from a road maintenance stakeholder analysis and the multiple interests un-
derlined in the literature review, we selected a set of indicators to holistically assess the
multiattribute performance of a road resurfacing policy. The number of indicators was
arbitrarily restricted to around 10 to avoid decision making cognitive saturation [54]. Non-
quantitative impacts such as user comfort were not considered, and road safety was not
accounted for due to its inherent multifactorial aspect, only partially depending on the
infrastructure itself [55], thus difficult to separate from the other factors. Finally, the set
of eleven indicators is composed of: users’ time savings, health protection related to road
noise, protection of resources, biodiversity and human health, road operator’s and users’
savings, domestic production and employment, tax revenue and national economic savings.

The stakeholders, impact causality chains and selected indicators are illustrated in the
Figure 1. It shows how PVI are at the center of the stakeholders’ impacts.
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Figure 1. Systemics of road maintenance impacts: stakeholders’ analysis, causality chains and impact
categories per stakeholder.

3.2. Overview of the Method’s Architecture

The architecture of the integrated method that we developed to assess the different
indicators selected in Figure 1 is represented in Figure 2. As an input, it uses IRI data of the
road studied at the time t0. Depending on the pavement resurfacing scheme, it simulates
the evolution of the IRI over time and calculates the associated inventories of consumptions
and emissions on the assessment period: road works and vehicle consumptions, as well
as noise emissions. It then combines assessment methods covering all aspects relating to
road maintenance sustainability for the stakeholders: whole cost analysis, financial and
socioeconomic assessments, LCA and Leontief’s IOA. Combining these methods allows
for calculating the main impacts caused by a maintenance policy as a result of the speed
and intensity of road surface deterioration throughout its lifespan and on the different
stakeholders highlighted previously.

Figure 2. Architecture of the integrated method to assess the sustainability of pavement resurfacing
programs (IRI: international roughness index; LCA: life cycle assessment; I/O: input–output).
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3.3. Practical Use of the Method

The method was developed to be applied at the scale of the road section. The section
must be considered over an observation period that is long enough to contain several
resurfacing cycles and where the physical condition of the section is identical at the end of
the analysis period for all the maintenance plans considered. A maintenance plan consists
of a temporal sequence of resurfacing operations. Several resurfacing techniques exist,
differing in terms of the thickness of the materials used, the quality of these materials and
the construction technique of the surface layer. Each technique presents a specific financial,
macroeconomic and environmental performance profile from the point of view of the
maintenance operation. On the other hand, each maintenance technique has a potentially
different impact on road surface condition and therefore the consumption and wear of
the vehicles it supports. The vehicle population carried by the road section is separated
into different categories of vehicles. The different consequences of PVI on these categories
in terms of consumption and wear are accounted for. The impacts of this consumption
and wear, as well as those of road works, are considered over their entire life cycles, as
macroeconomic, financial and environmental consequences happen over their entire supply
chain. The environmental aspects quantified are therefore calculated on a global scale.
On the other hand, the health impact of road noise for residents relates to a local and not
a global indicator. Finally, macroeconomic indicators focus on a national approach.

4. Specific Physical Models

4.1. Capturing the Evolution of Road Surface Condition

Considering the literature, the surface condition is expected to be a key parameter of
road maintenance sustainability. From the IRI data for the road section to be assessed from
time t0, we calculate the evolution of the IRI over the entire lifespan of the road surface,
between two resurfacing operations and before/after resurfacing operations.

4.1.1. IRI Evolution between Two Resurfacing Operations

The studies published on changes in the IRI between two resurfacings [8,23,43,56–60]
propose different formulas in the mathematical form described in Equation (1)—where a, b
and d are calibration parameters, and t is time.

IRI(t) = a(t + b)d (1)

In previous studies, this ultimately corresponds to deterioration speeds ranging from
0.019 m/km·year [60] to 0.23 m/km·year [59]. We recommend calibrating the equation for
every road section or network assessed using field measures.

4.1.2. Effect of Resurfacing Operations on the IRI

The effect of resurfacing works on the IRI can be estimated by calibrating the American
equation established by Wang et al. [59] using the IRI data for the road assessed as recalled
in Equation (2), where e and g are calibration coefficients depending on the resurfacing
technique, tR+ the time just after resurfacing and tR− the time just before.

IRI(tR+) = e × IRI(tR−) + g (2)

By default, for a resurfacing technique with a thickness between 3 and 7.5 cm, one can
take the parameter values of the study referred to, recalculated here in international system
units: e = 0.40 and g = 0.67 m/km [59].

4.2. Consumptions and Emissions over the Pavement Surface’s Lifetime

Vehicle consumptions and emissions partly depend on the IRI, which partly depends
on the resurfacing program and thus on maintenance operations. To compare the sustain-
ability of different road maintenance programs, we assess for each option the resurfacing
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works demand, the vehicle consumptions—in fuel, tires and shock absorbers—as well as
the road noise emissions. PVI intensity and consequences depend on the kind of vehicle
considered. To model the traffic, we choose a typology with 4 categories of vehicles like
Chatti and Zaabar’s method [7]: passenger car (PC), light commercial vehicle (LCV), small
heavy vehicle (2 axles) (SHV) and large heavy vehicles (3 axles and more) (LHV).

4.2.1. Resurfacing Works Demand

Based on the resurfacing programs to be tested, with Equation (3), we calculate
the resurfacing works demand RWDk (in square meters) using a resurfacing technique
k depending on the width ω of the pavement to be resurfaced in meters, its length λ in
meters and Nk, the number of resurfacing operations of type k over the assessment period.

RWDk = ω × λ × Nk (3)

4.2.2. Excess Vehicle Consumptions

Based on the data for pavement condition and dynamic traffic over time, we calculate
the excess consumptions due to pavement surface irregularities over the pavement’s
lifetime for each vehicle category and consumable type—fuel, tires and suspensions. To do
this, we consider the French average consumptions and select, after a model comparison,
the IRI consumption sensitivity factor from HDM-4 [38] calibrated for the U.S. [61], which
we adapt to the speeds actually observed on the different types of French road networks by
statistical regression (see Supplementary Material). French speed limits are very similar to
those in other European countries, but the equation adaptations can be conducted using
the same method for each country’s real conditions.

• Excess fuel consumption

The equations to quantify excess fuel consumption (EFC), depending on IRI, vehicle
type and road type, are calculated in the Supplementary Material and presented in Table 2
for each kind of intercity network in France considering the average speeds on these
networks in km/h for light vehicles (LV)—PC and LCV—and heavy vehicles (HV)—SHV
and LHV. Again, regressions can be calculated using the same method for each country’s
real conditions.

Table 2. Equations to calculate EFC depending on IRI and type of vehicle and road.

EFC = f (IRI) R2

Highways (118/88)

PC EFC = 0.0233 IRI + 0.975 0.9927
LCV EFC = 0.00710 IRI + 0.996 0.9317

Small HV EFC = 0.00870 IRI + 0.992 0.9939
Large HV EFC = 0.0170 IRI + 0.981 0.9799

Express ways
(101/84)

PC EFC = 0.0239 IRI + 0.975 0.9966
LCV EFC = 0.0079 IRI + 0.994 0.9694

Small HV EFC = 0.0092 IRI + 0.991 0.9975
Large HV EFC = 0.0177 IRI + 0.980 0.9823

National/rural roads
(82/79)

PC EFC = 0.0245 IRI + 0.976 0.9983
LCV EFC = 0.0088 IRI + 0.993 0.9914

Small HV EFC = 0.0097 IRI + 0.991 0.9996
Large HV EFC = 0.0185 IRI + 0.980 0.9848

Fuel consumption due to the deterioration of the surface of the road over time can be
calculated using Equation (4):

FCj,k = λ × ∑
i

∫ t f

t0

EFCj,i(t)× AFCi,j(t)× Qj(t) (4)
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with FCj,k the fuel volume of type k overconsumed on a road of type i over a period from t0
to tf in hundredths of liters, λ the length of the road section evaluated in kilometers, EFCj,i
the EFC of a vehicle of type j on a road of type i in percentage, AFCi,j the dynamic average
fuel consumption of a vehicle of type j on a road of type i in liters per 100 km and Qj the
traffic flow of type j vehicles on the road section considered in number of vehicles.

• Excess tire wear

The equations to calculate excess tire wear (ETW), depending on IRI, vehicle type and
road type, are calculated in the Supplementary Material and presented in Table 3. for each
kind of intercity network in France and LV and HV average speeds, respectively. Specific
national regressions can be calculated using the same method for any country.

Table 3. Equations to calculate ETW depending on IRI and type of vehicle and road.

Vehicle ETW = f (IRI) R2

Highways (118/88)

PC ETW = 0.0168 IRI + 0.9812 0.9854
LCV ETW = 0.0102 IRI + 0.9927 0.9687

Small HV ETW = 0.0122 IRI + 0.9866 0.9907
Large HV ETW = 0.0089 IRI + 0.9917 0.9983

Express ways
(101/84)

PC ETW = 0.0136 IRI + 0.9856 0.9884
LCV ETW = 0.0088 IRI + 0.9929 0.9776

Small HV ETW = 0.0012 IRI + 0.987 0.9921
Large HV ETW = 0.0085 IRI + 0.9923 0.9972

National/rural roads
(82/79)

PC ETW = 0.0100 IRI + 0.9905 0.9865
LCV ETW = 0.0073 IRI + 0.9931 0.9839

Small HV ETW = 0.0117 IRI + 0.9874 0.9938
Large HV ETW = 0.008 IRI + 0.9931 0.9949

Tire consumption due to the deterioration of the surface of the road over time can be
calculated using Equation (5):

TCi,k = λ × ∑
i

∫ t f

t0

ETWi,j(t)× TWRi,j(t)× Qj(t) (5)

with TCi,k the number of tires of type k overconsumed on the road of type i, λ the length of
the road section evaluated (in kilometers), ETWi,j the ETW for a vehicle of type j on a road
of type i, TWRi,j the kilometric tire wear ratio for a vehicle of type j on a road of type i and
Qj the traffic flow of type i vehicles.

• Excess suspension wear

According to Chatti and Zaabar’s model, vehicles age faster on roads only with IRIs
over 3 m/km. In our model, we will consider that only the suspension systems age faster
under high IRIs. Over the 3 m/km threshold, the equations to calculate the shock absorber
lifespan, depending on IRI, vehicle type and road type, are calculated in the Supplementary
Material and presented in Table 4, for each kind of intercity network in France and LV and
HV average speeds, respectively. These equations can be recalculated for any network in
any country using the same process presented in the Supplementary Material.
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Table 4. Equations to calculate the shock absorber lifespan (SAL) depending on IRI and type of
vehicle and road.

SAL = f (IRI) R2

Highways (118/88)

PC SAL = 139 643.exp(−0.183 * IRI) 0.9750
LCV SAL = 139 643.exp(−0.183 * IRI) 0.975

Small HV SAL = 218 765.exp(−0.271 * IRI) 0.9874
Large HV SAL = 181 842.exp(−0.207 * IRI) 0.9651

Express ways
(101/84)

PC SAL = 155 221.exp(−0.183 * IRI) 0.9750
LCV SAL = 155 221.exp(−0.183 * IRI) 0.975

Small HV SAL = 226 487.exp(−0.271 * IRI) 0.9874
Large HV SAL = 188 260.exp(−0.207 *IRI) 0.9651

National/rural roads
(82/79)

PC SAL = 177 331.exp(−0.183 * IRI) 0.9750
LCV SAL = 177 331.exp(−0.183 * IRI) 0.975

Small HV SAL = 236 940.exp(−0.271 * IRI) 0.9874
Large HV SAL = 196 949.exp(−0.207 * IRI) 0.9651

Shock absorber consumption for IRIs above 3 m/km can be calculated using Equation (6):

SACi,k = λ × ∑
i

∫ t f

t0

1
SALi,j(t)

× Qj(t) (6)

with SACi,k the number of shock absorbers of type k consumed on the road type i, λ the
length of the road section evaluated (in kilometers), SALi,j the SAL for a vehicle of type j
on a road of type i and Qj the traffic flow of type j vehicles.

Note that this time, we directly calculate a consumption rather than an overconsump-
tion: this does not change the final calculation, as it will be conducted on a differential
approach between resurfacing programs.

4.2.3. Noise Emission

• Unitary noise linear power level over time

Noise characterization can be calculated through the unitary noise linear power level
(Lw/m) corresponding to the noise power emitted by one vehicle on one meter. To
understand its evolution over time, the statistical models of tire–road noise evolution from
the European benchmark method [62] are updated using the most recent version of the
French road noise database established by the CETE of East, a public technical center that
reports to the French Ministry of Transportation (see Supplementary Material). These new
models, different for heavy vehicles (HVs) and light vehicles (LVs), are presented in Table 5.
Rx corresponds to acoustic categories of pavement rolling course, these categories being
detailed in the Supplementary Material. Although the model is updated using a French
database, physical acoustic phenomena is the same everywhere; thus, it must be usable in
other countries with similar climate conditions, where pavement ageing is equivalent.

Table 5. Unitary noise linear power level per size of vehicle, depending on the pavement age t (in
year), for t > 2 years and for three different categories of pavement surface Rx.

Rx Light Vehicles Heavy Vehicles

R1 2.2ln(t − 1) + Lw/m (t = 2 years) 1.3ln(t − 1) + Lw/m (t = 2 years)
R2 2.7ln(t − 1) + Lw/m (t = 2 year) 1.6ln(t − 1) + Lw/m (t = 2 years)

R3

{
0.2(t − 2) + Lw

m(t=2 years) i f t ∈ [2; 10]
Lw

m(t=10 years) i f t > 10

{
0.125(t − 2) + Lw

m(t=2 years) i f t ∈ [2; 10]
Lw

m(t=10 years) i f t > 10
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• Total linear power level per vehicle

The noise of one motorized vehicle rolling on pavement is calculated by adding
two noise components: the noise emitted by the motor and the noise emitted by the tire–
road interaction. To calculate the unitary noise linear power level at t = 2 years, Lw/m
(t = 2 years) per component and type of vehicle, we use formulas from Sétra [62] detailed
in the Supplementary Material in the conditions of French interurban roads. We obtain
Table 6.

Table 6. Average noise power level—motor and tire–road components—per meter of source line for
a two-year-old rolling course.

Lw/m—Motor Component
(dB(A))

Lw/m—Tire–Road Component (dB(A))

R1 R2 R3

DR/NR ER HR DR/NR ER HR DR/NR ER HR DR/NR ER HR

1 LV 42 43 43 49 50 52 53 54 56 55 57 58
1 HV 50 50 51 59 60 60 62 63 63 63 64 64

DR = department road; NR = national road; ER = express road; HR = highway road.

We can then calculate Lw/m (t = 2 years) per type of vehicle (LV or HV) by adding the
noise source u—motor and tire–road noise—using the generic noise addition Equation (7).

Ltot = L(∑
u

Sourceu) = 10 log

[
∑
u

10
Lu
10

]
(7)

• Total linear power level per road lane

From the calculation of these linear power levels (emitted by an HL or an LV) for
a pavement surface of category Rx of age t (tire–road noise component only), the total
linear power level per road lane can be calculated by adding the noise of all the vehicles by
period of time—day or night. To do so, Equation (8) is the formula to calculate the linear
density ρj in vehicles of type j per meter, with qj the traffic in number of vehicles j per hour
and Vj the average speed for vehicles of type j.

ρj =
qj

Vj × 1000
(8)

Then, Equation (9) is the formula to calculate L, the noise level of a road per meter
depending on the linear density of heavy and light traffic dLV and dHV during the day
(6 a.m. to 10 p.m.) or the night (10 p.m. to 6 a.m.) and the noise level of one HV and LV
LLV and LHV per meter.

L

(
∑

LV+HV
j

)
= 10 log

[
ρLV10

LLV
10 + ρHV10

LHV
10

]
(9)

• Additivity of the line sources’ noises and temporal weighting

In the case of multiple road lanes, the noise of each line source must be added to
obtain the linear power level of the road. Several methods can be considered to add the
line sources’ noise levels, depending on the road and noise receptor configuration. The
method must be selected depending on the configuration studied.

• Calculation of the sound power

With Equation (10), we then calculate the sound power W/m emitted by the traffic
from the linear power levels of the road, using Equation (9), with W0,linear = 1 pW/m =
1 × 10−12 W/m [63].

W/m = W0,linear × 10
Lw/m

10 (10)
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The sound level is then integrated over the length λ of the road section studied to
obtain the average sound powers during the day (Wj) or the night (Wn) according to the
following Equation (11):

Wtot =
∫ l

0
W/mdl = W/m × λ (11)

This result is then converted into acoustic energy emitted by multiplying by the time
period considered. Our sound energy varying with the aging of the road surface and
the latter being calculated over a time step of one year, we therefore multiply Wtot by
3600 s × 365 days × the number of hours of the period considered (16 h for the day and 8 h
for the night) to obtain Ej and En, respectively, the daytime and nighttime acoustic energies
emitted in J(A).

5. Three Pillar Indicators’ Algorithm

The classification of performance indicators between the three pillars of sustainable
development is a matter of perspective when an indicator can be attached to two or
three pillars. We propose the following classification, recognizing this potential intrinsic
overlap. The method aims to assess the benefits of an alternative maintenance scheme
(Alt) compared to a business-as-usual (BAU) program. Thus, performance indicators will
always be calculated as the difference between the alternative scheme’s performance and
the BAU scheme, using the generic Equation (12):

Benefit(Alt) = NegativeImpact(BAU)− NegativeImpact(Alt)
= PositiveImpact(Alt)− PositiveImpact(BAU)

(12)

5.1. Environmental Metrics
5.1.1. LCA: Characterization Methods and Indicators

We use LCA to evaluate the environmental impacts, following ISO standards 14040
and 14044 [64,65]. This method quantifies the environmental impact of a system—being
a product or an activity—by inventorying input and output flows crossing the system over
its life cycle and calculating their impact on the environment using characterization meth-
ods. The inputs and outputs are product, energy or material flows. Input flows come from
the natural environment or the technosphere. Based on this inventory, characterization
methods relate the flows to their potential impact on the environment, potentially consid-
ering their fate and the exposure of specific ecosystems. These methods make it possible
to calculate many different environmental impacts, and the same type of indicator—e.g.,
impact on climate change, acidification or eutrophication—can be calculated in multiple
ways depending on the characterization method chosen. The quality of a characterization
method depends on the good representativeness of the physical realities modeled: the
method must be scientifically up-to-date and adapted to the area of assessment. Two
kinds of LCA indicators exist: midpoint and endpoint indicators. Midpoint indicators
focus on single environmental problem—such as climate change or acidification—while
endpoint indicators aggregate midpoint indicators in the three areas of environmental
protection: natural resources, ecosystems and human health. A complete midpoint indi-
cator set has a dozen indicators. As we want to restrict our indicator set to around ten,
we choose to select endpoint indicators, which allow covering the total environmental
damage concisely. Selecting LCA endpoint indicators rather than midpoint indicators is
doubly beneficial: focusing on meaningful environmental indicators for the preservation of
our planet and restricting the number of performance indicators to help decision makers
while encompassing all the midpoint impact categories, including the most popular one:
climate changecontribution. Further adaptations of this method do not exclude calculating
a complete midpoint set to assess the environmental impacts of resurfacing policies and,
for instance, a climate change contribution indicator.
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5.1.2. Selection of Endpoint Indicators

We select the two operational environmental endpoint indicators from the method
IMPACT World+ [66]: damage to ecosystems (renamed “biodiversity”) and to human
health. IMPACT World+ is the update of IMPACT 2002+, LUCAS and EDIP, and currently
the most scientifically advanced characterization method in LCA [67]. The IMPACT World+
biodiversity damage indicator covers the effects on biodiversity of (short- and long-term)
marine, freshwater and soil acidification; freshwater and marine eutrophication; land use;
ecotoxicity (short- and long-term); climate change (short- and long-term); ionizing radiation
and heat pollution affecting water quality and water availability (for terrestrial and aquatic
freshwater ecosystems). The biodiversity loss calculated is expressed in PDF.m2.yr: it
corresponds to the potentially disappeared fraction of species over a surface area of one
squared meter over one year. The IMPACT World+ indicator for damage to human health
includes the following effects: climate change (short- and long-term), carcinogenic and
non-carcinogenic toxicities (short- and long-term), ionizing radiation, ozone layer depletion,
formation of fine particulates and photochemical oxidants and availability of water. This
indicator is expressed in DALY, meaning disability-adjusted life years. One DALY is
equivalent either to one year of potential life lost through premature death or one year of
productivity lost as a result of incapacity. Note that the human health damage indicator
includes the impact of air pollution over the entire supply chain of road maintenance
consumption and road usage. Air pollution due to roads is a major public health issue,
even more when highly trafficked and localized in densely populated areas. However,
manufacturing is also a major source of air pollution: we chose an indicator that does
not discriminate the damage to human health due to air pollution around roads and
around facilities worldwide (where, for instance, spare parts or fuel are produced), whereas
socioeconomic appraisals only consider local pollutions.

A third endpoint indicator focusing on damage to non-renewable resources and
calculated with the ReCiPe method [68] comes to complete this environmental set of
indicators. The latter, expressed in dollars, counts the economic impacts relating to the
consumption of fossil and mineral resources, using a marginal cost approach. This approach
is underpinned by the notion of resource scarcity: the scarcer a resource, the more its
consumption will generate additional future extraction costs. ReCiPe offers the most
advanced resource damage indicator, as it is an update of the Eco-Indicator and CML
methods [67].

5.1.3. Calculation of the Metrics

Equation (13) is the formula to calculate the impact of a unitary consumption Ij,k,o for
each type of consumption k—a type of tire, suspension system or fuel needed to travel one
kilometer—per type of vehicle j, for each type o of the three damage indicators. It sums the
products of each flow of consumption or emissions f lowc listed in the corresponding con-
sumption life cycle inventories by characterization factor CFc,o obtained from the methods
IMPACT World+ or ReCiPe, we.

Ij,k,o = ∑ f lowc × CFc,o (13)

The environmental impact of type o related to switching from a BAU resurfacing
scenario to an alternative scenario is then calculated by multiplying the unitary impact
of each type of consumption k by the number of units consumed over the assessment
period for the total traffic. Consumption in one resurfacing scenario can be calculated with
Equations (3)–(6).

5.2. Social Metrics

Two social indicators are considered in the method: users’ time savings and the
impact of road noise on residents’ health. The latter could be considered an environmental

16



Sustainability 2022, 14, 1513

indicator. However, as it involves the local population exposed to the road’s traffic, it is
considered a social indicator.

5.2.1. Road Noise Health Impact Indicator

The method includes an indicator of the impact of road noise on local residents’
health DALYΔt. It combines the road noise model developed in the noise inventory
section of the article with a road noise LCA model developed by Meyer (2017). More
specifically, we will use Meyer’s characterization factors CFΔt that relate the noise en-
ergy EΔt emitted by the road to human health damage according to Equation (14), with
CFday = 6.61 × 10−7 DALY/J(A) and CFnight = 1.25 × 10−5 DALY/J(A).

DALYΔt = EΔt × CFΔt = WΔt × Δt × CFΔt= Wday×
Δt(day)× CFday+Wnight×Δt(night)× CFnight

(14)

The residents’ health damage due to traffic noise will be calculated over the assessment
period according to Equation (15).

HealthDamageresidents =
∫ t f

t0

DALYΔtdt (15)

Contrary to air pollution impacts on human health that are considered over the
entire supply chain, for this indicator, we calculate the impact of road noise on human
health of people living around the road, due to a lack of database on noise emissions of
different activities.

5.2.2. Users’ Time Saving Indicator

This indicator considers, based on the resurfacing program as well as fuel consumption,
tire and suspension wear, the time spent by users in roadwork zones but also in journeys to
gas stations or garages for vehicle maintenance and operation.

We use Equation (16) to calculate the time loss for a vehicle of type j due to a work
zone, with θalternative,j the time to cross the work zone during construction for the type of
vehicle j and θstandard,j the standard time to cross the section. θalternative,j can relate to time
lost due to congestion, construction traffic lights, reduced speed limitations or detours.

TimeLossworks,j = θworks,j − θstandard,j (16)

Then, the time lost on the road section over the assessment horizon is calculated
by summing the time lost for the four types of vehicles j and all the traffic during the n
resurfacing operations, with qj(t) the hourly traffic of type j vehicles, Δt_m the duration of
the resurfacing operation k and Nk the number of resurfacings of type k over the assessment
period, as shown in Equation (17).

TimeLossworks = ∑
k

∑
j

Timeloss,j × qj(t)× NkΔt_mk (17)

On the specific road network of type i, the total time lost due to vehicle consumption
of type c (tires, shock absorbers or fuel) is calculated with Equation (18) from Nc, the vehicle
spare part consumption in number of total replacements of tires and shock absorbers or the
volumes of 100 L of fuel for the vehicle of type j, and the estimated duration of the various
operating and maintenance activities ODc,j, with c = 1 relating to tire consumption, c = 2 to
shock absorber consumption and c = 3 to fuel consumption.

TimeLossvehicle consumptions,i = ∑j ∑c Nc × ODc,j = ∑j TCi,j × OD1,j+

∑j SACi,j × OD2,j+∑j
FCi,j
100 × OD3,j

(18)
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The users’ time savings generated by an alternative resurfacing scheme compared to
a reference are calculated using Equation (12) based on Equation (19):

TimeLossusers = TimeLossvehicle consumptions + TimeLossworks (19)

5.3. Economic Metrics

Based on resurfacing operations and vehicle consumption, we calculate the economic
impacts of resurfacing programs, i.e., their macroeconomic effects and their financial
consequences for the stakeholders concerned: the road operator, users and government.
This requires cost models for vehicles and resurfacing consumption.

5.3.1. Users’ Costs

The excess cost to use their vehicles for the road users VehicleExpensesusers, discounted
over time at a rate r, can be calculated over the assessment period by multiplying each type
c of excess consumption EEk—namely, FCk the excess fuel consumption of type k, TCk the
number of tires of type k overconsumed and SACk the number of shock absorbers of type k
consumed—by their costs Ck(t) in constant currency, following Equation (20).

VehicleExcessExpensesusers =
∫ t f

T=t0
∑
k

1

(1 + r)T−t0
× EEk(t)× Ck(t) (20)

By default, we propose to consider a discount rate a equal to the government’s 10-year
borrowing rate, as it represents the household financial market reality.

5.3.2. Road Operator’s Costs

The cost to maintain the road for the operator MaintenanceExpensesoperator, discounted
over time at a rate r, can be calculated over the assessment period by multiplying the
surfaces of the road maintained using the resurfacing technique k, RWDk(t), by Ck(t),
the cost of this technique per square meter over time in constant currency, following
Equation (21).

MaintenanceExpensesoperator =
∫ t f

T=t0
∑
k

1

(1 + r)T−t0
× RWDk(t)× Ck(t) (21)

By default, we propose to consider a discount rate r equal to the rate of return of the
operator if it is a private company or to the government’s 10-year borrowing rate if the
road is publicly operated.

5.3.3. Domestic Production and Employment

To calculate domestic production and employment content indicators, we use Leon-
tief’s IOA method [26,69]. This method is used by governments to analyze the national
accounts and produce their macroeconomic projections. It uses input–output (I/O) tables
representing production by economic sectors and their mutual dependencies to calculate
the macroeconomic impact of an economic shock, i.e., a change in demand on certain
economic sectors.

First, we convert the previously calculated physical consumption items from Equations (3)–(6)
into monetary flows employing cost models. These models are specific to a country and
a period. The calculation can be conducted on an annual basis to potentially consider
dynamic cost models. Then we apply the Leontief method using the I/O tables—generally
supplied by the national ministries for the economy—to calculate an indicator of domestic
production. It includes the annual sum of direct and indirect domestic production resulting
from all demands for roadwork, fuel and service station changes to tires and suspension.
Two formulas are central. First is that of the technical coefficients in Equation (22) to
calculate the share of intermediate consumption of a sector per unit of production of this
sector, with αij the coefficient corresponding to the share of expenditure on the product i
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in production of branch j, terij the matrix of intermediate consumption and Y = [yj] the
matrix of production.

αij =
terij

yj
(22)

Then, the inverse Leontief relation, noted in Equation (23), makes it possible, from the
matrix A = [αij] of technical coefficients and the vector f of demand in a sector, to calculate
the production sectorial effects P, with I the identity matrix.

P = (I − A)−1 × f (23)

We can calculate an annual vector f following Equation (24), where each element of
the vector f corresponds to the differential consumption (in currency) of a maintenance
scenario compared to the reference. Hence, only the elements corresponding to pavement
construction, vehicle maintenance, tires, shock absorbers and fuel consumption (or larger
activities depending on the country economic nomenclature), will be nonempty.

fi =
∫ t f

t0

Δconsumptioni(t)× UnitaryPricei(t) (24)

The direct and indirect domestic production related to the maintenance scheme as-
sessed can be calculated by summing the elements of vector P.

Then, based on the production vector, Equation (25) uses a national job content vector
for the different economic sectors [JobContent], which is, most of the time, supplied by
national ministries for one country economy to calculate domestic employment in Full-Time
Equivalent (FTE) jobs, relating to these demands, on the supply chain within the country
where road maintenance is performed.

FTE = [JobContent]× f (25)

5.3.4. Tax Revenues

The tax revenues collected on consumption for roadwork, fuel, tires and suspensions,
discounted over time at a rate r, are calculated using Equation (26), with ft the demand
vector for the year T in constant currency and %taxt the tax rate vector (or a matrix in the
case of tax rate variations over time), indicating the tax rate applicable for each type of
consumption for the year T.

TaxRevenue =
t f

∑
T=t0

fT × %taxT

(1 + r)T−t0
(26)

By default, we propose to consider a discount rate a relative to the government’s
10-year borrowing rate, as it represents the State financial market reality.

5.3.5. Integrated National Economic Indicator

A government is often interested in the total cost of a policy such as a road maintenance
program, combining the financial flows for the different stakeholders. The NPV indicator
can be used to estimate the financial interest for an actor or group of actors in an operation:
the larger it is, the more financially interesting the operation. It is used in particular by
decision makers and road managers to justify their decisions. We use this concept to
calculate the multistakeholder financial impact of a maintenance scheme—for the operator,
users and tax authority. We recall in Equation (27) the generic formula for calculating an
NPV, i.e., the sum of the financial flows—incomes and expenses that we detailed earlier for
all the stakeholders—in constant currency, which is actualized each year over the entire
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duration of the assessment period, with ET the expenses, IT the incomes planned for the
year t, and a the discount rate.

NPV =

t f

∑
T=t0

IT − ET

(1 + r)T−t0
(27)

We suggest setting r at 2.5%, which is the risk-free discount rate recommended for the
valuation of major investments in France. A risk-free rate choice allows us not to override
the impact of future events [29] and, thus, to limit the burden of negative impacts for
future generations.

6. Discussion

The geographical scope of the calculated impacts varies amongst the indicators: this
scope goes from the close area around the road studied with the indicator of damage to
human health due to road noise to a worldwide perimeter with the three LCA indicators,
passing through a national scope with macroeconomic indicators. This heterogeneity
of perimeters is partly justified by the scope of the impacts or the contribution of the
various phenomena involved. For example, it is preferable to assess the environmental
impacts at a global scale to limit the burden’s geographic shifts. In addition, climate change,
an important component of damage indicators, is based on global dynamics. On the
contrary, it is likely that most of the noise changes linked to road maintenance policies
are located around roads rather than around the manufacturing sites of road maintenance
consumables because the impact of road maintenance policies on the production of these
sites is marginal. Then, economic solidarity mostly occurs at a national level. However,
the impacts of air pollution around roads and, more generally, in the country generate
national socioeconomic impacts due to the cost of healthcare. Thus, comparing local or
even national impacts to impacts in the rest of the world would advocate for or against
further discretizing the two scales and potentially aggregate health damage due to noise
and local air pollution into a resident human health damage indicator.

From a road management point of view, this method could benefit from future devel-
opments. It is for now restricted to the evaluation of resurfacing, but combined optimization
of structural design and maintenance treatment scheduling over the lifespan of a road
would allow for capturing the feedback effects between the mechanical behavior of the
road structure and its surface layers. Such an approach will require advances in the field
of road aging modeling. Next, the models linking road surface condition to vehicle fuel
consumption and wear on tires and suspensions are central to the assessment mechanics in
the method: these need to be developed and validated in regional conditions to enhance
reliability of results. Uncertainty calculations could also be conducted to assess this reli-
ability. Finally, a few indicators could be added. First is a user comfort indicator: riding
comfort partly depends on the rolling course condition; nevertheless, we did not find any
conclusive approach to propose an adequate quantitative indicator. Ideally, at the level
of the road network, this user comfort indicator could be exploited in a more systemic
way to calculate the impact of a resurfacing policy by considering the modification of the
users’ routes that may result from the evolution of the surface conditions. The selection of
the route according to comfort can also imply differences in time, speed and consumption
of travel, which are challenging to capture. Second is a pavement safety and reliability
indicator quantifying the consequence of the road condition and, for example, cumulating
the following costs: noninjury incidents, such as vehicle damage, goods breakage and
damage for the freight, and monetized impact of injury accidents and fatalities. However,
in practice, road safety depends on many factors, and, to our knowledge, the impact of the
surface condition has not been decoupled from other factors [55]. Third is the tax revenue
indicator, which could be refined to consider the financial impact of maintenance policies
on social allowances from public authorities, e.g., on the unemployment allowances budget,
depending on the employment performance of the policy.
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7. Conclusions

In this article, we present the first method of holistic sustainability assessment de-
veloped to our knowledge in the field of transportation. Notably, it integrates the three
pillars of sustainability and considers important macroeconomic and other state-of-the-art
indicators compared to existing sustainability rating systems of pavement and transporta-
tion projects [70]. It especially completes the existing approaches by adding the social,
macroeconomic and financial aspects missing in the literature and by considering all the
consequences of PVI—in particular the previously neglected environmental contributions
of tire and suspension system wear. A novel method is also integrated to quantify the
impact of road pavement resurfacing on traffic noise over time and, ultimately, damage
to local residents’ health. A set of indicators that is both comprehensive and concise is
needed to support decision makers for whom triple bottom line performance remains
a theoretical concept that they struggle to grasp in its entirety. Indeed, holistic sustainability
can hardly be defined “above ground”, i.e., in a generic way without looking at a specific
system or object. Therefore, we have developed this method on the specific example of
road maintenance policies, considering sustainability under the French social contract.
While the calculation of the inventories (Section 4) is specific to road maintenance, and
the PVI equations are calibrated in French conditions as an example, the performance
calculation algorithm (Section 5) can be used to assess all kinds of transportation policies in
any country. The selection of the relevant quantitative indicators is based on an integrated
vision of sustainability by including all stakeholders highlighted by the literature review.
The benefits of an alternative road maintenance policy compared to standard practices for
these stakeholders are assessed on all three pillars of sustainable development. Thus, this
report offers a positive or upbeat consequential approach to triple bottom line decision
making, in the manner of the environmental handprint concept [71], that reverses the vision
of the classic environmental footprint calculated in attributional LCA. Finally, this method
can be used by any road manager or road owner willing to fully understand and tackle its
sustainability responsibility.
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Abbreviations

List of abbreviations. The abbreviations included in the text are reported alphabetically.

Abbreviation Full Form

BAU business-as-usual
DALY disability-adjusted life years
DR department road
EFC excess fuel consumption
ER express road
ETW excess tire wear
FTE full-time equivalent
GHG greenhouse gas
HR highway road
HV heavy vehicle
I/O input–output
IOA input–output analysis
IRI international roughness index
LCA life cycle assessment
LCCA life cycle cost analysis
LCV light commercial vehicle
LHV large heavy vehicle
LV light vehicle
MIT Massachusetts Institute of Technology
NPV net present value
NR national road
PC passenger car
PDF potentially disappeared fraction
PVI pavement–vehicle interactions
SAL shock absorber lifespan
SHV small heavy vehicle
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Abstract: Roads are major transportation infrastructure whose sustainability of maintenance practices
has never been holistically assessed due to a lack of a proper method. This paper applies a newly
developed assessment method (see article part I) on a 10-km-long section of French highway to fully
compare the performance of various types of pavement resurfacing policies, for all the maintenance
stakeholders, and considering pavement–vehicle interaction (PVI). After presenting the highway
section and the parametrization of the model, four alternative resurfacing frequencies are compared
to the French standard maintenance scenario over the pavement lifespan. Results show that in-
creasing resurfacing frequency generates gains in terms of domestic production and employment,
environmental damage (health, biodiversity, resources), user budgets, and local residents’ health
damage created by traffic noise. Conversely, it entails financial losses for the road operator and
government (tax revenues and net present value), as well as time losses for users. On the contrary,
the consequences of a decrease in this frequency are the opposite. Excess fuel consumption due to
PVI governs the scale of the environmental and financial gains or losses of highway maintenance
policies. Optima in terms of health returns on investment and user savings appear to be around
a 50% increase in maintenance funding: for each additional euro spent by the operator, there is a
user gain of 3.5 euros and a human health gain of 710 euros. Sensitivity analyses indicate that the
marginal gains are highly sensitive to the thickness of the resurfacing technique for macroeconomic
indicators, global Net Present Value, and operator savings, while the gains are proportional to the
traffic and International Roughness Indicator deterioration speed for tax revenue, users’ savings, time
savings, noise, and environmental metrics. The other indicators are either slightly or not sensitive
to these parameters. To conclude, the entire road maintenance system must be redesigned, from
the tax system and funding schemes to the prioritization of road “green practices”, to align all the
stakeholders’ interests towards a globally more sustainable road system.

Keywords: road maintenance; sustainability; key performance indicators; pavement asset manage-
ment; public investment policies; life cycle

1. Introduction

Roads are key infrastructures that support most of the world’s transportation activ-
ity [1,2], explaining the wide corpus of research on their sustainability [3]. However, the
studies carried out around sustainability solutions are fragmentary, often approached
through the prism of a single discipline, as shown in the literature review of part I of this
double article on pavement sustainability assessment [4]. Examining these solutions quan-
titatively through a holistic assessment to quantify the levers of sustainability is needed to
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develop sound public policy recommendations. This is the challenge that we address in
this article on the issue of road maintenance, by applying the holistic method developed in
part I of this double article [4].

As road networks mature, new infrastructure construction becomes scarce [5–7]; this
mechanically concentrates growing economic, environmental, and social issues around
network maintenance, especially since a road never actually reaches the end of its life [8],
and is therefore never entirely rebuilt, but more or less heavily maintained. Thus, studying
the sustainability of road maintenance policies seems to us to be the heart of the challenge in
moving towards sustainable roads, for instance by using greener materials or construction
practices [9]. Moreover, from a functional point of view, the road infrastructure aims to
support vehicles. Its function is therefore to allow the movement of goods and people
carried by these vehicles. The sustainability performance of a road also encompasses
the performance of the vehicles circulating on it, in particular because of the Pavement–
Vehicle Interactions (PVI) described in part I of this double article [4], which can generate
substantial excess fuel consumption and accelerated deterioration of vehicle suspensions
and tires, even under a limited surface condition deterioration [4,10].

The maintenance of a pavement consists of improving the surface or structure character-
istics of a road through construction operations [11]. This improvement is achieved through
more or less heavy constructive operations, ranging from simple crack filling—which con-
sists of injecting a hydrocarbon binder into road cracks—to major rehabilitation, which
consist in rebuilding the pavement over a thickness of twenty centimeters [11–13]. In our
article, we focus on asphalt resurfacing operations; in France, it consists of the construction
of a 0.5 to 9 cm-thick layer (0.2 to 3.5 inches) of materials on the surface of the pavement,
potentially after a planning operation, i.e., a purge of deteriorated road surface materials.
According to French road constructors, resurfacing activities represent a major part of their
activity and sales. Around ten major resurfacing techniques are used around the world,
varying in the materials used—bitumen or emulsion, type of aggregate —, the material
manufacturing method— manufacturing temperature, in a plant or on-site— —, the con-
struction process, building machine used, resurfacing type —, and the new rolling course
thickness [11]. A maintenance program consists of a succession of resurfacing operations
spaced out over time. Today, French road managers mainly have a financial and technical
approach to maintaining pavements [12,14–16], and rarely include environmental criteria
on carbon footprint, primary energy consumption, or water consumption [17]. Neither
the three pillars of sustainability nor the consequences of PVI are considered in French
resurfacing targets, due to a lack of knowledge on these two aspects and how to assess
them. However, each maintenance operation has direct sustainability consequences linked
to the consumption of materials and energy for the construction, and indirect consequences
linked to the effect of the works on the subsequent road surface condition, and ultimately
on vehicle consumptions.

The first objective of this article is to quantify the sustainability impacts of the mainte-
nance program of a highway from a systemic point of view, i.e., including the consequences
of the pavement condition on the traffic which circulates over it. In this article, we assume
that road maintenance policies are the key to sustainable roads, a hypothesis that we test
for highways through a French case study and multiple sensitivity analyses. We apply
the new holistic assessment method developed in part I of this double article to perform
a quantitative assessment of the sustainability impacts generated by altering resurfacing
periods in a case study, in order to learn lessons on good maintenance practices for highway
resurfacing in France (final objective). Sensitivity analyses are also conducted to extrapolate
the conclusions from a specific case study to a high variety of representative conditions in
France and Europe. The article also aims at demonstrating the practicability of the holistic
assessment method presented in part I of this double article [4] on concrete cases. Parame-
ters to customize part I’s equations and databases—life cycle inventories, microeconomic
and macroeconomic datasets—are developed for that purpose.
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2. Case Study Presentation

2.1. A Typical French Highway
2.1.1. Presentation

We chose to study a highway on the French network in open country, which is typical
in terms of climate, structure, traffic composition, geometry, and topography. This highway
has been anonymized, as requested by its concessionaire. It is a four-lane highway, with
two lanes in each direction. This geometry represents around two-thirds of the French
highway network [18]. We recovered data records for a 100 km-long section of this highway
from the pavement management system of its operator, Cofiroute, updated in January 2017.

2.1.2. Past Maintenance Strategy

We conducted a statistical analysis relating to the age of the road surface materials
on the selected section of the highway. Most of the rolling courses of this highway are
very thin asphalt concrete overlay (VTACO) or, more rarely, semi-coarse asphalt concrete
overlay (SCAO). Figure 1 shows the statistical distribution of the rolling course ages. The
average age calculated for the rolling courses is 6.87 years, thus the highway is resurfaced
every 13.7 years in average. The analysis also shows that 20% of the rolling course linear is
older than 15 years old.

 
Figure 1. Cumulative percentage of the surfaces of the highway studied, by year of resurfacing, on
1 January 2017.

2.2. Selection and Presentation of the Section Studied

Within the 100 km section of this highway, we selected a 10 km-long section based
on the criteria of national representativeness and standard dimensions for a highway
maintenance operation.

2.2.1. Structure and Condition of the Section

The 10 km selected are homogeneous in terms of structure (same structural design and
rolling course). In 2017, the rolling course was 15 years old, and the pavement structure
itself was 37 years old; the section was rehabilitated, and we aimed to find out how to
schedule resurfacing over the lifespan of the new pavement to optimize its sustainability
performance. The IRI before resurfacing was provided by the data monitoring company
per subsection of 10 m over the 10 km, and the raw data are provided in the Supplementary
Materials for reproducibility purpose. It shows a very low average IRI of 0.37 mm/m (see
details of the figures and lifetime models in the Supplementary Materials).
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2.2.2. Traffic Data

We calculated highway traffic data using the toll payment data provided by the
operator. The class 1 toll corresponds to passenger vehicles, class 2 to large vehicles with
a total height of more than 2 m and less than 3 m (i.e., only large utility vehicles and
caravans), class 3 to trucks with 2 axles, and class 4 to trucks with 3 axles or more [19].
These correspond to the 4 categories of vehicles in our method: Passenger Cars (PC), Light
Commercial Vehicles (LCV), Small Heavy Vehicles (SHV), and Large Heavy Vehicles (LHV).
The section carries an Annual Average Daily Traffic (AADT) of around 11,000 vehicles
in each direction, consisting mainly of around 85% PCs, 5% LCVs, and 10% trucks, 9%
of which having 3 axles or more (LHV). We consider traffic composition to be time-fixed,
but the traffic itself to increase by 0.44% each year based on Cofiroute’s data. Vehicles
are considered to have the following number of tires: 4 tires for PCs, LCVs, and SHVs,
and 10 tires for LHVs, 5-axle trucks being the most frequent in France. Average speeds
are considered equal to 118 km per hour for LV and 88 km per hour for HV (respectively,
73 and 55 miles per hour).

2.3. Selection of Resurfacing Strategies for Comparison

We consider a new pavement commissioned on 1 January 2017. Based on the statistical
study made on the rolling course ages (Figure 1), we then compare five maintenance pro-
grams that vary according to the range of the operator’s resurfacing possibilities. We choose
to assess the consequences of each of these resurfacing programs over an empirical road
surface lifespan of 39 years. The scope of our assessment includes neither the construction
of the initial rolling course in 2017 nor a 39-year resurfacing, since it is considered that the
whole pavement will need to be rehabilitated at that time, including the rolling course.
The treatment in these five scenarios consists in milling the road surface and replacing
it with a 2.5 cm-thick asphalt concrete (VTACO), which is the main rolling course found
on highways in France, as shown in a survey carried out with French road operators (see
Supplementary Materials).

The characteristics of the five scenarios assessed are described in Table 1. The “REF”
scenario corresponds to the reference, classically called the “Business-as-usual” (BAU)
scenario. “Max_Field” corresponds to an ambitious practice scenario, i.e., the shortest
resurfacing periods observed among French concessionaires. On the contrary, “Invest_Min”
represents the longest resurfacing period statistically analyzed in Figure 1. This scenario
could cause some problems in terms of waterproofness that could potentially put the
structure at risk. Waterproofness could be ensured by crack filling. More problematic issues
related to a drop in skid resistance could occur, and could also be corrected by performing
sand blasting. Ideally, it would have been interesting to consider these minor maintenance
operations, but the road experts highlighted their very low cost and probable negligible
impact on the environment and traffic disruption.

Table 1. Specification of different resurfacing strategies tested over the lifespan of the section.

Scenario Code Details Number of Resurfacing Nk Surface Lifespan

Invest_Min Minimum investment 1 19 years 6 months
REF Reference 2 13 years

Invest+ Increased investment 3 9 years 9 months
Max_Field Ambitious approach 4 7 years 10 months
Invest_Max Maximum investment 6 5 years 7 months

3. Tailored Method Parameterization and Data Development

In this section, we present the different parameters needed or tailored to apply the
holistic assessment method presented in part I of this double article [4] to this specific French
highway case study. We also present new data, especially the Life Cycle Inventories (LCIs)
developed for the French market, to calculate the LCA indicators with better robustness.
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The different sections follow the same order as the equations developed in part I for ease
of reading.

3.1. International Roughness Index (IRI) Progression Models

All the impact calculations in the assessment method depend on the surface condition
of the road section in question. The company that collects this highway’s condition data
provided the IRI data for the section. These data are “two-track”, in other words, we were
provided with two datasets per direction: one dataset for the left-hand strip and one for
the right-hand strip, for the slow lane only, corresponding to the highest traffic densities
(cross-sweep). Then, we calculated the surface profile of the pavement over time. The
average IRI for the section in year 1 is calculated by averaging the scores for the left- and
right-hand strips. Then, evolutions of the IRI are calculated over the whole lifespan of the
pavement: changes excluding roadworks, and changes before/after roadworks. Between
two resurfacing operations (=excluding roadworks), the IRI is considered to change at
a rate of +0.05 m/km.yr, based on the historic IRI data for the entire highway. The IRI
evolution between two resurfacing operations thus follows the following Equation (1), with
t in year:

IRI(t) = IRI(t = 0) + 0.05t (1)

The effect of resurfacing work on IRI is estimated by calibrating the American progres-
sion model established by Wang et al. [20] using the IRI data for the highway to which our
studied section belongs. We used Equation (2), where e = 0.3 and g = 0.15 m/km.

IRI(tR+) = e.IRI(tR−) + g (2)

The graphic of the IRI evolution model developed for the highway section is presented
in the Supplementary Materials. It shows an average reference IRI equal to 0.77 m/km on this
highway, a value that is considered for the calculation of excess fuel and tire consumption.

3.2. Consumption and Emission Parameters
3.2.1. Resurfacing Works Demand

The width ω of the pavement is equal to 11 m, composed of 3.5 m for each lane, as
well as 3 m for the emergency lane and 1 m for the left flattened band. The length λ of the
section studied is equal to 10,000 m. Nk, the number of resurfacing operations of type k
over the assessment period, is indicated for each scenario presented in Table 1.

3.2.2. Excess Vehicle Consumption Parameters

The models to account for excess consumption and wear are presented in part I of
this combined article and its Supplementary Materials [4]. Wear factors affecting tires and
suspension systems over a vehicle’s lifespan are considered for each vehicle category (see
combined article’s Supplementary Materials). Nevertheless, IRI remains below 3 m/km
in our different scenarios; no excess suspension wear is observed. The standard lifetime
mileage of the tires on highways is indicated in Table S9 of the Supplementary Materials.
However, some parameters are still needed for excess fuel consumption calculations.

Excess fuel consumption is calculated based on average consumptions by type of
vehicle on highways in France, using the French model CopCETE [21]. CopCETE is a tool
developed for the French Ministry of Transportation. It uses COPERT V4 equations [22] and
considers French average speeds on specific networks. It simulates the consumptions of
different kinds of energies (and 26 types of pollutants emitted). The average consumption
per type of vehicle category varies over time with technological evolutions. Technological
evolutions are taken into account by considering predictions developed for the French fleet
by the governmental research center IFSTTAR [23] (type and quantity of energy consumed).
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3.3. Noise Emission Parameters

The average sound powers during the day (Wj) and night (Wn) are calculated using
daily traffic data presented in Section 2.2.2.; the hourly repartition in the day and nighttime
from the French governmental technical center Sétra are presented in Table 2 [24], with the
additivity method of the noise line sources and the general methodology detailed in part I
of this double-article publication [4].

Table 2. Equation to calculate q(véh,i), the hourly traffic of light and heavy vehicles on an interur-
ban highway.

Time of the Day Day: 6 A.M.–10 P.M. Night: 10 P.M.–6 A.M.

LV AADT(LV)/18 AADT(LV)/82
HV AADT(HV)/20 AADT(HV)/39

LV = Light Vehicle; HV = Heavy Vehicle.

To add the line source’s noise levels, Sétra estimated [24] that their noise levels can
simply be added by considering one single line source in the middle of the pavement, under
the condition that the noise receptors are in direct reception and farther than 2.4 times the
width of the road platform, i.e., 40 m away from the line source for 2 × 2-lane roads, a
condition that is respected for the studied highway.

3.4. Environmental Metrics: Life Cycle Inventories

To calculate the environmental impact of each maintenance strategy, we use equation
13 from the article’s part I. The flows of consumption f lowc are listed in the correspond-
ing consumption life cycle inventory (LCI). We specifically develop LCIs for the French
context [25], summarized in the Supplementary Materials.

For roadworks, it consists of road resurfacing processes for 1 m2 of resurfaced pave-
ment, for each of the eight most frequent resurfacing techniques in France, from cradle-to-
laid, i.e., from the extraction of raw materials—e.g., bitumen, aggregates—to construction
on site. Models have been developed based on statistics calculated from the annual data of
a major French road constructor, providing around one-third of the national road construc-
tion. Each resurfacing technique consists of a first tack coat with 500 g per square meter of
65% bitumen emulsion (i.e., 325 g/sm of residual bitumen, including SBS polymers and
phosphoric acid), covered with a layer of asphalt mixture. Average materials production,
transportation, and use of the building machines on-site are considered based on the road
company’s statistics. The building machines used for the hot asphalt mixtures (HMA) are a
sprayer, a roller, and a finisher. HMAs are made of 4.8% of non-modified bitumen, mixed
with aggregates at around 165 ◦C, e.g., the average hot mixing temperature in France. The
average road aggregate in France comes at 76.4% from hard rocks and 23.6% from lose
rocks, transported mainly by trucks, but also partly by rail and barges. The average French
asphalt mixing burner consumes heavy fuel and natural gas in the amount detailed in the
Supplementary Materials. Cold techniques (double-layer micro-surfacing, double-layer
dressing, double prechipped surface dressing) are made of a cold asphalt mixture (CAM),
or, directly, aggregates and emulsion, and are either built with a CAM spreader/vacuum
sweeper, a small loader/roller/finisher, or a binder sprayer/gravel spreader/roller on tires.
Polycyclic aromatic hydrocarbon (PAH) emissions are also calculated based on simplified
convection models (see Supplementary Materials). For dressing and CAM techniques, the
65% bitumen emulsion is also used. One ton of CAM contains 103 kg of this emulsion,
e.g., 6.7% of residual bitumen in the mixture. The asphalt mixture density after compaction
is considered equal to 2.4 t/m3.

The environmental impact of the techniques used in this case study and calculated
with the characterization IMPACT World+ and ReCiPe are presented in Table 3, including
SCACO, very thin or thin asphalt concrete overlays (resp. VTACO and TACO, that are
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2.5 and 4-cm thick in France), and double prechipped surface treatment (ST). The impact of
other operations can be found in a Supplementary File S1.

Table 3. Damage to the environment from resurfacing operations over 1 m2.

Damage Unit Milling SCACO TACO TACO VTACO Double Prechipped ST

Health DALY 2.49 × 10−5 3.51 × 10−3 2.37 × 10−3 1.52 × 10−3 9.45 × 10−5 7.01 × 10−5

Biodiversity PDF.m2.yr 2.77 × 10 1.18 × 102 8.01 × 10 5.19 × 10 3.29 × 10 2.75 × 10
Resources USD 1.53 × 10−1 1.71 × 10 1.17 × 10 7.59 × 10 4.85 × 10−1 4.98 × 10−1

DALY = Disability Adjusted Life Years; PDF = Potentially Disappeared Fraction.

For vehicles, LCIs relate to fuel consumption, as well as tire and suspension wear.
LCIs per kilometer traveled for the use of internal combustion engine vehicles take account
of forecast technological developments based on IFSTTAR’s prediction model for France’s
vehicle fleet [23]. Trucks remain 100% diesel, while light vehicles show evolving shares of
technologies overtime (see Supplementary Materials). These processes consider emissions
of 26 types of substances—heavy metals, gaseous pollutants—specified in the Supplemen-
tary Materials, using the French Department of Environment’s CopCETE software [21].
Linearity between the energy consumed and the quantity of each pollutant emitted are
considered per type of energy, due to a lack of a more accurate model. Diesel and petroleum
densities are assumed equal to respectively 0.85 and 0.75 kg/L. The environmental damage
from fuel supply and combustion is presented in the Supplementary File S1.

Finally, an in-house environmentally extended input–output analysis is developed
to assess the damage from using garages to maintain the vehicles, based on statistical
garage expenses, activities, and revenue [26], synthesized in the Supplementary Materials.
Shock absorber and tire LCIs are also presented in the Supplementary Materials. The
environmental impacts of maintenance operations are presented in Table 4.

Table 4. Damage to the environment from vehicle maintenance.

Functional Unit One Kit of Shock Absorbers for One Vehicle One Kit of Tires for One Vehicle
Maintenance

Service

Damage Unit PC LCV Small
HV Large HV PC LCV Small HV Large HV EUR 1

Health DALY 1.27 ×
10−3

2.71 ×
10−3

3.19 ×
10−3

9.47 ×
10−3

4.57 ×
10−3

1.42 ×
10−2

2.16 ×
10−2

9.38 ×
10−2 3.88 × 10−8

Biodiversity PDF.m2.yr 1.69 × 10 3.59 × 10 4.23 × 10 1.29 × 102 9.94 × 10 2.95 × 10 4.19 × 102 1.80 × 103 1.79 × 10−4

Resources USD 2.45 × 10 5.21 × 10 6.13 × 10 1.85 × 10 7.67 × 10 2.38 × 10 2.84 × 10 1.22 × 102 1.02 × 10−5

3.5. Social Metric Parameters
3.5.1. Road Noise Health Impact Indicator

The residents’ health damage due to traffic noise is calculated over the 39 years of the
assessment period according to Equation (15) of the article’s part I, using noise emission
parameters calculated previously.

3.5.2. Time Loss Parameters

• Roadwork time losses

Roadworks are carried out by means of daytime lane closures, with all the traffic of
the highway sent the same way, each direction having one lane instead of two. Average
resurfacing construction speeds are taken to be 800 m per day, full width.

Light vehicle speeds are reduced to 90 km/h maximum, instead of 130 km/h normally.
We consider this maximum speed to equal the average speed during the resurfacing works.
The HV speed is not affected by this new speed limit. No congestion, only reduced speeds,
is noted on the section during the roadworks, as a result of being a low-traffic highway. In
this simple case, the time loss in work zones is considered relational to a reduction in the
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authorized speed on the section maintained, in free flow. We use the time-saving formula
shown in Equation (3) to calculate the time loss by a vehicle of type i passing through a
work zone with its length, Lengthroad section, the reduced speed due to roadworks for the
type of vehicle i, vreduced,i, and the standard speed on the section, vstandard,i.

Timesaved,works, i = Lengthroad section.
[

1
vreduced,i

− 1
vstandard,i

]
(3)

To calculate the time losses due to roadworks for each alternative road maintenance,
we use Equation (17) from the double article’s part I [4], by calculating the hourly traffic
using Table 2.

• Consumptions time losses

The operation duration of maintenance activities ODj, which is considered to calculate
vehicle consumption time losses, is indicated in Table 5, and explained in the Supplemen-
tary Materials.

Table 5. Estimates of the duration of the various operations and maintenance activities.

OPERATION Duration PC LCV SHV LHV

Tire replacement (min/veh) 120 150 150 480
Suspension replacement (min/veh) 330 330 30 30

Fueling (min/100 L) 40 25 1.9 1.1

3.6. Economic Metric Parameters
3.6.1. Discount and Inflation Rates

The default discount rates for the different stakeholders considered are as follows:
2.5% for society, 1% for government and households, and 8% for Cofiroute, the rate of
return for this highway operator being 8.28% in 2018. To account for dynamic economic
evolutions, inflation rates are estimated based on linear regressions applied to INSEE’s time
series for monthly inflation rates (see Supplementary Materials), INSEE being the French
national institute for statistics and economic studies. The inflation rate for roadworks is
selected based on trends in the Consumer Price Index in France since 1966 [27], i.e., 1.4%,
in the absence of consistent trends for the costs of roadworks or even construction works.
The inflation rate for service station vehicle maintenance costs is taken to be 6% between
1998 and 2015 [28].

3.6.2. User Cost Parameters

The first step in our calculation of user costs over a given period is to calculate for
each year, each type of vehicle, and each type of expenditure, the annual expenditure in
current euros for all users. To do this, we multiply the volumes of goods consumed by the
unit prices of these goods in current euros. We thus arrive at a table containing, for each
year, the sum of the costs in current euros for all traffic.

For the case of the maintenance of suspensions and tires, we developed models of
kilometric costs, including tax in 2017 euros, which are presented in the Supplementary
Materials of the article part I [4]. To transform these costs into current euros, we use the
INSEE series statistics, which follow the inflation of goods (see Supplementary Materials).

Fuel price is made up of the price excluding crude oil taxes set by the market, the
cost of refining, transportation and distribution, and taxes, following Equation (4). The
taxes levied by the government in France are the Value Added Tax (VAT) and the Domestic
Consumption Tax on Energy Products (TICPE). These components vary depending on the
fuel considered. The VAT rate on the consumption of natural gas and petroleum products
is the normal rate as of 24 January 2018, i.e., 20%. VAT applies to the product itself and the
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TICPE. Prior to 1 January 2014, VAT was set at 19.6%. The fuel price formula is therefore
that of Equation (16).

FuelPrice, including tax year i = (FuelPrice, excluding tax+
TICPE)year i × (1 + VAT)year i

(4)

The price of diesel and petroleum in January 2017 was, respectively, 1.27 and 1.48 EUR/L,
including tax (current euros). Based on statistical analyses and linear regressions carried out
on the INSEE statistical series (see Supplementary Materials), fuel markets are quite volatile,
but we studied trends in the price of a barrel of oil (Brent), margins and processing, then
taxes. Between 1990 and 2018, we find the following annual trends for diesel: +0.007 EUR/L
for the “barrel” part and +0.004 EUR/L for the “margin and transformation” part, i.e.,
+0.011 EUR/L on the price, excluding tax.

The TICPE is likely to vary in France over the next few years for two reasons. First, a
tax catch-up was planned between diesel and gasoline between 2017 and 2022, diesel having
so far been fiscally advantaged, despite its leading role in atmospheric pollution. This
results in an increase of 4.33 cents/L.year for diesel and 2.02 cents/L.year for petroleum for
the 2017–2022 period. Then, an ambitious carbon tax increase was proposed by the Quinet
commission [29], generating an increase of 1.78 EURcent/L.year after 2023.

3.6.3. Road Operator Costs

In the absence of a quality cost database, we propose to consider as resurfacing costs
the current costs of the French techniques, calculated based on the responses collected in
our survey of French interurban road managers (Table 6).

Table 6. Costs of resurfacing techniques in constant currency, including tax (2017 euros).

Cost SCACO TACO VTACO CMA ST

Average (EUR/m2) 18 14 10 5 3

From the database of prices of resurfacing techniques inclusive of all taxes, we ob-
tain the basic price for roadworks, deducting 20% for VAT, together with an 8% profit
margin, based on the national economic data for the “civil engineering” branch obtained
from INSEE.

3.6.4. Macroeconomic Datasets

• General calculation

To assess the impact of a variation in the final demand for a product on the production
of the entire economic system, we use the Leontief inversion relationship presented in
this article’s part I to make our production calculation. Finally, depending on the demand
vector of the maintenance scenario to be assessed, this vector is evaluated with the costs in
basic prices (which, for simplicity, are considered equivalent to the price, excluding VAT,
even if this is an approximation) of consumption in vehicle maintenance, fuel, and civil
engineering. The total output of the system studied is obtained by summing all the terms
of the vector P.

• Production dataset

We obtained from the Department of National Accounts of INSEE three types of tables
for the years 2010 to 2013, with a disaggregation into 138 branches and products. These
tables are confidential data and not supplied in this study. The supply–use balance table
(ERE) quantifies the effects of imports for each product (total imports, customs duties,
territorial adjustment, subsidies, transport, and trade margins), as well as taxes and duties.
It also informs about the market aspect (stocks and investments). The Intermediate Inputs
table (TEI) indicates the intermediate product consumption of each branch. It is often
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rectangular, because a branch can produce several products, and presents basic prices, i.e.,
the price invoiced by the producer. plus any subsidy minus taxes on each product. TES
outputs are shown at base prices (i.e., the amount the producer receives from the buyer
per unit of good or service produced, minus taxes on products, plus subsidies on products.
The base price excludes transport costs, invoiced separately in current euros (EUR2010 to
EUR2013). In this modeling, we consider the matrix of technical coefficients obtained with
the most recent economic data, i.e., those of the year 2013. We consider that this matrix is
stable, which is approximate, especially in the long term. Finally, we do our calculations in
current euros.

• Employment dataset

INSEE supplied the table of domestic employment content by branch in thousands
of Full-Time Equivalent jobs over one year (FTE.year) of the 2013 French economy in
88 branches (confidential data). According to the advice of INSEE experts, the employ-
ment content assumedly depends linearly on the added value of the same sub-branch in
accounting for 138 branches—data to which we also had access through INSEE. We thus
broke down the 88 branches’ employment content into the 138 production branches to get
vectors of the same dimensions to perform our calculation. Employment content calculated
are respectively 16.4, 14.4, and 7.2 FTE.year per million euros of demand, excluding tax
for garage maintenance, road maintenance, and fuel demand. These figures are consistent
with the French literature [29,30].

3.6.5. Tax Revenues

The taxation of road fuels has been detailed in the fuel price model, and consists of
the TICPE and the VAT, the latter applying both to the price excluding tax of the fuel and
the TICPE. HVs from the European Union can benefit, on request, from a flat-rate partial
reimbursement of the TICPE. In the second half of 2017, this rate was EUR11.42/100 L. We
consider this to be fixed-rate, without adjusting it for inflation in our model, in the absence
of forward-looking data on the evolution of this fixed reimbursement.

The taxation of vehicle maintenance concerns tires, as well as suspensions. In our
model, both for the maintenance of tires and suspensions, we propose to retain a VAT of
20% on passenger cars, and 0% for other vehicles, although the rate of exempt professional
vehicles is probably not 100%.

Finally, taxes on maintenance operations are not taken into account in the calculation
of the government’s fiscal surplus because there is a company–government transfer; these
taxes are said to be “neutral” [31].

3.6.6. Integrated National Economy

Based on the generic equation presented in part I, the overall financial indicator for
road maintenance programs must take into account maintenance (manager) and operating
(manager, users) expenditure, as well as government expenditure and revenue. We only
count tax receipts for the government, in the absence of data on corporate tax receipts and
savings made by job creation (savings in unemployment allowances). Rates of return can be
calculated in constant or current euros, however, financial and economic profitability would
only make sense in “real terms”, i.e., in nominal terms taking inflation into account [31]. The
assessment of the overall societal cost is based on values excluding tax at constant euros [32].
To calculate the cost, the opposite of the Net Present Value (NPV) is calculated, using a single
discount rate for society at 2.5%, which is the risk-free discount rate recommended by the
French Ministry (we consider a risk premium of 0% instead of the 2% recommended) [29].

4. Results

The calculations for the application of the method described in part I of this double
article [4] to the case study described in this part II article were carried out using Scilab. This
free multiplatform software offers an appropriate environment for scientific applications
and uses a programming language designed for high-level numerical calculation. The Scilab
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code is made available on Github [33] and can easily be adapted to MATLAB language for
further usage.

4.1. Comparison of Alternative Maintenance Programs
4.1.1. Sustainable Performance Trends

Figure 2 represents the gains achieved by altering the maintenance program from the
highway resurfacing practices currently employed in France (reference scenario). It shows
the gains from each of the four alternative maintenance programs on the eleven impact
indicators, gains normalized by the maximum gain in each impact category. The darker
the color of the bars in the histogram, the higher the level of investment required for the
maintenance program it represents. Two groups of indicators emerge, which behave in
opposite ways in response to a change in the level of investment in maintenance: two-
thirds of the indicators show benefits that grow as the amount invested in maintenance
rises, whereas one-third of the indicators shows losses that grow with rising investment.
The batch of performance indicators improving with increased maintenance encompasses
savings for users, domestic employment and production, as well as health protection
related to noise and other environmental impacts, natural resources, and biodiversity. The
batch of performance indicators deteriorating with increased maintenance consists of four
indicators: tax revenues, savings for the operator, global NPV, and time saved by users.

Figure 2. Advantage in choosing the variant relative to the standard program (mathematical normal-
ization by the maximum gain for each indicator).

For the first batch, halving the investment in maintenance compared with current
practices generates losses whose absolute value is at least the same as the gains generated
by increasing the current maintenance budgets by 50% (noise-related health damage or
macroeconomic indicators) and at most equivalent to the level of the gains generated by
doubling the maintenance budgets (savings for users, savings in nonrenewable resources,
protection of public health). For the second batch, the importance of the loss (in absolute
value) caused by tripling the investment in road maintenance even exceeds the gains
produced by halving the maintenance budgets.

In this study, the damages to human health due to local pollution from road trans-
portation and traffic noise evolution are compared for the first time. It shows that the
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evolution of traffic noise due to maintenance strategies has a very low impact on human
health damage compared to the evolution of local pollution.

4.1.2. Sustainable Gains’ Values

The values of gains and losses over the 39 years of the study period are shown in Table 7
for the financial and economic indicators, and in Table 8 for the social and environmental
indicators. These tables show that for the highway and maintenance programs studied,
tripling the current level of investment in the maintenance of highway road surfaces would
lead to gains of 3.21 million euros for users, 42 FTE years of employment (FTE.yr), almost
9 million euros at 2017 values in French production, the equivalent of almost two DALYs
in local environmental noise reduction, and, finally, savings of 120 million US dollars in
natural resources, 480 million PDF.m2.yr in biodiversity, and almost 7700 DALYs as a result
of pollution reductions. On the other hand, this tripling in the maintenance budget would
lead to losses of 1 million euros in tax revenues, 1.64 million euros for the road operator,
2.13 million euros for society in terms of NPV, and a cumulative time loss of 3.15 years
for users. These figures show that the financial gains on a standalone basis exceed by far
the losses under a tripled maintenance budget: the gains reach 123 million euros when
summing users’ gains and natural resources gain, while the losses are limited to 2.64 million
euros when summing tax revenue losses and road operator losses. As the positive impacts
also include substantial gains in terms of biodiversity and human health protection, a high
increase in road resurfacing investment effort is undoubtfully of public interest.

Table 7. Values of the financial and economic gains resulting from a change in the maintenance schedule.

Scenario
Tax Revenues

(k EUR)
Operator Savings

(k EUR)
User Savings

(k EUR)
Employment

(FTE.yr)
Production

(k EUR 2017)
Total Savings
(k EUR 2017)

Invest_Max −1.06 × 103 −1.64 × 103 3.21 × 103 4.24 × 10 8.83 × 103 −2.13 × 103

Max_Field −7.10 × 102 −8.07 × 102 2.16 × 103 2.03 × 10 4.25 × 103 −1.02 × 103

Invest+ −4.31 × 102 −3.88 × 102 1.32 × 103 9.75 × 102 2.06 × 103 −4.90 × 102

Invest_Min 6.96 × 102 3.99 × 102 −2.16 × 103 −8.35 × 102 −1.82 × 103 4.47 × 102

Table 8. Values of the social and environmental gains resulting from a change in the mainte-
nance schedule.

Scenario
Time Saved

(Days)
Noise Reduction

(DALY)
“Resource” Gains

(USD)
“Biodiversity”

Gains (PDF.m2.yr)
“Health” Gains

(DALY)

Invest_Max −1.15 × 103 1.79 × 10 1.20 × 108 4.80 × 108 7.69 × 103

Max_Field −5.52 × 102 5.00 × 10 7.96 × 107 3.19 × 108 5.12 × 103

Invest+ −2.67 × 102 2.92 × 10 4.78 × 107 1.92 × 108 3.08 × 103

Invest_Min 2.32 × 102 −2.91 × 10 −7.67 × 107 −3.08 × 108 −4.95 × 103

Conversely, halving the investment in resurfacing the 10 km highway section studied
over 39 years would lead to a loss of 2.16 million euros to users, 8.4 FTE.yr in France,
and 1.82 million euros at 2017 values in national production, and cost the equivalent
of 0.3 DALYs from increases in local environmental noise, 77 million US dollars in non-
renewable resources, 308 million PDF.m2.yr in biodiversity, and 4950 DALYs from other
health damage. In return, this decision would result in an extra 0.70 million euros in tax
revenues to the state, savings of 0.40 million euros for the operators, a cumulative time
saving of almost 8 months for users, and savings to society of 0.45 million euros. In this
decreasing resurfacing frequency scenario, gains reach less than one million euros, while
losses account for almost 80 million euros. This comparison consolidates the conclusion
that we should increase highway resurfacing to adopt a more sustainable pathway, based
on this case study.
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4.1.3. Key Factors of the Composite Indicators

The indicators that we call “composite” depend both on the intensity of roadworks
and the vehicle consumption in fuel, tires, and suspensions. They are, namely, the gains in
time for users, domestic jobs and production, NPV, as well as the three environmental gains.
We propose to study the composition of these gains and losses (excluding NPV) in only
three alternative scenarios to show the trends in the contribution variability, depending on
the maintenance policy direction chosen. The results are presented in Figure 3. The number
and name of the maintenance strategy is indicated in the legend after the name of the
composite indicator. They show that, for the section of highway studied, the environmental
gains and losses depend exclusively on fuel consumption. Road construction operations
and tire replacement have a negligible contribution. Conversely, the macroeconomic gains
or losses, as well as those in user time, depend mainly on roadwork operations; they bring
around 80% of the gain for the scenarios study. Then, the influence of fuel consumption
ranges from 5% to 20% of the impact changes. Tire wear has minimal impact on time
wasted or gained (<2%), but accounts for up to 7% of the total absolute values of job gains
and losses, in the minimum investment scenario. We recall that suspensions do not appear
among the contributors, since the IRI in this case study remains under 3 m/km over the
pavement lifespan, whichever scenario considered, i.e., under the IRI threshold to see early
deterioration of shock absorbers.

Figure 3. Composition of the composite gains for three of the alternative maintenance scenarios.

Nevertheless, at the scale of the road section, the key factors depend on the level and
composition of the traffic, and the infrastructure considered (maintenance schedule, speed
of deterioration in IRI, and vehicle speeds). The main contributors may be different on
different road networks.

4.2. Additional Economic Analyses
4.2.1. Multi-Actor Financial Savings Consideration

Figure 4 gives a continuous smoothed representation of the discrete savings generated
by changing the road surface lifespan for the set of financial stakeholders {operator +
users + government}, to show the trend in the gains depending on maintenance frequency.
Here the personal discount rate of each type of the three stakeholders are considered, as
discussed before. Investing more in resurfacing generates global financial savings, up to
0.65 million euros for four additional resurfacings over 39 years, while investing less leads
to financial losses, up to 1.05 million euros, when one resurfacing operation is canceled
over the highway’s lifespan. The figure shows a global financial optimum between one
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and four extra resurfacing operations (e.g., for a road surface lifespan of between 5.6 and
9.75 years). Nevertheless, this optimum applies under the current tax system, which is a
politically adjustable variable.

Figure 4. Multi-actor financial gains associated with changes in resurfacing strategies (reference:
13 years).

4.2.2. Cost Effectiveness of Maintenance for Users

We calculated the ratio of the savings made by users from the additional amount
invested in resurfacing by the highway operator. This discrete cost effectiveness is repre-
sented by continuous smoothing, relative to the additional resurfacing operations to the
standard in Figure 5.

Figure 5. Users’ savings for each additional euro invested in maintenance by the road operator
(relative to the standard maintenance level).

This figure indicates that each additional euro invested in maintenance generates a
saving of between EUR 2 and EUR 3.5 for users. From a practical point of view, maximum
cost effectiveness in this case study is achieved by moving from two to three resurfacing
treatments over 39 years, i.e., from a road surface lifespan of 13 years to slightly less than
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10 years. Mathematically, however, the optimum could be situated between two and four
resurfacing operations over 39 years. In the case of a reduction in maintenance, each euro
saved by the operator in the minimum investment scenario costs users up to EUR 5.4.

4.2.3. Cost Effectiveness of Maintenance in Health Terms

The notion of cost effectiveness as applied to the financial aspect of maintenance can
be extended to public health. Some governments use Values of Statistical Life (VSL) in
their socio-economic calculations; in France, the Ministry uses the value of EUR 115,000 (at
2010 values) per year of life [29]. One DALY is equivalent to one year of quality life lost; by
equating one DALY of impact on human health with EUR 115,000 at 2010 values, one can
calculate the cost effectiveness of investment in resurfacing. By discounting the average VSL
for 2017–2056 at a rate of 1%, i.e., leading approximately to EUR 89,000/DALY at the end of
the period, one can estimate a “health cost effectiveness”, i.e., the cost effectiveness in terms
of global public health of marginal investment in maintenance for the road surfaces on our
section of highway. Figure 6 shows the ratio of savings made in terms of monetized human
lives on the additional amount invested in resurfacing by the highway operator, according
to the number of additional resurfacings carried out relative to the standard (i.e., two over
39 years). This “global health return” on investment in highway resurfacing is significantly
higher than the financial return; each additional euro invested in maintenance leads to a
saving of between EUR 420 and EUR 710 in terms of human life value (respectively, for
four to one additional resurfacing operations over 39 years). The maximum return in this
example is achieved by moving from two to three resurfacing treatments over 39 years, i.e.,
from a road surface lifespan of 13 years to slightly less than 10 years. In Figure 6, we can
also see that one euro saved in the minimum investment scenario relative to the standard
scenario generates a loss of EUR 1100 in human life value.
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Figure 6. Total health impact per additional euro spent on resurfacing by the operator, depending on
the number of additional resurfacing operations carried out over the lifespan of the road.

4.3. Sensitivity of the Marginal Gains
4.3.1. Sensitivity to the Resurfacing Technique

Based on the same resurfacing schedule scenarios, we studied the sensitivity of the
results to the road technique used on French highways: 2.5 cm VTACO (baseline) vs. 6 cm
SCACO, 4 cm TACO, 1.5 cm VTACO, or double prechipped surface treatment. Since the
IRI progression model does not differ within these asphalt concrete techniques [20], the
objective is indirectly to analyze roughly the variation in gains and losses as a function
of the quantities of resurfacing materials used. We present the marginal gain sensitivity
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to the technique thickness between the baseline scenario and the minimum and maximal
investment scenarios in Figure 7, based on the 2.5 cm-thick reference technique. It high-
lights three groups of indicators with similar behavior. Under the line of equation y = 1,
the marginal gains are less affected by this technique than the baseline one (in absolute
value), and vice versa. Three indicators are not affected by a modification of the technique
in our model: user savings (same IRI degradation laws), time savings (single operation
pace), and tax revenue (no VAT on road works). However, we also notice that the environ-
mental indicators are not affected either by the resurfacing technique used; they are mainly
influenced by fuel consumption, as shown above, as the direct environmental impact of
road works is negligible. On the other hand, four types of indicators are highly sensitive
to the technique used: the two macroeconomic gains, the global NPV, and the gain for
the operator. The model also accounts for the difference in the acoustic category between
techniques: surface treatment and thick asphalt concrete in class R3, thin asphalt concrete
in class R2. The absolute value of the gains is more sensitive to the thickness when the
maintenance rate is slowed down compared to the reference (multiplication factor for the
thick asphalt concrete alternative up to 2.20, instead of 1.95, in the maximum investment
scenario, on employment, production, road operation savings, and global NPV).

 
Figure 7. Sensitivity of the marginal gains to the thickness of the resurfacing technique, in the
scenarios of minimum and maximum investments.

4.3.2. Sensitivity to the Traffic Level

We test the sensitivity of the results, ceteris paribus, to the AADT, with a factor of ½ ,
2, and 3 applied to the traffic of the highway studied (i.e., base case with approximately
10000 vehicles per day). The results are presented in Figure 8, under the minimal and the
maximal investment scenarios. Under the maximal investment scenario, four groups of
indicators behave similarly under changes in the level of traffic. First, there is a group
of indicators perfectly proportional to traffic, which includes tax revenue, savings for
users, time saved, reduction of the health impact of noise. Then, a second group gathering
environmental indicators behaves very similarly. It is roughly linear to traffic, with a
slightly increased sensitivity for the health gain relative to the biodiversity gain, and even
higher gain in terms of consumption of non-renewable resources. A third group of marginal
gains, weakly sensitive to the level of traffic, emerges; it includes the gain in employment,
production, and overall economy (NPV). Finally, the manager’s investment indicator is
obviously not sensitive to traffic, insofar as we do not take into account the impact of
works on toll receipts in the case of motorways, nor the effect of the state of the road on
the route choice (highways vs. national roads vs. departmental roads). With the minimum
investment scenario, we find the same four groups, with the behavior of group n◦2 even
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closer to the behavior of group n◦1 (almost identical). Finally, the gains of the third group
are more sensitive to traffic in the minimum investment scenario than in the maximum
investment scenario.

 
Figure 8. Sensitivity of the marginal gains to the traffic level in the scenarios of minimum and
maximum investments.

4.3.3. Sensitivity to the Rolling Course Deterioration Speed

We now study the sensitivity of the indicators to the speed of degradation of the IRI
as a function of time. In the base scenario, this slope is set at 0.05 m/km per year, and we
evaluate the sensitivity of our calculation algorithm to IRI slopes affected by a factor of
½ , 2 and 3, yielding respective IRI time slopes of 0.025 m/km.year, 0.10 m/km.year, and
0.15 m/km.year. Statistical studies of the IRI levels simulated according to our coating
degradation laws and the effect of resurfacing work were also carried out to test the
likelihood of the chosen variants. For each sensitivity analysis, we studied, in particular,
the mean, median IRI values, and the standard deviation for each series of annual values.

This sensitivity study is presented for the minimum and maximum investment scenar-
ios in Figure 9. Three groups of indicators with similar behavior concerning the evolution
of the rate of degradation appear. First, a group of indicators appears almost proportional
to the rate of degradation, which includes tax revenue, savings for users, time saved,
and environmental gains. A second group of indicators, slightly sensitive to the speed
of deterioration, emerges; it includes employment and production indicators, as well as
the overall economy. The sensitivity to the degradation rate of this group increases when
the resurfacing frequency is reduced. Finally, the manager’s investment gains and the
health impact of noise are not sensitive to the rate of degradation. In fact, the noise level
should depend on the surface condition, but our acoustic emission model uses temporal
statistical formulas that are uncertain at old age because of a lack of data on old rolling
courses (i.e., >15 years), and without consideration of the IRI.
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Figure 9. Sensitivity of the marginal gains to the road surface deterioration speed in the scenarios of
minimum and maximum investments.

5. Discussion

5.1. Addressing the Assessment Reliability

Uncertainties and variability are essential issues in simulation models developed for
decision support purposes. There are uncertainties across the whole modeling chain, from
the input data to the performance results. Until these uncertainties can be characterized
with appropriate mathematical approaches, the lessons obtained from case studies carried
out by means of this method need to be applied with caution. In terms of variability, it
would be in the public interest for the method to be applied to roads that are not privately
operated, and/or with characteristics differing from highways, e.g., traffic level or operator
discount rate, in order to draw trends in terms of optimum resurfacing and maintenance
strategies for the country’s different road network types.

5.2. Aligning the Interests of the Road Maintenance Stakeholders

Roughly two-thirds of the performance indicators change positively with a higher
frequency of highway resurfacing, while the other third changes negatively. We discuss
this result and propose several avenues for performance improvement of maintenance
programs. Highway strategic management schemes—and notably the relationship be-
tween a public authority and a private concessionaire—need to be modified to benefit
the environment and macroeconomic outcomes. Nevertheless, the savings generated by
job creation—reduced payouts of unemployment compensation and increased payroll
taxes—are outside the scope of the current method, but their inclusion could offset the tax
revenue loss. The additional cost to the highway operator implied by an investment increase
can be justified by the public service provided: savings to users, reduction in the impact on
health and noise. With respect to road concessions, a fair system of remuneration needs
to be introduced to nudge investment efforts towards the multi-criteria social optimum,
negotiated in the contracts between government and operators based on sustainability
criteria. The overall benefit indicator recommended for highway maintenance studies in
France [29] is a questionable indicator, since it sets a single discount rate and, therefore, in
our view, does not represent the reality of the behaviors of the different economic agents.
Moreover, two versions of this indicator exist: a 100% financial indicator (classic NPV),
and a socioeconomic NPV (SE-NPV) that includes monetized environmental and social
impacts. Thus, this indicator aggregates various impacts through a weighting that is politi-
cally subjective—relying on monetization, i.e., a capitalistic approach of the society—not
allowing for alternative weighting representing other socioeconomic ethics [34]. Moreover,
it does not encompass PVI consequences or most of the environmental impacts of road
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maintenance. Finally, our case study results also show that the time lost under more in-
tensive maintenance scenarios could be reduced by improving roadwork management. It,
therefore, seems possible to obtain a more consensual “optimum” maintenance strategy, so
that public action becomes consistent with viable, bearable, and equitable development.

6. Conclusions

We have developed a holistic method to evaluate the sustainability of transportation
policies and, especially, road resurfacing strategies [4]. Here, it is applied to a French
highway section, providing elements to build a three-pillar sustainability strategy for
road maintenance. Compared with the reference scenario that represents the standard
French highway resurfacing scheme, increasing resurfacing frequency—thus maintenance
investment efforts—has a positive effect on the majority of the 11 performance indicators:
macroeconomic, environmental, and social benefits. In terms of pollution, each additional
euro invested in resurfacing could generate a gain in human health equivalent value repre-
senting several hundred euros, depending on the level of traffic. Increased maintenance
is also positive for road noise and user savings, potentially sparing several euros for each
additional euro invested, depending on traffic levels. On the other hand, increased main-
tenance generates financial losses for the operator and the government in terms of tax
revenues, mainly due to fuel savings generated by a smoother road surface. Thus, when
resurfacing policies are modified, some actors gain, others lose. The business model of
road maintenance, therefore, needs to be revised to align the currently diverging interests
of the stakeholders. In particular, the optimization of high-traffic roads requires increased
maintenance to reduce the damage to the environment of transportation, by reducing the
energy consumption of vehicles.
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Abbreviations

AADT Annual Average Daily Traffic
BAU Business-As-Usual
DALY Disability Adjusted Life Years
FTE Full-Time Equivalent
HV Heavy Vehicle
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INSEE National Institute of Statistics and Economic Studies (=Institut national de la statistique
et des études économiques)

IRI International Roughness Index
LCV Light Commercial Vehicle
LHV Large Heavy Vehicle
LV Light Vehicle
NPV Net Present Value
PC Passenger Car
PDF Potentially Disappeared Fraction
PVI Pavement-Vehicle Interactions
SCACO Semi-coarse asphalt concrete overlay
SHV Small Heavy Vehicle
TACO Thin asphalt concrete overlay
TICPE Domestic Consumption Tax on Energy Products (=Taxe intérieure de consommation

sur les produits énergétiques)
VAT Value added tax
VTACO Very thin asphalt concrete overlay
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Abstract: The emission of GHG has been steadily increasing in the last few decades, largely facilitated
by the transport sector, which has been responsible for more than two-thirds of the manmade
emissions in Europe. In cities, one of the possible solutions to decrease the emissions from fossil fuel
engines is to replace vehicles with electric ones. This solution can be applied to the urban public
fleet, namely by replacing urban buses with electric vehicles. Thus, this research work focuses on the
Portuguese case study, which serves as an example of achieving zero CO2 emissions from buses by
2034. This timeframe of replacing the current bus fleet, mostly powered by fossil fuels, with a fully
electric fleet is proven to bring financial, environmental, and health benefits to the population. The
pathway to the decarbonization of urban public transport will unequivocally contribute directly to
the accomplishment of several UN Sustainable Development Goals (SDGs), such as the promotion
of affordable and clean energy and sustainable cities and communities, as well as to the increasing
climate action (SDGs 7, 11, and 13, respectively). In addition, it will provide an opportunity for the
replacement of existing buses that are generally less efficient than electric buses, from both an energy
and an environmental point of view. As a result of the methodology, the Portuguese urban bus fleet
would be totally replaced by electric buses by 2034 (83% battery-electric and 17% hydrogen-electric),
which results in zero CO2 emission from this type of public transport.

Keywords: CO2 emission; urban bus fleet; decarbonization of public transport; electric buses

1. Introduction

The decarbonization of transport aims to contribute to the resolution of two very
demanding social problems: the degradation of air quality due to pollution and the harmful
effects of climate change [1].

The transport sector is the one that most depends on the use of fossil fuels, whose
combustion results in the emission of carbon dioxide (CO2) and other greenhouse gases
(GHG). The road transport sector is a major air pollutant in Europe, it is responsible for 72%
of the total manmade emissions to the atmosphere [2]. Besides, over 50% of the manmade
CO2 emissions are from the transport sector, specifically passenger vehicles [3].

Furthermore, the combustion process of motor vehicles causes the release or formation
of other polluting species such as particulate matter (PM), nitrogen oxides (NOx), or
ozone (O3). In urban areas, both private and public transports are a significant source
of air pollutants, that are emitted as exhaust gases, and are combined with noise to have
a degrading effect on environmental quality and human health [4–6]. All the pollution
emitted from the use of fossil-fueled vehicles in cities results in the death of more than
7 million people every year worldwide [7]. In Europe, air pollution is considered the
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biggest environmental risk, which induces degradation in people’s lives and the premature
death of about 400,000 people [5].

On the other hand, with the Paris Agreement at the Conference of the Parties (COP)
of the United Nations Framework Convention on Climate Change (UNFCC), in 2015, the
countries involved assumed the commitment to limit global warming by the end of the
century to below 2 ◦C, trying to make an effort to reach the target of 1.5 ◦C. For this,
countries should achieve carbon neutrality by 2050. Thus, to decrease the emission of
air pollution from road vehicles, the European Union set an ambitious climate goal to
reduce CO2 emissions by 40% in 2030 and 60% in 2040 [8,9]. To achieve these goals “clean
technology” has to be developed and deployed, such as electric vehicles, which have the
potential to attain sustainable results in combination with renewable and nonpolluting
electric energy sources [10–15].

Some measures throughout the years have been taken in order to reduce the amount of
air pollution emitted by vehicles in Europe, such as the establishment of emission standards
for vehicle engines, which are the Euro vehicular standards. Although, the commitment
to shift public transport from fossil-fueled engines to electric-powered batteries is a step
forward toward the total decarbonization of the transport sector. The reduction and
elimination of the use of fossil fuels as a source of energy for the movement of vehicles,
through the adoption of renewable and sustainable sources, is the key to the definitive
solution to the problems of GHG emissions and air pollution from transport, especially in
what concerns urban public transport [16].

Focusing on the public transport sector, electrification has emerged as a leading option
for decarbonizing ground transportation [17–22]. Nowadays, the leading commercial
options are battery-electric vehicles (BEVs) and hydrogen fuel-cell vehicles (HFCVs) [23].
For BEVs, the propulsion is ensured exclusively by an electric motor, using electricity stored
in an onboard battery that is charged through its own dedicated charging equipment. On
the other hand, in HFCVs, propulsion is provided exclusively by an electric motor, using
electricity generated onboard by a fuel cell powered by compressed hydrogen (H2) and
using oxygen from the atmosphere. As with BEVs, this type of vehicle has no pollutant
emissions associated with their trips, they only generate steam.

In Portugal, the current bus fleet, composed mostly of fossil-fueled vehicles, is seeing
some development in the sense of becoming more sustainable in the future. Efforts have
been made to shift the bus fleet to electric vehicles as a pathway to becoming a zero-emission
public transport across the country. As of 2021, 55 urban buses that run in Portugal are
electric, and the investments for this area will allow more electric vehicles to come, even
full electrification of the fleet by 2034.

The present work is an extension of the urban bus fleet replacement and scraping
methodology developed by Ribeiro and Mendes [24]. In the mentioned work, the authors
presented a detailed study on the age distribution and fuel type of three categories of buses
(i.e., minibuses, standard and articulated buses) to develop a methodology enabling the
replacement and scrapping of all fossil-fuelled buses in Portugal in a timeframe of four-teen
years. Such a study only focused on the timeline of the replacement of the old urban bus
fleet with zero-emission engines (i.e., BEVs and HFCVs) and the estimated costs asso-ciated
with its renewal. In the initial paper, the investment in the new bus fleet was esti-mated,
based on the following indicators: Total Investment for Zero Emissions, Reference Value
(maintenance of fossil fuels and CNG), and the difference between these two—the Cost of
Decarbonization. However, the previous work [24] did not quantify the possible reduction
in emissions achieved by the replacement and scraping of the entire Portuguese urban bus
fleet with electric engines throughout the fourteen-year timeframe.

Thus, the present work aims to present a distinct methodology to estimate CO2e
emis-sions for different buses, based on the fuel type and the CO2e emission factor for each
EU-RO emission class. Using the same Portuguese case study presented in Ribeiro and
Mendes [24], this paper takes a completely different approach by analysing and assessing
the impact of the negative externalities of the fleet operation. For this purpose, CO2e emis-
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sions are estimated yearly for fourteen years to provide all pathways to the decarboniza-
tion of the Portuguese urban bus fleet, with a special focus on the avoided CO2 emissions,
and their respective costs. This research introduces a novel approach for studies on in-
vestment in fleet scraping and replacement considering the price of carbon emissions in the
European market.

Following this perspective, the present research work aims to:

(i) Develop a novel methodology to quantify the possible CO2 reduction, i.e., carbon
neutrality, from the complete replacement of the urban bus fleet in Portugal from die-
sel and gas/CNG to fully electric buses, based on criteria for scraping and replacing
the urban bus fleet with electric buses defined by Ribeiro and Mendes [24];

(ii) (ii) Present the results of a full decarbonization of the urban bus fleet in Portugal as
a way to demonstrate the feasibility of the methodology presented, namely in the
re-duction in CO2 emissions and corresponding costs.

The paper is organized as follows. Section 2 presents a methodology for an urban
bus fleet decarbonization process that includes the estimation of CO2 emissions and the
re-spective decarbonization costs. In Section 3, a brief characterization of the urban bus
fleet in Portugal is made. In Section 4, the criteria for scraping and replacing the urban bus
fleet according to vehicle age are presented, based on the results presented in Section 3.
Section 5 addresses the timeframe for the replacement of the bus fleet with electric engines
throughout the years. Section 6 presents the main results of the application of the pro-posed
methodology for the replacement of the bus fleet, namely CO2 emission reduction for
the entire bus fleet (minibuses, standard and articulated buses), the total avoided CO2
emissions and the respective economic benefit of this reduction. Finally, Section 7 presents
the main conclusions of this work.

2. Urban Bus Fleet Decarbonization Methodology

After addressing the issue of decarbonization of the transport sector, and in particular
urban public transport, within the scope of the theme of combating climate change and
reducing atmospheric pollution, the following methodological points are addressed in the
next sections:

(i) Characterization of the urban road public transport fleet in terms of vehicle typology,
age, engine, and emission classes;

(ii) Presentation of a scenario for the scraping and replacement of buses, based on maxi-
mum age and zero-emission engine criteria;

(iii) Calculation of the trajectory over time from the reduction in CO2 emissions to the
total decarbonization of the urban bus fleet for Portugal.

The methodology for the gradual decrease in GHG emission is divided into two
different phases. First, the calendar for the replacement of the bus fleet is made to identify
the number of urban buses that still generate CO2 emissions and the number of electric
ones in the fleet. Next, the trajectory of the emission reduction is obtained according to the
emission factor and the urban bus fleet. Figure 1 shows a flowchart of the methodology
presented for this paper.
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Figure 1. Flowchart of the methodology for the bus fleet decarbonization.

CO2 Emission Factors for Urban Buses

A crucial part of the bus fleet decarbonization relies on the knowledge of the emissions
made each year by the fossil-fuel engines. In order to achieve the current and future CO2
emission of the urban bus fleet, the CO2 emission factor for each type of bus must be
correlated to the number of kilometres traveled each year. Table 1 shows the current factor
that is used according to the classification of the engine for standard buses, which can
range from Euro 0 to Euro VI [25]. The CO2 emission factor for minibuses and articulated
buses is derived from the weighting of the values from standard buses according to their
fuel consumption.

In addition to the emission factor for buses according to their Euro classification, the
annual kilometres traveled must be known in order to calculate the emissions from each bus
type and Euro category. In Portugal, minibuses travel on average 30,000 km per year, while
standard buses, which are the most common type of bus in the country, travel 50,000 km
per year, which is the same amount that articulated buses travel. The annual kilometres
traveled by each type of bus can be seen in Table 2. Although, as the kilometres traveled
changes every year, a more accurate length of annual travel is used to calculate the CO2
emission in the results section.

Table 1. CO2 emission factor for standard buses.

Vehicle
Typology

Type of Fuel
CO2 Emission Factor (g/km)

Euro 0 Euro I Euro II Euro III Euro IV Euro V Euro VI

Standard
Buses

Diesel 1687 1503 1441 1446 1280 1299 1374
Gas/CNG - - 1525 1250 1100 1100 1100

Electric - 0 0 0 0 0 0

Minibuses
Diesel 808 720 690 693 613 622 658

Gas/CNG - - 731 599 527 527 527
Electric - 0 0 0 0 0 0

Articulated
Buses

Diesel 1933 1722 1651 1657 1466 1488 1574
Gas/CNG - - 1747 1732 1260 1260 1260

Electric - 0 0 0 0 0 0
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Table 2. Annual kilometres traveled by buses in Portugal.

Type of Bus Annual Trips (km/year)

Minibus 30,000
Standard 50,000

Articulated 50,000

3. Urban Bus Fleet in Portugal

The urban buses, then, are categorized into three different categories, which are:
(i) minibuses—capacity of 20 to 50 passengers; (ii) standard buses—capacity of 50 to
105 passengers; and (iii) articulated buses—capacity higher than 105 passengers [26]. Data
from 2020 shows that in Portugal there are currently 14,390 buses of all types, although
only 5633 buses meet the urban bus criteria. The urban bus fleet comprises 509 mini (10%),
4808 standards (85%), and 316 (5%) articulated buses, with an average age of 11.6, 16.3,
and 15.6 years, respectively, being the average age of the entire urban bus fleet which is
15.9 years old (Figure 2). A detailed description of the characteristics of the Portuguese
urban bus fleet is provided elsewhere [24].

Figure 2. Age distribution for the urban bus fleet.

Bus Emission Classification

The European Union has strict legislation that regulates the emission of pollutants
from vehicles. Thus, manufacturers and companies must improve their engines to meet the
specification set in Europe [27]. The Euro regulation that addresses pollutant emissions
from vehicle engines is a clear commitment to the decrease in air pollution across Europe,
whose benefits expand beyond the borders of the European Union, since most G20 members
and several emerging economies in Asia and Latin America set standards based on the
European-devised system [28].

The buses considered for purchase in the European Union follow the emission proto-
cols set by the Euro standards since 1988, when Euro 0 was created, with the last update in
2014 with the advent of Euro VI [29].

In Portugal, most of the buses fall into Euro III and Euro II standards, which means
that the engines need to be replaced with less pollutant ones. On the other hand, there is a
growing number of buses in the Euro V and Euro VI categories. Table 3 and Figure 3 show
the number of buses by the type of fuel and by each category of Euro standard in Portugal.
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Table 3. Bus classification under Euro standards in Portugal.

Emission Level
Minibus Standard Articulated

Diesel CNG Diesel CNG Diesel CNG

Euro VI 73 3 230 208 20 1
Euro V 149 0 486 27 77 0
Euro IV 112 0 688 61 29 28
Euro III 148 0 1309 127 53 0
Euro II 11 0 926 16 79 0
Euro I 4 0 508 0 23 0
Euro 0 0 0 176 0 6 0
Total 497 3 4323 439 287 29

Total fossil-fueled 500 4762 316
Total electric 9 46 0
Total vehicles 509 4808 316

Figure 3. Number of buses by category and type of fuel.

The distribution of the Portuguese bus fleet over Euro emission standards is not very
different from the general panel in Europe, as 28% of all buses rely upon Euro III standards,
25% under Euro V, and 18% under Euro II [30]. However, the bus fleet must be renewed
to reduce air pollution, which culminates in the replacement of fossil-fueled buses with
electric ones that do not emit CO2 into the atmosphere. Thus, the next section of this
paper presents a methodology and pathway to the full decarbonization of the Portuguese
bus fleet.

4. Criteria for Scrap and Replacement of the Urban Bus Fleet According to Vehicle Age

The criteria for the bus fleet scrap and replacement in Portugal are presented to stim-
ulate the sustainability of the urban public transport sector. Other criteria could have been
selected, but the authors have already adopted and fully justified their choice, as dis-cussed
in a previous paper [24]. Thus, a trajectory of scraping and replacement is defined to assure
the complete decarbonization of the urban bus fleet, which will have a maximum age of
fourteen years old by the end of the total replacement of fossil-fueled buses with electric
buses. The age of scrap of buses is fixed at 14 years because it is two times the life cycle
of an electric battery, whose replacement would cost as much as a new electric bus. After
the first seven years of usage, only the battery is replaced in order to decrease the residue
caused by the eventual disposal of the bus structure. However, after the second period of
seven years, the bus in its totality is replaced.
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Thus, for minibuses, all fossil-fueled and electric vehicles will be replaced by BEVs.
Articulated vehicles fueled by fossil fuels will be replaced by HFCVs since BEVs are not
suitable for this type of vehicle, which needs a bigger battery in order to move a large
vehicle, and standard urban buses will be replaced by both BEVs and HFCVs, following
the percentages presented in Table 4.

Table 4. Criteria for scraping and replacement of the bus fleet.

Minibus Standard Articulated

Year Scrap
Replace

Scrap
Replace

Scrap
Replace

BEV BEV HFCV HFCV

2021 ≥21 years 100% ≥21 years 100% 0% - -
2022 ≥20 years 100% ≥20 years 95% 5% - -
2023 ≥19 years 100% ≥19 years 90% 10% - -
2024 ≥18 years 100% ≥18 years 85% 15% ≥21 years 100%
2025 ≥17 years 100% ≥17 years 80% 20% ≥19 years 100%
2026 ≥16 years 100% ≥16 years 75% 25% ≥17 years 100%
2027 ≥15 years 100% ≥15 years 70% 30% ≥15 years 100%
2028 ≥14 years 100% ≥14 years 65% 35% ≥14 years 100%
2029 ≥14 years 100% ≥14 years 60% 40% ≥14 years 100%
2030 ≥14 years 100% ≥14 years 55% 45% ≥14 years 100%

2031+ ≥14 years 100% ≥14 years 50% 50% ≥14 years 100%

Starting from 2021, all urban buses are replaced when they reach a predetermined age,
starting with the oldest buses at a replacement rate that is economically feasible for the
companies, until all buses older than fourteen years can be replaced. In the following years,
the rule stays the same, which will allow all buses fueled by fossil fuels to be replaced by
BEVs and HFCVs by 2028. However, for articulated vehicles, due to their size and weight,
it is considered that an electric battery is not the most suitable option due to increasing
operating costs from the weight of the batteries required for this type of bus. On the other
hand, the market is now starting to develop articulated buses fueled by hydrogen. Thus, it
is considered that the replacement only should start in 2024 to provide more time for the
industry to prepare and respond to the market needs.

It is important to mention that for articulated buses, due to their dimension and weight,
VEBs are not recommended, instead, for this type of bus, the recommended engine is the
HFCVs. Thus, the replacement of articulated buses can be scheduled to start only in 2024,
when hydrogen fuel-cell vehicles will be available in the market. On the other hand, it
is expected that all fossil-fueled buses in Portugal will be replaced by BEVs and HFCVs
by 2034.

In addition, the replacement of fossil-fueled engines for electric engines in buses will
determine the improvement of charging stations and electric power stations as city and
transport infrastructures, since the charging of bus batteries needs special power treatment.

5. Timeframe for the Replacement of the Bus Fleet

According to the projections for this research work, it is possible that in Portugal all
bus fleets become zero emissions by 2034. The replacement of the current fossil-fueled bus
fleet can occur following the criteria of the fourteen-year-old replacement, which means
that when a bus reaches the age of fourteen years, it is going to be replaced by a new one
that can contribute to the zero-emission criteria (i.e., a new fleet of electric buses). For this,
all types of urban buses are going to be replaced, such as minibuses, standard buses, and
articulated buses. More detailed information regarding the three categories of the urban
bus fleet can be ob-tained elsewhere [24].

Considering the bus fleet in Portugal in 2020 (5633 vehicles), it is expected to take
up to fourteen years to completely replace the entire urban bus fleet with electric engines.
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Figures 4 and 5 show how the replacement would take place considering the entire fleet
from 2020 to 2034.
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Figure 4. Replacement of the bus fleet with electric engines throughout the years.
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Figure 5. Accumulated vehicles (fossil-fueled vs. zero-emission).

As it is possible to infer from Figures 4 and 5, only in 2034 will diesel vehicles not
be used in the urban bus fleet, which will represent the total conversion of the engines
to electric-powered ones. This rate of replacement will define the decarbonization of
the public transport of the entire country, which depends on the CO2e emission factor of
each engine.

6. Results

This section shows the total annual CO2e (amount of gases equivalent to the quantity
of carbon dioxide in the atmosphere) emissions for each type of bus and the differences
in GHG emissions according to the number of buses that run with fossil fuels (emissions
factor) and the kilometres traveled. Year by year, it is possible to see a decrease in pollutant
emissions because of the replacement of fossil-fueled buses with electric vehicles.

For minibuses, it is possible to notice that the CO2e emission from diesel-fueled
vehicles is greater than vehicles fueled by Gas/CNG. This difference in emission is because
there are more diesel buses available that travel greater distances every year. The power of
the decarbonization achieved by the replacement of the minibus fleet can be seen as early
as the first five years, in which it is possible to observe a 56% reduction in CO2e emission,
which represents fewer than 5451 tons of CO2e in the atmosphere. Table 5 and Figure 6
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show year by year the difference in CO2e emission by minibuses according to the rate of
vehicle replacement with sustainable technology.

Table 5. CO2e emission reduction for minibuses.

Year
Number of Vehicles Km Traveled Emission CO2eq (ton)

Diesel Gas/CNG Diesel Gas/CNG Diesel Gas/CNG Total

2020 497 3 14,910,000 90,000 9676 47 9723
2021 482 3 14,460,000 90,000 9361 47 9409
2022 473 3 14,190,000 90,000 9174 47 9222
2023 367 3 11,010,000 90,000 6971 47 7018
2024 314 3 9,420,000 90,000 5917 47 5964
2025 222 3 6,660,000 90,000 4224 47 4272
2026 152 3 4,560,000 90,000 2917 47 2964
2027 77 3 2,310,000 90,000 1517 47 1564
2028 68 3 2,040,000 90,000 1343 47 1391
2029 56 3 1,680,000 90,000 1106 47 1153
2030 32 3 960,000 90,000 632 47 679
2031 21 3 630,000 90,000 415 47 462
2032 16 3 480,000 90,000 316 47 363
2033 0 0 0 0 0 0 0
2034 0 0 0 0 0 0 0
Total - - - - 53,568 617 54,185

 

Figure 6. Decrease in CO2e emission by minibuses.

For standard buses, the difference in CO2 emission is even greater than for minibuses.
This type of bus is the most used in the country, which contributes to more pollution from
the burning of both diesel and gas/CNG fuels. As it can be seen in Table 6, the drops
in CO2 emission from standard buses represent a great decrease in air pollution from
public urban transport. Only in the first five years of bus replacement there is a drop of
more than 80% in the amount of CO2 emitted into the atmosphere. From Figure 7, it is
possible to see a considerable drop in emissions from 2020 until 2026, when the number
of fossil-fueled standard buses reaches a number below 500. The following years face a
less accentuated decrease, however, the replacement of the remaining buses with electric
engines allows reaching the milestone of zero CO2 emissions from standard buses in 2034,
when all standard bus fleet will be composed of BEVs and HFCVs.
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Table 6. CO2e emission reduction for standard buses.

Year
Number of Buses Km Traveled Emission CO2e (ton)

Diesel Gas/CNG Diesel Gas/CNG Diesel Gas/CNG Total

2020 4323 439 216,150,000 21,950,000 305,780 25,438 331,217
2021 2713 423 135,650,000 21,150,000 186,039 24,218 210,257
2022 2295 324 114,750,000 16,200,000 155,818 18,030 173,848
2023 1750 317 87,500,000 15,850,000 116,415 17,593 134,007
2024 1149 278 57,450,000 13,900,000 75,079 15,290 90,369
2025 716 235 35,500,000 11,750,000 47,367 12,925 60,292
2026 394 208 19,700,000 10,400,000 26,453 11,440 37,893
2027 250 208 12,500,000 10,400,000 17,100 11,440 28,540
2028 200 207 10,000,000 10,350,000 13,740 11,385 25,125
2029 156 207 7,800,000 10,350,000 10,717 11,385 22,102
2030 152 207 7,600,000 10,350,000 10,442 11,385 21,827
2031 114 207 5,700,000 10,350,000 7832 11,385 19,217
2032 35 132 1,750,000 6,600,000 2405 7260 9665
2033 10 4 500,000 200,000 687 220 907
2034 0 0 0 0 0 0 0
Total - - - - 975,873 189,393 1,165,265

 

Figure 7. Decrease in CO2e emission by standard buses.

For articulated buses, the decrease in CO2 emission is no different, however, as the
replacement of the vehicles only starts in 2024, the pollution only starts to drop this year,
as can be seen in Table 7 and Figure 8. Only in the first years of the bus fleet replacement
more than 50% of pollution is reduced, when the decrease is more accentuated. The next
years are marked by the reduction in the total emission of CO2 by articulated buses until
the year 2034, when the entire articulated bus fleet will be replaced with electric engines
that create zero emissions to the atmosphere.
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Table 7. CO2e emission reduction for articulated buses.

Year
Number of Buses Km Traveled Emission CO2e (ton)

Diesel Gas/CNG Diesel Gas/CNG Diesel Gas/CNG Total

2020 287 29 14,350,000 1,450,000 22,900 1827 24,727
2021 287 29 14,350,000 1,450,000 22,900 1827 24,727
2022 287 29 14,350,000 1,450,000 22,900 1827 24,727
2023 287 29 14,350,000 1,450,000 22,900 1827 24,727
2024 146 29 7,300,000 1,450,000 11,086 1827 12,913
2025 122 29 6,100,000 1,450,000 9136 1827 10,963
2026 87 1 4,350,000 50,000 6559 63 6622
2027 20 1 1,000,000 50,000 1574 63 1637
2028 20 1 1,000,000 50,000 1574 63 1637
2029 19 1 950,000 50,000 1495 63 1558
2030 13 1 650,000 50,000 1023 63 1086
2031 10 1 500,000 50,000 787 63 850
2032 10 0 500,000 0 787 0 787
2033 6 0 300,000 0 472 0 472
2034 0 0 0 0 0 0 0
Total - - - - 126,093 11,341 137,434

 

Figure 8. Decrease in CO2e emission by articulated buses.

After evaluating the reduction in CO2 emission from different types of buses according
to their specific rate of replacement for electric engines, the total reduction in all buses in
Portugal shows a bigger picture of the benefits of the zero-emission pathways to achieve
sustainable urban public mobility. The results in Table 8 and Figure 9 show the amount of
CO2 that is not emitted as a result of the replacement of the bus fleet. At the end of 2034,
when all buses will run on electricity, 1,356,884 tons of CO2e will be emitted in a timeframe
of fourteen years. This same number also tells us that in the next fourteen years after the
total zero-emission bus fleet replacement, the benefits in air quality will be considerable,
since the expected pollution from urban public transport will be zero.

In addition to the environmental benefits of the pathway to zero emission by the
public urban bus fleet, the avoided emissions also represent savings for the economy of
the country. Table 9 shows the value of avoided emissions to reflect what would be the
cost of non-decarbonization and if the carbon emitted was valued at the price of the ton of
carbon emitted on the European market (ETS). The value is calculated by multiplying the
volume of emissions avoided by the estimated market price, starting from 50 euros in 2021
to 120 euros in 2030 [31].
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Table 8. CO2 emission reduction for the entire bus fleet.

Year
Number of Buses Km Traveled Emission CO2e (ton)

Diesel Gas/CNG Diesel Gas/CNG Diesel Gas/CNG Total

2020 5107 471 245,410,000 23,490,000 338,355 27,312 365,667
2021 3482 455 164,460,000 22,690,000 218,300 26,092 244,392
2022 3055 356 143,290,000 17,740,000 187,892 19,905 207,796
2023 2404 349 112,860,000 17,390,000 146,285 19,467 165,752
2024 1609 310 74,170,000 15,440,000 92,082 17,165 109,246
2025 1060 267 48,560,000 13,290,000 60,727 14,800 75,527
2026 633 212 28,610,000 10,540,000 35,929 11,550 47,479
2027 347 212 15,810,000 10,540,000 20,191 11,550 31,741
2028 288 211 13,040,000 10,490,000 16,657 11,495 28,153
2029 231 211 10,430,000 10,490,000 13,319 11,495 24,814
2030 197 211 9,210,000 10,490,000 12,098 11,495 23,593
2031 145 211 6,830,000 10,490,000 9034 11,495 20,529
2032 61 135 2,730,000 6,690,000 3508 7307 10,815
2033 16 4 800,000 200,000 1159 220 1379
2034 0 0 0 0 0 0 0
Total - - 876,210,000 179,970,000 1,155,534 201,350 1,356,884

 

Figure 9. The total decrease in CO2 emissions from buses.

Both Table 9 and Figure 10 show the benefits of the total electrification of the bus
fleet in Portugal, namely in economic terms as well as in environmental terms. At the
end of the fourteen years of the bus fleet replacement, almost EUR 420,000,000 could be
saved in CO2 emissions. In addition, the kilometers not traveled by fossil-fueled buses in
the same timeframe represent a reduction of more than 4 million tons of CO2 emitted to
the atmosphere.
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Table 9. Prevented CO2 emissions and their respective cost.

Year
Number of

Buses

km Not Traveled
by Fossil Fuel
Engines (km)

Avoided
CO2

Emissions
(ton)

Price of a
Ton of CO2

(EUR)

Avoided
Emissions

(EUR)

2020 5578 - - - -
2021 3937 81,750,000 121,274 50 6,063,719
2022 3411 107,870,000 157,870 58 9,121,398
2023 2753 138,650,000 199,915 66 13,105,518
2024 1919 179,290,000 256,421 73 18,804,179
2025 1327 207,050,000 290,140 81 23,533,593
2026 845 229,750,000 318,187 89 28,283,323
2027 559 242,550,000 333,926 97 32,279,497
2028 499 245,370,000 337,514 104 35,251,491
2029 442 247,980,000 340,853 112 38,251,258
2030 408 249,200,000 342,074 120 41,048,859
2031 356 251,580,000 345,138 120 41,416,535
2032 196 259,480,000 354,852 120 42,582,223
2033 20 267,900,000 364,288 120 43,714,514
2034 0 268,900,000 365,667 120 43,880,019
Total - 2,977,320,000 4,128,118 - 417,336,125

 

Figure 10. Total avoided emissions by the replacement of the bus fleet.

7. Conclusions

The replacement of fossil fuels with electricity in urban public transport can make
a very significant contribution to reducing GHG emissions, within the framework of
the Portuguese National Energy and Climate Plan objectives [32], as well as to reducing
atmospheric pollution in urban areas.

A previously published paper [24] addressed the methodological procedure for the
replacement and scraping of urban buses and the associated costs, whereas the present
paper mainly focuses on the environmental benefits (i.e., reduction in CO2 emissions) of a
sustainable decarbonization process for the Portuguese urban bus fleet.

This research work innovatively shows and justifies the need to act in order to reduce
the impact of public transport in view of the climatic challenges that humankind now faces.

In Portugal, the urban bus fleet was composed of 5633 vehicles on 31 December 2020,
of which 509 were minibuses, 4808 were standard buses, and 316 were articulated buses.
The average age of the bus fleet was 15.9 years, with 23% of the fleet over 21 years old.
In the urban bus fleet (2020), 91% of vehicles were powered by diesel, 8% by natural gas,
and 1% by electricity. Among fossil-powered vehicles, 39% met Euro IV or later standards,
while 61% met Euro III or earlier standards.
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From the methodology proposed in this research work, the replacement of the bus
fleet follows the criteria of the complete decarbonization of the bus fleet by 2034, consid-
ering the maximum age of 14 years for vehicles. This would result in a decrease in the
average age of vehicles from 15.9 years (2020) to a minimum of 4.3 years in 2026, reaching
9.9 years in 2034.

In the replacement of the fleet of 5,633 vehicles, 4,675 (83%) would be battery-electric,
while 958 (17%) would be hydrogen-electric. After the first five years of the replacement
of the bus fleet (in 2026), annual CO2 emissions would be reduced by 87%. By 2034, after
which GHG emissions would be zero, the volume of avoided CO2eq emissions would be
4.1 million tons. Considering the price per ton of carbon to vary from EUR 50 to EUR 120,
avoided emissions would have a reference value of EUR 417 M.

Following what was described in this research work, it is also important to measure
the impact and how the decrease in other pollutants will occur with the replacement of the
urban bus fleet, which will be the theme for future works.

In short, the replacement of the bus fleet in Portugal represents both environmental
and economic benefits for all. The total zero-emissions bus fleet, despite the investments
needed for it to occur, will bring, in the long term, savings and quality of life for its users
and the population in general.
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Abstract: The diffusion of electric vehicles in Italy has started but some complications weight its
spread. At present, hybrid technology is the most followed by users, due particularly to socioeconomic
factors such as cost of investment and range anxiety. After a deep discussion of the Italian scenario,
the aim of the paper is to recognize whether fuel cell technology may be an enabling solution to
overcome pollution problems and respect for the environment. The opportunity to use fuel cells to
store electric energy is quite fascinating—the charging times will be shortened and heavy passenger
transport should be effortless challenged. On the basis of the present history and by investigating the
available information, this work reports the current e-mobility state in Italy and forecasts the cities in
which a fuel cell charging infrastructure should be more profitable, with the intention of granting a
measured outlook on the plausible development of this actual niche market.

Keywords: e-mobility; electric vehicles; battery electric vehicles; socio-technical transition; future of
e-mobility

1. Introduction

In the last twenty years, great attention has been paid to the problem of climate change and to the
decrease of greenhouse gas emissions in the atmosphere. Most of the carbon dioxide, CO2, emissions in the
environment are due to road transportation consuming fossil fuels [1]. The carbon dioxide emissions from
road transportation have increased considerably and in 2013 they were even 50% higher than in 1990 [2].

In 2016, global CO2 emissions due to fuel combustion were about 32 Gt CO2, substantially similar
to 2015 levels. These data show that emissions have more than doubled since the beginning of the
1970s and have increased by around 40% since 2000. Most of these increases are relative to the growth
in economic production. Although emissions are relatively stable between 2013 and 2016, the initial
International Energy Agency (IEA) investigation exposed that in 2017 emissions increased by about
1.5%, directed by the growing demand of China and India and the European Union [3].

Total energy consumption in 2018 increased by almost double compared to 2010 and CO2 emissions
grew by 1.7% within a year, reaching a new negative record (33 Gt) [4]. According to the study, the
demand for all types of fuels has grown, driven by natural gas, which has been the fuel of “first choice”;
its demand has in fact increased by almost 45% compared to the total energy market. Fossil fuels follow,
with a growth of about 70% for the second consecutive year. The fact is that the final balance sheet is
worrying, because due to the higher energy consumption, the IEA warns CO2 emissions are increasing.

Sustainability 2020, 12, 564; doi:10.3390/su12020564 www.mdpi.com/journal/sustainability
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The energy production of coal-fired power plants continues to be the main cause of the deterioration,
given that it represents 30% of all CO2, emissions related to energy (10 Gt). In Asian region China and
India are the main producers of CO2 emissions and together with the United States they account for
85% of the net intensification in emissions, while pollution levels in Germany, Japan, Mexico, France
and the United Kingdom are decreasing. Overall, the global average annual CO2 concentration in the
atmosphere was more than 400 ppm in 2018, up 2.4 ppm from 2017. This is a significant increase over
pre-industrial levels, which ranged from 180 to 280 ppm. Despite the growth in coal consumption,
the IEA notes, however, that the transition to gas was accelerated in 2018, avoiding the use of nearly
60 million tons of coal and the dispersion in the air of 95 million tons of CO2. Without this result, the
increase in emissions would have been over 15% higher [4].

A change of course is needed but different sociopolitical aspects prevent the development and
spread in the communities of sustainable vehicles [5–7]. In technical literature different papers deal
with the acceptation of new technology cars also using complex correlative algorithms to face “the egg
and hen problem” [8], considering incentives for the purchase, the total cost of ownership of electric
vehicles and highlighting the advantages of road use offered by the various municipalities [9] and also,
since a car is a prestige good, of neighbors’ opinions [10]. The authors believe that a possible way to
solve problems related to the environment could be the use of hydrogen-powered cars, whose charging
methods are similar to those of traditional cars but which require huge investments, especially for
charging stations, which should be accurately planned in position and time [11–14]. So, this paper, after
having discussed the situation of the electrification of transport and the perception that the population
has in different countries and especially in Italy [9], investigates which communities are more ready to
accept a complex technology such that of fuel cells.

The paper is divided in the following paragraph. Paragraph 2 refers to the situation of electrification
of transport. Paragraph 3 focuses its attention on the sociopolitical aspects in the acceptance of electric
vehicles and on the pollution situation in Italy. Paragraph 4 explains the used algorithm to identify
cities more ready for new technology. Paragraph 5 refers to the negative aspects that must be considered
and overcome. Then, conclusions arrive.

2. Current Scenarios of Electric Mobility

The mobility agenda in Europe [15] supports the transition to low-emission and zero emission
vehicles with targets to be achieved by 2025. In 2025, in fact, the average CO2 emissions of new heavy
vehicles will have to be 15% lower than the 2019 level and, for 2030 an indicative reduction target of at
least 30% is proposed in comparison with 2019.

In the communication “Europe on the move—an agenda for a socially just transition towards clean,
competitive and interconnected mobility for all”, the Commission presented several legislative initiatives
concerning transport on the road. Mobility is the main economic sector in the world and in Europe there
is a continuous growth of transportation activities, so that between 2010 and 2050 passenger transport
should increase by about 42%, while freight transport by 60%. It is widely recognized that electric and
automated vehicles will be an important part of achieving the goals set in these documents.

Previous studies [16] show that the use of electric vehicles (EVs) compared to petrol-driven
vehicles can save (around 60%) greenhouse gas emissions throughout or in most EU Member States,
related to the assessed consumption of EVs. Compared to diesel instead, electric vehicles show an
average greenhouse gas savings of about 50% in some EU member states [17].

Even though EVs are not entirely free of environmental influence, due to greenhouse gas (GHG)
emissions both during the production process and its end of life, studies on the impact and life cycle of
EVs have suggested that these may have greenhouse gas emissions overall lower than conventional
internal combustion (ICE) vehicles [18]. However, the process towards the adoption of EVs is still
long. Even in the countries where the embracing of EVs by the users is remarkable, these cannot
presently be considered a true opponent of traditional automobiles and buses with internal combustion
engines because their diffusion is still marginal. One of the biggest obstacles to the expansion of electric
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cars is the reloading anxiety of users, as the infrastructure of charging stations is not yet sufficiently
widespread and the autonomy of cars is limited. The development of a recharging network is therefore
one of the keys to allow the spread of EVs [19]. From 2005 to today, the use of an electric motor for the
mobility has exceeded its own first detachment friction, surpassing a critical line, by benefiting from
various developments (technical and not) whose influence is growing increasingly importance—high
oil prices, carbon constraints and an increase in organized car sharing and integration with other
mobility forms, as micro-mobility. The progress of full electric vehicle and hybrid technology is
subjected to changes in refueling infrastructure, variations in mobility, vicissitudes in the global
automotive market, variations in energy prices, climate policy and improvements in the electricity
sector. Particular care is devoted to the collaboration of technical alternatives, such as full electric
vehicles, hybrid ones and hydrogen fuel cells vehicles [20]. The EVs sector is constantly growing
in almost all parts of the world and the current situation is characterized by several disconnected
projects in many countries, Figure 1. An attempt is made to assess the tendency of direct current
charging systems to verify the feasibility of a transnational corridor infrastructure that guarantees
accessibility to all automobiles. A predictive algorithm for the study of the trend for the electric vehicle
was implemented to comprehend the market and infrastructure growth in the coming [21,22].

 

Figure 1. Electric vehicle (EV) sales growth from 2009 to 2013—figure reproduced from Reference [21]
and focus on Italian sales [22].
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Furthermore, in the near future other obstacles to the implementation of EVs will have to be
overcome, such as the standardization of charging and refueling stations. This, with attention to
connector types and adopted charging methods, must be addressed immediately. Between the several
and diverse standards, guidelines and rules, there are two dual categories of charging method for electric
vehicles (Figure 2)—high-power direct current DC and alternating current AC charging mode [11].

Figure 2. Different ways of electric vehicle charging methods.

Currently the European standard IEC 62,196 [23] considers four charging modes based on the speed
of charge (slow or fast), the protection systems and the types of connectors. As for the fast-charging
DC stations, the Tokyo Electric Power Company (TEPCO) in Japan has developed the quick-charge DC
connector, also called CHAdeMO. In 2014, Japan and Europe had the most widespread CHAdeMO
charging installations in the world, with 2129 and 1372 rapid loaders each, respectively.

Vehicle-to-Grid Paradigm

In addition to studies on the progress and convenience of plug-in hybrid vehicles (PHEV) and
batteries (BEV) ones, attention must also be paid to the growing relation and interaction between the
developing smart grid and the electric vehicles, seen as a resource of energy (Figure 3). Currently,
many car manufacturers have invested significant resources in the development and production of new
electric vehicle models; however, the development of an efficient recharging network, as the presence
in city of different charging columns but also in the link connections between different cities, is one of
the keys to allow the spread of this new way of vehicles. In different countries a question is arising,
could the actual electric grid support the EVs revolution? The vehicle-to-grid paradigm (V2G) should
be a solution.

Figure 3. Basic scheme of vehicle-to-grid (V2G).
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In the energy area, two significant progresses will concern electric mobility, the development of
renewable energy technologies (but especially their acceptance by the consumer) and the emergence
of smart grid systems, for which the energy flow is bilateral. The irregular availability of most
renewable energies requires the storage of electricity, usually made with dedicated batteries. With the
assistance of advanced smartgrid-based electricity management systems, batteries can be employed
in the storage of electric energy and aid as “rotating energy reserve”, when the peaks of demand
occur if the BEVs are inactive. For electric energy providers, electrification of vehicles offers a way
to solve peak demand, by offering a support to the stability of the local network, without having to
intervene distant production plants, so reducing the weight on the network structure during peak
hours [24]. In addition to generating demand and sales, batteries in EV should support utilities
in decrease inadequacies and system variations built into today’s network. For electric utilities, a
synergistic connection among smartgrids and battery vehicles and renewable energy sources is clear.
Besides, when BEV are progressively joined into smartgrids, great amounts of data and information
will be available to those involved in infrastructure and communication systems, the whole sector of
energy will be included. New chances and opportunities for companies operating in the automotive
sector will rise, also influencing the competitive places, market shares, business models and strategies
of current car manufacturers, the next electric and connected cars can be built by large corporations of
the information technology.

The protocol vehicle-to-grid, V2G, realized together with the other protocols to have a connected
car (vehicle to vehicle V2V, vehicle to everything V2X) enables not the spreading of information to
improve travel times but the bidirectional flux of energy. This is one of the smarter technologies that
allows the feeding of energy to the grid, due to the capability to simplify two-way communication
between EV and the electricity grid to spread and obtain energy when the EVs are connected to the
network (Figure 4).

Figure 4. Schematic of the vehicle-to-grid (V2G) concept, it is noted the bidirectionality introduced in
the smartgrid.

The enormous number of electric vehicles should be used in different possibilities of auxiliary
services, for example frequency balance, voltage regulation, load leveling (downstream filing), peak
load leveling, lines congestion mitigation and energy storing [25].

Since the charger is bidirectionally connected to the network, the charger receives (EV charging
mode) and supplies (EV discharge mode) electric energy to and from the net, respectively. In fact, not
only can the two-way charger participate in V2G, the unidirectional loader is also capable of running
the V2G service, which is absorbing electric energy from the network [26]. As a matter of fact, the
growing market share of EVs displays a global fear for climate changes. Numerous policies were
introduced by the administration to promote the growth and implementation of electric vehicles, such
as conventional ICE car purchase limitations in big cities and subsidies for domestic electric vehicles
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and plug-in hybrid electric vehicles. However, the stress on the electricity net becomes a problematic
issue when there is a high diffusion of the EVs recharging request.

In a study conducted in Indonesia [27], the feasibility of V2G in the national electricity grid is
evaluated (Figure 5). In the Indonesian case, as the network’s current capacity to regulate supply and
demand is very restricted, the huge EV charge further aggravates the condition due to the lack of
energy storage. The auxiliary services of electric vehicles have led to the idea of using electric vehicles
to support the network, in particular with the increase in the number of electric vehicles. Load leveling
and frequency re-balance have been carefully observed. This study also analyzes the impacts of the
adoption of electric vehicles and V2G contribution rates, which are driven by a certain incentive from
the transmission service operator (TSO). The outcomes show that the energy received and released by
electric vehicles after their recharge and discharge is feasible to provide the Indonesian network if
electric vehicles are correctly controlled.

 
Figure 5. The load leveling amount under different EV acceptance and V2G participation, a quality
windows in feeding the grid is given by the two lines—data from Huda et al., 2019 [27].

It is also known that renewable energy resources (RES) are promising solutions for energy
issues and EVs and V2G are the appropriate support systems for RES, to overcome the problem
of their intermittent nature [28]. Along with advances in V2G technology, the implementation of
electric vehicle charging stations on electricity distribution nets is facing new challenges (Figure 6).
As already underlined, the recharging infrastructures with V2G capacity should be columns in the
energy management of the network and offer positive effects on the stability of the same net.

 

Figure 6. IEEE 33-bus network connecting charging stations and renewable energy system.
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Vehicle-to-grid should be used correctly in a domestic energy managing system as a storage
element to decrease energy costs [29]. It is also a promising answer to support the diffusion of
renewable energy generation; in particular, it could regulate the intermittent service of RES [30]. The
key contribution of V2G is to reduce peak demand and provide peak demand through the discharge of
electric vehicles (Figure 7). This procedure provides positive technical, environmental and economic
impacts on EVs. Electric vehicles can be considered as local energy reserves, thus not using very
distant “rotating” sources, therefore subject to transport losses. Both for shaving the peak and for
filling the valley at the same time V2G would be applied [31]. Therefore, it can support the network
from different points of view, such as load shifting and congestion managing. Following common
strategies, electric vehicles charge the surplus of RES during off-peak periods and send this energy to
the grid when renewable energy decreases. It could be effectively treated with V2G technology. As a
negative problem, battery degradation and its perception by users, is one of the problems related to
the participation in V2G program and the cost of battery degradation limits undoubtedly the economic
advantages, if providers do not support and incentive the participation in the program. Battery
degradation is associated with energy emission and is highly sensitive to discharge depth. To make the
operation of a battery storage system for V2G systems economically feasible, it is necessary to design
an efficient power electronics converter that must be supported by an adequate control strategy [32].
The appropriate solution to reduce the cost of battery degradation can be intelligent charging [33].

Figure 7. Amount of connected electric vehicles on peak shaving and valley filling, data from Wang
and Wang, 2013 [33].

3. Sociopolitical Aspects and Care to the Environment

Other aspects to be taken into consideration in the process of transition to sustainable mobility
are those related to the sociopolitical context, since the national contextual factors can favor certain
emerging technologies. The commitment and public support for the definition of new development
paths play a crucial role in the transition to sustainable transport technologies. Socio-technological
schemes consist of formations of social and technological elements. Geels [34] has shown that technical
and social transitions are the result of co-evolution among various actors and clusters of actors,
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for example organizations, legislative bodies, economic corporation, natural resources and physical
artifacts such transportation structures. Previous research demonstrates how local policy instruments
such as subsidies for the purchase, regulation of the use of public car parks and the encouragement of
public procurement contribute to the development of this system [35].

A study carried out in several European cities shows how the rate of adoption of electric vehicles
is influenced by numerous factors, both locally and nationally. This study presents a qualitative
comparative analysis (QCA) of incentive e-mobility policies and supports in 15 European cities in
order to identify political configurations at urban and local level that lead to favorable results in the
promotion of the consequent adoption of electric vehicles [36]. It emerges how particular configurations
are sufficient for favorable results to occur, such as the total cost of ownership of electric vehicles in
combination with encouraging the installation of domestic battery chargers or recharging points on
private parking lots in addition to the creation of a public recharging network in combination with other
factors that discourage the use of conventional cars. The results of this study, even if mostly empirical,
confirm that the adoption of successful electric vehicles is connected to a systemic political approach
that encourages electric vehicles by simultaneously discouraging conventional cars, using both fiscal
and specific local policy measures. This means that isolated measures are unlikely to work. This
analysis has similarities with other recent results. For example, Wang et al. [37] employed correlation
analysis approach and multiple linear regression analysis in order to discover the relationship between
incentive policies and other socioeconomic factors with the adoption of electric vehicles in 30 countries
considering the year 2015. Such study states that the positive and statistically significant factors are the
practicability of the road (access to bus lanes), the density of tariffs (the number of battery chargers
correct for the population), the price of fuel, while direct incentive and subsidies are not the only
reason for the enormous difference in the absorption of electric vehicles among different countries.
Comparable results have been found by Yong and Park. [38]. The current results highlight that the
social-technological transitions have complex nature and particularly they depend on the location.
A starting point for the current study can be learned, within the same country, where the incentive
policy is the same, different behaviors can be diversified in cities with the same number of inhabitants
but dissimilar infrastructure conditions.

Authors tend to prefer empirical studies, discrete choice models using stated preference data are
frequently adopted in previous studies, conducted on consumer preferences, by considering a small
group of items such the type of fuel vehicle, that is, ICE, BEV, PHBEV. The study of forecasting models
can lead to provide the right political implications for particular countries like Korea [39].

More detailed studies consider various attributes—price, range, acceleration, top speed, pollution,
size, luggage space, operating cost and charging station availability [40]. These parameters can differ
enormously from country to country, due to objective aspects such as geography, climate and wealth
but also subjective as the goodness of the incentives applied, awareness campaign and driving styles.
Again empirically-based choice models have been used in a study based on the impressions of different
Canadian citizens [41], to learn the choice models in a community. The behavior is influenced by
incentives and disincentives as carbon taxes, gasoline vehicle deterrents and single occupancy vehicle
discouragements. The analysis has shown different levels of technological change. The study of
persuasive techniques on a socio-cultural environment is interesting. Other items, to predict the
sale of EVs, were studied with the vector regression; the prediction of sales in automotive markets
employs economic parameters—gross domestic product, consumer price index (CPI), interest rate,
unemployment rate and gas prices with automobile sales [42]. Authors in Reference [43] after providing
an interesting review on prediction markets in different countries, offer a discussion on short-term and
long-term forecasting. Incentive policies are investigated, the subsidy-based and the tax-based policies.
The former embraces purchase, charging as well as maintenance subsidies. The latter is demonstrated
in tax on vehicle purchase, circulation and electricity cost. Authors show the effects of policy in the
vehicle fleet in China.
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Substantially the major impediments encountered by new vehicles users are restricted to two
fields—one economic and other technical [9]. With an economy of scale, the economic bottleneck can
be reduced. The costs of EVs are constantly decreasing and also those of the charging stations. From a
technical point of view, the most important parameters in catching EV customer preferences are the
number of kilometers the vehicles can travel between recharging and the number of stations that have
the capability to recharge the vehicles. Fuel cell vehicles should be the right solution of the problem.

3.1. Fuel Cell: Forecasts for the Development of Hydrogen Technology for the Reduction of Air Pollution

In this scenario of transition towards sustainable mobility linked to the use of electric vehicles, Fuel
Cell EV (FCEV) technology is introduced, where the battery in the vehicle is recharged by hydrogen
stored in a special tank. The advantage of this system is that it has zero emissions, since the only
waste product is water vapor. However, pollution is not completely eliminated because of the way
the hydrogen is produced. The latter does not exist naturally in its natural state and to produce it
is necessary to consume more energy to produce it. Therefore, the overall environmental impact
of hydrogen mobility depends on the energy source used to produce it. There are in fact several
methods to produce of hydrogen—the methane reforming of natural gas vapor, the biomass gasification,
electrolysis and hydrogen derivation from existing industrial plants. Production can be located on-site
or in central production units [44].

The use of different technologies, such as fuel cells, aims to overcome the problems related to
charging anxiety, since the FCEV have a greater autonomy and a shorter recharge time. Fuel cell
vehicles are more appropriate for long-term units, since their autonomy is much longer than PHEV or
BEV but require special charging infrastructure. Their diffusion will depend critically on the costs of
fossil fuel (oil), the progress of ICE fuel vehicles’ effluents and the CO2 regulations. The first hydrogen
car with Full Cell System zero emission technology is the Toyota Mirai. This vehicle can travel a
distance of 500 km (in 10 s it accelerates from 0 to 100 km/h) and the recharge time of the hydrogen
tank is assessed in an interval of 3–5 min. In commercial catalogues, beyond the Mirai, Honda Clarity
and Hyundai Tucson, are present with comparable presentations.

In Europe, Germany is the country that has so far invested the most in hydrogen cars and filling
stations. The most served areas (disclosed by Fleet Europe) are those of Frankfurt, Stuttgart and
Munich. The situation in Scandinavia is different, even though Denmark is a positive exception, with
refueling stations for hydrogen cars located throughout the country. Sweden, on the other hand,
is “hydrogen free”, while France has no widely distributed stations (they are mainly in the north), as
well as the UK and the situation in Spain is similar to that of our country. In Italy there are only, for cars
and buses, three functioning filling stations, among which the Centro Alto Adige of Bolzano stands
out, which is the connection point between our country and the rest of Europe.

Forecasts indicate 2025 as the year in which Fuel Cell and traditional electric will reach a substantial
break-even [45]. In a study conducted by Harrison et al. an analysis of the European electro-mobility
market was presented, with the aim of obtaining information on what could inhibit the success of
market penetration of electric vehicles. The results of this study provided a forecast of the market
diffusion of PHEV, BEV and FCEV. The authors hypothesize the evolution of BEV sales quotas between
2015 and 2050 in different scenarios. Based on the observations made, the BEV and the PHEV show
a similar market penetration even if more successful for the PHEV until 2030, a period in which the
technologies should become mature and the objectives have been achieved, leaving room for the less
mature FCEV. The latter shows a slightly quick sales growth between 2025 and 2045, which growths
further from 2045 when the new targets will be visible to the manufacturer.

3.2. Focus on Italian Air Pollution and Hydrogen Stations

It is well known that e-mobility therefore is a significant technology that has a core
purpose—decrease the direct emissions of exhaust pipes and improve the air quality in the metropolises.
Different are the means employed in several countries—some Asian States are fronting the fast diffusion
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of vehicles and are developing the construction own EVs, contemplating all the segments from
micro-mobility such bicycle, electric scooters to heavy bus but old European countries face the
problematic issue of the conversion from a traditional use of long range internal combustion engine, for
which they hold the largest number of patents, to electric motor fresh technology and this necessitates
very high standards for EVs to be compared with actual long range mobility.

As specified in Reference [46], in 2015, sellers in California introduced in their showrooms the first
commercially available FCEV. Recharging stations, devoted to sustenance private clients in refilling,
correspondingly arrived at the identical time, significantly circumventing the problematic of the
“chicken and the egg”, a philosophical dilemma establishing in this case a paradox without charging
station no one buys an EV and without EVs no one constructs a recharge station. In Italy, the scenario
is dissimilar from Californian one; until now few refilling infrastructures are dedicated to experimental
FC bus and the participation of private users or customers is not active.

The use of reduced exhaust pipe emission vehicles and better battery vehicles can give high
benefits and help for Italy since pollution of air surpasses the limit levels recommended by the World
Health Organization (WHO) (particulate matter PM2.5 10 μg/m3, PM10 20 μg/m3) [47], in Figure 8.

 
Figure 8. Chart of the PM2.5 distribution among Italy, green areas are under the limitations of 10 μg/m3,
yellow areas in the range of 11–15 μg/m3, orange areas are in the windows of 16–25 μg/m3. Air pollution
maps are present at http://maps.who.int/airpollution.

By taking into account an additional exhaustive database of WHO for the year of 2016 [48],
Figure 9 refers the limits of PM2.5 and PM10 for different Italian cities. Different cities overcome
the limits suggested by WHO, a possible clustering in the exceeding the levels, takes four set levels,
so recognizing cities on which an urgent action is required to improve air quality.
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Figure 9. Cluster of particulate matter distribution in Italy. Cities are grouped in four levels (a), an
enlargement is shown in (b,c). Green and blue lines dash the limits of WHO. http://www.who.int/phe/
health_topics/outdoorair/databases/cities/en/.
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A method to contrast the rising occurrence of particulate matter, is the use of hydrogen to fill of
energy the vehicles but the derivation of hydrogen gains principal importance—if it is obtained from
deposit of natural gas or if as the fuel are employed hydrocarbons, emissions of particulate matter
should be reduced by 50% compared to conventional use of ICEs; once the hydrogen is gained by
using renewables or nuclear sources, productions should be reduced by 90% [49,50].

In the old Continent, at the present time, the diffusion of such vehicles is very limited. To investigate
the growth of FCEVs attention should be dedicated to the buses. In Europe the few hydrogen charging
stations were realized for experimental plans, then for support private customers. Buses employing
Ballard FCs technology run in London and about 61 buses are operating in all Europe. Due to
the experimental achievement of FC buses in Europe, China, where the car problem grows due to
dependence on a Western model, it has developed the largest hydrogen cell bus (HFCB) project in
the world, with 300 buses operating or being expected to operate in Foshan [51]. A contract signed
with Ballard [52] realized a novel assembly line, in Yunfu. Units with 90 kW of FC power components,
started from July 2017 to achieve to the premeditated 300 buses. The cost of single bus is around
$600.000, employment of 7.05 kg of hydrogen is considered for a range of 100 km.

The Italian region at present claims over eight planned hydrogen charging stations, Figure 10 but
few of the planned infrastructures really operate [53]. Bolzano, Carpi, Milan, Pontedera, Trento, Verona,
Rome and Capo d’Orlando are the cities involved in different projects that realized a recharge station.
This number is very limited to really favor the growth of FCEVs. In order to discuss a similar delay
in supporting of this enabling technology, the tardive measures adopted by the Government may be
indicated. A technical issue forbade the diffusion of FCEV until March 2017; before such date FCEVs
could only use as refueling systems only ones that not exceed the threshold of 350 bar, while the modern
and much evolved generation of hydrogen vehicles, employs 700 bar tanks, like the Toyota Mirai.

 

Figure 10. Chart of the Italian hydrogen charging stations (in green the distributors in operation, in red
those inactive) https://www.mobilitah2.it/distributori.

With Legislative Decree 257 of 16 December 2016, entered into force on March 2017, FC supply
infrastructures embraced the pressure of 700 bar. In such a way, Italy incorporated the European
directive 94 of 22 October 2014, on the deployment alternative fuel infrastructures (DAFI), so launching
a clean fuel strategy.

At present, among the FC infrastructures set in Italy, only the plant in the H2 Alto Adige
technological center of Bolzano reaches 700 bars. So, it can be highlighted that the network of
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infrastructures is lacking in Italy but it is required in order to guarantee a satisfactory coverage and to
expand the sales of the FCEV themselves. Also, the population should be pushed to understand and
adopt this new sustainable technology which release only water from the exhaust pipe.

The policy of the competent ministry is to undertake a path to build a suitable supply network
through the whole national region by 2025.

The objective of next sections is to offer an outline of the Italian inclination to the adoption of
consolidated PHEV and BEV and to extrapolate the feasibility of FC refilling infrastructures in Italy,
by employing models, that try to point-out the necessities for the construction of hydrogen refueling
stations. By considering the following key features such the knowledge of the current scenario of EV
charging infrastructures, EVs adoptions during years, cities dimensions and density, mean personal
income in the cities, a map of cities ready to adopt the FC technology can be drafted and also the trend
to increase the amount of charging infrastructure year by year can be obtained.

4. Chart of the Present Scenario

As stated in Section 3, different forecasting method can be chosen. The models available to
deal with the prediction of the development of EV adoption are substantially based on empirical
reproductions. Singular spectrum analysis (SSA), which was developed to model univariate time
series, in its application with financial and economic data has shown acceptable results [54]. While SSA
is non-parametric and data-driven technique, vector autoregressive model (VAR), can face multiple
time series [55] and was successfully used in the dynamic couplings between EV sales and economic
indicators [43]. A step forward was presented in Reference [29], in which, in addition to the forecasting
model based on the algorithm of random-coefficient logic model, the impact on the power grid is
projected. Key features are in limiting access to charging stations, limiting maximum driving distance
and in introducing a high vehicle price negatively to influence the consumer choice of electric vehicles
on the automobile market. The adoption of FCEVs is still in its infancy, so in order to create a
robust prediction in this study it has been preferred to use an algorithm that does not have multiple
parameters. On the other hand, as specified in the previous paragraphs, the main bottleneck that
blocks the adoption of EVs is represented by the technical aspects as the distance to travel and the
availability of charging stations.

By following a metric traced in Reference [46], in this paper the SERA (Scenario Evaluation,
Regionalization and Analysis) model is used. By referring to the same terminology, an early adopter’s
metric (EAM) is followed. This is an analysis in which EV adoption is used to predict FCEV one. The
metric is able to define and outline areas where there can be the development of early adopters (literally
“first users,” like seeds) of FCEVs, by taking into account socioeconomic factors, also dependent on the
wealth of the city, such as population density, having consequences in the historical sales of electric
and hybrid cars and varying on geographical region, town by town.

In Italy, different population densities characterize metropolitan areas. As a consequence, the
amount of refueling infrastructures essential to guarantee the access of “early adopters” to a reliable
support network, differs also in the same city, more in the high-density part of the city, less in the other
one. But not only, if an amount of stations is required, it is based on the quantity of EVs existing in a
territorial part of the city and on the geographical extension itself, just to ensure consistent covering.
Again, by using the same terminology adopted in the SERA model, first charging infrastructures are
called enabling stations.

In order to explain the SERA model, two Italian cities, Brescia and Parma, can be taken as an example.
The two cities share the same number of inhabitants, Parma, due to the dimension of the city, has a density
of inhabitants nearly four times lower than Brescia, so a major quantity of infrastructures is needed.

By using the “Urban Market Sequencing” model, an analysis of the propensity for innovation of the
inhabitants is made, in order to find the importance of urban markets, for the FC infrastructures.

By using a Cartesian coordinates system, the number of early adopters for enabling stations was
indicated on the vertical axis, that is, the probable adopters per refilling infrastructure, while in the
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abscissas the quantity of early adopters per square meter, that is, the density of early users, was specified.
The number of users is therefore related to the difficulties in using the charging stations, whether they
are few in number or distant from each other. These limitations have to be understood as how early
adopters tackled problems such low urban density and low number of charging infrastructures. Thus,
the efficiency of placing a limited quantity of infrastructures coping the concentration of early adopters
of a specific urban market, can be evaluated.

The databases present in References [22,53] provided suitable data for the analysis.
The “priority” in assessing positive urban markets is shown in Figure 11. Cities were clustered in

three grouping levels, that is, Level 1, on the top right, Level 2 in the middle, Level 3 on the bottom
left. Level 1 cities were grouped since these cities provide a higher presence of early adopters, against
ballasting factors such as the limited number of charging infrastructures or city extension. An excellent
option is to finance and construct charging infrastructures in these cities, due to the great quantity of
sales of electric and hybrid cars.

Among the “greenest” cities, for which the development of environmental sustainability is
straightforwardly realizable, there are Como, Pordenone, Trento, Turin, Varese, Milan, Bergamo and
Bologna. These cities also share geographical position—they are in the North of Italy and, above all,
in the Lombardy region.

 

Figure 11. Cont.
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Figure 11. “Early adopters metrics” (a), in abscissas the number of early adopters per coverage station,
that is, divided by the dimension of cities, in ordinates the amount of early adopter’s density weighted
by amount of charging infrastructures. (b,c) an enlargement of (a); level 1 represents the cities that
are more ready to adopt the Fuel Cell technology; level 2 represents the cities that are behind in the
adoption of ecological vehicles; level 3 shows the cities in which there is the presence of obstacles
(economic or infrastructure) that limits so much the adoption of ecological vehicles.

In Figure 11 Level 2 shows the cities that soon but not immediately, can embrace the electric
revolution. These cities suffer from structural or economic deficiencies, which have ballasted the
acceptance of the new model of vehicle. Level 3 represents that set of cities in which some impediments
inhibit the development and spread of electric vehicles.

The incentive policies must therefore be extended from a national level, common throughout the
Italy, keeping an eye on the local characteristics that will make it difficult to adopt and embrace a new
vehicle technology, if they are not resolved first. For example, the reduction in the cost of purchasing
an electric vehicle, a global incentive, can attract a larger proportion of potential users in the richer
regions; on the contrary a policy of access to limited traffic areas, preferential lanes and free parking
spaces can be more attractive locally, even in the less wealthy areas.

Upcoming Scenarios

The chosen SERA model is not limited to a static analysis but it also predicts the upcoming
scenarios. SERA uses a method of space-time placing of the infrastructures; a deterministic algorithm,
called “Station Counts,” allows the estimation of the quantity of infrastructures to be realized in next
years, in a precise urban zone, based on the dynamic recordings of new EVs bought in the previous
years. The method applies a forward finite difference scheme, refining with a time domain study, the
unknown relationship between the presence of charging stations and the use of electric vehicles.

Basing on this scheme and by taking into account the data associated to the EV sales and the
amount of charging infrastructures already present, the algorithm enables the prediction of the increase
in the number of infrastructures from the initial ones, city by city.

The initial point of the analysis is based on a hypothetical value, so as defined in Section 3.2; such
hypothesis is used to resolve the chicken and the egg problem.

Thus, by considering a spending capacity to realize the hydrogen stations equal to that already
spent to realize the charging infrastructures, the initial number N0 of starting hypothetical FC
infrastructures is 1/25 of the number of electric recharging plants existing in the Italian regions in 2016.

By taking D(t) the recordings of EV sales in year t, D(t + 1) the recordings in year t + 1 and N(t)
the number of recharging plants realized in the year t. An empirical parameter α adopts the rate of 2.5,
while the Qave_max(t) takes the rate of 8000 [46].
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By following a forward difference scheme, the amount of plants after one year is:

N(t + 1) = N(t) + βW(t + 1), (1)

where

W(t + 1) =
D(t + 1) − D(t)

Qave(t)
, (2)

N(t = 0) = N0, (3)

Qave =
D(t)
N(t)

, (4)

β = α
(

Qave(t)
Qave_max(t)

− 1 ). (5)

In Equation (1) the number of EVs depends on the number of EVs the previous year, increased by
a factor β multiplied for the so called “willingness” of the citizen to assume a new ecological lifestyle
and buy an EV.

The willingness W(t + 1) in (2), obtained with a dynamic function, is a time dependent function,
realized with the forward finite difference scheme employing the number of bought EVs taking into
account two different years.

A weighing factor is used in (2) to reduce the willingness, it is expressed in (4) which faces the
relation “chicken and egg” problem.

Databases present in References [22,53] are taken into account and particularly to enforce the
forward finite difference the recording of years 2014–2017 were employed.

The attitude of various cities to increase the number of FC plants, seen as enabling stations, are
plotted in Figure 12. In this analysis only the cities clustered on Level 1 and 2 of Figure 11 have
been considered.

Abscissas represents the amount of starting FC stations (also not integer number), given by the
number of electric recharging infrastructures divided by a factor of 25, about equal to the cost ratio
between the FC station and the electric charging station.

A different behavior is immediately evidenced—some cities start with a considerable number of
plants, others with a fractional number.

The ordinate axis hosts the progression of the number of enabling stations, year after year. Such
number is amplified as a consequence of novel recordings of vehicles.

Milan and Rome, very big cities, start with a large number of hydrogen infrastructures but fail
in double up the amount of enabling stations. Florence keeps quite the hypothetical initial number;
Bolzano almost quadruples the starting number [56].

Figure 12b clusters a group of cities that increase the limited initial number of enabling stations
but currently do not have structures whose cost can be compared to that of the first FC enabling station.

Figure 12. Cont.
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Figure 12. This picture reports the willingness to adopt the FC technology for different cities, Figure (a).
Among the cities, Bolzano showed the tendency to quadruple the presence in the territory of the FC
enabling stations. The considered years are in the windows 2013–2017. Figure (b) regroups cities that
without having an initial FC enabling station, rapidly increase the number of FC plants.

Substantially Figure 12 can be broken down into two halves—the left upper part shows a
tendency to increase the number of enabling stations, while the lower right part tends to preserve the
initial number.

Although Figure 12 has been obtained by considering data from past years, the goodness of
the choice of a dynamic approach has highlighted the trend of adoption of the new technology. The
adoption trend reflects the smart mentality of the population but also the easiness with which modern
charging stations can be used; cities with the same number of inhabitants but with different population
density or with equal extension but different average income, showed very different behaviors.

5. Drawbacks in Development

The development of a hydrogen economy is not new. This theme pervades scientific and less
scientific circles and in the collective imagination it represents the future [57,58].

There are certainly pitfalls that slow down its development.
Let’s start with the comparison between a battery and fuel cell vehicles. We consider the same

distance to travel on vehicles similar in mass and performance. The differential will be due to how the
powertrain gets energy. As reported in Reference [59] a fuel cell vehicle requires more energy to drive
the same distance, Figure 13.

Figure 13. Well-to-wheel energy pathway for battery electric vehicle and fuel cell vehicle. The BEV
regeneration capability reduces 60 kWh requirement by 6 kWh, while achieving the same range. For
FCEV the pipeline includes losses from compression, expansion, storage and distribution [59].
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Such comparison shows the major requirement for a FCEV than BEV in primary energy [59] but
also advises that the production and transport chain has a low yield and if no renewable energies are
used, a great amount greenhouse gas emission is created, which may be close to those generated by the
employment of ICE. Again in Reference [59] a comparison can be made for the cost of the vehicle. The
cost is divided by items, such lion battery, fuel cell, storage tank, drivetrain. In 2004 the hypnotized
total investment costs are $19.951 for BEV and $29.157 for FCEV.

A recent study actualizes the costs by considering the same parameters (fuel cell stack, batteries,
drivetrain) and reports the following costs—ICE $13.784, BEV $37.838, FCEV $90.090 [60]. At the
present moment the Mirai has a cost of $58,500, included among those previously hypothesized.

The cost of a charging station is the biggest obstacle for the diffusion of FCEV. Mayer at al. in
Reference [61] reports the cost of an investment in refueling station based on data in Reference [62];
a Liquid H2 pump requires an investment costs of $650,000 for 2015, $650,000 for 2020 and $250,000 for
2050. A recent review suggests a window of costs for the investment, currently it ranges between €0.8
and €2.1 million and it is expected to drop to €0.6 to €1.6 million by 2023 [63]. By considering the more
advanced Country in Europe for the adoption of EVs, Norway, similar investment costs are suggested
in Reference [64].

Another obstacle to the development of such vehicles is the risk of accidents due to the strong
explosiveness of hydrogen. For example, EuroTunnel does not allow “vehicles powered by any
flammable gasses”, including hydrogen, to use the link between the UK and France. However this
problem is to be considered also in all battery-powered vehicles, since as explained in Reference [65],
in case of short circuit, the thermal runaway produces the same explosive hydrogen.

In 2016 the Ministry of Economic Development (MISE) adopted the National Plan for Hydrogen
Refueling Infrastructure (“Piano Nazionale di Sviluppo—Mobilità Idrogeno Italia”) [66] with the
collaboration of the association H2IT [67], a long time missing in Italy. The plan expects FC passenger
cars to grow in number from 1000 in 2020 to 27,000 in 2025, 290,000 in 2030 and FC buses to reach 3660
in 2030 from an initial 100 in 2020 and 1100 in 2025. Such goals should be matched by the deployment
of 440 strategically placed FC charging stations by 2030, starting from an initial 20 in 2020 and about
200 in 2025 [66].

These factors certainly influence the development of fuel cell technologies in recharging station
investment but as has been discussed in the previous sections, some cities are advanced and smart
enough to be able to face and overcome these problems.

6. Conclusions

This article aims to study the propensity to adopt ecological and sustainable vehicles in Italy.
Specifically, the scenario of FC vehicles was investigated. The objective is to draw which, among the
Italian cities, are motivated and organized to adopt the new FC technology which requiring similar
investment for the total cost of the ownership of the vehicle (FCEV and BEV have similar prices) but
most expensive costs in the infrastructures of refueling stations.

A reason for urgently adopting vehicles with low emissions can be the city air quality, so the first
part of the study shows which cities need a rapid intervention to reduce the particulate matters PM10
and PM2.5 mainly due to the use of internal combustion engines. Several cities in the Lombardy region
should carry out severe interventions to lower pollution levels.

Second part of the study highlights, by the “early adopters metric” method, the propensity for
innovation in the use of electric vehicles among Italian cities. Again, Lombardy region, between the
twenty Italian ones, should be the most motivated to follow the FC technology.

The third part of the analysis starts from the observation that there are no appreciable FC refueling
stations on the Italian territory. So the study highlights what is the response capacity of the cities in
increasing their infrastructure investments, which are the cities able to successfully convert initial
investments in this technology in a continuous development over the years. To predict the development
in the number of refueling infrastructures over the years, the “willingness” to accept a novel electric
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vehicle technology is evaluated by enforcing a mathematical approach. Once supposed the existence of
a FC infrastructure (or a part of it), the growing of it is calculated by means of a dynamic scheme. Year
by year the model correlates the effects of a new quantity of recharging plants in the city influencing in
following year the EV sales and an increased quantity of EVs that requires new charging stations. This
“willingness” thus represents the development trend of the recharging stations.

The final part of the analysis shows that the cities requiring an immediate action to reduce
particulate matter, are not among those most likely to increase investments in recharging stations.
Bolzano is the city with the highest tendency to increase the number of FC enabling stations.
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Abstract: Light-duty vehicles are the predominant means of road transport. As the world population
is expected to increase significantly in the following decades, so too will the car fleet. Due to the
rising population, and the implicitly higher travel demand, the energy demand of cars will increase
too, and this will put a strain on current resources, with negative effects on the supply chain, possibly
leading to more pollution. Many of the current sustainable transport models and frameworks attempt
to predict the vehicle market share for different powertrains and the resulting impact based on
scenarios that cater to the automotive market and industry demands. At the same time, most neglect
aspects regarding resources’ depletion and storage demand. In this sense, this study proposes a
coherent testing methodology based on the ratio between demand and supply in order to address the
limitations of these studies, mainly related to the sustainable exploitation of available resources, which
are analyzed herein in correlation with the current predictions. A sensitivity analysis is provided
in order to evaluate the uncertainty of utilized predictions. As a result of this analysis, two novel
scenarios for assessing the evolution of the vehicle market share are proposed by the authors. When
compared to similar scenarios, it was shown that the proposed scenarios lead to noticeable benefits in
reducing dependency on the resources associated with a demand of energy and raw materials and in
mitigating air pollution, including related costs.

Keywords: light-duty vehicles; sustainable transport; energy; resources depletion; storage demand;
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1. Introduction

Transport activities play an important part in the evolution of our society, assuring the
mobility of people and goods [1]. In terms of market, environmental, and human health
impacts [2], as well as society’s travel needs [1,2], light-duty vehicles (LDV) are the leading
road transport means when compared to other transport means (more than 80% of the total
fleet), such as buses (that exceed 3.5 tons) and heavy-duty vehicles (HDV), e.g., trucks [3].
The sustainability of transport activities is mainly modulated by two factors: (a) the techno-
logical and scientific evolution in the automotive domain [4,5]; (b) the improvement of the
legislative frame followed by the implementation of appropriate policies [6]. In the case of
LDVs, the evolution of the powertrain is relevant, starting from internal combustion engine
vehicles (ICEVs) to hybrid vehicles such as hybrid electric vehicles (HEVs) and plug-in
hybrid electric vehicles (PHEVs) to battery (all) electric vehicles (BEVs) and to fuel cell
vehicles (FCVs) [4,5]. Each type of powertrain requires the improvement of specific compo-
nents [5]. For example, in the case of electric and hybrid vehicles, energy storage (such as
batteries) or generators (such as fuel cells) are essential to achieve high performance [4].
More recently, the development and improvement of autonomous vehicles [7] increased
efficiency and safety in operation.
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On the one hand, the technological progress is closely related to the evolution of the
structure of transport systems and is extensively treated in [4]. On the other, one must take
also into account the impact of the LDVs’ powertrain evolution on the demand for energy
and raw materials in order to address the challenges imposed by the energy transition in [8].
This refers to energy generation including fossil fuels, renewables, and electromechanical
sources (in BEVs and FCVs). The on-board energy efficiency, storage capacitance, and
type of the LDV’s energy converter also play an important role in this sense, as depicted
in [9]. Incorporated raw materials can be recovered to a certain degree by recycling and
reintroduced in a new industrial cycle, which is a desideratum of circular economy [10].
Starting from the vehicle’s production to its end of life cycle, which covers the stages
included in a life cycle assessment (LCA)-based analysis, as in [11,12], various studies have
assessed the impact of the LDV powertrain related to air pollution [12,13] and the supply
chain [14]. As highlighted in [8], the decarbonization of the energy sector can be obtained
by opting for renewable energy sources (RESs), as shown in [15].

Many of these considerations are found in the different frameworks and models
proposed for sustainable transport in [12,14,16–27]. Dedicated to the decarbonization of the
energy sector, the energy–economy simulation models in [16–20] are based on user demand
and air pollution abatement, mainly greenhouse gas (GHG) emissions, as detailed in [28,29].
Similar to [16–21], they offer no distinction between the different LDV powertrains when
analyzing the various facets of sustainability. However, then, the environmental, economic,
and energy impacts of different LDV powertrains are depicted in [12,14,22–27]. Based on
various scenarios, the evolution of the vehicle market share for LDV powertrains (ICEVs,
HEVs, PHEVs, HEVs, and FCVs) is predicted for all types in [14,23,27] until 2050 and
beyond in [24].

Table 1 synthesizes the mentioned sustainable transport studies in terms of data on
energy (generation and consumption) including fuels (petroleum, hydrogen), raw materials
(supply and demand), storage (battery type and capacity), and on vehicle market share
(evolution in time). As seen in Table 1, the main omissions of these studies refer to LDVs’
storage characteristics and required raw materials.

Figure 1 offers an image of sustainability which both synthesizes the main characteris-
tics depicted in Table 1 and reflects the methodology to be described in the next chapters.

Nature 

System 

Environment 

Socio-economic Human 

Technology 

Life Cycle Assessment of Transport means 

Impacts 

Figure 1. Simplified sustainable transport framework based on the methodology proposed.
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Table 1. Comparison between mentioned models and frameworks in terms of data provided based
on sustainable transport considerations.

Link

Energy for LDVs Raw Materials for LDVs LDV Storage Vehicle Market Share

Gen./Cons. Fuels/RES Supply Demand
Battery Type

and Cap.
LDV Powertrain Period

[12] Yes/no Yes/yes No No No BEV, PHEV 1 2010–2015

[14] Yes/yes Yes/yes Yes Yes Yes All types 2020–2050

[16] Yes/yes Yes/yes No No No None -

[17] Yes/yes Yes/no No No No None -

[18] No/yes Yes/no No No No BEV, PHEV 1 2017–2030

[19] Yes/yes Yes 2/yes No No No None -

[20] Yes/yes Yes/no No No No ICEV, HEV -

[21] No/no Yes/no No No No All types -

[22] No/no Yes/no No No No All types 2010–2030

[23] Yes/yes Yes/no No No No All types 2010–2050

[24] Yes/yes Yes 2/yes No Yes No All types 2020–2100

[25] No/yes Yes 2/no No No No All except HEV 2015–2050

[26] Yes/yes Yes/yes No No No All except FCV -

[27] No/yes Yes 2/no No No No All types 2010–2050
1 Only regional, 2 Hydrogen included, Gen. = generation, Cons. = consumption.

The paper is structured as follows. The introduction in Section 1 evokes the main
LDV powertrain characteristics required in order to analyze the impacts of various sustain-
able transport models and frameworks mostly related to the exploitation of resources for
covering the travel and storage demands and to the decarbonization of the energy sector
(GHG emissions).

As a result of this analysis, the paper shortly defines a simplified sustainability frame-
work which represents the basis for the methodology to be presented in the next sections. In
Section 2, Materials, an overview of the evolution of LDV sales and production is portraited
in correlation with the population and GDP evolutions until 2020, as well as electricity and
fuel resources. Future predictions on LDVs’ production and travel demand are correlated
also with the GDP and population evolution predictions from 2020 to 2050. Based on the
LCA analysis, this overview is addressed also in the context of storage demand, which
includes both the current battery technologies (mostly based on lithium, nickel, and cobalt)
and the new batteries to be implemented (only lithium-based), as well as the decrease in
the demand for materials important when recycling, as will be assessed in the next section.
Section 3, Methods, includes the proposed methodology used in order to determine the
demand over supply ratios (DSRs) for the scenarios proposed in [12,14,16–27], including
two novel scenarios proposed herein. The new scenarios proposed in this section are
based on a balanced DSR. In Section 4, Results, the most sustainable transport scenarios
in terms of DSR that forecast the LDVs’ market share evolution are analyzed in terms
of the dependency on resources related to energy and raw materials and air pollution
abatement. The results are discussed in the final section, Discussion, which highlights the
main findings of this study. The uncertainty of the utilized predictions in Sections 2 and 3,
which present strong correlations between GDP, population, travel demand, and LDV
sales and production evolutions, is also assessed in the final section based on a sensitivity
analysis of the projection parameters and their extrapolation.
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2. Materials

Based on various reports [30–34], Figure 2 highlights the evolution of population [30],
gross domestic product (GDP) [31], and LDV production [32] and sales [33,34] in the last
15–20 years. As seen in Figure 2b, the LDVs’ sales and production have a similar slope
and show an almost ideal correlation for the study interval. When compared to Figure 2a,
correlations can be also found between the evolution in LDVs’ production and sales and
the evolution of population and GDP.

 

(a) (b) 

Figure 2. Evolution of: (a) population and GDP from 2000 to 2020; (b) LDVs’ production and sales
from 2005 to 2020.

Various predictions for population [35–42] and GDP [36,37,43–49] by 2050 can be
compared to the estimated evolution of LDVs’ production, depicted in Table 2 and Figure 3,
based on three evolution scenarios.

Table 2. Values in million cars/year based on the evolution scenarios for LDVs production.

Year Linear LN EXP

2030 109.1791 109.1025 114.0415
2040 123.6438 123.4236 136.5359
2050 138.1086 137.6747 163.4674

LN = natural logarithm, EXP = exponential interpolations.

Figure 3 displays only the prediction formulas for LN (natural logarithm). In Table 3
only LN and EXP (exponential) evolutions are considered since the Linear one is similar
in values to LN. Other types of extrapolations, such as spline, e.g., a third or fourth order
polynomial, were also tested; however, they present a poor correlation with the population
and GDP predictions [35–49] in most cases. The degree of correlation (%) between the LN
and EXP predictions in Table 2 and population and GDP predictions is depicted in Table 3.
Various studies that predict the evolution of LDVs’ production and sales [14,23–25,27]
confirm the feasibility of the adapted predictions shown in Table 2 for the low-demand
scenario in [14], for the base and alternative cases in [24], and for the scenarios in [27].
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Figure 3. Nonlinear evolution and prediction scenarios (LN and EXP) for LDVs’ production including
formulas where x = year and y = annual car production.

Table 3. Approximated degree of correlation (%) between Population and GDP predictions and LN
and EXP predictions for the LDVs’ production from 2020 to 2050 (2020, 2030, 2040, 2050).

Population Predictions Versus LN/EXP LDV Production Predictions

[35] 1 [35] 2 [36] [35] 3, [37] [38] [39] [40] 1 [41] [42] 1 [42] 1 [40] 2

100/100 86/82 −100/−99 100/99 100/100 100/99 100/99 100/99 96/94 99/98 100/99

GDP predictions versus LN/EXP LDV production predictions

[36] [43] [44] 3 [44] 1 [37] [45] [46] [47] [48] [49]

−63/−69 100/100 99/100 100/100 99/99 100/100 100/100 99/100 98/99 100/100

1 High-, 2 Low-, 3 Medium-valued predictions.

The high demand scenarios in [14] and low stock scenarios in [25] are neglected due
to overrated (high) and, respectively, underrated (low) estimated values, which are in
contradiction with the population- and GDP-predicted evolutions. The extreme cases
that do not match the reasonable assumptions are observed in Table 3 for the low valued
predictions in [35] and for [36]. They are also displayed in Figures 4 and 5, which forecast
the GDP and population evolutions from 2020 to 2050.

Figure 4. Population predictions from 2020 to 2050 [35–42].
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Figure 5. GDP predictions from 2020 to 2050 [36,37,43–49].

Based on the LCA procedure, as shown in [11–13], three main parts (which represent
together the whole life cycle) can be identified as Well to Tank (WtT), Tank to Wheel (TtW),
and End of Life Cycle (EoL), which include the stages of extraction, manufacturing and
assembly (related to WtT or production), and energy generation and distribution (between
WtT and TtW), consumption (related to TtW or operation), and recycling (related to EoL).
In the production cycle, the main resource indicators are steel, aluminum (Al), lithium (Li),
cobalt (Co), nickel (Ni), and platinum (Pt), as presented in [24]. Other materials must be
mentioned too, such as iron (Fe), manganese (Mn), copper (Cu), and phosphorous (P) [50].
Due to the high impact on the supply chain, only Li, Co, Ni, and Pt resources will be
selected for analysis in the initial cycle, as presented in [14]. Figure 6 is based on the United
States Geological Studies (USGS) reports that forecast the identified resources and reserves
that are available per year [51].

 

(a) (b) 

Figure 6. Evolution of the identified resources and reserves by USGS for: (a) lithium and cobalt;
(b) nickel and platinum from 1996 to 2021. * Pt reserves and resources represent 50% of the total
Platinum-group metals (PGM) reserves and resources in [51].

The vehicle’s storage demand is crucial in determining how much of the identified
resources or reserves to exploit, and this refers to the vehicle’s battery type and capacity.
Table 4 synthesizes the storage demand per battery type. Since not all resources can be
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utilized in the production of LDVs, it is also essential to estimate how much of these
resources can be allocated. Both aspects were treated in [14], and in the case of allocated
resources, the following considerations were made herein: 40% of the total Li resources,
50% of the total Co resources, 10% of the total Ni resources, and 40% of the total Pt resources
can be allocated to the production of LDVs.

Table 4. LDV batteries’ Li, Co, Ni, and Pt demand per vehicle.

Battery Type Lithium (kg/kWh) Cobalt (kg/kWh) Nickel (kg/kWh) Platinum (kg)

For FCV 0.046

For BEV/PHEV/HEV

NMC/NCM 0.133 0.32 0.435 -
NCA 0.242 0.142 0.79 -
LFP 0.168 - 0.01 -
Li-S 0.412 - - -

Li-Air 0.136 - - -

By recycling, more resources will be available for manufacturing LDVs in the future,
as will be presented at the end of this section, for the final cycle (EoL).

If, in the production cycle, the storage demand dictates the use of materials for pro-
ducing the required car components, in the operation cycle, the travel demand must be
determined in order to find out how many energy resources are necessary to cover the
travel mission. Various predictions for the travel demand have been assessed in [52–60].
Figure 7 displays the estimated evolution of travel demand in Passenger km (Pkm) related
to LDVs until 2050.

Figure 7. LDVs’ travel demand predictions from 2020 to 2050 [52–60].

The correlations between these predictions and the population, GDP, car production,
and sales predictions are synthesized in Table 5. As seen in Table 5, the predictions in [58,59]
offer both reasonable degrees of correlation.

Table 5. Approximated overall degree of correlation (%) between population, GDP, car production
and sales predictions, and predictions for the LDVs’ travel demand from 2015 to 2050 (2015, 2020,
2030, 2050).

LN/EXP LDV Production and Sales (Including GDP, Population) Predictions Versus LDV Travel Demand Predictions

[52] [53] [54,55] [56] [57] [58] [59] [60]

100/100 99/99 100/99 100/99 96/94 99/100 100/100 100/100

To satisfy the travel demand, the main energy resources, which are needed refer to
gasoline reserves and their exploitation in order to fuel ICEVs, HEVs, and some PHEVs
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and the electricity required for charging PHEVs and BEVs, especially by using RESs, which
can lead to the decarbonization of the energy sector [8].

Figure 8 presents the evolution of gasoline reserves in liters gasoline equivalent
(LGE) [61] and their exploitation in terms of petroleum production and consumption, also in
LGE [5,62,63]. Since not all the gasoline can be used for fueling LDVs [64–66], the estimated
gasoline use in cars is assumed at 30%, according to the Baseline predictions in [14]. Based
on the same predictions, the evolution of oil consumption per car (ICEV/HEV) is expected
to drop from an average of 7 LGE/100 km in 2020 to 4 LGE/100 km in 2050, with a
decrement of 1 LGE/100 km per decade.

 

(a) (b) 

Figure 8. Evolution of: (a) ail reserves, from 2005 to 2020; (b) oil exploitation, from 1990 to 2020.

When charging EVs, renewables (RESs) should come as the first option. The quantity
of energy that was available until 2018 is depicted in Figure 9.

Figure 9. Energy generation from 1990 to 2018.

Based on estimations that reach the year 2050, as presented in the scenarios in [14],
solar- and wind-based RESs could increase even by 15–20 times to 40,000 TWh. Table 6
highlights these estimations.
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Table 6. Worst-case scenario (WCS) and best-case scenario (BCS) predictions for solar and wind RESs’
generation in TWh.

Year WCS BCS

2020 2500 3500
2030 8000 16,000
2050 16,500 40,000

The energy demand is directly related to the energy intensity. According to the Baseline
scenario in [14], it is estimated at around 20 kWh/100 km in 2020, at 16 kWh/100 km by
2030, at 14 kWh/100 km by 2040, and at 12.5 kWh/100 km by 2050 [67].

The final cycle, which refers to the recycling of car components, can be synthesized
in Table 7 when it comes to the raw materials with the most impact on the supply chain,
namely, Li, Co, Ni, Pt, as presented in [68].

Table 7. Projected decrease in demand for materials (%) from 2020 to 2050.

Year Li Ni Co Pt

2020 0.15% 0.13% 0.25% 0.01%
2030 6% 5% 8% 6%
2040 20% 22% 30% 20%
2050 30% 32% 42% 50%

3. Methods

The evolution of the battery capacity for storage-based LDVs: HEV, PHEV, BEV, and
FCV is depicted in Figure 10 according to the estimations, predictions, and assumptions
in [27,69–81]. Based on the data in Figure 10, the formulas that forecast BEVs’ and PHEVs’
battery capacity evolutions follow an extrapolation function similar to LN in Figure 3.

Figure 10. Estimated and predicted evolution of the battery capacity of storage-based LDVs from
2007 to 2025.

Just as important in defining the storage demand as the battery capacity is the adoption
rate of the EV’s battery chemistry. According to [82], and based on [14] for an optimum
ratio between NMC and NCA chemistries, Table 8 highlights the main lithium-based
battery technologies that were the most adopted and predicted to be adopted for EVs in
the following years.
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Table 8. Estimated and projected rate of adoption per battery chemistry in EVs (%), assuming no Li-S
or Li-Air market penetration for the 2020–2030 period.

Year NMC LFP NCA

2018 [83] 45% 15% 39%
2019 [83] 53% 3% 43%
2020 [83] 58% 0% 42%
2025 [83] 64% 0% 36%
2030 [14] 72% 0% 28%

Starting from the LDVs’ storage and travel demand, plus the decrease in demand of
materials, and by taking into account the available resources associated with the production
(WtT), operation (TtW), and end of the life cycle of LDVs, it is possible to establish the
methodology in Figure 11 which aims to balance the demand over supply ratio (DSR) for
various resources available throughout an LDV’s whole life cycle.

Figure 11. Proposed methodology.

Based on the data in Figure 10, two main scenarios can be formulated for LDV’s battery
capacity evolution up to 2050 in Table 9: business as usual (BAU), based on tempered
storage demand, and natural logarithm-based (LN) predictions.

Table 9. Battery capacity per vehicle (kWh) estimations and predictions for the 2020–2050 period.

Scenario and Year HEV PHEV BEV FCV

BAU-LN 2020 1.4 10 44.4 1.5

BAU 2030 1.5 11 46 1.5
BAU 2050 1.5 12 50 1.5

LN 2030 1.7 11.2 51 1.7
LN 2050 2 13 67.6 2

The primary inputs for the test methodology addressed in Figure 11, and the vehicle
market shares are synthesized in Table 10.
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Table 10. Vehicle market share (%) estimations and predictions for the 2020–2050 period.

Scenario and Year ICEV HEV PHEV BEV FCV

BAU [23] 2020 91.6 7.2 1.164 0.001 0
BAU [23] 2030 87.6 9.5 2.924 0.001 0
BAU [23] 2050 84 10.8 5.217 0.001 0

S-HEV [23] 2020 80.3 19.2 0.501 0.001 0
S-HEV [23] 2030 53.5 46.1 0.334 0.001 0
S-HEV [23] 2050 0 100 0 0 0

S-PHEV [23] 2020 80.3 4.9 14.786 0 0
S-PHEV [23] 2030 53.5 3.3 43.191 0 0
S-PHEV [23] 2050 0 0 100 0 0

S-EV [23] 2020 80.3 4.9 0.501 14.287 0
S-EV [23] 2030 53.5 3.3 0.334 42.458 0
S-EV [23] 2050 0 0 0 100 0

Base [25] 2020 82.7 12 1.2 4 0.1
Base [25] 2030 33.9 55 3 8 0.1
Base [25] 2050 0.5 10 20 59.5 10
Alt. 1 [25] 2020 82.7 12 1.2 4 0.1
Alt. 1 [25] 2030 17.9 47 15 20 0.1
Alt. 1 [25] 2050 0 0 0 100 0

Alt. 2 [25] 2020 82.7 12 1.2 4 0.1
Alt. 2 [25] 2030 16 47 15 20 2
Alt. 2 [25] 2050 0 0 15 20 65

Scenario [27] 2020 88.5 6.5 3 2 0
Scenario [27] 2030 68 18.5 7.5 5 1
Scenario [27] 2050 45.5 19.5 18 11 6

HER av. NMC [14] 2020 76.613 19.153 0.954 3.18 0.1
HER av. NMC [14] 2030 56 24 1.76 5.865 12.375
HER av. NMC [14] 2050 29.7 29.7 9.362 31.207 0.031

HER av. Li-Air [14] 2020 76.685 19.172 0.933 3.11 0.1
HER av. Li-Air [14] 2030 56 24 1.721 5.735 12.544
HER av. Li-Air [14] 2050 29.7 29.7 9.156 30.519 0.925

LER av. NMC [14] 2020 76.613 19.153 0.954 3.18 0.1
LER av. NMC [14] 2030 49 21 1.496 4.985 23.519
LER av. NMC [14] 2050 15.565 15.565 3.671 12.237 52.962

LER av. Li-Air [14] 2020 76.685 19.172 0.933 3.11 0.1
LER av. Li-Air [14] 2030 49 21 1.463 4.875 23.662
LER av. Li-Air [14] 2050 15.565 15.565 3.81 12.7 52.36

Alt. = alternative case, HER = high exploitation rate, LER = low exploitation rate, av. = average.

Table 11 presents the demand in raw materials sensitive to exploitation (in kg of Ni, Li,
and Co and g of Pt per vehicle) for the different LDV powertrains depending on the battery
chemistry demand (kg/kWh) data in Table 4 on the scenario type: 72% NMC— 28% NCA,
100% Li-Air, and 100% NMC, based on Table 8, and on capacity evolution scenarios (kWh)
BAU and LN in Table 9.

Based on two travel demand scenarios [58] for high demand (WCS) and [59] for low
demand (BCS)—, in Figure 7, expressed in Pkm, and by taking into account the estimated
consumption in LGE/km, the demand is determined in LGE in Table 12 for the years 2020,
2030, and 2050. Moreover, based on the high and low travel demands, Table 12 includes the
available RES solar and wind energy demand in TWh in 2050 if an overall energy intensity
of 0.15625 kWh/km is considered, according to the Baseline scenario in [67]. Table 13
synthesizes the available resources for two cases: WCS (low supply) and BCS (high supply)
required for battery storage and fueling/charging the vehicle based on low-use scenarios
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in [14], which considers 0.1 (10%) for Ni, 0.4 (40%) for Li, 0.5 (50%) for Co, and 0.4 (40%) for
Pt resources, to which recycling adds more by material recovery, as seen in Table 7.

Table 11. Demand in raw materials (in kg Ni, Li, Co, and g Pt per vehicle) for the BAU and LN
battery capacity scenarios based on battery chemistry in 2020, 2030, and 2050.

Scenario and Year Battery Chemistries Raw Materials HEV PHEV BEV FCV

BAU-LN 2020 58% NMC—42% NCA

Ni

0.81774 5.841 25.93404 0.87615

BAU 2030

72% NMC—28% NCA 0.8016 5.8784 24.5824 0.8016

100% NMC 0.6525 4.785 20.01 0.6525

100% Li-Air 0 0 0 0

BAU 2050

72% NMC—28% NCA 0.8016 6.4128 26.72 0.8016

100% NMC 0.6525 5.22 21.75 0.6525

100% Li-Air 0 0 0 0

LN 2030

72% NMC—28% NCA 0.90848 5.98528 27.2544 0.90848

100% NMC 0.7395 4.872 22.185 0.7395

100% Li-Air 0 0 0 0

LN 2050

72% NMC—28% NCA 1.0688 6.9472 36.12544 1.0688

100% NMC 0.87 5.655 29.406 0.87

100% Li-Air 0 0 0 0

BAU-LN 2020 58% NMC—42% NCA

Li

0.250292 1.7878 7.937832 0.26817

BAU 2030

72% NMC—28% NCA 0.24528 1.79872 7.52192 0.24528

100% NMC 0.1995 1.463 6.118 0.1995

100% Li-Air 0.204 1.496 6.256 0.204

BAU 2050

72% NMC—28% NCA 0.24528 1.96224 8.176 0.24528

100% NMC 0.1995 1.596 6.65 0.1995

100% Li-Air 0.204 1.632 6.8 0.204

LN 2030

72% NMC—28% NCA 0.277984 1.831424 8.33952 0.277984

100% NMC 0.2261 1.4896 6.783 0.2261

100% Li-Air 0.2312 1.5232 6.936 0.2312

LN 2050

72% NMC—28% NCA 0.32704 2.12576 11.05395 0.32704

100% NMC 0.266 1.729 8.9908 0.266

100% Li-Air 0.272 1.768 9.1936 0.272

BAU-LN 2020 58% NMC—42% NCA

Co

0.343336 2.4524 10.88866 0.36786

BAU 2030

72% NMC—28% NCA 0.40524 2.97176 12.42736 0.40524

100% NMC 0.48 3.52 14.72 0.48

100% Li-Air 0 0 0 0

BAU 2050

72% NMC—28% NCA 0.40524 3.24192 13.508 0.40524

100% NMC 0.48 3.84 16 0.48

100% Li-Air 0 0 0 0

LN 2030

72% NMC—28% NCA 0.459272 3.025792 13.77816 0.459272

100% NMC 0.544 3.584 16.32 0.544

100% Li-Air 0 0 0 0

LN 2050

72% NMC—28% NCA 0.54032 3.51208 18.26282 0.54032

100% NMC 0.64 4.16 21.632 0.64

100% Li-Air 0 0 0 0

BAU-LN 2020–2050 - Pt 0 0 0 46
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Table 12. Estimated demand in gasoline (billion LGE) in 2020, 2030, and 2050 and in RES energy
(TWh) in 2050.

Demand Year WCS (High) BCS (Low)

Gasoline

2020 1923.74 1190

2030 2168.7 1320

2050 2517.68 1240

RES energy 2050 9834.688 4843.75

Table 13. Supply (resources) for LDVs’ storage and energy (fuel/electricity) available by 2050.

Supply Unit Type WCS (Low) BCS (High)

Storage for EVs Million tons

Ni 13.49 42.6

Li 11.44 46.28

Co 16.5 79.2

Resources for FCV Kilotons Pt 16.5 23.5

Energy for ICEV/HEV Billion LGE Gasoline 73,440

Energy for PHEV/BEV TWh RES solar + wind 16,500 40,000

In the case of gasoline and RES resources, the use ratio considered for conventional
vehicles (ICEVs/HEVs) is 0.3 (30%) and, respectively, 0.3 (30%) for EVs (PHEVs/BEVs).

Based on the data from Tables 9–13, the following formulas are used in order to
determine the demand over supply ratios (DSRs) for LN-WCS (high demand/low supply)
and BAU-BCS (low demand/high supply) scenarios, where i = 1:5 in the sum ∑ for the
5 LDV powertrains, and the sum ∑year covers the period 2020–2050:

DSR_WCS = ∑year (∑ market sharei × high demandi)/Total low supply, (1)

DSR_BCS = ∑year (∑ market sharei × low demandi)/Total high supply, (2)

It must be mentioned that, in the case of gasoline resources, in formulas (1) and (2),
the Total low supply equals the Total high supply, as seen in Table 13, while, for RES only,
the high demand case (WCS) is considered. For simplicity, the sum of ICEVs’ and HEVs’
market shares is considered altogether in calculations for gasoline resources, and the sum
of PHEVs’ and BEVs’ market shares is the same for RES resources. Based on this, the
maximum vehicle market share of EVs (PHEVs and BEVs) that can be charged in WCS
(high demand) in 2050 with the available energy (low supply) is around 50.33%.

Table 14 provides the DSR determinations based on the formulas for all scenarios.
As observed in Table 14, most scenarios either exceed the 90–100% range for DSR

in WCS or have a very low value of DSR, below 30–40%, in cases mostly related to BCS.
While it is unlikely to obtain a one size fits all scenario, which can stay, for example, within
the 50–80% range, scenarios with more balanced DSR values can be formulated, such as
the two novel scenarios presented in Table 15 together with the calculated DSR values
in Table 16.

The two scenarios presented in Table 15 reflect two main battery chemistry evolutions
from 2030 to 2050. The first, I Li-Air implies a full transition to Li-Air batteries, which puts
the least strain on the supply chain. In the absence of Li-Air battery market penetration,
II NMC-NCA proposes an optimum ratio between the two battery chemistries (72% for
NMC; 28% for NCA) in terms of least impact on the Ni and Li supply chains. While the
first scenario does not consider any restrictions on the Pt dependence of FCVs (46 g Pt per
vehicle), the second assumes no Pt is present in FCVs (almost 0 g Pt per vehicle).
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Table 14. DSR (%) determinations for the current scenarios for the 2020–2050 period.

Scenario
Nickel

WCS/BCS
Lithium

WCS/BCS
Cobalt

WCS/BCS
Platinum
WCS/BCS

Gasoline
WCS/BCS

RES Solar
Wind WCS

BAU [23] 9.6/2.5 3.5/0.7 4/0.7 0/0 91/52 6.65

S-HEV [23] 19.3/4.3 7/1.2 8/1.2 0/0 94/53.4 0.5

S-PHEV [23] 121/31.8 43.7/9 50/8.6 0/0 38.6/23.6 114

S-EV [23] 601/132 217/37 247/36 0/0 38.6/23.6 113.7

Base [25] 321/67.6 116/19 132/18.3 46.2/27.4 58/35 70

Alt. 1 [25] 529/112 191/31.5 218/30.3 0.64/0.43 43.6/26.7 103

Alt. 2 [25] 200/48 72/13.4 82.2/12.8 306/182 43.6/26.7 54.7

Scenario [27] 95/21.9 34.3/6.2 39/5.9 32.1/19.4 75.5/43.5 33.4

HER NMC [14] 146/31.3 52.7/8.8 86.8/12.1 59.3/39.8 70.9/41 38

HER Li-Air [14] 4.3/1.4 52.7/8.8 1.5/0.3 64.2/42.8 70.9/41 37.1

LER NMC [14] 76.9/17.3 27.7/4.9 45/6.6 354/218 56.7/33.4 18.7

LER Li-Air [14] 4.3/1.4 28.8/5 1.5/0.3 352/217 56.7/33.4 19

Table 15. Vehicle market share (%) for the two novel scenarios for the 2020–2050 period.

Scenario and Year ICEV HEV PHEV BEV FCV

I Li-Air 2020 76.6 19.1 1 3.2 0.1
I Li-Air 2030 44.5 20.1 13.5 18.5 3.4
I Li-Air 2050 13.5 20.3 25.4 37 3.8

II NMC-NCA 2020 76.6 19.1 1 3.2 0.1
II NMC-NCA 2030 49 21 9 5 16
II NMC-NCA 2050 15.6 15.6 22 12.2 34.6

Table 16. DSR (%) determinations for the two novel scenarios for the 2020–2050 period.

Scenario
Nickel

WCS/BCS
Lithium

WCS/BCS
Cobalt

WCS/BCS
Platinum
WCS/BCS

Gasoline
WCS/BCS

RES Solar
Wind WCS

I Li-Air 4.43/1.4 80.6/14.2 1.52/0.3 33.7/21.2 55.2/32.4 72.4

II NMC-NCA 111.2/25.7 40.2/7.2 40.1/7 ~0/~0 * 56.7/33.4 38
* DSR is almost 0 for no Pt PCVs. If under current conditions (46 g Pt per vehicle), then DSR = 234/145.

4. Results

Figure 12 synthesizes the average DSR values for Li, Ni, Co, and gasoline resources,
which represents an average between BCS and WCS values, for the new scenarios: I Li-
Air and II NMC-NCA, presented in Table 15, and for S-PHEV [23], Base [25], HER and
LER scenarios for NMC and Li-Air in [14], and the Baseline scenario in [27], presented in
Table 10. It also includes the DSR values for Pt and RES resources in WCS.

Figure 12 highlights the balanced DSR of the new scenarios, I Li-Air and II No-Pt,
except for the case in which Pt will still be used when manufacturing FCVs. It must be
mentioned that, in Figure 12f, for the II No-Pt scenario, the value is around 0 if Pt will not
be used for FCVs. The value considered is in accordance with the other scenarios which
follow the current assumption of a 46 g Pt demand per FCV. Only if the demand in Pt will
decrease to 10–20 g per vehicle will the DSR value be acceptable for the II No-Pt scenario.
Table 17 assesses the impact on the environment [13,70–72,77,83–90] and, implicitly, on
health, including pollution abatement costs [91], and provides the LDV demand profiles of
the main operation resources, i.e., gasoline, electricity, and hydrogen [67,70,92].
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Figure 12. DSR determinations for (a) lithium-based storage (average), from 2020 to 2050; (b) nickel-
based storage (average), from 2005 to 2020; (c) cobalt-based storage (average), from 2020 to 2050;
(d) gasoline resources (average), from 2020 to 2050; (e) RES solar and wind resources (WCS), in 2050;
(f) platinum resources (WCS), from 2005 to 2020, according to nine scenarios.

In order to calculate the total GWP- and PAC-related impacts in Mt CO2e and Billion
EUR- and GEH-related demands in Billion LGE, TWh, and Billion Liters of Hydrogen for
the 2020–2050 period (2020, 2030, and 2050); the travel demand in Pkm is added to the
formula below, where i = 1:5 in the sum ∑ for the five LDV powertrains, and the sum ∑
year covers the period 2020–2050:

Impact GWP/PAC or Demand GEH= ∑year [∑ market sharei × (GWP*i/PACi
or GEHi)] × travel demandyear,

(3)
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Table 17. Global Warming Potential (GWP) expressed in kgCO2 e/km, Pollution Abatement Costs
(PAC) in EUR/km, and Gasoline, Electricity, and Hydrogen (GEH) consumption in LGE/km,
kWh/km, and, respectively, Liter of Hydrogen/km for various LDV powertrains, based on es-
timations, forecast, and assumptions, for the 2020–2050 period.

Impact and Year ICEV HEV PHEV BEV BEV Clean * FCV

GWP 2020 0.22 0.2 0.18 0.15 0.04 0.15

GWP 2030 0.19 0.18 0.16 0.13 0.03 0.14

GWP 2050 0.145 0.14 0.12 0.1 0.02 0.13

PAC 2020–2050 0.047 0.041 0.042 0.036 - 0.046

GEH 2020 ** 6.5 5.5 21 17 - 7

GEH 2030 ** 4.23 3.7632 19 16 - 6

GEH 2050 ** 3.0576 2.352 16 12.5 - 5
* Based only on solar and wind RES energy, ** LGE/km for ICEV and HEV, kWh/km for PHEV (electric) and BEV,
Liter of Hydrogen/km for FCV.

The travel demandyear is calculated as an average between the predicted values in [58]
and [59], and is 22.241 trillion Pkm (TPkm) in 2020, 29.072 TPkm in 2030, and, respectively,
46.971 TPkm in 2050. Regarding the GWP calculations, the BEV clean* value in Table 17 is
not considered in 2020 due to the lack of meaningful global RES penetration; while, in the
2030–2050 period, only BEV clean* values are considered instead of BEV values due to the
reduced impact on GWP, associated with clean energy (solar and wind).

Figure 13 presents the total impacts related to GWP and PAC up to 2050 for the nine
scenarios according to the predicted vehicle market share.
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Figure 13. Estimated impacts on: (a) GWP; (b) PAC, from 2020 to 2050, according to nine scenarios.

Figures 14–16 present the total demand associated with the consumption of gasoline,
electricity, and liters of hydrogen required for operating the different LDV powertrains.

17,744
32,433

0
17,500
35,000

I Li-Air II No-Pt S-PHEV Base HER NMC HER Li-Air LER NMC LER Li-Air Baseline

ICEV/HEV demand (109 LGE)

Figure 14. Estimated demand in Billion LGE required for fueling ICEVs and HEVs from 2020 to 2050,
according to nine scenarios.
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Figure 15. Estimated demand in TWh required for charging PHEVs (electric) and BEVs from 2020 to
2050, according to nine scenarios.
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Figure 16. Estimated demand in Billion Liters of Hydrogen required for fueling FEVs from 2020 to
2050, according to nine scenarios.

By analyzing Figures 12–16, it can be concluded that the new scenarios manage not
only to balance the DSR in most cases, and thus put less strain on the supply chain, which
is related to the available resources’ exploitation, but also can prove beneficial in mitigating
air pollution, which is mostly related to GHG emissions.

5. Discussion

Due to the uncertain nature of predictions related to the extrapolation functions, which
are based on current trends, such as the ones presented in Section 2 and in the beginning of
Section 3, it is necessary to provide a sensitivity analysis that can assess the limitations of
such projections. Tables 18–22 evoke the projection parameters considered and the type of
extrapolations (linear or nonlinear, if known) that modulate the degree of uncertainty, as
well as their range when compared to other predictions. The travel demand projections
assumed in the methodology depicted in Section 3 are based on a strong correlation with
projections that guarantee a 95% confidence interval. Regarding the storage demand
projections (modulated by battery’s capacity and type), the confidence interval is 80–95%
based on the correlations with travel demand and LDV sales. The correlations between
GDP, population, and LDVs’ travel demand evolutions and LDV sales and production
projections are assessed in Tables 3 and 5. The best correlations were those that have shown
an almost perfect linear relationship, such as the r coefficient reached values of +0.99 and
+1 (+99% to +100% in tables).

In the actual context, of less resources to use for fueling cars, e.g., gasoline, sup-
ply chain issues, due to the COVID-19 pandemic, e.g., semiconductor chip shortage and
rising prices of gasoline and electricity due to the war in Ukraine, it is more and more
important to balance the LDVs’ increasing demand of materials and energy with the
available resources that must satisfy related travel and storage demands. These can be
associated with GDP, population, and emerging technologies’ impacts on LDVs’ mar-
ket evolution. The sustainable evolution of the automotive market is reflected also in
the air we breathe. Yet, aiming to transition to less polluting cars should be performed
without causing disruptions to the supply chain, wherein Li, Ni, Co, Pt, gasoline, hy-
drogen, and RES resources are at risk of misconduct. One must tackle this issue, as
predictions for the vehicle market share are all over the place in terms of market dominance,
whether of conventional LDVs (ICE-based) [23,27], of full-electric vehicles (FEVs), mostly
BEVs [23,25], or of FCVs [14,25], at the same time almost entirely neglecting the storage
demand (battery chemistry and capacity) when predicting the future vehicle market share
of various LDV powertrains.
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Table 18. Population projections.

Link–Year Extrapolation * Parameters Values Uncertainty—Confidence Interval

[35]–2004 Nonlinear Fertility, life expectancy L to H Mortality—80–95%
[36]–2015 Almost linear GDP, growth rate L Not assessed
[37]–2006 Unknown Fertility, growth rate, life expectancy M Not assessed
[38]–2020 Unknown Fertility M-H Not assessed
[39]–2017 Nonlinear Fertility, growth rate, life expectancy M Not assessed

[40]–2019 Nonlinear Fertility-mortality, growth rate-
ageing, migration M to H Fertility, mortality, migration—95%

[41]–2017 Nonlinear Fertility, growth rate, life expectancy, education M Not assessed
[42]–2021 Nonlinear Fertility, life expectancy M Fertility, ageing, stagnation—0–95%

This study Nonlinear Fertility, life expectancy, growth rate, mortality M to H Migration, fertility, ageing—90–95%

* Based on current trends, L = low-, M = medium-, H = high-valued predictions.

Table 19. GDP projections.

Link–Year Extrapolation * Parameters Values Uncertainty—Confidence Interval

[36]–2015 Almost linear Growth rate, capital, population L Population decline—none
[37]–2006 Unknown Growth rate, production–consumption L-M Global public policies—none

[43]–2012 Nonlinear Growth rate, capital, education,
energy–productivity M Energy price—none

[44]–2015 Nonlinear Capital, education, population,
energy–productivity M Geopolitical context—none

[45]–2018 Unknown Capital, income, population, and employment
data M Not assessed

[46]–2022 Unknown Energy transition L Not assessed
[47]–2017 Nonlinear Investment opportunities H Not assessed
[48]–2021 Nonlinear Growth rate, environment scores M-H Not assessed
[49]–2021 Linear Unknown M Unknown

This study Nonlinear Capital, population, energy–productivity L to H Education, energy price—95%

* Based on current trends, L = low-, M = medium-, H = high-valued predictions by comparison.

Table 20. LDV sales and production projections.

Link–Year Extrapolation * Parameters Values Uncertainty—Confidence Interval

[14]–2021 Nonlinear Population, GDP, travel demand M to H Vehicle market share—80–95%
[23]–2016 Nonlinear Population, income, vehicle market share L-M Fuel economy, behavior—none
[24]–2019 Nonlinear Fuel economy ** L to M Not assessed
[25]–2018 Almost linear Vehicle market share, purchase probability *** M Not assessed
[27]–2012 Nonlinear Population, GDP H Not assessed

This study Nonlinear Population, GDP, energy–
materials dependency L to H Vehicle market share, prices—95%

* Based on current trends, L = low-, M = medium-, H = high-valued predictions when compared to our predictions
(this study), ** Based on Chinese and *** U.K. vehicle market reports.

Table 21. LDV travel demand projections.

Link–Year Extrapolation * Parameters Values Uncertainty—Confidence Interval

[52]–2017 Almost linear GDP, population, travel preferences L Economic growth—none
[53]–2018 Unknown Unknown M Not assessed

[54]–2017 Unknown GDP, population, travel
preferences, technology M Not assessed

[55]–2004 Linear Travel preferences M Not assessed
[56]–2012 Nonlinear Growth rate, travel preferences M-H Not assessed
[57]–2015 Nonlinear Growth rate M Fuel prices—none
[58]–2019 Almost linear GDP, population H Not assessed
[59]–2020 Almost linear Unknown L-M Not assessed
[60]–2018 Nonlinear Population, travel preferences M Not assessed

This study Nonlinear GDP, population, growth rate, technology L to H Economic growth, prices—90–95%

* Based on current trends, L = low, M = medium, H = high-valued predictions by comparison.
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Table 22. Battery capacity data estimations and projections.

Link–Year Study Interval Vehicle Type (Except ICEV) Estimation (Studies) or Projection (Uncertainty)

[69]–2021 2012–2019 BEV Est.: Based on real data/literature (many studies)
[70]–2022 2011–2021 Almost all * Est.: Based on real data/literature (many studies)
[71]–2020 2019 BEV, PHEV, HEV Est.: Only one study case
[72]–2021 2021 BEV, HEV Est.: Only one study case
[73]–2018 2013 BEV, PHEV, HEV Est.: Only one study case
[74]–2007 2007 BEV, PHEV, HEV Est.: Based on real data/literature (many studies)
[75]–2011 2007 BEV, PHEV, HEV Est.: Based on real data/literature (many studies)
[76]–2019 2019 PHEV, BEV Est.: Based on real data/literature (many studies)
[77]–2022 2013 BEV, PHEV, HEV Est.: Based on real data/literature (a few studies)
[78]–2018 2017–2025 BEV, PHEV Pro.: Uncertainty not assessed (based only on 2 years)
[79]-2018 2015–2016 HEV Est.: Only two study cases
[80]-2019 Unknown BEV, PHEV, HEV Est.: Based on real data/literature (many studies)
[81]-2021 2021 BEV, PHEV, HEV Est.: only one study case

This study 2007–2050 Almost all * Est.: Based on literature, Pro.: 80–95% confidence

* FCV is neglected for some years, Est. = estimation, Pro. = projection.

In this study, the authors have assessed the impact of the most exploited resources
available to LDVs in terms of storage and travel demands. The demand forecast was
correlated with the GDP, population, and LDV sales and production for the 2020–2050
period. In order to evaluate the impact on the supply chain, a methodology based on DSR
was proposed by the authors for achieving the sustainable exploitation of the resources
mentioned above at each stage: WtT (production), TtW (operation), and EoL (recycling),
according to an LCA-based analysis. The basis of this methodology is represented by
the range defined by the BCS and WCS scenarios that cover the extreme cases of DSR:
low demand/high supply (BCS) and high demand/low supply (WCS). Out of the twelve
scenarios that forecast the vehicle market share in Table 10, for which the DSR methodology
was applied, seven were selected for further analysis, since their DSR values have remained
within acceptable bounds. Moreover, based on a balanced DSR, two novel scenarios were
proposed herein. These scenarios refer to the future battery chemistry evolutions that can
cause less strain on the Ni, Li, Co, and Pt supply chains I Li-Air and II No Pt (72% NMC,
28% NCA), as presented in Figure 12. In terms of air pollution abatement, which aims to
decarbonize the energy sector [8], the new scenarios with balanced DSR presented benefits
in mitigating GHG emissions (GWP) and reducing related costs (PAC) when compared to
the seven selected scenarios, as seen in Figure 13. Moreover, in terms of gasoline, hydrogen,
and RES (solar and wind) demand, Figures 14–16 validate that the novel scenarios stay
within acceptable limits.

Other aspects that are just as important when making the transition to EVs or FCVs,
that were not discussed or detailed in this article, since they are beyond its scope, refer to
social and psychological factors, environmental regulations and associated health impact,
infrastructure investments and various vehicle costs, and technology transition impacts, to
mention a few.

As the system complexity of the future vehicles is expected to increase, wireless
sensor networks (WSNs), connected to the cloud, perhaps in a mesh configuration [93–95],
will operate beside the Controller Area Network (CAN) bus, and maybe even replace it
altogether in the not so far away future, since cables take up a lot of space and require a
considerable amount of copper. Moreover, the large deployment of Internet of Things (IoT)
and Vehicle to Everything (V2X) permits both the improvement of the extensive traffic
management and security and paves the way for autonomous vehicles [96]. Since Industry
4.0 is already here, it is possible that these vehicles will penetrate the automotive market [7].
However, an important aspect that was highlighted in this paper, and that should always
work in conjunction with such smart networks based on IoT, is the necessity to charge
and store the energy in an effective way. The dependence on energy and raw materials,
which was addressed herein, will become more and more demanding in the evolution of
LDVs. The energetic challenge also refers to finding new energy management solutions
that include the development of communication protocols. The parameters considered are
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related to the energy and power capabilities of vehicles. Strictly related to the storage of
energy, new features such as intelligent power control will facilitate the implementation
of heterogeneous solutions such as Hybrid Energy Storage Systems (HESS). Because no
single storage device can perfectly fit the applications’ requirements, electric hybrid storage
solutions were developed in [97,98]. This implies the use of, at minimum, two different
storage cells or storage device-like supercapacitors, batteries, and fuel cells [99,100]. Such
solutions will increase the overall lifespan of the vehicles’ energetic sources, improving
not only the energy efficiency, but also allowing a more efficient usage of raw materials
for developing the new transport means. Regarding the materials sensitive to exploitation,
e.g., Li and Ni, it is possible that new battery chemistries such as NaS and LFP 4680
could reduce this dependence should they become technologically mature. The novel
methodology proposed in this study can be adapted accordingly in this sense.

The authors consider that, when addressing the future challenges related to LDV
powertrains’ adoption, both the demand and supply of energy and raw materials play an
important role in defining their market penetration. In this regard, the improvement of
on-board electric storage technologies will represent a genuine catalyzer for the new LDVs.
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Abstract: Various researchers are developing efforts to integrate waste and by-products as alternative
materials in road construction and maintenance, reducing environmental impacts and promoting
a circular economy. Among the alternative materials that several authors have studied regarding
their use as partial or total substitutes for natural aggregates in the asphalt paving industry, the steel
slag aggregate (SSA) and recycled concrete aggregate (RCA) from construction demolition waste
(CDW) stand out. This paper reviews and discusses the characteristics and performance of these
materials when used as aggregates in asphalt mixtures. Based on the various studies analyzed, it
was possible to conclude that incorporating SSA or RCA in asphalt mixtures for road pavements has
functional, mechanical, and environmental advantages. However, it is essential to consider some
possible drawbacks of these aggregates that are discussed in this paper, to define the acceptable uses
of SSA and RCA as sustainable feedstocks for road paving works.

Keywords: steel slag aggregate; recycled concrete aggregates; waste products; asphalt mixture;
sustainable materials

1. Introduction

The European Community aims to contribute to a radical increase in the construc-
tion sector sustainability through a paradigm shift that implements the circular economy
principles [1].

A pavement’s sustainability is highly influenced by the proper selection of the materi-
als used [2]. The material circularity principle for a cleaner production of asphalt mixtures
aims to completely or partially replace traditional aggregates and fillers with wastes or
by-products, which can also be used on asphalt binder modifications. Adapting asphalt
mixtures to incorporate waste materials reduces the consumption of naturally mined mate-
rials, minimizing the carbon footprint and pavement industry’s impact on the environment.
Furthermore, the use of waste materials minimizes landfills and deposition in piles and
limits the disposal of enormous volumes of waste produced from various sources [3–5].

Previous research works have demonstrated the advantages of applying new recycled
materials in the granular or asphalt layers of road pavements. Steel slags and construction
and demolition waste are among the alternative materials that several authors have studied
as partial or total substitutes for natural aggregates in asphalt mixtures [2,6–12].

Formerly considered waste material, steel slag has become a valuable by-product used
as a raw material for many industries and is almost fully utilized in some countries [13].
Steel slag aggregates (SSA) can replace natural aggregates in asphalt and cement-based
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road construction, lowering the environmental impact by reducing the consumption of
natural and non-renewable aggregates and the quantity of steel slag deposited on landfill
sites [14].

The rapid development of the construction engineering sector has led to a massive and
unsustainable production with an excessive consumption of natural resources. Moreover,
Menegaki and Damigos state that around 35% of the global construction and demolition
waste (CDW) is disposed of directly in landfills without treatment [15]. These landfills are
detrimental to a significant land area and bring major environmental concerns, such as
global warming and soil and water pollution [16]. Excess construction and demolition waste
puts a massive strain on the environment. Therefore, recovering CDW as aggregates for the
partial substitution of natural aggregates in asphalt or concrete cement roads minimizes
this effect and the consumption of new materials.

Concrete is the primary waste source in CWD. This concrete can be reused as recycled
concrete aggregate (RCA), prepared through the crushing and grading of waste concrete,
which can be wholly or partially used as a raw material in new concrete mixtures [17].
Because the high volume of RCA produced exceeds the amount placed back into the
construction cycle, finding alternative applications for RCA is essential to maintain the
construction industry as globally sustainable. Hence, utilizing recycled aggregates for
highway pavement construction offers tangible environmental and economic benefits [18].

Several studies and reviews [13,15,19–25] have recently focused on the technical
and economic feasibility of using recycled concrete and steel slag aggregates to produce
new asphalt concrete mixtures. This topic became essential for the current and future
development of the road paving industry.

Therefore, this review paper thoroughly identifies and evaluates innovative, efficient,
and sustainable alternatives for the current uses of SSA and RCA in asphalt mixtures,
thus promoting the circularity of road paving materials. It also aligns with the sustainable
development goal twelve defined by the United Nations, i.e., responsible consumption and
production [26]. This paper shows that SSA and RCA are the two main by-products capable
of substituting significant amounts of natural aggregates in producing asphalt mixtures,
either separately or together, as “alternative quarries”.

After a brief description of steel slag and recycled concrete from construction and
demolition wastes, the legal and environmental aspects of using these wastes or by-products
are discussed using different approaches. Then, the mechanical properties of steel slag
and the main treatments of recycled concrete were the main points focused on for each
alternative aggregate. Finally, the current research on the various applications of these
wastes as road paving materials is presented, demonstrating their potential and efficient
use as new aggregates for asphalt mixtures.

A greater demand for environmental and legal requirements in the construction
industry is expected soon, and this article aims to stimulate the use of eco-efficient building
materials in road construction.

2. Steel Slag Aggregates Applications in the Asphalt Paving Industry

2.1. Steel Slag Properties and Their Application in Road Pavements
2.1.1. Steel Slag Types and Main Properties

Steel slag is a synthetic aggregate produced as a by-product in the steel production
process, recycled in many countries worldwide for decades. This by-product is one of
the most used materials, and it can be considered a green resource because it has a great
potential to substitute natural aggregates and reduce the environmental impact of virgin
resources quarrying [27–29].

There are many possibilities for using steel slag in building and transport infrastructure
construction [30]. Material researchers and civil engineers studied its use in construction
applications. They concluded that this material could be used in broad areas, such as a raw
material for blended cement manufacturing, aggregates for asphalt mixture production, or
granular material for a road pavement base or subbase courses [19,31].
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As mentioned by Skaf et al. [20], there are currently five main types of metallurgical
slags: the iron-making slag of a Blast Furnace (BF), steel slag divided into Basic Oxygen
Furnace (BOF) slag (sometimes referred to as Linz–Donawitz slag), the Electric Arc Furnace
(EAF) slag, and secondary refining slag that are the Ladle Furnace (LD) and the stainless
steel slag.

The BOF and EAF steel slags from different sources within Europe are generally
comparable, but the properties may differ based on the steel produced and the furnace.
Compared to EAF, the main problem with BOF is the excess quantity of its free lime
and magnesia contents [32,33]. Although EAF steel slag aggregate (Figure 1) is the most
common type used in road construction [34,35], some researchers [36–46] have developed
research on applications of BOF steel slag aggregates in asphalt mixtures.

 
Figure 1. Steel slag aggregates from electric arc furnaces (EAF SSA).

The EAF steelmaking process is essentially a steel scrap recycling process. Therefore,
the chemical composition of EAF slag depends significantly on the source and properties
of recycled steel, and its chemical composition can vary from one batch to another. The
main chemical components of EAF steel slag are lime (CaO), magnesium oxide (MgO),
iron oxides (FeO, Fe2O3), silicon dioxide (SiO2), and aluminum oxide (Al2O3). Therefore,
the CaO–MgO–SiO2–FeO–Al2O3 system can represent the steel slag. The FeO, CaO, SiO2,
Al2O3, and MgO contents of EAF slags are typically 10–40%, 22–60%, 6–34%, 3–14%, and
3–13%, respectively. EAF slags also contain free CaO and MgO and other complex minerals
and solid solutions of CaO, FeO, and MgO [20,31,47,48].

2.1.2. Characteristics of Steel Slag Aggregates Relevant for Road Pavements

Zumrawi and Khalill [49] state that particular attention has been directed at investi-
gating the possible use of SSA as a substitute for natural mineral aggregates to produce
asphalt mixtures. The steel slag has been utilized as a coarse or a fine aggregate in asphalt
pavements and had a reliable response [50]. Numerous researchers have found that the
angular shape, the rough-textured surface, and the high specific gravity of steel slag pro-
vides a high skid resistance, mechanical interlocking, better stability, a high-temperature
deformation resistance, and a low-temperature cracking resistance [47,51,52]. Moreover,
steel slag aggregates (SSA) have shown excellent polishing resistance, meaning surface
courses with SSA will keep their friction properties over time. This result was confirmed
in field studies reporting that sections made with SSA have equal or better skid resistance
and macrotexture than sections made with conventional asphalt mixtures produced with
natural aggregates [53].
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The mechanical performance of EAF slags when they replace natural coarse aggregates
in asphalt mixtures has been evaluated in-depth, obtaining excellent results. Steel slag’s
mechanical and physical properties productively meet high-class material requirements,
making it an alternative high-quality aggregate compared to the natural aggregate. A
comparison of some properties of steel slag with natural aggregate is shown in Table 1.
Moreover, according to several authors, the asphalt mixtures with SSA have excellent
workability, durability, permeability, stability at high temperatures, fatigue and thermal
cracking resistance, abrasion resistance, and increased stiffness [30,32,47,54,55].

Table 1. Technical properties of EAF steel slag against granite natural aggregates adapted from [2,13].

Characteristics EAF Steel Slags Granite

Bulk density (g/cm3) 3.4–3.5 2.5–2.7
Shape—thin and elongated pieces (%) <10 <10
Impact value (wt.%) 18 12
Crushing value (wt.%) 13 17
Micro-Deval Coefficient (wt.%) 10 15
Polished stone value, PSV (%) 51–61 48–52
Water absorption (wt.%) 0.7–1.3 0.5–0.7
Resistance to freeze-thaw (wt.%) <0.5 <0.5
Binder affinity (%) 50–65 10–15

Steel slag has also been reported to retain heat considerably longer than natural
aggregates. The heat retention characteristics of SSA can be beneficial for hot mix asphalt
(HMA) production, as less energy can be used to heat aggregates in the asphalt plant being
maintained for more extended periods during the asphalt paving works [20,52].

Another property that makes steel slag an excellent aggregate for asphalt mixtures is
its strong affinity with bitumen. EAF slag aggregates are tough and dense, but they have
excellent adhesion with bitumen due to their high alkali character. This property of steel
slag helps to resist bitumen stripping and minimizes potential moisture damage to asphalt
mixtures [20,32,56,57].

In general, using EAF steel slag to substitute part of the natural aggregates improves
the mechanical performance of the resulting asphalt mixtures. This tendency is stated in the
literature for skid resistance, Marshall stability, indirect tensile strength, stiffness, resistance
to permanent deformation, fatigue, and low-temperature cracking resistance [29,34,58,59].
Table 2 summarizes previous research on SSA incorporation in different HMA and warm
mix asphalt (WMA) mixtures and the corresponding advantages.

Table 2. Research work developed with the incorporation of SSA in different asphalt mixtures.

Reference Type of Mixture Improved Properties with SSA

Kavussi and Qazizadeh [59] HMA Fatigue cracking resistance
Maharaj et al. [47] HMA Marshall stability and surface characteristics

Pasetto and Baldo [30] HMA Stiffness modulus, fatigue and rutting
resistance, and indirect tensile strength

Abd Alhay and Jassim [28] HMA Marshall stability and temperature
susceptibility

Shiha et al. [29] HMA Marshall stability and fatigue cracking
resistance

Masoudi et al. [34] WMA Marshall stability, stiffness, resilient modulus,
and indirect tensile strength

Ameri et al. [58] WMA
Marshall stability, tensile strength, resilient
modulus, moisture resistance, and rutting
resistance

Ziaee and Behnia [60] WMA Indirect tensile strength, resilient modulus,
and dynamic creep

Keymanesh et al. [61] Microsurfacing Abrasion resistance, curing time, bleeding,
and vertical displacement
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However, the incorporation of SSA in asphalt mixtures can have some restrictions due
to its chemical and physical characteristics. According to Swathi et al. [62], three of the
most discussed issues associated with the use of SSA in asphalt mixtures are failures due
to volume instability, increased bitumen demand due to its texture and porous structure,
high air void contents, and voids in mineral aggregate (VMA) of the corresponding asphalt
mixture. However, the lack of volume stability of steel slag can be improved with a
pre-treatment or aging treatment [63].

Although many factors influence the stability of the EAF steel slag, there seems to be
an agreement that the hydration reactions of free lime and periclase of SSA are responsible
for its expansive behavior [20]. In contact with water, free MgO and CaO in steel slag will
react to hydroxides. Depending on the free lime or free MgO rate, this reaction causes a
slag’s volume increase, mostly combined with a loss of strength and partial disintegration
of the slag pieces [33]. In the free lime hydration, there may be an increase in the volume of
99%, and in the case of hydration of free magnesium oxide, the volume may increase by
119% [64,65].

The bitumen and air voids contents are the two most crucial mix design control
indexes [66]. Asphalt mixtures with high steel slag aggregate contents tend to have more
voids, and the optimum bitumen content can be excessive and lead to binder drainage [20].
The higher air voids content in 100% SSA asphalt mixtures can be attributed to the difference
in the specific gravity of the coarse and fine fractions of SSA. Adopting the weight-based
grading envelopes for asphalt mix design without considering the difference in the specific
gravity, for a unit volume of the asphalt mix, few coarse aggregates may be obtained than
the mixture with natural aggregates with similar specific gravity. The consequence is that
the asphalt mixture with SSA tends to have more fine aggregates than the corresponding
mixture with natural aggregates of a similar specific gravity, resulting in a higher VMA [62].

He et al. [63] stated that using steel slag in an asphalt mixture benefits the environment
and saves cost. Nonetheless, the critical points of mix design of asphalt mixtures with SSA
include the ratio of NA substitution, the gradation correction, the determination of effective
relative density, and the optimum binder–aggregate ratio. The same authors mentioned
that the main limiting factors (i.e., large density, poor volume stability, and the increasing
binder content) had not been fundamentally resolved, and the long-term performance and
quality control system of pavements with SSA should be further researched.

2.2. Legislation on the Use of Steel Slag

Despite the general use of steel slag in construction, there has been an ongoing legal
argument about classifying steel slags as waste or by-products. The classification of
steel slags is not uniform within the European member states. Some steel slag types
are considered by-products in several countries and waste in others [67].

According to the European Waste Directive 2008/98/CE, later amended by Directive
(UE) 2018/851, steel slag is initially classified as waste, leaving this condition after process-
ing, meeting technical criteria, and proving no risks to health and the environment. Thus,
the SSA is a by-product obtained from various stages of steel slag beneficiation, has a well-
defined market and demand, and meets the legislation, technical standards, and criteria so
that its intended applications do not cause adverse impacts on the environment or human
health. Therefore, it aligns with Article 5 of the European Waste Directive concepts and can
be legally framed as a by-product by meeting the following conditions:

(a) further use of SSA is certain;
(b) SSA can be used directly without any further processing other than regular industrial

practice;
(c) SSA is produced as an integral part of a production process; and
(d) further use of SSA is lawful, fulfilling all the requirements for its specific use without

causing adverse environmental or human health impacts.

The same waste framework directive (WFD) also introduced the end of waste status
in Article 6 for wastes undergoing recycling or recovery operations but falling outside the
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definition of by-products according to Article 5. Therefore, the waste must be applied with
specific objectives and assure a market or demand. Furthermore, it should also fulfill the
technical requirements and applicable legislation without compromising the environment
or human health.

Figure 2 shows the different classifications of steel slag according to Articles 5 and 6 of
the European Waste Directive 2008/98/EC, later amended by Directive (UE) 2018/851.

Figure 2. Different classifications of steel slag according to Articles 5 and 6 (§5 and §6) of the European
Waste Directive 2008/98/EC, amended by Directive (UE) 2018/851 adapted from [68].

The same Directive mentions a list of waste (LoW) in Article 7, created to identify
wastes from various activities, called the European list of waste. The list consists of
20 chapters, numbered from 01 to 20, which groups waste that concerns a specific activity
area that generates waste. The term steel slag has two references in the LoW, being
considered a waste from thermal processes in the steel industry, identified by code 10 02 01
(wastes from the processing of slag) and 10 02 02 (unprocessed slag). However, the existence
of several stages for the processing of steel slag automatically excludes them from item
10 02 02, once it is processed, becoming a new material with economic value. Moreover,
such materials cannot be classified under code 10 02 01 since they are classified as by-
products according to Articles 5 and 6. Thus, it can be inferred that the European waste list
does not cover the steel slag aggregates that have undergone further processing steps and,
therefore, should not be classified as waste [69].
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2.3. Environmental Evaluation of Steel Slag Aggregates

Replacing natural aggregates with wastes and by-products has several environmental
benefits. On the one hand, it reduces the production of raw materials, the consumption of
water, electricity, diesel, and the emission of noise and dust. On the other hand, waste dis-
posal in landfills is avoided, extending the landfill’s life, and reducing emissions. Besides,
this solution represents considerable cost reductions for both generators and consumers
since the industries, in most cases, do not intend to make profits through the commercial-
ization of steel slag aggregates precisely because they are not their main product [69,70].

The mechanical performance of asphalt mixtures incorporating EAF steel slags to re-
place natural coarse aggregates has been evaluated in-depth, obtaining excellent workabil-
ity, stiffness, fatigue and rutting resistances, and moisture damage performance. However,
the environmental aspects of this solution have not been studied in such detail [70].

According to Mombelli et al. [71], the use of EAF SSA in construction is limited by
some polluting chemical elements in their composition, such as chromium [72], barium, and
vanadium, which can be dangerous to humans and the environment. Nevertheless, Motz
and Geiseler [33] state that the assessment of aggregates’ environmental compatibility as a
building material is not determined by the content of environmentally relevant elements in
the solid material but by the potential leaching behavior.

Gan et al. [73] studied the risk of leaching of heavy metal elements during the steel slag
stockpiling process and after paving asphalt mixtures. They concluded that the leaching
concentration of heavy metals (particularly Cu) from steel slag increased rapidly due to
the acid rain effect. Increasing the specific surface area and decreasing pH value will
increase the leaching risk of heavy metals in SSA. The leaching risk of SSA was significantly
reduced after being introduced into asphalt mixes. Another work [74] focused on the
leaching behavior study of EAF slag to assess its suitability as a construction material
because it contains toxic metals that can leach and affect the eco-system. It was found
that toxic metals were not leached beyond the permissible limits for pH values between
4.0 and 8.5. By applying different leaching test methods, these authors concluded that
the leaching of hazardous heavy metals from EAF slag is negligible or within permissible
limits, confirming it can be used as an eco-friendly construction material.

Moreover, Li et al. [75] stated that steel slag is alkaline in an aqueous solution due
to its basic oxide components. They studied the pH value of the short-term and long-
term deposited slag leaching solution and concluded that it was below the specifications
and, hence, was not considered as hazardous waste. However, the specification limit was
exceeded for ground steel slag, highlighting the importance of adequate storage of SSA.

A few studies quantified the environmental performance of incorporating EAF steel
slag as an aggregate in asphalt mixtures using the Life Cycle Assessment (LCA) methodol-
ogy. Esther et al. [70] analyzed the environmental impact of replacing high-quality coarse
aggregates with EAF SSA. The researchers performed an LCA on three asphalt mixtures
containing different aggregates, one ophite, and two steel slag types. The results showed
the importance of the aggregate absorption rate and the humidity, and steel slags can
replace natural aggregates even when located up to 144 km from the asphalt plant.

Another study analyzed the environmental impact of using EAF SSA in road pave-
ments compared with the natural materials used in road construction. The authors verified
that some of the most relevant environmental impacts, such as carbon footprint, ozone
layer depletion, abiotic depletion, and photochemical oxidation, depend highly on the road
construction technologies used. Moreover, they concluded that significant environmental
benefits could be obtained from using SSA in road construction [14].

Mladenovič et al. [76] carried out an LCA to compare the environmental impacts of as-
phalt surface course construction in two scenarios: a conventional scenario (using siliceous
aggregates) and an alternative scenario (using SSA). The Life Cycle Assessment results
(based on consequential modeling) showed that the alternative scenario is more sustainable
than the conventional one if the following impact categories are considered: acidification,
eutrophication, photochemical ozone creation, and human toxicity. The impacts are reduced
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by approximately 80% in the above indicators compared to the conventional scenario. The
authors found that the alternative scenario is more sustainable even when considering long
SSA delivery distances (around 100 km) and minimal delivery distances of the siliceous
aggregate. Nevertheless, LCA results changed when the delivery distance exceeded 160 km
due to the high SSA density.

2.4. Case Studies of Steel Slag Aggregate Incorporation in Asphalt Mixtures or Road Pavements
2.4.1. Incorporation of Steel Slag Aggregate in Conventional HMA

The initial steel slag applications occurred in the late 1960s when Canada and the
United States constructed the first test roads using steel slag to evaluate the pavements’
stability. From the 1970s to the middle 1980s, Baltimore City, in the United States, paved
many sidewalks with steel slag asphalt mixtures. From 1990 to 1995, the total steel slag
asphalt mixtures applied in New York reached about 250 thousand tons. Furthermore, it
is reported that steel slag aggregates have been produced and used successfully as a road
construction material in various European countries due to their advantageous technical
properties [77].

Motevalizadeh et al. [78] successfully employed different EAF steel slag types con-
taining coarse and fine aggregates to substitute mineral aggregates in asphalt mixtures.
Rohde [79] also studied the possibility of using steel slag from electric arc furnaces in
different layers of road pavements. The study results showed that EAF SSA could be used
as an aggregate in asphalt mixtures, presenting no risks to the environment and public
health when adequately treated. The same author found that a 40 cm layer of graduated
basalt gravel has elastic deformations equivalent to a 25 cm base layer with EAF SSA. Thus,
the economic advantage of reducing the granular base layer by 15 cm when using steel slag
aggregates was demonstrated while maintaining the mechanical characteristics.

Ahmedzade and Sengoz [80] determined the influences of steel slag utilization as a
coarse aggregate on the HMA properties. Four different asphalt mixtures containing two
binders and coarse aggregates (i.e., limestone, steel slag) were produced to obtain Marshall
specimens and determine the optimum bitumen content. The mechanical characteristics of
all mixtures were evaluated by Marshall stability, indirect tensile stiffness modulus, creep
stiffness, and indirect tensile strength tests. The researchers observed that steel slag used as
a coarse aggregate improved the mechanical properties of asphalt mixtures.

A more comprehensive study on this topic also evaluated the effectiveness of using
SSA to improve the engineering properties of asphalt mixtures. For this purpose, thirteen
mixtures were tested containing steel slag in a portion of fine or coarse aggregates or all
the portions. The effectiveness of the SSA was judged by the improvement in Marshall
stability, indirect tensile strength, resilient modulus, and fatigue life of the asphalt mixtures
samples. It was found that replacing 50% of the limestones coarse or fine aggregates with
SSA improved the mechanical properties of the mixtures [50].

Kavussi and Qazizadeh [59] evaluated the fatigue behavior of asphalt mixtures contain-
ing EAF SSA. Asphalt mixture samples were produced, replacing various coarse limestone
aggregate fractions (greater than 2.36 mm) with EAF SSA. Fatigue testing was performed
in a controlled stress mode at various stress levels to characterize the fatigue behavior of
the asphalt mixes. The results showed that incorporating EAF SSA in asphalt mixtures
considerably improved the fatigue life of tested samples.

Pasetto and Baldo [30] verified the possibility of using EAF steel slags to substitute the
natural aggregates (NA) in the composition of surface course asphalt mixtures for flexible
pavements. The researchers evaluated the asphalt mixtures’ performance through gyratory
compaction, permanent deformation, stiffness modulus tests at various temperatures,
fatigue, and indirect tensile strength tests. The asphalt mixtures with EAF SSA have
generally presented better mechanical characteristics than those of the corresponding
mixtures produced with natural aggregates.

Kim et al. [81] compared the behavior of HMA containing SSA or natural aggregates.
They observed that the dynamic modulus of mixtures with SSA remained higher than that
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containing natural aggregates because of a favorable SSA interlock due to its high strength
and the suitable grain shape. Sorlini et al. [54] and Zumrawi and Khalill [49] also evaluated
the use of SSA as a substitute for NA in the production of HMA and observed that the
incorporation of SSA significantly improves the properties of HMA.

A group of researchers from Germany [82] carried out a comprehensive investigation
of the performance-based properties of different asphalt mixtures produced with 100% Linz–
Donawitz slag aggregate compared to conventional mixtures with NA. They concluded that,
in most cases, mixtures produced with this type of SSA perform better than conventional
ones, making them suitable for flexible pavement construction.

2.4.2. Incorporation of Steel Slag Aggregate in WMA Mixtures

Several researchers also recommend using EAF SSA to produce WMA mixtures.
Ameri et al. [58], Goli et al. [83], and Masoudi et al. [34] developed laboratory studies
using coarse EAF SSA aggregates in WMA mixtures. In all studies, the authors verified
that using coarse SSA in WMA mixtures enhances the mechanical performance of the
mixture, including Marshall stability, tensile strength, resistance to moisture damage,
resilient modulus, and resistance to permanent deformation. Furthermore, WMA mixtures
containing SSA as the coarse portion of aggregates have a better fatigue performance than
HMA mixtures. The authors concluded that WMA mixtures containing EAF steel slag
aggregates are recommended as eco-friendly, economical, and suitable mixtures for road
paving industries.

Ziaee and Behnia [60] investigated the use of EAF steel slag as a substitute for coarse
aggregates in WMA mixtures, replacing 0%, 25%, 50%, and 75% of natural coarse limestone
with EAF SSA. The authors concluded that replacing 25% to 50% of the natural coarse
aggregates with EAF steel slag can optimize the WMA mechanical properties.

2.4.3. Evaluation of Different Incorporation Ratios of Steel Slag Aggregate

The literature review shows no standard rule for the proportion of steel slag used
as a natural aggregate substitute, but satisfactory results are found for replacement rates
between 20% and 100% [32]. Several studies investigated the ideal percentage of natural
aggregate substitution for steel slag aggregate.

Asi et al. [84] studied the replacement of 0%, 25%, 50%, 75%, and 100% of the coarse
limestone aggregate by SSA in asphalt concrete mixtures. The authors verified an improved
mechanical performance of the asphalt mixtures when SSA replaced up to 75% of the coarse
limestone aggregates. Kasaf and Prastyanto [85] studied HMA mixtures with steel slag
ratios of 0%, 50%, 80%, and 100% as coarse aggregates. The best Marshall stability results
were obtained using 80% steel slag as coarse aggregates.

Abd Alhay and Jassim [28] applied SSA with percentages of 10–40% of the weight
of the asphalt concrete mixtures produced. The results revealed improved mechanical
properties mainly when adding 30–40% SSA percentages, increasing Marshal stability from
8 to 15 kN. Behiry [57] studied the effect of using different ratios of steel slag combined with
limestone aggregates to improve the mechanical properties and the resistance to failure
factors of unbound layer mixtures. The author verified that the highest density and strength
of the subbase layer were obtained for a blend of 70% SSA to 30% limestone aggregates.
Moreover, the resistance to the deformation of the mixture increased proportionally to the
steel slag content.

Studies were also developed to evaluate the possibility of producing asphalt mixtures
incorporating 75% SSA. Rodrigues [86] concluded that steel slag could replace up to 75% of
the natural aggregates used in asphalt mixtures but reduced the fatigue cracking resistance,
implying a slight increase in the pavement thickness. Nascimento et al. [87] and Moura
et al. [2] evaluated the mechanical performance of asphalt mixtures with 75% SSA. They
concluded that mixtures incorporating steel slag might present slightly higher air void
contents due to their lower workability. Nevertheless, those mixtures showed higher
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moisture and rutting resistance than conventional ones with natural aggregates, confirming
the feasibility of using SSA as an alternative aggregate for asphalt mixtures.

2.4.4. Combined Use of Steel Slag Aggregate with Other Waste or By-Products

Some researchers have also combined SSA with other waste or by-products to develop
more sustainable asphalt mixtures following a circular production system. Chen et al. [88]
stated that it is worth further studying the addition of two types of recycled materials or by-
products in asphalt mixtures to meet the mix design requirements (e.g., substituting coarse
or fine aggregates or filler). Oluwasola et al. [35] investigated the rutting potential and
skid resistance of HMA incorporating EAF SSA and copper mine tailings. Four different
mixtures containing different proportions of copper mine waste and EAF steel slag were
investigated. The results showed that the mixture with 20% copper mine tailings and 80%
EAF steel slag had the highest skid number, intermediate texture depth, and the lowest
rut depth.

Viana [89] studied the feasibility of producing asphalt mixtures using high amounts of
SSA and reclaimed asphalt pavement (RAP). The excellent performance of those asphalt
mixtures, assessed with laboratory tests (water sensitivity, wheel tracking, fatigue), revealed
that the joint incorporation of SSA and RAP is a viable and successful solution for producing
sustainable asphalt mixtures. Pasetto and Baldo [90] analyzed the rutting and moisture
susceptibility of asphalt concrete mixtures incorporating RAP and EAF SSA, using these
materials to partially substitute limestone aggregates at different proportions (up to 70% of
their weight). The experimental results were highly satisfactory for all the asphalt mixtures
produced with SSA and RAP regarding fulfilling technical acceptance requisites (i.e., air
voids, ITS) for road paving applications. Furthermore, these mixtures were characterized
by low water damage and a high permanent deformation resistance, demonstrating their
good durability.

Fakhri and Ahmadi [53] investigated the effects of using SSA and RAP in warm
asphalt mixtures. Therefore, six WMA asphalt mixtures with two contents of coarse steel
slag aggregates (0% and 40%) and three contents of fine RAP material (0%, 20%, and 40%)
were produced. Overall, the authors concluded that simultaneous use of SSA and RAP
materials in WMA mixtures was an environmentally and economically friendly option
with a comparable or even better performance than conventional WMA mixtures produced
with natural aggregates.

Crisman et al. [72] researched the influence of using recycled crumb rubber (CR)
when producing asphalt mixtures with SSA. The asphalt mixture was modified using the
“dry” method for CR incorporation. The results indicated a significant stiffness increase
at high temperatures (up to 30%), a slight reduction at low temperatures (up to 8%), and
a reduction in permanent deformation under cyclic loads after incorporating CR in the
mixtures with SSA. The authors stated that SSA has a higher bulk specific gravity than
natural aggregates and a highly porous surface that permits a distinct interaction with the
bitumen and the crumb rubber compared to natural aggregates. These factors justify the
improved performance of the asphalt mixtures with SSA when modified with CR.

2.4.5. Incorporation of Steel Slag Aggregate in Other Types of Asphalt Mixtures

Steel slag has also been used as aggregates in other asphalt mixtures. Some au-
thors [66,72,91,92] explored the feasibility of using steel slag as aggregates in Stone Mastic
Asphalt (SMA) and concluded that SSA improves the characteristics of SMA mixtures.
The authors state the performance is superior to that of SMA mixtures only with natural
aggregates, highlighting the high stiffness, excellent friction resistance, better volumetric
characteristics, and dynamic stability in situ with twice the value of a mixture with natural
aggregates. SMA mixtures with steel slag used in an in-service pavement also presented
excellent surface characteristics, including roughness and British Pendulum Number.

Another study was conducted using two open-graded aggregate gradations to investi-
gate the use of SSA in porous asphalt (PA) mixtures. Those mixtures were tested for the
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resilient modulus, the rutting resistance, and permeability and were later compared with
similar mixtures with natural aggregates. The resilient modulus and the rutting test results
were significantly different, with the PA mixture with steel slag aggregate performing better.
However, in this study, the porous asphalt mixture produced with conventional aggregates
had higher permeability values than the PA mixture with steel slag [52].

Keymanesh et al. [61] studied the feasibility of using steel slag rather than conven-
tional filler materials for a microsurfacing mix design to improve the mixture’s ultimate
performance. Microsurfacing mixtures were prepared with five compositions containing
EAF steel slag filler at 0%, 25%, 50%, 75%, and 100% as the replacement filler (passing
the 0.075 mm sieve). The tests showed that the mixtures with EAF steel slag satisfied the
standard requirements and were compatible with the bitumen emulsion, thus obtaining the
desirable mechanical, chemical, and physical properties. Furthermore, the authors verified
that the mixture containing 50% EAF steel slag filler obtained the best performance among
all studied mixtures.

Several authors [93–97] recently evaluated the incorporation of SSA in dense or porous
asphalt mixtures to promote induced crack healing per induction or microwave radiation
heating. These works with SSA demonstrated the importance of taking advantage of
specific features of this by-product (e.g., electromagnetic capacity) to obtain new multifunc-
tional products. In these solutions, steel slag will work as aggregate and healing/heating
promoter in the asphalt mixtures.

3. Recycled Concrete Aggregates Applications in the Asphalt Paving Industry

3.1. Characteristics of Construction and Demolition Waste

The construction sector is associated with almost 36% of waste production volume
in Europe and close to 67% in the United States [21], with the corresponding potential
environmental impacts. This reality represented the production of around 924 million tons
of CDW in the European Union in 2016 and 2.36 billion tons only in China in 2018 [98].

In addition to the very significant quantities of CDW produced, these materials have
other characteristics that make their management and recycling difficult, as typified in
Figure 3, primarily due to:

• A heterogeneous constitution with fractions of several size gradings and levels of
hazard;

• Scattered origins in terms of geography;
• Occasional or temporary production at each place of origin considering the construc-

tion works’ temporary nature.

 

Figure 3. Some of the difficulties that CDW recycling has faced.
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These problems lead to problematic quantification, frequent uncontrolled deposition,
and systems supported by end-of-line treatments promoted by the low exploitation of
mineral resources and landfill costs. This situation is challenging to revert and has very
high environmental, social, and economic impacts, such as the environmental and visual
impacts of illegal disposal and the costs to eliminate them [99]. However, some advantages
and benefits of possible CDW recycling, such as those mentioned in Table 3, will contribute
to the increased use of more sustainable materials and a cleaner environment.

Table 3. Advantages/benefits and drawbacks of CDW recycling adapted from [22].

Advantages Benefits

It prevents the depletion of natural resources Protection of natural habitats

Minimizing dependency on raw materials
Minimization of consumption of natural
resources
Prioritize ready-to-use materials

Reduction in necessary financial resources
Reduction in energy costs used in the
extraction, processing, and transport of natural
materials

Elimination of waste deposits Minimization of greenhouse gas emissions
Reductions in water and air pollution

Minimization of disposal expenses Decrease in transport and disposal costs

Environmental protection Contribution to climate change mitigation

Drawbacks

Heterogeneity in the CDW composition
Difficulties in pre-screening CDWs
It may have contamination
Uncertainties about the standards to be met
Processing and crushing equipment may not be suitable
Lack of incentives from some public entities

3.2. Properties and Treatments of Recycled Concrete Aggregates Applied in Road Pavements
3.2.1. Properties of Recycled Concrete Aggregates Applied in Road Pavements

Concrete is globally the second most widely used material, after water, with an annual
global production estimated at 25 billion tons in 2009 [100,101]. This situation generates sig-
nificant impacts on the environment and society in general. One of the problems is cement
production, which accounts for 4.4% of global annual industry emissions. Another problem
is the end-of-life of concrete materials and structures since these materials are landfilled
after demolition, generating large amounts of CDW—more than 850 million tons/year in
the European Union [22]. Therefore, one way to minimize this problem is to incorporate
RCA into paving materials to produce sustainable asphalt mixtures [102].

Several researchers have been pointing out some ways to process and incorporate
recycled concrete aggregates (Figure 4) in different types of asphalt mixtures during the
last decade, namely in hot mix asphalt [103–106], warm mix asphalt [107,108], stone mastic
asphalt [103], foamed asphalt mixtures [109], and emulsified asphalt mixtures [110].

Nowadays, the main concepts involved in the comprehensive waste management
process should prioritize strategies favoring implementing the most recent 7 R’s rule:
Rethink, Redesign, Reuse, Repair, Remanufacturing, Recycling and Recover [111]. These
principles may also explain why incorporating recycled concrete aggregates in asphalt
mixtures or other layers for flexible pavements, or even in other types of work, has also
been recently described in several articles and technical documents [112].

119



Sustainability 2022, 14, 5022

 
Figure 4. Recycled concrete aggregate (RCA) resulting from CDW processing.

A suitable way to accomplish the goals mentioned above is to reuse RCA in asphalt
mixtures. However, recycled concrete aggregates usually have a high porosity and water
absorption, which has been reported as the main reason for increasing bitumen content in
asphalt mixtures. Meanwhile, some recycled aggregate fractions usually have many angular
and rough-textured particles. Thus Marshall stability tends to increase, and Marshall flow
tends to decrease [113].

Considering the general requirements listed in the relevant standards, the adequacy
of these recycled concrete aggregates resulting from construction and demolition waste
processing shall be evaluated to be used in asphalt mixtures. The selection and assessment
of RCA quality must be made for each type of asphalt mixture and layer to offer the best
mechanical and functional performances; namely, regarding the quality of asphalt, the
resistance to raveling and stripping, the resistance to weathering, the resistance to freezing
and thawing, the bitumen absorption, the skid resistance, the compaction, the strength and
stability, and the resistance to fragmentation [114]. In order to ensure adequate performance
levels in these tests, Martinho et al. [115] reported that different natural, artificial and
recycled aggregates could be combined and used in more sustainable asphalt mixtures.

Table 4 shows some of the relevant properties of recycled concrete aggregates for their
incorporation in asphalt mixtures [109,116–120].

Table 4. Some RCA properties reported by several authors.

Properties
References

[116] [109] [108] [119] [117] [118] [120]

Flakiness index, FI (%) 3.4 - - 6.0 - 4.5 34.0
Sand equivalent, SE (%) - - 62 30 - 77 67
Los Angeles fragmentation, LA (%) 19 28 - 43 - 38 34
Micro-Deval abrasion loss, MDE (%) - - - - 24 - -
Bulk specific gravity, G (Mg/m3) 2.52 2.28 2.50 2.30 2.30 2.64 2.63
Water absorption, WA24 (%) 4.8 5.8 1.0 6.1 5.9 7.0 6.1
Flat and elongated particles (%) - - - - 2.9 - -
Porosity, φ (%) - - - - 13.6 - -

Ðokić et al. [121] analyzed the mineralogical–petrographic and physical–mechanical
properties of RCA, the natural aggregate (dolerite), and their combination (RCA rates
between 15% and 60%). They confirmed that the granular mixtures presented good wearing
and fragmentation resistance (MDE 14–15%, LA 22–27%) and an acceptable Polishing Stone
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Value (PSV) of 55–57. They concluded that RCA could be used in asphalt mixtures or
flexible pavement layers and several traffic loads.

Moreover, as Galan et al. [104] reported, among other differences in using RCA in
HMA, a 50 % higher duration on the mixing time is required until a 100% bitumen coating
is reached, and the HMA compaction is more difficult due to greater internal friction on
the aggregate. However, these authors also concluded that using RCA rates up to 60%
improves the mechanical performance of the HMA.

The recycled concrete aggregates also tend to improve the rutting resistance of as-
phalt mixtures, but some works analyzed by Pasandín and Pérez [122] mention that this
parameter can decrease when high percentages of RCA are used.

Regarding the resistance to fatigue cracking, using these recycled concrete aggregates
usually slightly reduces the performance of HMA mixtures [123], even though this tendency
was not observed in some studies mentioned by Pasandín and Pérez [122].

3.2.2. Treatments of Recycled Concrete Aggregates for Road Pavement Application

The RCA is included in the European Waste Catalogue (EWC) under code num-
ber 17 01 07 and, in general, has lower quality when compared with other natural ag-
gregates. Therefore, many treatments [22,106,122,124] have been considered to avoid
the consequences of using RCA material with inferior properties on asphalt mixtures.
Table 5 presents some of the treatments studied and proposed by different researchers and
their effects.

Table 5. Some treatments for RCA and their effects adapted from [22,122].

Treatments Effects Ref.

Double coating with cement slag
paste and “Sika Tite-BE”

Decrease in water absorption and a marked
increase in stiffness and moisture resistance [125]

Microbial carbonate precipitation Compressive strength increases (up to 40%),
and water absorption decreases (up to 27%) [126]

Pre-soaking with hydrochloric acid,
nitric acid, and sulfuric acid Increase in the compressive strength [127]

Coating with bitumen emulsion (5%) Improvement in stripping resistance [128]

Coating with waste plastic bottles Reduces water absorption and improves its
mechanical behavior [124]

Activation by organic silicon resin Improvement in the dynamic stability of
asphalt treated base [129]

Curing at 170 ◦C in the oven Improvement in moisture resistance [130]
Modification by calcium carbonate
bio deposition A decline in water absorption [131]

Modification with liquid silicone resin Improved low-temperature flexibility and
higher moisture and rutting resistance [132]

Precoating with cement slag paste Resulting in high pore contents, absorption
of water, and asphalt content [133]

Calcination process Transform RCA calcium carbonate into lime [134]
Silica fume solution and ultrasonic
cleaning Increase in compressive strength [135]

Carbonation and hydrochloric acid Significantly reduced RCA porosity [136]

3.3. Legislation on the Use of Recycled Aggregates from CDW

The first European Directive (2008/98/EC) regarding the use of construction and
demolition waste already defined a minimum threshold increase to 70%, by 2020, in
respect of preparation for reuse, recycling, and other forms of material valorization for
non-hazardous CDW (except natural materials as defined in the category 17 05 04 of
the EWC).

In this regard, the situation in Europe remains very heterogeneous, with the CDW
recovery rate ranging from less than 10% to more than 90% [137]. Therefore, these authors
claim that it is essential to create conditions for secondary materials generated from the
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recycling of CDW to be effectively integrated into the market and used in high added
value applications, dynamizing this market and promoting a circular economy in the
construction sector.

Thus, the European Commission prepared a protocol in 2016 [138] to strengthen the
confidence in the CDW management and the quality of recycled materials obtained. The
Commission thought that this objective would be achieved as follows:

• Improving the identification, separation of the origin, and collection of waste;
• The improvement of waste logistics;
• The advance in waste processing;
• Quality management;
• The appropriate policy and framework conditions.

In particular, the importance of improving the identification, separation of the origin,
and collection of CDW have been highlighted by several authors as one of the most relevant
features affecting the general acceptance and use of these alternative materials [139–143].

In 2018, the European Directive 2018/851 amended the Waste Framework Directive
2008/98/EC. Among other changes, this new document replaced the concept of a “Euro-
pean recycling society” with that of a “European circular economy”, and a new disposition
was introduced to promote selective demolition. Consequently, hazardous substances must
be safely removed, and selective reuse and high-quality recycling be facilitated by estab-
lishing a sorting system for CDW, including mineral fractions (e.g., concrete, bricks, tiles,
ceramics, and stones). This objective’s fulfillment is expected to contribute to obtaining
RCA with better quality in the future.

Nowadays, recycled aggregates obtained from the CDW can also have the CE mark
under the Regulation EU No-305/2011 of the European Parliament and Council because
they can be used in different civil construction activities, replacing natural aggregates
extracted from quarries.

Nonetheless, there is still an urgent necessity to implement measures to promote
new applications of these recycled materials by all private and public owners that should
contemplate the mandatory incorporation of a minimum percentage of recycled aggregates
in the works’ technical specifications. Thus, national environmental agencies have prepared
guides that allow municipalities and companies to improve CDW streams’ management
and effectively fulfill their legal obligations [144–146].

3.4. Environmental Evaluation of Recycled Concrete Aggregates from CDW

Sun et al. [147] studied the workability and fracture toughness of natural aggregate
and recycled concrete aggregate combined with a blowing agent through an environmental
study. The acceptability of these materials was investigated and discussed based on their
mechanical, micro-mechanical, and ecological performance evaluation through compressive
strength, flexural strength, X-ray diffraction (XRD), scanning electron microscope (SEM),
and CO2 emission tests. The results indicated that natural aggregates (NA) have better
compressive strength performance, while recycled concrete aggregates have improved
flexural strength. Finally, the CO2 emission per unit of NA was higher than RCA, indicating
that using recycled concrete aggregate over other conventional resources will reduce energy
consumption and meet the goal of being environmentally friendly.

Another approach to evaluate the viability of using recycled aggregates in asphalt
mixtures consists of their LCA [148,149]. The work of Nwakaire et al. [149] on the use of
RCA for sustainable highway pavement applications included a complete diagram with the
life cycle phases to be considered for their use in road pavements (Figure 5). The authors
concluded that RCA could be fully used in pavement lower layers and is a sustainable
substitute for natural aggregates for highway pavements.

122



Sustainability 2022, 14, 5022

Figure 5. Life cycle phases for road pavements and factors/processes considered (adapted from
Nwakaire et al. [149]).

Another example considered a cradle-to-laid LCA method to evaluate the prospective
environmental impacts related to the use of RCA in an HMA for a binder course [148]. This
study identifies the main processes and the system boundaries, taking into account the
following four life cycle phases:

• The aggregates production and transportation to the asphalt plant;
• The production at the asphalt plant;
• The asphalt mixture transportation to the construction site;
• The pavement construction.

These authors defined three percentages of RCA replacements, ranging from 15%
to 45%, and used data collected from Colombian contractors to model the foreground
system. Next, they used the SimaPro software for modeling the processes, and all the
life cycle inputs and outputs related to the functional unit were considered for potential
impacts studied with the TRACI v.2.1 impact assessment methodology. According to their
conclusions, the HMA with 15% and 30% RCA can be considered eco-friendly alternatives
to the HMA with NA. However, the HMA with 45% RCA presented a lower environmental
performance. Nevertheless, this work demonstrated the advantages of using recycled
concrete aggregates processed from CDW in new asphalt mixtures [148].

3.5. Case studies of Recycled Concrete Aggregates Incorporation in Asphalt Mixtures or
Road Pavements
3.5.1. Incorporation of Recycled Concrete Aggregate in Conventional HMA

As already well recognized, one possible approach for using recycled concrete ag-
gregates processed from CDW is to use them as an alternative to natural aggregates,
particularly in hot asphalt mixtures.

As concluded in the final report of the IRCOW project [150], the main reasons that
have led many European public authorities to pay more attention to the CDW problem
were the following:

• CDW is an essential source of waste in the EU and can be reused or recycled;
• Directive 2008/98/EC, from 2008, amended by Directive (UE) 2018/851, already

indicated a target of 70% for the reuse of these materials by 2020;
• Recycling and reusing CDW saves natural resources and energy and can be cheaper

than natural aggregates.

Another worthy effort to encourage the reuse of recycled aggregates was given by the
DIRECT-MAT project, developed between 2009 and 2011 and involved twenty partners
from fifteen European countries [151].

Many projects and research studies have followed this CDW recycling or reuse princi-
ple, resulting in numerous reports and technical articles over the last two decades. Since
one of the materials being addressed in this review paper is recycled concrete aggregate,
the main conclusions of some of the most recently released studies conducted by different
authors on diverse RCA applications are presented below.

Sánchez-Cotte et al. [17,152] evaluated the incorporation of RCA of two different
origins (CDW of a building; CDW of a rigid pavement) on HMA mixtures, assessing the
RCA’s physical and chemical properties and comparing the performance of the mixtures
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produced with both RCA and NA aggregates. They used different techniques to evaluate
these aggregates and their influence on HMA: X-ray fluorescence, XRD, UV spectroscopy,
and atomic absorption spectrometry. They replaced NA with RCA at 15%, 30%, and 45%
for each coarse fraction. The mineralogical tests showed that the potential reactions in
asphalt mixtures by nitration, sulfonation, amination of organic compounds, and reactions
by alkaline activation in the aggregates could be neglected. These authors concluded that
coarse RCA could be used in asphalt mixtures without affecting their chemical stability.

Furthermore, the laboratory test results showed that the HMA with and without
RCA offered a similar behavior. However, RCA promotes more significant environmental
benefits and potential cost savings. Nevertheless, the authors also stated that the HMA
performance is strongly associated with the RCA source and dosage. Finally, similarly
to other authors’ conclusions, they note that HMA with RCA induces a higher optimum
binder content (OBC) than NA.

Pasandín and Pérez [122] published an extensive and comprehensive review of the
properties of HMA with RCA. These authors found that the laboratory results had sig-
nificant variations, probably due to RCA’s different origins. These aggregates include
cement mortar, promoting a higher water/bitumen absorption, and a lower mixture quality.
Most of the analyzed studies also reported a high tendency for stripping on mixtures with
RCA. As previously mentioned in Section 3.2, some treatments were also identified which
minimize this problematic characteristic and increase the moisture resistance of mixtures.
However, other aspects need to be analyzed, including their economic and environmental
impacts and practical feasibility at the asphalt mixing plant. These authors also documented
the costs of using RCA in asphalt mixtures (e.g., with a higher bitumen consumption, lower
density, and lower environmental impacts) and the lack of technical specifications as two
critical aspects to take into account.

Regarding the specifications, the Marshall method can underestimate HMA properties
because compaction can break some RCA particles and some countries use the same limits
for natural aggregates in this test. Pasandín and Pérez [122] also mentioned that some
studies point out that RCA can be used on the pavements of low-traffic roads and favor
sustainable growth. Thus, they have concluded that new specifications must frame RCA’s
use in asphalt mixtures to increase the application success in trial sections, defining the
type of roads and heavy traffic categories suitable to each use.

Tahmoorian and Samali [114] highlighted that asphalt mixtures include more than
65% coarse aggregates, and the large quantities of RCA available in different construction
sites turn their use in asphalt mixtures to almost mandatory. In their laboratory work,
they assessed the suitability of RCA and basalt to be incorporated in asphalt mixtures as
coarse aggregates. In the tests performed, these authors [114] confirmed that, compared
to basalt, the RCA provides better workability, compaction, and permanent deformation
resistance to the asphalt mixtures. The test results also revealed that the RCA exhibits more
absorption and wet/dry resistance variation than conventional aggregates and that the
RCA still complies with aggregate requirements for asphalt mixtures in the remaining tests.

Gopalam et al. [153] also developed an experimental study to evaluate the influence
of the binder type on the performance of dense graded asphalt mixtures that included RCA
replacing NA in the HMA coarse fraction. They produced different Marshall samples of
dense asphalt macadam (DBM) mixtures under the Indian technical specifications, using
three binders, conventional VG 30 and VG 40 bitumen’s, and a crumb rubber modified
binder (CRMB), all of them with RCA or NA. Then, they evaluated the Marshall charac-
teristics, indirect tensile strength, moisture sensitivity, resilient modulus, and permanent
deformation resistance. Based on the results, they confirmed that, in general, all the mix-
tures fulfilled the requirements for the Marshall and moisture susceptibility characteristics.
The CRMB and the VG40 binders offered the best performance with RCA or NA, although
the latter showed slightly better results.

The need for recycling CDW (as RCA) for use in road pavement construction was
also studied by Kanoungo et al. [154]. They compared some of RCA’s available treatment
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methods; namely, acid treatment, thermal treatment, and asphalt emulsion, to define what
would be the best method. Using these treatments, they produced DBM mixtures with RCA
and analyzed the Marshall characteristics and moisture sensitivity. The results pointed to
the asphalt emulsion treatment of RCA as the most suitable method.

The possible use of fine and coarse RCA as NA substitutes in nine asphalt mixtures
for base course layers was also studied by Radević et al. [155]. These researchers assessed
the influence of the RCA rate (up to 45 wt.%) on the physical and mechanical properties of
an AC 22 base 50/70 mixture and compared the results with those obtained in a reference
mixture produced with NA. They found that RCA’s addition needs a higher binder content
(up to 1%), which resulted in lower stiffness and higher fatigue cracking resistance of the
asphalt mixtures, while their low-temperature resistance was slightly inferior. In conclusion,
it is possible to use up to 45% RCA in asphalt mixtures without significantly reducing the
mechanical performance.

Nwakaire et al. [149] claimed that more unanimous standard guidelines should be
developed to guarantee excellence and sustainability when using RCA in HMA. These
authors stated that more studies are needed on the use of RCA for porous and SMA mixtures
and rigid pavements. Moreover, other essential research areas are assessing the actual
field performance of in-situ RCA pavements, surveying the professional’s perspectives
on the challenges of using RCA, and identifying all feasible utilization potentials for RCA
based on different circumstances and scenarios using LCA methods. Regarding the mix
design of RCA mixtures, it is necessary to harmonize the binder requirement for RCA
mixtures, develop an innovative asphalt binder with an improved affinity with RCA, adjust
the particle size requirements of the conventional HMA for RCA mixtures, and adjust the
solution to the sources and nature of RCA used.

3.5.2. Incorporation of Recycled Concrete Aggregate in WMA Mixtures

The use of RCA in WMA was evaluated by other authors [107,108,119,156] to assess
the influence of these alternative aggregates (processed from CDW) on the performance of
WMAs. Martinho et al. [108] selected three WMA mixtures with RCA considering different
laboratory results, optimizing them before being produced in an asphalt plant, and then
compacted under real conditions in several pavement trial sections. A dense-graded AC 20
base mixture was used as a reference mixture. Using up to 60% RCA was possible because
its grading curve (Figure 6) matches the selected AC 20 base mixture gradation. The RCA
characteristics were also evaluated according to EN 933-11, mainly comprising concrete
(84%), unbound natural aggregates (9%), masonry elements of clay materials (5%), and
traces of asphalt material and other CDWs (respectively, 0.7% and 0.6%).

Figure 6. Grading curve of the RCA used in a WMA, adapted from Martinho et al. [108].
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The results obtained in that study, supported by the literature (up to that date), led to
the conclusion that the general performance of WMA with 60% of RCA was good; namely,
when using an organic wax as the WMA additive. The use of a chemical additive reduced
the rutting resistance compared to the wax. The alternative aggregates slightly reduced
the stiffness modulus and water sensitivity results of the WMA mixtures, although the
results are still satisfactory for a conventional base/binder layer. The fatigue life of WMA
with RCA was adequate and close to the performance observed for the HMA and WMA
mixtures used as references. Although conventional equipment was used to build the
experimental pavement sections, no specific problems were observed in the field for the
WMA mixtures with RCA in any of the necessary operations: mixing, transport, laying,
and compaction.

Abass and Albayati [157] investigated the possibility of using RCA in WMA, testing
five replacement rates (ranging from 0% to 100%) for the coarse fraction of natural aggre-
gates, using untreated RCA and RCA treated with hydrated lime slurry or hydrochloric
acid. The binder contents were obtained with the Marshall mix design method, and the
WMA performance was assessed by moisture damage, resilient modulus, and permanent
deformation tests. The untreated RCA mixes presented a higher binder content than treated
RCA mixes. The moisture susceptibility of treated RCA was improved by nearly 10%
compared to untreated RCA. However, the resilient modulus and rutting resistance for
mixtures with 100% RCA were lower than those obtained with natural aggregates.

Another innovative paving technique toward a circular economy model was promoted
by Neves et al. [158], studying the properties of an AC 20 WMA mixture composed of
60% RCA and a modified binder (4.5%). After assessing the aggregate-bitumen affinity,
Marshall properties, moisture sensitivity, stiffness, rutting, and fatigue resistance, the
authors concluded that the WMA with RCA shows adequate performance for base course
layer use, comparable to equivalent WMA or HMA mixtures with natural aggregates.

In several case studies, Polo-Mendoza et al. [156] have examined WMA mixtures with
various RCA contents. This study developed a trade-off methodology based on the LCA
technique and statistical analysis to determine the maximum incorporation rate of RCA
in WMA without generating increasing environmental impacts due to the higher binder
content of those mixtures.

In a different type of WMA mixture, Zou et al. [109] reported that using RCA in
foamed asphalt mixtures (FAM) does not affect the binder curing time, but the mixture
performance is influenced when the processed aggregates include redbrick. These authors
also concluded that FAM fulfills technical requirements for the strength and moisture
resistance of base and subbase course with 100% RCA. The inclusion of redbrick in RCA
weakens the FAM performance (a redbrick content limit of 5% is suggested in FAM with
RCA), but the addition of 0.5% to 1.5% cement content increases the indirect tensile strength
(ITS) and wet/dry indirect tensile strength ratio (ITSR) of FAM. These authors also recom-
mended using harder bitumen’s in foaming, as they include more asphaltenes and offer a
higher viscosity.

Monu et al. [159] investigated the optimum proportion of hydrophobic RAP and
hydrophilic RCA (separately and combined) for the production of FAM mixtures. The
incorporation of RCA affected FAM performance but delayed the hydration of residual
cement grains, which could enhance the performance of FAM. FAM mixtures with 20%
RCA, 40% RAP, or a blend of 30% RCA and 10% RAP satisfied the specified requirements
for pavement applications.

3.5.3. Evaluation of Different Incorporation Ratios of Recycled Concrete Aggregate

Different amounts of fine and coarse RCA (from 20% to 60%) were integrated by
Daquan et al. [160] in an AC 20 HMA to evaluate their effect on mechanical performance.
The authors concluded that the OBC increased, and the bulk density of mixtures decreased
for higher amounts of RCA. Besides, they observed that fine RCA had higher OBC than
coarse RCA, and mixtures with 50% coarse RCA or more had reduced moisture resistance.
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Furthermore, all mixtures presented good low-temperature properties, but the rutting resis-
tance of asphalt mixtures with RCA was lower than that of HMA with natural aggregates.
The decrease in RCA content led to an increased resilient modulus and extended fatigue
life (particularly when reducing coarse RCA). The mixtures with 20–40% fine and coarse
RCA generally showed the best performance.

Galan et al. [161] studied the influence of RCA percentage on binder content, curing
time, and temperature by studying the stiffness of HMA samples. The asphalt mixtures
were produced with different percentages of RCA (0%, 5%, 10%, 20%, and 30%) and bitumen
(3.5%, 4.0%, and 4.5%). The samples were cured for 0 h, 2 h, or 4 h before being tested at
different temperatures (0 ◦C, 10 ◦C, and 20 ◦C). This study concluded that temperature was
the most influential factor in decreasing the stiffness modulus. Conversely, the percentage
of RCA was not very relevant to changing the stiffness modulus.

Zhang et al. [162] produced a dense-gradated AC 16 HMA incorporating RCA pro-
cessed from low strength concrete [163] as a partial substitute for NA at different rates: 30%,
50%, and 75% by weight of NA. Compared with NA, this RCA presented higher wearing
and fragmentation values, a lower apparent relative density, a higher water absorption,
and a more inadequate bitumen adhesion. The water sensitivity of the mixture decreased
up to 50% with the increase in RCA content. Nevertheless, the authors concluded that
HMA incorporating up to 50% RCA could be satisfactorily used in road construction.

Finally, after reviewing the available literature on RCA uses in sustainable flexible and
rigid pavement applications, Nwakaire et al. [149] presented a summary of several studies
where different rates of RCA (15% to 100%) were incorporated in HMA (Table 6).

Table 6. RCA replacement levels in asphalt mixtures, adapted from Nwakaire et al. [149].

References Type of Mixture %RCA Included Conclusions

Paranavithana and
Mohajerani [164] HMA 100 Volumetric properties and stability similar to

other mixtures

Lee et al. [133] HMA 100 Satisfactory mechanical performance, including
the rutting resistance and moisture sensitivity

Mills-Beale and You [165] Asphalt mixtures 75 Satisfactory mechanical performance, including
the rutting resistance and moisture sensitivity

Zulkati et al. [166] HMA 60 Satisfactory rutting resistance

Al-Bayati et al. [117] HMA 60 Above 60%, the requirements for volumetric
properties and stability were not met

Rafi et al. [167] HMA 50 Above 50%, it did not meet the Marshall
requirements (stability and flow)

Zhang et al. [168] HMA 50 Shows a considerable reduction in the flexural
tensile strength and the stiffness modulus

Wong et al. [134] HMA 45 Adequate performance based on creep resistance
and stiffness modulus

Pérez et al. [120] HMA 40 Satisfactory rutting resistance
Pasandín and Pérez [130] HMA 30 Satisfactory fatigue life and rutting resistance

Pasandín and Pérez [122] HMA 30 Satisfactory water sensitivity, fatigue life, and
rutting resistance

Dhir et al. [169] Asphalt mixtures 30 Satisfactory stiffness modulus, rutting resistance,
and fatigue life

Qasrawi and Asi [170] HMA 25 Did not meet the requirements for volumetric
properties above 25%

Ossa et al. [99] Surface HMA 20 Above 20% caused moisture damage
Kowalski et al. [171] Asphalt mixtures 15 Above 15% caused moisture damage
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3.5.4. Combined Use of Recycled Concrete Aggregate with Other Waste or By-Products

Most studies combining RCA with other waste or byproducts to produce new road
paving materials include RAP [9,172–174]. Nevertheless, it should be noted that some
examples of the simultaneous use of RCA and SSA are presented in Section 3.6.

Abedalqader et al. [172] studied the temperature influence on the performance of
asphalt mixtures with RAP and coarse RCA, concluding that the mechanical properties of
these asphalt mixtures decreased as RAP and RCA incorporation levels increased for the
same test temperature.

Another work was developed to obtain a 5–10 mm RCA and RAP aggregate fraction
to substitute natural aggregates in hot mix asphalt [173]. The results show the possible
combination of both wastes in RCA/RAP ratios equal to 25/75 or 50/50 to obtain a coarse
aggregate fraction meeting the specifications and great environmental benefit due to the
reduced use of natural resources.

Coban et al. [174] investigated recycled aggregate base layers for road pavements
with two different RCA materials with different gradations and a blend of RCA and RAP
materials, compared to the conventional solution with natural aggregates. After performing
lab tests (resilient modulus) and field tests (falling weight deflectometer), they concluded
that all the recycled aggregate base layers had satisfactory performance.

The fatigue cracking and moisture resistance of HMA mixtures produced with 0%,
35%, and 42% RCA and 10% waste tire rubber modified bitumen were evaluated by
other authors [175,176]. This investigation showed the beneficial effect of simultaneously
using RCA and crumb rubber on fatigue life, although crumb rubber increased the water
sensitivity of the RCA mixture. Nevertheless, these solutions have adequate properties for
medium-traffic roads.

Giri et al. [177] explored combining waste materials such as coarse RCA and waste
polyethylene in asphalt paving mixtures. They observed that all the developed mixtures
satisfy the Marshall and moisture susceptibility specified requirements. The use of waste
PE chiefly improves the engineering properties at higher temperatures.

3.5.5. Incorporation of Recycled Concrete Aggregate in Other Types of Asphalt Mixtures

Nwakaire et al. [116] studied the performance of an SMA 14 mixture after replacing
20% to 100% of natural coarse aggregates with RCA. They also used a control SMA with
100% granite. The effect of RCA replacement on SMA quality was assessed through volu-
metric properties, Marshal stability, indirect tensile strength (ITS), moisture susceptibility,
resilient modulus, fatigue and rutting performance, abrasion, and skid resistance. The
SMA with RCA performed worse than the control SMA in the ITS and resilient modulus
tests, contrary to the remaining tests. Nevertheless, the authors recommended an optimum
replacement of 40% RCA because the SMA with RCA requires higher binder contents for
optimum performance. The skid resistance of all SMA mixtures was satisfactory, and the
rutting resistance of the SMA with RCA was lower than the control SMA at the initial cycles
but was better at the end of the test.

The incorporation of RCA in cold asphalt mixtures was studied by Zou et al. [110]
by investigating the feasibility of using RCA from CDW to replace natural aggregates in
emulsified asphalt mixtures (EAM). Their work was based on the laboratory’s assessment
of the optimum moisture and emulsified asphalt contents of some EAM samples that
included different RCA rates. They also evaluated the RCA EAM in-service performance
after adding cement, including the moisture sensitivity and high and low-temperature
performance. This work found that RCA increased the high-temperature performance
and reduced the low-temperature performance and moisture damage resistance of EAM
mixtures. Moreover, the addition of cement enhances the in-service performance of EAM
so that RCA can substitute NA in EAM mixtures when combined with cement.

Chen and Wong [178] evaluated mechanically and functionally PA mixtures made of
100% RCA. Drain down, Cantabro, Marshall, permeability, and aging tests were used to
assess the performance of three PA designs: 100% RCA; 100% RCA with enhanced asphalt
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binder; and control PA with granite aggregates. The results for PA made of 100% RCA
assured the essential drainage function, although it is necessary to use enhanced binders
to fulfill the Marshall criteria for regular highway applications. The results suggest the
possible application of 100% RCA in PA.

Another study incorporated several RCA fractions in semi-dense asphalt (SDA) mix-
tures. Mikhailenko et al. [18] replaced 100% and 50% of the natural aggregates with three
fractions of RCA (coarse, sand, and filler) and evaluated the mixtures’ volumetric proper-
ties, water sensitivity, ITS, fracture energy, and rutting resistance. The results confirmed
that coarse RCA absorbed higher amounts of binder and reduced the workability. The RCA
mixtures presented increased ITS results and brittleness, reducing crack resistance. Higher
aggregate replacements significantly affected the moisture susceptibility of the mixtures
and decreased the fracture energy (mainly when replacing sand fraction). The incorporation
of recycled concrete aggregates enhanced the SDA’s rutting resistance, especially when
replacing the coarse fraction. In general, RCA’s use in SDA can be incorporated in limited
amounts, and replacement by volume is recommended.

3.6. Case Studies of SSA and RCA Simultaneous Incorporation in Asphalt Mixtures

This paper presents a comprehensive literature review on two alternative by-products
or secondary materials (i.e., SSA and recycled concrete aggregate) arising among the
principal substitutes of natural aggregates in asphalt mixtures to fulfill the circular economy
model. Various studies evaluated the potential use of these two alternative materials in
asphalt mixtures separately. However, only a few studies assessed asphalt mixtures with
the simultaneous incorporation of SSA and RCA, being presented in this section.

Martinho et al. [108] compared the mechanical performance of several warm asphalt
mixtures with recycled concrete aggregate, EAF steel slag, or both by-products as partial
substitutes for the natural aggregates. Initially developed in the laboratory, this study
selected asphalt mixtures later applied in road pavement trials. Conventional HMA and
WMA mixtures without by-products were used as references. The research evaluated
aggregate substitution rates of 60% RCA, 30% EAF SSA, or a blend of 40% RCA and 35%
EAF SSA. The authors concluded that using EAF SSA or RCA in WMA mixtures increases
Marshall stability and could increase or decrease the rutting resistance. The results also
showed that the water sensitivity and the stiffness modulus are slightly reduced, and the
fatigue resistance does not change significantly. The overall performance of WMA mixtures
with RCA or SSA was satisfactory, and the best results were obtained with 60% RCA.

Arabani and Azarhoosh [179] developed a study to determine the mechanical prop-
erties of asphalt mixtures produced simultaneously with recycled concrete and SSA. Six
different asphalt mixtures containing three types of aggregate (dacite, recycled concrete,
and steel slag) were produced to obtain Marshall specimens and determine the optimum
binder content. Marshall stability, indirect tensile resilient modulus, dynamic creep, and
indirect tensile fatigue tests evaluated the mechanical characteristics of the asphalt mixtures.
The results indicated that the asphalt mixture with the best performance contains steel slag
coarse aggregates and recycled concrete fine aggregates.

Roque et al. [180] evaluated the concurrent incorporation of RCA processed from
construction and demolition waste and a steel slag aggregate in granular drainage layers
of road pavements. Considering the high durability and permeability of the granular
materials prepared with these by-products, the authors concluded that these materials
could be used together in the drainage base or sub-base layers of transport infrastructures.

After presenting a comprehensive literature review on SSA and RCA aggregates’ use
in asphalt mixtures, including their combined use described in this last section, these
alternative aggregates’ main advantages and drawbacks are summarized in Table 7.

129



Sustainability 2022, 14, 5022

Table 7. Advantages and drawbacks of SSA and RCA in asphalt mixtures.

Aggregate Advantages Drawbacks

SSA

• Minimizes depletion of natural resources
• Reduces consumption of natural aggregates
• May reduce the production costs
• Reduces waste landfill
• Presents excellent wearing and polishing

resistances
• Can replace high amounts of NA
• Increases the mechanical performance of asphalt

mixtures regarding water sensitivity and rutting
resistance

• May be used as a self-healing promoter

• Increases the transportation costs due to its higher
density

• Reduces the mixture workability and increases air
void and binder contents due to its rough and
porous surface

• Untreated SSA may leach heavy metals, increase
the eluates’ pH values, and present long-term
expansion problems

• Shows higher variability depending on steel slag
origin and treatment

• Demands new specifications
• Increases equipment wearing and production

complexity

RCA

• Minimizes depletion of natural resources
• Reduces consumption of natural aggregates
• Shows a mechanical performance similar to

natural aggregates when the mixture is
adequately designed

• Minimizes the impacts of material transportation
when reused on-site

• May reduce the production costs
• Reduces environmental liabilities

• Increases the heterogeneity due to different
concrete origins

• Shows higher processing variability
• May present low fragmentation resistance and

high water absorption
• Demands new and specifically developed

standards
• Lacks trust from public authorities
• Unknown long-term evolution of mixtures with

these aggregates

4. Conclusions

This review paper showed that it is possible to use steel slag aggregates and recycled
concrete aggregates from CDW to substitute significant amounts of natural resources
used to produce asphalt mixtures. This substitution is especially relevant in the current
situation of very high energy costs and shortages of natural aggregates. Moreover, these
alternative aggregates improve the mixtures’ mechanical performance, durability, and
long-term sustainability in most cases.

The mechanical properties of SSA, such as roughness, shape, angularity, hardness,
polishing resistance, and wear resistance, make it suitable for use as aggregates in different
asphalt mixtures. Consequently, the mechanical behavior of mixtures with steel slag
aggregate was generally better than that of mixtures with natural aggregates.

Different rates of SSA incorporation were observed in the literature, with values
between 20% and 100%, without compromising the performance of asphalt mixtures.
Nevertheless, several authors have noted that the best results were obtained when replacing
up to 75% of natural aggregates with SSA.

However, some studies concluded that mixtures with SSA require a higher bitumen
content than natural aggregates. In addition, some authors report difficulties in assuring
the specified air voids contents due to the lower workability of these mixtures. It is also
essential to pay special attention to the high density of SSA during the mix design phase,
highlighting the need to use a volumetric approach.

Regarding the recycled concrete aggregates processed from CDW, different solutions
have been presented for their use in asphalt mixtures as a natural aggregates replacement.
Nevertheless, since RCA properties have limitations (e.g., lower wearing resistance and
higher water absorption), several treatment methods were mentioned to improve its quality,
and different binders can be incorporated. Different asphalt mixtures have also been pro-
duced with a wide range of RCA incorporation rates (between 15% and 100%), substituting
different fractions (coarse, medium, or fine) of the natural aggregates.
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Both alternative aggregates addressed in this paper allow various combinations (e.g.,
individual or simultaneous use of different byproducts) in replacing natural aggregates in
several asphalt mixtures (e.g., HMA, WMA, SMA, foamed mixtures, cold mixtures, and
recycled mixtures). This range of solutions demonstrates the importance of appropriately
selecting, in each actual case, the composition that can maximize the performance and
sustainability of the alternative asphalt mixtures.

Thus, researchers and engineers should continue to investigate this type of sustainable
asphalt mixture to understand and evaluate its long-term mechanical and environmen-
tal performance.

The sustainability of replacing natural aggregates with SSA or RCA in asphalt mix-
tures is the inspiration of several research studies mentioned in this review, and it was
proven using LCA techniques in some of those studies. Nevertheless, the environmental
advantages depend on the amount of SSA or RCA replacement and the scenarios and
boundaries considered.

In conclusion, this comprehensive literature review on incorporating steel slag and
recycled concrete aggregates in asphalt mixtures for road pavements showed an adequate
mechanical and environmental performance. A few restrictions of these solutions were
identified, which can be corrected with an appropriate mix design. Therefore, these by-
products can be widely used to replace quarries in supplying alternative and sustainable
aggregates for the asphalt paving industry.
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The following abbreviations are used in this manuscript:
BF Iron-making slag of Blast Furnace
BOF Basic Oxygen Furnace
CDW Construction Demolition Waste
CR Crumb Rubber
CRMB Crumb Rubber Modified Binder
DBM Dense asphalt macadam
EAF Slag and Electric Arc Furnace
EAM Emulsified Asphalt Mixtures
EWC European Waste Catalogue
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FAM Foamed Asphalt Mixtures
HMA Hot Mix Asphalt
ITS Indirect Tensile Strength
LD Ladle Furnace
LCA Life Cycle Assessment
LoW List of Waste
NA Natural Aggregates
OBC Optimum Binder Content
PA Porous Asphalt
PSV Polishing Stone Value
RAP Reclaimed Asphalt Pavement
RCA Recycled Concrete Aggregate
SDA Semi-Dense Asphalt mixtures
SEM Scanning Electron Microscope
SMA Stone Mastic Asphalt
SSA Steel Slag Aggregate
VMA Voids in Mineral Aggregate
WFD Waste Framework Directive
WMA Warm Mix Asphalt
ITSR Wet/dry Indirect Tensile Strength Ratio
XRD X-ray diffraction
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121. Ðokić, O.; Radević, A.; Zakić, D.; Ðokić, B. Potential of Natural and Recycled Concrete Aggregate Mixtures for Use in Pavement
Structures. Minerals 2020, 10, 744. [CrossRef]

122. Pasandín, A.; Pérez, I. Overview of bituminous mixtures made with recycled concrete aggregates. Constr. Build. Mater. 2015, 74,
151–161. [CrossRef]

123. Wu, S.; Muhunthan, B.; Wen, H. Investigation of effectiveness of prediction of fatigue life for hot mix asphalt blended with
recycled concrete aggregate using monotonic fracture testing. Constr. Build. Mater. 2017, 131, 50–56. [CrossRef]

124. Azarhoosh, A.; Koohmishi, M.; Hamedi, G.H. Rutting Resistance of Hot Mix Asphalt Containing Coarse Recycled Concrete
Aggregates Coated with Waste Plastic Bottles. Adv. Civ. Eng. 2021, 2021, 9558241. [CrossRef]

125. Kareem, A.I.; Nikraz, H.; Asadi, H. Evaluation of the double coated recycled concrete aggregates for hot mix asphalt. Constr.
Build. Mater. 2018, 172, 544–552. [CrossRef]

126. Wang, J.; Vandevyvere, B.; Vanhessche, S.; Schoon, J.; Boon, N.; De Belie, N. Microbial carbonate precipitation for the improvement
of quality of recycled aggregates. J. Clean. Prod. 2017, 156, 355–366. [CrossRef]

127. Palaniraj, S.; Abhiram, K.; Manoj, B. Properties of treated recycled aggregates and its influence on concrete strength characteristics.
Constr. Build. Mater. 2016, 111, 611–617. [CrossRef]

128. Pasandín, A.R.; Pérez, I. Mechanical properties of hot-mix asphalt made with recycled concrete aggregates coated with bitumen
emulsion. Constr. Build. Mater. 2014, 55, 350–358. [CrossRef]

129. Hou, Y.; Ji, X.; Su, X.; Zhang, W.; Liu, L. Laboratory investigations of activated recycled concrete aggregate for asphalt treated
base. Constr. Build. Mater. 2014, 65, 535–542. [CrossRef]

130. Pasandín, A.R.; Pérez, I.P. Laboratory evaluation of hot-mix asphalt containing construction and demolition waste. Constr. Build.
Mater. 2013, 43, 497–505. [CrossRef]

131. Grabiec, A.; Starzyk, J.; Zawal, D.; Krupa, D. Modification of recycled concrete aggregate by calcium carbonate biodeposition.
Constr. Build. Mater. 2012, 34, 145–150. [CrossRef]

136



Sustainability 2022, 14, 5022

132. Zhu, J.; Wu, S.; Zhong, J.; Wang, D. Investigation of asphalt mixture containing demolition waste obtained from earthquake-
damaged buildings. Constr. Build. Mater. 2012, 29, 466–475. [CrossRef]

133. Lee, C.H.; Du, J.C.; Shen, D.H. Evaluation of pre-coated recycled concrete aggregate for hot mix asphalt. Constr. Build. Mater.
2012, 28, 66–71. [CrossRef]

134. Wong, Y.; Sun, D.; Lai, D. Value-added utilisation of recycled concrete in hot-mix asphalt. Waste Manag. 2007, 27, 294–301.
[CrossRef] [PubMed]

135. Katz, A. Treatments for the Improvement of Recycled Aggregate. J. Mater. Civ. Eng. 2004, 16, 597–603. [CrossRef]
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Abstract: Aggregate composition has a pivotal role in ensuring the quality of pavement materials.
The use of waste materials to replace the aggregate composition of asphalt pavement leads to
green, sustainable, and environmentally friendly construction, which ultimately preserves nature
by reducing the need to harvest materials from natural sources. Using the Marshall mix design,
the main objective of this paper is to investigate the effects of waste palm oil clinker (POC) as fine
aggregates replacement on the properties of stone mastic asphalt (SMA) mixture. Six groups of
asphalt mixtures were prepared using different percentages of palm oil clinker content (0%, 20%,
40%, 60%, 80%, and 100%). To determine the Marshall properties and select the optimum binder
content, asphalt mixture samples with different percentages of asphalt binder content (5.0%, 5.5%,
6.0%, 6.5%, and 7.0%) were prepared for each group. The results showed that the palm oil clinker
was appropriate for use as a fine aggregate replacement up to 100% in SMA mixture and could satisfy
the mix design requirements in terms of Marshall stability, flow, quotient, and volumetric properties.
However, the percentage of palm oil clinker replacement as fine aggregate has merely influenced
the optimum binder content. Furthermore, there were improvements in the drain down, resilient
modulus and indirect tensile fatigue performances of the SMA mixture. In conclusion, the use of
POC as fine aggregates replacement in SMA mixture indicates a good potential to be commercialized
in flexible pavement construction.

Keywords: palm oil clinker; hot mix asphalt; Marshall properties; stone mastic asphalt; waste
materials; sustainable pavement

1. Introduction

In recent times, natural resources are being quickly depleted due to the enormous amount of
raw materials being consumed worldwide. With the growth in the population, there are concomitant
increases in waste generated by the increasing demand of new agricultural, manufacturing and
construction industries, which results in a large amount of waste materials being deposited in landfills
every year. Hence, researchers are trying to find new solutions to reduce the negative impact of these
wastes on the environment. For example, waste materials are used to replace the original constructions
materials such as binders, aggregates, and fibers. This leads to green, sustainable, and environmentally
friendly construction. The use of waste materials in asphalt pavement minimizes the construction costs
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and preserves nature by reducing the need to harvest aggregates from natural sources [1]. Using waste
materials in the asphalt pavement not only reduces the environmental problems but also improves
some of the properties of the asphalt pavement [2]. With respect to asphalt pavement, many researchers
have studied the use of waste materials as aggregate in asphalt mixtures, such as crushed glass [3], steel
slag [4], plastics [5], recycled pavement [6], recycled concrete demolition [7–9], coal bottom ash [10],
and mining waste [11].

Palm oil trees, as shown in Figure 1, are planted in many countries for food applications such as
cooking oil and margarines, and for non-food applications such as animal feed, biodiesel and energy
generation. Malaysia, Indonesia, and Thailand produced almost 91% of the total world’s palm oil in
2015. Hence, Malaysia, being one of the largest producers and manufacturers of palm oil products
contributes 32% of the world supply of palm oil [12]. Malaysia alone has produced 19.86 million tons of
palm oil and exported 18.47 million tons of palm oil in 2019 [13]. Palm oil processing activities produce
only 10% oils from fresh fruit and kernel while the remaining 90% remain in the form of waste is still
not used for the industry [14]. The processing of palm oil generates various types and forms of waste
materials and by-products, such as empty fruit bunches, palm oil mill effluent, sterilizer condensate,
fibers and kernel shells [15]. Malaysia produced about 50 million tonnes of palm oil biomass every
year and it is expected to be 100 million tonnes in 2020 [16]. The oil palm biomass, such as palm oil
shell and fibers, was used as boiler fuel for power generation purposes [17,18]. This process creates
large amounts of a new waste material called a palm oil clinker—an aggregate like a porous stone,
grey in color, irregular, and flaky [19].

Figure 1. Palm oil tree.

Many studies have been conducted on the use of palm oil clinker (POC) as a replacement to
concrete construction materials, such as aggregate [20–23], and cement [24–27]. In highway pavement,
a number of researchers have studied the use of palm oil waste as a filler [28–32]. Ahmad et al. [31]
investigated the practical use of Palm oil fuel ash (POFA) at different percentages as a filler in asphalt
pavement. They found that the addition of 3% POFA by weight of total aggregate could increase the
stability and resilient modulus of asphalt pavement. Moreover, Kamaluddin [29] studied the use of
palm oil fuel ash in stone mastic asphalt (SMA) mixture as a filler material, and the results indicated
that the optimum value of POFA by weight of filler content is 50%.

To date, there are very limited studies that have investigated the use of palm oil clinker as aggregate
replacement in highway pavement. This research presents an experimental research on the use of
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palm oil clinker waste with different percentages in SMA as fine aggregate replacement. The main
objective was to study the effect of aggregate replacement on the properties of SMA, and to compare
with the control mixture containing normal granite aggregate. The Marshall stability, Marshall flow,
and volumetric tests were conducted on five different asphalt mixtures containing different contents
of palm oil clinker (20%, 40%, 60%, 80%, and 100%) and one asphalt mixture containing original
aggregate (control mix). Finally, based on optimum binder content results, different sets of samples
were prepared and tested for drain down test, resilient modulus test, and indirect tensile fatigue test.

2. Materials

2.1. Asphalt Binder

In this study, 80/100 penetration grade bitumen was used as the binder. To maintain the quality of
the binder during binder testing preparations, the 80/100 binder was transferred from the drum to
one-liter containers. The properties of the asphalt binder are presented in Table 1.

Table 1. Properties of 80/100 asphalt binder.

Property Reference Value Requirement

Penetration @ 25 ◦C (0.1mm) ASTM D0005-13 87 80–100
Softening Point (◦C) ASTM D0036-95 46 45–52

Rotational Viscosity @ 135 ◦C, (cps) ASTM D4402-02 312 <3000
Rotational Viscosity @ 165 ◦C, (cps) ASTM D4402-02 100 <3000

Specific Gravity @ 25 ◦C ASTM D0070-09 1.020 -
G*/sinδ @58 ◦C (kpa) ASTM D7175-15 1.576 >1.0

2.2. Aggregates

The crushed granite aggregates used in this study were collected from the same aggregate supplier
to maintain the quality and results reliability. The dried materials were sieved, and the materials
retained on each sieve were transferred to a container and labeled with the aggregate size. The
aggregate gradation used in this study was stone mastic asphalt (SMA) 20. The gradation of SMA20
was according to the specification of the Malaysian Public Works-Road Department (Jabatan Kerja
Raya-JKR) [33]; as shown in Table 2 and Figure 2.

Table 2. Stone mastic asphalt (SMA)20 aggregate gradation.

Sieve Size
(mm)

% Passing
% Retained Weight (g)

Min. Max. Mid.

19 100 100 100.0 0.0 0.0
12.5 85 95 90.0 10.0 110
9.5 65 75 70.0 20.0 220
4.75 20 28 24.0 46.0 506
2.36 16 24 20.0 4.0 44

0.600 12 16 14.0 6.0 66
0.300 12 15 13.5 2.0 5.5
0.075 8 10 9.0 3.0 49.5
Pan 9.0 99

100 1100
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Figure 2. SMA20 aggregate gradation.

Meanwhile, the physical properties tests for SMA20 aggregate were also carried out. The physical
properties values for the aggregate are tabulated in Table 3.

Table 3. Physical properties of SMA20 aggregate.

Property Test Method Value (%) Requirement

Los Angeles abrasion ASTM: C131-14 19.8 <30%
Flakiness index BS 182: Part3 7.3 <20%

Elongation index BS 182: Part3 13.4 <20%
Impact value BS 812: Part3 10.3 <15%

2.3. Palm Oil Clinker and Fuel Ash

The palm oil fuel ash and clinker were obtained from a local factory that processes palm oil. The
palm oil clinker was collected as large chunk clinker, as shown in Figure 3a. The large chunk clinker
was then crushed to become a fine aggregate, as shown in Figure 3b. The crushed materials were
sieved and each sieve size was transferred to a separate container. Palm oil fuel ash was collected in
powder form and sieved through a 0.075 mm (#200) sieve.

  
(a) (b) 

Figure 3. Palm oil clinker; (a) large chunk clinker, (b) crushed clinker.
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3. Experimental Design

The mix design was used to obtain the optimum binder content for the mixtures to achieve high
resistance to deformation and cracking. The method consisted of three basic steps: Aggregate selection,
asphalt binder selection, and optimum binder content determination. In this study, the Marshall mix
design method was used, as it is considered to be one of the most common methods, well proven, and
requires relatively light, portable, and inexpensive equipment. The general steps of the experimental
work are illustrated in Figure 4.

Collection of Materials

Aggregate Waste materialsAsphalt binder

Characterization of SMA mixtures using 

Marshall Test and volumetric properties 

Evaluation on the performance of asphalt mixtures through 
different mechanical performance tests, such as;

Drain down test
Resilient modulus test
Indirect tensile fatigue test

Filler

Design of SMA mixtures

3 duplicates x (5 asphalt binder content) x 6 (control+5 different POC 

content) = 90 samples 

Select the optimum binder content (OBC) for 

different mixtures
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Figure 4. Experimental work.

In this study, six groups of asphalt mixtures were prepared using different contents of palm oil
clinker (0%, 20%, 40%, 60%, 80%, and 100%) for the granite fine aggregate (passing sieve size 4.75 mm)
replacement. The group with 0.0% waste materials was used as the control mixture. For each group,
three duplicate samples with a constant content of palm oil clinker and different asphalt binder content
(5.0%, 5.5%, 6.0%, 6.5%, and 7.0%) were prepared to determine the Marshall properties and select the
optimum binder content. Then, the statistical analysis, namely, the analysis of variance (ANOVA) test
was carried out using SPSS software. Finally, to evaluate the mechanical performance of optimum
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SMA mixtures, different sets for each group were prepared. The SMA mixtures samples were tested
for drain down, resilient modulus, and indirect tensile fatigue performance.

3.1. Preparation of Samples

Samples of approximately 1100 grams were weighed according to the combination of aggregates,
then heated to a temperature of 160–170 ◦C for 3 hours. At the same time, the asphalt binder was heated
in another oven at a mixing temperature of 150–155 ◦C for 1 hour. Using the dry process method, all
ingredients were mixed together, then the required asphalt binder content (5.0%, 5.5%, 6.0%, 6.5%, and
7.0% by weight of mix) was added and mixed thoroughly to form homogenous mixtures. The blended
mixture was put into a Marshall mold and moved to the Marshall compactor. Then, each sample was
subjected to 50 blows on each side at a compaction temperature of 140 ◦C–145 ◦C according to the
specifications of the Malaysian Public Works Department for road works [33]. Finally, they were left to
cool for 24 hours at a normal temperature then removed from the mold using a jack and kept in the
laboratory until further testing.

3.2. Marshall Test

3.2.1. Stability, Flow and Quotient

The Marshall stability of asphalt mixture is defined as maximum load value during the test before
the compacted sample failure at a temperature of 60 ◦C, and a loading rate of 5.08 cm per minute [34].
It was determined according to ASTM D6927 [35]. The plastic flow at the failure point of the mix is
called the Marshall flow value, which is expressed in units of 0.25 mm and is measured by the sample
vertical deformation in the direction of the applied load. The Marshall flow indicates the plasticity and
flexibility properties of mixtures. According to the JKR specifications for SMA, the acceptable range is
from 2 to 4 mm [33]. The minimum value controls the brittleness and strength, while the maximum
value dictates the plasticity and maximum asphalt binder content of the mixture [36]. The Marshall
stability value divided by the Marshall flow value is called the Marshall quotient, which can be used as
an indicator of resistance to rutting or permanent deformation of the asphalt mixture [11].

3.2.2. Volumetric Properties

The volume of asphalt binder and aggregates is affected by the volumetric properties of the
required asphalt mixture. The volumetric properties of the asphalt mixture are among the important
factors that affect the pavement performance and durability [37]. In this study, the volumetric properties,
such as density, air voids, and voids filled with asphalt binder, were calculated. The density was
determined according to ASTM D2726 [38], and the air voids and voids filled with asphalt binder were
determined according to ASTM D3203 [39].

3.2.3. Optimum Asphalt Content Selection

To optimize the asphalt mixtures, the Marshall procedure (ASTM D6926 [40]) was applied. Five
percentages of asphalt binder (5.0%, 5.5%, 6.0%, 6.5%, and 7.0% by weight of mix) were used, and, for
each percentage, three duplicate samples were prepared using the Marshall compactor. In general,
the selection of the optimum binder content (OBC) depends on the stability, flow, specific gravity,
and voids in the mixture. However, in the SMA mixtures, the air voids were considered to be the
main factor to select the optimum binder content [41–44]. Moreover, the asphalt binder percentage
that produces approximately 4% air voids will provide less asphalt binder bleeding and better rutting
resistance [43]. In this study, the optimum asphalt contents for all SMA mixtures were selected to
produce 4% air voids and also checked for the mix design criteria specified by JKR [33]. Statistical
analysis was done using SPSS software at the level of 5% significance.
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3.3. Mixture Performance Tests

To evaluate the performance and mechanical properties of POC as fine aggregates replacement
in SMA20 mixture, drain down, resilient modulus, and indirect tensile fatigue tests were performed.
Each test is described in the following sections.

3.3.1. Drain Down Test

Drain down situation is the portion of the mixture, namely, fines and asphalt binder, which
separates and flows downward through the mixture, and is more significant for SMA mixtures than
conventional (dense-graded) mixtures. This test was carried out in accordance with ASTM D6390 [45].
This test is to simulate the conditions that the mixture is likely to encounter as it is produced, stored,
transported, and placed. The test is carried out on loose mixtures at the optimum binder content. This
is to ensure that the engineering properties of the binder drain down of the SMA mixture is within the
require or acceptable level. The main procedure of the test is to place loose SMA mixture in a wire
basket, which has been fabricated using standard 6mm sieve cloth. The basket and the loose SMA
mixture are then placed in an oven for one hour at 170 ◦C. The mass of portion from fines and asphalt
binder draining from the mixture was measured. This mass was recorded as a percentage of the initial
sample weight. The maximum drain down of SMA mixture is 0.3% by weight of the mixture [33].

3.3.2. Resilient Modulus Test

The resilient modulus test is the most appropriate and common test to measure the stiffness
modulus of asphalt mixtures. It was carried out using a universal materials testing apparatus
(UMATTA) machine, in accordance with ASTM D4123 [46]. An average of 101.7 mm diameter and
65 ± 1 mm thickness sample was prepared for resilient modulus test. The test was carried out at
four temperatures, namely 5 ◦C, 25 ◦C, 35 ◦C, and 40 ◦C. The samples were left in the chamber at the
desired temperature for a minimum of 3 hours before the test. The stiffness modulus of the samples
was calculated automatically after the test, which is based on the following equation:

Resilient Modulus (MPa) =
P(ν+ 0.25)

HxT
(1)

where, P is the peak load (N); v is the Poisson’s ratio; T is the average thickness of the sample (mm) and
H is total recoverable deformation on the horizontal axis (mm). In this test, all samples were tested
at three different points of vertical loading. Finally, the average result from the three samples was
calculated and recorded.

3.3.3. Indirect Tensile Fatigue Test

Asphalt mixture fatigue performance is linked to the service life of the roadway. The better the
fatigue performance of the asphalt mixture, the longer the service life of the pavement. The fatigue life
of asphalt mixture depends on the mixture properties such as grade and amount of asphalt binder,
aggregates gradation, and mixture air voids [47]. The fatigue performance of the asphalt mixture
can be characterized by four-point bending fatigue test or indirect tensile fatigue test [48]. Indirect
tensile fatigue test is an effective method that has been used in many studies to investigate the fatigue
performance [3,47,49,50]. This test can be carried out in two modes, either in controlled stress or
controlled strain.

In the controlled stress mode, the applied stress is kept constant, and the strain values are
changeable; while in controlled strain mode, the strain value is kept constant and the stress values
are changeable. In this study, indirect tensile fatigue test was performed by a UMATTA machine
in controlled stress mode according to EN 12697-24 [51]. The loading shape used was a haversine
signal loading force, i.e., 2600 N. The loading time was 0.1s, follows by a rest period of 0.4s. The test
was carried out at 25 ◦C. The vertical deformation of the sample was recorded during the test. The
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fatigue life was defined as the number of load cycles reached when the sample cracked, or when the
permanent vertical deformation reached the maximum value of 9 mm [47].

4. Results and Discussion

4.1. Marshall Stability

The average Marshall stability for the three duplicate samples from each asphalt mixture are
shown in Table 4 and presented in Figure 5. The results indicate that the values of stability for all asphalt
binder contents vary in tandem with the palm oil clinker content. The stability values increased with
higher percentage of POC replacement (with slight reduction at 80% replacement). This improvement
might be due to the fiber content in the palm oil clinker, where the fiber increased the strength and
ductility of the mixtures. Moreover, the addition of asphalt binder into the mixture resulted in a
decrease in the stability value because of reduced contact point between the aggregates within the
asphalt mixture [34].

Table 4. Marshall stability with different ratios of binder content and palm oil clinker (POC).

Binder Content (%)
Marshall Stability (kN)

POC Content (%)

0 20 40 60 80 100

5.0 8.69 9.34 9.70 9.94 9.26 11.21
5.5 8.27 9.52 8.81 10.22 8.61 10.75
6.0 8.34 8.16 7.62 8.10 9.11 9.31
6.5 8.61 8.33 7.76 8.91 8.67 10.13
7.0 8.33 8.11 7.06 8.30 8.24 9.22
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Figure 5. Marshall stability for different clinker and binder contents.

Table 4 shows that the control mixture and all aggregate replacement mixtures satisfied the
recommended minimum stability value of 6.2 kN according to the JKR specifications for SMA20 [33].
Therefore, palm oil clinker has proven to be an alternative waste material for fine aggregate replacement
in SMA20.
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4.2. Marshall Flow and Quotient

The Marshall flow values versus palm oil clinker contents for each asphalt binder content are
summarized in Table 5 and illustrated in Figure 6. There was no clear trend on the influence of POC
contents on the flow values. However, all of the asphalt mixtures Marshall flow values were within the
acceptable range of values (2–4 mm) recommended by JKR for SMA20 [33].

Table 5. Marshall flow with different ratios of binder content and POC.

Binder Content (%)
Marshall Flow (mm)

POC Content (%)

0 20 40 60 80 100

5.0 3.22 3.04 4.18 2.81 3.05 2.61
5.5 3.65 3.33 3.82 3.55 3.29 3.53
6.0 3.70 3.59 3.00 4.22 2.84 3.73
6.5 3.67 3.69 3.19 3.10 3.74 4.20
7.0 2.61 3.40 2.98 3.48 3.12 3.96
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Figure 6. Marshall flow for the different POC and binder contents.

Figure 7 shows the Marshall quotient values versus palm oil clinker for different asphalt binder
contents. Most of the asphalt mixtures quotient values were within the acceptable range of 2–4 kN/mm,
except for the mix with 60% clinker and 6.0% asphalt binder for which the value was slightly lower
than the prescribed lower limit. Therefore, it can be concluded that the asphalt mixtures with POC as
aggregate replacement have the required strength and stiffness to resist the permanent deformation
under traffic loads.
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Figure 7. Marshall quotient for different POC and binder contents.

4.3. Mixture Density

The density values of all the mixtures versus the palm oil clinker for different asphalt binder
contents are graphically presented in Figure 8.
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Figure 8. Mixture density for different POC and binder contents.

The results show that the palm oil clinker aggregate affected the density of the mixture and had a
similar trend, and that, for any asphalt binder content, the density value of the compacted sample
decreased with an increase in the clinker aggregate replacement. Moreover, all the mixtures replaced
with the clinker aggregate had lower density values compared to the control mix, which is because of
the lower specific gravity of palm oil clinker compared to the normal aggregates.

Moreover, for each particular POC content, the trend of density variation with different alsphalt
binder contents followed almost a similar feature. The density kept increasing until 6.5% asphalt
binder content, then reduced afterwards. The main reason for the increment in density is due to the
asphalt binder filling the air voids between the aggregates.
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4.4. Air Voids and the Void Filled with Binder

A void in the mix is one of the important parameters for asphalt mix designs as it is used to
determine the optimum asphalt binder for the SMA mixes [41–43]. The performance of the asphalt
mixture is dependent on the air voids in the mix. Too many air voids in the mixture lead to asphalt
cracking due to the low asphalt binder content, which fails to coat the aggregates in the mixture, while
too few air voids in the mixture may result in more deformation and asphalt binder bleeding [52].

The mixtures air void values versus palm oil clinker for different asphalt binder contents are
tabulated in Table 6 and graphically presented in Figure 9.

Table 6. Air voids in mixtures with different ratios of binder content and POC.

Binder Content (%)
Mixture Air Void (%)

POC Content (%)

0 20 40 60 80 100

5.0 6.62 6.46 6.49 7.01 7.46 7.00
5.5 5.44 5.10 5.32 5.27 6.23 5.89
6.0 4.43 4.40 4.35 4.32 4.40 4.57
6.5 3.48 3.04 3.07 2.76 3.40 3.29
7.0 2.96 2.84 2.72 2.56 3.04 2.56
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Figure 9. Air voids for different POC and binder contents.

From Figure 9, it can be seen that with an increase in the palm oil clinker aggregate replacement,
the air void values of the mixtures had a similar trend and were approximately stable, which means that
replacing the original aggregate with palm oil clinker aggregate has no effect on the mixtures air void
values. However, there was a significant effect on the mixtures’ air voids for different asphalt binder
content, where the values decreased as the asphalt binder contents increased. The same behavior was
observed by several previous studies [5,9,36,41,42,52]. The reason behind this decrement is due to the
asphalt binder filling the air voids. For all POC replacement mixtures, 6.5% and 7.0% binders were
not acceptable as the air voids’ percentages were less than the desired value of 4.0%, which may have
resulted in more deformation and asphalt binder bleeding. On the other hand, too many air voids,
as shown in 5.0% and 5.5% binders, is also not preferable as low asphalt binder content may cause
cracking in asphalt pavement.

The results for voids filled with asphalt (VFA) versus palm oil clinker for different asphalt binder
contents are tabulated in Table 7 and presented in Figure 10. It shows that, for all asphalt binder
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contents, an increase in palm oil clinker content caused the VFA to approximately level off, which means
that a change in the clinker content did not affect the VFA values. However, there was a significant
effect on the VFA values versus the asphalt binder content. This shows that the VFA values increased
when the asphalt binder contents increased. This behavior was confirmed in other researches [5,36,41].

Table 7. Mixtures voids filled with asphalt (VFA) with different ratios of binder content and POC.

Binder Content (%)
Mixture VFA (%)

POC Content (%)

0 20 40 60 80 100

5.0 62.64 62.93 62.64 60.55 58.79 60.32
5.5 69.31 70.49 69.32 69.45 65.42 66.65
6.0 75.22 75.07 75.84 75.22 74.74 73.95
6.5 80.77 82.64 82.36 83.83 80.63 81.07
7.0 84.18 84.53 84.98 85.73 83.32 85.63
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Figure 10. VFA for different POC and binder contents.

4.5. Asphalt Content Optimization

For each asphalt mixture group, five percentages of asphalt binder (5.0%, 5.5%, 6.0%, 6.5%, and
7.0% by weight of mix) were used to determine the optimum asphalt content. The optimum asphalt
contents for all SMA mixtures that produce 4% air voids were selected and are shown in Figure 11.

Statistical analysis was done using analysis of variance (ANOVA) to evaluate the effect of
POC on the optimum asphalt content, and the hypothesis test was utilized to test whether the
differences in the optimum asphalt content between all the mixtures were statistically significant. In
this hypothesis test, the null hypothesis H0 is μ1=μ2=μ3=μ4=μ5=μ6 and the alternative hypothesis H1
is μ1�μ2�μ3�μ4�μ5�μ6, where μ1, μ2, μ3, μ4, μ5, and μ6 represent the mean value of the optimum
asphalt content for the different mixtures. The descriptive statistics results are shown in Table 8, and the
ANOVA results are shown in Table 9. It can be seen that the differences in the optimum asphalt content
were not statistically significant since the p-value (0.578) obtained from the statistical analysis was
higher than the alpha value, 0.05, used in the statistical analysis. Also, the F-ratio (0.787) value was less
than 1, which immediately indicates that the difference was not significant.
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Figure 11. Optimum binder content for different asphalt mixtures.

Table 8. Descriptive statistics results for optimum binder content.

Mixtures N Mean
Std.

Deviation
Std.

Error

95% Confidence
Interval for Mean Minimum Maximum

Lower
Bound

Upper
Bound

0% 3 6.23 0.038 0.022 6.13 6.32 6.18 6.25
20% 3 6.14 0.070 0.041 5.96 6.31 6.07 6.21
40% 3 6.05 0.194 0.112 5.57 6.53 5.91 6.27
60% 3 6.10 0.046 0.026 5.98 6.21 6.06 6.15
80% 3 6.18 0.094 0.055 5.94 6.41 6.07 6.26

100% 3 6.14 0.175 0.101 5.71 6.58 5.98 6.33
Total 18 6.14 0.116 0.027 6.08 6.20 5.91 6.33

Table 9. ANOVA results for optimum binder content.

Sum of Squares DF Mean Square F Ratio p-Value

Between Groups 0.056 5 0.011 0.787 0.578
Within Groups 0.172 12 0.014

Total 0.228 17

4.6. Drain Down Test Results

Throughout this test, the susceptibility of the SMA mixtures with different POC replacement to
drain down was investigated and evaluated. The results of drain down performance for control mix
and SMA mixtures with POC replacement are presented in Figure 12.

It can be observed that all SMA mixtures with different POC replacement exhibited lower drain
down values as compared to the maximum allowable limit, i.e., 0.3% by weight of the mixture. The
percentage of drain down decreased significantly with the increment of POC content. The SMA mixture
with 100% POC replacement showed the lowest result of drain down performance, i.e., 0.038% by
weight of mixture. For all POC replacement mixtures, the result was lower compared to the control
mixture (0% POC replacement). This indicates that POC act or perform as a stabilizing additive in
SMA mixtures. The lower values of drain down for SMA mixtures with POC replacement are due to
the existence of fibers from the palm oil waste. The fibers will reinforce the SMA mixtures and help to
generate a three-dimensional network, thus improving the mix adhesion and reduce the asphalt binder
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drain down [53]. This finding is also consistent with that of Panda, Suchismita and Giri [42], who found
that the use of the coconut fiber in SMA mixture prevented the usual draining of asphalt binder.

0.129

0.108

0.090

0.068
0.056

0.038

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

0.160

0 20 40 60 80 100

D
ra

in
do

w
n 

(%
) 

POC content (%)

Figure 12. Drain down performance for different proportion of SMA mixtures.

4.7. Resilient Modulus Test Results

The average value of resilient modulus result for each SMA mixture with POC replacement and
also from the control SMA mixture is presented in Figure 13.
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Figure 13. Resilient modulus for different SMA mixtures at different temperatures.

It is exhibited that resilient modulus values increased by POC replacement increment. This trend
was apparently similar for different temperature values. It is desired to have higher stiffness values at
high temperature to improve rutting resistance, while low stiffness at low temperature for thermal
cracking resistance. The increment of stiffness values at high temperature for SMA mixtures with POC
replacement indicates a good potential of using POC as fine aggregate in the asphalt mixtures. The
increment in the resilient modulus performance is due to the existence of fibrous material from crushed
POC. Fibers help the mixture to resist tensile strength, which avoids the expansion of cracks [53,54],
hence increasing the stiffness of the samples. In addition, the effect of temperature susceptibility on the
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resilient modulus performance exhibited a similar trend. As the temperature increased, the resilient
modulus value of the control mixture and SMA mixtures with POC replacement decreased. This is
due to the decrement in the asphalt binder viscosity, as a result from the increment in temperatures
which causes particles slippage in asphalt mixtures. The same trend was observed at a temperature
of 25 ◦C by previous studies conducted in SMA mixture using recycled concrete as fine aggregate
replacement [7], and using polyester and rockwool fibers as additive [54].

4.8. Indirect Tensile Fatigue Test Results

During the fatigue test, the sample deformation was recorded and the curve was plotted
corresponding to the number of load cycles (fatigue life). For each SMA mixture proportion,
three samples were tested and the results were calculated and averaged. The numbers of cycles versus
deformation of SMA mixtures with various POC contents are shown in Figure 14.
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Figure 14. Deformation vs fatigue life for different SMA mixtures.

Obviously, all SMA mixtures reached the third phase of the displacement curve. For the first
phase of the displacement curve, the rate of deformation increment was relatively high. This is due to
the compression of current air voids in the asphalt mixtures. The second phase was the elastic zone,
which showed low increment of displacement and the fatigue curve was in a linear trend. In addition,
the horizontal length of the second stage (elastic zone) for the SMA mixtures with POC replacement
was significantly longer as compared to the control mixture. Therefore, it can be noted that the use
of POC as fine aggregates replacement enhanced the elastic property and was more likely to have
plastic fracture in comparison with the control mixture, which was more likely to have brittle fracture.
Meanwhile, the third phase is called the plastic zone, which is categorized as the unstable phase where
the displacement increased rapidly due to crack growth in the SMA mixtures.

According to EN 12697-24 [51], the fracture life is equal to the total number of cycles that led to
complete splitting of the sample. Figure 15 shows the fracture life for all the SMA mixtures with and
without POC replacement.
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Figure 15. Fracture life for different SMA mixtures.

When compared with the control mixture, the fracture life of SMA mixtures with POC replacement
increased. For example, the fracture life for of SMA mixtures with POC replacement were 1.7 times
(20% POC), 2.7 times (40% POC), 2.4 times (60% POC), 2.4 times (80% POC), and 3.4 times (100% POC)
compared to the fracture life of the control mixture. Therefore, it can be indicated that the fatigue
performance of the SMA mixtures can be enhanced by replacing the fine aggregates with POC. This is
due to the improvement in elastic properties, dispersion, and absorption of concentrated stress, which
is produced by fatigue loading. This will delay the progress of micro-cracks, which in turn postpones
the asphalt sample failure.

5. Conclusions

In this study, the feasibility of using palm oil clinker as fine aggregate in asphalt mixture is
examined. Based on the results and analysis, the following conclusions are offered:

1. From the Marshall test, it can be concluded that using palm oil clinker as fine aggregate has less
significant effect on the Marshall stability, flow, or optimum binder content, but it could affect the
density, as the density value of the compacted sample decreased with an increase in the clinker
aggregate replacement. This is because of the lower specific gravity of the palm oil clinker as
compared to the normal aggregate.

2. The quotient values of all the asphalt mixtures, except for the mix with 60% clinker and 6.0%
asphalt binder, were within the acceptable range of 2–4 kN/mm. Therefore, the asphalt mixtures
have the required strength and stiffness to resist permanent deformation under traffic loads.

3. Overall, the palm oil clinker was found to be appropriate to be used as a fine aggregate replacement
up to 100% in the stone mastic asphalt mixture and could satisfy the mix design requirements.
These findings can reduce the negative impact of wastes on the environment and lead to a
pavement design that is green, sustainable, and environmentally friendly.

4. For drain down performance, the drain down values decreased significantly with the increment
of POC content. This indicates that POC is performing its function as a stabilizing additive.
Furthermore, the drain down values for all the SMA mixtures with POC replacement are below
the maximum required value, i.e., 0.3% by weight of the mixture.

5. For resilient modulus performance, the values increased by the increment of fine aggregates
replacement especially at high temperatures, which indicated that the SMA mixtures with POC
replacement will result in a high rutting resistance.
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6. From indirect tensile fatigue test, the length of the elastic stage for the SMA mixtures with POC
replacement is significantly longer as compared to the control mixture. Hence, adding POC to
SMA mixtures enhanced the elastic properties and makes them more inclined toward plastic
fracture. The fracture life of asphalt mixtures is also increased by increasing the POC replacement.
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Abstract: The sustainable design and construction of highways is indispensable for the economic
growth and progress of any region. Highway pavements are one of the core transportation infras-
tructures that require energy efficient materials with durability and an optimized lifecycle. Recent
research has proven that warm-mix asphalt pavements prepared with renewable bio-binders are
less susceptible to distresses. This study aims to investigate the resilience characteristics (load time,
deformation time) of soybean oil modified and unmodified warm-mix asphalts. Aggregates, asphalt
binders and asphalt mixes were characterized in accordance with the Superpave Mix Design Criteria.
The resilient modulus tests were performed as per ASTM D7369. The test results indicated that
the soybean-modified warm asphalt mix samples showed a 20% to 32% reduction in load-carrying
capacity than unmodified warm asphalt mixes. The values of the horizontal and vertical recoverable
deformations observed in the soybean-modified mixes were found to be 3% to 7% more than in the
unmodified mixes. A slight variability (up to 7%) was also observed in the time-response spectra, i.e.,
peak load, unload and rest periods, in the soybean-modified mixes compared with the unmodified
mixes. The Pearson correlation coefficient showed a significant trend between the resilient modulus
test parameters for the soybean-modified warm asphalt mixes, i.e., load deformation, load time
and deformation time. Soybean oil showed sustainable behavior as a bio-binder, particularly in the
deformation-time response for the warm asphalt mixes. However, the effect of soybean in terms of
the reduction of the load-carrying capacity from a sustainability perspective needs to be investigated.

Keywords: transportation infrastructures; sustainable pavements; durable pavements; warm-mix
asphalts; bio-binders; lifecycle

1. Introduction

Highway infrastructures have a significant influence on the socioeconomic devel-
opment of countries [1]; therefore, the investment in these infrastructures provides op-
portunities for the economic growth [2,3] and development of a region [4,5]. The lack
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of transport infrastructure in developing countries is one of the major hinderances to
accessing international markets [6], which highlights the global significance of transport
infrastructure [7]. Non-conventional and environmentally friendly materials are benefi-
cial for sustainable construction in the highway industry [8]. The use of these materials
enhances the quality of environmental control measures and the development of durable
transport infrastructures [9,10]. The sustainable construction of highways is indispensable
for the transportation of people and goods [11]. Researchers have taken the motivation of
using renewable resource-derived materials and utilized it in the modification of asphalt
binders. The asphalt mixes produced using these modified binders exhibit merits over
unmodified binders, such as emerging cost, environmental issues and the short supply
of materials based on nonrenewable resources [12,13]. The properties of asphalt binders
have a considerable effect on the performance of asphalt mixes [14]; therefore, to cope with
the evolving issues related to pavement distresses, the modification of asphalt binders is
indispensable. The utilization of bio-oils in asphalt binders reduces the stiffness of asphalt
mixes, and thereby lessens the cracks that develop in the pavements [15–17]. Soybean-
derived oil-based asphalt modification improves the mechanical properties of the asphalt
binders [18–22].

The asphalt mixes (wearing and base) used in pavement surfacing primarily comprise
asphalt binder and aggregates [23–28]. These asphalt mixes, termed as warm asphalt
mixes, are generally prepared between temperatures of 140 ◦C and 160 ◦C [18]. The key
objective of the warm asphalt mix design is to obtain the optimum combination of different
constituents of the mix [29]. The asphalt mixes exhibit viscoelastic, viscoplastic, and time-
and stress-dependent behavior when subjected to repeated loadings [23,30–34]. Therefore,
pavement surface courses face different distresses during their service life, such as rutting,
fatigue and thermal cracking. For the assessment of the viscoelastic behavior of asphalt
mixes, the resilient modulus test can be performed [35,36].

This study aims to evaluate the effects of soybean as a bio-binder on the resilient
modulus of warm asphalt mixes. The objectives of this research were: (1) to determine the
effects of soybean oil on the load time and deformation time behavior of warm-mix asphalt
during resilient modulus tests, (2) to compare the resilient modulus of soybean-modified
and unmodified warm asphalt mixes, and (3) to assess the correlation dependency trends
of different parameters (on each other) obtained in soybean-modified warm-mix asphalts’
resilient modulus tests and compare these with unmodified warm-mix asphalt trends.

2. Materials and Methods

Commercially available soybean was processed to extract the soybean oil used in this
study. The unmodified and soybean oil-based asphalt binders were selected in accordance
with the details reported by Tarar et al. [37]. Two unmodified asphalt binders, PG 64-16
and PG 64-22, were labeled as A and B, whereas the two soybean oil (5% by weight
of binder)-modified asphalt binders, PG 52-22 and PG 52-28, were categorized as Ao
and Bo, respectively. The binders’ characteristics such as high and low temperatures,
performance grade, viscosity, mass change, penetration, softening point, ductility, flash
and fire point were evaluated in laboratory based on respective American Association of
State Highway and Transportation Officials (AASHTO)/American Society for Testing and
Materials (ASTM) standards.

Two crushed aggregate sources, i.e., Sargodha (S) and Margalla (M), were used. The
properties of the aggregates such as soundness, water absorption, Los Angeles abrasion
(C131), elongation and flakiness index, fractured faces, uncompacted voids and sand
equivalent were determined in the laboratory as per prevailing ASTM standards.

The Superpave (Sup-1 and Sup-2) and National Highway Authority (NH-A and NH-B)
gradations were used. The wearing and base course mixes were designated as W1 to W24
and B1 to B8, respectively. The test matrix of the mixes is summarized in Table 1.
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Table 1. Summary of the test matrix of warm asphalt mixes.

Mix ID
Asphalt Binders Aggregates

Gradations
A Ao S M

W1
√

-
√

-

SUP-1
W2

√
- -

√

W3 -
√ √

-

W4 -
√

-
√

W5
√

-
√

-

NH-A
W6

√
- -

√

W7 -
√ √

-

W8 -
√

-
√

B Bo S M

W9
√

-
√

-

SUP-1
W10

√
- -

√

W11 -
√ √

-

W12 -
√

-
√

W13
√

-
√

-

NH-A
W14

√
- -

√

W15 -
√ √

-

W16 -
√

-
√

B Bo S M

B1
√

- -
√

SUP-2
B2 -

√
-

√

B3
√

- -
√

NH-A
B4 -

√
- -

Note: W = wearing course, B = base course, S = Sargodha aggregate, M = Margalla aggregate, Sup = Superpave,
NH = National Highway Authority.

To determine the optimum binder contents (OBC), the mixes were tested according
to the Marshall Mix test (ASTM D6926). The mixing and compaction temperatures of the
binders were determined using a rotational viscometer (RV) test at 135 ◦C to 165 ◦C before
the mix preparation. The binders were mixed with aggregate in a controlled mechanical
mixer at 145 ◦C. The Superpave gyratory compactor (SGC) was used to compact the
samples while keeping the air voids at 7 ± 0.5%. The indirect tensile strength and modulus
of resilience test specimens were fabricated at 101.6 mm (4 inches) in diameter and 63.5 mm
(2.5 inches) in thickness.

Modulus of resilience (MR) describes the mechanical properties of asphalt mixes
subjected to dynamic (traffic) loading. The asphalt mixes were tested according to ASTM
D6931 for indirect tensile strength determination before MR testing. The MR tests were
performed according to ASTM D7369 using an environmentally controlled universal testing
machine: Cooper Research Technology HYD25 II.

The test temperature was set at 25 ◦C. The load was applied in the form of a haversine
shape, i.e., (1 − cos θ)/2, as shown in Figure 1.
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Figure 1. Typical load-time cycles with rest periods during MR tests.

The instantaneous deformation, total deformation, Poisson’s ratio and MR were calcu-
lated according to the equations below.

Y = a + bx, (1)

where Y is deformation value, x is time and a and b are regression constants.

Y = a +
b
x

(2)

where Y is deformation value, x is time and a and b are regression constants.

μ =
I4 − I1 ×

(
δv
δh

)
I3 − I2 ×

(
δv
δh

) , (3)

where μ is Poisson’s ratio, I1, I2 I3 and I4 are constants and δv and δh are vertical and
horizontal recoverable deformations, respectively.

MR =
PCyclic

δht
(I1 − I2δ) , (4)

where MR is resilient modulus, PCyclic is the cyclic load applied to the specimen and t is the
thickness of the specimen.

3. Results and Discussion

The physical properties of the soybean oil are summarized in Table 2a. The properties
of the asphalt binders are shown in Table 2b.
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Table 2. (a) Soybean oil physical properties [22]. (b) Summary of unmodified and soybean oil-
modified asphalt binders’ properties [22].

(a)

Description Soybean Oil

Flash point (◦C), ASTM D93 320
Fire point (◦C), ASTM D93 354

Carbon residue (%), ASTM D189 0.37
Dynamic viscosity @ 25 ◦C(Pa.S), AASHTO T-316 0.062

Cloud point (◦C), ASTM D5551 −9
Melting point (◦C), ASTM D5440 0.5

(b)

Test Description
Type of Asphalt Binder

A Ao B Bo

Original asphalt binder (high temperature ◦C)AASHTO T315 68.9 54.1 65.3 53.6
BBR (low temperature), AASHTO T313 −17 −24 −23 −29

Performance grades (PG), AASHTO M320 64–16 52–22 64–22 52–28
Viscosity (Pa.s) at 135 ◦C, AASHTO T316 0.462 0.250 0.445 0.242
Viscosity (Pa.s) at 165 ◦C, AASHTO T316 0.116 0.125 0.110 0.115

VTS −3.557 −1.890 −3.381 −2.053
Mass change (%), AASHTO T240 0.078 0.083 0.056 0.068

Penetration (1/10th mm), ASTM D5 43 49 65 68
Softening point (◦C), ASTM D36 54 47.1 48 45.6

Ductility (cm), ASTM D113 100+ 100+ 100+ 100+
Flash and fire point (◦C), ASTM D113 300 317 307 315

By the addition of soybean oil in binders A and B, few properties showed a decrease,
i.e., high and low temperatures, viscosity at 135 ◦C and softening point, while others
showed an increase, i.e., viscosity at 165 ◦C, mass change, penetration, flash and fire point,
viscosity temperature susceptibility (VTS). The performance grade after the addition of
soybean oil altered from 64–16 to 52–22 in one sample and 64–22 to 52–28 in another.
However, overall, the penetration grade of the asphalt binder remained unchanged with
the addition of the soybean oil to the asphalt binders. Soybean oil blended into the asphalt
binder proved to have significant potential as a bio-binder.

The physical properties of the aggregates are summarized in Table 3.

Table 3. Summary of aggregate physical properties [11].

Description
Type of Aggregate

Standards
S M

Water absorption (%) 0.95 0.93 ASTM C 127
Soundness (fine) (%) 3.8 4.5 ASTM C 88

Soundness (coarse) (%) 4.65 6.98 ASTM C 88
Los Angeles aberration (%) 23 24.5 ASTM C 131

Elongation index (%) 7 3 ASTM D 4791
Flakiness index (%) 9 5 ASTM D 4791
Fractured faces (%) 100 100 ASTM D 5821

Uncompacted voids (fine) (%) 45 44 ASTM C 1252
Sand equivalent (%) 71 74 ASTM D 2419

Note: S = Sargodha aggregate, M = Margalla aggregate.

The aggregates S and M have water absorption values of 0.95% and 0.93% respectively.
The water content in the aggregates affects the performance of the asphalt mixes [38–41].
The optimum binder content is affected by the higher water absorption of the aggre-
gates [42]. The soundness values of S and M are 3.8 and 4.5, respectively. The soundness
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value signifies the resistance of the aggregates against weathering. The Los Angeles abra-
sion values of S and M are 23 and 24.5, respectively, which specifies that the M aggregate
source has higher abrasive resistance than S. The long-term performance of the pavement
exposed to traffic loadings depends upon the abrasion resistance of the aggregates [43–45].
The elongation indices values of S and M are 7 and 3. The flakiness index values of S
and M are 9 and 5. Researchers have reported that higher values of elongated and flaky
particles reduce the strength of asphalt mixes [42,46,47]. The morphological properties of
the aggregates affect the performance of asphalt mixes [48–51]. The aggregate gradation
can also affect the modulus of resilience [52]. The uncompacted voids of S and M are 45
and 44, and the sand equivalents are 71 and 74, respectively. The engineering properties
of both M and S aggregates qualify the acceptable limits for possible use in warm asphalt
mixes. The consistency in the engineering properties of the aggregates is desirable, as it
influences the resilient modulus of sustainable pavement structures [53,54]. The resilient
modulus value affects the service life of the material and its resistance against pavement
damage [55,56]. The energy absorption of soybean-modified mixes can be calculated based
on the hysteresis loop response of samples under repeated loads [57]. This can be used as a
potential advantage of soybean-modified mixes by researchers in the future.

The results in Table 4 show a summary of the different parameters obtained in the
resilient modulus test, as illustrated in Figures 1 and 2.

Table 4. Summary of load, deformation and their corresponding time parameters obtained during
the resilient modulus tests.

Mix
ID

Load
(kN)

Tm (s) T1 (s) T2 (s) Tc (s) T55 (s) TD (s) Te (s) Tf (s)
δh

(mm)
δv

(mm)
δtotal

(mm)

W1 1198.29 0.11000 0.09900 0.09240 0.06600 0.05280 0.02310 0.02750 0.01870 0.00140 0.08550 0.08690
W2 1165.23 0.11100 0.09980 0.09310 0.06650 0.05320 0.02330 0.02770 0.01880 0.00141 0.08620 0.08760
W3 939.72 0.11900 0.10700 0.09970 0.07120 0.05700 0.02490 0.02970 0.02020 0.00145 0.09230 0.09380
W4 907.75 0.11900 0.10700 0.10000 0.07160 0.05730 0.02510 0.02980 0.02030 0.00146 0.09280 0.09430
W5 1222.13 0.11100 0.09980 0.09310 0.06650 0.05320 0.02330 0.02770 0.01880 0.00139 0.08620 0.08760
W6 1210.35 0.11100 0.09990 0.09320 0.06660 0.05330 0.02330 0.02770 0.01890 0.00140 0.08630 0.08770
W7 954.65 0.11200 0.10100 0.09420 0.06730 0.05390 0.02360 0.02810 0.01910 0.00144 0.08720 0.08860
W8 923.15 0.11600 0.10400 0.09700 0.06930 0.05540 0.02430 0.02890 0.01960 0.00145 0.08980 0.09120
W9 1096.39 0.11600 0.10400 0.09710 0.06940 0.05550 0.02430 0.02890 0.01970 0.00143 0.08990 0.09130

W10 1067.33 0.11600 0.10500 0.09790 0.06990 0.05590 0.02450 0.02910 0.01980 0.00144 0.09060 0.09200
W11 913.52 0.11900 0.10700 0.09980 0.07130 0.05700 0.02490 0.02970 0.02020 0.00147 0.09240 0.09390
W12 889.45 0.11900 0.10700 0.10000 0.07140 0.05710 0.02500 0.02980 0.02020 0.00148 0.09250 0.09400
W13 1132.23 0.11100 0.09990 0.09320 0.06660 0.05330 0.02330 0.02770 0.01890 0.00140 0.08630 0.08770
W14 1109.35 0.11700 0.10500 0.09790 0.07000 0.05600 0.02450 0.02920 0.01980 0.00141 0.09070 0.09210
W15 852.65 0.11600 0.10400 0.09700 0.06930 0.05540 0.02430 0.02890 0.01960 0.00144 0.08980 0.09120
W16 823.15 0.11700 0.10500 0.09790 0.07000 0.05600 0.02450 0.02920 0.01980 0.00145 0.09070 0.09210
B1 584.45 0.11600 0.10400 0.09700 0.06930 0.05540 0.02430 0.02890 0.01960 0.00146 0.09060 0.09200
B2 494.87 0.11900 0.10700 0.09980 0.07130 0.05700 0.02490 0.02970 0.02020 0.00149 0.09250 0.09400
B3 623.25 0.11700 0.10500 0.09790 0.07000 0.05600 0.02450 0.02920 0.01980 0.00147 0.08720 0.08860
B4 514.34 0.11700 0.10500 0.09790 0.07000 0.05600 0.02450 0.02920 0.01980 0.00151 0.08610 0.08760

Note: peak load time (Tm), straight portion of unloading path between points T1 and T2, 40% rest period (Tc), 55%
rest period (T55), 90% rest period (Td), time for 85% rest period (Te), time for 95% rest period (Tf) in measurement
units of second (s).

It is evident that the soybean-modified mixes took lesser loads (20% to 32%) than
unmodified mixes in both wearing and base-course samples. In addition, the peak load
time (Tm) was observed to be higher (2% to 7%) in the soybean-modified mixes than in the
unmodified mixes. The straight portion of the unloading path T1 and T2 values were lower
(2% to 7%) in the unmodified samples than in the soybean-modified samples. The time
spectra of the rest periods (Tc, T55, Td, Te and Tf) were also noted to be higher (2% to 7%) in
the soybean-modified samples than in the unmodified mixes. The soybean-modified mixes
exhibited improved horizontal (3% to 6%) and vertical (6% to 7%) recoverable deformations
in comparison to the unmodified mixes.
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δ

Figure 2. Typical load-time and deformation-time plots for a single cycle with time parameter
explanation during MR tests, as per ASTM D7369.

The MR values for all wearing and base-course mixes were determined using Equation (4),
as shown in Figures 3–5.

The MR value of S for the Superpave and NH gradations was higher than for M.
Figure 3 shows that the MR values of S and M for the Superpave gradation and asphalt
binder A were 7049 MPa and 6802 MPa, respectively, while the soybean oil-modified
asphalt binders with Superpave gradations showed MR values of 5063 MPa and 4751 MPa,
respectively. The NH gradation exhibited an MR value for the asphalt binder A and S and
M of 7350–7224 MPa. On the other hand, the MR values for the Ao and NH gradation were
5086–4850 MPa.

Figure 4 indicates that the MR values of S and M for the Superpave gradation and B
asphalt binder were 6344 and 6129 MPa, respectively, while the Bo asphalt binders with
Superpave gradations showed MR values of 4823 and 4665 MPa, respectively. The NH
gradation exhibited MR values for the B asphalt binder and S and M of 6708 and 6512 MPa,
respectively. On the other hand, the MR values for the Bo asphalt binders and NH gradation
were 4538 and 4349 MPa, respectively.
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Figure 3. Resilient modulus of modified and unmodified asphalt mixes (W1–W8).

Figure 4. Resilient modulus of modified and unmodified asphalt mixes (W9–W16).
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Figure 5. Resilient modulus of modified and unmodified asphalt mixes (B1–B4).

Figure 5 shows that the MR values of M for the Superpave gradation and B asphalt
binder were in the range of 3068 MPa, while the soybean oil-modified asphalt binders with
Superpave gradations exhibited MR values in the range of 2545 MPa. The NH gradation
exhibited an MR value for the asphalt binder B and M of 2911 MPa. On the other hand, the
MR value of the Bo asphalt binder with NH gradation was shown to be 2619 MPa.

Figures 3–5 show that the addition of soybean oil decreased the MR values of both
the wearing and base-course asphalt mixes.

Table 5 shows a summary of the statistical analysis carried out using the Origin
software from OriginLab®. The different parameters (load, Tm, T1, T2, . . . ) obtained in the
MR tests were correlated with each other to assess the trend and possible dependency. The
Pearson correlation and the respective significance values are summarized in Table 5. The
values of the Pearson correlation indicate the strength of the relationship (linear) between
the different variables. A positive Pearson correlation value indicates that two parameters
have a direct relationship—if one parameter increases, then the other increases, and vice
versa, while a negative Pearson correlation value indicates that both of the parameters have
an inverse relationship—if one parameter increases, then other decreases, and vice versa.
It can be seen from Table 5 that the load deformation, load time and deformation time
showed reasonable significance (shaded regions) for both the modified and unmodified
mixes, in line with typical trends, as shown in Figures 1 and 2.

Soybean oil showed sustainable behavior as bio-binder, particularly in the deformation-
time response for warm asphalt mixes. However, the effect of soybean in the reduction of
the load-carrying capacity from a sustainability perspective needs to be investigated. The
minimal requirement of MR for asphalt mixes was reported in ASTM 7369. An MR obtained
with the 5% addition of soybean as an asphalt binder falls well within the optimal acceptable
stiffness range, especially for pavements subjected to light to medium traffic loading.
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Table 5. Summary of the statistical analysis on MR test parameters using Origin software
from OriginLab®.

Load
(kN)

Tm (s) T1 (s) T2 (s) Tc (s) T55 (s) TD (s) Te (s) Tf (s)
δh

(mm)
δv

(mm)
δtota

(mm)

Load(kN)
Pearson

Corr. 1 −0.37007 −0.35666 −0.35665 −0.35684 −0.35421 −0.36084 −0.36444 −0.34458 −0.88334 −0.34865 −0.35739

Sig. – 0.02631 0.03274 0.03275 0.03265 0.03405 0.03062 0.02887 0.03959 9.88321
× 10−13 0.03716 0.03236

Tm (s)
Pearson

Corr. −0.37007 1 0.99595 0.99612 0.99626 0.9957 0.99507 0.99679 0.99267 0.55234 0.9961 0.99579

Sig. 0.02631 – 0 0 0 0 0 0 0 4.78096
× 10−4 0 0

T1 (s)
Pearson

Corr. −0.35666 0.99595 1 0.9994 0.99893 0.99854 0.99748 0.99876 0.99733 0.54857 0.99885 0.99881

Sig. 0.03274 0 – 0 0 0 0 0 0 5.32052
× 10−4 0 0

T2 (s)
Pearson

Corr. −0.35665 0.99612 0.9994 1 0.9997 0.99944 0.99876 0.9992 0.9982 0.55396 0.99967 0.99966

Sig. 0.03275 0 0 – 0 0 0 0 0 4.5638
× 10−4 0 0

Tc (s)
Pearson

Corr. −0.35684 0.99626 0.99893 0.9997 1 0.99982 0.99922 0.99932 0.99856 0.55177 0.99987 0.99987

Sig. 0.03265 0 0 0 – 0 0 0 0 4.85904
× 10−4 0 0

T55 (s)
Pearson

Corr. −0.35421 0.9957 0.99854 0.99944 0.99982 1 0.99907 0.99919 0.99895 0.54864 0.99978 0.99978

Sig. 0.03405 0 0 0 0 – 0 0 0 5.3103
× 10−4 0 0

TD (s)
Pearson

Corr. −0.36084 0.99507 0.99748 0.99876 0.99922 0.99907 1 0.99882 0.99728 0.55504 0.99916 0.99893

Sig. 0.03062 0 0 0 0 0 – 0 0 4.42388
× 10−4 0 0

Te (s)
Pearson

Corr. −0.36444 0.99679 0.99876 0.9992 0.99932 0.99919 0.99882 1 0.99725 0.55563 0.99908 0.99898

Sig. 0.02887 0 0 0 0 0 0 – 0 4.34876
× 10−4 0 0

Tf (s)
Pearson

Corr. −0.34458 0.99267 0.99733 0.9982 0.99856 0.99895 0.99728 0.99725 1 0.54036 0.99856 0.9986

Sig. 0.03959 0 0 0 0 0 0 0 – 6.69006
× 10−4 0 0

δh

(mm)

Pearson
Corr. −0.88334 0.55234 0.54857 0.55396 0.55177 0.54864 0.55504 0.55563 0.54036 1 0.54437 0.55288

Sig. 9.88321
× 10−13

4.78096
× 10−4

5.32052
× 10−4

4.5638
× 10−4

4.85904
× 10−4

5.3103
× 10−4

4.42388
× 10−4

4.34876
× 10−4

6.69006
× 10−4 – 5.98648

× 10−4
4.70652
× 10−4

δv

(mm)

Pearson
Corr. −0.34865 0.9961 0.99885 0.99967 0.99987 0.99978 0.99916 0.99908 0.99856 0.54437 1 0.99982

Sig. 0.03716 0 0 0 0 0 0 0 0 5.98648
× 10−4 – 0

4. Conclusions

In this study, the effect of soybean oil on the resilient modulus of asphalt mixes was
evaluated using the ASTM D7369 procedure. The statistical analysis was performed to
check the correlations between the different parameters obtained in the MR tests. The
following conclusions can be drawn from the above findings:

1. The soybean-modified warm asphalt mixes showed a 20% to 32% reduction in load-
carrying capacity, i.e., for the resilient modulus than the unmodified warm asphalt mixes.

2. The values of the horizontal and vertical recoverable deformations remained comparable
(3% to 7%) in both the soybean-modified and unmodified warm asphalt mixes.

3. A slight variability (2% to 7%) was observed in the time-response spectra, i.e., peak,
unload, rest periods of loads and deformations during the resilient modulus tests
performed on the soybean-modified and unmodified warm asphalt mixes.

4. Each parameter obtained in the soybean-modified warm-mix asphalt resilient mod-
ulus test showed a reasonable correlation trend with the others, as depicted by the
Pearson coefficient. Hence, the trends of the soybean-modified and unmodified
warm-mix asphalt in resilient modulus tests are comparable.

5. Soybean oil showed sustainable behavior as bio-binder, particularly in the deformation-
time response for warm asphalt mixes. However, the effect of soybean in the reduction
of the load-carrying capacity from a sustainability perspective needs to be investigated.
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Abstract: Road construction and maintenance have a great impact on the environment, owing to the
huge volumes of resources involved. Consequently, current production procedures and technologies
must be properly investigated, for identifying and quantifying the life cycle environmental impacts
produced. In this paper, primary data, i.e., site-specific data directly collected or measured on a
reference plant, are analyzed for calculating the impact of the production of a hot mix asphalt.
The analysis is performed in a from “cradle to gate” approach to estimate the environmental burdens
of the production process in an average plant, representative of the existing technology in Italy
and Southern Europe. The research outcomes are useful to increase reliability in quantification
of asphalt production impacts and the contribution of each component. The results represent a
reference basis for producers, designers, and contractors in the decisional phases, identifying the
most critical aspects in the current practice and the possible improvements for reducing impacts of
road industries. In this regard, efficient energy technologies for reducing the production temperature
(such as warm mix asphalt) and burned fuels are proven to assure relevant improvements in the
environmental performance.

Keywords: asphalt production; foreground data; LCA; emissions; energy consumption;
environmental impacts

1. Introduction

The infrastructure construction industry, continuously growing in recent years all over the world
for both construction and maintenance activities, requires relevant consumption of precious materials,
with huge consequences for the natural ecosystem [1]. These environmental problems are also due to
the huge volumes involved in pavement constructions and to the required technology for material
extraction and production, traditionally characterized by strong impacts [2]. It may be considered that,
in the transportation sector, road construction determines a contribution up to 10% of total greenhouse
gas (GHG) emissions, representing a useful indicator for sustainability assessment. For example,
according to the Federal Highway Administration estimates, pavement construction, maintenance,
and rehabilitation in the United States roughly produce 75 million tons CO2eq per year [3]. In the last
decades, relevant attention to these issues and environment preservation has remarkably risen. In this
regard, numerous researchers have investigated and analyzed the possible sustainability issues caused
by traditional approaches and technologies in pavement construction and maintenance phases, and
proposed modern and more efficient sustainable solutions that may effectively reduce consumption of
energy and resources, as well as the production of waste [4–6].

From this perspective, in order to assure comprehensive and exhaustive analysis of product and
technology impacts, life cycle assessment (LCA) represents an appropriate and accurate methodology
for any kind of material and process, regarding the whole life cycle of the products. The International
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Organization for Standardization (ISO) provided accurate and general instructions and regulations for
proper performing of LCA in its 14040 series publications [7,8]. Concerning the pavement industry,
LCA can actually be adopted for estimating impacts of different asphalt mixtures and technologies, for
both production and construction. The assessment can assure an overview of the entire life cycle of the
material by taking into consideration production of raw materials and mixtures, construction, effective
exercise and final disposal, listing all the involved resources and evaluating, with relevant accuracy,
and the produced impacts on the environment in “cradle to grave” approaches.

With specific regard to existing literature for the road construction sector, many scientific researchers
investigated material production and pavement construction, maintenance and rehabilitation processes,
and technologies, using LCA to understand the main drawbacks of the current practice and evaluating
possible improvements in methodologies and operative solutions [9–18]. These studies provided a
helpful and various reference for a practical application of the methodology and, further, they have
sometimes evidenced critical aspects and positive strategic solutions for industries, road agencies,
and government subjects aiming to improve the entire process. However, in these studies, several
research gaps can be identified [19] and two main issues emerged: first, several assessments rely on
secondary data for production processes and technologies; secondly, most of the literature focused on
specific models and case studies that may be relevant only for the evaluated scenario or the reference
country [20]. Indeed, as any data-based analysis, reference information reliability remains remarkable
for homogeneous markets/contexts only.

Owing to these complications and in order to directly define and quantify impacts of road
pavement construction and maintenance, usually researchers focused mainly on these stages of the
product life cycle only, in a from “gate to grave” approach. If production steps are kept in consideration,
LCA applications commonly rely on numerical values and quantities extracted from available datasets,
with possible inconsistencies due to the origin or the quality of the different data [21]. Indeed, the
lack of reliable and solid primary data on road materials and technology components, provided with
significant accuracy by manufacturing companies, generally represents a remarkable issue [16,18,22].
Though some attempts were performed in foreign contexts for accurate primary data collection [23–27],
in few cases LCAs related to the Italian or Southern European contexts have been based (sometimes
partially or with strong hypothesis) on foreground data directly collected on site [15,16,22,28,29].
Consequently, as the definition of the eco-profiles of the considered products and processes generally
relies on secondary data derived from different (foreign) contexts, the accuracy and reliability of the
derived results should be questioned. Instead, a complete and exhaustive analysis of all the involved
inputs and outputs assures good accuracy in the determination of the from “cradle to gate” impact on
several environmental indicators. Obviously, as accurate calculations of pavement impacts require the
examination of every phase and process, each of them should be properly analyzed, considering the
specific process conditions and scenarios, for assuring exhaustive and reliable results.

The production stage of the asphalt mixture naturally determines a relevant contribution to the
overall impacts of the product [18,30]. Further, it can strongly influence the quality of the product
and determines the consumption of natural resources (both raw components and fuels) during the
production cycles. Then, the production phases of the asphalt mixture have to be properly investigated
and analyzed for assuring adequate quality and reliability of the whole life cycle impact interpretation
and also for identifying strategies aimed at increasing the eco-efficiency of the asphalt mixture
production process and the resource productivity [31].

Consequently, the main goal of this research is to carry out a complete environmental LCA of the
production of an asphalt mixture in an Italian plant, fully representative of the average technology
common in the Italian and Southern European area, following a from “cradle to gate” approach based
on foreground data collected in the field, determining a useful benchmark for the Italian context.
This goal is of particular interest, considering that over 26 million of tons of asphalt mixtures have
been produced only in 2018 in Italy for maintenance and construction needs, with an increase of
more than 10% with respect to 2017 [32], while in 2017 over 250 millions of tons were produced
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in Europe, according to the European Asphalt Pavement Association [33]. Based on a preliminary
and accurate phase of primary data collection and on the definition of the eco-profile of the selected
product, the LCA analysis is performed to evidence the most impactful elements in the process. All
the relevant data related to input/output for the asphalt production were measured and quantified,
including raw materials and energy consumption, emissions, and solid wastes. In summary, indeed,
the study mainly aims to define a reliable context-related impact analysis of hot mix asphalt (HMA)
production phase based on foreground data directly collected on a representative plant for the analyzed
geographical area and the related market. More details regarding novelty and motivation of the present
research are provided in “Goal and scope definition” section. Moreover, for improving result quality,
a preliminary sensitivity analysis was also performed, to better evaluate the effect of the different
components and, further, to control the influence of eventual slight inaccuracies in the provided
data. Moreover, a comparative analysis evidences possible benefits and improvements assured by
different configurations of the plant, especially from an energetic perspective. In detail, different
alternative energy sources and technological solutions are compared for estimating impact variations,
relying on the primary data acquired at the plant. After a brief discussion on the LCA framework,
the following sections present, first, goal and scope definition, and inventory analysis, then, life cycle
impact evaluation and result analysis are provided and discussed.

2. Methodological Approach

2.1. Life Cycle Assessment

LCA is a powerful methodological framework to determine in a reliable way impacts on the
environment of specific products, processes, and technologies. The general framework for a correct
application of the methodology is provided in the ISO 14040 and ISO 14044 standards [7,8].

In general, LCAs are cradle-to-grave analyses of the products or services and include four
basic steps:

1. Goal definition and scoping, required for identifying the goal of the study, the system boundaries,
the functional or declared unit (FU or DU), the target audience, etc.;

2. Inventory analysis, for the quantification of resource consumption, waste flows, and emissions
for the reference unit attributable to the different processes in the life cycle system;

3. Impact assessment, providing useful environmental characterizations, for a better and deeper
understanding of the inventory data;

4. Interpretation, stating specific conclusions and strategic recommendations for improving the
analysis or evidencing relevant aspects and critical issues for the decision makers.

2.2. Technology Benchmarking

According to the aim of the paper, the first step for performing the LCA of HMA production is
the selection of the reference technology and production processes. Therefore, at the beginning of the
research activity, a preliminary analysis of the existing technology in Italy and Europe (significantly
different from the American context, for which several studies are available) was performed in order to
select a representative plant as reference. As known, there are several configurations and technologies
for asphalt mixture production, characterized by the mixing process and technology. Generally, the
batch-mix plant is the most common solution in Europe [34,35] and, in particular, in Italy [36], especially
due to its adaptability with regards to design mix and productivity. Considering the Italian scenario, in
2010, almost 90% of the asphalt plants (606 of 693 active plants) relied on the batch-mix technology [36]
and this scenario can be considered constant for the last 10 years. Furthermore, since it is reasonable
to think that relevant practical technology will not affect the existing plant configuration in the next
decade (especially for traditional HMA production), the technological characteristics as well as the
operating conditions of batch-mix plants refer to an existing large-scale technology in Italy, and in
Southern Europe too. Further, the strong crisis of the bitumen/asphalt market in the last decade [37]
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and its recent evolution towards minor maintenance and rehabilitation projects have discouraged
possible modifications in the current technology. In terms of adopted heating technologies in the
production process, according to U.S. Environmental Protection Agency [38], in batch mix HMA plants,
the rotary dryer for heating the aggregates are typically oil- or gas-fired.

Thus, according to the above-mentioned information, the average technology in Italy and in
Southern Europe is represented by a batch-mix asphalt, including oil and gas burners for aggregate
and bitumen heating. For the purpose of this study, in order to assure technological representativeness,
an Italian batch-mix plant was selected as reference, representing a reliable “average plant”. Further
details on the selected plant are provided in Section 3.2.3.

3. Case study: Production of Asphalt Mixture in a Southern Italy Batch-Mix Plant

3.1. Goal and Scope Definition

3.1.1. Goal of the Study

The main goal of this study is to assess the environmental impacts of the production of a hot mix
asphalt (HMA) mixture in an Italian plant, useful as a benchmark for the Italian, mainly, and Southern
European context and for providing accurate results to be included in from “cradle to grave” LCAs of
asphalt pavements. For performing this task, an accurate preliminary data collection campaign was
performed in the considered plant. Further objectives of the investigation were: (1) to assess possible
variations in the final outcomes due to eventual small inaccuracies of the provided data; (2) to quantify
the environmental advantages of operating the plant through electricity produced by renewable
sources, instead of electricity produced by private generating-set or obtained from the grid; and (3) to
estimate possible benefits of more sustainable technologies, such as warm mix asphalt (WMA).

The results of this research may provide a reference basis for improving LCA analysis of asphalt
pavements, considering with more accuracy and reliability actual plant information. Further, as the
considered plant represents the most common technology in the reference context, the results of the
study may also constitute a benchmark for other plants, providing useful data on their sustainability
to their owner, for possible technological modifications and improvements.

The study is performed in compliance with the LCA regulations provided by the international
standards of series ISO 14040 [7,8] and by the Environmental Product Declaration (EPD) product
category rules [39]. According to the reference methodology framework, input and output flows of
each productive step are considered for the different processes in which they occur, considering an
attributional approach [40].

3.1.2. Declared Unit and System Boundaries

The investigated product is an asphalt mixture for road pavement industry. The reference unit
adopted in this study, according to the standards, is represented by the declared unit (DU), consisting
of 1 metric ton of HMA mixture, suitable for binder courses in compliance with Italian regulations.
The included raw materials are limestone aggregates and bitumen.

For the definition of the system boundaries, first it is fundamental to consider the entire life cycle
of asphalt pavements, from production to disposal. In general, it is possible to identify five different
stages in the pavement life cycle, as shown in Figure 1.

In this research, the analysis focuses on the production stage and, thus, it is stopped at the exit
factory gate (from “cradle to gate”). Therefore, the considered processes are: bitumen supply (including
oil extraction and its transformation); aggregate supply (including extraction and transformation);
aggregate and bitumen transportation to the production plant; and plant production processes.
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Figure 1. Stages of road pavement life cycle.

3.1.3. Impact Assessment Methodology and Impact Categories

Impact calculations were based on impact categories and characterization factors of the EPD 2018
method [41]. The following seven impact categories were calculated according to the above method in
order to describe performance and effects of the considered product system:

• AC: Acidification (fate not incl.) (kg SO2eq);
• EU: Eutrophication (kg PO4

3−
eq);

• GW: Global warming (100 year) (kg CO2eq);
• PO: Photochemical oxidation (kg NMVOC);
• OD: Ozone layer depletion (kg CFC11eq);
• AD and AD*: Abiotic depletion (total (kg SBeq) and fossil fuels only (MJ), respectively).

3.2. Life Cycle Inventory Analysis

3.2.1. Data Collection and Quality

A crucial aspect of LCA is the nature of the considered data, that greatly affects the reliability and
accuracy of the results. LCA applications should always define source and collection approaches for
each type of data involved in the analysis. In the following, specific information regarding product and
production plant, primary data collection, and eventual assumptions for the various stages are provided.
Secondary data concerning raw material extraction and transformation (background processes) were
directly derived from the Ecoinvent database [42]. Secondary data have been used for modeling energy
generation from low Sulphur fuel (LSF), liquid petroleum gas (LPG), and diesel included the gas
pollutants emitted during the fuel combustion [42]. The eco-profile of limestone was used for modeling
crushed stones, sand, and filler, since they have the same geological nature that is the parameter that,
above all, affects the energy for quarrying and mining operations, while the energy differences for
further crushing and sieving between fractions may be neglected. Furthermore, the different aggregate
fractions are always provided by the same quarry, thus it was reasonable to apply the “average”
eco-profile for the same mineral deposit. For more clarity, the following list reports reference to the
issues considered for the unitary impact data extraction from the Ecoinvent database: bitumen, at
refinery; limestone, crushed, washed, production; heat, central or small-scale, other than natural gas,
heat production, light fuel oil, at boiler 100 kW, non-modulating; heat, central or small-scale, natural
gas, propane extraction, from liquefied petroleum gas; diesel, burned in diesel-electric generating set,
market for; transport, freight, lorry 16–32 metric ton, EURO4.

Transportation effects have been properly computed, based on actual supplier locations and
effective travelled distances (see Section 3.2.4). Other quantities and flows (regarding material
components, fuels, etc.) consist of primary data, directly collected in the selected production plant.
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3.2.2. The Examined Product

As anticipated, the DU of the study consisted of 1 ton of HMA, composed of different gradations
of limestone aggregates and bitumen (50/70 pen grade), suitable for construction and maintenance
activities of binder courses. The mix-design of the mixture (i.e., the actual recipe of the product),
which fulfills typical technical specifications for road flexible pavements, requires three different
classes of crushed stone (considering min ÷ max diameter of aggregates: 30% in class 15 ÷ 20 mm,
12% in 10 ÷ 15 mm, 10% in 5 ÷ 10 mm), sand (0 ÷ 6 mm—45%), filler (3%), and bitumen (5.5% on
aggregate mass).

3.2.3. The Production Plant

Based on the context/market analysis in Italy and Southern Europe, a reference plant (located
close to the city of Palermo, in Italy) was selected. The asphalt plant has an average hourly production
of 65 ÷ 75 tons. A single production cycle is about 60 s long, while the relative mixture production is
about 1400 kg, with a production temperature of 165 ◦C, on average.

According to the study aim, all the different production processes performed in the plant (material
movements and proportioning, drying and heating, mixing, etc.) were specifically analyzed and
included in the assessment by acquiring data and all the available information for deriving inputs and
outputs of each step and of the entire production process.

Concerning energy needs for production, different fuels and energy sources were considered for
the plant equipment and parts. Indeed, the largest energy contribution is assured by power energy,
used for general plant operation and for internal material movements (conveyor belts, bucket elevators,
etc.). Since there is no direct connection to the grid, a diesel engine produces the required energy in the
analyzed plant. For aggregate drying and heating, a powerful LSF oil burner is adopted, while the
bitumen is heated by means of an LPG burner. Finally, a wheel loader allows operators to load the
various aggregate components in the cold feeder and, thus, this requires other diesel consumption.
A representative scheme of the processes and elements involved in the production activity is shown in
Figure 2: in detail, the main plant elements are depicted in blue, while transport processes are in gray;
activities for production of components and fuels are in green (related information was extracted from
secondary data).

The first element to be considered is the need for virgin raw materials required for production
of the DU. According to the mix-design presented in Section 3.2.2, in Table 1 the related mass of the
various components for 1 ton of asphalt mixture is provided. Practically, there is no significant raw
material scrap, since in the continuous process all the aggregates effectively mixed in a single batch
enter in the final product.

Table 1. Mass of the various components of the selected mixture for the DU.

Component Mass (kg)

Crushed stone 1.5 (fraction 15–20 mm) 284.4
Crushed stone 1.0 (fraction 10–15 mm) 113.7
Crushed stone 0.5 (fraction 5–10 mm) 94.8
Sand (fraction 0–6 mm) 426.5
Filler (recovered) 28.4
Bitumen 52.1

In terms of the energy consumption for production of the DU, the electric power globally required
by the plant is about 100 kW. In order to assure such a value, the generating set burns on average
260 kg/day or 0.6 ton/cycle of diesel. It should be considered that the generating set has a low efficiency
(around 30–35%), as is common for similar equipment, determining high quantities of fuel burned for
assuring low effective energy to plant equipment working. According to the effective production rates
of the plant in a single hour, the various consumption values have been related to a single cycle and,
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thus, to the DU. In particular, for the generating set, the diesel consumption is equal to 0.44 kg/DU.
Aggregate movement and loading in the hoppers is performed by means of a diesel wheel loader,
operating for all the four aggregate classes. The loader diesel consumption is around 0.19 kg/DU.
The consumption of LSF oil for aggregate heating is around 5 ton/day, thus 8.42 kg/DU. Regarding
LPG for bitumen heating, available measurements prove a consumption of around 375 kg/day, thus
0.63 kg/DU. Taking into consideration the calorific value of each fuel (average values here assumed are
in line with the typical calorific values for selected petroleum products [43,44]), the energy values in
MJ have been calculated for each of them: diesel for electric generator set 18.8 MJ, diesel for loader
8.0 MJ, LPG 25.9 MJ, LSF oil 387.9 MJ.

Figure 2. Production processes of a batch-mix asphalt production plant.

Furthermore, for a more accurate electrical analysis of the plant, the main elements were equipped
with ammeters for continuous electricity measurements, during the production phases. The acquired
measurements were used to calculate the required electricity for the DU, as shown in Figure 3.
As mentioned, the overall plant involves a total electric power (including also secondary equipment
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and devices) of around 100 kW in normal operations, as evaluated by the plant direction. Consequently,
the total required power energy for the DU is equal to 1.35 kWh, corresponding to 4.86 MJ/DU.

Figure 3. Electricity demand of the main plant components per declared unit (DU).

3.2.4. Raw material and Fuel Transportation

Regarding material and fuels transportation, all the components are provided to the plant by
means of both Euro 4 and Euro 5 diesel trucks. Although all the material providers are located in Sicily,
the different components are generally transported from different production sites (Figure 4), along
paths of different lengths. Moreover, two different providers are involved both for bitumen and diesel,
so calculations for both scenarios are presented. The reference unit for transportation calculations
is represented by “ton-kilometer” (t·km), i.e., the mass of involved components transported for the
relative distance for each DU. Data regarding transportations, acquired by the plant and analyzed in
this study, are provided in Table 2.

It is straightforward to notice that transportation distance plays a fundamental role in this
context: the exploitation of locally available materials may significantly reduce the truck travelled
distances, producing relevant environmental advantages. According to this, both road engineers and
industry managers should move towards more sustainable solutions, overpassing only direct economic
considerations: raw materials and fuels supply from distant sources or plants should be avoided, their
direct costs, in fact, do not take into account environmental drawbacks that, indeed, require significant
attention and consideration. Therefore, pavement design and related technical specifications (including
materials acceptance criteria) should also be carefully adapted to the local conditions and materials.
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Figure 4. Location of the selected plant (A) and the various raw material providers: (B) diesel,
(C) aggregates, (D) LPG, (E) diesel, (F) bitumen, LSF oil, (G) bitumen. Elaboration of map on [45].

Table 2. Transport information for each component and fuel involved in the production process (the
letter in the distance column refers to plant location in Figure 4).

Component/Fuel
Distance from

Asphalt Plant (km)
Mass for the DU

(kg)
Ton-Kilometers for the

DU (t·km)

Crushed stone 1.5 35.0 (C) 284.4 9.95
Crushed stone 1.0 35.0 (C) 113.7 3.98
Crushed stone 0.5 35.0 (C) 94.8 3.32

Sand 35.0 (C) 426.5 14.93
Filler (recovered) 35.0 (C) 28.4 0.99

Bitumen
152.0 (F) 52.1 7.92
193.0 (G) 52.1 10.06

Diesel
123.0 (E) 0.6 0.08
47.8 (B) 0.6 0.03

Low Sulphur fuel
(LSF) oil 152.0 (F) 8.4 1.28

Liquid petroleum gas
(LPG) 76.6 (D) 0.6 0.05

4. Life Cycle Impact Assessment and Discussion

4.1. Environmental Impacts

Results regarding impacts calculations are provided in the following figures and tables. In detail,
first, the total values of the impact categories related to raw materials production and fuels production
and use are listed in Table 3. Results related to transportation impacts are reported in Table 4, while
Table 5 provides total impact values for each component (including raw materials production, fuels
production and use, and transport). The obtained life cycle impact assessment results for AC and
GW are of the same order of magnitude of those obtained by Mukherjee [24] for different asphalt
mixtures (in [24] AC resulted equal to 2.95 × 10−1 kgSO2eq and GW to 6.46 × 101 kg CO2eq), but higher
for OD (in [24] OD was 5.8 × 10−9 kg CFC11eq). However, it is important to outline that, as stated in
the “Introduction” section, Mukherjee examined asphalt mixtures produced in a different geographic
context and characterized by different recipes than the DU of the present study and applied a different
impact assessment method (TRACI 2.1).
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Table 3. Impacts for raw materials and fuels for the DU.

Impact Category
Limestone
Aggregates

Bitumen Diesel LSF oil LPG Total

AC (kg SO2eq) 4.47 × 10−2 2.57 × 10−1 3.08 × 10−2 8.07 × 10−2 5.37 × 10−3 4.19 × 10−1

EU (kg PO4
3−

eq) 8.80 × 10−3 4.19 × 10−2 5.33 × 10−3 1.06 × 10−2 7.43 × 10−4 6.74 × 10−2

GW (kg CO2eq) 2.30 × 100 2.28 × 101 2.34 × 100 3.61 × 101 7.52 × 10−1 6.43 × 101

PO (kg NMVOC) 5.30 × 10−2 1.67 × 10−1 4.25 × 10−2 4.56 × 10−2 3.28 × 10−3 3.11 × 10−1

OD (kg CFC11eq) 3.34 × 10−7 2.30 × 10−5 4.31 × 10−7 6.65 × 10−6 5.82 × 10−7 3.10 × 10−5

AD (kg SBeq) 4.29 × 10−6 4.63 × 10−6 4.05 × 10−7 9.09 × 10−6 3.43 × 10−7 1.88 × 10−5

AD* (MJ) 2.93 × 101 2.52 × 103 3.36 × 101 5.18 × 102 4.63 × 101 3.14 × 103

Table 4. Transport impacts for the DU.

Impact Category
Limestone
Aggregates

Bitumen Diesel LSF oil LPG Total

AC (kg SO2eq) 2.46 × 10−2 6.67 × 10−3 3.98 × 10−5 9.49 × 10−4 3.59 × 10−5 3.23 × 10−2

EU (kg PO4
3−

eq) 4.99 × 10−3 1.35 × 10−3 8.07 × 10−6 1.93 × 10−4 7.28 × 10−6 6.56 × 10−3

GW (kg CO2eq) 5.42 × 100 1.47 × 100 8.76 × 10−3 2.09 × 10−1 7.90 × 10−3 7.11 × 100

PO (kg NMVOC) 2.93 × 10−2 7.93 × 10−3 4.73 × 10−5 1.13 × 10−3 4.27 × 10−5 3.84 × 10−2

OD (kg CFC11eq) 1.01 × 10−6 2.73 × 10−7 1.63 × 10−9 3.89 × 10−8 1.47 × 10−9 1.32 × 10−6

AD (kg SBeq) 1.64 × 10−5 4.44 × 10−6 2.65 × 10−8 6.32 × 10−7 2.39 × 10−8 2.15 × 10−5

AD* (MJ) 8.26 × 101 2.24 × 101 1.34 × 10−1 3.19 × 100 1.21 × 10−1 1.08 × 102

Table 5. Total impacts for the DU.

Impact Category
Limestone
Aggregates

Bitumen Diesel LSF oil LPG Total

AC (kg SO2eq) 6.93 × 10−2 2.64 × 10−1 3.09 × 10−2 8.16 × 10−2 5.40 × 10−3 4.51 × 10−1

EU (kg PO4
3−

eq) 1.38 × 10−2 4.32 × 10−2 5.34 × 10−3 1.08 × 10−2 7.50 × 10−4 7.39 × 10−2

GW (kg CO2eq) 7.72 × 100 2.43 × 101 2.35 × 100 3.63 × 101 7.59 × 10−1 7.15 × 101

PO (kg NMVOC) 8.23 × 10−2 1.75 × 10−1 4.26 × 10−2 4.67 × 10−2 3.32 × 10−3 3.50 × 10−1

OD (kg CFC11eq) 1.34 × 10−6 2.33 × 10−5 4.33 × 10−7 6.69 × 10−6 5.83 × 10−7 3.23 × 10−5

AD (kg SBeq) 2.07 × 10−5 9.07 × 10−6 4.32 × 10−7 9.72 × 10−6 3.66 × 10−7 4.02 × 10−5

AD* (MJ) 1.12 × 102 2.54 × 103 3.38 × 101 5.21 × 102 4.64 × 101 3.25 × 103

For simplifying the impact analysis, Figures 5 and 6 show the contributions of the various elements
to the impact categories, respectively for the raw materials and fuels only and for their transportation.

The analysis of the numerical outcomes evidences the most relevant components in the production
of the DU of HMA mixture in a batch-mix plant. First, it appears that bitumen is the most relevant
contributor to total impacts, almost for all categories, except for GW (Figure 6). Its incidence varies
from 23% (AD) to 78% (AD*). LSF oil causes the main impact (51%) on GW while virgin aggregate
consumption has the higher influence (51%) on AD. A negligible contribution (lower than 2%) comes
from LPG for all the examined impact categories and from diesel for the impacts on global warming,
ozone depletion, and abiotic depletion.

The above results strongly depend on the considered production technology, representing, as
already underlined, the most common and adopted solution. In detail, the required quantities of
bitumen in the mixture and of LSF oil for proper drying and heating of aggregates determine significant
impacts. According to their nature, consumption of even small masses may cause huge consequences
on environment. Obviously, based on current technologies, bitumen and LSF oil quantities used
in the production cycle derive from specific mix-design and system efficiency evaluations. These
quantities aim to assure proper mixing and workability to the mixture and, mostly, adequate mechanical
performance to the final product. Then, in order to reduce relative and absolute impacts of asphalt
mixture production in a similar plant, it is reasonable to boost innovative technological and technical
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solutions, requiring less volumes of raw materials (both bitumen and aggregates) and of fuels, with
equivalent or comparable performance on field. Furthermore, replacing virgin aggregates with
non-conventional aggregates (e.g., recycled aggregates) or using supplementary materials to reduce
the binder content (obviously taking into account the specific recipe of the mixture) can represent other
helpful strategies to promote sustainability [46]. In this regard, recent studies have proposed innovative
non-petroleum-based binders for bitumen substitution for significantly improving sustainability of
the product.

Figure 5. Raw materials and fuels impact for the DU.
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Figure 6. Total impacts of the components (including transport) for the DU.

Further, moving towards lower mixing temperatures—considering WMA production—will
remarkably reduce the burned fuels for drying and heating aggregates, determining several benefits in
terms of sustainability of the road industry sector [35,47–49], even though the effective consequences
of additive adoption have to be properly taken into account [15,28]. Asphalt mixture with high
percentages of reclaimed asphalt pavements (RAP) represents another possible positive sustainable
solution, saving lot of natural virgin resources [6], even though Italian rates of RAP utilization are less
than 25%, remarkably less than other countries [50].

Moreover, data also evidence how much transportation contributes to global impact values,
generally less than 10%. Considering AD, the rate of incidence for transportation reaches 53% of the
total impact. Although not only distance plays a role in transportation issues, efforts in reduction
of transportation distances may increase product sustainability. This consciousness may effectively
boost practical use and exploitation of locally available resources, even if slightly less performing than
others, as long as they are proven to be adequate for the intended use. Sustainability evaluations, thus,
should be effectively taken into consideration in mix-design procedures, in a continuous balance with
mechanical performance. For instance, improved mixtures (including, for instance, specific additives)
based on local products may assure equivalent service-life of traditional high-level solutions [51] but
can increase the environmental efficiency of the asphalt mixture. Finally, recycling asphalt mixture
from pavement dismission (both in plant and in place) may also appear as a strategic choice, as it may
determine reduction of consumption of aggregate and binder and related transportation impacts in
addition to the previously described benefits [29].

4.2. Sensitivity Analysis: Primary Data Variations

The numerical elaboration presented in this paper was mostly based on the analysis of primary
data directly collected in the selected plant. However, due to the nature of the survey, provided and
acquired data may be affected by some kinds of inaccuracies and errors [21,52]. In order to increase
robustness of the numerical evidence provided in the previous paragraphs and, mostly, for assuring a
clear overview on the considered scenario, the effects of eventual inaccuracies in the available primary
input data were investigated. In particular, the influence on the impact values of five different variables
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has been investigated: (1) production rate per hour (t/h); (2) generating-set diesel consumption (kg);
(3) loader diesel consumption (kg); (4) LPG consumption (kg); and (5) LSF oil consumption (kg).
In detail, a 5% variation was applied to each of these variables, alternatively increasing and decreasing,
as shown in Table 6, determining 10 different cases, called from A to E. Positive variations are indicated
with symbol “+”, while negative with “−”: thus, “A+” and “A−” represent scenarios with production
rate per hour respectively increased and decreased by 5%. Then, the values of the seven impact
categories were recalculated for each case and compared to the reference ones (Tables 3–5), as shown in
Figure 7.

Table 6. Reference and modified values for the five parameters. FU, functional unit.

Case Parameter Reference Value +5% −5%

A Production rate per hour (t/h) 75.00 78.75 71.25
B Generating-set diesel consumption (kg/FU) 0.44 0.46 0.42
C Loader diesel consumption (kg/FU) 0.19 0.20 0.18
D LPG consumption (kg/FU) 0.63 0.66 0.60
E LSF oil consumption (kg/FU) 8.42 8.84 8.00
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(a)

(b)

Figure 7. Impact variation for the examined scenarios: (a) scenarios A+, A−, E+, E−; (b) scenarios B+,
B−, C+, C−, D+, D−.

The numerical results of Figure 7 show different influences of the various parameters. For more
clarity, the results of the various scenarios are grouped according to the entity of variations: then,
Figure 7a shows results related to scenarios A and E, while those of scenarios B, C, and D are shown in
Figure 7b. Generally, if inaccuracies underestimate burned fuels (A−, B+, C+, D+, E+), the impact
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values increase, and vice versa. In detail, as expected, the most sensitive scenarios are A+, A−, E+, E−,
i.e., those characterized by variations in plant productivity and in LSF oil consumption. For the former,
larger (or smaller, in the opposite case) production rates are related to faster (or slower) production
cycles, with consequent smaller (or higher) quantities of all the involved burned fuels. For scenarios
E, as impacts related to LSF oil appeared as the most relevant among fuels, its variations have more
effects on the results. GW is the most affected impact category, with a 3.31% increase in A− and 2.96%
decrease in A+, thus for 5% variation in production rate. On average, 5% variations in production rate
determine 1.70% variations in all impact categories. In cases E+ and E−, GW evidences 2.54% increase
and decrease respectively, with an average 1.13% variation in all impact categories.

Considering the combined effects of all these possible variations (Figure 8a), results go towards two
extreme scenarios: better (A+, B−, C−, D−, E−) or worse (A−, B+, C+, D+, E+) in terms of sustainability.
For 5% change in production rate of the plant and of fuel consumptions, the impact categories show an
average 2.8% decrease or 3.2% increase compared to the reference values, respectively in the better
or worse scenario. GW undergoes the most relevant variations: it may reach up to 6.2% increase if
all parameter values are actually more critical than measured, while it may be characterized by 5.5%
decrease in the opposite scenario. These numerical outcomes are useful to prove that, despite the
possible uncertainty due to the primary data collection in plant, the evidence provided in Section 4.1
still remains sound and reliable. Indeed, even taking into consideration significant variations in the
original data, the derived impact values do not show particular alterations.

(a) (b)

Figure 8. Impact variations: (a) combined effect of all parameter variations; (b) impact variations
considering a single provider only for bitumen and diesel, respectively the closer and the farther.

Further, transportation distance was also numerically tested. In particular, for components with
alternative providers, the effect of transportation distance maximization (and minimization) has been
studied. As underlined in Section 3, bitumen and diesel are generally alternatively provided by two
different production plants located in two different areas of Sicily (Figure 4, Table 2). In previous
calculation, thus, the average distance was taken into consideration. In order to quantify possible
effects of distance variations (even for these two components only), Figure 8b provides the variations
for the various impact categories when both components are bought from the farther or the closer
plant. AD results as the most influenced impact, with a positive or negative 1.35% change in the two
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cases. Although it seems that, compared to reference impacts of Figure 6, these variations are not
relevant, it should be considered that passing from the farthest to the closest providers determines
about 3% reduction in AD, confirming the advantages for limiting transportation distances.

4.3. Scenario Analysis: Effects of Changes in the Energy Production

In the evaluation of LCA of HMA mixture production in a plant, another crucial aspect is
represented by the source of energy used for plant general operation. The considered plant is electrically
powered using a diesel-based generating set. This choice derives from the specific configuration of
the plant and some difficulties occurred in the grid connection to the factory. Considering the aim of
the paper, in order to quantify possible improvements in impacts due to asphalt mixture production,
the environmental impacts of the same plant powered by two different solutions were estimated: the
electricity grid and a dedicated set of photovoltaic panels. Data for unit impact assessment were
derived from the Ecoinvent database, as for other secondary data previously. For quantifying the
required energy (in MJ), a 30% efficiency rate for the electric generator was considered. Consequently,
based on data provided in Section 3.2.3, the effective required energy for plant operation is considered,
prudently, equal to 5.63 MJ. Figure 9 shows impact variations for the two alternative options compared
to the actual energy supply (raw materials and fuels only), while Figure 10 reports total impact
variations, including transportation.

Figure 9. Variations of impact of raw materials and fuels for different energy supply technologies.

The provided results generally confirm a noticeable improvement in the sustainable performance
of the selected production plant. From a global perspective, despite a not negligible increase of
AD—especially for the photovoltaic panels—the two alternative ways of feeding energy assure
important reductions for all the selected impact categories. PO is the most reduced category, with a
peak around 8% for both solutions, followed by AC and EU (around 5% reduction for photovoltaic
panels and 3% for the grid). However, in both cases, AD shows a remarkable increase, but this is
substantially due to the specific reference technology. In particular, for the photovoltaic panels, AD
is mainly related to the rare and precious minerals quantities required for panel production [53].
In summary, despite this aspect, the choice of a different source for electricity supply appears convenient
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from an environmental perspective, assuring improvements for the considered impact categories. Also
taking into account the avoided impacts due to the diesel transportation (Figure 10), an increase in AD
is observed as well as a higher decrease of the other impact categories. This result further confirms the
improvement achievable by substituting electricity from the diesel-based generating set with electricity
from the grid or from photovoltaic.

Figure 10. Variations of total impacts for different energy supply technologies.

4.4. Scenario Analysis: Effects of Changes in the Mixing Temperature

As underlined in Section 4.1, fuels have a huge impact on the sustainability of the asphalt
mixture. In particular, LSF oil appeared to be the most affecting fuel (Figures 5 and 6). As already
discussed, LSF oil is used in the plant for actually preparing aggregates—drying and heating, for
allowing correct mixing with bitumen and, according to traditional technology of HMA, the mixture
temperature is around 160 ÷ 170 ◦C. In recent years, alternative technologies have been studied
with the aim of assuring equal adequate performance to the final product, without reaching similar
temperatures [18,35,49]. Among these, the so-called warm technique (for producing WMA) guarantees
mechanical levels in the field comparable with those of HMA, with significantly lower production
temperature, around 130 ÷ 140 ◦C. From a sustainability perspective, such a solution may provide
significant benefits, determining potential reduction in terms of impacts and emissions in plant and
construction sites [15,28,48], even if the characteristics of the considered additive should be properly
evaluated. For a preliminary quantification of the related improvements, according to the general
approach of the paper, the impact values for all the considered categories were estimated, considering
the production of a WMA, for comparison purposes with those obtained for the HMA. Calculation
was based on the available data, considering just hypothetically the possibility of obtaining a DU of
asphalt product using WMA technology, without variations in the mix-design. Such a hypothesis
allowed useful simplifications in the calculation process and, further, may be accepted since influence
of slight variations in the component proportions or the introduction of few quantities of additives do
not strongly influence the final results. However, this is no longer valid when the additive percentages
are high, and the additive nature and production processes determine such high direct impacts so
as to offset the possible advantages assured by the lower production temperature. Regarding the
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energy consumption when using WMA technology, technical studies always agree on its reduction,
although providing slightly different values [49]. Nevertheless, based on this literature, it is reasonable
to consider as acceptable a 30% reduction in the energy needs for production of WMA compared to
HMA, for a 20 ◦C reduction in the mixing temperature. This reduction has been applied to the LFS oil
and LPG mass quantities provided in Section 3.2.3, passing respectively from 387.9 MJ and 25.9 MJ for
HMA to 271.5 MJ and 18.1 MJ for WMA. The variations in the various impact categories due to the
WMA technology compared to the original HMA are provided in Figure 11.

Figure 11. Impact variations (without and with transport) for WMA technology.

As expected, the effects of changes in the mixture temperature are relevant in practice. Relying on
the previous hypotheses, considering 20 ◦C reduction in the mixing temperature, may assure saving
2.5 kg of LFS oil and 0.19 kg of LPG for each DU of asphalt mixture, with remarkable benefits on
impact values. Considering the total values (including transport impacts), all the impact categories
show more than 5% reduction, with a −15% peak for GW. From the analysis of the figure, it is evident
how a similar technology should be boosted, for assuring more sustainable products for the pavement
industry. Obviously, as already stated, similar considerations are not relevant if final performance in
the field is excluded from the assessment. It would be not acceptable, in practical context, to compare
two different solutions characterized by significantly different performance levels in exercise. In this
regard, in a more exhaustive LCA of asphalt pavements for a more proper assessment of the numerical
differences in impact values among different solutions, specific reference to the actual mix-design and
the effective mechanical final responses must be included.

5. Conclusions

In this paper, the LCA of 1 ton of asphalt mixture was investigated, from raw materials extraction
to product manufacturing. In particular, based on a detailed phase of primary data collection directly
in an Italian production plant, all the inputs and outputs of traditional HMA production for road
pavement construction were determined and analyzed. According to the LCA framework, for each
productive phase, the data collection was performed within the inventory phase to identify and
quantify material and fuel flows, determining their consumption for the DU, together with direct and
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indirect emissions. Then, all the available data, integrated with secondary reliable data, were used for
estimating the environmental impacts of the examined declared unit.

The analysis evidenced the contribution of each component of the product and of fuels on the
selected environmental impact categories, for understanding the most crucial phases of the process
and the least sustainable materials. Numerical results showed a large influence of bitumen and
fuels, in particular LFS oil, on every impact category, evidencing the possible benefits of boosting the
development of alternative productive technologies, such as WMA and recycled mixtures. Indeed,
similar alternatives require less fuel for drying and heating aggregates and may be equally adequate
from a performance perspective in the field, with noticeable reduction of both virgin bitumen and
aggregate consumption. In general, the study allowed to collect foreground data for the calculation of
a HMA eco-profile and complete the LCA of the product according to the most common production
procedure. The collected data and the results of this study may represent a reliable reference and
numerical base for following steps of the LCA, considering all the phases of an asphalt pavement
service life. LCAs concerning the overall construction process of asphalt pavements can rely on
the actual values measured in the plant to provide accurate and reliable outcomes for stakeholders
and decision makers in the reference geographical context/market. As preliminarily presented in
this paper, the comparison of results of various scenarios may simplify the evaluation of the most
convenient and sustainable solutions and approaches (also in terms of technological improvements)
for driving improvement and innovation of the entire production industry. In fact, the possible benefits
of alternative sources of electricity for the plant working and reduction in the mixture production
temperature has been highlighted. In both cases, the considered modifications to the plant or to the
product—assuring equal performance levels on field—may generally lower the impacts of the process,
with significant environmental benefits, crucial for a novel sustainable approach.
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Abstract: The bike-sharing system allows urban residents to rent a bike at one of the rental stations
located in the city, use them for their journey, and return them to any other or the same station. In recent
years, in many cities around the world, such systems were established to encourage their residents to
use bikes as an element of enhancing sustainable mobility and as a good complement to travel made
using other modes of transport. The main purpose of this article is to present the results of an analysis
of the functioning of the bike-sharing system in Warsaw (Poland). Moreover, the article presents
an analysis of the accessibility to individual stations. An important aspect is that the bike-sharing
system has been popular among users and that more people use it. Therefore, the city should be
provided with a dense network of conveniently located bike-sharing stations. Also, the quality of
the bike-sharing system should be an adjustment to the user’s expectations. In connection with the
above, the article also presents the results of the analysis of factors affecting bike-sharing system
usage as well as the level of satisfaction connected with bike-sharing system usage. The results of the
analysis showed that there is a strong positive correlation between these variables. The obtained
results can be helpful for carrying out activities whose purpose is to increase the bike-sharing system
usage as well as to increase the level of satisfaction connected with bike-sharing system usage.

Keywords: bike-sharing system; bike; sustainable mobility; road traffic engineering; road transport

1. Introduction

Cities radically change into smart cities because of the increasing mobility of societies, urban
growth, new products, and technological innovations [1–3]. Also, these factors enforce the need to
properly shape travellers’ behaviour. Currently, in many cities in urban areas, the biggest challenge is to
overcome the problem of the prevailing use of private cars [4–7]. Bike-sharing systems are considered
to be an effective tool for popularizing alternative ways of traveling, and can be used as an element
of enhancing sustainable mobility in cities. Sustainable mobility is the communication behavior of
users shaped in this way in the spatial structure and transport, in which the length of the travel
route is rationalized, individual motorization does not degrade public transport and non-motorized
transport (walking and cycling), and the functioning of the transport system makes it possible to
maintain harmony with the environment. Sustainable transport is conducive to improving the city’s
image and spatial order, as well as creating good quality public space, and also reduces the diversity
in the development and quality of life of individual city areas [8]. Contemporary system solutions
that connect space and transport planning aim for greater use of the bike as a means of transport.
Journeys made by private bikes as well as by bike with the bike-sharing system contribute to significant
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savings and benefits for both bike users and the natural environment (i.e., no negative impact on the
quality of life in the city (no noise and no emissions) protection of monuments and flora; better use of
space, both for movement and parking; less degradation of the road network; improvement of the
attractiveness of the city center (business, culture, recreation, social life); reduction of congestion and
economic losses; increased traffic flow; greater attractiveness of public transport; better access to urban
services for the whole society; saving time and money of parents who are exempted from taking their
children to school; significant saving of time for cyclists on short and medium distances; no possible
necessity owning a second car by the household (budget increase) [9–11]).

However, travel by bike is not able to meet all mobility needs. In large cities and agglomerations,
in highly urbanized areas, as well as in the outskirts and rural areas, the car will still be used. In these
cases, solutions should be implemented that enable it to be used more effectively. D. Jankowska-Karpa
and A. Wnuk in their work [9] proposed changes that may contribute to limiting traffic and at the same
time promoting travels by bikes in cities. This may contribute to an increase in the role of travel by
bikes in shaping sustainable mobility. These were the following changes:

• At short distances, residents should be encouraged to restrict car use, especially if the journey is
short and begins and ends at home (e.g., home-shop-home). In this case, several solutions can be
proposed: bike paths, facilities for pedestrians and cyclists to allow free movement, development
of convenient infrastructure, e.g., parking spaces, etc.;

• Modernization of streets ensuring the safe and comfortable movement of pedestrians and cyclists
at a distance of at least 1 km around each school and promotion of “pedestrian and bicycle buses”
for children, which would contribute the reduction of parking lots and traffic flow around schools;

• Many trips by car taken from work during the lunch break. Initiatives should be taken to promote
more environmentally friendly means of transport around jobs and planning public spaces in
office districts to reduce the number of cars. Employers can support such initiatives, by creating
bike parking, free bike rentals, installing lockers at workplaces for storing personal things, etc.;

• The so-called “time policy” can be developed to adapt the offer to the needs of mobility. For example,
due to heavy traffic during peak hours, in consultation with employers and authorities, it is
possible to synchronize activities and services. This would reduce congestion on some transport
network at certain hours. These solutions have already been implemented in some European cities.

The bike-sharing system allows users to rent a bike in one of the automatic stations located in the
city, use it during the journey, and return it at the same or any other station. In recent years, systems of
this type have been created in many cities around the world to encourage residents to use the bike as an
ecological mode of transport or as a part of the journey using other modes of transport. The basic idea
of the bike-sharing concept is sustainable transportation. Such systems often operate as part of the city’s
public transport system. They provide fast and easy access, have different business models, and make
use of applied technology like smart cards and/or mobile phones. Table 1 presents the classification of
bike-sharing systems currently functioning in the world, due to their operating principles.

The area systems can be divided into four generations. The first generation (bike-sharing on the
streets) is the Dutch “Witte Fietsplan” (White Bike Plan), which was announced in 1965 in Amsterdam.
Its author was Luud Schimmelpenninck. The purpose of the plan was to provide a maximally simple
to use, widely available communication alternative to growing motorization.

194



Sustainability 2020, 12, 3285

Table 1. The classification of bike-sharing systems currently functioning in the world, due to their
operating principles. Source: Own research based on data presented in [12,13].

Operating Principles of
Bike-Sharing Systems

Bike-Sharing System Description

Point systems

Bike rental and return take place at one or no more than a few points. These
points can be automated or operated by staff. In this case, there are both

typical commercial rentals and public systems that support cycling mobility
by offering free access. A frequent limitation, in this case, is the limited time

of renting and returning bikes within a day.

Area systems

Bike rental and return take place at numerous, any points located on a large
area (usually in the whole area of dense urban development). In this case,

the rental and return procedure is always automated and takes many
different forms. This procedure is not usually hourly limited as in the case
of the point systems. Due to the greatest potential for cycling mobility, this
is the most popular form of the bike-sharing system. Its development can be

grouped into subsequent generations.

Point-area systems

Developed based on a close connection between the bike-sharing system
and public transport operators, most often based on railway stations. In
these systems, bike rental usually takes place at a single point, i.e., at the

railway station node. The return can take place at the rental point but also
by leaving the bike anywhere in the designated area after completing the

appropriate return procedure.

Long-term bike rental systems

These are systems completing the bike-sharing system in the area and
mixed type. These systems based on renting bikes for a longer time (from

months to years). The fee may be one-off or divided into installments in the
amount of part of the costs of buying and utilization a private bike. In

systems of this type, users may be required by the regulations, e.g., to use
rented bikes for a specified number of journeys to nodes and continue the
journey by public transport. These types of systems are a very attractive

alternative to other (open) bike-sharing systems, especially in
less-populated, peripheral urban areas and in isolated towns with smaller
surface and with lower population density. A variant of this type of systems

is the long-term rental of electric bikes.

At that time, it began to create huge spatial and environmental problems on the narrow streets of
Amsterdam [14,15].

The second generation (bike-sharing systems on bail) started in 1995 in Copenhagen under the
name “Bycyclen”. It was the world’s first area-based and automated bike-sharing system consisting of
1000 bikes and 110 bike rental and return stations. The principles of its functioning were a generational
breakthrough: the bike could be rented by placing a coin (deposit) in a special slot. When the bike
was returned, the coin was recovered. Apart from a returnable deposit, the system was free to use.
The system was available 24 hours a day, 7 days a week, from mid-April to November. The bikes
were also specially designed—they were very simplified, they had full wheels without spokes and
consisted of parts of unusual sizes connected by custom screws (to prevent stealing of bikes for parts).
The operating costs of the system were borne by the city of Copenhagen, private companies, e.g.,
Coca Cola, placing ads on bikes, and to some extent the Danish government. The system operator
was a foundation established by the city authorities. The system only allowed movement around
the city center. The users were punishable by a fine when they traveled outside the designated area.
In this way, the supervision of bikes was improved. The problem was that in this way it prevented
the main target group from using the bike-sharing system, i.e., people commuting to the center from
neighboring districts. As a result, the system was mainly for tourists. It was a very recognizable and
valued symbol of the city’s tourist attractiveness [16,17].

The beginning of the third generation (smart docks) can be regarded the creation of the “Bikeabout”
system in the city Portsmouth in England. At first, the system covered classic student rentals. In 1996
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the system was expanded and fully automated by using personal magnetic cards. The introduction of
full user identification for the first time in the history of the bike-sharing systems contributed to the
creation of a system in which no bike has been stolen or damaged. The next step in the development of
the third-generation bike-sharing systems was the appearance of systems characterized by a much
greater range and number of stations. Additionally, the use of teleinformatics was the most important
for supervision and management and introducing relocation to compensate the level of filling the
bikes-sharing stations. France has become a significant area of the evolution of the third-generation
bike-sharing system. In 1998, the “Velo a la Carte” bike-sharing system was launched in Rennes.
It was the first computerized bike-sharing system in the world. This system included 200 bikes,
25 docking stations connected to the central management, three service employees, and a special car for
transporting bikes. The system was available to all residents of the city and neighboring metropolitan
areas and required a personal magnetic card. Using the vehicle was free within two hours of renting.
The business model was based on the public-private partnership of the city authorities with the Clear
Channel advertising group [18,19].

The fourth generation (smart bikes): a feature that distinguishes the fourth-generation bike-sharing
systems is the departure from the “smart dock” idea that allows rental and return bikes in docking
stations, towards “smart bikes”. These bikes have built-in identification, rental, closing, and return
of bikes. The role of the dock is taken over by a bike, which is equipped with an electric lock
and multi-system electronic supervision in real-time (thanks to the GPS (Global Positioning System)
and/or GSM (Global System for Mobile Communications) tracking module). The role of the rental
terminal in the dock was known from the third generation—partly taken over by the smartphone
with Internet access, partly the active rental panel built into the fourth-generation system bike and
powered by dynamos (battery, photovoltaic panel). The second characteristic of the fourth generation,
presented in the literature [20,21], is much greater integration of the bike-sharing systems with public
transport systems and car-sharing systems. It is important to create common channels of remote
access to information and services, integrated tariffs and fees for systems operating in the same area,
and the implementation of integrated electronic access cards (agglomeration city cards, communication,
etc.) [22].

The bike-sharing systems developed around the world in recent years are mainly based on
third-generation systems. In Warsaw (Poland), the Warsaw Bike-Sharing System operates as part of
Warsaw Public Transport, which is organized by the Municipal Road Management. This system began
to operate in 2012 and is a third-generation system. The system’s operator and a contractor is NextBike
Polska sp. z o.o. According to the ranking prepared by the consumer service ShopAlike.pl [23], Warsaw
ranks fourth in Europe in terms of transport-sharing systems. Only Paris, Brussels, and Berlin are more
friendly to bike-sharing, scooter-sharing, and car-sharing systems. In Poland, the first bike-sharing
system was launched in 2011. Since then, the total number of rentals in all systems in Poland amounted
to less than 60 million. Table 2 presents the bike-sharing systems in Poland with the most number of
bike rentals in the years 2011–2019.

Table 2. The bike-sharing systems in Poland with the most number of bike rentals in the years 2011–2019.
Source own research based on data presented in [24].

Name of the Bike-Sharing System
City in which the

System Occurs
System Operation

Start Date

The Number
of Rentals
(millions)

Veturilo—Warsaw Bike-Sharing System Warsaw 1 August 2012 25.6
Wrocław Bike-Sharing System Wrocław 8 June 2011 6.3

Łódź Bike-Sharing System Łódź 30 April 2016 6.0
Poznań Bike-Sharing System Poznań 15 April 2012 4.5
Lublin Bike-Sharing System Lublin 19 September 2014 3.4

BiKeR—Białystok Bike-Sharing System Białystok 31 May 2014 3.1
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The main purpose of this article is to present the results of the analysis of the functioning of
the bike-sharing system in Warsaw. Moreover, this paper presents an analysis of the accessibility to
individual stations, which is made by using isochrones. An important aspect is that the bike-sharing
system has been popular among users and that more people use it. Therefore, a dense network of
conveniently located bike-sharing stations should be provided in the city. Also, the quality of the
bike-sharing system should be an adjustment to the user’s expectations. In connection with the above,
the article also presents the results of the analysis of factors affecting the bike-sharing system usage,
as well as the level of satisfaction connected with the bike-sharing system usage.

2. Literature Review on the Bike-Sharing Systems in the Cities

In Poland, the most important works related to the bike-sharing system belong to the Warsaw
Traffic Study 2015 [25–28]. A traffic model was developed for the Warsaw agglomerations as part of
the Warsaw Traffic Study. The traffic model was divided into three independent models. The third
model is for cycling traffic. The cycling model was prepared according to the principles of the classic
four-stage transport model [29–32]. Part of the first stage was determining the generations and
absorption of individual origins and destinations of the bike traffic stream, for the identified travel
motivations. Then, as part of the second stage, the streams were allocated between individual origins
and destinations of the traffic stream. The last stage was the distribution of traffic flow over individual
transport roads. This model also mapped the bike-sharing stations Vertuilo which allowed the
analysis of travel behaviors of both private bike users and the bike-sharing system Vertuilo users [33].
The research showed that the flow of bike travel is evenly distributed over the Warsaw transport
network. The cyclists choose the main communication routes in both the morning and afternoon peak
hours. Comparing the morning and afternoon peak hours, an increase in traffic can be observed on
selected sections of the network and a decrease in traffic on selected parts of it. In turn, perceived
enablers and barriers of the bike-sharing system in Warsaw according to cyclists and non-cyclists
presented [34]. The results of a public opinion survey about the bike-sharing system in Warsaw in the
first years of its functioning were included in the work of B. Klepackiego and P. Sakowskiego [35].

Due to the fact that the bike-sharing systems became popular in the world only a few decades ago,
scientific literature dedicated bike-sharing systems is relatively new. The scientific papers published so
far, first of all, relate to the establishment, functioning, analysis, and modeling of bike-sharing systems.
The works available in the literature can be divided into several distinct research areas. These are
empirical research on the functioning and use of a bike-sharing system—e.g., M.Z. Austwick et al. [36],
P. De Maio [37], A. Faghih-Imani et al. [38]—or problems of location and capacity of bike-sharing
stations—e.g., I. Frade and A. Ribero [39], J.R Lin and T.H. Yang [40]. Moreover, one can find research
works dedicated to modeling and optimizing the repositioning problem—e.g., T. Raviv et al. [41],
M. Benchimol et al. [42], D. Chemla et al. [43], T. Raviv and O. Kolka [44]—as well as the functioning of
the bike-sharing system and its efficiency in various conditions—e.g., C. Ficker and N. Gast [45], P. Vogel
and D.C. Mattfeld [46]—or bike-sharing usage—e.g., C. Morency et al. [47]. An important group of
works are works dedicated to bike-sharing system usage prediction—e.g., Y. Li and Y. Zheng [48],
Y. Li et al. [49], most often using time series models (e.g., A. Kaltenbrunner et al. [50]), and factors
determining the use of the bike-sharing system—e.g., A. Faghih-Imani and N. Eluru [51], T.D. Tran
et al., [52], or also the positive influence of the bike-sharing system on people’s health and life as well
as the natural environment—e.g., B. Alberts et al. [53], R. Jurdak [54], Y. Guo et al. [55].

Also, in the related literature one can find works that show that the location of stations in densely
populated places and places of concentration of workplaces increases the number of rentals (e.g.,
R. Rixey [56]). A similar pattern can occur in the situation of stations near to schools, universities,
places of concentration of services, and places of entertainment such as restaurants, bars, cinemas,
and shops (e.g., A. Faghih-Imani et al. [57]).

In turn, F. Gonzalez et al. [58], R. Nair et al. [59], A. Faghih-Imani et al. [60] analyzed the influence
of the occurrence of bike-sharing stations at public transport systems such as bus stations, train stations,
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metro stations, and bus stops. The results of these analyses show that the location of the bike-sharing
stations at public transport systems also increases the bike-sharing stations usage.

Analyzing articles on bike-sharing systems, they indicate that the analyses contained in these works
are most often based on data obtained from surveying bike-sharing system users or managers—e.g.,
E. Fishman et al. [61], Y. Tang et al. [62], S. Kaplan et al. [63], or surveying the bike-sharing system
operator—e.g., T. Raviv et al. [41], P. Świerk [64], A. Kurek [65], or online sources of usage at
stations—e.g., P. Jimenez et al. [66], R. Hampshire [67], X. Wang et al. [68].

In cities where bike-sharing systems have been operating for a long time, research has been
conducted to obtain information from bike-sharing system users about the quality of system functioning.
These data can be used by decision-makers to improve the offer and functioning of the bike-sharing
system so that it meets users’ expectations as much as possible. Studies on factors affecting on
bike-sharing system usage as well as the level of satisfaction connected with bike-sharing system usage
have been conducted so far, e.g., Y. Guo et al. [69]. The purpose of this research was to understand
the factors affecting the low bike-sharing system usage in Ningbo (China). Based on their research a
few conclusions connected with planning, engineering, and public advocacy were discussed in order
to increase the bike-sharing system usage in the mentioned city. A similar survey was performed
by L. Caggiani et al. [70]. They proposed an optimization model able to determine how to employ
a given budget to enhancing a bike-sharing system, maximizing global user satisfaction. In turn,
C. Etienne and O. Latifa proposed a model for the bike-sharing system in Paris [71], which identifies
the latent factors that shape the geography of trips, and the results offer insights into the relationships
between station neighborhood type and the generated mobility patterns. G. Manzi and G. Saibene [72]
analyzed the level of satisfaction connected with bike-sharing service usage through surveys carried
out in Milan.

In the literature, there are many different scientific papers about the attempt to determine the level
of satisfaction with the bike-sharing system usage, which were conducted in various cities around
the world, e.g., F. Xin et al. [73] conducted this type of research for Shanghai, D. Efthymiou et al. [74]
for Greece, J. Shi et al. [75] for China. Analyzing these works, it can be stated that the approaches
to conducting research were very different in terms of the method of obtaining data for analysis,
the number of research samples, the manner of conducting analyses, as well as the conclusions obtained.

3. Veturilo—Warsaw Bike-Sharing System

The operator and contractor of the Warsaw Bike-Sharing System (Veturilo) is the company
Nextbike Polska z o.o., which operates under the license of Nextbike GmbH [76]. The Nextbike system
is popular in the world. Currently, it operates in over 200 cities in the world, in 16 countries on
4 continents. In Poland, Nextbike operates in dozens of cities. According to the data from the system
operator, in 2019 in Poland had access for over 8 million people to the bike-sharing system. In Warsaw,
it operates in 17 districts (no system in the Wesoła district) and consists of 377 stations (which 335 are
city stations and 42 are sponsor stations, i.e., financed by private parties) (see Figure 1).

Figure 1 shows statistical data characterizing the number of stations, bikes, users and rentals in
the Veturilo system in Warsaw in 2012–2019.

Figure 2 shows the schematic location of the Veturilo bike-sharing stations in Warsaw. At the
stations are 5337 bikes, which are available in the following types [78]:

• standard;
• children 4+ (dedicated to children over 4 years and 110 cm tall, these bikes have 18-inch wheels);
• children 6+ (designed for children over 6 years and 120 cm tall, these bikes have 20-inch wheels);
• tandem (designed for two people who sit one behind the other. The tandem has one frame and

two wheels, while each person has its own steering wheel, saddle and pedals. The maximum load
of a tandem is 227 kg);
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• electric (equipped with an electric motor, which covers up to 82% of the effort associated with
driving. The battery allows travel from 60 to 130 km. Electric support works at speeds up to
25 km/h);

• bike with cardan shaft (it is not equipped with a chain but with a set of joints that drive the bike.
This type of bike is definitely less emergency than a standard bike with a chain).
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Figure 1. Characteristics of the Veturilo system in Warsaw in 2012–2019; (a) number of docking stations
and bikes; (b) number of bike-sharing systems users and bikes rental. Source: Own research based on
data presented in [76–79].

 

Figure 2. Locations of the Veturilo system stations in Warsaw. Source: Own research based on data
presented in [64,76,78,79].

The children’s bikes are available at selected stations. The children may use these bikes only
in the care of an adult. In turn, the tandem bikes increase the attractiveness of the system in terms
of recreation journey and give the possibility of a joint journey of people with the same origin and
destination. In addition, a tandem is a great solution, e.g., for people with disabilities who can use
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this mode of transport only in this form. In Warsaw, the electric bike has been available for rent since
August 2017 at one of the eleven selected stations. The electric bikes have a separate price list. Renting
an electric bike is more expensive than renting other types of bikes.

To start using the Veturilo system, it is necessary to register as a user in the system. This can be
done in four ways, i.e., by completing the registration form on the website www.veturilo.waw.pl, using
the terminal located at each station, using the Veturilo mobile application, or by contacting the 24-hour
call center.

Then, the newly created account must be topped up with an initial payment of 10 PLN or a credit
card added as a payment method. Account activation is done by clicking on the verification link,
which is sent to the e-mail address provided in the registration. After registering, the user receives an
SMS and an e-mail containing the PIN code. The PIN code together with the user’s phone number are
identifiers in the Veturilo system.

To rent a bike, the "Rental" button must be selected at the bike-sharing station terminal and
the instructions that will be shown on the display must be followed. After completing the rental
procedure, the bike is automatically released from the electric lock. The user can also rent a bike via the
Veturilo mobile application or by contacting the call center. If the bike is secured with a combination
lock, the code displayed on the terminal should be entered. This code is also provided in the mobile
application throughout the bike rental time. The return of the bike is done by connecting the bike to
the electric lock. This is confirmed by a sound signal and a green diode. On the terminal or in the
mobile application the user should check that the return has been made correctly. When all electric
locks are occupied at the station, the user can secure the bike with a combination lock. Table 3 presents
the price list for renting a standard, children, tandem, or electric bike from the bike-sharing system in
Warsaw. The price list also contains information about the number of fines for theft, loss, or destruction
of bikes (Table 4).

Table 3. The price list for renting a standard, children, tandem, or electric bike from the bike-sharing
system in Warsaw system (assuming exchange rate 1 = 4.26 PLN). Source: Own research based on data
presented in [79].

Action/Rental Time
Price List for Renting a Standard,

Child, or Tandem Bike
Price List for Renting an Electric

Bike

During registration to the system 10 PLN (2.35 ) 10 PLN (2.35 )
The first 20 min 0 PLN (0.00 ) 0 PLN (0.00 )

From 21 to 60 min 1 PLN (0.23 ) 6 PLN (1.41 )
Second hour 3 PLN (0.70 ) 14 PLN (3.27 )
Third hour 5 PLN (1.17 ) 14 PLN (3.27 )

The fourth and subsequent hours 7 PLN (1.64 ) 14 PLN (3.27 )
Over 12 h of using the bike 200 PLN (46.95 ) 300 PLN (70.42 )

Table 4. Information about the fines for theft, loss, or destruction of bikes from the bike-sharing system
in Warsaw. Source: Own research based on data presented in [79].

Types of Bicycles The Price List

Standard bike 2000 PLN (469.48 )
Tandem bike 7000 PLN (1643.19 )

Children’s bike 1900 PLN (446.01 )
Electric bike 12000 PLN (2816.90 )
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4. Research Methodology

The main purpose of this work was:

• analysis of the functioning of the bike-sharing system in Warsaw;
• analysis of access to stations;
• analysis of factors affecting bike-sharing system usage as well as the level of satisfaction connected

with bike-sharing system usage;
• surveying preferences among users of the bike-sharing systems.

Data were obtained from the operator Veturilo Nextbike to analyze the functioning of the
bike-sharing system in Warsaw. These data covered the functioning of the system in 2018, i.e.,
from March to November 2018. In order, QGIS (Quantum Geographic Information System)and Open
Street Maps were used to perform the availability analysis. In turn, a survey questionnaire was used
for the analysis of factors affecting the bike-sharing system usage as well as the level of satisfaction
connected with the bike-sharing system. This type of research has been used commonly in transport
engineering. The form and content of the survey questionnaire was developed based on a broad review
of the literature. The reliability of the questionnaire and its internal consistency were checked using
the Cronbach’s alpha coefficient (α) ([80–85]). The value of this factor was α = 0.743, which confirmed
that the constructed questionnaire was a tool that could be used to measure the bike-sharing system
usage as well as the level of satisfaction connected with bike-sharing usage. The final form of the
questionnaire was discussed, assessed, and corrected by an expert team (four independent experts
assessed its layout, readability, style, and transparency of questions). To assess respondents’ answers
a five-point Likert scale was used—from 1 (bad) to 5 (excellent) [86–88]. The average rating for the
questionnaire was 4.5, which confirmed the satisfactory validity of the questionnaire.

The data obtained from the questionnaire were analyzed. The bivariate ordered probit modeling
technique was used to identify the significant factors affecting bike-sharing usage and users’ level of
satisfaction. This modeling technique took into account the correlation between independent variables.
As a result, a conceptual model was obtained consisting of factors related to the bike-sharing system
usage and users’ level of satisfaction. The questionnaire consisted of several parts. In the survey,
respondents answered questions about:

• data that characterized the respondent’s profile: age, gender, occupation, education level, monthly
income, information about having in the household a bike, e-bike, car (and number of them), etc.;

• use of the bike-sharing system (the answers used a three-point Likert scale, where: 1—rarely,
2—medium, 3—often);

• the level of satisfaction of bike-sharing system usage (the answers used a three-point Likert scale,
where: 1—lack of satisfaction, 2—average satisfaction, 3—fully satisfaction);

• travel patterns, including such information as: trip purpose (during weekdays and weekends),
trip mode, travel time, bike-sharing station availability within 500 m near home and
workplace/university, bus stops/tram stops/railway station availability within 500 m near home
and workplace/university;

• perception of the bike-sharing system, including such information as: familiarity with the
bike-sharing system, satisfaction with bike-sharing fees, easiness to check-in and check-out, saving
travel costs by bike-sharing, etc.
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The surveys were conducted among users of the bike-sharing system in Warsaw, around
bike-sharing stations, from 2016 to 2019. All persons participating in the survey had previously
agreed to participate in the survey. The survey was conducted on weekdays and weekends to obtain
a large size and varied answers of the respondents. The random sampling technique was used in
order to select the bike-sharing system users. People over 18 years took part in the survey. A total of
1600 questionnaires were collected. The questionnaires were examined in terms of data correctness
and completeness (e.g., the questionnaires were rejected in which: respondents indicated that they
were using the system for the first time; respondents said that they contained incomplete information;
respondents could not indicate their assessment, e.g., “I do not know”, “I have no opinion of my own”,
“I have not such as situation”). A total of 1584 survey questionnaires remained in the database as a
result of the selection. These data were the basis for analysis.

5. Analysis of the Functioning of Warsaw Bike-Sharing System in 2018

5.1. The Characteristics of System Users and the Structure of Using Bike-Sharing Stations

According to [89], the number of users of the bike-sharing system in Warsaw was 785,000. Figure 3a
shows the age structure of users. The obtained data indicated that most users are between 25 and
35 years old (which is 37.13% of the total, i.e., about 291,500 people). Another numerous age group of
people using Veturilo is the range from 19 to 25 years old. This range is 29.47% of all users (i.e., around
231,500 people). The least numerous group of the bike-sharing system users are elderly people over
the age of 66 (6240 users). The average age of people using the system in 2018 was 32 years.

 
(a) (b) 

Figure 3. (a) Age structure; (b) sex structure of people using Veturilo in Warsaw in 2018. Source:
Own research based on data presented in [77].

Figure 3b shows the gender structure of the bike-sharing system users. The data indicate that
slightly more men (55.5%) than women (44.5%) use the bike-sharing system in Warsaw.

The obtained data also made it possible to state that in 2018 standard bikes were the most often
rented (95.5%) and the least often rented were bikes for children 4+ (which was 0.1% of all rentals—i.e.,
5821 rentals)—see Figure 4a. In turn, Figure 4b presents data on bike rentals on weekdays and
weekends. A total of 72% of all rentals took place on weekdays. In the analyzed period, this was the
majority of all rentals. On weekdays, the bikes were rented on average 22,150 times a day. Weekend
rentals were 28% of all rentals.
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72%

28%

Weekdays Weekend

(a) (b) 

Figure 4. The number of bike rentals from the Veturilo system in Warsaw in 2018 (a) considering types
of bikes; (b) on weekdays and weekends. Source: Own research based on data presented in [77].

Moreover, Figure 5a shows the number of bike rentals from March to November on weekdays
and weekends. The most rentals were in May. In April, June, July, and August, the number of rentals
were at a similar level. From August to November a decrease could be observed in the number of
Veturilo bike rentals. The least rentals were in March and November. It is possible that this was caused
by weather conditions in Poland at this time of the year. The most rentals on weekends took place in
April. The number of rentals decreased in each subsequent month. The least rentals on weekends were
in March and November, as on weekdays.

0

100 000

200 000

300 000

400 000

500 000

600 000

700 000

800 000

M
ar

ch

A
pr

il

M
ay

Ju
ne

Ju
ly

A
ug

us
t

Se
pt

em
be

r

O
ct

ob
er

N
ov

em
be

r

Month

N
um

be
r 

of
 re

nt
al

s [
re

nt
al

]

Weekdays Weekend

0

100 000

200 000

300 000

400 000

500 000

600 000

700 000

00
:0

0:
00

-0
0:

59
:5

9
01

:0
0:

00
-0

1:
59

:5
9

02
:0

0:
00

-0
2:

59
:5

9
03

:0
0:

00
-0

3:
59

:5
9

04
:0

0:
00

-0
4:

59
:5

9
05

:0
0:

00
-0

5:
59

:5
9

06
:0

0:
00

-0
6:

59
:5

9
07

:0
0:

00
-0

7:
59

:5
9

08
:0

0:
00

-0
8:

59
:5

9
09

:0
0:

00
-0

9:
59

:5
9

10
:0

0:
00

-1
0:

59
:5

9
11

:0
0:

00
-1

1:
59

:5
9

12
:0

0:
00

-1
2:

59
:5

9
13

:0
0:

00
-1

3:
59

:5
9

14
:0

0:
00

-1
4:

59
:5

9
15

:0
0:

00
-1

5:
59

:5
9

16
:0

0:
00

-1
6:

59
:5

9
17

:0
0:

00
-1

7:
59

:5
9

18
:0

0:
00

-1
8:

59
:5

9
19

:0
0:

00
-1

9:
59

:5
9

20
:0

0:
00

-2
0:

59
:5

9
21

:0
0:

00
-2

1:
59

:5
9

22
:0

0:
00

-2
2:

59
:5

9
23

:0
0:

00
:2

3:
59

:5
9

Hour [hour]

N
um

be
r o

f r
en

ta
ls

 [r
en

ta
l]

 
(a) (b) 

Figure 5. The number of bike rentals from the Veturilo system in Warsaw in 2018; (a) from March to
November on weekdays and weekends; (b) at particular hours of the day. Source: Own research based
on data presented in [77].

Figure 5b shows the number of bike rentals at particular hours of the day. The largest number of
rentals were between 17:00 and 17:59 and between 16:00 and 16:59. In the following hours, the number
of rentals decreased, up to hours between 04:00 and 04:59, when the number of rentals was the lowest.
Between 07:00 and 11:59, the number of rentals was around 200,000 rentals per hour. In the afternoon
this number increased with each subsequent hour until it was maximum value between 17:00 and 17:59.

Figures 6 and 7 present the number of bike rentals and returns on particular stations.
The most bikes were rented from the stations Arkadia, Plac Wileński, Metro Centrum
Nauki Kopernik, and Al. Niepodległości-Batorego, whereas the least were from the stations
Komandosów-Niedziałkowskiego, Paderewskiego-Dziewanowska, Frontowa—Czerwonych Beretów,
PKN Orlen-Wydawnicza, and Niepołomicka-Chełmżyńska.
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Figure 6. The number of bike rentals from individual stations in the Veturilo system in Warsaw in 2018.
Source: Own research based on data presented in [77].
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Figure 7. The number of bike returns to individual stations in the Veturilo system in Warsaw in 2018.
Source: Own research based on data presented in [77].
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In the case of bike returns, the most bikes were returned to the stations Arkadia, Plac Wileński,
Metro Centrum Nauki Kopernik, and Al. Niepodległości-Batorego. In turn, the least returns were to
the stations Komandosów-Niedziałkowskiego, PKN Orlen-Wersalska, Frontowa-Czerwonych Beretów,
PKN Orlen-Wydawnicza, and Niepołomicka-Chełmżyńska.

The average number of rentals and returns from and to each station was around 16,000
rentals/stations in 2018.

5.2. The Bike-Sharing Stations in the Criterion of Popularity among Users

Figure 8 shows the bike-sharing stations which were the most and the least popular among
system users in 2018. The most popular stations included: Metro Centrum Nauki Kopernik, Arkadia,
Plac Wileński, Al. Niepodległości-Batorego, Port Czerniakowski, Rondo Jazdy Polskiej, Emilii
Plater-Złota, Plac Unii Lubelskiej, Stefana Banacha-UW, Metro Nowy Świat-Uniwersytet, Metro
Świętokrzyska, Rondo ONZ, Sanguszki-Wybrzeże Gdańskie, Al. Jerozolimskie-Emilii Plater, Al. Jana
Pawła II- Plac Mirowski, Metro Dworzec Gdański, Krakowskie Przedmieście-Trębacka, Al. Jana Pawła
II-Grzybowska, Czerniakowska-Gagarina, Plac na Rozdrożu, Rondo Waszyngtona-Stadion Narodowy,
Al. Jana Pawła II-Al. Solidarności, Belwederska-Gagarina, Grójecka-Bitwy Warszawskiej 1920 roku,
Metro Kabaty, Rondo Wiatraczna, Sobieskiego-Chełmska, and Metro Imielin. In turn, the least popular
stations included: Niepołomicka-Chełmżyńska, PKN Orlen-Wydawnicza, PKN Orlen-Wersalska,
Frontowa-Czerwonych Beretów, Paderewskiego-Dziewanowska, Komandosów-Niedziałkowskiego,
Rondo Fieldorfa “Nila”, PKN Orlen-Migdałowa, CH Marywilska 44, PKP Rembertów-Marsa, and PKN
Orlen-Powsińska.

 

Figure 8. The bike-sharing stations; (green) the most popular among users; (red) the least popular
among users in 2018. Source: Own research based on data presented in [77].

As can be seen in Figure 8, in the area of two districts of Warsaw, the bike-sharing stations which
were the least popular among users are located near the bike-sharing stations which were the most
popular among users. In the case of bike-sharing stations located in the Ursynów district, the reason
may be that both the bike-sharing stations which were the most popular among users are located
near the metro line stations. However, the bike-sharing station which was the least popular among
users is located at the Orlen petrol station. Another district in which this is the case is Praga Południe.
The bike-sharing station which was the least popular among users, also as in the previous case,
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is located at the Orlen petrol station. However, the bike-sharing stations which were the most popular
among users located in the same district and on the same side of the Vistula River are located near
public transport stops, which are served by a large number of bus and tram lines. The above analyses
indicate that probably in the case of the most popular among users bike-sharing stations which are
located at metro line stations and public transport stops, users are people who use bike-sharing stations
as a continuation of their journey.

5.3. Pedestrian Accessibility to the Bike-Sharing Stations

The quality of bike-sharing stations functioning depends on, e.g., time of arrival at the nearest
station, the accessible bikes at the station, the technical condition of the bikes, prices for using the bike
as well as cleanliness and equipment of the bike, weather conditions. ArcGIS (Geographic Information
Systems) technologies with the Network Analyst extension were used to analyze pedestrian accessibility
to the bike-sharing stations in Warsaw. It allows realizing various network analyses, e.g., modeling
pedestrian or car movements using existing roads. The areas were designated from which it is possible
to get to the bike-sharing station at the assumed travel time (time distance of 5 and 10 min) only on foot.
Then, the obtained information was compared with data on the location of residential buildings in
Warsaw. This was transformed into indicators showing the spatial extent of accessibility areas and the
number of inhabitants for which access to particular stations is the best. This made it possible to make
a general assessment of the location of stations in terms of the time of arrival using different methods.

The necessary information was used to model the accessibility of the bike-sharing stations
(i.e., vector data illustrating the location of single-family and multi-family buildings accessible in the
Topographic Objects Database, vector data regarding the streets in Warsaw, data illustrating the location
of bike-sharing stations, obtained as a result of a query of the information in the OpenStreetMap [90]
database). The obtained data about the bike-sharing stations were checked and corrected using maps
accessible on Google Maps [91]. Then, the information was converted to GTFS (General Transit Feed
Specification) format by exporting to text. Figure 9 presents the final results of the analysis of pedestrian
access to individual bike-sharing stations in Warsaw in the time category (time distance of 5 and
10 min). This accessibility is marked on the map with isochrones.

(a) (b) 

Figure 9. Pedestrian access to the bike-sharing station in Warsaw; (a) on the assumption of an average
travel time of 5 min to the station; (b) on the assumption of an average travel time of 10 min to the
station. Source: Own research based on data presented in [77].
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On the basis of data presented on Figure 9, it can be stated that pedestrian accessibility to
bike-sharing stations is very good, assuming travel times to the station of 5 and 10 min for stations
located in the city center and some districts distant from the center, e.g., Wilanów, Bródno, and Natolin.
Pedestrian accessibility deteriorates in districts away from the city center, close to the administrative
borders of Warsaw, which is due to the small number of bike-sharing stations in these districts.

6. Analysis of Factors Determining the Bike-Sharing System Usage as Well as the Level of
Satisfaction Connected with Bike-Sharing Usage

6.1. Features of Respondents, Household of Respondents and Travel Patterns

Table 5 presents the results of the cross-tabulation of the respondents in the field bike-sharing
system usage and level of satisfaction connected with bike sharing-system usage. The bike-sharing
system usage was defined as a typical ordinal variable according to three groups: (1) rarely—one–two
days per week, (2) average—three–four days per week, and (3) often—five–seven days per week.
In turn, the level of satisfaction was also defined as a typical ordinal variable according to three groups:
(1) lack of, (2) average, (3) fully.

Table 5. Respondents’ bike-sharing system usage and level of satisfaction connected with using the
bike-sharing system.

Usage
Satisfaction

Total
Fully Average Lack of

Often 229 102 7 338 (21.34%)
Medium 385 212 11 608 (38.38%)
Rarely 325 286 27 638 (40.28%)
Total 939 (59.28%) 600 (37.88%) 45 (2.84%) 1584 (100%)

Respondents who often used the bike-sharing system were 21.34% of the total, while 38.38% of
all respondents were people who used the bike-sharing system an average amount. This value is
comparable to those who rarely use the bike-sharing system (40.28%). The results confirmed that the
bike-sharing system is not used often by users (most of the answers were “average” and “rarely”).

In the case of the level of satisfaction connected with the bike-sharing system usage, it can be stated
that the majority of respondents were fully satisfied with the bike-sharing system and its functions
and they assessed the bike-sharing system at a very high level (59.28%). A total of 37.88% of all
respondents assessed the level of satisfaction connected with the bike-sharing usage at an average
level without indicating the disadvantages or advantages of the system. Meanwhile, 2.84% of all
respondents expressed dissatisfaction with the system. The conclusion is that most of all respondents
positively assessed the functioning of the bike-sharing system.

The questions included in the survey allowed the selection of many explanatory variables
(independent, endogenous). Then, these variables were used to determine their impact (or no impact)
on bike-sharing system usage and users’ level of satisfaction connected with using the bike-sharing
system. Tables 6–9 present information about the characteristics of households of respondents,
travel patterns, and information on the environment in which respondents live (bike-sharing station
availability close to home/workplace/school/university and bus station/tram stop/railway station
availability near home/workplace/school/university (within 500 m)).
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Table 6. Characteristics of respondents.

Variable Characteristics Symbol Frequency Percentage (%)

Gender
Male 1 945 59.66

Female 0 639 40.34

Age group
Young (18–29) 2 682 43.06

Middle aged (30–45) 1 802 50.63
Old (50–70) 0 100 6.31

Level of education

Primary 3 12 0.76
Secondary 2 472 29.80

Bachelor/Engineer 1 693 43.75
Higher 0 407 25.69

Occupation

Student 6 529 33.40
Employee in company or enterprise 5 493 31.12

Self-employed 4 172 10.86
Military 3 12 0.76

Freelance 2 258 16.29
Retired 1 81 5.11
Others 0 39 2.46

Monthly income
(Gross)
(PLN)

>5000 3 251 15.85
4000–5000 2 532 33.59
3000–4000 1 633 39.96
<3000 * 0 168 10.61

* In 2019, the minimum wage in Poland was PLN 2250 gross.

Table 7. Characteristics of respondents’ households.

Variable Characteristics Symbol Frequency Percentage (%)

Owning a car Yes 1 1359 85.80
No 0 225 14.20

Owning bicycle/e-bike in
house

Yes 1 112 7.07
No 0 1472 92.93

Table 8. Characteristics of travel patterns.

Variable Characteristics Symbol Frequency Percentage (%)

Type of means of
transport used for

travel

Walking 5 108 6.82
Bicycle 4 257 16.22

E-bike/motorcycle/Electric scooter 3 21 1.33
Public bus or rail transit 2 567 35.80

Public transport and bike 1 113 7.13
Passenger car 0 518 32.70

Travel time
[min]

<30 2 479 30.24
30–60 1 733 46.28
>60 0 372 23.48

Trip purpose
during weekdays

Work 5 429 27.08
School/University 4 684 43.18

Shopping 3 57 3.60
Spending free time 2 278 17.55

Visiting friends 1 102 6.44
Other 0 34 2.15

Trip purpose
during weekends

Work 5 387 24.43
School/University 4 437 27.59

Shopping 3 162 10.23
Spending free time 2 327 20.64

Visiting friends 1 257 16.22
Other 0 14 0.88
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Table 9. Characteristics of the environment in which the respondents operate (i.e., bike-sharing
station availability close to home/workplace/school/university and bus station/tram stop/railway station
availability near home/workplace/school/university (within 500 m)).

Variable Characteristics Symbol Frequency Percentage (%)

Bike-sharing station availability close to
home/workplace/school/university (within 500m)

Yes 1 484 30.56
No 0 1100 69.44

Bus station/tram stop/railway station availability near
home/workplace/school/university (within 500m)

Yes 1 1208 76.26
No 0 376 23.74

Based on the data contained in Table 6, it can be concluded that the group of respondents was
diverse due to different characteristics such as age, gender, level of education, occupation, and monthly
income. On the other hand, analysis of the data contained in Table 7 shows that the majority of
respondents had their own car and did not have a bike in the household.

In turn, travel patterns included in Table 8 indicated that a significant proportion of respondents
were public transport users or people using a passenger car in their daily travels. These were the
respondents whose travel time usually ranged from 30 to 60 min.

The data in Table 9 indicate the positive characteristics of the environment in which the respondents
operate. The majority of respondents indicated that within 500 m from their place of residence,
workplace, school, university, they could find a bike-sharing station and bus station (or tram stop or
railway station). The above indicates the positive features of public transport in Warsaw.

Table 10 presents the potential independent variables affecting the perception of the bike-sharing
system. These are the variables:

• knowledge of the rules of using bike-sharing systems, i.e., rules of use, fees for use, rules of
technical maintenance when renting and returning a bike;

• acceptance of the fee for using the bike-sharing system;
• the existence of incentives for travel in the city using an ecological form of transport like bikes,

e-bikes, public transport, walking;
• the ability to reduce travel costs by using the bike-sharing system;
• extension of travel time (loss of time) by using the bike-sharing system;
• the ability to adapt the travel route to user needs thanks to the use of the bike-sharing system;
• knowledge about the bike-sharing system obtained from extensive social campaigns, e.g.,

explaining to society the advantages and disadvantages of using the system, transport policy,
potential benefits;

• easy to use the bike-sharing system in terms of registering in the system, paying fees, using a
credit card;

• easy to use the bike-sharing system during bike rental—for the bike rental process up to 5 minutes
(for the process of renting for more than 5 minutes, it was assumed that technical service is
not easy);

• easy to use the bike-sharing system during bike return for the bike return process up to 5 minutes
(for the process of returning for more than 5 minutes, it was assumed that technical maintenance
is not easy).
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Table 10. Potential variables affecting the perception of the bike-sharing system.

Variable Characteristics Symbol Frequency Percentage 
(%) 

Knowledge of the principles of using 
bike-sharing systems 

(i.e., rules of use, fees for use, rules of 
maintenance when renting and returning a 

bike) 

Yes 1 1557 98.30 

No 0 27 1.70 

The existence of incentives for travel in the 
city using an ecological form of transport 

(like bikes, e-bikes, public transport, 
walking) 

Yes 1 251 15.85 

No 0 1333 84.15 

Acceptance of fees for using a bike-sharing 
system 

Yes 1 749 47.29 
No 0 835 52.71 

Extending travel time (loss of time) by 
using a bike-sharing system 

Yes 1 301 19.00 
No 0 1283 81.00 

The possibility of reducing travel costs by 
using a bike-sharing system 

Yes 1 489 30.87 
No 0 1095 69.13 

Knowledge of the bike-sharing system 
obtained from extensive social campaigns 
(regarding, among others, explaining to 

the public the advantages and 
disadvantages of using the system, 
transport policy, potential benefits) 

Yes 1 61 3.85 

No 0 1523 96.15 

The option of adapting the travel route to 
your needs thanks to the use of a 

bike-sharing system 

Yes 1 692 43.69 

No 0 892 56.31 

Easy to use of the bike-sharing system in 
terms of registration in the system, 

payment of fees, use of a credit card 

Yes 1 990 62.50 

No 0 594 37.50 

Easy to use the bike-sharing system during 
the bike rental process up to 5 minutes 

Yes 1 1428 90.15 
No 0 156 9.85 

Easy to use the bike-sharing system during 
bike return measured by the time of the 

bike return process up to 5 minutes 

Yes 1 1390 87.75 

No 0 194 12.25 

6.2. Bivariate Ordered Probit Model Formulation

A bivariate ordered probit model (BOP) is a hierarchical structure of two equations that can be
used to model the simultaneous relationship of two variables. BOP makes it posisble to solve potential
endogenous problems, e.g., the correlation between the explained variable and the explanatory variable
in the model [92]. The bivariate ordered probit model has been used many times in modeling the
variability of the phenomenon occurring in road transport [93–96].

This study aimed to identify factors that simultaneously determine the bike-sharing system usage
as well as the level of satisfaction connected with bike-sharing system usage. Discrete modeling
techniques were used as the dependent variables consist of category variables. At the beginning,
for each observation ordinal data were defined [94–98]:

⎧⎪⎪⎨⎪⎪⎩
y∗i,1 = β1Xi,1 + ei,1, yi,1 = j i f λ j−1 < y∗i,1 < λ j, j = 0, . . . , J
y∗i,2 = β2Xi,2 + ei,2, yi,2 = k i f γk−1 < y∗i,2 < γk, k = 0, . . . , K

, (1)
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where y is the integer ordering, y∗i,1, y∗i,2 are the hidden dependent variables,yi,1, yi,2 are the bike-sharing
system usage results according to the ordinal scale (1, 2, 3) and according to the ordinal scale for level
of satisfaction connected with bike-sharing system usage (1, 2, 3), Xi,1, Xi,2 are vectors consisting of
explanatory variables in two models, β1, β2 are the parameter vectors for estimation, ei,1, ei,2 are the
random error for the models with normal distribution with mean = 0 and variance = 1, i is individual
observations, j is bike-sharing system usage, k is the level of satisfaction connected with bike sharing
usage, λ, γ are the estimated threshold parameters, which define yi,1 and yi,2.

The cross-equation of correlated errors in the BOP model can be written as:

[
ei,1
ei,2

]
≈ N

([
0
0

]
,
[

1 r
r 1

])
, (2)

where r is the correlation coefficient between ei,1 and ei,2.
If random errors have the bivariate normal distribution, a common probability for yi,1 = j and

yi,2 = k can be written as:

P
(
yi,1 = j, yi,2 = k

∣∣∣Xi,1, Xi,2
)
= Pr

(
λ j−1 < y∗i,1 < λ j; γk−1 < y∗i,2 < γk

)
= Pr

(
λ j−1 < β1Xi,1 + ei,1 < λ j; γk−1 < β2Xi,2 + ei,2 < γk

)
= Pr

(
λ j−1 − β1Xi,1 < ei,1 < λ j − β1Xi,1;γk−1 − β2Xi,2 < ei,2 < γk − β2Xi,2

)
= Ψ2

[(
λ j − β1Xi,1

)
, (γk − β2Xi,2), r

]
−Ψ2

[(
λ j−1 − β1Xi,1

)
, (γk − β2Xi,2), r

]
−Ψ2

[(
λ j − β1Xi,1

)
, (γk−1 − β2Xi,2), r

]
+ Ψ2

[(
λ j−1 − β1Xi,1

)
, (γk−1 − β2Xi,2), r

]
,

(3)

where Ψ is the cumulative distribution function.
Parameters in the BOP model can be calculated by maximizing the log-likelihood function and

are given by:

LL =
n∑

i=1

J∑
j=0

K∑
k=0
δ jk

⎡⎢⎢⎢⎢⎣ Ψ2
[(
λ j − β1Xi,1

)
, (γk − β2Xi,2), r

]
−Ψ2

[(
λ j−1 − β1Xi,1

)
, (γk − β2Xi,2), r

]
−Ψ2

[(
λ j − β1Xi,1

)
, (γk−1 − β2Xi,2), r

]
+ Ψ2

[(
λ j−1 − β1Xi,1

)
, (γk−1 − β2Xi,2), r

]
⎤⎥⎥⎥⎥⎦, (4)

where i = 1,2,3, . . . , and n is the size of the sample.
The signs of the factors connected with explanatory variables indicate the positive and negative

effects of the variable on the results. The positive sign means the probability increases of the most
strong result and the probability decreases of the least strong result. In the case of the negative sign,
the opposite is true. These coefficients do not determine the quantitative impact of these variables.
Also, they cannot be interpreted, in particular for intermediate categories. To determine the influence
on intermediate categories, the marginal effects are calculated at the average sample for each category
of explanatory variable Xi,1 for yi,1 as [94,99]:

P(yi,1 = j)
∂Xi,1

=
[
τ
(
λ j−1 − β1Xi1

)
− τ

(
λ j − β1Xi,1

)]
β1, (5)

where P(yi,1 = j) is the probability that bike-sharing system usage is on level j, τ(. . .) is the probability
mass function of the standard normal distribution, j is the levels of importance ordered by integers,
λ is the thresholds.

Thus, the marginal effect of explanatory variable Xi,2 for yi,2 is given as:

P(yi,2 = k)
∂Xi,2

= [τ(γk−1 − β2Xi2) − τ(γk − β2Xi,2)]β2. (6)
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6.3. Bivariate Ordered Probit Model Results

In order to determine the factors affecting the bike-sharing system usage as well as the level of
satisfaction connected with the bike-sharing system usage the bivariate ordered probit model was
determined. Table 6 to Table 8 present the explanatory variables and descriptive statistics. In turn,
Table 9 presents bivariate ordered probit model results. The obtained results show a significant
correlation between the bike-sharing system usage as well as the level of satisfaction connected with
the bike-sharing system usage. The obtained results seem logical and find confirmation in reality.
Regular users of the bike-sharing system were satisfied with the offered services. In contrast to them,
people who rarely used the system indicated its disadvantages. In the final form of the model, variables
were only included which were significant at the 95% confidence level. The correlation parameter was
positive (p = 0.128, p-value = 0.027) which allows us to state that a higher level of satisfaction connected
with bike-sharing system usage could increase the likelihood of the bike-sharing system usage.

Based on Table 11, it can be concluded that there were 12 significant variables in the model of
the bike-sharing system usage and 10 significant variables in the model of the level of satisfaction
connected with the bike-sharing system usage. The bivariate ordered probit model results presented
in Table 11 represent the general direction of influence of factors determining bike-sharing system
usage as well as the level of satisfaction connected with bike-sharing system usage. In turn, Tables 12
and 13 show the numerical values for those variables that had marginal effects for the bivariate ordered
probit model. The most desirable group of respondents were those who were characterized by “often”
bike-sharing system usage and a “fully” level of satisfaction connected with bike-sharing system usage.

Table 11. Bivariate ordered probit model results.

Variable
Bike-Sharing System Usage

Level of Satisfaction
Connected with

Bike-Sharing Usage

β
Standard

Error
p-Value β

Standard
Error

p-Value

Gender 0.315 0.062 0.001 - - -
Monthly income (Gross) 2000–4000 (PLN) - - - 0.462 0.215 0.036

Monthly income (Gross)
4001−∞ (PLN) - - - 0.594 0.273 0.002

Travel time(< 30 min) 0.405 0.123 0.006 - - -
Trip mode (bicycle) 0.701 0.164 0.001 - - -

Trip mode (public transport and bicycle) 0.704 0.178 0.002 - - -
Bicycle/e-bike in household 0.11 0.082 0.023 - - -

Satisfaction with bike-sharing fees 0.312 0.097 0.018 0.572 0.093 0.000
Bike-sharing station close to

home/workplace 0.629 0.201 0.003 0.342 0.171 0.022

Familiarity with bike-sharing system 0.736 0.101 0.001 0.638 0.112 0.034
Saving travel cost by bike-sharing - - - 0.407 0.173 0.022

Encouragement of green travel 0.301 0.250 0.00 - - -
Flexible route by bike-sharing system 0.328 0.152 0.010 0.418 0.162 0.002
Wasting travel time by bike-sharing −0.159 0.101 0.009 - - -

Great effort on the introduction to the
public 0.482 0.146 0.000 0.389 0.099 0.001

Easy to check-in - - - 0.378 0.141 0.002
Easy to check-out - - - 0.302 0.159 0.001

ρ 0.128 0.036 0.027 - - -
μ1 2.789 - - - - -
μ2 4.276 - - - - -
θ1 −0.904 - - - - -
θ2 1.538 - - - - -

Number of observations 1584
Log-likelihood convergence −1622.03
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Table 12. Numeric values for variables that had marginal effects for the bivariate ordered probit model
in the case of bike-sharing system usage.

Bike-Sharing System Usage Rarely Medium Often

Gender −0.1172 0.0463 0.0709
Trip mode (bicycle) −0.2358 0.0250 0.2108

Trip mode (public transport and bicycle) −0.3718 0.0246 0.3472
Bicycle, e-bike in household −0.0983 0.0681 0.0302

Travel time (< 30 min) −0.1426 0.0471 0.0955
Familiarity with bike-sharing system −0.2199 0.1082 0.1117

Bike-sharing station close to home/workplace −0.3018 0.0967 0.2051
Satisfaction with bike-sharing fees −0.0938 0.0429 0.0509

Wasting travel time by bike-sharing 0.0892 −0.0572 −0.0320
Encouragement of green travel −0.1702 0.0857 0.0845
Flexible route by bike-sharing −0.0798 0.0610 0.0188

Great effort on the introduction to the public −0.3219 0.0529 0.2690

Table 13. Numeric values for variables that had marginal effects for the bivariate ordered probit model
in the case of level of satisfaction connected with bike-sharing system usage.

Level of Satisfaction Connected with
Bike-Sharing System Usage

Lack of Average Fully

Familiarity with bike-sharing −0.3081 −0.2138 0.5219
Monthly income (Gross) 2000–4000 (PLN) −0.0078 −0.2394 0.2472
Monthly income (Gross) 4001−∞ (PLN) −0.0143 −0.3192 0.3335

Bike-sharing station close to home/workplace −0.0074 −0.0903 0.0977
Satisfaction with bike-sharing fees −0.0328 −0.2790 0.3118

Flexible route by bike-sharing −0.0085 −0.2014 0.2099
Saving cost by bike-sharing −0.0261 −0.1839 0.2100

Great effort on the introduction to the public −0.0326 −0.2106 0.2432
Easy to check-in −0.0267 −0.1523 0.1790

Easy to check-out −0.0084 −0.0623 0.0707

7. Discussion

The analysis presented in the article makes it possible to state that the bike-sharing system plays
the role of an element enhancing sustainable mobility in the city. The data presented in the paper for
Warsaw (Poland) indicated that from year to year the number of bike-sharing system users increases.
These users are mainly young people in a group of age 19–45, using standard bikes, most often in
the afternoon (from 3:00 p.m. to 9:00 p.m.) and mostly on working days, in the months from April
to September. An important aspect is that the bike-sharing system has been popular among users
and that more people use it. Therefore, a dense network of conveniently located bike-sharing stations
should be provided in the city. Also, the quality of the bike-sharing system should be an adjustment to
the users’ expectations. Hence, this article presented an analysis of the factors the bike-sharing system
usage as well as the level of satisfaction connected with bike-sharing system usage. The results of
the analysis showed that there is a strong positive correlation between these variables. The obtained
results can be helpful for carrying out activities to increase bike-sharing system usage as well as the
level of satisfaction connected with bike-sharing system usage. The analysis presented in this article
allowed us to formulate the following conclusion that respondents do not use often the bike-sharing
system (they asked about the frequency of using the system, the answers “average” and “rarely” were,
respectively, 38.38% and 40.28%), nevertheless, most of the respondents were fully satisfied with the
functioning of the bike-sharing system and assessed it at a very high level (59.28%). A total of 37.88%
of respondents rated the level of satisfaction connected with bike-sharing usage at an average level
without indicating the disadvantages or advantages of the system. Meanwhile, respondents who were
not satisfied with the functioning of the system represented 2.84% of the total. Conducted analyses
allowed us to establish that there is a significant correlation between bike-sharing system usage as

214



Sustainability 2020, 12, 3285

well as the level of satisfaction connected with bike-sharing system usage. The obtained results seem
logical and find confirmation in reality. Regular users of the bike-sharing system are satisfied with
the offered services. In contrast to them, people who rarely use the system indicate its disadvantages.
The correlation parameter was positive (p = 0.128, p-value = 0.027) which makes it possible to state that
a higher level of satisfaction connected with bike-sharing system usage could increase the likelihood of
bike-sharing system usage. Analysis has shown that men use the bike-sharing system 7% more often
than women. The obtained conclusion is consistent with the results of previous research conducted by
E. Fishman [100], J. Pucher et al. [101], C.C. Hsu et al. [102]. Moreover, respondents who indicated that
they have a bike or e-bike in their households more often used the bike-sharing system. This result can
be explained by the fact that those respondents are familiarized with cycling, so they willingly decide to
use a bike during their journey. The marginal effect indicated that the probability of bike-sharing system
usage for this group is about 3% higher than respondents without a bike or e-bike in their household.
This conclusion is consistent with the obtained results by other authors, e.g., by Y. Guo et al. [69].

Respondents used the bike as well as public transport and bike on their daily journey, they often
used the bike-sharing system. Marginal effects indicated that the probability of bike-sharing system
usage increases by about 21%–35% for people who travel with these two modes of transport. Similar
research results are presented in the paper R.B. Noland et al. [103]—metro stations located a short
distance from the bike-sharing stations contributed to increasing the number of trips. In turn,
respondents who indicated that their travel time was less than thirty minutes were 9.55% more
likely to use the bike-sharing system than respondents whose travel time was longer. This conclusion
is also confirmed by earlier scientific papers in which travel time using a bike was usually about
30 minutes [104–106].

In the case that the availability of the bike-sharing stations is in the distance up to 500 m of home,
workplace, school, university, then the probability of “often” bike-sharing system usage increases by
20.51%. Additionally, the probability of full satisfaction connected with bike-sharing system usage
increases by 9.77%. M. Austwick et al. [36], Y. Guo et al. [69], and E. Eren et al. [107] obtained similar
results in their works. They indicated that an increasing number of bike-sharing stations cause
increasing bike-sharing system usage, whereas the authors W. El-Assi et al. [108] indicated that the
distance between stations affects the number of trips using a bike-sharing system.

A total of 11.17% of respondents who knew the rules of the bike-sharing system well used the
bike-sharing system more often. In addition, the probability of their full satisfaction increased by
as much as 52.19%. This conclusion is important because it indicates the need to familiarize the
society with the principles of the functioning and operation of the bike-sharing system. Activities
in this area may be conducted by information campaigns or social consultations. These types of
activities should contribute to increasing the number of bike-sharing system users. Respondents who
accepted and who expressed their satisfaction with the current fees for using the bike-sharing system
were characterized by 5.09% higher probability of often using the bike-sharing system. Additionally,
they were characterized by 31.18% higher probability of full satisfaction connected with bike-sharing
system usage. This conclusion is consistent with the results of the works of A. Faghih-Imani and N.
Eluru [51], and E. Fishman [100]. The results from these scientific studies showed the relationship
between the bike-sharing system usage and respondents financial savings. As shown in the work of Z.
Li et al. [109], people usually minimize travel costs.

Respondents who did not want to incur a loss of time in connection with a cycling trip were 3.20%
less likely to choose this form of transport. In turn, a great effort connected with the introduction
of the bike-sharing system to the city in order to enhance to sustainable mobility also increased the
bike-sharing system usage and level of satisfaction respectively by 26.90% and 24.32%. This conclusion
confirms the effectiveness of existing social campaigns and all other activities aimed at encouraging the
local community to travel using pro-ecological forms of transport and promotes sustainable transport
development. Respondents who were environmentally friendly and who support ecological forms of
transport were 8.45% more likely to often use bike-sharing systems.

215



Sustainability 2020, 12, 3285

Respondents who recognized the flexible route offered to them by the bike-sharing system tended
to use it often and were fully satisfied with bike-sharing system usage. Marginal effects in these cases
show that the probability of often using bike-sharing systems and full satisfaction connected with
bike-sharing system usage increased in this case by 1.88% and 20.99%, respectively. Respondents also
indicated that easy check-in and easy check-out increase the probability of full satisfaction connected
with bike-sharing system usage. In this case, the marginal effects show that the probability of full
satisfaction increased by 17.90% and 7.07%, respectively. Results of analysis also indicated that monthly
income gross was positively correlated with the level of satisfaction connected with bike-sharing
system usage. For the respondents with a monthly gross income of 2000–4000 PLN, marginal effects
showed that the probability of full satisfaction increase by 24.72%. In the case of respondents with
monthly income gross over 4000 PLN the probability of full satisfaction increased by 33.35%. A similar
conclusion was found from research carried out by K.M. Gámez-Pérez et al. [110]. In this work it was
indicated that as the socioeconomic level increases, the likelihood that a person will be a user of a
bike-sharing system decreases.

However, the presented system is not without defects. Its main disadvantages include an
insufficient number of bikes for the disabled, tricycles that could be used by older users, or bikes
with manual drive. In addition, it should consider extending the season by winter, especially in mild
winter. It is also critical to approach children’s bikes and the security level offered by the system
for this type of user. This disadvantage of the system is also the malfunction of bikes and stations,
which the respondents pointed out in their answers. As reported in [111], there were 59,380 reports on
bike defects (which accounted for 0.92% of all rentals) and 22,861 reports of station defects in 2018.
There was also a decrease in the popularity of the bike-sharing system associated with the increase in
the popularity of electric scooters.

In addition, future analysis would have to be done of the city’s configuration which might
contribute to strengthening the obtained results about the most integrated bike-sharing routes, as well
as the level of connectivity within the bike-sharing network. In Warsaw agglomeration, where there
are several transport subsystems (pedestrian, bike, individual, and public transport), ensuring a high
degree of their integration is of particular importance. This integration must consist of the continuous
modernization of transport nodes so that users of the bike-sharing system in Warsaw can get anywhere
and that they have places to park the bike. The customer service systems should be improved that
sometimes does not work well. Particular importance will be attributed to the qualitative change in the
functioning of the main transport nodes related to the railway system and the increase in the number
of stations and bikes at stations. To encourage new customers to use these solutions, the cost of use
should not be forgotten, which must be at a level achievable by every resident. It can certainly be
stated that the Vertuilo system is integrated with other modes of urban transport. It makes it faster
and healthier to arrive at the previously selected destination. Warsaw is perceived as a city which is
cyclist-friendly and choosing innovative solutions that are friendly to the natural environment, thanks
to investments and implementation of new projects in the bike-sharing system.
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Abstract: Roadside bioretention and permeable pavements have proven effectiveness in rainwater
filtration and waterlogging mitigation, but conventional street design approach could not accommodate
their work in conjunction. In this research, possible roadside facilities allowing water transmission
from permeable pavements and bioretention to the pipe system are proposed. Hydraulic properties of
the comprised elements were analyzed, including rainfall intensity, permeable pavements, soil layers
and pipe systems. A transformation method was formulated to obtain a successive time-intensity
formula from conventional design parameters to describe the rainfall behavior, and therefore the water
retention capacity of the bioretention could be considered. A test section of 1.6 km combining permeable
pavements and roadside bioretention was constructed, and its hydraulic performance was predicted
based on the proposed design method and Storm Water Management Model (SWMM). The research
results suggest that the bioretention facilities and permeable pavements cooperate well in the test section.
In a light rain event, the proposed street has favorable performance in rainwater collection and filtration.
In a relatively intense rainstorm event, the street collects and filters water in the initial stage, but will have
similar hydraulic performance to a conventional street once the retention facilities are saturated. Thus,
no reduction in diameters of drainage pipes from conventional designs is suggested in similar projects.

Keywords: permeable pavement; bioretention; simulation; rainwater; hydraulic performance

1. Introduction

Runoff from streets is a main source of water contamination in urban areas, as dozens of
contaminants, typically TSS (total suspended solid), heavy metals and organic contaminants, have
been reported to exist with a considerable amount in runoff from urban roads [1–5]. Characteristics
of the road runoff in the early stage of rainfall events are mainly investigated in related research due
to high density of contaminants [6,7]. Besides, waterlogging is another typical hazard caused by
runoff due to insufficient processing capacity of pipeline system in extreme storm events [8,9]. Several
urban hydrological planning concepts have been introduced for runoff purification and waterlogging
mitigation [10], among which “Best Management Practices, BMPs” [3] and “Low Impact Development,
LID” [1,5] in the United States, “Sustainable Urban Drainage System, SUDS” in Europe and “Sponge
City, SPC” in China [11] have been widely reported and proven to be efficient. In various design
concepts, permeable pavement and roadside bioretention facilities are recommended since they are
more practical and cost-efficient compared to some other facilities; for example, the rain gardens are
limited by space shortage in urban areas, and the green roofs require labor-consuming construction
and maintenance.

Sustainability 2020, 12, 8288; doi:10.3390/su12198288 www.mdpi.com/journal/sustainability
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The permeable pavement was originally introduced to address rainwater membrane on pavement
surface and therefore improve skid resistance for safety while driving [12]; however, its performance in
runoff purification and waterlogging mitigation have been noticed and evaluated [13,14], and several
additives [15,16] have been developed to improve the purification performance of permeable asphalt
concrete. In existing permeable pavement projects, the rainwater in the pavement structure is
collected and discharged to the pipe system despite of the contamination, while it would be favorable
if the collected rainwater could be transmitted to the bioretention for further purification before
the discharge. The roadside bioretention is reported to have the most favorable performance among
all LID practices, and it is usually comprised of designed plants, pipe systems and engineering soil
layers [1,17]. However, the retention capacity of roadside bioretention is not included in existing codes
for street design, therefore it needs to be estimated individually in the design of a street. Several tools
have been developed to predict the runoff treatment and retention performance of bioretention, such
as “National Storm-water Management Calculator, SWC”, “System for Urban Storm-water Treatment
and Analysis Integration, SUSTAIN” and “Storm Water Management Model, SWMM”, which has
developed an LID module in the latest version [18,19]. However, these hydraulic simulation tools are
not specially developed for road engineering and they demand hydraulic backgrounds.

In existing projects, conjunction work of permeable pavement and roadside bioretention is limited,
possibly because their connections need special design to allow rainwater transmission, which is not
included in the present design code, and a practical tool is needed for road engineers to evaluate
the hydraulic performance conveniently and systematically. This paper investigates the possible
solutions for cooperative work of permeable pavement and bioretention facilities. Hydraulics of relevant
elements including the rainfall, pavement, soil and bioretention are analyzed. A transformation method
is formulated to obtain a successive time-intensity formula from conventional design parameters to
describe the rainfall behavior, and therefore the water retention capacity of the bioretention could be
considered. A convenient and practical method is developed to predict the hydraulic performance of
such streets. A test section was also constructed with its hydraulic performance evaluated.

2. Street Structure

The structure and facilities of a typical roadside bioretention are presented in Figure 1. The ponding
volume of the ponding area is controlled by the height of the overflow inlet as shown in Figure 1a.
The vegetation needs special selection since ponding may happen frequently and the soil depth
is limited by the underlying structures. Several herbaceous plants and undershrub such as Zinnia
and Nandina domestica are generally planted instead of traditional street trees. In addition, the resistance
of plants to salt should be considered as salt is usually used as the deicing agent for winter maintenance
of pavement. The bridging layer is composed by medium-sized aggregates to create a separation
between the planting soil and the underdrain facilities. An alternative geotextile as also shown in
Figure 1a may provide a better separation but a potential clogging risk exists.

The washed stone and underdrain (perforated pipes) as shown in Figure 1b are for harvesting
the filtered rainwater which will then be discharged, but in some cases, the water is stored for reuse [20].
When cooperating with compact pavement, the bioretention collects runoff through curbs with holes or
gaps and no additional facilities are required. Permeable pavement has proven efficiency in road safety
improvement, rainwater filtration and increasing the time of concentration, however the connection
with bioretention needs specific design.

As shown in Figure 2a, one practical solution for permeable pavement with roadside bioretention
is setting rain grates and catch-basins beneath the pavement, and introducing the curbs with gaps
for bioretention. For street stability concerns, the permeable base and the permeable subbase are not
suggested for streets although they may be used in sidewalks, parks or other pedestrian occasions;
therefore, the base and the subbase in Figure 2a,b are impermeable. The drainage process for the street
system in Figure 2a with the increasing intensity of a rain event has three stages. In the first stage,
where the rainfall intensity is within the processing capacity of the permeable pavement, rainwater
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is filtered by pavement and collected through the rain grate to the catch basin. In the second stage,
where the rainfall intensity is beyond the capacity of the pavement, the surface runoff develops
and enters the bioretention through gaps or holes among the curbs. The runoffwill then be filtered
by the functional layers and enter the underdrain. In the last stage, where the processing capacity
of the underdrain is saturated, the overflow develops and the rainwater will be collected through
the overflow inlet.

 

Figure 1. Typical structure of roadside bioretention.

 
Figure 2. Connections between permeable pavement and roadside bioretention.

Another practical method is presented in Figure 2b where a discontinuous washed stone layer
is introduced to collect the filtered water from the permeable pavement, and the collected water is
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transported to bioretention through a drain pipe. A longitudinally continuous washed stone strip
or perforated pipe would have more favorable water-collecting performance, but would lead to
compaction problems in the surface pavement; therefore, the traffic loads need to be considered
before utilization. This method is not applicable for thick permeable pavement as a backward
flow from the bioretention to the pavement structure may happen. However, in an urban street
with a thin permeable upper layer, this connection method is suggested since the rainwater from
pavement structures could be filtered further by the bioretention and this method is implemented in
the test section.

3. Method

A hydraulic analysis was conducted on the element concerned in the street design, including
rainfall intensity, pavement and soil permeability, and ponding and overflow in the bioretention.
The computational logic comprising these elements are presented and a calculation procedure based
on C# was developed to help in the calculation.

3.1. Rainfall

In a conventional urban drainage design process, the required processing capacity or flow capacity
(Q, m3/s) of the pipeline system is determined by the expected runoff as follows [21]:

Q = 16.67Aqψ (1)

where A is the catchment area in m2; q is the average rainfall intensity in mm/min; and ψ is the runoff
coefficient, a dimensionless factor taken as the ratio between the runoff and the precipitation. However,
apart from drainage through the pipeline system, the pavement and bioretention can retain a certain
amount of rainwater and mitigate the waterlogging risks. In order to take the retention capacity of
bioretention into consideration, the time-intensity characteristic of the rainfall needs to be obtained,
and a method is therefore formulated to build such time-intensity characteristic based on the average
rainfall intensity (q). In the conventional street design method, the average rainfall intensity (q) is
calculated by an empirical intensity-duration formula as seen in Equation (2) [22].

q =
a

(t + b)c (2)

where t is the duration of rainfall in min; a, b and c are rainfall parameters, varying with meteorological
localities and the return period. If the rain intensity at the moment of time ‘t’ (min) is assumed to be
i(t), the average rainfall intensity, q (mm/min), can be written as:

q =
1
t

∫ t

0
i(t)dt (3)

Taking the derivative of both sides of Equation (3) gives:

q,t + q = i(t) (4)

The rain intensity at the moment of time ‘t’ can therefore written as:

i(t) =
a[(1− c)t + b]

(t + b)c+1
(5)

In this model, the moment with the maximum rainfall intensity needs to be assigned,
and a parameter r % is defined as the percentage of time before the maximum rainfall intensity
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appears, thus rainfall intensity before and after the maximum can be described as Equation (6)
and Equation (7).

itb =
a
[
(1−c)tb

r% + b
]

(
tb
r% + b)

1+c (6)

ita =
a
[
(1−c)ta
1−r% + b

]

( ta
1−r% + b)

1+c (7)

where the variable tb is the time before the moment with the maximum rainfall intensity, min; itb is
the rainfall intensity at tb, mm/min; ta is the time after maximum rainfall intensity, min; and ita is
the rainfall intensity at ta, mm/min.

3.2. Pavement

Hydraulic and mechanical performance of a permeable pavement has been well investigated in
existing literatures to help in design, construction, maintenance and rainwater quality prediction [23]
of permeable pavement projects. The main purpose of permeable pavement is to increase the skip
resistance and filter the rainwater, while the retention capacity of the pavement is relatively limited.
A runoff coefficient (namely the ratio between the volume of discharged rainwater and the precipitation
received by the pavement [24,25]) is used to describe the retention capacity of pavement as shown
in Equation (8). Considering structural differences among driveways, bicycle lanes and sidewalks,
different runoff coefficients can be assigned to individual lanes in the calculation procedure.

f =

∑
fnwn∑
wn

(8)

where f is the weighted average runoff coefficient, dimensionless; fn is the runoff coefficient of the nth
pavement, dimensionless; and wn is the width of the nth pavement, m. It should be mentioned that
porous asphalt may gradually lose permeability due to void blocking and compaction, which could
be reflected by an increased runoff coefficient. Therefore, Equation (8) is also valid in characterizing
the hydraulic performance of pavement after long-time services.

3.3. Soil and Ponding Area

Soil layers are the main media for water filtration in the bioretention and several researches
have been conducted for the filtration improvement. Aggregates including the bridging layer
and the washed stone are also treated as soil in the design. Ponding happens when the soil layers are
saturated. The relationships between the soil permeability, rainfall intensity and ponding are presented
in Figure 3. The soil permeability will decrease with water content until saturation. Several theories
have been developed to describe the relationship, such as Horton’s infiltration model [26]. The soil
permeability is presented by a decreasing dashed line in Figure 3 and the saturated permeability is
indicated by a horizontal dashed line. A storm event with constant rainfall intensity is presented in
the figure by a horizontal line.

Three stages can be observed from Figure 3. In stage 1, the permeability of soil layers exceeds
the rainfall intensity. In this stage, no ponding develops and the volume of water infiltrated is determined
by the rainfall intensity. All water is absorbed by soil particles and no infiltration happens [27]. In stage
2, the rainfall intensity exceeds the soil permeability but ponding does not happen immediately
and the excessive water will fill the voids in the soil. In stage 3, the voids are filled gradually
and a bottom-top saturation happens in soil layers. Ponding develops gradually and the retention
capacity of the ponding area is calculated as the volume of a quadrangular frustum pyramid considering
the longitudinal slope of a street. Concrete dams could be constructed to contain more water if the slope
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is relatively sharp [1]. In the calculation procedure, two individual infiltration rates (before and after
saturation) can be assigned to each soil layer [26].

Figure 3. Relationships between soil permeability, rainfall intensity and ponding.

3.4. Overflow

When the retention capacity of the ponding area is exceeded, overflow enters the drainage system
through the overflow inlet without soil filtration. A hanging basket is usually installed at the overflow
inlet for retention of leaves and major solid objects. Overflow capacity is determined by the discharge
capacity of the pipe outlets, which can be predicted by the full pipe flow equation, an adapted version
from Manning’s formula, as shown in Equation (9) [28]. The discharge capacity of the perforated pipes
collecting in the underdrain is also calculated by Equation (9), while the Hazen-Williams equation [29]
need to be introduced if pumps are utilized in drainage.

C =
πd2
√

S
4n

(
d
4
)

2
3

(9)

where C is the discharge capacity, m3/s; d is the pipe diameter, m; n is the Manning’s roughness
coefficient, dimensionless; and S is the pipe slop, dimensionless.

3.5. Computational Logic

The computational logic of the calculation procedure is presented in Figure 4. Rainfall parameters
(i.e., the average rainfall intensity (q) and the percentage of time before the maximum rainfall intensity
(r)) are input at the beginning of the procedure, and these parameters are turned into a time-intensity
series (i.e., a series of rainwater volume by minutes) according to Equations (6) and (7). The rainwater
enters the bioretention after a reduction of pavement structures by weighted average runoff coefficient
(see Equation (8)). In the computational logic, the rainwater is then absorbed by the soil layers
and the status of the soil layers is judged after absorption of the rainwater produced in one minute,
where the depths of different layers, permeability (i.e., infiltration rate) and water content for saturation
need to be provided. The perforated pipe starts to work if all soil layers reach their field water capacity,
and the discharge capacity of the pipe is determined by Equation (9). Ponding takes place when the soil
layers are saturated or the infiltration rate is insufficient. Excessive water enters the drainage system
directly through overflow inlet if the total ponding capacity is saturated. Also, the discharge capacity
of the outlet pipes is determined by Equation (9). The calculation is realized by a software based on C#.
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Figure 4. Computational logic of the calculation procedure.

4. Shi-Yang Street Project

4.1. Project Description

The test section is located at Nanjing (32.06◦ N, 118.80◦ E), Jiangsu Province, China. The city
has a humid subtropical climate with damp conditions throughout the year and the waterlogging
risk is a major concern in its urban planning. For example, several severe waterlogging events
have been witnessed in recent years [9]. Shi-yang Street project is adjacent to the Qin-huai River,
an important water system and scenery spot, as presented in Figure 5. Runoff from the street is
collected and discharged to the Qin-huai River, which may intensify the waterlogging and bring
contaminations to the river. Thus, a bioretention was constructed to improve the water quality
and mitigate waterlogging problem.

 
Figure 5. Project location.

This project had a total length of 3.1 km including a test section of 1.6 km that combined
the permeable pavement and roadside bioretention. The total width of the street was 45 m, including
sidewalks of 3.5 × 2 m, bicycle lanes of 3.5 × 2 m, driveways of 11.5 × 2 m, roadside bioretention of 2.5
× 2 m. The median divider with a width of 3 m was also used as a bioretention and was referred to
as median bioretention. Permeable asphalt (PA) concrete with a nominal maximum aggregate size
(NMAS) of 13.2 mm (i.e., PA-13) was utilized in bicycle lanes. High-viscosity asphalt was used for
the PA-13 pavement and had a kinetic viscosity (60 ◦C) of 1.43 × 105 Pa·s and a softening point of 91 ◦C.
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Underlying drainage pipes were installed inside the PA pavement to collect water. Dense graded
asphalt concrete (AC) pavement was used in driveways considering heavy traffic loads. The NMAS
for the AC was also 13.2 mm and the concrete was therefore referred as AC-13. The asphalt used for
the AC concrete was styrene-butadiene-styrene (SBS) modified asphalt (PG 76–22). The air void ratios
for the PA and AC concretes were 18.5% and 4.2%, respectively. Rutting resistance of the PA and AC
concretes used in this test section in dry or saturated conditions was evaluated by repeated loading
tests as described in literature [30], where cyclic pressure up to 700 kPa was applied to PA and AC
concrete specimens in dry and saturated conditions and the increase in the strain of the specimens
per load cycle was used as the indicator for rutting resistance, a slow increase in strain indicated
superior rutting resistance. The results showed that for PA specimens, the ratio was 1.99 με/cycle in
a dry condition and 3.41 με/cycle in a saturated condition, while for AC specimens, it was 0.08 με/cycle
and 0.13 με/cycle in dry and saturated conditions respectively. The results suggest that AC concrete
has much superior resistance to rutting than PA concrete, and rainwater is unfavorable for both types
of concrete in terms of rutting resistance. Therefore, pavement structures were not suggested for
rainwater retention and the rainwater needs to be drained out. PA concrete was not used in driveways
for heavy traffic loads.

Traditional rainwater grates were replaced by gaps (0.3 m wide) between curbs to collect runoff
from driveways and bicycle lanes. Ponding areas had a maximum depth of 15 cm while the overflow
inlets were 5 cm above the planting soil. Charcoal (2%, by volume) was added to planting soil
for water filtration. The total depth of the soil layers was about 70 cm including a geotextile layer
and a 15 cm washed stone layer that contained a perforated pipe with a diameter of 10 cm. It should
be mentioned that the proposed design increased the construction cost by only about 3%, mainly due
to the added charcoal.

Construction details of the test section are presented in Figure 6. The main differences between
the test and conventional street constructions lies in the permeable bicycle lanes and the roadside
bioretention. Figure 6a shows the overflow inlet and general structure of the under layer of soil layers.
The washed stone layer lies between a permeable geotextile and a waterproof layer. Connection
between the overflow inlet and the drainage system is presented in Figure 6b, and the perforated pipe
in washed stone layer can be observed. The inlet lid and filtering basket, as shown in Figure 6c, were
set for retention of solid wastes in relatively large sizes. In street section with a sharp longitudinal slope,
concrete dams as shown in Figure 6d were constructed to accommodate more rainwater. Relative
narrow curb gaps, as shown in Figure 6e, were used since the longitudinal slope was small in the test
section. Underlying pipes collecting water filtered by the permeable pavement were set as shown in
Figure 6f.
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Figure 6. Details in construction: (a) soil layers; (b) connection to drainage system; (c) outflow inlet;
(d) concrete dams; (e) curb gap; (f) pipe under permeable pavement.

4.2. Systematic Hydraulic Evaluation Based on SWMM

To show the working process of Storm Water Management Model (SWMM) and compare
the hydraulic performance of conventional street and the proposed street design, models for the test
section and a conventional street (i.e., a street without bioretention or permeable pavement) were
established. The rainfall intensity formula of Nanjing issued by Nanjing Urban Administration Bureau
is shown as Equation (10). It should be noted that Equation (10) is a specific case of Equation (2).

q =
64.3(1 + 0.8367lgP)

(t + 32.9)1.011
(10)

where q is the rainfall intensity, mm/min; P is the return period; and t is the time duration of rainfall, min,
taken as 120 min in the models. The return period is 5 years and the duration of the rainfall is 120 min.

The model based on SWMM for the street region, including catchment area, nodes and partition,
is shown in Figure 7. Eight nodes were selected for analysis, where nodes Y9, Y13, Y26 and Y27’ were
overflow inlets in the test section or drainage system inlet in a conventional street; nodes Y19’J and Y29J
were rainwater grate locations on driveways; and nodes Y29F and Y30’F were curb gaps on bicycle
lanes. Flow volumes of the selected nodes were simulated to evaluate the waterlogging mitigation
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effect of the test section. In the modelling of the conventional streets, the pavement and the roadside
strip were modelled as impermeable and the rainwater was all collected by the pipe system.

Figure 7. Storm Water Management Model (SWMM) model for the test section.

According to the results from SWMM, flow volumes of all selected nodes in the conventional street
and the test section during a typical rainstorm with a return period of 5 years and 120-min duration (peak
rainfall intensity 2.98 mm/min) are shown in Figure 8. As shown in Figure 8a–d, flow volumes of overflow
inlets or the drainage system were only slightly reduced in the test section, indicating the effectiveness of
these LID infrastructures in waterlogging mitigation during a relatively intense storm (for example with
a 5-year return period) is limited. Thus, the same requirements for pipe diameters and slope gradient
are still necessary. While curb gaps in driveways, as shown in Figure 8e,f, will have higher loads than
conventional street due to less favorable drainage efficiency of curb gaps than rainwater grates, curb gaps
have less blocking risks, thus they have less performance degradation in use. Flow volumes of curb gaps
on bicycle lanes, as shown in Figure 8g,h, were obviously reduced as permeable materials are introduced
in sidewalks and bicycle lanes. Both peak flow volume was reduced by about 52%.

  
(a) Node Y9 with overflow inlets (b) Node Y13 with overflow inlets 

  
(c) Node Y26 with overflow inlets (d) Node Y27’ with overflow inlets 

Figure 8. Cont.
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(e) Node Y19’J with rainwater grate location in 

driveways 
(f) Node Y29J with rainwater grate location in 

driveways 

  
(g) Node Y29F with curb gaps on bicycle lanes (h) Node Y30’F with curb gaps on bicycle lanes 

Figure 8. Flow volume of selected nodes.

4.3. Evaluation Based on the Proposed Calculation Procedure

Based on the proposed calculation procedure, a conventional street and a test section of 250 m
were considered. The 0.55-m thick planting soil layer was divided into a 0.25 m layer and a 0.3 m
layer to show the permeation process in soil layers. The street slope and pipe slope were taken as
0.3%. The diameter of the drainage pipe was taken as 0.6 m and the roughness coefficient was 0.2.
A relatively intense rainstorm and a light rain were generated by Equations (6) and (7) with return
periods of 5 years and 0.2 years respectively. For conventional streets, the pavement and the roadside
strip were set as impermeable and the rainwater was all collected by the pipe system. The maximum
intensity of the rainfall events were set at the 48th min.

According to the results from the proposed calculation procedure, flow volumes of the drainage
pipes at a 5-year return period are shown in Figure 9a. During a 120 min rainfall, the soil layers
and ponding area absorbed all rainwater in the first 34 min and no water entered the drainage system,
but after the retention infrastructures were saturated, the hydraulic performance of the test section
was almost the same as a conventional street. The result accords with the simulation results from
the SWMM model. The slight flow reduction in the later period can be attributed to the runoff reduction
by permeable pavement. Pavement runoff in the first several minutes are highly contaminative, thus,
from the point of water filtration, the facilities are meaningful.

However, the test section had much better performance in the 0.2-year return period rainfall as
depicted in Figure 9b. The drainage pipes began to collect rainwater at the 51st min and the peak
flow was reduced from 7.1 m3/min to 4.0 m3/min. Meanwhile, the time when peak flow happens was
delayed by 4 min from the 48th min to the 52nd min. Details in soil layers under the 120 min rainfall
with 0.2-year return period are presented in Figure 9c. The upper layer of the planting soil reaches
field water capacity at the 36th min and is saturated in the 50th min. Ponding area was filled up within
2 min after all soil layers were saturated and the facilities lose further retention capacity.
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Figure 9. Details of street hydraulics: (a) 5-year return period; (b) 0.2-year return period; (c) details in
soil layers.

5. Conclusions

This paper proposes a street structure with permeable pavement and roadside bioretention.
Detailed design for connection facilities between the pavement and bioretention is presented.
A convenient calculation procedure was developed to predict the hydraulic performance of such street
structures. A test section was also built. Simulation through the SWMM model and a calculation
by the proposed procedure were conducted to compare the performance of the test section with
a conventional street. Several conclusions can be drawn as follows:

1. The bioretention facilities are able to collect the runoff at the initial stage of rainfall with different
intensities. Therefore, the runoff at the initial stage containing a relatively higher amount of
contaminants can be filtered and retained.

2. The test section has favorable performance in rainwater collection for light rainfall (with short
return period or duration). For example, in a 120-min rainfall event with 0.2-year return period,
the peak flow is reduced from 7.1 m3/min to 4.0 m3/min, and no overflow develops in the first
50 min.

3. For a relatively intense rainstorm (e.g., with a return period of 5 years), the proposed structure
has only water filtration function while the effectiveness of waterlogging mitigation is quite
limited. No reduction in diameter of drainage pipes is suggested. While the volume and quality
of the rainwater including influx and outflow in the test section would be monitored after
construction to evaluate the actual effectiveness of the facilities in retention and purification
of rainwater.
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Abstract: The thermal storage stability of styrene–butadiene–styrene tri-block copolymer modified
bitumen (SBSPMB) is the key to avoid performance attenuation during storage and transportation
in pavement engineering. However, existing evaluation index softening point difference within
48 h (ΔSP48) cannot effectively distinguish this attenuation of SBSPMB. Thus, conventional physical
indexes, rheological properties, and micro-structure characteristics of SBSPMB during a 10-day
storage were investigated in this research. Results showed that during long-term thermal storage
under 163 ◦C for 10 days, penetration, ductility, softening point, recovery rate (R%), and anti-rutting
factor (G*/sinδ) were decayed with storage time increasing. This outcome was ascribed to the phase
separation of SBS, which mainly occurred after a 4-day storage. However, ΔSP48 after a 6-day
storage met the specification requirements (i.e., below 2.5 ◦C). Thus, the attenuation degree of asphalt
performance in field storage was not effectively characterized by ΔSP48 alone. Results from network
strength (I) and SBS swelling degree tests revealed that the primary cause was SBS degradation and
base asphalt aging. Moreover, conventional indexes, including penetration, ductility, and softening
point, were used to build a prediction model for rheological properties after long-term storage
using partial least squares regression model, which can effectively predict I, R, Jnr, G*/sinδ, and SBS
amount. Correlation coefficient is above 0.8. G*/sinδ and I at the top and bottom storage locations
had high coefficient with SBS amount. Thus, phase separation of SBSPMB should be evaluated
during thermal storage.

Keywords: polymer-modified asphalt; thermal storage stability; relationship between macro performance
and micro structures; partial least squares regression

1. Introduction

Styrene–butadiene–styrene tri-block (SBS) polymer-modified bitumen (PMB) (i.e.,
SBSPMB) has been applied globally in road pavements owing to its superior performance.
Compared with polyethylene (PE), styrene butadiene rubber (SBR), and ethylene-vinyl
acetate (EVA), SBS can provide outstanding stiffness and elastic recovery characteristics
over a wide temperature range to conventional asphalt [1,2]. SBSPMB also serves in porous
pavement for sustainability of urban environment [3,4], thus, this binder has dominated
the PMB market. However, SBS copolymers are far from perfect. The poor storage stability
of SBSPMB remains a crucial but difficult challenge to be addressed.

The poor storage stability of SBSPMB often results from poor compatibility between
SBS polymers and bitumen, which is controlled by the different properties of polymers and
bitumen, such as density, molecular weight, polarity, and solubility [5]. Poor compatibility
leads to phase separation between SBS and asphalt [6–8]. Actually, SBS has a biphasic
morphology composed of polystyrene (PS) and polybutadiene (PB), in which rigid PS and
flexible PB are the dispersed and continuous phases, respectively [9,10]. When a suitable
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amount of SBS is added into asphalt, PB can be swollen by the light components in asphalt
but PS is pure without change. The combination of the hardness of PS and softness of PB
could form a rubbery supporting network in the asphalt, and increase the anti-rutting, anti-
cracking, and elastic response to the asphalt matrix. The strength of this physical crosslink
network comes from intermolecular forces [11]. Thus, it is easily destroyed by heat and
oxidation because of the presence of double bonds and hydrogen in the α- position (α-H)
in PB blocks [12] and loss of the light components of asphalt [5]. Zhu believed that density
difference was one of the causes of PMB instability in the gravity field [13]. Consequently,
an extensive rule for SBSPMB is that SBS is partially swollen by the light components of
bitumen to form a thermodynamically unstable but kinetically stable system. Nevertheless,
this kinetically stable system is a type of metastable state in the gravity field. Lastly, phase
separation resulted in a worse performance for SBSPMB during thermal storage, which is
called segregation in road engineering.

Therefore, segregation is a crucial issue in PMB. Numerous studies have concentrated
on preventing the segregation of SBSPMB, including optimizing the production process,
grafting modifier, or adding stabilizers. Ali found that the mixing time during the blending
process of the polymer and asphalt had a significant influence on the polymer particle
distribution [14]. Fu reported that SBS-g-M grafted with vinyl monomer under c-rays
irradiation could significantly improve the storage stability of SBS-modified asphalt [15].
Ren adopted SBS latex to avoid the segregation of SBSPMB [16]. Among many technologies,
sulfur or polymerized sulfur is a common stabilizer for SBSPMB [17–19]. Sulfur is a
chemically coupling polymer and bitumen through sulfide or polysulfide bonds, that leads
to polymer molecule crosslinking, and provides considerably stronger interactions to form
a stable polymer network compared with the physical ones [5]. Aromatics-rich oil (light
components) is also a frequently used way to improve SBS swelling that decreases the
segregation of SBSPMB [20,21]. Also, there is a side effect of the use of sulfur, as some
studies have indicated that there was some element of insoluble sulfur in the vapour
produced during the process of mixing and dumping of the asphalt mixture which could
have bad effects on the safety of workers, particularly effects on the eyes and skin. Thus,
antioxidants [22], nanomaterials [10,23–25], and other functionalization of polymers [24,26]
are proposed. Overall, sulfur stabilizers remain the most widely used.

Extensive effort has been focused on the effective evaluation indexes on segregation.
This method aims to extensively use closed aluminum toothpaste tubes at 163 ◦C to mimic
the storage and transportation conditions of SBSPMB [19]. The softening point difference
after a 48-h storage period (ΔSP48) of SBSPMB in the top and bottom 1/3 part of the tube is
the most popular control index used to evaluate PMB stability. However, this conventional
index is insufficient to identify whether or not PMB is stable, particularly for long-term
storage. Thus, Zhu introduced a phase-field method to capture the phase separation of
SBSPMB [27]. Liang used fluorescence microscopy (FM) combined with the phase field
model to describe the SBS-phase distribution during storage [28]. Singh reported the
rheological property changes with storage time [29]. Typically, each asphalt tank truck can
load approximately 40 tons of asphalt. However, using a truck of asphalt in pavement
engineering in a short time is difficult, particularly during bad weather. Therefore, before
asphalt mixture mixing, SBSPMB is exposed to elevated temperatures (100–180 ◦C) in
closed metal containers with vents for a long time [30], occasionally for over a week.
However, only a few studies have focused on the performance decay of SBSPMB during
long-term thermal storage.

This study aims to identify the macro-performance and micro-characteristics attenu-
ation of SBSPMB during long-term storage to control the quality of SBSPMB in the field.
Segregation test was conducted to simulate the thermal storage procedure. First, macro-
performance was used to determine the conventional and rheological index attenuations as
storage time increases, which were obtained from softening point, multi-stress creep recov-
ery, and small strain oscillatory rheological tests. Second, micro-characteristics of the SBS
degradation during storage were investigated via attenuated total reflection infrared spec-
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troscopy (ATR-FTIR), FM, and atomic force microscopy (AFM). Lastly, a grey relation was
used to determine the relationship between macro-performance and micro-characteristics,
and the partial least squares (PLS) method was used to predict rheological properties based
on conventional physical indexes. This research will be beneficial in markedly improving
our understanding of the durability of PMB and controlling its quality in the field.

2. Materials and Methods

2.1. Materials

The grade of base asphalt used is Penetration 70 dmm (marked as A70#). A linear
type SBS with molecular weight 110,000 g/mol was used in this research. Commercial
sulfur stabilizers were used as asphalt stabilizers. The properties and characteristics of
base asphalt and SBS modifier are listed in Table 1.

Table 1. Properties and characteristics of base asphalt and SBS modifiers.

Base Asphalt
Ductility @ 10 ◦C/cm

Softening
Point/◦C

Penetration @ 25 ◦C/dmm

38 49 70

SBS
Modifiers

Type Size
Polybutadiene

Content/%
Polystyrene
Content/%

Molecular
Weight/g·mol−1

Linear 20 mesh 70 30 110,000

The SBSPMB was prepared using a high-shear mixer (WeiYu Machine Co., Ltd.,
Shanghai, China). Base asphalt was heated at 160 ◦C for improved flow. SBS polymers
(4.5 wt.% by asphalt weight) were added to the asphalt at 175 ◦C for 30 min at a fixed
rotation speed for 3000–3500 r/min. Thereafter, asphalt stabilizer (0.25 wt.% by asphalt
weight) was added into the mixtures at 180 ◦C for 5 min. Finally, it was polymer swelling
at low temperature and shearing speed to prevent base asphalt aging, and the swelling
conditions were 165 ◦C, 60 min at a fixed rotation speed of 2500 r/min.

2.2. Methods

The entire experimental design is summarized in Figure 1. Long-term thermal storage
samples were obtained from segregation test in accordance with ASTM D 5975. The storage
time was 0, 2, 4, 6, 8, and 10 days.

Figure 1. Experimental design flowchart.
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This figure shows that storage samples were obtained from segregation tests in ac-
cordance with ASTM D 5975. However, the storage time was not only 48 h. Macro-
performance testing of SBSPMB included conventional physical and rheological indexes.
Conventional physical indexes were obtained by softening point, penetration at 25 ◦C, and
ductility at 5 ◦C, which were in accordance with ASTM D2398, ASTM D 5, and ASTM D 113,
respectively. Softening point difference (ΔSP48) was obtained from ASTM D5976. Rheolog-
ical indexes were obtained from a Multiple Stress Creep Recovery Test (MSCR) and small
strain oscillatory rheological test. MSCR was used to determine irrecoverable compliance
(Jnr), recovery rate (R%), and accumulative strain in accordance with ASTM D7405-10a.
Small strain oscillatory rheological test was used to obtain the complex modulus (G*) and
phase angle (δ) on the dynamic rheological remoter (DSR) at 70 ◦C.

Micro-characteristics included experiments conducted using ATR-FTIR, FM, and AFM.
ATR-FTIR experiments performed on a TENSOR II instrument (Bruker, German) were used
to determine the SBS characteristic peak changes, which occurred during the SBS PMA
storage process. FM was used to observe the SBS-rich phase distribution, and AFM was
used to identify the particle characteristics of the SBS-rich phase. FM was conducted on a
DM 2500 system (Leica, German) and AFM was performed using a Dimension Fast Scan
system (Bruker, German). Digital imaging technology was used to find the SBS swelling
degree and particle characteristic indexes. For FM, the ultraviolet light type used was blue
violet light, the magnification times of the ocular glass was 10×, and that of the object
glass was 40×. Asphalt films for FM and AFM were obtained by using the heat-casting
method. Hot asphalt binder was cast into glass slides to achieve effective flow with a
heating temperature of approximately 160 ◦C. Bitumen-covered sample holders were left
overnight at room temperature before testing.

3. Results

3.1. Macro Performance Indexes
3.1.1. Conventional Physical Indexes

Changes in conventional physical indexes as storage time increases are shown in
Figure 2. Softening point was typically iso-viscous temperature, penetration was iso-
temperature viscosity, and ductility was used to identify the low temperature flexibility of
SBSPMB.
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Figure 2. Performance evaluation of SBS modified asphalt based on conventional indexes. The error bar represents the
standard deviation of the results of two separate tests. (a) Conventional index at top and bottom part during storage.
(b) Softening point difference within 48 h.

As shown in Figure 2a in the top part of SBSPMB, softening point was increased
initially and decreased thereafter, penetration was decreased and increased, and peak
values ocurred on the 4th and 6th days. Moreover, Figure 2a shows that the softening point
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at the bottom of SBSPMB was increased and then decreased, and the peak happened on
the 2nd day; and penetration was decreased and then increased, and the valley value was
seen on the 2nd day. Ductility was decreased at all times either in the top or bottom part.
Thus, long-term storage results in decreased flexibility at low temperature but increased
viscidity at high temperature.

In Figure 2b, the max value of ΔSP48 was observed on the 4th day, thereby demon-
strating the occurrence of the heaviest segregation or phase separation. However, ΔSP48
was decreased after a 4-day storage. The reason is that all softening points at the top and
bottom decreased, indicating a lack of phase separation improvement. On the 8th and
10th days, ΔSP48 satisfied the specification requirement of SBS I-C of China (i.e., below
2.5 ◦C). Asphalt crusts were extremely issues after a 10-day storage, as shown in Figure 2b.
Thus, the attenuation degree of asphalt performance in field storage was not effectively
characterized by ΔSP48 alone.

3.1.2. Rheological Indexes from MSCR

Accumulated strain, Ravg, and Jnravg of three modified asphalts were selected to
determine the creep characteristic differences of SBSPMB during long-term thermal storage,
as shown in Figure 3.
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Figure 3. Accumulated strain, Ravg, and Jnravg of samples with different storage time. The error bar represents the standard
deviation of the results of two separate tests. (a) Accumulated strain at 3.2 kPa at the top of SBSPMB; (b) Accumulated strain
at 3.2 kPa at the bottom of SBSPMB; (c) Average recovery rate at 0.1 kPa and 3.2 kPa; (d) Average irrecoverable compliance
at 0.1 kPa and 3.2 kPa.

Equations (1) and (2) were used to obtain the values of Ravg and Jnravg, respectively:

Ravg =
R0.1kPa + R3.2kPa

2
(1)
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Jnravg =
Jnr0.1kPa + Jnr3.2kPa

2
(2)

where R0.1kPa is the recovery rate at 0.1 kPa, R3.2kPa is the recovery rate at 3.2 kPa, Ravg
is the average value of R0.1kPa and R3.2kPa, Jnr0.1kPa is the irrecoverable compliance at
0.1 kPa, Jnr3.2kPa is the irrecoverable compliance at 3.2 kPa, and Jnravg is the average value
of Jnr0.1kPa and Jnr3.2kPa. For accumulated strain, the results in Figure 3a,b show that the
accumulated strain increased with an increase in storage time either at the top or bottom of
SBSPMB. A larger accumulated strain demonstrated worse elastic recovery ability at high
temperature. The results in Figure 3c,d verify this conclusion. The value of R decreased
as storage time increased, while the Jnr increased at the top or bottom of SBSPMB. High
R and low Jnr suggested considerable elasticity at high temperature [31]. Thus, higher
R and lower Jnr would provide SBSPMB with better anti-rutting property. However, on
the 10th day of storage, R% reduced to 2.54% and lost 96% elastic ability, resulting in a
significantly high Jnr. After a two-day storage, Jnr was below 0.5 (1/kPa). Thus, long-term
hot storage would destroy the three-dimensional network structure, which was proven by
the micro-characteristic indexes.

3.1.3. Rheological Indexes from Small Strain Oscillatory Rheological Test

Complex modulus (G*) is an important index to evaluate the load bearing capacity of
PMB. Changes in G* at 70 ◦C during long-term storage is summarized in Figure 4a. The
results showed that G* decreased substantially as storage time increased either at the top
or bottom part. A smaller G* provided a lower strength, which was ascribed to the SBS
network structure decay and base asphalt aging. In pavement engineering, the ratio of
complex modulus to the sine value of the phase angle (G*/sinδ) is called the anti-rutting
factor, performing the high temperature in performance grade (PG). G*/sinδ variation
with storage time is listed in Figure 4b. The result showed that G*/sinδ decreased with
an increase in storage time either at the top or bottom part. By contrast, a slightly higher
value at the top was observed than the one at the bottom. A larger G*/sinδ indicated that
this binder could be used in higher air temperature condition. Thus, SBS particle was
implied to float up to enhance the modulus and decrease the phase angle of SBSPMB. By
contrast, the bottom was completely the opposite. In general, deformation resistance at
high temperature of SBSPMB was weakened after long-term storage.
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Figure 4. G*/sinδ of samples with different storage time. The error bar represents the standard deviation of the results of
two separate tests. (a) is complex modulus. (b) is anti-rutting factor.
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3.2. Micro Characteristics Indexes
3.2.1. Network Structure Strength from Stress-Time Curves

A rubbery supporting three-dimensional network formed from the SBS phase is the
modification nature of SBSPMB. Wehumbura believed that if a modified asphalt exists in a
cross-linked network, then the shear stress–time curve from the continuous application of
force at a fixed shear rate in strain control mode would show evident peaks and valleys [32].
Thus, network structure strength (I) was proposed to characterize the crosslinking degree
of network as follows:

I =
S f

Sp
(3)

where Sf is the peak of the shearing stress, Sp is the flat value of the shearing stress, and
all units are in Pa. A large I identified a strong network among the polymer phase that is
difficult to destroy by external force. The shearing stress–time curves at the top and bottom
of SBSPMB are shown in Figure 5, and the value of I is presented in Figure 6.
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Figure 5. Evaluate of network structure strength. (a) Shearing stress at the top. (b) Shearing stress at the bottom.
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Figure 6. Evaluate of network structure strength.

The results in Figure 5 show that the peak value of the shearing stress–time curve
decreased at the bottom with an increase in storage time. For samples at the top, the value
at the 2nd storage was smaller than that the 4th day of storage but larger than that at the
6th day of storage. As shown in Figure 6, the value of I increased initially and decreased
thereafter at the top, but decreased at all times at the bottom. The low I value at the bottom
was mainly attributed to the thermal degradation of SBS. I on the 2nd day was significantly
lower than that on the 4th day at the top of the SBSPMB sample. Macro properties showed
that heavy segregation occurred on the 4th day. Thus, the SBS value on the 4th day was

242



Sustainability 2021, 13, 10582

considerably higher than that on the 2nd day, indicating a strong network. Moreover, I on
the 2nd day was lower than that at the bottom on the 2nd day because the upper part was
easily exposed to oxygen, resulting in SBS oxidation. The flowing up of SBS particle during
storage was due to its smaller density than asphalt (i.e., approximately 0.9 g/cm3). Thus,
factors affecting network strength included SBS degradation, loss of light component, and
oxidation of the base asphalt and SBS.

3.2.2. SBS Swelling Degree from FM

FM was used to determine the SBS-rich phase distribution characteristics of SBSPMB,
as shown in Figure 7. FM images revealed that the SBS swelling degree was calculated on
the basis of Equation (4) using digital image technology [33], which indirectly evaluated
the compatibility of PMB:

SBS swelling degree =
APRP
ATotal

× 100% (4)

where APRP is the area of the SBS-rich phases and Atotal is the total area of SBSPMB in
the FM images. The original images were processed using MATLAB to convert them
into binary images, which only contained two-pixel values (i.e., 0 and 1), and to binary
black (asphaltene-rich phases) or white (SBS-rich phases) thereafter. APRP and Atotal were
eventually obtained. The SBS swelling degree is illustrated in Figure 8.
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Figure 7. Fluorescence images with different storage time.

The polymer-rich phase of SBSPMB exhibited a higher fluorescence to ultraviolet rays
than the bitumen phase; thus, the bright white dots in the FM images were SBS polymers,
and the rest was asphalt matrix [34]. As shown in Figure 7, SBS particles increased at the
top as storage time increased but decreased at the bottom. The swelling degree of the SBS
phase at the top substantially increased on the 4th day and slightly decreased thereafter,
as shown in Figure 8. This significant increase was attributed to the upflow of the SBS
particles during the first four days. The SBS swelling degree over the range from 4 to
10 days slightly decreased. The main cause of this steady change was the SBS degradation,
and a minor consideration may be the SBS phase separation. However, SBS swelling degree
at the bottom decreased with an increase in storage time, mainly considering the result of
the SBS amount decrease owing to phase separation.
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Figure 8. The SBS swelling degree with the increasement of storage time.

3.2.3. SBS Amount from ATR-FTIR

Characteristic peaks in the ATR-FTIR spectrum provided the functional group compo-
sition in SBSPMB. ATR is an IR sampling technique, which generally enables qualitative
or quantitative analysis of samples with minimal or no sample preparation. Thus, this
technique could be used for semi-quantitative analysis in pavement engineering. The
ATR-FTIR spectra of SBSPMB with different storage time is summarized in Figure 9.
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Figure 9. Infrared spectra of different storage time. (a) Infrared spectra at the top; (b) Infrared spectra at the bottom.

As shown in Figure 9, the observed wavenumbers at 2850, 2920, and 1450–1475 cm−1

demonstrate the existence of an aliphatic long chain in saturated hydrocarbon. The charac-
teristic peaks at 1377, 1450–1475, 2850, and 2920 cm−1 belonged to the base asphalt. The
wavenumber at 1020 cm−1 typically represented asphalt aging degree, and 1377 cm−1

represented the base asphalt [35]. SBS showed characteristic peaks at wavenumbers 699,
760, 910, and 966 cm−1. Peaks at 699 cm−1 and 966 cm−1 belonged to the polystyrene
phase of SBS [36]. Meanwhile, 966 cm−1 was the butadiene stretching vibration of SBS, and
showed a relatively stronger peak intensity than 699 cm−1. Thus, the characteristic peak
index of SBS polymers (ASBS) (i.e., 966 cm−1) was used to determine the changes in the SBS
amount in the asphalt matrix, as shown in Equation (5), where S966 and S1377 are the peak
areas at 966 cm−1 and 1377 cm−1, respectively:

ASBS =
S966

S1377
× 100% (5)

As shown in Figure 10, the characteristic peaks of SBS polymers at the top increased
initially and decreased thereafter, and the peak value was obtained on the 4th day. At the
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bottom, the characteristic peaks of the SBS polymers decreased gradually with storage time.
The rule was the same as the macro-performance and other micro-characteristics results.
Yan reported that the SBS polymer network could provide a barrier’s effect for the oxidation
of the actual binder, thereby resulting in improved anti-aging resistant performance when
the SBS amount is sufficiently high [32]. Thus, asphalt aging was not considerable apparent
as storage time increases, as shown in Figure 9.

2 4 6 8 10
0.20

0.22

0.24

0.26

0.28
 Top
 Bottom

Storage time/days

A S
BS

 
Figure 10. SBS characteristic index A966/1377.

The Beer–Lambert law states that absorbance is proportional to the concentration of
a substance at a given wavenumber. Thus, ASBS was used to determine the SBS amount
from the standard curve of SBSPMB using ATR-FTIR. The standard curve of SBSPMB was
obtained from the same prepared process and raw materials but different SBS amounts,
as discussed in the SBSPMB preparation part. In this case, the amounts were 3%, 3.5%,
4%, 4.5%, and 5% based on asphalt quality. The calculation of the SBS amount was similar
to that in Wang [37]. The standard curve of the SBS amount for SBSPMB is shown in
Figure 11a. The correlation index R2 was 0.9933, showing that the standard curve was
effective.
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Figure 11. Standard curve of SBS amount for SBSPMB and SBS amount changes as storage time. The error bar represents
the standard deviation of the results of five separate tests. (a) Standard curve. (b) The changes of SBS amount.

As shown in Figure 11b, the SBS amount at the top was significantly larger than that
at the bottom, demonstrating that SBS flowed up during long-term storage. This result
could explain why the 4th day had a large ΔSP, and the upper part dislayed a better
macro-performance than the one at the bottom. Meanwhile, the SBS amount at the top
increased initially and decreased thereafter as storage time increased, while the value at
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the bottom decreased with an increase in storage time. The reduction of the SBS amount
was due to SBS degradation in hot condition, while the increase in SBS amount on the 4th
day of the top part was attributed to SBS flowing up.

3.3. Performance Prediction after Long-Term Storage
3.3.1. Grey Relation

Grey relation is used to explore the relationship between two systems that vary
with different objects. Correlation degree is used to measure the degree of similarity or
difference of development trend between the two. This study used grey correlation degree
to identify the most representative index of the SBS amount. The correlation degree of the
macro–micro indexes referenced as SBS amount are shown in Figure 12.
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Figure 12. Grey correlation degree between evaluation indexes of top and bottom samples and SBS content. (a) Correlation
degree of top sample index. (b) Correlation degree of bottom sample index.

For the samples at the top part in Figure 12a, the softening point, ductility, penetration,
I, Ravg, and G*/sinδ showed a grey correlation degree near 1.0, implying they had a closed
relationship with SBS amount. However, the grey correlation degree among penetration,
softening point, I, Ravg, G*/sinδ, and SBS amount at the bottom are above 0.8. However,
indexes at the bottom provided smaller grey correlation degree than that at the top. SBS
swelling degree and Jnravg showed slightly smaller correlation with SBS amount. For
segregation, the phase separation degrees were determined using Equation (6):

Degree of separation(Δi) =

∣∣∣∣ Top parameters − Bottom parameters
Average of the top and bottom parameters

∣∣∣∣× 100% (6)

The grey correlation degree between the segregation degree based on different indexes
and SBS amount is shown in Figure 13. Meanwhile, ΔSP48 showed a superior relationship
with SBS amount either at the top or bottom part, yet it was not accurate diagnotic of the
performance decay during long-term storage though satisfied specification requirement.
G*/sinδ has a high grey correlation degree at the top/bottom part and segregation degree.
On a micro-scale, I and SBS swelling degree hold a correlation degree above 0.7, although
I has a higher correlation degree at the top and bottom with its SBS amount. Thus, the
network structure strength I would be a potential indicator to describe the SBS phase
separation during storage.

246



Sustainability 2021, 13, 10582

Penetration

0.5
0.6

0.7
0.8

0.9Ductility

R

Jnr

I

G*/sinδ

SBS swelling degree

SP
1.0

 

Figure 13. The grey correlation degree between SBS amount and segregation degree based on
different indexes.

3.3.2. PLS Regression Model

PLS is a multivariate statistical linear regression technique based on estimated latent
variables, which extracts the relationships between dependent and independent vari-
ables [37]. In this study, the purpose of PLS regression is to build a linear model to predict
the rheological properties and micro-characteristic index based on conventional physical
indexes, including penetration, ductility, and softening point during storage. The reason is
that conventional physical indexes are easily obtained in all testing organizations.

The prediction models are presented in Figure 14. The highest prediction accuracy
was G*/sinδ and its R2 was 0.9111, as shown in Figure 14b. The second was Ravg and its
R2 was 0.8828, as presented in Figure 14c. The prediction accuracy of the SBS amount
and Jnrave were 0.8540 and 0.8390, respectively, as shown in Figure 14a,d, respectively.
However, the prediction accuracy of I and SBS swelling degree was below 0.8, demon-
strating a lack of relevance with the conventional physical indexes. Conventional physical
indexes were not identifying network strength and the changes of the SBS swelling degree
during storage. Thus, segregation based on ΔSP48 only was not suitable to determine the
macro-performance and micro-characteristics changes. The current research suggested
that G*/sinδ and I may be superior indexes to monitor the macro- and micro-changes of
SBSPMB with storage time.
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Figure 14. Measured and predicted values of indicators. (a) Prediction of SBS amount. (b) Prediction of G*/sinδ. (c) Predic-
tion of Ravg. (d) Prediction of Jnravg. (e) Prediction of I. (f) Prediction of SBS swelling degree.

4. Conclusions

The elusive thermal storage stability of SBSPMB has attracted wide attention during
over half a century of intensive research. However, the existing softening point difference
evaluation index within 48 h could not distinguish between phase separation and perfor-
mance decay during thermal storage. Thus, this research investigated macro performance,
micro-characteristic indexes, and their correlation. Lastly, this study provided prediction
models based on conventional physical indexes using PLS regression.

The results from the macro performance indexes indicated that ΔSP48 increased
initially and decreased thereafter to even below 2.5 ◦C after an 8-day storage. The largest
ΔSP was observed on the 4th day of storage. Ductility either at the top or bottom decreased
with an increase in storage time. Penetration either at the top or bottom slightly decreased
initially and increased thereafter. For rheological indexes, Jnr increased, while R and
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G*/sinδ decreased with an increase in storage time. The results implied a worse high-
temperature performance after long-term storage, and the values of the bottom samples
decayed more substantially than those of the top owing to SBS flowing up.

The results from the micro-characteristic indexes revealed that the network structure
strengths were reduced with an increase in storage time either at the top or bottom, except
the one at the top on the second day. The top on the first two days can easily contact
oxygen, thereby leading SBS to undergo oxidation although the swelling degree and SBS
amount was not changed substantially. For the SBS swelling degree, the values of the top
were significantly higher than those of the bottom. Meanwhile, the top showed higher
SBS amount than that of the bottom, demonstrating SBS flowing up. Phase separation of
SBS mainly occurred after a 4-day storage, and the decay of performance for SBSPMB was
attributed to SBS degradation and base asphalt aging.

The grey correlation degree was used to find the relationship between SBS amount
and other macro- and micro-indexes. The results showed that softening point, penetration,
I, Ravg, and G*/sinδ either at the top or bottom part, as well as their segregation degree,
showed a close relationship with SBS amount. Penetration, ductility, and softening point
were used to build a prediction model for rheological properties after long-term storage
using PLS. The model can predict I, R, Jnr, G*/sinδ, and SBS amount effectively. G*/sinδ
and I at the top or bottom storage location of SBSPMB have high coefficients with SBS
amount. Thus, they were better in evaluating the phase separation of SBSPMB during
thermal storage. This study will be beneficial in obtaining an improved understanding of
the durability of PMB and controlling its quality in the field.
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Abstract: Preventive maintenance (PM) is regarded as the most economical maintenance strategy
for asphalt pavement, but the life cycle environmental impacts (LCEI) of different PM techniques
have not yet been comprehensively assessed and compared, thus hindering sustainable PM planning.
This study aims to comprehensively estimate and compared the LCEI of five PM techniques then
propose measures to reduce environmental impacts in PM design by using life cycle assessment
(LCA), including fog seal with sand, micro-surfacing, composite seal, ultra-thin asphalt overlay,
and thin asphalt overlay. Afterwards, ten kinds of LCEI categories and energy consumption of PM
techniques were compared from the LCA phases, and inventory inputs perspectives, respectively.
Results show that fog seal with sand and micro-surfacing can lower all LCEI scores by more than
50%. The environmental performance of five PM techniques provided by sensitivity analysis indi-
cated that service life may not create significant impact on LCA results to some extent. Moreover,
four PM combination plans were developed and compared for environmental performance, and
results show that the PM plan only includes seal coat techniques that can reduce the total LCEI by
7–29% in pavement life. Increasing the frequency of seal coat techniques can make the PM plans
more sustainable.

Keywords: life cycle assessment; asphalt pavement; preventive maintenance; sustainable; environ-
mental impacts; sensitivity analysis

1. Introduction

With the ever-increasing service time, different types and degrees of distress appear on
the surface of asphalt pavement, such as rutting and cracking [1]. In the past ten to twenty
years, milling and resurfacing have been used as the primary structural rehabilitation
techniques [2]. However, considering the life cycle cost-effectiveness of asphalt pavement,
preventive maintenance (PM) is widely used in the early distress treatment of asphalt
pavement to restore pavement performance in time [3,4]. The PM techniques mainly
include fog seal, micro-surfacing, gravel seal, composite seal, ultra-thin asphalt overlay,
and thin asphalt overlay [5]. Among these techniques, asphalt overlay has been widely
used in PM activities for high-grade asphalt pavements. Furthermore, these techniques are
required to heat up the asphalt and aggregate, which are not conducive to energy saving
and environmental protection. In contrast, seal coat techniques (fog seal, micro-surfacing,
gravel seal, composite seal) are different from asphalt overlay in that they may not require
heating of raw materials, reducing energy consumption and emissions.

To extend the service life of pavement and achieve sustainable maintenance man-
agement, PM techniques usually need to be implemented serval times in pavement life
cycle. Currently, micro-surfacing and asphalt overlay are still considered as the primary
PM techniques in designing maintenance plans because they offer significant advantages
in restoring pavement surface conditions. However, the fog seal has obvious advantages
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in suppressing the deterioration of early cracks, and the composite seal also has better
economic benefits than asphalt overlay, giving the seal coat techniques great potential
application in future PM planning. In contrast, although asphalt overlay possesses bet-
ter performance, their implementation will consume more natural resources, especially
bitumen and modified bitumen, which are harmful to the environment. The production of
bitumen will emit large amounts of carbon oxides, nitrogen oxides, and sulfides, which are
important components of global warming, acidification, and photochemical pollution [6–9].

In the field of eco-friendly pavement research, it is necessary to conduct a life cycle
environmental assessment (LCEA) of different maintenance techniques to characterize their
sustainability. Life cycle assessment (LCA) is a commonly used method to assess the envi-
ronmental impacts of a complete product throughout its life cycle stages [9]. Häkkinen and
Mäkelä [10] first introduced the LCA method to the field of pavement engineering, aiming
to evaluate the differences in energy consumption between asphalt pavement and cement
concrete pavement. Since then, the LCA method has attracted much academic attention for
quantifying the life cycle environmental impacts (LCEI) of road infrastructure. The main
application areas include LCEI evaluation of road projects or alternative designs [11–14],
environmental assessment of maintenance and rehabilitation alternatives [15–18], and
materials sustainability evaluation and comparison [19–22], etc. With the accelerated
development of pavement maintenance techniques and the increasing public and govern-
mental concern for road environment, the LCA method has been gradually applied [23].
Simões, et al. [24] conducted a sustainability analysis for four different micro-surfacing
structures by using LCA method. Ma, et al. [25] adopted the LCA method to compare the
LCEI and energy consumption of warm-mixed asphalt mixture (WMA) and hot-mixed
asphalt mixture (HMA). Cong, et al. [26] evaluated the environmental emissions and en-
ergy consumption of polyurethane pavements over the life cycle. Furthermore, LCA was
also usually combined with life cycle costs (LCC); for example, Cao, et al. [27] applied
the Eco-efficiency analysis (EEA) framework to evaluate the eco-efficiency of hot-in-place
recycling and milling-and-filling under variable lifespan in conjunction with LCA. Santos,
et al. [28] developed a highly integrated LCC-LCA model to evaluate the sustainability
of five pavement maintenance techniques, and proposed the most suitable maintenance
strategy for decision-makers. It is worth noting that the seal coat techniques are different
from the traditional asphalt overlay techniques in that it requires fewer raw materials, but
some polymers are necessary to be added to enhance its performance. As Santos, et al. [29]
pointed out, the raw material and use phases of pavement are the main phases of LCEI.
Wang, et al. [30] evaluated the LCEI of various polymer mixtures (improve the anti-rutting
performance), and found that polymers may cause intensive greenhouse gas emissions
and energy consumption. Samieadel and Fini [31] pointed out that the production of
bio-adhesives would reduce five times for carbon dioxide emissions and three times for
methane to the environment.

Until now, the focus points of existing pavement LCA studies are mainly restora-
tive maintenance techniques and their environmental assessments, with the evaluation
categories mostly limited to energy consumption or carbon dioxide emissions [25,32–35].
In addition, as for pavement PM techniques, Ma, et al. [36] estimated greenhouse gas
emissions of 16 pavement maintenance techniques with the system boundary limited to
cradle-to-gate, and indicated that increasing the frequency of PM techniques could achieve
low-emissions maintenance planning. In addition, similar work was carried out by Qi [37]
and Han, et al. [38]. Furthermore, Wang, et al. [39] pointed out that PM techniques are
essential to reduce energy consumption by analyzing the energy consumption of pavement
projects in Inner Mongolia, China. Overall, it is well known that PM plays an important
role in mitigating environmental emissions throughout the whole life cycle of asphalt
pavement. Although LCA of pavement PM techniques has been carried out by some re-
searchers, previous studies have failed to assess the comprehensive environmental impacts
of commonly used PM techniques, leading to a lack of LCEI inventories of PM techniques,
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which are a critical database for sustainable maintenance planning in the pavement life
cycle [40,41].

Given this, five typical PM techniques were selected and a life cycle environmental
impact assessment was conducted. The main objectives of this work are (1) to quantify the
LCEI of five typical pavement PM techniques, covering global warming potential, acidifi-
cation, human health, and energy consumption, and (2) to identify the PM techniques that
have the lowest environmental impacts, and propose measures to reduce environmental
impacts in designing PM plans throughout the pavement life cycle. Results will help
highway management agencies to achieve more sustainable pavement PM management.

2. Materials and Methods

LCA was used to evaluate and compare the environmental performance of different
PM techniques (List of the abbreviations used in this work is presented in Appendix A).
In this study, LCA was carried out according to the ISO 14,040 series of standards [42],
and ISO14044 [42] defines a typical framework for LCA studies, including goals and scope
definition, life cycle inventory (LCI) analysis, life cycle impact assessment (LCIA) and life
cycle interpretation.

In this study, a life cycle environmental assessment of typical PM techniques was
conducted; the overall framework for LCEA of PM techniques is shown in Figure 1.
The system boundaries can be determined by investigating pavement PM history, which
allowed access to commonly-used PM techniques and their life cycle phases. The inventory
inputs and outputs can be calculated by using the quota methods. The quota methods
are based on the current Chinese Specifications for Budget Quota of Highway Engineering
(JTG/T 3832-2018) [43] and Budget Quota of Highway Engineering Machinery Shift (JTG/T
3833-2018) [44]. Raw materials can be obtained by collecting maintenance history, and the
fuel consumption of each life cycle phase in a given unit can be determined according to
the construction process specified in the budget quota. By combining the LCA database
of pavement construction materials and fuels published on a global scale, the LCEI of
different PM techniques in each phase can be calculated. Based on that, the LCEI of
PM techniques were compared from the LCA phases, inventory inputs, and service life
attenuation perspectives, respectively. Finally, methods to reduce the LCEI in the pavement
life cycle were proposed by comparing the environmental performance of different PM
technique combination plans.

Figure 1. Overall framework for LCEA of PM techniques in this study.
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2.1. PM Techniques and Materials

PM techniques involved in this study are mainly commonly applied to high-grade
asphalt pavement. Generally, these PM techniques can be classified into the following three
categories according to maintenance requirements and their thickness [45,46], as shown
in Figure 2.

• Crack sealing

• Pothole repairing

• Fog seal with sand ( 1–2 years)

•Micro-surfacing (2–3 years)

• Ultra-thin asphalt overlay

(3–4 years)

• Composite seal

(3–4 years)

• Double-layer micro-surfacing

(3–4 years)

•Thin asphalt overlay 

(AC, SMA, OGFC)(4–5 years)

Figure 2. Main PM techniques for high-grade highways.

• The early-type (early-PM)

The early-PM refers to light intensity maintenance measure, it ranges from daily
maintenance technique to seal coat technique (1–1.5 cm of the thickness), such as crack
sealing, fog seal with sand, micro-surfacing, which are mainly suitable for early distress
treatment. The main raw materials include asphalt, crushed stone, modifiers, and adhesives
(polymers), which are added to ensure their performance [47,48].

• The middle-type (middle-PM)

The middle-PM refers to moderate intensity maintenance measure with a thickness
of about 1~3 cm, including ultra-thin asphalt overlay, composite seal, and double-layer
micro-surfacing, which are important for national and provincial highways due to its
effectiveness in slowing down the deterioration of pavement cracks, and restoring flatness
and roughness for asphalt pavement. There are two kinds of structures in composite seal,
including gravel seal + micro-surfacing, gravel seal + slurry seal. Studies have shown that
the combination of rubber asphalt gravel seal and micro-surfacing performs better water
stability and bonding ability, as well as fast construction speed [49].

• The late-type (late-PM)

The late-PM refers to strong intensity maintenance measure, aiming to manage serious
diseases on the upper layer of high-grade asphalt pavement, but the performance of the
rest pavement structure is still relatively intact. In this case, part of the surface layer can be
milled and sprinkled with a thin layer of asphalt overlay (thickness is generally 2~4 cm).
The late-PM technique includes AC, SMA, and OGFC, which usually require heating and
mixing of asphalt and stone in the plant [50].

In this study, based on the experience of preventive maintenance for high-grade
asphalt pavement in China, five commonly-used PM techniques were selected from the
above three categories, including fog seal with sand, micro-surfacing (1 cm), composite
seal (2 cm), ultra-thin asphalt overlay (2.5 cm), and thin asphalt overlay (3 cm). The
materials and their compositions of each PM technique were obtained by investigating the
maintenance history of Shandong Province from 2015 to 2020 (Table 1).
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Table 1. Compositions of individual PM techniques (unit: ton/1000 m2). (Note: the materials, and
corresponding compositions in this table were obtained from maintenance history).

Raw Material
Fog Seal

with Sand
Micro-

Surfacing
Composite

Seal

Ultra-Thin
Asphalt
Overlay

Thin
Asphalt
Overlay

Emulsified Bitumen 0.53 1.91 1.91 - -
Bitumen - - 1.24 - 4.22

Modified Bitumen - - - 3.858 -
Crushed stone - 16.24 25.24 31.848 49.84

Sand 0.80 - - - -
Cement - 0.24 0.24 - -

Epoxy resin 0.02 - - - -
Dummy rubber - - 0.36 - -

2.2. Goal and Scope Definition
2.2.1. Goal

The main purpose of this study was to evaluate the LCEI of five commonly used PM
techniques for high-grade asphalt pavement based on past historical maintenance data and
standards, which can be summarized as following three aspects:

• Quantify the LCEI of five typical pavement PM techniques, covering global warming
potential, acidification, human health, and energy consumption, etc., which can be
used to establish comprehensive LCA inventory for sustainable pavement manage-
ment.

• Conduct sensitivity analysis to explore the impact of PM techniques performance
variations on LCA results.

• Identify the PM techniques that have the lowest environmental impacts, and propose
measures to reduce environmental impacts in designing PM plans throughout the
pavement life cycle.

2.2.2. System Boundary

The LCA in this study was conducted according to the method from cradle-to-grave,
for pavement projects, the life cycle starts from the extraction of raw materials and ends
at the end-of-life [51]. Figure 3 shows the system boundary, six stages were included:
(i) raw materials extraction; (ii) the mixture production at the asphalt mixing plant; (iii) the
mixture transportation from the mixing plant to the construction site; (iv) construction;
(v) maintenance; (vi) solid waste demolition and transportation at the end-of-life. In addi-
tion, the boundary of the pavement structure is limited to the PM paving structure layer.

2.2.3. Functional Unit

In this study, the functional unit was defined as the provision of the typical expressway
section used for pavement maintenance quota calculation in China, different PM techniques
were considered for a one-way, two-lane with a hard shoulder expressway pavement.
Single carriageway width is 3.75 m, hard shoulder width is 2.5 m, and the length of this
area is 100 m for typical PM activity. That is, a total pavement area is constant at 1000 m2.
Besides, the thickness of micro-surfacing, ultra-thin asphalt, composite seal, thin asphalt
overlay was 1 cm, 2 cm, 2.5 cm, 3 cm, respectively.
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Figure 3. The system boundary involved in five PM techniques. (Note: the materials, equipment, and corresponding
parameters in this figure were determined based on the method in Section 2.3).

2.3. Life Cycle Inventory Calculation Model

The parameters of equipment for each pavement construction or maintenance project
can be determined by the quota in China [43,44], including the type of equipment, the
number of mechanical shifts, and the fuel consumption per shift, which can minimize the
variability of construction processes due to geography as possible. This provides great
convenience for the development of LCA, and once sufficient field observation data are not
available, the LCI can be calculated based on the relevant parameters recorded in the quota.
Thus, in this study, a calculation model was used to quantify the energy consumption and
emissions per functional unit for each PM technique (List of the notations used in this work
is presented in Appendix B), as shown in Equations (1) and (2). Furthermore, Equation (2)
shows the calculation method of the emission value for any kind of emissions.

Energy consumption (MJ/Funtion) =
P

∑
p=1

J

∑
j=1

I

∑
i=1

(
MEi × Qi,p +

F

∑
f=1

(
FEf × FCf ,j,p × Cj,p

))
(1)

One type of embodied emmission (g/Funtion) =
P

∑
p=1

J

∑
j=1

I

∑
i=1

(
MGi × Qi,p +

F

∑
f=1

(
FGf × FCf ,j,p × Cj,p

))
(2)

It is worth noting that the material consumption of each PM technique with different
corresponding thicknesses under the same functional unit can be acquired in maintenance
history data, and the mechanical shifts can be found in the quota [43,44,52]. Therefore,
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combining the LCI of different materials and fuels, all LCEI categories in each life cycle
phase can be calculated.

2.3.1. Phase 1: Raw Materials Extraction

This stage involves the LCEI generated by raw materials. All LCEI of PM techniques
were considered in this study, the LCI of each raw material was collected mainly according
to the LCA database from public reports published by research institutions. According
to the trade-off rules in the current life cycle analysis, the upstream production data
of the material can be ignored as the mass of ordinary materials is less than 1% of the
whole product [53]. Thus, based on the identified system boundary, the authors collected
four types of environmental profiles for the different elements considered in this study,
as follows:

• Bitumen, emulsified bitumen, and modified bitumen [54];
• Crushed stone [55];
• Cement, epoxy resin, and sand [56];
• Dummy rubber [57].

Environmental impacts from phases such as transportation and construction are
mainly a conversion of energy consumed by vehicles and equipment, and the types of
energy consumed in these processes include diesel, petrol, electricity, and heavy oil. Based
on the emission factors provided by the National Climate Center of China, the calorific
values per unit of main energy types can be derived [26], as illustrated in Table 2. In
addition, the environmental impacts per calorific value of each energy type can be obtained
from Ecoinvent [56].

Table 2. Calorific value of main energy types.

Energy Type Calorific Values [26] Unit LCA Database

Diesel 42.7 MJ/Kg Ecoinvent [56]
Petrol 43.1 MJ/Kg Ecoinvent [56]

Electricity 3.6 MJ/KWh Ecoinvent [56]
Heavy oil 41.8 MJ/Kg Ecoinvent [56]

2.3.2. Phase 2: Mixture Production

The mixture production may vary significantly due to the various construction process
requirements for each PM technique. More specifically, fog seal with sand and micro-
surfacing do not require heating the aggregate and bitumen. However, ultra-thin asphalt
overlay, thin asphalt overlay, and composite seal (the rubber asphalt gravel used for the
lower seal coat layer) require heating of raw materials at this phase. In this case, mechanical
shifts and fuel consumption can be determined by using the quota methods.

2.3.3. Phase 3: Mixture Transportation

This study focuses on transportation from the mixing plant to the construction site
in the transportation phase. The environmental impacts mainly come from the fuel con-
sumption of vehicles. It is worth noting that the transportation of composite seal needs
to be divided into two steps, which belong to the construction process of micro-surfacing
and gravel seal, respectively. Transportation equipment includes spreaders, sealers, cargo
trucks, liquid bitumen tankers, dump trucks, while other facilities with lower energy
consumption were ignored. Through the investigation of a PM construction project in
Shandong, China, it was found that in most projects, the average transportation distance
between the cement stabilized material mixing plant and the construction site was 10 km,
and the distance between the asphalt mixture mixing plant and the construction site was
15 km. Thus, it is assumed that the transportation distance for each PM technique is 15 km.
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2.3.4. Phase 4: Construction

For the sake of minimizing the differences in construction processes due to construc-
tion policy, climate environment, regional economy, etc., the authors selected representative
construction techniques and machinery used for pavement maintenance projects. Thus,
the construction equipment categories, fuel types, and consumption values, as well as
machinery shifts for each technique were collected by querying quotas. Consequently, the
mass of each kind of fuel for all PM techniques during the construction can be obtained.

2.3.5. Phase 5: Maintenance

The performance of asphalt pavement will be gradually decreased under repeated
traffic loads, so maintenance activities should be implemented on the old pavement. The
Chinese Specifications for maintenance design of highway asphalt pavement (JTG 5421-2018) [58]
summarized the service life of typical maintenance techniques from long term practice
in China; in particular, the service life of fog seal with sand, micro-surfacing, composite
seal, ultra-thin asphalt overlay, and thin asphalt overlay were fixed to 1–2 years, 2–3 years,
3–4 years, 3–4 years, and 4–5 years. In this study, the maximum service life of each tech-
nique was chosen to calculate the environmental impacts generated during the maintenance
phase. More specifically, the service life of fog seal with sand, micro-surfacing, composite
seal, ultra-thin asphalt overlay, and thin asphalt overlay are 2 years, 3 years, 4 years, 4 years,
and 5 years, respectively. Furthermore, the PM techniques with the longest service life
were selected as the benchmark, so the analysis period was 5 years. It is assumed that the
pavement after the implementation of PM technique is only maintained once during the
analysis period, and the maintenance times for the remaining techniques is the ratio of the
corresponding service life to the benchmark.

In the choice of maintenance techniques, only repeated overlay was selected—that is,
it is consistent with the previous maintenance technique. To simplify the subsequent calcu-
lation of LCA, the ratio of maintenance times was regarded as the ratio of the maintenance
area since the former may not be an integer value. Due to the lack of sufficient historical
data on re-maintenance after the implementation of PM techniques, the definition method
of maintenance area for the maintenance phase in previous studies was adopted in this
study [26,59]. Hence, it is assumed that the basic maintenance area is 50% of the pavement
unit (1000 m2). Through gathering the LCI of individual techniques in the whole construc-
tion phase, including raw material extraction, mixture production, transportation, and
construction. The LCEI of each PM technique in the maintenance phase can be calculated
according to the maintenance area.

2.3.6. Phase 6: End of Life

The pavement is required to be milled as its performance decreases to the limit value.
In this study, the application of the waste materials was not considered, and only the
milling and solid waste transportation were considered to calculate the LCEI. In addition,
through the investigation of the maintenance projects in Shandong, China, it was found
that the transportation distance from the road demolition sites to recycling plants was about
20 km–40 km. In this instance, the intermediate value (30 km) was used to represent the
transportation distance. It should be mentioned that not all pavements were required to be
milled at this phase; for example, the fog seal with sand was paved on the asphalt pavement
then it will form a super-thin layer, and the thickness can be ignored at the end-of-life phase
since it is subjected to ever-increasing traffic loads, which means that there was no milling
phase for fog seal with sand. As for the other techniques, the milling area is the sum of
the area in the original pavement area (construction phase) and additional pavement area
(maintenance phase), and the milling thickness is the weighted average thickness.
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Based on the above, the construction equipment required by different PM techniques at
each phase of the life cycle can be obtained. Then, the corresponding calorific consumption
value also can be calculated by Equation (3), and results were presented in Table 3.

Calorific consumption value of each machine (MJ) = FEf × FCf ,j,p × Cj,p (3)

Table 3. The Calorific consumption value of each machine in the life cycle stage of PM (unit: MJ). (Note: the basic data used
to calculate this table were from the Budget quota of highway engineering machinery shift (JTG/T 3833-2018)).

Phase Items
Fog Seal

with Sand
Micro-

Surfacing
Composite

Seal

Ultra-Thin
Asphalt
Overlay

Thin
Asphalt
Overlay

Type of
Fuels

Mixture
production

Asphalt mixing plant (240 t/h) 2.8 × 104 Heavy oil
Asphalt mixing plant (240 t/h) 9.0 × 102 Electricity
Asphalt mixing plant (30 t/h) 2.7 × 104 Heavy oil
Asphalt mixing plant (30 t/h) 1.6 × 103 Electricity

Asphalt mixing plant (320 t/h) 1.2 × 104 Heavy oil
Asphalt mixing plant (320 t/h) 3.7 × 102 Electricity
Wheeled loader (2.0 m3) ZL-40 5.7 × 102 Diesel
Wheeled loader (3.0 m3) ZL-50 2.3 × 103 2.7 × 103 Diesel

Materials
transporta-

tion

Dump truck (18–20 t) BJ374 1.1 × 103 Diesel
Dump truck (2–3 t) 7.2 × 101 Petrol

Dump truck (20–30 t) 9.9 × 102 1.5 × 103 Diesel
Fog seal spreader 500 L 7.8 × 101 Diesel

Liquid bitumen tanker (7000 L) 6.4 × 102 6.4 × 102 Diesel
Micro-surfacing seal machine 2.2 × 102 2.2 × 102 Diesel

Truck (2 t) 8.7 × 101 Petrol

Construction

Asphalt mixture paver (3.6–4.5 m) 8.6 × 102 Diesel
Dump truck (2–3 t) 1.5 × 102 Diesel

Flatbed trailer group (30 t) 2.9 × 102 Diesel
Fog seal spreader 500 L 1.6 × 103 Diesel

Micro-surfacing seal machine 1.5 × 103 1.5 × 103 Diesel
Motorized air compressor (12 m3/min) 6.3 × 102 Diesel
Pavement milling machine (500 mm) 3.5 × 102 Diesel

Pavement sweeping machine (DF) 7.2 × 102 Diesel
Asphalt mixture paver (S1800-2SJ) 7.1 × 102 Diesel

Pavement sweeping machine (YD80Q-1) 7.0 × 101 2.3 × 102 5.7 × 102 Diesel
Rubber-tire roller (16–20 t) 1.3 × 103 Diesel

Smooth-wheel roller (10–12 t) 1.4 × 103 Diesel
Smooth-wheel roller (6–8 t) 4.9 × 102 Diesel

Sprinkler (4000–6000 L) 3.8 × 101 4.1 × 102 Petrol
Sprinkler (6000–8000 L) 2.1 × 103 6.7 × 102 6.7 × 102 Diesel

Sprinkler (8000–10,000 L) 1.1 × 103 Diesel
Synchronous stone machine 1.9 × 103 Diesel

Vibratory roller with double steel wheel
(10–15 t) 1.2 × 103 Diesel

End of Life

Pavement milling machine (2000 mm) 4.1 × 103 3.8 × 103 3.5 × 103 3.5 × 103 Diesel
Pavement milling machine (500 mm) 6.2 × 102 5.7 × 102 5.3 × 102 5.3 × 102 Diesel

Pavement sweeping machine (DF) 1.3 × 103 1.2 × 103 1.1 × 103 1.1 × 103 Diesel
Sprinkler (4000–6000 L) YGJ5102GSSEQ 7.4 × 102 6.8 × 102 6.3 × 102 6.3 × 102 Diesel

Dump truck (12 t) 4.7 × 102 4.3 × 102 3.9 × 102 4.0 × 102 Diesel
Dump truck (6 t) 6.7 × 102 6.1 × 102 5.6 × 102 5.7 × 102 Diesel

2.4. Life Cycle Impact Assessment (LCIA)

LCIA aims to comprehensively assess the potential LCEI of different PM techniques
and their differences using the results of LCI, which shows the harmful emissions from
various raw material production processes and energy consumption processes, including
emissions to air, soil, and water. Therefore, the comprehensive LCEI results of different
PM techniques should be classified and compared by using characterization factors. In
this study, the impact assessment categories defined in TRACI v.2.1 were adopted [60],
including Ozone depletion (OD), Global warming (GW), photochemical smog formation
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(PSF), Acidification (AC), Eutrophication (EU), Human health carcinogenic (HHC), Human
health noncarcinogenic (HHN), Human health particulate (HHP), Ecotoxicity (EC), Fossil
fuel depletion (FFD). Besides, the total embodied energy (TEE) was also incorporated in
this LCA assessment.

3. Results and Discussion

3.1. Total Life Cycle Assessment Results

Based on the LCI calculation method described in Section 2.3, the potential LCEI
were calculated. Figure 4 shows the composition ratio of each PM technique to the LCEI
categories. It can be found that the LCEI categories generated by PM techniques were
mainly TEE, FFD, EC, GW, and PSF, with proportions of 23.7–43.1%, 20.3–28.6%, 31.5–44.2%,
4.0–5.0%, and 0.4–0.7%, respectively. However, FFD and EC were often neglected by
previous research [25,26]. It is noteworthy that the composition ratios of the ultra-thin
asphalt overlay and thin asphalt overlay were almost similar to those of LCEI, which stems
from their similar construction technology processes and raw materials. However, the
differences in the proportion of various indicators between the three seal coat techniques
were significant.

Figure 4. The LCEI categories composition of different PM techniques. (Note: the basic data used
to calculate the results of this figure comes from Eurobitume [54], European Commission [55],
Ecoinvent [56], National Renewable Energy Laboratory [57], National Climate Center of China [26],
which were introduced in Section 2.3).

Figure 5 shows the relative LCEI of each PM technique, the principle of interpretation
of the results was based on the impact scores of thin asphalt overlay, with a positive number
indicating a benefit to environmental protection and the opposite being harmful to the
environment. The results show that the fog seal with sand and the micro-surfacing have a
great effect on the environment protection, with an improvement of more than 50% in all
impact scores, followed by composite seal, and ultra-thin asphalt overlay. Indeed, the seal
coat techniques can be considered as an eco-friendly alternative technique for PM because
these three PM techniques can reduce the potential score in all impact categories. Among
the ten LCEI categories, the most improvements are EU (57.5–87.6%), HRE (48.8–86.5%),
GW (36.4–85.7%), OD (30.5–85.6%), AC (33.2–84.8%), and TEE (26.3–86.0%) also can be
saved. Moreover, ultra-thin asphalt overlay exhibits a negative impact on energy saving
(15.1% increase in TEE) due to the use of modified asphalt. However, although these five
impact categories accounted for a large proportion of the total, there were also significant
differences between each PM technique, such as the most significant reduction of FDD by
fog seal with sand, which was about 30.2% and 60.1% higher than that of micro-surfacing
and composite seal, respectively. This was due to the variability in the construction process
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and raw material composition of the different PM techniques. Thus, it is necessary to
analyze the effects of different life cycle phases and inventory inputs in detail.
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Figure 5. The LCEI of different PM techniques relative to thin asphalt overlay. (Note: the basic data
used to calculate the results of this figure come from Eurobitume [54], European Commission [55],
Ecoinvent [56], National Renewable Energy Laboratory [57], National Climate Center of China [26],
which were introduced in Section 2.3).

3.2. Contribution Analysis

Figure 6 shows the relative contribution of the six phases to LCEI. It can be seen
that the LCEI characteristics of different PM techniques are mainly generated by the raw
material phase and maintenance phase, although the exact order varies depending on
the impact category. Regardless of the PM techniques, the raw materials phase has a
significance impact on EU, HHC, HHN, HRE, EC and FFD, with relative contributions of
35.6–59.3%, 36.0–59.2%, 42.0–62.2%, 24.9–50.6%, 40.3–59.8%, and 37.5–52.9%, respectively.
While in the production phase, OD, GW, and AC were the main contributors with relative
contributions of 26.2–44.1%, 16.3–25.8%, and 15.5–24.6%, respectively. In particular, TEE
still accounts for a large proportion in this phase due to the mixture production. The
construction phase and end-of-life phase mainly affect PSF and OD. Due to the differing
performance (equivalent to service life), the maintenance phase of fog seal with sand has
the largest contribution (55.6%), and the raw material phase was still the main contributor
in terms of the other four main impact categories.
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(d) Ultra–thin asphalt overlay
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Figure 6. The contribution of different stages to the LCEI score. (Note: the basic data used to calculate
the results of this figure come from Eurobitume [54], European Commission [55], Ecoinvent [56],
National Renewable Energy Laboratory [57], National Climate Center of China [26], which were
introduced in Section 2.3).

Figure 6 also shows that the LCEI of thin asphalt overlayer and ultra-thin asphalt
overlay were extremely closed. Combined with Figure 5, it can be seen that the LCEI of the
five PM techniques is as follows: fog seal with sand < micro-surfacing < composite seal <
ultra-thin asphalt overlay < thin asphalt overlay. The main reasons can be concluded as
follows:

1. Fog seal with sand requires the least amounts of raw materials and eliminates the
production and end-of-life phase.

2. The raw material required by micro-surfacing is only higher than fog seal with sand,
while the former can reduce the frequency of maintenance during the maintenance
phase due to its longer service life.

3. For ultra-thin asphalt overlay and composite seal, the difference is mainly in the
construction phase as the latter integrates the construction process of the gravel seal
and micro-surfacing. However, the former consumes 1.22 times more mass of asphalt
than the latter.

Therefore, in terms of environmental performance, compared to ultra-thin asphalt
overlay, composite seal can be regarded as a sustainable alternative for middle-PM due
to its lower price and similar service life. However, considering the social benefits, the
sustainability of both techniques needs to be further evaluated.

In terms of the pavement life cycle from the raw materials extraction to the construction
completion, the raw material phase plays an extremely important role in the LCEI results,
and the production phase was also the main source of energy consumption generated by
fuels. In order to analyze the LCEI of different PM techniques deeply, the contribution of
each inventory inputs to the LCEI was calculated, as shown in Figure 7.

263



Sustainability 2021, 13, 4887

(c) Composite seal(b) Micro–surfacing(a) Fog seal with sand

(d) Ultra–thin asphalt overlay (e) Thin asphalt overlay

Figure 7. The contribution of different inventory inputs to the LCEI score. (Note: the basic data used to calculate the
results of this figure come from Eurobitume [54], European Commission [55], Ecoinvent [56], National Renewable Energy
Laboratory [57], National Climate Center of China [26], which were introduced in Section 2.3).

The enrichment string chart was originally used in bioinformatics engineering to
characterize which proteins are involved in “Go term” synthesis. In this study, it was
used to characterize the percentage contribution of different inventory inputs to ten LCEI
categories; that is, all LCEI categories (lower semicircle part) are presented at 100% of the
length. The inventory inputs (upper semicircle part) emit lines of different intensities for
each LCEI category, where a line of greater intensity indicates a greater contribution to
that LCEI category and vice versa, when no line is emitted, no contribution is generated.
Regardless of the PM techniques, bitumen materials inputs took up the vast majority of
the proportion. Nevertheless, the remaining inputs also play an important role in the
LCEI. In terms of fog seal with sand, diesel has the second highest consumption with
205.6 kg, contributing 82.4%, 78.1%, and 75.2%to OD, PSF, and TEE, respectively. It is
noteworthy that epoxy resin, with a mass of only 1.5% of raw materials, became the third
largest contributor to LCEI, especially EC (22.2%), since the production of polymers releases
toxic gases such as aromatic hydrocarbons. Similar to fog seal with sand, diesel was also
the second largest contributor to micro-surfacing with consumption of 325.4 kg. Unlike
that, the other three techniques (composite seal, ultra-thin asphalt overlay, thin asphalt
overlay) consume heavy oil and electricity in addition to diesel, it can be found to consume
448.1 kg, 315.7 kg, and 437.0 kg of diesel and 448.1 kg, 1075.4 kg, and 982.9 kg of heavy oil,
respectively, indicating that the fundamental difference in environmental impacts between
composite seal and the ultra-thin asphalt overlay lies in the production phase. Although
the former requires more machinery and consumes more diesel in construction phase, the
latter consumes much more heavy oil in the production phase than that. Therefore, the
environmental performance of composite seal is better than ultra-thin asphalt overlay in
terms of middle-PM.
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3.3. Sensitivity Analysis

Life attenuation is generally regarded as one of the important parameters to evaluate
the effectiveness of long-term maintenance [3]. In order to compare the variability of LCEI
results generated by different PM techniques under variable lifespan, a sensitivity analysis
was conducted in this study. Due to the lack of statistical parameters such as mean value
and standard deviation of the actual service life distribution characteristics of these five
preventive maintenance techniques, it is difficult to set up different scenarios by means of
probability distributions. Given this, in the setting of scenarios and the calculation of LCEI,
the authors proposed the following four criteria and principles to simplify the sensitivity
analysis process.

1. Unlike hot in-place recycling, its long service life allows researchers to form scenarios
by increasing years [27]. In contrast, PM techniques have a short service life and the
change in their performance over a short service time can be approximated as a linear
decay [61,62], thus, the life descending rate was used for the setting of five scenarios.

2. The thin asphalt overlay was used as the baseline; that is, its lifetime was maintained
at 5 years, while the remaining four PM techniques decayed at 0% (Scenario 1), 10%,
20%, 30%, and 40% of the pre-defined lifetime (Section 2.3.5), as shown in Figure 8.
For example, the service life in Scenario 2 was decreased by 10%, so the service life of
fog seal with sand, micro-surfacing, composite seal, and ultra-thin asphalt overlay
were descending from the 4, 4, 3, and 2 years to 3.6, 3.6, 2.7, and 1.8 years, respectively.

3. During the entire analysis period (5 years), the impacts brought by the life decaying
only considered as the environmental burden resulting from the repeated maintenance
times of the corresponding PM technique.

4. For those old pavements where PM techniques have been implemented, the same PM
techniques would be applied continuously at the end of their life.

Figure 8. The five analysis scenarios.

Based on the results in Section 3.1, the LCEI under different scenarios can be calculated,
and the relative values were used to compare the LCEI under five scenarios from fog seal
with sand, micro-surfacing, composite seal, to ultra-thin asphalt. Figure 9 shows the relative
environmental performance and trends of the four techniques at different service lives. In
the scenario of life decreasing from 0% to 40%, the scale changes in LCEI occur between 5%
and 10% due to the smaller impact score of the fog seal compared to thin asphalt overlay,
although the frequency of maintenance increases. The PSF, HHC, HHN, EC, FFD generated
by micro-surfacing increased with the decay of life, with an average rate of change was
11%. For composite seal and ultra-thin asphalt overlay, the average rate of change was
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17% and 21%, respectively. It can be seen that the LCEI results of different PM techniques
can be affected by the service life performance and their own LCEI score, because the life
attenuation can only affect the maintenance and end-of-life phase. However, the end-of-life
phase itself generates less LCEI scores, while the maintenance phase is equivalent to include
the raw material phase, the production phase, and the transportation phase. Therefore,
when comparing the LCEI of the two maintenance techniques, it is extremely important to
use service life performance as a source of sensitivity analysis once the LCEI score of both
are close, which may lead to the opposite result. For example, the LCEI scores of ultra-thin
asphalt overlay were smaller than those of thin asphalt overlay at 20% life decreasing, but
the scores of OD, GW, PSF, AC, etc. were higher than those of thin asphalt overlay with
20% or more.

Figure 9. The relative environmental performance and trends under different life decreasing. (Note: the basic data used
to calculate the results of this figure come from Eurobitume [54], European Commission [55], Ecoinvent [56], National
Renewable Energy Laboratory [57], National Climate Center of China [26], which were introduced in Section 2.3).

3.4. Scenario Analysis

After the LCEI of each PM technique was evaluated, the LCEI of PM planning for the
entire life cycle of asphalt pavement can be assessed. Generally, the reduction of pavement
service life to less than 75% is the implementation period of PM, while the life of expressway
asphalt pavement is 15 years in China. Zheng, et al. [63] stated that 60% of highways in
China will undergo major and medium maintenance after 10–12 years. Therefore, the PM
planning period for asphalt pavement is 12 years in this study, and four PM plans have
been formulated, as shown in Figure 10. The design principles are as follows:

1. The PM techniques from early-PM to later-PM were selected in turn.
2. The performance of PM techniques is not considered to reach the maximum service

life at the later PM planning period due to the performance of other structural layers
in the pavement may be damaged.

3. PM Plan#1 represents the combination of seal coat and asphalt overlay techniques,
PM Plan#2 represents a combination of seal coat techniques. PM Plan#3 and PM
Plan#4 has the smallest, largest implementation interval, respectively.

4. The maintenance phase will no longer be included in the life cycle system boundary,
but the remaining phases will keep unchanged.

Figure 10. PM plans for the life cycle of the asphalt pavement.
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Figure 11 shows the relative LCEI of each PM plan (based on PM Plan#1). The results
show that the LCEI generated by PM Plan#3 and PM Plan#1 was relatively small, as the
total increment was on average 1.06% higher. Nevertheless, there are still some differences
in the individual LCEI categories; specifically, the EU generated by PM Plan#3 was 12%
higher than PM Plan#1. The fact that PM Plan#3 requires only three maintenance times,
along with the reduction in raw materials and mechanical equipment, making it possible for
PM Plan#3 to generate better economic benefits, which will require further consideration
of social and economic indicators in the future. Therefore, PM Plan#3 may be better than
PM Plan#1.

Figure 11. Relative variation of the LCIA results in relation to the baseline PM Plan#1. (Note:
the basic data used to calculate the results of this figure come from Eurobitume [54], European
Commission [55], Ecoinvent [56], National Renewable Energy Laboratory [57], National Climate
Center of China [26], which were introduced in Section 2.3).

PM Plan#2 only included seal coat techniques; in order to maintain the same level of
service life performance over the analysis period, more frequent maintenance activities
should be required. Strictly, though PM Plan#2 implemented micro-surfacing three times,
it still produced the smallest LCEI. In particular, it could reduce the total LCEI by 7–29%
compared to PM Plan#1, and all LCEI categories were lower than the other PM Plan,
indicating that the implementation of seal coat techniques can allow for asphalt pavement
to be eco-friendly and energy-saving. PM Plan#4 had the largest maintenance interval and
could achieve the highest performance throughout the analysis period, but it also meant
that more agency costs would invested. Compared to PM Plan#1, the implementation of
PM Plan#4 would result in a 31~41% improvement in scores for each LCEI category.

As can be seen in Figure 12, thin asphalt overlay caused a large proportion of the LCEI,
accounting for 39.3–57.4% in PM Plan#1 and 42.9–51.3% in PM Plan#3. In order to reduce
the maintenance frequency, the best techniques from the early-PM, mid-PM, and late-PM
were selected for PM Plan#3. It can be found that the LCEI generated by micro-surfacing
was the smallest. Therefore, in PM Plan#2, the implementation times of micro-surfacing
was increased to avoid the use of a thin asphalt layer, which made it possible to reduce all
LCEI categories. Although the seal coat technique was added in PM Plan#4, the asphalt
overlay technique was also dominant in the LCEI, which demonstrates the important role
of seal coat technique in environmental protection. Despite the increased maintenance,
interval is not conducive to the environment, but is beneficial for maintaining performance.
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Figure 12. Proportion of LCEI in PM Plan#1–4. (Note: The basic data used to calculate the results of this figure come from
Eurobitume [54], European Commission [55], Ecoinvent [56], National Renewable Energy Laboratory [57], National Climate
Center of China [26], which were introduced in Section 2.3).

In the planning for the entire life cycle of asphalt pavement, a plan with more main-
tenance frequency may be selected once only minimizing the LCEI is considered. As the
maintenance frequency increases, more user costs will be incurred, and more raw materials
will be consumed, thus increasing agency costs. This is not in line with the concept of
sustainable pavement management. In future research, it is necessary to comprehensively
consider social and economic development indicators to obtain more sustainable PM plans.

4. Conclusions

In this study, the LCEI of five typical PM techniques was evaluated comprehensively
by using the LCA method, involving the entire life cycle of asphalt pavement. Then, the
sensitivity analysis was also conducted to investigate the LCA results at different decreasing
service life rates (0%, 10%, 20%, 30%, and 40%). Finally, four preventive maintenance plans
were designed for the 12-year PM period of asphalt pavement, and the LCEI of all PM
plans were compared within the given system boundary. The following conclusions are
drawn:

1. The seal coat techniques can be seen as an eco-friendly alternative to conventional
PM because they can reduce scores in all LCEI categories. Both fog seal with sand and
micro-surfacing exhibit great significant environmental performance. Moreover, the
composite seal as a technique for middle-PM has better environmental performance
than the ultra-thin asphalt overlay.

2. The LCEI categories of the five PM techniques are mainly FFD, EC, GW, and PSF.
However, FFD and EC are often neglected by previous researches. Besides, the seal
coat technique can reduce TEE by 26.3–86.0% compared to thin asphalt overlay due
to the omission or reduction of the mixture production phase.

3. In the entire LCEA of PM techniques, the perceptiveness in performance may not
necessarily have a significant impact on the assessment results. It is mainly related to
the LCEI categories scores from the raw materials to the construction phase, and once
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the scores of both are close, it is highly necessary to consider performance, because it
may have the opposite result. In turn, it would not.

4. As the frequency of seal coat techniques increases, the LCEI results show that PM
plans can towards more eco-friendly under the same maintenance interval, and the
PM plan that includes only seal coat techniques can reduce the total LCEI score by
7–29% compared to the baseline plan.

In contrast to previous studies, this study systematically quantifies all LCEI of the
typical PM techniques for asphalt pavement, and discusses the environmental performance
involving the entire life cycle of PM planning. However, this is limited to a discussion of
environmental performance. Future research can trade-off the entire life cycle agency cost
and life cycle user cost to more thoroughly analyze the sustainability of PM techniques and
PM planning, which is critical to the development of sustainable pavement management.
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Appendix A

List of abbreviations.

AC Acidification
EC Ecotoxicity
EEA Eco-efficiency analysis
EU Eutrophication
FFD Fossil fuel depletion
GW Global warming
HHC Human health carcinogenic
HHN Human health noncarcinogenic
HHP Human health particulate
HMA Hot-mixed asphalt mixture
LCA Life cycle assessment
LCC Life cycle costs
LCEA Life cycle environmental assessment
LCEI Life cycle environmental impacts
LCI Life cycle inventory
LCIA Life cycle impact assessment
OD Ozone depletion
PM Preventive maintenance
PSF Photochemical smog formation
TEE Total embodied energy
WMA Warm-mixed asphalt mixture
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Appendix B

List of the notations used in the equations.

P Total phase of the life cycle.
J Total category of equipment in the life cycle.
I Total category of materials in the life cycle.
F Total category of fuels in the life cycle.
MEi Calorific values per mass in one functional unit of i material, MJ/t.
Qi,p Consumption mass of i material in p phase, t.
FEj Calorific values per mass of f fuels, MJ/t.
FCf,j,p The f fuels consumption per shift used for j equipment in p phase, t/shift.
Cj,p The shifts per functional unit of j equipment in p phase, shift.
MGi Emission values per mass per functional unit of i material, g/F.
FGj Emission values per mass per functional unit of f fuel, MJ/t.
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