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Abstract
Transport infrastructures such as roads are assets for the society as they not only
ensure mobility but also strengthen society’s economy. Considerable amount of
energy and materials, that include bitumen, aggregates and asphalt, are required to
build and maintain roads. Improper utilization of energy and/or use of materials
may lead to more waste and higher costs. The impact on the environment cannot be
neglected either. Life cycle assessment (LCA) as a method can be used to assess the
environmental impacts of a road system over its entire life time. Studying the life
cycle perspective of roads can help us improve the technology in order to achieve a
system that has a lower impact on the environment. There are number of LCA tools
available. However, implementation of such tools is still unseen in real road projects.
This clearly indicates that there are gaps which are needed to be filled in order to
bring these tools into practice. An open road LCA framework was developed for the
asphalt roads in order to help in decision support at the late project planning stage
such as that related to the green procurement. The framework takes into account the
construction, maintenance and end of life phases and focuses on energy and
greenhouse gas (GHG) emissions. Threshold values for the production of some
additives were also determined to show how LCA tools can help material suppliers
to improve the road materials production processes and the road authorities to set
limits on the use of different materials based on the environmental criteria. Additive
consideration and feedstock energy in road LCAs were also identified as gaps that
were looked in detail. The attributes that are important to consider in an asphalt road
LCA that seeks to serve as a decision support in a procurement situation are
described.
A brief literature review was carried out that focused on project LCAs, and
specifically those considering pavements, as this level is assumed to be appropriate
for questions relevant in a procurement situation. Following the different standards;
road LCAs developed all over the world have generated a lot of knowledge and the
studies have been different from each other such as in terms of goals and system
boundaries. Hence, the patterns observed have been very different from study to
study. It was also difficult to assess the decision support level for which the various
LCA frameworks or tools were developed. It is important to define system
boundaries based on where in the system the decision support is needed. For LCA to
be useful for decision support in a procurement situation, it is important to have a
clear understanding of the attributes that constitute the life cycle phases and how
data of high quality for them are obtained. The level of consistency and transparency
of road LCAs becomes increasingly important in pre-procurement and procurement
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situations. The key attributes used in a road LCA should mirror the material
properties used in a pavement design and therefore be closely linked to the
performance of the road in its life cycle.
From the different case studies, it was found that asphalt production and
transportation of materials are usually highest in the energy and GHG emissions
chain. It is highly favorable to have the quarry site, the asphalt plant and the
construction site not far from each other and to use the electricity that has been
produced in an efficient way. Based on the laboratory test results, it is shown that the
effects of chemical warm mix asphalt additives (WMAA)s must be evaluated on a
case by case basis since WMAA interaction with the aggregate surface mineralogy
appears to play a significant role and thus affects its long term structural behavior.
Using the material properties obtained from the Superpave indirect tensile test (IDT)
results, pavement thickness design was done in which Arlanda aggregate based
asphalt mixtures resulted in thinner pavements as compared to Skärlunda aggregate
based asphalt mixtures for the same design life period. Energy (feedstock and
expended) saving and reduction in GHG emissions were also seen with addition of
WMAA, for both aggregate type cases, based on the data used. Importantly, the
results presented illustrate the importance of a systems based LCA approach for
evaluating the sustainability for different design and construction options. In this
context, having actual pavement material properties as the key attributes in the LCA
enables a pavement focused assessment of environmental costs associated with
different design options.
Keywords: Asphalt roads; life cycle assessment; feedstock energy; warm mix asphalt
additives; green procurement; decision support; laboratory investigation; pavement
design.
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1. Introduction
Sweden has a road network consisting of streets, state and municipal roads and
private roads which sums up to be about 0.6 million km, according to the Swedish
National Road Administration. Large amounts of bitumen, additives, aggregates and
asphalt are produced all over the world to fulfill the material requirements for the
construction of the roads. About 3.5 billion tonnes of aggregates are produced
annually in Europe (Koziol et al. 2008). In 2009, Sweden, having almost 1.3% of
Europe’s population, produced 84.5 million tonnes of aggregates which is almost
2.4% of EU’s production (SGU, 2009). USA produced 1.91 billion metric tonnes of
aggregate in the year 2010 (Willett, 2011). Similarly, considerable amount of hot-mix
asphalt (HMA) is also produced for the construction and maintenance of the roads.
USA and EU produced about 500 and 304 million tonnes of asphalt in the year 2007,
respectively (Sivilevičius and Šukevičius, 2009). Energy is needed for the production
of the materials and, if the energy is not properly utilized, this may lead to more
waste and higher costs. The impact on the environment cannot be neglected either.
The European Union (EU) is aiming to achieve a resource-efficient and low carbon
economy for the sustainable growth by 2020. The two subjects highlighted for the
future focus by EU are to improve waste management by including all the life cycle
stages from extraction to disposal and reduce power consumption by increasing the
energy efficiency (A resource-efficient Europe, 2011). Life cycle assessment (LCA) can
be used as a method to assess the environmental impacts of a road system over its
entire life-time. Studying the life cycle perspective of roads can help us improve the
technology in order to achieve a system that has a lower impact on the environment.
Procurement is an acquisition phase when a product or service is bought. Due to the
environmental and resource depletion concern, green procurement is of urgent need
(Geng and Doberstein, 2008). The European Commission defines green public
procurement as a process in which the public authorities procure products and
services that have less environmental impact in a life cycle perspective when
compared to the product and services that have the same function for which they
could have been purchased (Buying green, 2011). Green or sustainable procurement
has, in fact, been discussed and promoted during the last couple of years in many
developing and developed countries (Marron, 1997; Thomson and Jackson, 2007;
Geng and Doberstein 2008; Bolton, 2008; Walker and Brammer, 2009; Ho et al. 2010).
LCA is an appropriate tool for integrating the environmental issues in a life cycle
perspective in a procurement process (Hochschorner, 2004). LCA could help the
purchaser to select a product or service based on the environmental aspects. Such
1
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purchasing choices will encourage the material producers and contractors to
innovate and supply more resource efficient products and services (Roadmap to a
Resource Efficient Europe, 2011). When implementing tools for LCA within the
procurement process, it is very important to align the potentials and limitations of
such tools with their intended purpose. For example the Transport Administration
needs to be specific about how to use such tools in the bidding or procurement
processes. Similarly, contractors and material suppliers need to know what
parameters to include or/and exclude in situations such as the green procurement.
Also, it is important that the LCA tool used (as well as the data behind it) is not
preferring one particular market partner, as such the transparency criteria is the only
way forward.
1.1. Motivation of this Thesis
Transport infrastructures such as roads are assets for the society as they not only
ensure mobility but also strengthen society’s economy. To be sustainable, road
infrastructure needs to exhibit a long term high quality performance, maximize the
safety of the drivers, keep the environmental impact to a minimum and allow future
advances such as use of new materials or new construction types. Potential functions
that may become the future, such as the possibility of road energy harvesting, on-theroad charging solutions and integration of the infrastructure with information and
communication technology (ICT) solutions may give further value to our
infrastructure network. All of these require better tools that are closely linked to the
material properties and that are capable of better predicting the long term
performance of roads. Furthermore, these tools should preferably work directly on a
life cycle basis where environmental considerations become part of the decision
support. To enable such a holistic approach, many different systems need to be
coupled and, as such, the absence of ‘black-boxes’ becomes crucial for its long term
success.
1.2. Thesis Aim and Research Objectives
LCA as a technique is not new, and today there are many different types of LCA
tools available on the market. However, despite this availability, structural
implementation of such tools is still unseen in real road projects. This is a clear
indication that there are still remaining gaps, which need to be addressed in order to
bring these tools to practical use.

2
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At the start of this Thesis, different gaps are identified that are formulated as the
research objectives of this Thesis. The Thesis is thus focused on developing solutions
to address these in order to open a way forward for suitable LCA implementation for
the various stages of a road project such as design, construction, maintenance,
rehabilitation and eventual disposal and/or recycling.
The objective of this Thesis was to develop a road LCA framework that could be
used for decision support at the late project planning level such as that related to
procurement. Furthermore, the Thesis also aims to help the material suppliers to
improve the road materials production processes and the road authorities to set
limits on use of different materials based on the environmental criteria. To achieve
the goals of the study, experimental and computational methods have been used. In
the following, the objectives of the Thesis are summarized from the 5 appended
papers.
Background and a brief literature review is presented in Papers I-II and certain
patterns regarding the life cycle stages, goals, system boundaries and impacts
selected for the development of road LCAs were identified. Additive consideration
and feedstock energy in road LCAs were also identified as gaps that were looked at
in detail. Validity of LCA results is dependent on the data quality used. For the LCA
to be useful for the decision support in a procurement situation, it should therefore
be important to have a clear understanding of the technical features (attributes) that
build up the life cycle phases and how data of high quality for them are obtained.
The attributes that are important to consider in an asphalt road LCA that seeks to
serve as a decision support in a procurement situation are described in Paper II. LCC
framework was also developed in conjunction with the LCA framework that could
quantify the economic cost of the energy output from LCA (Paper III).
The binder and aggregates are included in most LCAs however asphalt additives are
very rarely considered. The asphalt additives should be evaluated in a life cycle
perspective in order to determine the real benefits of using them. The production
data for additives used for life cycle analysis in Paper IV were unavailable, therefore,
threshold values for such additives were determined that could help the road
authorities setting green limits and the material producers to improve material
production techniques/processes.
LCA can be used in a procurement process to evaluate on environmental criteria for
different road design alternatives i.e. for green procurements. Decision support could
be important at such a level for selecting different materials and pavement thickness
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designs. The importance of aggregate quality and the use of chemical warm mix
asphalt additives (WMAAs) such as Rediset® were investigated in the laboratory
and data was generated in order to design the road alternatives. These alternatives
were then analyzed using the road LCA framework (Paper V).
1.3. Thesis structure
The Thesis is structured in the form of 5 chapters that reflect the summary of the 5
appended papers (Papers I-V). The papers are included at the end of the Thesis.
Chapter I begins with a short introduction and describes the research motivation and
objectives of the study. In Chapter 2, a summary of the LCA methodology and a brief
literature review of the road LCAs are discussed. Feedstock energy is also discussed
in detail. Chapter 3 presents the system boundaries defined for the different attributes
considered in the development of the road LCA framework. A mass energy flow
method for additives and a method to quantify feedstock energy of the system are
also described in detail. Chapter 4 consists of a summary of the results and an
extended discussion and analysis based on the 5 appended papers. Finally,
conclusions and recommendations are summarized in Chapter 5.

4
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2. Background
Life cycle thinking is becoming popular in society, in different types of industries
and different fields of research, as it is now recognized that resource depletion and
the emissions of different potentially harmful substances are often a result from
activities in different life cycle stages of a product. This Chapter gives a summary of
the developments, type and use of LCA followed by a brief review of road LCA
literature. Feedstock energy inclusion in road LCAs is also discussed based on the
literature.
2.1. Life Cycle Assessment (LCA)
LCA is a versatile tool to investigate the environmental aspect of a product, a service,
a process or an activity by identifying and quantifying the related input and output
flows utilized by the system and its delivered functional output in a life cycle
perspective (Baumann and Tillman, 2004). Ideally, it includes all the processes
associated with a product from its ‘cradle-raw material extraction’ to its ‘gravedisposal’. In the late 1990s and early 2000s, the International Organization for
Standardization (ISO) released the ISO 14040 series on LCA, which included the
general framework (ISO 14040, 1997), goal and scope definition and inventory
assessment (ISO 14041, 1998), impact assessment (ISO 14042, 2000) and interpretation
(ISO 14043, 2000). Later in 2006, these standards were replaced by ISO 14040:2006,
Environmental management – Life cycle assessment – Principles and framework and
ISO 14044:2006, Environmental management – Life cycle assessment – Requirements
and guidelines. However, the requirements and technical content was unaffected.
Many researchers use such standards as basis for the LCA methodology in different
fields of research today.
Baumann and Tillman (2004) have distinguished three types of LCAs; Stand-alone
LCA, change/effect oriented or consequential (CLCA) and accounting/descriptive
type or attributional (ALCA) (Paper I). Stand-alone LCA is used to identify the
environmental hot spots within a system and it reports the actual environmental
declaration of a particular product. It could be used to identify the most energy
consuming phase in a road’s life cycle. CLCA is appropriate to use when changes
within or outside the life cycle are studied by a change within a life cycle system
(Ekvall and Weidema, 2004). Linearly modeled ALCA provides input and output
flows attributed (associated) to the delivery of a specified functional unit (Rebitzer et
al. 2004). It is a comparative approach that could be used as a decision support tool in
a network or a project level, depending on how goal and system boundaries have
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been defined. According to Erlandsson et al. (2013), the use of LCA can be divided
into the evaluation of the whole product systems where CLCA is used and the
evaluation of individual products where ALCA is used. CLCA and ALCA are two
different approaches that aim to answer different questions. Failure to differentiate
between these two approaches may result in either the wrong method being applied
or a single assessment with mixed approaches or misinterpreted results (Brander et
al. 2009). Selection of a certain LCA approach (standalone, CLCA or ALCA) largely
depends at what decision level a study is being conducted and what goals are to be
achieved. The International Reference Life Cycle Data System (ILCD) handbook
published in 2010 in a “science to decision support” process led by the Joint Research
Center of the European Commission (EC-JRC), classified the decision context in the
form of situation categories stated as A, B and C where different LCA approaches can
be used. Micro-level decisions come under the A category and normally consider a
specific product. Some of the examples are decisions for the product comparison,
green public or private procurement, PCR or EPD development. Macro/Meso-level
decisions come under the B category and are required for policy information or
development. Thus, they may consider a group of products or product types.
Situation C is mainly for retrospective accounting LCA studies.
Creating the Environmental Product Declaration (EPD) for a particular product is
one of the ways where comparison and selection of certain alternatives based on
LCAs could be done in a transparent system. The Product Category Rules (PCR)
identifies and describes the process of preparing EPDs that report the environmental
data of the products making them comparable and verifiable. Preparing a PCR
includes the definition of the criteria to be used in the LCA study of a product (Fet et
al. 2009). PCR documents are prepared using standards such as the ISO or the
industry standards. The ILCD handbook can also serve to be a parent document
when preparing PCRs (ILCD, 2010). This handbook is in compliance with the ISO
14040 -14044 standards and provides quality assurance and consistency in the life
cycle studies. Such methods and standards could thus increase the reliability and
transparency of LCA tools developed for decision support situations such as
procurement.
2.2. Review of the road LCA literature
The LCA methodology can be applied within the field of transport infrastructure.
Either the whole transport system or a single project or a component of a project can
be studied using LCA. According to Stripple and Erlandsson (2004) three ‘tiering
levels’ can be distinguished, including the network level, the corridor level and the
6
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project level. These different decision levels require different system complexities in
order to answer the relevant questions that arise. There are some examples of
corridor level and project level approaches in the LCA literature (Jonsson, 2007;
Schlaupitz, 2008). However, project focused LCAs are more easily found. The
performed literature review focuses on project LCAs, and specifically those
considering pavements, as this level is assumed to be appropriate for questions
relevant in a procurement situation. A summary of the focus identified in different
published road LCA studies is shown in Table 1.
Table 1. Cited literature for a brief review on road LCAs (Paper II)
Authors

Year

Road Phases included

Impacts considered

Focus of the work

Häkkinen
and Mäkelä

1996

Materials, land use,
construction, maintenance, use
and recycling

Energy, air emissions,
raw materials, noise

Horvath and
Hendrickson

1998

Materials, construction and end
of life

Energy, air emissions,
raw materials, water
releases, hazardous
waste, water use

Mroueh et
al.

2000

Materials, construction,
maintenance and recycling

Energy, air emissions,
raw materials, leaching
water use, noise

Concrete and asphalt
pavements and
comparing
environmental impacts
Comparing
environmental impacts
from asphalt and SteelReinforced Concrete
Pavements
Use of industrial byproducts in asphalt and
concrete roads

Stripple

2001

Materials, construction,
maintenance, use and recycling

Energy, air emissions,
raw materials

Concrete Pavement,
HMA, cold mix asphalt.

Park et al.

2003

Energy, air emissions

Concrete and asphalt
roads

Zapata et al.

2005

Energy

Asphalt and concrete

Athena
Institute
ECRPD

2006

Materials, construction,
maintenance, recycling and end
of life
Materials, construction,
maintenance, recycling and end
of life
Materials, maintenance and
recycling
Materials, construction,
maintenance and recycling

Energy and air
emissions
Energy, raw materials
and air emissions

Concrete and asphalt
roads
Asphalt pavement

Huang et al.

2009

Material, construction,
maintenance, FOCUS recycling

Energy and air
emission

Asphalt pavement

Santero et
al.

2011

Materials, construction,
maintenance, use and end of life

Air emissions

Concrete pavements

Yu and Lu

2012

Energy and air
emissions

Concrete and asphalt
pavements

Vidal et al.

2013

Energy and air
emissions

Asphalt road

Butt et al.
(Paper I)

2014

Materials, construction,
maintenance, recycling, use and
end of life
Materials, construction,
maintenance, recycling, use and
end of life
Materials, construction,
maintenance, recycling and end
of life

Energy and air
emissions

Asphalt road

2009
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In the literature, most road LCA studies are different road type comparisons
(Häkkinen and Mäkelä, 1996; Horvath and Hendrickson, 1998; Mroueh et al. 2000;
Stripple, 2001; Park et al. 2003; Athena Institute, 2006; Yu and Lu, 2012) but there are
also examples on studies that focus specifically on either concrete roads (Evangelista
and de Brito, 2007; Loijos, 2011) or asphalt roads (ECRPD, 2009; Vidal et al. 2013;
Paper I). There are developments continuously being made in the field of road LCAs
(Pavement LCA workshop, 2010; PCR, 2013). Several researchers have studied the
effects on the environment due to the construction, maintenance and disposal of the
roads (Stripple, 2001; Birgisdóttir, 2005; Zhang et al. 2008; Huang et al. 2009; Santero
et al. 2010a and 2010b). Such research enables effective measures to be identified to
reduce the resource use and the environmental loads from the roads, for example by
suggesting changes in the technical procedure or in the choice of the materials.
The earliest study of using LCA in pavements was in the 1990’s and since then, a lot
of knowledge and data has been generated. However, it is clear from the literature
that comparative road LCAs is the most common type, where different pavements
are compared with other types of pavements or materials. A detailed literature
review was carried out by Santero et al. (2010b) that looked at different pavement
LCA studies. It was concluded that the pavement LCA research studies reviewed
had different depths, quality and conclusions, and that it is very difficult to
determine conclusively the reliability of the various input data, since data sources
differ significantly in quality. It was also concluded that the results vary because of a
broad range of pavement design models used in the LCA tools. Literature review
reports on the LCA of pavements were also published by Muench (2010), Carlson
(2011) and Said et al. (2012). Muench’s (2010) addressed the ecological component of
sustainability by reviewing the LCA literature focusing on road construction. The
author concluded that most of the road LCA studies are on pavement cross sections
although there are some exceptions. It is also expected that energy and emissions
associated with road construction will be analyzed more carefully soon. Carlson’s
(2011), in compliance with Santero et al. (2010b), concluded that it is impossible to
directly compare the results of existing road LCAs as the studies have different focus,
functional units and system boundaries. Said et al. (2012) provided an outline of the
environmental impacts in pavement construction and maintenance in current road
LCA literature and concluded that research in road LCAs is improving and
expanding.
Several previous road LCAs have also been focused on comparing asphalt and the
concrete pavements to each other (Santero et al. 2010a and 2010b). The results
consistently indicate that an asphalt pavement implies a larger use of energy but
8
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lower emissions than concrete pavements. It was reported by Horvath and
Hendrickson (1998) that a HMA pavement consumed 40% more energy but
produced fewer emissions as compared with a continuous reinforced concrete
pavement. The comparison was made with an economic input–output LCA
approach, and no feedstock energy was taken into account. However, the results are
in line with other LCAs in which feedstock energy is included (Häkkinen and
Mäkelä, 1996; Stripple, 2001). In Häkkinen and Mäkelä (1996), a stone mastic asphalt
pavement was reported to consume almost twice the non-renewable energy
compared with a doweled jointed plain concrete pavement (JPCP), whereas the
concrete pavement produced 40–60% more CO2 emissions depending on
maintenance schedules. Similar results were reported by Stripple (2001) who
compared doweled JPCPs and two asphalt pavements (hot- and cold-mix asphalt).
Park et al. (2003) reported that the most energy intensive process in a road’s life cycle
is the manufacturing of construction materials, which in their study consumed 1525.8
tonnes of oil equivalents per 1 km of four lane highways. The authors stated that
construction and demolition phases consume more energy than the
maintenance/repair phase. This conclusion, however, is a function of the considered
number of maintenance cycles, which were relatively low in their study. In the
European project named Energy Conservation in Road Pavement Design,
Maintenance and Utilization (ECRPD), it was concluded that the construction of a
new road (20 years design life) consumes very large amounts of energy (9384.7–
9986.3 GJ/km for motorways) of which 92% of energy was determined to come from
the asphalt production (ECRPD, 2009). In the maintenance phase of the motorways, it
was reported that by using hot-in-place recycling methods, around 28% of energy
could be saved when compared with the hot method of recycling in the asphalt plant.
Besides the road LCAs that have been performed, and the road LCA literature
reviews that have been compiled, several published papers describe the development
of different road LCA tools for generating selected environmental impact for road
construction (Dubocalc, 2002; Birgisdottir, 2005; PaLATe, 2007; Huang et al. 2009).
PaLATE, the Excel-based pavement LCA tool for environmental and economic
effects was developed in 2003 by the University of California, Berkeley (Horvath,
2004). It can analyze the life cycle stages including the construction and maintenance
of the pavement in regard to the various environmental and economic aspects.
ROAD-RES is another tool developed by Birgisdottir (2005). It has been divided into
two main parts: the construction and the disposal phase. It looks particularly into the
residues from waste incineration usage against virgin materials. A number of other
software tools and models have been developed such as the Federal Highway
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Administration’s (FHWA) RealCost, Caltrans’ Cal B/C and FHWA’s IMPACTS, but
most look at the life cycle cost (LCC) analysis or neglect the pavements life cycle
perspective (Santero et al. 2010b).
Following the different standards; road LCAs developed all over the world have
generated a lot of knowledge and the studies have been different from each other in
terms of goals, system boundaries and as such, the patterns observed have been very
different from study to study. The impacts studied in LCAs have also been different
from one study to another. However, a pattern was seen in which most road LCAs
considered the energy and airborne emissions. Very few included other impacts such
as noise and water contamination. It was also difficult to assess the decision support
level for which the various LCA frameworks or tools were developed as not all
authors were very specific about this.
2.3. Feedstock energy in road LCAs
Crude oil is the primary resource from which bitumen is obtained. Bitumen is the
residual oil product and thus composed of hydrocarbons, which means it can be
used as fuel in combustion processes. Unlike aggregates with no combustion energy,
it has a considerable amount of heat of combustion e.g. 40.2 MJ/tonne of bitumen
according to Garg et al. (2006). This stored energy is generally called the inherent
energy or the “feedstock energy”. According to the ISO standards, feedstock energy
is the heat of combustion of a raw material input that is not used as an energy source
to produce a product. Bitumen as fuel is rather dirty (Kapadia et al. 2011; O'connor
and Hardy, 2014), and as such it competes with coal. Due to its relatively high
processing cost and high emissions from combustion compared with coal, it is rarely
used as a source for primary energy today. The most common use of this material is
as binder for the aggregates in the road industry. Bitumen is therefore embedded in
the asphalt mix and is thus saved from being released to the atmosphere as CO2.
However, process energy is still required to extract and recover bitumen from the
crude oil and asphalt mixture, respectively.
In the literature review by Santero et al. (2011), it was identified that there is no
consensus on whether or how feedstock energy of bitumen should be included in
road LCA studies. Three different views can be distinguished regarding the
feedstock energy consideration in the road LCA literature studied. Some researchers
take into account the feedstock/inherent energy of the bitumen but sometimes add it
to the process energy, reporting the total energy (e.g Athena Sustainable Materials
Institute, 1999; Nisbet et al. 2001). It has been observed that this view is sometimes
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used when comparing concrete and asphalt pavements and results in a conclusion
that concrete pavements are more energy efficient. The other group excludes the
feedstock energy from their studies (Horvath and Hendrickson, 1998; Treloar et al.
2004, Zapata and Gambatese, 2005; Weiland and Muench; 2010). Some express the
view that as the bitumen is not combusted, it is not useful to report feedstock energy
in the energy usage data (Weiland and Muench, 2010). The third group has a view to
include feedstock energy in the studies but report it separate from the expended
energy (e.g Häkkinen and Mäkelä, 1996; Athena Institute, 2006; Trusty, 2006;
Muench, 2010; Paper I). Most studies refer to the ISO standards when reporting
feedstock energy. ISO 14040 section 4.2.3.3.2 states: “Energy inputs and outputs shall
be treated as any other input or output to an LCA. The various types of energy
inputs and outputs shall include inputs and outputs relevant for the production and
delivery of fuels, feedstock energy and process energy used within the system being
modelled.”
There are different arguments for when and why to include feedstock energy in road
LCA’s. One aspect could be depending on whether the bitumen is considered as a
borrowed resource or a byproduct which in turn depends on what the question is
being asked or answered.
• Viewing bitumen as a “borrowed” resource
In this case, bitumen is considered as a fuel source that can be cracked to produce
lighter fuel products or can be used by the power industry. This stored energy is not
being consumed when used as a binder material for the roads. Therefore, it can be
considered as a borrowed resource (Van Oers et al. 2002). The price of the bitumen
can be mapped if the feedstock energy is known of that particular bitumen.
Therefore, it might be argued that it is important to report the feedstock energy of
bitumen in LCAs when bitumen can be combusted for fuel.
• Viewing bitumen as a byproduct
Bitumen can be considered a byproduct from the fractional distillation process of the
crude oil, with no fuel value. In that case, the bitumen is used as a construction
material where the feedstock energy of bitumen may not be of interest as combustion
is not an alternative since bitumen is never being used as fuel even in the far future.
It is sometimes argued that reporting feedstock energy is not important as 1 tonne of
bitumen in the road is something similar to having 1 tonne of crude oil. In case the
bitumen is seen as a borrowed resource, this argument becomes quite valid however;
the price of cracking and material processing of crude oil varies a lot when compared
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to bitumen. Feedstock energy in this regard could be used to price particular
bitumen. It can also be argued that as the crude resources are becoming more and
more depleted, it may be conceivable that bitumen will be used as an energy
resource in the future. Hence, the energy value for the bitumen should be known.
When progressing from LCA to its corresponding LCC, the feedstock energy of the
bitumen becomes highly relevant as the cost of the bitumen will be reflected in its
alternative value as fuel. In this case, it becomes relevant to report the feedstock
energy of the bitumen in the LCA, so it may be used as an input for the LCC.
Importantly, it depends on what research question is being addressed and how the
system boundaries have been defined.
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3. Development of the road LCA framework
It is important to define system boundaries based on where in the system the
decision support is needed. For LCA to be useful for decision support in a
procurement situation, it is important to have a clear understanding of the attributes
that constitute the life cycle phases and how data of high quality for them are
obtained. The level of consistency and transparency of road LCA tools becomes
increasingly important in pre-procurement and procurement situations. In this
Chapter, the key attributes will be described, focusing on the energy and greenhouse
gases (GHG) with a detailed summary of a road LCA framework developed with
procurement in mind, as well as a review of the LCA system boundaries. The
inclusion of additives and the feedstock energy has been described as well.
3.1. An open LCA framework for the pavement industry
The life cycle of a road can be divided into several stages: extraction of the raw
materials, processing the construction materials, construction, operation,
maintenance, demolition, recycling and waste treatment. Figures 1 and 2, shows the
most common processes that are considered for road LCAs. Material transport,
construction and maintenance equipment, and machinery are present at each unit
process in the road system, and each unit process is based on the pavement design
considerations. For this Thesis; construction, maintenance and end of life of asphalt
road have been considered for the development of the LCA framework.

Figure 1. Processes involved in the construction of a road.
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Figure 2. Processes involved in the maintenance of a road.

The processes discussed and used that focus on the construction of asphalt roads in
the developed LCA framework are: (i) processing of aggregates and asphalt, (ii)
paving of the road foundation (base and sub-base layer) and the asphalt layer(s), (iii)
compaction of the road foundation and asphalt layer and (iv) transportation of the
materials (Figure 1). The impact on the environment from the maintenance of a road
depends on the number of maintenance cycles considered. Processes discussed and
used regarding the maintenance of the asphalt road in the suggested LCA framework
are: (i) milling of different layers, re-paving and re-compacting, (ii) rehabilitation
(removal and reconstruction of a layer or two), (iii) recycling. In a cradle-to-grave
LCA, the end of life of the system’s function should be considered. Processes
discussed and used regarding the end of life of the asphalt pavement in the
suggested LCA framework is burial in the sub-grade. Figure 3 shows the LCA
framework developed for asphalt roads for decision support at the project level. The
energy and GHG emissions are focused for the environmental impact categories.
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Figure 3. The LCA framework developed for decision support at the project level.

3.2. Scope and system boundaries
The structure of the road includes the unbound aggregate base layer and/or sub base
layer and the asphalt layer (wearing and the structural layer). The different choices
regarding both the framework design and the case specific system boundaries were
done in cooperation with the asphalt industry, construction companies and the
Swedish Transport Administration in order to increase the relevance and the quality
of the assessment. In the following, the system boundaries are defined for the
developed LCA framework presented in this Thesis.
Land area
Use of the land is an important aspect in the early planning stage in a project. This
decision may also be important at the network level when a project has not been
decided. The scope of this study was limited to the project level in the late planning
stage therefore; the land area by definition becomes a default setting. The road
location was pre-defined, i.e. it was already decided where to lay or construct a road.
The land area usages for some other purposes like building construction were not
considered.
Road foundations
Topography of the land is very important when a planner and later the road designer
are preparing the layout of a road. As a result of an architectural layout, the ‘cut and
fill’ operations are assumed to be completed. In this Thesis, LCA framework takes
into account the laying and compaction of different layers.
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Traffic
Traffic is incorporated in the system definition in the form of equivalent single axle
loads (ESALs) used for the pavement thickness design. According to Stripple (2001),
the impact of the traffic (use phase) is considered to be more significant from an
environmental point of view than the construction and maintenance of the road’s
lifetime. This may be true because of high fuel consumption and emissions from the
vehicles in a life cycle study of a road. Hence, at the network level when the type of
infrastructure is being decided or at the early project planning stage when the road
corridor is being selected, the use phase must be considered in LCAs as it may
influence the decision. However, this is not the case in the late project planning or the
procurement stage. As such, the use phase will not be helpful for the decision
support at this stage. Moreover, if the impact from the vehicles is included in a life
cycle study at the late project level, the impacts due to the other life cycle phases will
generally be unnoticed, and thus ignored due to the large impact from the vehicles.
Construction materials
Materials for the asphalt road construction include bitumen, aggregates and
additives. Extraction of crude oil, transportation to a refinery and extraction of
bitumen from fractional distillation of crude oil was not inventoried and modelled
for the development of the framework. Bitumen production from crude oil refining is
a complex system and it is in fact, difficult to allocate energy and emissions for such a
complicated system. Crude oil and wax production are discussed in Paper I and these
are vast studies that need to be investigated using the life cycle perspective.
Aggregate extraction from predetermined quarry sites and additives used in asphalt
mixtures are considered.
Energy
The second law of thermodynamics sets the limits to the conversion of thermal
energy into the mechanical/electric energy. Therefore, there is a quality difference
between both of these energies. The second form of energy can always be completely
(100%) converted to the first form, but this is not true in reverse, as this will depend
on the starting and final temperatures of the energy conversion process. The
conversion factor depends on the efficiency of the processes and the primary
resources used. For the electricity production, the difference between the electricity
mixes may have a large impact on the conversion factor. In Finland, the electricity
efficiency is 0.48; meaning 2.08 MJ of energy raw material is required to give 1MJ of
electricity (Häkkinen and Mäkelä 1996). In Sweden, Stripple (2001) reported that 2.23
MJ of energy raw material was used to produce 1 MJ of electricity. In the developed
framework, the electricity and the fuel energy have been kept separate. If the
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electricity and the fuel energy are to be cumulated to get equivalent thermal energy
(ETE), the conversion factors need to be known.
The system boundaries for the LCC framework developed were also defined, similar
to that of the LCA framework (Paper III). This was done in order to have a consistent
system that could analyze and quantify costs using LCC framework and
environmental impacts using LCA framework for different design alternatives at the
project level. Furthermore, the data generated in the LCA is used as an input in the
LCC framework that gives an economic value to the energy and the construction
materials. In the LCC framework, costs of construction and rehabilitation are divided
into energy- and time-related components. The time-related components were those
concerning labor and equipment for construction and rehabilitation activities.
Energy-related costs are separated into feedstock energy and expended energy. The
feedstock energy is the energy stored in the material which represents the value of
crude oil. The expended energy is the amount of the energy spent during the
material production, construction and rehabilitations of the road. The expended
energy in the refinery and asphalt plant was expressed for the bitumen, aggregate
and asphalt mixture production.
3.3. Defining the attributes
The attributes that build up a LCA system should be transparently defined and
consistently calculated, in order for the LCA results to be comparable and useful for
green procurement purposes. The attributes suggested to be considered in a road
LCA study for the procurement at the project level are presented in Table 2. The
feedstock energy attribute will be discussed in a later section in detail. The suggested
methodological choices can be applied to ALCA as well as in a standalone LCA. The
GHG emissions and the mass that goes into the system and comes out as mass (e.g.
bitumen, aggregates and asphalt) are reported in tonnes. However, the mass that is
consumed for the energy generation is reported in energy units, Joules (J: ex. for fuel
and electricity).
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Table 2. The attributes that form a road LCA framwork (Paper II).
Attributes

Processes involved

Function of

Fuel Production

Crude oil extraction,
transportation, refining, storage

Processes efficiency, electricity use,
fuel use, material use

(a)

(a)

(a)

Raw materials extraction and
processing (crude, natural gas,
water, uranium), transport

Processes efficiency, electricity use,
fuel use, material use

(a)

(a)

(a)

Electricity Production

Bitumen

Crude oil extraction,
transportation, refining, storage

Processes efficiency, electricity use,
fuel use, material use

Wb = WA x %b

(a)

(a)

Aggregates

Blasting, crushing, sieving and
transportation

Processes efficiency, electricity use,
fuel use, material use

Wa = WA x %a

(a)

en/ton x em

Asphalt

Conveying, heating materials,
mixing and storage

Processes efficiency, electricity use,
fuel use, material use

WA = w x SGA x VA

Σ = ETE/tonA x
WA

en/ton x em

Load capacity of vehicle,
distance travelled to and from
the interest site

Fuel use, material use, distance
travelled, engine’s efficiency

Wb , Wa , WA , WRAP

Σ =FxWxLx
Fen

en/FU x em

Material transport

Compact/Pave

Compaction/
paving time and capacity

Fuel use, material use, workable
time, engine’s efficiency

WA

= t x c x en/m2 x
N

en/FU x em

Waste (associated to
asphalt- permanent loss)

Vehicle-pavement interaction,
Environmental effect

Material

LossA = WA - WRAP

= FStotal FSremaining

Milling, mixing, conveying,
storage and heating

Fuel use, material use, workable
time, engine’s and processes
efficiency

WA+RAP = WA + WRAP =
(w x SGA x VA) + (w x
SGRAP x VRAP)

Σ = (t x c x
en/m2 x N) +
(ETE/tonA+RAP x
WA+RAP)

(en/FU x em)
+ (en/ton x
em)

Milling

Fuel use, material use, workable
time, engine’s efficiency

WRAP = w x SGRAP x
VRAP

= t x c x en/m2 x
N

en/FU x em

Recycling (pavement)

Demolition (pavement)

Mass

(a) Data used from other studies
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The abbreviations used in the formulation of the equations are as listed below;
A = Asphalt
b = Binder
a = Aggregate
RAP = Reclaimed asphalt pavement
FU = Functional unit
W = Total weight of the material per FU
SG = Specific Gravity
V = Volume of material per FU
L = Distance travelled
ρw = Density of Water
en = Energy consumed in J
em = Emissions from the production and usage of 1 MJ of electricity and 1 MJ of fuel
Σ = Sum of all the processes for each attribute
ton = tonne of material
F = Fuel consumed in liters per tkm
Fen = Energy value of fuel in J per liter
E = Electricity consumed in kWh
t = Effective paving/compaction/milling time in hr
c = Paving/compaction/milling capacity in m2/hr
N = Number of passes in relation to the length of the road (within FU)
ETE (Equivalent thermal energy) = Production (Electricity and Fuel) energy +
Consumed (Electric and Fuel) energy
Parameters c, F and ETE are depended on the efficiency of the considered process or
equipment. RAP can be used for the maintenance purposes or new construction
projects. Some new materials are added to the RAP in order to bring it to the desired
requirements/properties before using it in a project.
3.3.1. Mass Energy Flow method
A framework to calculate the mass and energy consumption is proposed (Figure 4).
The different terms used are defined as follows: P stands for process, B means byproduct, Y refers to yield, E is electricity and H is heating. In Sweden, resources such
as fossil fuels, nuclear and hydropower, wind and biofuel are used to produce an
electricity mix. The mix varies every year resulting in a different ETE value for every
electricity mix produced. The conversion factor to get ETE consumed has been
denoted as ‘X’ in the formulas depending on what electricity mix is being used.
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Figure 4. Framework to calculate mass balance and energy consumption of a process (Paper I).

If a 100% feed enters the process, then the equations will be as follows:
ETE consumed per tonne product = 100.

X .E1  H1
Y1

ETE by-product calculation per tonne product = 100.

Mass-distributed ETE =  X.E1  H1  .

(1)

X .E1  H1
100  Y1

Y1
(100-Y1 )
and  X.E1  H1  .
100
100

(2)

(3)

Equations (1) and (2) are the result of typical economic calculations, whereas
Equation (3) takes no position to allocation. Being faced with LCA data from product
sheets, it is not always clear which distribution principles have been used. Standards
normally recommend allocation to mass but this is no universal solution. The
equation chosen must be based on the questions asked. As an example, one can also
look at different scenarios in a process. If the final yield (Y3) is the required product
(wax), the energy flow accumulates and may be allocated to the final product only.
This way the by-product (BD) could be considered having no energy allocation.
3.3.2. Feedstock energy
Consideration of feedstock energy depends on how the system boundaries have been
defined. Figure 5 shows the flow of feedstock energy in a road life cycle.
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Figure 5. Feedstock energy in a life cycle perspective

The asphalt is 100% recyclable i.e. the bitumen used in the construction of the road
can be re-used for the maintenance or new road construction. Consequently, the
extraction and use of new resources is reduced and the feedstock energy that was
stored in the constructed road remains embedded within the road system even after
maintenance and/or rehabilitation. Due to aging and repeated recycling, the bitumen
may no more be useful as a binder material for the road surface. Hence, the asphalt
mixture at this end of life stage can be defined as a waste. It is a common practice to
use this material in the sub-structure of the road where it becomes part of the road
structure again and therefore no end of life phase exists for the pavements. This
waste has an energy source, bitumen, ‘contaminated’ with aggregates that require
expended energy to be recovered. This becomes a question of allocation in waste
management whether to associate the whole life cycle of the recovered bitumen or
allocate it a zero value and thereafter associate expended energy for bitumen
recovery. This waste could be allocated a zero value; thereafter energy is expended to
recover the bitumen from the waste. Recovered aggregates may also be returned
back to the nature whereas bitumen is recovered that can be a useful energy
resource. In reality, today, there is no known economical process that recovers
bitumen from RAP for fuel. RAP is adjusted according to the performance
requirements and reused in asphalt pavements.
Bitumen can be combusted to determine its energy value. However, there is another
way to estimate the energy value (feedstock) of the bitumen without combusting it.
The main component of Heavy Fuel Oil (HFO) is the residual oil, i.e. the heaviest or
the bottom product that comes out from a crude oil refinery if bitumen is not being
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produced. Energy contents of HFO and that of the bitumen are basically the same if
they are of the same density. Considering this fact, HFO equivalence can be used to
find the energy value for the bitumen. There are good correlations available between
density and energy contents for HFO (1984). Hence, if the sulphur content and the
density of the bitumen are obtained from the laboratory tests, the lower heating
value (LHV, all combustion products leave the system as gases except ashes) could
be determined using Figure 6. Normally, LHV is closest to the actual energy yield in
most of the cases (NPC, 2007).

Figure 6. HFO curves to determine feedstock energy of bitumen
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4. Analysis and results
In this Chapter, different cases are studied using the LCA framework. The LCA
framework developed for asphalt roads can be used in a stand-alone LCA,
attributional LCA and stand-alone comparative LCA. A standalone LCA approach
(case A: Paper I) is performed on a typical Swedish pavement followed by sensitivity
analysis based on the electricity mix and material transport distances. To
demonstrate the use of LCA in the design process phase, a number of materials
where studied in this Thesis. For additives, Montan wax (case B: Paper IV), SBS
polymer (case C: Paper IV) and Rediset® (case D: Paper V) were included. For the
aggregates, two different sources were studied (Skärlunda and Arlanda). Using these
different material types, firstly their mixture performance was investigated in the
laboratory. These properties were then used to design the pavement alternatives and
their subsequent LCA was performed, using the developed framework (Paper V).
This thus demonstrates the entire process as it would be performed in reality and
shows how and where the LCA can be embedded in the process for decision support.
Pavement thickness designs for the cases were generated using the new calibrated
mechanistic CM design framework, calibrated for Swedish conditions (Gullberg et al.
2012). The design framework is an extension of the earlier work by Birgisson et al.
(2006), in which a framework for a pavement design using the principles of
viscoelastic fracture mechanics was developed. The asphalt mix is evaluated based
on its dissipated creep strain energy limit (DCSElim), which is a measure of how
much creep strain energy a viscoelastic material can dissipate before a non-healable
macro-crack form. Hence, DCSElim acts as a threshold between healable micro-cracks
and non-healable macro-cracks. This is a threshold that has proven to be
fundamental and independent of the mode of loading (Zhang et al. 2001). For all the
cases studied using LCA; expended energy (fuel and electricity) and feedstock
energy are calculated in Joule/FU, whereas emissions and materials in tonne/FU.
4.1. Standalone LCA of a typical Swedish road (Paper I and III)
A cradle (material extraction) to gate (construction of pavement) approach was
applied on Case ‘A’ in which a typical Swedish asphalt pavement was assumed to be
constructed as part of the Norra Länken (the North Link) project in Stockholm,
Sweden. The functional unit (FU) for the case study was defined as the construction
of 1 km flexible pavement per lane for the nominal design life.
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4.1.1. Life cycle inventory (LCI) and Impact assessment (LCIA)
The asphalt pavement design was based on the design life of 18 years for the ESALs
of 7.5 million and a reliability of 85%. The resulting thickness of the asphalt
pavement was 16.5 cm and the width of the lane was 3.5m. The density of asphalt
was assumed to be 2.4 tonne/m3. The asphalt mix design consists of 4.5% bitumen
and 95.5% aggregate by weight of the asphalt. Waxes and polymers were not
considered, since these will not be used in the Norra Länken project. The 70/100
bitumen had sulphur content of 3% and specific gravity of 1.02 at 15.6°C (60°F).
The feedstock energy of the bitumen was determined based on the method described
in Section 3.3.2. The material energy and emission data-set for bitumen and
aggregate can be read from Tables 3 and 4, respectively. For the impact assessment,
only GHGs were considered and their contribution to the environmental impact
category of the climate change. Swedish electricity mix was calculated based on the
data from IEA (2008), whereas the raw material data and GHGs were calculated from
Baumann and Tillman (2004) (Paper I). The main processes considered for case ‘A’
were the emissions and the energy used during the transportation of the materials,
the asphalt mixing, paving and compaction. The data for the processes listed above is
presented in Tables 5–8.
Table 3. Energy data used for bitumen and aggregate

Material

Type

Energy per tonne of material (MJ/tonne)

Bitumen1

70/100

39213
Electricity used per
tonne of material
(MJ/tonne)

Fuel used per tonne of
material (MJ/tonne)

Bitumen2

70/100

252

1060

Aggregate2

crushed

21.19

16.99

1

Feedstock energy calculated based on Notes on Heavy Fuel Oil, 1984 (Figure 6)
energy (Stripple, 2001)

2 Expended

Table 4. Emissions to air in grams per tonne of bitumen and aggregates produced

Emissions to Air (g/tonne of material)

Bitumen1

Aggregate

CO2

173000

1537

N2O

0.106

0.058

CH4

0.035

0.529

1 Emissions

from bitumen were assumed to be the same as reported by Stripple (2001)
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Table 5. Asphalt mixing process
Material

Type

Energy per tonne of asphalt (MJ/tonne)

Hot mix

39213

Units

Amount Per tonne of asphalt

Swedish Mix

kWh/tonne

8.3

Eldningsolja 1

liter/tonne

6.8

Units

Amount per tonne of asphalt

CO2

g

19392

N2O

g

0.430

CH4

g

0.757

Asphalt1
Electricity/Heat 2

Emissions to air3

1 Feedstock

energy

2 Nordic

Construction Company (NCC)
has been assumed that the emissions from the production and combustion of Eldningsolja 1 are same as
diesel.
3 It

Table 6. Data set for the paver and the compactor (Stripple, 2001)
Paver

Compactor

(Dynapac F16)

(Dynapac CC421)

MJ/m2

0.5940

0.7988

Speed

m/hr

240

4000

Effective capacity

m2/hr

1300

791

Paving time (efficiency)

min/hr

50

50

1

6

Paving/Rolling

Units

Energy

Number of Passes

Table 7. Transportation of materials by distribution trucks with 14 tonnes load capacity including
weight of the vehicle
Material
Transport
Distance4
Tonne-Kilometer
From
To
quantity
Material
(km)
(tkm)
(tonne)
Binder

Refinery2

Mixing plant1

100

63

12474

Aggregate

Quarry site1

Mixing plant

5

1324

13236

Asphalt

Mixing
plant

Construction
site3

50

1386

138600

Arlanda: Aggregate Quarry Site and Asphalt Mixing Plant
Nynäshamn: Bitumen Refinery
3 Norra Länken: Road Construction Site
4 Distance will double as loaded trucks will roll to the required site and unloaded when coming back
1

2
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Table 8. Emissions from vehicles, paver and compactor (Stripple, 2001)
Units

Amount per MJ energy used
(g/MJ)

CO2

g

79

N2O

g

0.0016

CH4

g

0.00005

Emissions to air

The feedstock energy of the bitumen (2408 GJ) was almost 30 times higher than the
process/expended energy (82 GJ) to produce it (Table 9). The production energy of
aggregate was 51 GJ. As no additives were considered and aggregates do not have
any feedstock energy, the feedstock energy of the asphalt was the same as that of the
bitumen. The energy from the electricity and the fuel could not be accumulated
without an energy conversion factor therefore the results of the electricity and the
fuel are shown separately. The asphalt production in the plant was the most energyconsuming process, both regarding the electricity and the fuel consumption due to
the fact that the asphalt requires heating of the materials before mixing. High
temperatures usually are required to dry the aggregates, melt the bitumen and
additives, for the mixing and the storage of the asphalt mixtures. The second highest
energy intensive process was the transportation of the materials as considerable
amount of diesel is burned to transport the asphalt. Due to the localization
assumption done in this case study, a relatively low amount of energy was used for
transporting the asphalt and aggregates. However, as shown in the sensitivity
analysis, different assumptions regarding the transport distances can totally change
the results. Paving and compaction, on the other hand, do not require much energy,
but this depends on what system boundaries have been defined. If the production
energy of the equipment used to pave and compact the road are considered, the
results might be quite different from the results presented.
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Table 9. Results of the case study
Feedstocks
Energy
(TJ)

Bitumen

2.4

Aggregate
Asphalt

0
2.4
Energy consumed
per tonne of
material (MJ/tonne)

Total
Energy
(GJ/FU)

Bitumen Production

252

16

Aggregate Production

21.19

28

Asphalt Production

29.88

42

Bitumen Production

1060

66

Aggregate Production

16.99

23

Asphalt Production

242

335

Item

Electricity
Consumption

Fuel
Consumption

Transport bitumen to the asphalt plant

11

Transport aggregate to the asphalt plant

11

Transport asphalt to the construction site

118

Laying Asphalt

4

Compacting Asphalt

2

Regarding GHGs, almost 51 tonnes of CO2, 0.9 kg of N2O and 2 kg of CH4 were
produced per FU (Table 10). Using the data of 100-year global warming potential
(GWP; Solomon et al. 2007; Table 11), these emissions correspond to almost 52 tonnes
CO2-eq in terms of global warming contribution. The asphalt production was the most
important process regarding these emissions, whereas transporting materials and
bitumen production were also relatively important.
Table 10. Total emissions to air from different processes of road construction in tonnes/FU
CO2

N 2O
(1 x 10-6)

CH4
(1 x 10-6)

Bitumen production

11

6.61

2.2

Aggregate production

2

76

701

Asphalt production

27

596

1050

Paving

0.3

6.18

0.19

Compacting

0.2

3.64

0.11

Transportation

11

224

7

Σ (tonnes)

51

913

1760

Emissions to air

27

Chapter 4
Butt, A.A (2014). Life Cycle Assessment of Asphalt Roads

Table 11. Global Warming Potential (GWP) for the GHGs (Solomon et al. 2007)
GHGs

Formula

100-year GWP

CO2
CH4
N2O

1
25
298

Carbon dioxide
Methane
Nitrous oxide

4.1.2. Sensitivity analysis (Paper I)
Sensitivity analyses were done regarding the transport distances and the electricity
production mix. According to the sensitivity analysis, change in the transport
distances largely affects the energy consumption of the system. The asphalt consists
of almost 95% by weight of aggregate which means that the aggregate quarry site
and the asphalt plant should not be very far from each other. Otherwise, there is a
high possibility that transporting materials may end up highest in the energy and
GHG emission chain. With an increase in the distance of 95 km between aggregate
quarry site and the asphalt plant, the fuel energy increased from 11 to 226 GJ/FU.
Furthermore, increasing the distance between the asphalt mixing plant and the
construction site by 25 km also resulted in an increase in the transportation energy
from 118 to 177 GJ/FU. Thus, the transportation energy consumption was found to
be much higher than the asphalt production energy in a life cycle perspective.
According to the sensitivity analysis of the electricity production assumptions, the
production may have a large impact on the results. Electricity is used for heating in
most of the asphalt plants in countries where electricity is relatively cheap. However,
it might have a high environmental impact due to the resources used for its
production. This should not be neglected. The sensitivity analysis was done by
comparing the process energy at an asphalt plant which uses Swedish electricity mix
from 2008 (IEA), and an asphalt plant which produces the electricity from an
electricity generator running on diesel. The efficiency of the generator is around 33%.
Hence, 3 MJ of diesel energy is used to produce 1 MJ of electricity resulting in an
excess amount of emissions. Almost 26 times more emissions per tonne of asphalt
produced were reported if the electricity used in the asphalt plant was generated
using a diesel generator. This may be significantly exasperated if the heating in an
asphalt plant is also carried out using electricity rather than fuel.
4.2. Environmental threshold settings for the asphalt additives (Paper IV)
It has been shown in several studies that the asphalt mixing phase is the most energy
intensive process (Zapata and Gambatese, 2005; Huang et al. 2009; Paper I). To date,
the pavement industry has been investigating how to lower the energy use and
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emissions, for example by converting from hot mix asphalt (HMA) to cold mix
asphalt technology. So far, there has not been any major paradigm shift in the
industries. Additives are added in the asphalt mixes for a number of reasons that
include lowering mixing and compacting temperatures, improving adhesion and
increasing resistance against cracking and rutting. Polymer modification is known to
have the potential to enhance the binder properties such that it becomes more
resistant to higher and lower temperatures (Carpenter and VanDam, 1987;
Lewandowski, 1994; Lu et al. 1999; Von Quintus et al. 2007). On the other hand,
working temperatures of polymer modified asphalt are much higher as compared to
conventional HMA which means more energy will be consumed to mix and compact
it. Working at higher temperatures also needs expertise and it could negatively affect
the conditions for the workers. Therefore, waxes are sometimes added to reduce the
viscosity of bitumen so it can be processed at lower temperatures (e.g Hurley and
Prowell 2006; Soenen et al. 2008; Edwards et al. 2010). It is popular today in the
asphalt industry to use waxes to produce warm mix asphalt (WMA). The pros and
cons of using polymers and waxes to modify the binder properties are well
documented. The long-term effect of this modification over the entire lifetime of the
pavement is, however, very seldom considered. In addition to this, it is not a
common practice to report the energy consumption and emissions for the production
of additives used in the asphalt industry. Therefore, to date, very little data is
available for the production phase of additives, causing a gap in the knowledge of
the long-term benefit from the additives from a life cycle perspective.
4.2.1. Self-healing bitumen and wax modification in a life cycle perspective
The intrinsic self-restoring ability of some binders, often referred to as their ‘healing
potential’, could serve as an excellent characteristic that could be capitalized upon.
To date, however, there is still very little fundamental insight into what causes some
bitumen to be better ‘healers’ than others. Even less is known about the resulting
impact of this healing potential on the overall lifetime of the pavement and its effect
on the overall emission and energy usage. Healing potential is therefore very rarely
included in pavement lifetime predictions or brought into the planning of
maintenance operations, which is a missed opportunity. This will not change until a
better understanding is created about the fundamental healing processes, which
would allow for the tailoring of bitumen during the manufacturing process and
could potentially have a significant impact on an increased pavement service
lifetime. Current CE specifications for asphalt binders do not contribute to advancing
the understanding of the healing properties of the bitumen and even in more
academic context; researchers often limit themselves to the performance of fatigue
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tests with and without rest periods from which an overall measure of the stiffness of
the sample is calculated. The fatigued specimens, with rest periods, may show a
slower decrease of stiffness than the samples that were continuously fatigued. This
ratio is then directly used as a quantification of the healing propensity of the bitumen
during the rest periods. Yet, it could be argued that part of this ratio can be
contributed to the visco-elastic unloading behavior of the material and says very little
about the chemo-mechanical healing propensity, nor helps in understanding of the
controlling parameters.
From a contractor and road-authorities point of view, it is, however, very important
to understand the implications of enhanced healing capacity to the overall pavement
lifetime. Potential increased environmental and actual costs by tailoring the material
or adding additional characterization test procedures to the manufacturing, design
and construction process should be much less than the added gain through enhanced
lifetime, reduced maintenance expenses and diminished environmental impact. To
be able to make such an assessment, all processes that are involved with the
pavement lifetime should be included.
4.2.1.1. Goal and Scope definition (case B)
A better understanding of the implications of bitumen with improved healing
capacity on the enhanced lifetime of the pavement and the associated environment
costs in terms of energy and emissions were studied in Case ‘B’ (Butt et al. 2012a)
where three different variants are considered in which the bitumen phase is slightly
varied. The consequences of these variations are then calculated using the LCA
framework.
− The first variant (named Case B1) is based on bitumen with an unknown healing
capacity, which can therefore not be accounted for in the design;
− The second variant (named Case B2) is based on the assumption that the same
bitumen as in case B1 is used, but now the intrinsic healing mechanism is known and
can be accounted for without the need for any additional modification. This healing
capacity is assumed to give a ‘free’ 10% increase of the pavement lifetime when
compared to the case B1;
− The third variant (named Case B3) is based on the modification of the bitumen with
respect to case B1 by adding 4% Montan wax to the bitumen. It is thereby assumed
that the modification gives the same effect as of case B2 but the bitumen does not
have natural healing tendency. This gave the pavement an added 10% increase of the
lifetime, similar to case B2.
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The added benefits in terms of reduced energy and GHG emissions based on
bitumen with intrinsic healing capacity can then be quantified by comparing case B1
and case B2. The comparison between case B1 and case B3 enables balancing the pros
and cons of extra energy and emissions due to the wax modification of the bitumen
with the added lifetime benefits. The functional unit defined for this case is the
construction of 1 km long and 3.5 m wide asphalt pavement for the nominal design
life.
4.2.1.2. Pavement thickness design
The design lifetime of the case B1 pavement is 20 years. An added lifetime of 10%
would thus indicate an extra 2 years of remaining pavement life, leading to a
functional lifetime of 22 years as for case B2 and B3. Considering the current
warranty system in the EU, in which pavements are designed for a given lifetime and
any unexpected damages will result in penalties for the contractor during this period;
the extra lifetime is here incorporated into the design life by keeping the 20 years as
the maximum service life. Thus, a pavement supposed to have a service life of 20
years could in fact be designed for 18 years (i.e. 90% of the service life) when the
healing capacity gives an added lifetime of 10%. All three cases are assumed to be
exposed to 7.5 million ESALs. The base layer is 80 mm thick over a 420 mm granular
sub-base layer. The wearing course consists of a densely graded asphalt mixture
(ABT 11) with a maximum aggregate size of 11 mm. The asphalt concrete structural
layer is assumed to be an asphalt-bound base mixture (AG 22) with a maximum
aggregate size of 22 mm. The asphalt mix design is the same for all three cases, in
which the AG 22 binder course has a binder content of 4.5% and 95.5% aggregates
and ABT 11 wearing course has a binder content of 6% and 94% aggregates. In Cases
B1 and B2, the binder has a PG 58-22 (binder 70/100) whereas in case B3, 4% Montan
wax by weight of bitumen is added which results in PG 64-22.
4.2.1.3. Life cycle inventory (LCI) and Impact assessment (LCIA)
Asphalt production data for the electricity and heating oil is determined to be 9.8
kWh and 6.8 liter per tonne of produced asphalt, respectively. The distance to
transfer the bitumen to the asphalt mix plant is assumed to be 100 km, whereas the
transfer of the asphalt mixtures to the construction site is taken as 50 km. The
aggregate quarry site and the asphalt mix plant are hereby assumed to be closely
located, 5 km from each other. Data for the wax production is missing in the current
literatures so a method was developed to estimate it (Butt et al. 2012a). The fuel
versus asphalt mixing temperature curve was deduced from the relationship
developed by D’Angelo et al. (2008) (a). A reduction in the mixing temperature due to
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the addition of wax in the bitumen was calculated based on the rotational viscosity
data taken from Das et al. (2012) (b). By combining these two functions, a direct
relationship between the binder viscosity and the fuel consumption was established.
Reduction in the fuel consumption when preparing wax modified asphalt mixtures
can easily be estimated. By using this method, the addition of 4% Montan wax
resulted in a PG grade change from PG 58-22 to PG 64-22, and a reduction of almost
6°C (0.6 liter per tonne of asphalt produced) in average mixing temperature was
found. As a result, 6.2 liters fuel was used per tonne wax modified asphalt
production in the asphalt plant.
Table 12 and 13 summarize the results of the LCA analysis. Parameters a, b and c are
the unknown energy values (in GJ) which are associated with the electric, fuel and
transportation energies for the wax, respectively. Parameters d and e are CO 2-eq
values (in tonnes) for wax production and transportation. For case B2, the accounted
healing capability of the binder resulted in an increase of 10% predicted life time
which led to 22 GJ (or 3%) less energy consumption and almost 1.5 tonnes (or 3%)
less CO2-eq emissions per functional unit when comparing to case B1. When
comparing case B3 with case B1, almost 52 GJ (or 7.2%) energy and 4 tonnes CO2-eq
(or 8.2%) were saved, without taking the production and transportation energy of the
wax into account. In a life cycle perspective, however, it is important that these
should in fact be part of the calculations.
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Table 12. Process energy for Case study B per FU for different stages in the construction of the asphalt pavement.
CASE B2
Energy
Consumed

Item
Bitumen Production

Electricity

Total Energy
consumed
(GJ)

CASE B3

ETE (GJ)

Total Energy
consumed
(GJ)

CASE B3

ETE (GJ)

Total Energy
consumed
(GJ)

16

15

-

-

-

Aggregate Production

21.19

25

Asphalt Production

35.28

45

43

43

Bitumen Production

1060

66

64

62

-

-

-

b

16.99

20

20

20

242/221(MW)

305

295

269

Wax Production

Wax Production
Aggregate Production
Asphalt Production

Fuel

Energy
Consumed per
ton of material
(MJ/tonne)
252

Bitumen transported* to the asphalt plant
(100 km)
Wax transported* to the asphalt plant
(0 km)
Aggregate transported* to the asphalt plant
(5 km)
Asphalt transported* to the construction
site (50 km)
Laying Asphalt
Compacting Asphalt

191

11

25

15
185

10
532

a
25

487+(b+c)

-

c

10

10

10

107

104

104

8

8

8

5

5

5

723

ETE (Equivalent Thermal Energy) factor for electricity is 2.23MJ
* Tranportation distances were doubled in the calculation as loaded trucks will reach the site and empty will return.
a Electric energy required to produce wax in GJ.
b Fuel energy required to produce wax in GJ.
c Transportation fuel energy required to produce wax in GJ.
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184+(2.23.a)

10
516

-

Total Process Energy (GJ) =

ETE (GJ)

701

671+
(2.23.a)+(b+c)

Chapter 4
Butt, A.A (2014). Life Cycle Assessment of Asphalt Roads

Table 13. GHGs for Case study B per FU produced during different processes in the construction of the asphalt
pavement
CASE B1

CASE B2

CASE B3

Emissions to air
(tonnes/FU)

CO2

N2O

CH4

CO2

N2O

CH4

Bitumen production

10.83

6.64E-06

2.21E-06

10.52

6.45E-06

2.15E-06

-

-

-

-

-

-

d'

d''

d'''

Aggregate Production

1.70

4.32E-05

4.57E-06

1.65

4.18E-05

4.43E-06

1.65

4.18E-05

4.43E-06

Asphalt Production

24.26

5.07E-04

2.15E-05

23.50

4.91E-04

2.08E-05

21.44 4.49E-04

1.95E-05

Paving

0.61

1.24E-05

3.86E-07

0.61

1.24E-05

3.86E-07

0.61

1.24E-05

3.86E-07

Compacting

0.36

7.28E-06

2.27E-07

0.36

7.28E-06

2.27E-07

0.36

7.28E-06

2.27E-07

Transportation

10.13

2.05E-04

6.41E-06

9.82

1.99E-04

6.22E-06

9.79

1.98E-04

6.19E-06

-

-

-

-

-

-

e'

e''

e'''

47.90

7.81E-04

3.53E-05

46.46

7.58E-04

3.42E-05

Wax production

Wax Transportation
Σ
CO2-eq

48.13

46.69

CO2

N2O

10.10 6.19E-06

43.95 7.15E-04

CH4
2.06E-06

3.28E-05

44.17 + d + e

d is CO2-eq from the wax production/FU
e is CO2-eq from the wax transportation/FU

Wax production and transportation
Table 14 shows the limits of the wax production and transportation energies.
According to the case studies, the bitumen modification is beneficial from an energy
point of view if the total sum of the energy and GHG emissions spent on wax
production and transportation are less than 52 GJ and 4 tonnes CO2-eq when
comparing to the case of non-healing bitumen. When compared to the bitumen with
intrinsic healing capacity, i.e. case B2, the total energy and GHG emissions spent on
the wax should be less than 30 GJ and 3 tonnes CO2-eq to be beneficial.
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Table 14. Beneficial bitumen modification boundaries w.r.t. energy and emissions allocation for Case study B
Comparison
Energy spent on wax (GJ/FU)

Case B3 vs Case B1

Case B3 vs Case B2

ETE Electricity used

a

<16.4

<9.5

Fuel consumption

b

<30.9

<17.98

Transportation Energy

c

<4.97

<2.89

<52

<30

d

<3.72

<2.37

e

<0.24

<0.15

<3.96

<2.52

Total Wax Energy
GHGs Emissions (tonnes/FU)
Wax production
Wax Transportation
Total Process Emissions

a, b, c parameters from Table 12 and d, e from Table 13

4.2.2. Long term performance of polymer modified asphalt
To improve the quality of our roads and prevent pavement distresses such as
cracking and rutting, certain measures can be taken. For example, improved road
design, optimal use of materials and improving mixture properties. Polymers such as
Styrene-Butadiene-Styrene (SBS) and natural rubbers are often used in the pavement
industry to enhance the properties of the asphalt mixtures against premature
damage. Polymers have the ability to create a secondary network or a balance system
in the bitumen by either molecular interactions or react chemically with the bitumen
(Isacsson and Lu, 1995). Several studies have concluded that adding small amount of
polymer (3-6% depending on what type of polymer is used) usually results in
dispersed polymer particles in the continuous bitumen matrix and improves the
properties of the binder against rutting and cracking (Lu, 1997; Kumar et al. 2006;
Sengoz and Isikyakar, 2008; Kim et al. 2009; Romeo et al. 2010; Ping and Xiao, 2011).
The rheological properties of bitumen have an important effect on the cracking of the
asphalt mixtures, since they provide the glue of the aggregate skeleton (Isacsson and
Zeng, 1998). To improve the binder properties against cracking and rutting,
researchers have studied for many years the behavior of different binder additives
such as polymers (Lu, 1997; Kumar et al. 2006; Sengoz and Isikyakar, 2008). The
benefit of using polymers to modify the binder properties is well established
however an investigation of the effect of this modification over the entire life time of
the pavement is necessary as well and should be made.
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4.2.2.1. Goal and Scope definition (case C)
It was observed from the literature that a small percentage of polymers not only
provides resistance against cracking but also allows reduction of the asphalt layer
thicknesses. For example, it has been observed that SBS polymer enhances the
properties of the asphalt mixtures against rutting and cracking (Romeo et al. 2010;
Ping and Xiao, 2011). This decrease in thickness itself saves energy and reduces
emissions associated with the material reduction, but the polymer production and
transportation emissions should then be included to allow for a calculation of the real
saving of the resources, energy or emissions. The following three variants are
analyzed in this case study:
− The first variant (named Case C1) is based on an asphalt mixture with no polymer
modification;
− The second variant (named Case C2) is based on a modification of the asphalt with
respect to case C1 by adding 3.5% SBS polymer to the bitumen. It was observed from
Superpave IDT results of asphalt mixtures that the DCSElim changed from 3.57 (for
unmodified asphalt mixture) to 5.34 kJ/m3 (for 3.5% SBS modified asphalt mixture)
(Romeo et al. 2010). Hence, an increase in DCSElim of almost 50% was achieved.
− The third variant (named Case C3) is based on the modification of the bitumen
with respect to case C1 by adding 3.5% of some unknown additive (polymer) to the
bitumen. It is thereby assumed that the modification gives an increase in the DCSE lim
of almost 100%. Though this seems rather extreme but new materials are being
developed to be used in the road industry and there may be materials in the future
that will give much improved road performance and better designs. Therefore, this
assumption is based on a parametric study to show the potential of the developed
LCA framework as well as point out the missing information to date. The functional
unit (FU) defined for the study was the construction of 1 km of asphalt pavement for
a nominal design life. Lane width was selected to be 4 m wide.
4.2.2.2. Pavement thickness design
The design of the pavement section used in Case C (Butt et al. 2012b) is based on the
work by Almqvist (2011). The base layer is 178 mm thick whereas the sub-base 1.0 m
lying on top of the bedrock. The design is done for a mean temperature of 5 °C which
corresponds to the Swedish climate zone 3. The design ESALs are assumed to be 1
million. The thicknesses of the asphalt layers according to the pavement design are
shown in Table 15. It is hereby assumed that both the wearing and the structural
course contain the same asphalt mix design of 5.2% binder content and 94.8%
aggregates. The construction site and the bitumen and aggregates storage sites are
considered to be 25, 75 and 35 km from the asphalt plant, respectively. The polymer
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modification makes the asphalt mixture more viscous resulting in an increase in the
mixing and compacting temperatures (around 200°C) when compared to unmodified
asphalt mixture (around 170°C). It is thereby assumed that an increase of 17% in the
fuel consumption was required for the polymer modification of the asphalt mixture.
Table 15. Asphalt pavement layer thicknesses for different cases (C)
Assumed
increase in
DCSElim (%)

Structural
Course
Thickness
(mm)

Total asphalt
pavement
Thickness
(mm)

Cases

Description

C1

Unmodified asphalt

0

100

150

C2

3.5% SBS modified asphalt

50

69

119

C3

3.5% unknown polymer modified asphalt

100

36

86

The comparison of case C1 with case C2 and C3 gives insight into the added benefits
in terms of reduced energy and GHG emissions when polymer is added to the
asphalt against crack resistance.
4.2.2.3. Life cycle inventory (LCI) and Impact assessment (LCIA)
The results of the LCA analysis are summarized in Table 16 and Table 17. Parameters
f, g, h are the unknown energy values (in GJ) for the SBS whereas i, j, k are energy
values (in GJ) for the unknown polymer which are associated with the electric, fuel
and transportation energies, respectively. Parameters l, m, n and o are CO 2-eq values
(in tonnes) for the polymers production and transportation. For case C2, SBS polymer
modification of the asphalt led to an increase of 50% DCSElim which resulted in a
decrease of the structural course by 31% assuming the same service life of the
pavement. For the calculation of case C3, it was assumed that 3.5% of an unknown
polymer was added in the asphalt which would increase the DCSElim to 100% which
lead to a decrease of 64% w.r.t. case 1 and a further decrease of almost 50% w.r.t. case
C2. From Table 16, it can be seen that the total used energy therefore reduces from
830 GJ (case C1) to 700 GJ (case C2; 15.7% reduction w.r.t case C1) to 508 GJ (case C3;
38.8% reduction w.r.t case C1). From Table 17, it can be seen that the total CO2-eq
reduces from 55 to 47 (14.5% reduction w.r.t case C1) to 34 (38.2% reduction w.r.t
case C1) tonnes, respectively. These values, however, still do not include the
production energy and emissions of the polymers. For this reason, in the following
the thresholds are determined.
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Table 16. Process energy for Case Study C per FU for different stages in the construction of the asphalt pavement

Energy Consumed

Electricity

Fuel

C1
Energy
Total
Consumed per Energy
Item
ETE (GJ)
ton of material consumed
(MJ/ton)
(GJ)
Bitumen Production
252
19
Polymer Production
220
Aggregate Production
21.19
29
Asphalt Production
35.28
51
Bitumen Production
1060
79
Polymer Production
Aggregate Production
16.99
23
242/(281 for
Asphalt Production
349
case B2-B3)
Bitumen transported* to the asphalt plant
10
610
Polymer transported* to the asphalt plant
Aggregate transported* to the asphalt plant
82
Asphalt transported* to the construction site
61
Laying Asphalt
4
Compacting Asphalt
2
Total Process Energy =

830

ETE (Equivalent Thermal Energy) factor for electricity is 2.23 MJ
* Transportation distances were doubled in the calculation as loaded trucks are empty on return
f and i Electric energy required to produce SBS and unknown polymer in GJ, respectively
g and j Fuel energy required to produce SBS and unknown polymer in GJ, respectively
h and k Transportation fuel energy required to produce SBS and unknown polymer in GJ, respectively
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C2
Total
Energy
consumed
(GJ)
15
f
23
40
60
g
18

C3

ETE (GJ)

173+(2.23.f)

321
8
h
65
49
4
2

Total
Energy
consumed
(GJ)
10
i
17
29
44
j
13

ETE (GJ)

125+(2.23.i)

233
527+g+h

700 + (2.23.
f)+g+h

5
k
47
35
4
2

383+j+k

508 + (2.23.i) +
j +k
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Table 17. GHGs for Case study C per FU produced during different processes in the construction of the asphalt
pavement
CASE C1

CASE C2

Emissions to air
(tonnes)

CO2

Bitumen production

12.95 7.94E-06 2.64E-06

Polymer production

-

N2O

CH4

-

CO2

N2O

CASE C3
CH4

CO2

9.92 6.08E-06 2.02E-06

-

l'

l''

N2O

CH4

7.17 4.39E-06 1.46E-06

l'''

n'

n''

n'''

Aggregate production

1.94 4.93E-05 5.21E-06

1.54 3.91E-05 4.13E-06

1.11 2.82E-05 2.99E-06

Asphalt production

27.72 5.79E-04 2.45E-05

25.53 5.31E-04 2.17E-05

18.45 3.84E-04 1.57E-05

Paving

0.31 6.18E-06 1.93E-07

0.31 6.18E-06 1.93E-07

0.31 6.18E-06 1.93E-07

Compacting

0.18 3.64E-06 1.14E-07

0.18 3.64E-06 1.14E-07

0.18 3.64E-06 1.14E-07

Transportation

12.04 2.44E-04 7.62E-06

9.53 1.93E-04 6.03E-06

6.89 1.39E-04 4.36E-06

Polymer transportation
Σ

-

-

-

m'

m''

m'''

o'

o''

o'''

55.14 8.90E-04 4.03E-05

47.00 7.79E-04 3.42E-05

34.10 5.66E-04 2.48E-05

55.41

47.23 + l + m

34.27 + n + o

CO2-eq

l and n are CO2-eq from the SBS and unknown polymer production/FU, respectively
m and o are CO2-eq from the SBS and unknown polymer transportation/FU, respectively

Polymer production and transportation
The polymers production and transportation energies were not included in case C2
and C3, which should be considered to make an objective judgment of the long term
effect of the modification. For this reason, in the following the thresholds of the
energy and emission limits are determined for the polymer production and
transportation based on the study’s cases results (Table 18).
Table 18. Beneficial bitumen modification boundaries w.r.t. energy and emissions allocation for Case study C

Energy spent on polymer
ETE Electricity used/FU
Fuel consumption/FU
Transportation Energy/FU
Total Polymer Energy/FU
GHGs Emissions (tonnes)
Polymer production/FU
Polymer Transportation/FU
Total Process Emissions

(GJ/FU) Case C1 Vs Case C2
<40.5
f, i
<78
g, j
<9.5
h, k
<129
<8
<0.3
<8.3

l, n
m, o

Case C1 Vs Case C3
<103
<195
<24
<322
<20.5
<0.7
<21.2

f,g,h,I,j,k parameters from Table 16 and l,m,n,o from Table 17

It was determined that for a polymer modification that increases the DCSElim to
100%, the total sum of the energy and GHG emissions spent on polymer production
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and transportation should be less than 322 GJ/FU and 21 tonnes CO2-eq/FU when
comparing with the unmodified asphalt case for the modification to be beneficial
from an energy and emissions point of view. When compared to the SBS polymer
modified asphalt, i.e. case C2, the total energy and GHG emissions spent on the SBS
should be less than 129 GJ and 8 tonnes CO2-eq to be beneficial per FU.
4.3. Evaluation of aggregate quality in a life cycle perspective (Paper V)
It is well known that aggregate quality has an impact on the performance of asphalt
mixtures (e.g Meininger, 1992; Smith and Collis, 1993; Birgisson and Ruth, 2001; Wu
et al. 2007; Brown et al. 2009; Golalipour et al. 2012). More specifically, the
performance of asphalt mixtures is affected by the type of aggregate, binder and the
aggregate-binder interaction. In Sweden, it is becoming more and more common to
use aggregates from local sources for the road construction including for asphalt
mixtures to avoid high transportation costs. However, there is a lack of tools that
could evaluate the coupled environmental costs along with road performance.
Furthermore, in Sweden, WMAAs are sometimes specified in these cases without
having a full understanding of the environmental cost and improvement in
performance. For example, sometimes WMAAs are used specifically to lower the
mixing and compacting temperatures and improve the adhesion between aggregates
and the binder (Logaraj and Almeida, 2009; Lai et al. 2010; Isebäck, 2012; Bagi et al.
2014).
This section presents the results of an investigation that quantifies the energy usage
and GHG emissions for two different aggregate sources that are used in a typical
Swedish asphalt mix, coupled with the pavement thickness design approach for
assessing the predicted differences in asphalt pavement layer thicknesses for the two
different aggregates. Similarly, the effect of the environmental cost and the effects on
the design layer thicknesses were assessed by introducing a WMAA.
4.3.1. Mechanical testing of the materials
The base bitumen used is a grade 70/100 produced by Nynas. Rediset®, produced by
Akzo Nobel, is used as the WMAA. The binder mixture was prepared in the
laboratory by adding 2% Rediset by weight of the base bitumen. The aggregates were
obtained from the Skärlunda (A1) and Arlanda (A2) quarry sites from NCC AB
which is a big known contractor in Sweden. The aggregates were sieved according to
the sieve sizes, washed and dried for 24 hours at 115°C before preparing the asphalt
mixtures. ABT 11 mix designs for both types of aggregate origins were obtained from
NCC as shown in Fig. 7 and mixtures were prepared in the laboratory. According to
the asphalt mix design, 1% cement by weight of aggregates and 6.6 % binder content
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was used to prepare the asphalt mixtures. Two asphalt mixture samples for each
material type were prepared using an asphalt mixer and each batch was spread on a
hot table to ensure aggregate coating. Each batch, before compacting was placed in
an oven for 2 hours at 135°C for short term aging. The samples of 150 mm diameter
were then compacted targeting an air void content of 3±0.5 % using a gyratory
compactor. The samples were trimmed using an electric saw and the resulting
thicknesses were 75 mm for asphalt samples having A1 and 73 mm for asphalt
samples with A2. Table 19 shows the abbreviations for the materials used for testing
in the laboratory.
Table 19. Abbreviations used for the different materials.

Base
binder

B

Base binder + Asphalt
mix
2 % WMAA having Skärlunda
aggregates
without WMAA
R
AB1

Asphalt mix having
Skärlunda
aggregates
with
WMAA
AR1

Asphalt
mix
having Arlanda
aggregates
without WMAA
AB2

Asphalt mix having
Arlanda aggregates
with WMAA
AR2

Figure. 17. Dense gradation for the two different types of aggregates.

The standard methods that include softening point (EN 1427), penetration at 25 °C
(EN 1426) and viscosity at 135 °C and 160 °C (EN 13302) were used to characterize
the binders. The Superpave characterization was also performed for the binders. The
binders were short and long term aged using rolling thin film oven test-RTFOT
(EN12607-1) and pressure aging vessel-PAV (EN14769), respectively. Furthermore,
the time sweep tests at 10 rad/s at 58 °C and 64 °C were performed for the unaged
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and short term aged binder samples whereas, at 22°C for the long term aged binder
samples using a dynamic shear rheometer (DSR). The bending beam rheometer
(BBR) test was also performed for the long term aged binders at -18, -12 and -6 °C.
The Resilient modulus, Static creep and Strength tests were conducted at 0°C for all
the asphalt mixtures using the Superpave IDT procedure (Roque and Buttlar, 1992;
Buttlar and Roque, 1994). Creep compliance (Dt), m-value, tensile strength (S t), and
DCSElim were measured on the asphalt mixtures, from the two different aggregate
origins with and without the WMAA. These parameters are required as input for the
CM design model.
The penetration test values at 25 °C didn’t show much of a change in the binder
stiffness with addition of WMAA however, an increase in softening point was
recorded. Addition of 2% WMAA to the base binder also showed a reduction in
viscosity, corresponding to a possible similar effect on production and laying
temperatures of the asphalt. Results from conventional binder testing on binder (with
and without WMAA) are presented in Table 20. The decrease in viscosity with
addition of WMAA clearly depicts a reduction in the use of fuel corresponding to
less energy consumption during mixing and compaction. However, in a life cycle
perspective, this is to be quantified to portray the real benefit of using the additive.
Table 20. Conventional binder test results.

Binder

Penetration (dmm)

Softening point (°C)

Brookfield Viscosity (mPas)
at 135°C

at 160°C

B

92

44.2

315

110.5

R

90

51.3

273.5

98

Superpave binder testing was also performed, using results from DSR (time sweep at
frequency of 10 rad/s) and BBR (S and m-value). Based on these results, the
performance grade (PG) did not change for the base binder with addition of WMAA.
The PG of both the binders was estimated to be PG 58-22 as shown in Table 3. There
were 2 additional BBR samples prepared and tested at -18 °C apart from the 3
samples for each material tested at three temperatures. It was observed that the base
binder samples were brittle that usually broke during the test. However, readings
were recorded for the WMAA modified binder and an average is shown in Table 21.
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Table 21. Performance grading of the binders (unmodified and WMAA modified).

Dt, m-value, St, and DCSElim measured with Superpave IDT at 0 °C are shown in
Table 22 for the asphalt mixtures having two different aggregate sources, with and
without WMAA modification.
Table 22. Test results from Superpave IDT testing.

The Resilient moduli were found to be about the same for the two types of the
unmodified asphalt mixes, ABI and AB2. However, a reduction in the resilient
moduli by about 21% for the Skärlunda based asphalt and 41% for the Arlanda based
asphalt were observed with the addition of WMAA indicating the modified mixes to
be softer than unmodified mixes at 0 °C. No significant change in the tensile strength,
St, was found for all the mixes. The DCSElim value was almost twice for AB2 when
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compared to other mixes. The DCSElim increased for AR1 by almost 17% however, it
decreased by almost 47% for AR2 when compared to AB1 and AB2 respectively.
Similar effects were observed for the fracture energy (FE) as well. Importantly, the
ER increased (72 %) for A1 (Skärlunda aggregate source) indicating a significantly
improved fracture resistance with WMAA modification. In contrast, A2 (Arlanda
aggregate source) mix showed a significant decrease in the fracture resistance as
evidenced by a 40 % reduction in ER with WMAA modification. The ER was
observed to be more than double for AB2 when compared to AB1 and the highest
among the other mixes indicating AB2 having better resistance to fatigue cracking
and fracture.
4.3.2. Goal and Scope definition (case D)
The road LCA framework was applied on the four design alternatives of the asphalt
pavements that were based on the data acquired and generated in the laboratory.
The road was assumed to be constructed in Stockholm, Sweden and the functional
unit (FU) was defined as the construction and maintenance of 1 km asphalt road per
3.5 m lane for the 25 years design life. One time maintenance is considered at year 15.
Energy was calculated in J/FU, and emissions and materials were calculated in
tonne/FU. The feedstock energy of the bitumen was determined based on method
proposed in section 3.3.2.
4.3.3. Pavement thickness design
The asphalt pavement thickness design is done for 25 years with one time
maintenance at year 15, based on the average economical life length of a typical
Swedish asphalt pavement (VGU, 2004). For simplicity, milling and repaving the
wearing course layer using 35 % RAP material has been assumed in all the cases for
the maintenance. It has been assumed at after 15 years about half the thickness of
wearing course is left and half erodes due to tires and surface interaction. The asphalt
pavement consists of a 30 mm thick wearing course above a structural course. ABT
11 is assumed to be used both in the structural and wearing course where the
structural course thickness changes based on the input parameters used for the
different design cases as shown in Table 23. The base layer is 178 mm thick whereas
the sub-base is 1 m lying on top of the bedrock and the parameters for the foundation
design of the pavement are based on the work by Almqvist (2011). The mean
temperature of 10 °C, reliability of 90% and the design ESALs of 3 million are used as
input parameters in the design model.
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Table 23. The pavement structural thickness design.

Asphalt Mix
Pavement thickness (mm)

AB1

AR1

AB2

AR2

165

76.5

90

90

4.3.4. Life cycle inventory (LCI) and Impact assessment (LCIA)
The Swedish electricity mix was calculated based on the data from IEA (2009),
whereas the GHG emissions were calculated using data from Baumann and Tillman
(2004) as shown in Table 24. 2.28 MJ of primary energy is used to produce 1 MJ of
electricity (ECRPD, 2009). Diesel is used as fuel for the materials transportation and
other fuel calculations and about 1.2 MJ of primary energy is consumed to produce 1
MJ of diesel (Sheehan et al. 1998). The CO2, N2O and CH4 emissions are 79, 0.0016 and
0.00005 gram per MJ of diesel produced and consumed. The bitumen and aggregate,
energy and emission data is reported in Table 25. The bitumen production and
storage, energy and emissions data is taken from Eurobitumen (2011). The aggregate
production energy data, for preparing asphalt mixtures, has been obtained from
NCC which is the average values of fuel and electricity. The exact figures, however,
are unknown. The crushed aggregate raw data used in the base layer is taken from
ECRPD (2009) and the rock-fill for the sub-base layer is from Stripple (2001). WMAA
production data is obtained from AkzoNobel however, the data is not to be
published. Expended energy and emissions during the laying and compaction of
different layers and milling of asphalt layer are presented in Table 26. The asphalt is
laid in 2 layers namely wearing and structural course layer whereas a 0.5 m laid
thickness of base and sub-base has been assumed before it is compacted. This result
in base layer being laid once and sub-base in two layers. The raw data for paver,
dumper and compacter has been taken from Stripple (2001) and that of milling from
ECRPD (2009). These calculation remains the same for all the cases as no change is
seen according to the assumptions and data used in any of these processes.
Production and transportation of the materials, energy and emissions per FU has
been presented in Tables 27-29. The GHG emissions were converted to CO2-eq using
the data of 100-year GWP (Solomon et al. 2007). The specific gravity of bitumen at
15°C is assumed to be 1.02 with almost 1% sulfur content. The feedstock energy at
different levels is presented in Table 30. The feedstock energy of only bitumen is
considered, as feedstock energy of aggregates is nil and that of WMAA is unknown.
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Table 24. Electricity inventory data.

Electricity
(GWh)

Emissions (kg/TJ of electricity
produced)

Electricity mix
(%) based on
data used

CO2

NOx

CH4

1.17

3228

0.021

11.74

730

0.53

1225

0.030

1.64

Fuel Gas

1548

1.13

2784

0.017

4.23

Nuclear

52173

38.16

1376

0.305

3.92

Biofuel*

12197

8.92

5527

1.059

1.45

Hydro

65977

48.26

504

0.007

1.15

Wind

2485

1.82

83

0.001

0.28

14727

1.441

24.42

Hard Coal

1600

Oil

Total:

* Biofuel category includes data from biofuel + the waste in biofuel combustion
Table 25. Energy and emission raw data for the bitumen, aggregates and asphalt.
Rock-Fill for
Sub-Base
layer

Crushed
aggregates for
Base layer

Bitumen
Production/st
orage

Crushed
aggregates for
ABT 11

New asphalt
production and
recycling

0.67

1.61

2.41/2.69

8

8

0.02

0.14

-

0.5

6.6/6.2**

-

-

2.44/0.44

-

-

-

-

8.18/1.47

-

-

105

484

174244

1826

18980

N2O

0.005

0.016

770*

0.071

0.417

CH4

0.059

0.142

595

0.704

0.715

Emissions
(g/tonne of
material)

Electricity
(kWh/ton of
material)
Diesel (litre/tonne
of material)
Heavy Fuel Oil
(kg/tonne of
material)
Refinery Gas
(kg/tonne of
material)
CO2

- Electricity and fuel raw data for sub-base material is taken from ECRPD (2009), base material from Stripple
(2001), bitumen from Eurobitumen (2011), and aggregates and asphalt from NCC.
- The emissions have been calculated based on the electricity and fuel production and consumption for each
process other than bitumen. Bitumen production emissions are from Eurobitumen (2011).
*The emission data is for NOx.
**The WMAA modified asphalt mix is mixed at lower mixing temperature
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Table 26. Laying, compaction and milling inventory data for all the cases.

Construction Activites

AB1, AB2, AR1, AR2
Laying Sub-base layer

63

Compacting Sub-base

33

Laying Base layer

6

Compacting base

16

Laying Asphalt

6

Maintenance
Activities

Compacting Asphalt

33

Milling

8

Re-Laying Asphalt

3

Re-compacting Asphalt

16

Maintenance

Construcution

Phases

Table 27. Energy consumption from the materials production.

Material production

Total Energy Consumed (GJ/ FU)
AB1

AR1

AB2

AR2

Bitumen

66

35

40.4

39.6

Additive

-

2.2

-

2.5

Aggregate for asphalt

133

73

82

82

Aggregate for base layer

29

29

29

29

Rock-fill for sub-base layer

20

20

20

20

Asphalt

567

294

349

332

Bitumen

8.3

8.2

8.3

8.2

Additive

-

0.5

-

0.5

Aggregate for asphalt

17

17

17

17

Recycled asphalt

72

68

72

68
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Table 28. Transportation of materials.
Material

Binder

From

Distance
(km)
To and
from

To

Energy (GJ/FU)
AB1

AR1

AB2

AR2

Refinery

Mixing plant

200

22

12

14

13

Quarry site

Mixing plant

380/40

592

323

38

38

Base material

Local

Construction site

30

46

46

46

46

Rock-fill

Local

Construction site

10

61

61

61

61

WMAA

Storage

Mixing plant

100

-

0.12

-

0.14

Asphalt

Mixing plant

Construction site

60

100

55

62

62

RAP

Construction
site

Mixing plant

60

3

3

3

3

Refinery

Mixing plant

200

3

3

3

3

Quarry site

Mixing plant

380/40

75

75

8

8

Storage

Mixing plant

100

-

0.03

-

0.03

Mixing plant

Construction site

60

15

15

15

15

Aggregate*

Binder for recycled
asphalt
Aggregate* for
recycled asphalt
WMAA for
recycled asphalt
Recycled Asphalt

* The distances between quarry site and the mixing plant for AG1 and AG2 are 190 and 20 km, respectively.

Within the materials production (Table 27), asphalt production in the plant was
found to be the most energy consuming process as high temperatures are required to
dry the aggregates, melt the bitumen and additives, for mixing and storing the
asphalt mixtures. Aggregates production was found to be the second highest energy
intensive process in material production phase followed by recycling and then,
bitumen production. Based on the transport distances, as shown in Table 28,
aggregate transportation for the asphalt production from A1 (Skärlunda) was found
to be the most energy consuming process. On the contrary, because of shorter
distance of aggregate transportation to the asphalt plant, aggregate transportation
from A2 (Arlanda) was determined to be the fourth highest energy consuming
process where asphalt transportation to the construction site was the most energy
consuming process. From the whole study, it was found that transporting materials
and asphalt production were the two most energy consuming processes having an
impact on the environment in regard to the GHG emissions. This conclusion depends
on the material transport distances though, as longer travel distances require more
fuel hence leading to higher energy demand and high emissions. About 34% and 2%
of total expended energy per FU could be reduced with addition of 2% WMAA for
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the cases where aggregates from A1 and A2 respectively are used, based on the
assumptions and the data used.
Table 29. Emissions data from different processes.

Bitumen
Additive
Aggregate for asphalt
Aggregate for base layer
Rock-fill for sub-base layer
Bitumen for recycled asphalt
Additive for recycled asphalt
Aggregate for recycled asphalt
Asphalt
Recycled asphalt
Transportation of materials
Total

AB1
25
2.9
0.7
0.6
3
0.4
31
5
73

CO2-eq emissions (tonne/FU)
AR1
AB2
13
15
0.1
1.6
1.8
0.7
0.7
0.6
0.6
3
3
0.02
0.4
0.4
16
19
4
5
47
5

141

87

51

AR2
15
0.1
1.8
0.7
0.6
3
0.02
0.4
18
0.01
5
45

Table 30. Feedstock energy of the cases.
Feedstock energy (GJ/FU)
Cases
Construction

AB1

AR1

AB2

AR2

4302

2303

2647

2594

Unrecoverable bitumen at first maintenance

331

331

331

331

New material used for maintenance

546

535

546

535

RAP reused

116

116

116

116

RAP remained

215

215

215

215

Unrecoverable bitumen at end of life (year 25)

331

331

331

331

Total Feedstock energy at end of life
4401
2391
*It is assumed that same amount of damage occurred at year 25 as at year 15.

2747

2683

Regarding GHGs (Table 29), almost 38% and 12% of CO2-eq reduction was also seen
respectively. For AB1 and AR1, material transportation and for AB2 and AR2,
asphalt production, were the most important processes regarding expended energy
and GHG emissions. The feedstock energy at the end of life (year 25) was almost 2
and 3 times higher than the total expended energy for the A1 and A2 cases,
respectively.
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5. Summary and Conclusions
Road LCA is a research field that is expanding. However, the methodology has not
been integrated into practice yet. To date, LCA tools have generally been used more
as knowledge generating studies either as standalone quantification tools or for
comparisons of different alternatives. It is often difficult to see in the literature, at
what decision support level in a project stage the system boundaries have been
defined for the different road LCA tools. There are components/attributes that may
not be helpful in decision support in the late project planning stages of a road but
may be important to be considered in the early project planning stages. Thus, the
system boundaries that should be considered in a LCA largely depend on the
hierarchy of the decision level (network or specific project), as well as the stage in the
planning process (early planning or late planning/design). A transparent LCA
framework is suggested for quantifying energy and GHG emissions during the
construction, maintenance and end-of-life phases of a given asphalt road. To enable
the quantification of GHG emissions and energy related to the suggested attributes
used in a LCA at the late project planning stage in a consistent and transparent way,
the technical features for the attributes are outlined. The key attributes used in a road
LCA should mirror the material properties used in a pavement design and therefore
be closely linked to the performance of the road in its life cycle.
From the different case studies, it was found that asphalt production and
transportation of materials are usually highest in the energy and GHG emissions
chain. It is highly favorable to have the quarry site, the asphalt plant and the
construction site not far from each other to avoid excess energy use, high economic
costs and fuel combustion emissions. It is also highly favorable to use the electricity
that has been produced in an efficient way.
It is obvious from the literature that road LCA researchers do not all agree on
reporting the feedstock energy however, based on the ISO standards, input for LCC
and costing of the residual value of the resources used in road LCAs, it is
recommended that the feedstock energy be reported. A method to calculate the
feedstock energy of bitumen is proposed. The system boundaries defined for the
LCC framework were in accordance with LCA framework in order to have a
consistent system that could analyze and quantify energy and materials economic
costs using LCC framework, and environmental impacts using LCA framework for
different design alternatives at the project level. The energy and materials data
generated in LCA is fed as input to LCC framework.
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Better understanding of the binder provides basis for better pavement design
optimization, hence reducing the energy consumption and emissions. If the
production data of additives are available, an energy–mass flow of any asphalt
additive can be calculated based on the method suggested. Such calculations for
waxes and polymers should be valuable in order to determine the life cycle benefits
from using such additives. Limits in terms of energy and emissions for the
production of the wax and polymers were determined using the LCA framework
that could help the additive producers to improve their manufacturing processes
making them efficient enough to be beneficial from a pavement life cycle point of
view. In other words: positive effects obtained due to the use of additives are only
beneficial when the energy and emissions are lower in comparison to the unmodified
asphalt when considering the life cycle of a road.
Based on the laboratory test results presented, it is shown that the effects of WMAAs
must be evaluated on a case by case basis since WMAA interaction with the
aggregate surface mineralogy appears to play a significant role. Using the material
properties obtained from the Superpave IDT test results, pavement thickness design
was done in which Arlanda aggregate based asphalt mixtures resulted in thinner
pavements as compared to Skärlunda aggregate based asphalt mixtures for the same
design life period. Energy (feedstock and expended) saving and reduction in GHG
emissions were also seen with addition of WMAA, for both aggregate type cases,
based on the data used. Importantly, the results presented illustrate the importance
of a systems based LCA approach for evaluating the sustainability for different
design and construction options. In this context, having actual pavement material
properties as the key attributes in the LCA enables a pavement focused assessment of
environmental costs associated with different design options.
A technically defined road LCA system is suggested as a way forward regarding
green procurement of roads in this Thesis. By reporting the system transparently and
calculating its attributes in a consistent way, it should be useful for a wide range of
purposes including implementation of the carbon tax in the pavement industry,
better material selection, use of improved advance technologies and efficient material
processing.

Future research and recommendations
In the development of the LCA framework in this Thesis, energy and GHG emissions
were the major environmental impacts considered. However, one could argue that an
LCA does not have to be limited to these two impact categories only. Other impact
categories can also be studied and modelled for these attributes to avoid sub51
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optimization. For example, in case of material selection in asphalt pavements, it is
conceivable that one can come up with any asphalt additive that does not contribute
to extra GHG emissions but rather does contribute to other impact categories (like
water contamination, human health). If such materials are evaluated only regarding
GHG emissions, the results might lead to decisions that are sub-optimal. This might
even ask for a CLCA approach or different system boundaries for an ALCA
approach, to identify what environmental impact categories are to be looked at for a
particular project or case.
There are number of road LCA tools developed over the last two decades. However,
implementation of such tools is still unseen in actual road projects. It is
recommended that one should apply different LCA approaches in real project
studies to identify the problems that are arising in implementing these tools and to
improve this field of study. For instance, in the case of green procurement, some of
the gaps formulated in form of questions are; how should ‘GREEN’ be evaluated?
What are the green pay factors? Can LCA be done with no increase in the existing
budgets? How to convert environmental costs into economic costs? What are the
incentives of giving an environmentally friendly solution? How to ensure that LCA
doesn’t favor one contractor over another?
It is not possible to make the infrastructure sector more environmentally conscious
unless it is provided with an accepted tool that takes all the associated aspects into
consideration. Otherwise, new technologies may creep into practice that may reduce
CO2 emissions on one end and may reduce the pavement sustainability on the other,
thus resulting in an overall situation that is not beneficial from an environmental
perspective. The developed LCA tool could become imbedded inside the ‘normal’
pavement design, procurement, built and maintain routine and thus provide a useful
tool for material suppliers, contractors as well as road authorities to assess the
sustainability of various choices.
The open and transparent attributes also give the system a possibility to be expanded
and connected to other transparent sub-systems in the future. The quality of life time
prediction from the design model that is linked to the road LCA largely affects the
assessments as a good LCA model using quality data might very well assess the
environmental impacts however, with a poor design and life time prediction, the
assessment will not be of much value. Therefore, reliability of LCA is directly linked
to the quality of the pavement design model used for the performance predictions.
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