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Preface
The journey during my PhD studies has been full of interesting and fruitful collaborations with
different researchers from Sweden and abroad. The research compiled in this thesis has been
carried out in four different projects, that had different scopes and aims, time duration and
partners. However, all of them had an overlapping area: Life Cycle Assessment (LCA) of road
infrastructure.
The work for this thesis started in 2009 as a part of the project called “Indirect Energy Use in
Transport Infrastructure‐ Towards Sustainable Transport Systems”, financed by the foundation
Futura. The aim of that project was to learn more about the composition of total energy use and
especially the indirect energy use in the Swedish transport systems. My contribution to that
project focused on indirect energy use and greenhouse gas emissions throughout the life cycle of
transport infrastructure (taking the example of road infrastructure). Paper I and partly Paper II
were written as a part of that project.
Around one year later I also joined the research programme “Towards Sustainable Waste
Management” (TOSUWAMA), financed by the Swedish Environmental Protection Agency. The
purpose of that research programme was to assemble, develop and evaluate ideas for policy
instruments for more sustainable waste management. My aim within that project was to
investigate opportunities to improve the environmental performance of treating asphalt waste
from road infrastructure. As a result, Paper II was also written within that programme.
In 2012, I participated in a project application together with researchers from Sweden, Norway,
Denmark and the Netherlands, and we received a grant for a new international project “Life
Cycle Considerations in Environmental Impact Assessment (EIA) of Road Infrastructure” (LICCER),
which was financed by the ERA‐NET ROAD programme (i.e. a collaborative project of European
National Road Administrations). The aim of the LICCER project was to develop a Life Cycle
Assessment (LCA) model for the early stages of the road infrastructure planning process in
which the decision on localisation and route is taken. It was focused on energy use and
contribution to climate change. Paper III was written at the beginning of that project, and served
as a basis for the LCA model development (in terms of its scope and possibilities for integration
within the EIA process). Paper IV was written at the end of that project, as a part of testing the
relevance and robustness of the developed LICCER model.
Paper V was written in the final stage of my research, as a link between the LICCER project and
the project “Environmental Assessment of Road Geology and Ecology in a System Perspective”
(GESP) with funding from the Swedish research council Formas. The aim of that project was to
identify ways of integrating geological, hydrological and ecological aspects in an environmental
assessment and in a life cycle perspective, for the localisation of road corridors. Thus, the main
activity within LICCER‐GESP cooperation was to analyse how the existing information on
geology can be used to calculate the life cycle energy use and greenhouse gas emissions of road
infrastructure, which resulted in Paper V. Additional support was also received from the
Swedish Transport Administration (STA).
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Abstract
Climate change (or in other words, global warming) is one of the biggest challenges of our
society. The road transport sector is responsible for a big share of Greenhouse Gas (GHG)
emissions, which are considered to be the dominant cause of global warming. Although most of
those emissions are associated with traffic operation, road infrastructure should not be ignored,
as it involves high consumption of energy and materials during a long lifetime. Thus it is
necessary to consider those aspects in order to plan for a sustainable transport system.
The aim of my research was to contribute to improved road infrastructure planning by
developing methods and models to include a life cycle perspective. In order to reach the aim,
GHG emissions and energy use at different life cycle stages of road infrastructure were assessed
in three case studies using Life Cycle Assessment (LCA). These case studies were also used for
development of methodology for LCA of road infrastructure. I have also investigated the
coupling of LCA with Geographic Information Systems (GIS) and the possibility to integrate LCA
into Environmental Impact Assessment (EIA) and Strategic Environmental Assessment (SEA)
during road infrastructure planning process.
The results of the first case study indicated that operation of the tunnel (mainly, lighting and
ventilation) has the largest contribution in terms of energy use and GHG emissions throughout
its life cycle. This study also showed that construction of a concrete tunnel causes about five
times higher Global Warming Potential (GWP) and about three times higher Cumulative Energy
Demand (CED) per lane‐km than construction of a rock tunnel.
The second case study identified the main hotspots of two methods for asphalt recycling (i.e.
using reclaimed asphalt to produce new asphalt that is similar to the one produced from virgin
materials) and asphalt reuse (i.e. use of reclaimed asphalt as unbound materials). The results
also showed that asphalt reuse has higher environmental burdens than the studied methods of
asphalt recycling (hot in‐plant and hot in‐place). While both aggregates (e.g. gravel and crushed
stone) and bitumen are recovered during asphalt recycling, only aggregates are recovered
during the process of asphalt reuse.
The results of the third case study indicated that due to the dominant contribution of traffic to
the total GHG emissions and energy consumption of the road transport system, the difference in
road length plays a major role in choice of road alternatives during early planning of road
infrastructure. However, infrastructure should not be neglected, especially in the case of similar
lengths of road alternatives, for roads with low volumes of traffic or when they include bridges
or tunnels. Moreover, it should be kept in mind that the relative importance of road
infrastructure will increase when vehicles become more energy efficient in the future. In terms
of life cycle stages of a plain road, production of pavement layer materials (such as bitumen) and
earthworks were found to have the biggest proportion of the total impact.
Concerning development of methodology for LCA of infrastructure, this thesis contributed in
terms of foreground and background data collection for further LCA studies of road
infrastructure (through transparent and extensive data reporting). Preliminary Bill of Quantities
(BOQ) was identified and used as a source for site‐specific data collection for LCA of road
infrastructure. A new approach was developed and tested for using geological data in a GIS
environment as a data source on earthworks for LCA during early stages of road infrastructure
planning. Moreover, this thesis demonstrated three possible ways for integrating LCA in early
iii

stages of road infrastructure planning, such as integration of LCA within EIA, LCA as a stand‐
alone process and integration within other tools, such as Cost Benefit Analysis (CBA).

Key words: Greenhouse gas (GHG) emissions, energy use, life cycle assessment (LCA), road
infrastructure planning

iv

Sammanfattning
Klimatförändringar (eller global uppvärmning som det också kallas) är en av de största
utmaningarna för vårt samhälle. Vägtransportsektorn är ansvarig för en stor andel av utsläppen
av växthusgaser, som anses vara den dominerande orsaken till den globala uppvärmningen.
Även om större delen av dessa utsläpp är förknippade med trafik, går det inte att förbise utsläpp
från själva väginfrastrukturen, eftersom den innebär hög förbrukning av energi och material
under en lång livslängd. Det är därför nödvändigt att ta hänsyn till dessa aspekter för att planera
för ett hållbart transportsystem.
Målet med min forskning var att bidra till förbättrad väginfrastrukturplanering genom att
utveckla metoder och modeller för att inkludera ett livscykelperspektiv. För att nå målet
bedömdes utsläppen av växthusgaser och energianvändning från olika faser i livscykeln för
väginfrastruktur i tre fallstudier med hjälp av livscykelanalys (LCA). Dessa fallstudier användes
också för utveckling av metodik för LCA av väginfrastruktur. Dessutom har jag undersökt
möjligheten att koppla samman LCA med geografiska informationssystem (GIS) och möjligheten
att integrera LCA i sådana verktyg som miljökonsekvensbedömning (MKB) och strategisk
miljöbedömning (SMB) under väginfrastrukturplaneringsprocessen.
Resultaten från den första fallstudien visade att tunnelns drift (främst, belysning och ventilation)
har störst påverkan på energianvändning och utsläppen av växthusgaser under tunnelns hela
livscykel. Denna studie visade också att byggandet av en betongtunnel orsakar ca fem gånger
mer klimatpåverkan (GWP) och ca tre gånger högre primär energianvändning (CED) per km
körfält jämfört med byggandet av en bergtunnel.
Den andra fallstudien identifierade de mest betydande faserna i livscykeln hos olika metoder för
asfaltåtervinning (dvs. användning av återvunnet asfalt för att producera ny asfalt som liknar
den som tillverkas av jungfruliga material) och återanvändning av asfalt (dvs. användning av
återvunnen asfalt som obundna lager). Resultaten visade att återanvändning av asfalt har högre
miljöpåverkan än de studerade metoderna för asfaltåtervinning (varm återvinning av asfalt på
plats och i ett asfaltsverk). Återvinning av asfalt ersätter både bitumen och ballast (t.ex. grus och
stenkross), medan återanvändning av asfalt bara ersätter ballast.
Resultaten av den tredje fallstudien indikerade att på grund av trafikens dominerande bidrag till
de totala utsläppen av växthusgaser och energiförbrukningen i vägtransportsystemet, spelar
väglängd en viktig roll i valet av vägalternativ i tidiga skeden av planering av väginfrastruktur.
Infrastrukturen bör dock inte försummas, särskilt inte när skillnaden i väglängd mellan olika
alternativ är liten, för vägar med låga trafikvolymer eller när vägalternativen innehåller broar
eller tunnlar. Man får inte heller glömma att den relativa betydelsen av väginfrastrukturen
kommer att öka i och med att fordonen blir mer energieffektiva i framtiden. När det gäller en
vanlig väg, står materialproduktion (såsom bitumen) och markarbeten för den största andelen
av vägens totala påverkan.
När det gäller utveckling av metodik för LCA av infrastruktur, bidrar denna avhandling med ny
förgrunds‐ och bakgrundsdata för andra LCA‐studier av väginfrastruktur (genom transparenta
och omfattande datarapportering). Mängdförteckningar identifierades och användes som en
källa för platsspecifik datainsamling för väginfrastruktur. En ny metod utvecklades och testades
för användning av geologiska data i GIS‐miljö som en datakälla på markarbeten för LCA under
tidiga stadier av väginfrastrukturplanering. Dessutom visar denna avhandling tre möjliga sätt
för att integrera LCA i tidiga stadier av väginfrastruktur planering, såsom integration av LCA i
v

MKB, LCA som en fristående process och integration inom andra verktyg, såsom Kostnad‐nytta‐
analys.

Nyckelord: växthusgaser (GHG), energianvändning, livscykelanalys (LCA), planering av
väginfrastruktur
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1 Introduction
Climate change is one of the greatest challenges facing our society (UN, 2015). Research suggests
that climate change (or in other words, global warming) can trigger significant changes to the
biosphere by reducing the ability to deliver goods and essential services (UNEP, 2015b). If
climate change continues, substantially and persistently, it has the potential to drive Earth’s
whole system into a new state (Steffen et al, 2015). Anthropogenic Greenhouse Gas (GHG)
emissions are “extremely likely to have been the dominant cause of the global warming since the
mid‐20th century” (IPCC, 2014). Thus, a “historic” agreement to combat climate change and
unleash actions towards a low carbon future was agreed by 195 nations in Paris in December
2015 (UNEP, 2015a). Consequently, it is necessary to find measures for decreasing GHG
emissions in a wide range of human industrial activities.
The transport sector is the second biggest greenhouse gas emitting sector after the energy sector
in the EU (EC, 2016). In 2012, road transport alone accounted for about 72% of GHG emissions
from the whole EU transport sector (EC, 2016). Although a large proportion of those emissions
comes from traffic operation, road infrastructure itself should not be ignored (Chester &
Horvath, 2009). For instance, road construction activities are amongst the main drivers of
resource use in the European Union (Steger & Bleischwitz, 2011). Thus, the EU White Paper
(COM, 2011) recognised the need to take into account energy‐efficiency and climate change
challenges for EU‐funded transport infrastructure. Moreover, in 2014 the Environmental Impact
Assessment (EIA) DIRECTIVE 2014/52/EU (2014) also specified the need for the assessment of
a project’s impact on climate during the planning process of construction projects.
Since road infrastructure involves high consumption of energy and materials over a long lifetime
it is important to plan for it by exploring solutions that cause minimum life cycle environmental
impacts (Hammervold, 2014). Life Cycle Assessment (LCA) is a tool that can be used for this
purpose (EC, 2013).
Literature reviews by Miliutenko (2009) and Muench (2010) showed that life cycle impacts of
road infrastructure have been studied by many researchers (e.g. Mroueh (2000), Stripple
(2001), Federici et al (2003), Birgisdottir et al (2006), Schlaupitz (2008), Chester and Horvath
(2009), Karlsson and Carlson (2010), Barandica et al (2013)). However, it was observed that
most of the LCA studies consider different elements of road infrastructure, system boundaries
and impact assessment methodologies (Miliutenko, 2009). As reported in a literature review by
Garbarino et al (2014), the first group of these studies concentrates on the transport sector (e.g.
Treloar et al (2004), Chester (2008), Hill et al (2011)), the second group on road infrastructure
(e.g. Santero (2011), Barandica et al (2013), Carlson (2011)), and the third group on the supply
chain of construction materials and on considering use of by‐products, recycled and secondary
materials (e.g. Olsson et al (2006), Birgisdottir (2005)).
Even though the LCA studies on road infrastructure are difficult to compare with each other,
they share some main conclusions. For example, when considering the road transport system as
a whole (including infrastructure and traffic), the studies concluded that traffic has the dominant
proportion of the total GHG emissions, although the numbers for the proportion of road
infrastructure vary from just a few percent to about 10‐15% or even 40% (Hill et al, 2011).
These numbers depend on many factors, such as for instance, the type of infrastructure, the
country where it is situated as well as the method used for calculations. Looking only at the road
infrastructure, most of the studies conclude that production of construction materials and fuel
1

used for machinery during construction stage (e.g. earthworks) make the main contribution to
environmental impact of a road life cycle (Hammervold, 2014).
Increasing interest in life cycle impacts of road infrastructure has resulted in development of a
number of LCA tools for the assessment of life cycle impacts of road infrastructure (e.g. Road‐res,
Palate, BridgeLCA, Dubocalc, EFFEKT, Klimatkalkyl, Joulesave) and various rating systems (e.g.
Environmental Product Declaration (EPD), Leadership in Energy and Environmental Design
(LEED), Civil Engineering Environmental Quality Assessment and Award Scheme (CEEQUAL))
(Birgisdóttir, 2005; Hammervold et al, 2009; Muench, 2010) .
Consequently, based on these recent advances in road LCA research and EU requirements, Road
Administrations in various EU Member States started developing procedures and routines on
how to use LCA in road infrastructure planning (Bergsdal and Pettersen, 2013; Öman et al.,
2012; Öman and Uppenberg, 2014). The Swedish Transport Administration (STA) have, from
2015, required LCA to be used during planning of big infrastructure projects (that cost more
than 50 million Swedish kronor) (Trafikverket, 2015c). However, this field is still at the
beginning of its development in Sweden (in terms of methodological development of road
infrastructure LCA), as well as procedural (e.g. when and how it should be integrated into the
planning process). Thus, it is in light of this development that this thesis focuses on LCA during
road infrastructure planning.

1.1

Overall aim and scope of the thesis

The aim of my research is to contribute to improved road infrastructure planning by developing
methods and models to include a life cycle perspective. The scope of the thesis is restricted to
primary energy use and GHG emissions during the stages of construction, operation,
maintenance and end‐of‐life of road infrastructure and traffic operation on roads.
I contribute to the aim of this thesis by addressing the following research questions within three
main groups (Figure 1):
1. Assessing GHG emissions and energy use
a. What are the energy use and GHG emissions at different stages of the life cycle of
road infrastructure and its relative importance compared to traffic? (Paper I, IV)
b. What are the opportunities to decrease energy use and GHG emissions during the
life cycle of road infrastructure? (Paper II, I, IV)
2. Method development:
a. How can the method for LCA of road infrastructure be improved? (Paper I, II, IV,
V)
3. Implementation in planning:
a. How can LCA be implemented in the early stages of road infrastructure planning?
(Paper III, IV)
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Figure 1 Papers in relation to the research questions

Papers I, II, IV contributed to the Research Question #1 by assessing life cycle impacts of road
infrastructure with the help of case studies. Papers I, II, IV, and V contributed to Research
Question #2 by development of methodology and models for LCA of road infrastructure. Paper III
contributed to the Research Question #3 by analysis of decision framework for integration of
LCA during early stages of road infrastructure planning.
This thesis is mainly focused on road infrastructure planning in Sweden. However, several
results and conclusions can be also generalised for other countries. For instance, even though
results and conclusions for Research Question #1 are mainly based on case studies in Sweden,
several similarities can also be found in other countries. Results and conclusions for Research
Question #2 can be applicable internationally, as it concerns main aspects of method
development for LCA of road infrastructure in general. Results for Research Question #3 are
mainly focused on the planning processes in Sweden, Norway, Denmark and the Netherlands.
However, some of the main conclusions can also be applicable to other countries.

1.2

Outline of the thesis

This cover essay is a synthesis of Papers I‐V, which are appended at the end of the thesis. Chapter
1 provides the background, overall aim of the thesis and research questions. Chapter 2
introduces key concepts on road infrastructure and road infrastructure planning, used in the
context of this thesis. Chapter 3 describes research design and methodology used in each paper.
Chapter 4 summarises and discusses the results of Papers I‐V in relation to the research
questions, as well as raises the limitations of the study. Chapter 5 provides conclusions
reconnecting to the overall aim and research questions of the thesis. Chapter 6 provides
proposals for future research.
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2 Key concepts on road infrastructure and its planning
This chapter briefly introduces key concepts about road infrastructure and its elements, as well
as road infrastructure planning, as used in the context of this thesis.

2.1

Road infrastructure and its elements

The term road infrastructure used in this study refers to the following items: roads, tunnels,
bridges, and other supporting components (signs, lighting installations, road furniture etc.). As a
statistical term in OECD, road is defined as a “line of communication (travelled way) using a
stabilised base other than rails or air strips open to public traffic, primarily for the use of road
motor vehicles running on their own wheels.” (OECD, 2002). This term includes “bridges, tunnels,
supporting structures, junctions, crossings and interchanges.” (OECD, 2002).
Garbarino et al (2014) concluded that there is no unified definition of road infrastructure, since
only classification of different types of roads is generally presented by different sources.
Moreover, the definition of road varies from country to country (ERF, 2011). One example of
road classification is made by the International Road Federation (IRF) where roads are
subdivided into: motorways, highways (main or national roads), secondary or regional roads,
and other roads (rural and urban) (Garbarino, 2004).
According to Garbarino et al (2014), roads can be also classified according to the pavement
layers (flexible pavement roads, rigid (concrete) pavements, composite pavements); types of
construction (new construction, rehabilitation, reconstruction); climatic zones (e.g. UK and
Ireland, Iberian peninsula, Mediterranean regions, France, Middle Europe, Alpine regions,
Scandinavia, Eastern Europe); as well as traffic conditions: (e.g. classified per average traffic flow
expressed as Annual Average Daily Traffic (AADT)).
Although the definitions and classification of roads are different within each European country,
the length of the European road network was measured to about 5.3 million km, where 1.3% are
motorways (Garbarino, 2004). Flexible pavements are the most common pavements in Europe
(about 90%) (Garbarino, 2004).
The Swedish Road network consists of public and private roads. Public roads are state (about 98
550 km) and municipal (about 42 209 km) (NVDB, 2015). Additionally, the Swedish road
network includes about 458 797 km of private roads (NVDB, 2015). Apart from the plain roads,
the Swedish road network also includes 16 018 bridges, about 20 tunnels, and 37 ferry routes
(STA, 2015). In terms of types of tunnels in Sweden, there are about 14% concrete tunnels and
86% rock tunnels (NVDB, 2015).
In terms of type of pavement, flexible (asphalt) pavement roads are the most common in Sweden
making up about 80‐90% of all paved roads in the country (Anderman, 2011, Enell et al, 2010).

2.2

Road infrastructure planning

Road infrastructure planning is a complex and long‐lasting process (Arts & Lamoen, 2005). The
average time duration of this planning process for large infrastructure projects can last about
10‐12 years (Fritzell & Lindelöf, 2011). This planning is implemented gradually at different
levels, from the national to the local (Trafikverket, 2011). Comparing the planning processes in
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four European countries (Sweden, Norway, Denmark and the Netherlands), it was seen that each
country has its own specific process. Different names are used for each stage and they are not
always comparable (Miliutenko et al, 2014). However, several main levels of decisions were
observed in each country: 1) choice of transport modality at the national level, 2) choice of road
corridor and construction type of a specific project, and 3) choice of specific construction design
(including material used) (Miliutenko et al, 2014).
The planning of a new road in Sweden begins when deficiencies in the transportation system are
identified. A solution to the problem is suggested according to a so‐called Strategic Choice of
Measures, which investigates the types of measures that can be used to solve the identified
problem. These are called a four‐step principle and are defined as the following (Nilsson et al,
2012; STA, 2013):


Step 1 (“Rethink”): measures to affect transport demand and/or choice of other modes of
transport (for example, by planning, pricing, regulations and similar);



Step 2 (“Optimise”): measures to provide for more efficient use of existing infrastructure
(for example, by implementation of speed controls, variable speed limits or traffic
regulation);



Step 3 (“Reconstruction”): measures to improve existing assets (for example, by
widening, extending the platforms at the stations, changing curves or reinforcement);



Step 4 (“Investment”): construction of new infrastructure which makes use of new land
(for example, a new interchange or a new road).

The Strategic Choice of Measures investigates if there is a need for new road construction (STA,
2013). Steps 1 and 2 are investigated in the first round. If these are impossible, then larger
construction measures (Steps 3 and 4) might be implemented.
Once it has been decided to build a new road, the new road project should be planned according
to a special process that is governed by legislation and which ultimately leads to a road plan
(STA, 2013). The main legislation that controls this process includes the Road Law, the Planning
and Building Act, and the Environmental Code (Fritzell & Lindelöf, 2011). Furthermore, the
planning of public roads should be also connected to the planning carried out by the County
Administrative Board and municipalities (ibid.).
Firstly, where and how the road line should be built is investigated. If it is found that the new
construction will have a significant impact on the environment, then an Environmental Impact
Assessment (EIA) is needed (section 3.4) (ibid.). It is performed in order to ensure that all
environmental implications are considered before the decision on new road infrastructure is
approved (EC, 2012). On the European level, consideration of the environmental aspects during
road infrastructure planning are also regulated through Construction Products Regulation, EIA
and SEA Directives, Waste framework directive, Environmental liability and others (Garbarino et
al, 2014).
The duration of the road planning process depends on the project size, the number of studies
required, the number of alternative routes, available budget and similar. The outcome of the
planning process and the design of the road or railway line is described and presented in the
road plan (STA, 2013). This road plan is available for review so that those affected can submit
their comments before the plan is finished. Consultation is also an important part of the planning
process (ibid.)
5

Once the plan is complete, then construction documents are prepared, which mainly contain
technical specifications and requirements for the new road. Construction documents serve as a
basis for construction work. These documents must comply with the road plan, as only minor
deviations are allowed. If there are major deviations or changes in the project, it may be
necessary to amend the plan or make a new plan (STA, 2013).
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3 Research design and methodology
The research questions of this thesis require a research design with a combination of different
methods, tools and models.
Case studies were used as a research method in order to address the Research Question #1 and
the Research Question #2 (section 3.1). The main tool that was applied for the case studies is
Life Cycle Assessment (LCA) (section 3.5). Addressing the Research Question #3, Paper III
analysed a possibility to integrate LCA into such planning tools as Environmental Impact
Assessment (EIA) and Strategic Environmental Assessment (SEA) (section 3.4). Additionally,
Paper V has also investigated the potential of coupling LCA with Geographic Information
Systems (GIS) (section 3.3).
Literature review and interviews were used as a data collection methodology when
addressing the Research Question #1. Outcomes from literature review, interviews,
questionnaires and focus group discussions were used to address the Research Question #2
and Research Question #3.
There is no general agreement in the literature regarding the use of such terminologies as
“method”, “methodology”, “technique”, “tool”, “procedure”. Sometimes they are used
interchangeably, especially with regards to Life Cycle Assessment (LCA). However, for the sake
of convenience in this thesis, LCA, EIA and SEA, as well as GIS will be called “tools”. LCA is also
called a “tool” in Finnveden and Moberg (2005b), Rebitzer et al (2004), Guinée et al (2002),
ILCD handbook (European Commission et al, 2010), and ISO (2009). EIA and SEA are called
“tools” in Finnveden and Moberg (2005b) and Faith‐Ell (2015). GIS is called a “tool” in Blaschke
and Merschdorf (2014) and Goodchild (2009).

3.1

Case study

Case study is a research method that can be used to contribute to the knowledge about
individuals, groups or other phenomena (Yin, 2013). It allows investigators to focus on a “case”
and retain a holistic and real‐world perspective, such as in studying individual life cycles, small
group behaviours and others (Yin, 2013). It is also described as a “detailed examination of a
single example” (Flyvberg, 2006).
Case studies were performed in Paper I, II, IV and V. The case study in Paper I is performed as an
LCA of a specific road tunnel, Norra Länken in Stockholm. The case study in Paper II is an LCA of
three methods for asphalt recycling and reuse in Sweden. The case studies in Paper IV and Paper
V both include LCA of alternative road corridors considered during reconstruction of the road
section between Yxtatorpet and Malmköping in the south‐east of Sweden. Whereas Paper IV
uses the case to perform a complete assessment of life cycle energy use and GHG emissions for
the alternative road corridors, Paper V uses the same case to investigate and test the approach
for coupling LCA with GIS.
It should be emphasised that through extensive and transparent reporting of inventory data as
well as discussing various methodological challenges of performing LCA, these case studies
contributed to the development of methodology for further LCAs of road infrastructure
(Miliutenko, 2012).
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3.2

Data collection: literature review, interviews and focus group discussions

Literature review was used as one of the main data collection methods for all the papers. The
literature review in the case studies for Paper I, IV and V involved reviewing scientific articles,
books, technical reports and the websites of construction companies. It was conducted to collect
inventory data for tunnel LCA (Paper I) and LCA of road corridor alternatives (Paper IV and V).
The literature review in Paper II included peer‐reviewed articles, reports published by the
Swedish Transport Administration (STA), Nordic Road Association (NVF), contractors (NCC,
Skanska), research institutes and the official websites of STA and the Swedish Association of
Local Authorities and Regions (SKL). It was performed in order to gather information about the
current state of asphalt recycling methodologies in Sweden and abroad, as well as to collect
inventory data for LCA of the asphalt recycling methodologies chosen for study (Miliutenko,
2012). The literature review for Paper III involved literature on transport planning and policy
documents published by National Road Administrations and researchers, which included
documents from the European Commission (a.o. Directive 2001/42/EC, 2001; Directive
2011/92/EU, 2011; European Commission, 2001), national handbooks on road planning, EIA
and SEA (a.o. Projectdirectie Sneller & Beter, 2010; Rijkswaterstaat, 2010a; STA, 2011b) and a
theoretical book on EIA and SEA (Glasson et al., 2005) (Kluts & Miliutenko, 2012).
In addition to the literature review, semi‐structured and semi‐qualitative interviews were also
carried out for all the papers. Qualitative interviews are relatively loosely structured and open to
what the interviewee feels is relevant and important to talk about, given the interest of the
research project (Alvesson, 2003). This approach is beneficial in terms of getting information on
experiences, knowledge, ideas and impressions (Alvesson, 2003) . Semi‐structured interviews
use an interview guide with closed and open questions (Kvale, 1996).
The main aim of these interviews for Papers I, II, IV and V was to determine the scope of the
research question (at the beginning of the project) and data collection for the case studies. The
objective of the interviews carried out for Paper III was to obtain information from relevant
stakeholders about decision‐making in road infrastructure planning and about EAs of road
infrastructure. They were sometimes also combined with field visits, such as the Norra Länken
tunnel construction site (Paper I) and asphalt recycling sites (Paper II) (Miliutenko, 2012).
Questionnaires and focus group discussions were also used as a data source for Paper III and
Paper IV. Some of the qualitative information for Paper III and IV is based on focus group
discussions at the international workshop “Life Cycle Considerations in EIA of Road
Infrastructure” that was held on May 9, 2012 in Stockholm (Sweden). The aim of the workshop
was to discuss the possibilities of incorporating LCA within the process of EIA (SEA) and to get a
basis for the LCA model development (with the focus on how to make the model most beneficial
to the potential users (Lundberg & Toller, 2012). Results in Paper IV are also based on focus‐
group discussions at another international workshop on “Relevance and applicability of the
LICCER‐model” that was held on 17 September 2013 in Stockholm (Sweden). The main aim of
that workshop was to test the relevance and applicability of the LICCER model (Potting et al,
2013). The main stakeholder groups in both workshops represented authorities (i.e. road
administrations in the respective countries), researchers, and consultants in the field of
Environmental Assessment (EA) of road infrastructure in Sweden, Norway, Denmark and the
Netherlands.
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The analysis of the interviews and focus‐group discussions was based on content analysis
(Kvale, 1996), in which the responses were grouped according to comparison categories. This
was supplemented with data obtained by literature review (Kluts & Miliutenko, 2012).

3.3

Geographic Information Systems

The potential of coupling Geographic Information Systems (GIS) together with LCA was studied
in Paper V. GIS is a system that can store observed data (e.g. soil types) for specific locations and
model new information from these data through empirical statistical analysis, mechanistic
process models, or rule‐based logic models (Geyer et al, 2010). This is also an umbrella term for
tools designed for processing, analysis, modelling, and storage of spatially referenced data
(Goodchild, 2009; Longley et al, 2005). GIS software is designed to capture, manage, analyse, and
display all forms of geographically referenced information in the form of maps, globes, reports,
and charts (ESRI, 2015). It provides powerful solutions to spatial analysis problems not only in
geography but in many other disciplines (Blaschke & Merschdorf, 2014).
This study proposed a GIS mass‐balance estimation approach, as a means of calculating the
energy use and GHG emissions due to earthworks (soil excavation and rock blasting) of the
proposed alternative road corridors in Paper V. With the help of a case study, it was
demonstrated how spatial terrain data in a GIS environment can serve as a data source for LCA,
and how GIS can be used to illustrate the LCA results with the help of maps. The mass balance
was estimated using ArcGIS 10 (ESRI, 2010) through various modelling steps (Paper V).

3.4

Environmental Assessment

Paper III analysed a possibility to integrate LCA into Environmental Assessment (EA).
Environmental Assessments (EAs) must be undertaken for all plans, programmes and projects
which are likely to have a significant effect on the environment (Kluts and Miliutenko, 2012).
They are required by the European Union (EU) in order to ensure that environmental
implications of decisions are taken into account before a decision on road infrastructure is
approved (EC, 2012). There are two legal processes of EA: 1) Strategic Environmental
Assessment (SEA) and 2) Environmental Impact Assessment (EIA). SEA is used for assessment of
public plans, policies, and programmes. EIA assesses public and private projects. For instance,
SEA is typically performed for regional and local plans (e.g. as waste plans, traffic plans, urban
planning), while construction of new motorways must be assessed by EIA (Garbarino et al,
2014).
The frameworks of SEA and EIA are set in Directives of the European Commission. The SEA
framework is set in Directive 2001/42/EC (DIRECTIVE 2001/42/EC, 2001). The EIA framework
is set in the newly amended Environmental Impact Assessment (EIA) Directive 2014/52/EU
(DIRECTIVE 2014/52/EU, 2014). Both of these Directives ensure public participation and “aim
to provide a high level of protection of the environment and to contribute to the integration of
environmental considerations into the preparation of projects, plans and programmes with a view
to reduce their environmental impact” (EC, 2012). According to the newly amended Directive
2014/52/EU, “it is appropriate to assess the impact of projects on climate (for example greenhouse
gas emissions) and their vulnerability to climate change” (DIRECTIVE 2014/52/EU, 2014).
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EIA and SEA, as well as LCA can be categorised as Environmental Systems Analysis (ESA) tools.
ESA is defined by Wageningen University (2012) as “a quantitative and multidisciplinary
research field aimed at analysing, interpreting, simulating and communicating complex
environmental problems from different perspectives”. There are two groups of ESA tools:
procedural and analytical (Wrisberg & Udo de Haes (Eds.), 2002). EIA and SEA are procedural
tools that improve the procedures leading to decision making (Finnveden & Moberg, 2005a).
LCA belongs to the group of analytical tools, which provide information that may be used for
communication, systems optimisation and comparison of different alternatives (Moberg, 2006).
Moberg (2006) suggests that procedural tools can include a number of analytical tools.

3.5

Life Cycle Assessment

While Paper III analysed the possibility to integrate Life Cycle Assessment (LCA) into EIA and
SEA (section 3.4), Papers I, II, IV and V applied LCA to the case studies.
LCA is defined as a “compilation and evaluation of the inputs, outputs and potential
environmental impacts of a product system throughout its life cycle” (ISO 14044, 2006a). Thus,
LCA is a tool for identifying and evaluating the environmental aspects of products and services
from the “cradle to the grave”: from the extraction of resource inputs to the eventual disposal of
the product or its waste (ISO, 2009).
The LCA methodology is standardised by the International Organization of Standardization in
ISO standard 14044 (2006b) and by the European Union in the International Reference Life
Cycle Data System (ILCD) Handbook (European Union & Joint Research Centre, 2012). LCA
methodology consists of four phases (Baumann & Tillman, 2004; ISO 14044, 2006b):
1) goal and scope definition, that involves establishment of the study objectives, system
boundaries and functional unit (which is the measure of performance delivered by the
system);
2) inventory analysis, that involves data collection and processing for all life cycle stages;
3) impact assessment, that involves translation of the inventory data into their contribution
to environmental impact;
4) interpretation, where the results of the inventory and impact assessment phases are
summarised and discussed.
Two types of LCA can be distinguished: 1) attributional (also known as descriptive or
accounting); and 2) consequential (also known as change‐oriented) (Finnveden et al, 2009). The
processes included in an attributional LCA are those that contribute significantly to the product
or service studied, while the processes included in a consequential LCA are those that could be
affected by the decisions to be supported in the study (Rebitzer et al, 2004). Attributional LCA
uses average data, while consequential uses marginal data. Marginal data reflect the effects of
small changes, while average data reflect the actual physical flows (Finnveden et al, 2009). The
main type of LCA used in this thesis is attributional (meaning that average data were used),
although the influence on the results of the use of marginal electricity for the operation stage
was tested in sensitivity analysis in Paper I.
LCA applications can be divided into internal use (e.g. knowledge generation, strategic planning,
forecasting) or external use (e.g. environmental labelling, environmental audit of companies and
environmental information) (Stripple and Erlandsson, 2004). Information from LCA can be used,
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for example, to develop criteria for green public procurement (GPP) and in environmental
product declarations (EPDs) (EC, 2015; Uttam, 2014). As described in UNECE (2007), “LCA may
be applied within the whole process of decision‐making: identification of issues and impacts,
analysis context and baseline, contributing to development of alternatives, assessment of impacts,
comparing the options”. All these applications are relevant for road infrastructure LCA.
In terms of LCA methodology specifically for road infrastructure, several standards have been
developed. For instance, the Product Category Rules (PCR) Document for Highways (except elevated
highways), streets and roads has been developed within the framework of the International EPD®
System in accordance with ISO standards (ISO 14025:2006, ISO 9001, SO 14001, ISO 14040, and
ISO 14044) (EPD, 2014). This PCR specifies the rules for the life cycle assessment (LCA) performed
for environmental declarations for highways, streets and roads (ibid.) It has also been developed taking
into consideration CEN standard EN 15804 “Sustainability of construction works- Environmental
product declarations - Core rules for the product category of construction products” (ibid.). Since its
development in 2014, this document has served as a methodological guide during performance of the
LCA case studies used in this thesis.
The main LCA models used in this study are described in section 3.5.1. The LCA methodology
applied in this thesis is described in sections 3.5.2‐3.5.5.

3.5.1 LCA models used
Data processing was undertaken by several models and software tools. LCA case studies in Paper
I and Paper II were modelled with the help of Excel and the LCA software tool SimaPro 7 (PRé
Consultants, 2010). SimaPro 7 is a process‐based LCA software tool that is used to model the
environmental impacts of all the life cycle stages of a product (Cass & Mukherjee, 2011). This
software tool can be useful in estimating emissions for specific processes, as long as all
components inside the system boundary can be identified and measured (Cass & Mukherjee,
2011).
SimaPro 7 was used in this study for performing the main modelling of life cycle impacts for case
studies in Paper I and Paper II, as well as serving as a data source of emission and energy use
data from the EcoInvent database (that is a part of SimaPro).
LCA case studies in Papers IV and V were modelled with the help of an Excel‐based LCA model
LICCER (Life Cycle Considerations in Environmental Impact Assessment of Road infrastructure).
These case studies were used in the process of development of the model as part of testing its
relevance and robustness.
The LICCER model was developed by the researchers from Sweden, Norway, Denmark and the
Netherlands and was finalised in December 2013 (Potting et al. 2013). The aim of the LICCER
model is to estimate greenhouse gas (GHG) emissions and energy use for life cycle stages of
different possible road alternatives at an early stage of planning, where road location is chosen
(Figure 2).
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Figure 2 Example of possible alternatives considered in the LICCER model (Lundberg et

al, 2013)

Energy use and GHG emissions are calculated by the model for the main life cycle stages of road
infrastructure: production, construction, operation, maintenance, and end‐of‐life. It also includes
road traffic during road operation. The model is constructed in Excel and is made in a
transparent and flexible way so that the user can specify the dimensions of each alternative, as
well as the type of elements it consists of (i.e. plain roads, bridges, tunnels or other) (Potting et
al. 2013).

3.5.2 Goal and scope definition
The main focus of this study was road infrastructure (as in the case studies for Papers I, II and V).
The case study in Paper IV also considers traffic during road operation (or Use stage as also
called in, for instance, Garbarino (Figure 4). The stage of traffic during road operation considers
energy use and related GHG emissions for consumption of petrol, diesel, biofuel and electricity in
light and heavy vehicles operating on the analysed road infrastructure (Brattebø et al, 2013).
As far as road infrastructure is concerned, the following four main life cycle stages were
considered in this study: construction, operation, maintenance and end‐of‐life (Birgisdóttir,
2005; Miliutenko, 2012). Each of these stages includes extraction/production of materials,
processes on‐site and waste management (Miliutenko, 2012) (Figure 4).
Extraction/production of construction materials is sometimes considered as a separate stage of
the life cycle of road infrastructure (for instance by Claro (2010) and Garbarino et al (2014)).
Production of materials is also considered as a separate stage in Paper IV. As far as Paper I is
concerned, extraction/production and transportation of materials, as well as waste disposal, are
included in each of the four individual life cycle stages of road infrastructure (Miliutenko, 2012).
Similar subdivision is made for instance in Birgisdóttir (2005), Karlsson and Carlson (2010) and
others. The example of system boundaries for road infrastructure in EPD (2014) also considers
extraction and production of materials as upstream processes.
Moreover, Operation and Maintenance are also sometimes merged as one stage (as in Garbarino
et al (2014), for instance). They are considered as one stage in Paper IV, but Paper I considers
them as different stages. It should be noted that this is a matter of personal choice and should
not influence the final results, as long as the description of each stage is clear.
Processes on‐site for each life cycle stage of infrastructure include the following main activities:
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Construction stage refers to on site construction activities and earthworks, production
and construction of main constituent parts of the road infrastructure (e.g. aggregates,
bituminous and hydraulic binders and additives that are used for the sub‐base, road‐
base and surfacing layers of the road), production and installation of other items (signs,
wires, pipes, road furniture etc.), transport of construction materials to the construction
site, and project internal transport work (Brattebø et al, 2013; Garbarino et al, 2014;
Miliutenko, 2012)



Operation stage refers to supporting functions that facilitate possibilities to use the
infrastructure (Claro, 2010; Jonsson, 2007). These for instance include the following
main activities: lighting, cleaning, accident control, snow clearance, street‐sweeping, as
well as water pumping and ventilation (in the case of tunnels) (Brattebø et al, 2013; EPD,
2014; Jonsson, 2007).



Maintenance stage refers to works that are required due to corrosion, erosion and
displacement (Jonsson, 2007). These for instance include the following main activities:
surface coating, painting road markings and additional filling material (Jonsson, 2007).
Thus, some maintenance operations share the same materials as the construction stage
(Garbarino et al, 2014).



End‐of‐life (demolition and final disposal) stage includes the following main activities:
mechanical dismantling, transportation of removed materials to permanent or reuse
depots and subsequent management of demolition waste (Brattebø et al, 2013; Jonsson,
2007). Since infrastructure is rarely completely demolished, this stage is rarely included
in the analysis of life cycle assessments (Mroueh et al, 2000).

Each paper (Paper I, II, IV and V) considered different system boundaries depending on the study
purpose (Figure 4).

Figure 3 Generic flow chart for the LCA of road infrastructure and scope of the LCA case studies
(Paper I, II, IV, V), inspired by EPD (2014), Brattebø et al (2013) and Miliutenko et al (2012)
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Paper I assessed construction, operation and maintenance of the road tunnel. Paper II studied
asphalt recycling and reuse which is a part of management of asphalt waste during road
infrastructure maintenance and end‐of‐life. Paper IV considered all four stages of road life cycle
(i.e. construction, operation, maintenance and end‐of‐life), as well as emissions and energy use
due to traffic during road operation. Paper V studied activities during construction of the road
infrastructure. It should be noted that Paper III is not a case study, thus it did not consider any
system boundaries and consequently is not shown in Figure 4.
The functional unit in Paper I was determined by the object of assessment, which is the tunnel
structure assessed (with the specified dimensions).
The functional unit chosen in Paper II was defined as the treatment of 1 metric ton (i.e. tonne or
1000 kg) of RAP (Reclaimed Asphalt Pavement). Since this case study compared three systems
where the previous life cycles (i.e. production of asphalt concrete) were assumed to be identical,
the upstream burdens of the previous life cycles were cut off. In other words, positive impacts
from production were left out. This type of simplification is called “zero burden assumption”,
meaning that the waste carries none of the upstream burdens (Miliutenko et al, 2013).
The functional unit in Paper IV and Paper V is defined as “road infrastructure enabling annual
transport from “A” to “B” over a fixed number of years”, which is also a default functional unit in
the LICCER model (Brattebø et al, 2013).

3.5.3 Inventory analysis
The two main concepts which are often used in LCA methodology during inventory analysis are
foreground and background systems. The foreground system consists of processes directly
connected to the study object, while the background system represents information about the
environmental interventions of pre and post steps to the foreground system (Schaltegger, 1996;
Tillman, 2000). For instance, in the example of Paper I, the foreground system included data on
electricity use during tunnel operation or the quantity of concrete, steel and asphalt used for
tunnel construction, while the background system included data on energy use and GHG
emissions from production of construction materials.
The data for foreground system in Paper I were taken from the preliminary Bill of Quantities
(BOQ) (section 4.1.1), as well as expert assumptions (through personal communications with
STA). The foreground data for Paper II were mainly collected from the literature review and
interviews. Most of the foreground data for Paper IV and V were gathered from the document
published by the Swedish Road Administration on assessment of the environmental implications
of road corridor alternatives (Swedish Road Administration, 2006). Data, which were not
available in that document, were obtained with the help of expert assessments through
interviews.
The data for background system in Paper I and Paper II were taken from EcoInvent
(Frischknecht & Rebitzer, 2005). The data for background system in Paper IV and Paper V were
taken from the LICCER model, which in its turn is based on different data sources. These were
for instance: Idemat (2012), Hammond and Jones (2008) as well as the Swedish nationally
approved data set provided in the model Klimatkalkyl, as proposed by the Swedish Transport
Administration in STA (2015b). Since EcoInvent contains licensed data, these were not used as
default data in the LICCER model (section 4.2.1).
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3.5.4 Impact assessment
As mentioned in section 1.1, two impact categories were chosen for LCA case studies in this
thesis: primary energy use (Cumulative energy demand (CED)) and GHG emissions (Global
Warming Potential (GWP)).
GHG emissions were measured as Global Warming Potential (GWP), expressed in terms of
carbon dioxide equivalents (CO2‐eq) over 100 years (Goedkoop et al, 2009). Primary energy use
(or CED) represented the direct and indirect energy, i.e. primary energy carriers including
feedstock energy (Huijbregts et al, 2010). The terms energy use and CED are used
interchangeably in this thesis. The same is true of GHG emissions and GWP.

3.5.5 Interpretation
Transparent communication of the results and their interpretation is one of the main challenges
in LCA (Moberg, 2010). Different types of data uncertainty and variability can complicate the
interpretation of LCA results (Kendall et al, 2009). Sensitivity analysis is one of the activities
within LCA that can be used in order to ensure that the alternatives can be fairly compared
(Skone, 2000). It involves assessing the sensitivity of the significant data elements that most
greatly influence the results (ibid.). Thus, sensitivity analysis in Papers I, II and IV (section 4.1.4)
was performed in order to demonstrate the possibility of differing results of assessments, as
there can be several answers to the question (Moberg, 2010).
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4 Results and discussion
The chapters in this section are organised according to the three main groups of research
questions answered in the study (as described in section 1.1): 1) Assessing GHG emissions and
energy use, 2) Method development and 3) Implementation in planning. A summary of the main
results of the papers in relation to each research question is described in more detail in sections
4.1‐ 4.3.
4.1

Assessing GHG emissions and energy use

The sections below (section 4.1.1‐ 4.1.3) describe the case studies in Papers I, II, IV that were
carried out in order to answer the following research questions:
a. What are the energy use and GHG emissions at different stages of the life cycle of
road infrastructure and their relation to traffic? (Paper I, IV)
b. What are the opportunities to decrease energy use and GHG emissions during the
life cycle of road infrastructure (Paper II, I, IV)
Section 4.1.4 discusses data uncertainty and variability encountered during the case studies.
4.1.1 LCA of a road tunnel (Paper I)
Paper I assessed the amount of energy use and GHG emissions throughout the life cycle of a road
tunnel. The road tunnel Norra Länken (Stockholm, Sweden) was used for a case study. This
construction project included two types of tunnel: rock and concrete (Figure 4).

Figure 4 Photo of the tunnel Norra Länken construction site (from left to right): concrete tunnel,
rock tunnel ©Sofiia Miliutenko

A detailed list of data was available for the rock tunnel in the preliminary Bill of Quantities
(BOQ). BOQ is compiled by contractors and includes the preliminary engineer estimates for all
activities and materials to be used during construction. Concrete tunnels were constructed by a
different type of contract with no BOQ, thus there were less data available for the LCA study.
Because of these different levels of data availability, the study consisted of two parts. The first
part of the study carried out a detailed data inventory for the construction stage of rock tunnels,
where preliminary Bills of Quantities were used as a main data source. The second part of the
study performed a screening assessment for the whole tunnel infrastructure. This part included
both concrete and rock tunnels, through all life cycle stages: construction, maintenance and
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operation. The end‐of‐life stage was excluded from the study, as tunnels are rarely completely
demolished (Mroueh et al, 2000).
The total lifetime of the whole tunnel was considered to be 100 years. Swedish electricity mix,
which mainly consists of hydro and nuclear power, was assumed for the construction and
operation stages in the base case scenario. The influence of different choices for electricity mix
on the final results was however tested in a sensitivity analysis.
The detailed analysis of the construction stage of the rock tunnel showed that production of
materials (concrete, asphalt and steel) made the largest contribution to Cumulative Energy
Demand (CED) and Global Warming Potential (GWP) during the construction stage of a rock
tunnel. The screening LCA of the whole tunnel showed that the operation stage (mainly lighting,
ventilation) of the tunnel was found to have the highest share of CED and GWP throughout the
tunnel’s life cycle over 100 years (Figure 5). Moreover, this study showed that construction of a
concrete tunnel causes five times more GWP and three times higher CED per lane‐km than
construction of a rock tunnel.

Figure 5 Proportion of primary energy use and GHG emissions during the main life cycle stages of
Norra Länken (Paper I)

It was also estimated that the total GWP and CED during the life cycle of the tunnel Norra Länken
amounts to about 29 000 TJ‐eq and 431 000 tonne CO2‐eq (about 2% of yearly GWP impact
from domestic transport in Sweden).
This study can be compared with other studies on LCA of a road tunnel both in Sweden and
other countries, such as Huang et al (2015), Karlsson and Carlson (2010), Schwartzentruber et al
(2010). Even though these studies are difficult to compare as they have different scopes, several
observations can still be made. For instance, the results from Karlsson et al. (2010), who
roughly estimated energy use and GHG emissions of a road tunnel in Sweden, also show that
operation and maintenance stages contribute to the highest proportion of life cycle GHG
emissions and energy use (about 95%).
On the other hand, the study on LCA of a road tunnel in France by Schwartzentruber et al (2010)
concluded that when considering the “consumption of energy resources”, the impact of civil
engineering “materials” used during construction is approximately of the same order of
magnitude as of the impact of the operation stage. The situation looks different for the impact
category climate change, where the contribution of civil engineering “materials” is predominant
in comparison to the operation stage of the tunnel. However this study states that the value used
for the energy consumption during the operation stage is the lowest one, as it could be about 3
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times greater for some tunnels. French electricity is mainly generated by nuclear power, and
thus induces very low climate change impact. So if a different electricity mix were chosen, the
proportion of operation stage would be bigger, since electricity is used much more during
operation stage than during construction. Thus, this study has also concluded that an important
issue linked to tunnels is to identify how specific design and technical choices can reduce the
impacts of the operation stage (Schwartzentruber et al, 2010).
In an LCA of a road tunnel in Norway, Huang et al (2015) concluded that construction of the
tunnel has the largest contribution to GWP (51%), while the proportion of construction stage for
the road tunnel in Paper I is 36%. Such a big difference in results can be attributed to different
factors. For instance, the study by Huang et al (2015) analysed a typical Norwegian tunnel,
which has smaller dimensions and lower traffic volumes than the tunnel analysed in Paper I.
Moreover, the electricity mix assumed for the operation of the Norwegian tunnel was assumed
to be Norwegian electricity mix, of which about 99% is produced by hydropower (Huang et al,
2015). The authors also concluded that the knowledge concerning the environmental impacts
caused by construction, operation and maintenance of road infrastructure is important for the
sustainability of the transportation sector. It stresses a special importance of these issues for
Norway, as most of the Norwegian roads have low annual average daily traffic, and consequently
the proportion of road infrastructure in comparison with impacts from traffic is higher (Huang
et al, 2015). Thus it is also important to consider these variations between the countries.

4.1.2 LCA of road corridor alternatives (Paper IV)
The case study described in Paper IV assessed GHG emissions and energy use for the alternatives
considered during the feasibility study of a new road corridor. The reconstruction of the road
section between Yxtatorpet and Malmköping in the south‐east of Sweden was chosen as case
study. The four alternatives considered in this reconstruction project included plain roads and
bridges. Alternative 0 (ca 7 km) did not consider construction of road infrastructure, as it
already exists. This alternative was used as a reference, to which all the other alternatives were
compared. Alternative 1 (ca 7.5 km) involved reconstruction of the existing road. Alternative 2
(ca 6.9 km) involved construction of a new road (2.6 km) and a new bridge. Alternative 3 (ca 6.6
km) involved construction of a new road (3 km) and a new bridge (Figure 6)

Figure 6 Photo of Alternative 3 after the construction was finalised. ©Sofiia Miliutenko
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Unlike in Paper I, both infrastructure and traffic were included in this case study. This was done
due to the fact that during comparison of the road corridor alternatives at an early stage of road
infrastructure planning, both infrastructure and traffic are considered to be important.
The case study concluded, as expected, that traffic had the dominant proportion of the total life
cycle GHG emissions and energy use of the road corridor alternatives. It was shown that
Alternative 3 leads to more “savings” (i.e. reduced impacts in comparison with Alternative 0) of
total life cycle GHG emissions and energy use (Figure 7). This is mainly due to its shorter length.
Thus, even though this alternative causes more GHG emissions during the whole life cycle of the
infrastructure, those are minor in comparison with “savings” from traffic. Concluding, the
difference in road length decided whether one road corridor alternative performed better than
the other, since a longer road corridor alternative leads to more emissions from traffic.
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Figure 7 Annual GHG emissions and energy consumption for the three alternatives (shown as the
difference between Alt.X and Alt. O for infrastructure and traffic) (Paper IV)

Although traffic was shown to be the most important aspect, infrastructure should not be
neglected when choosing road location. This is especially important in such cases where the
length of road alternatives does not differ significantly or when they include such energy
intensive elements as bridges or tunnels. Moreover, the importance of road infrastructure will
increase as vehicles will become more energy efficient in the future. These conclusions are also
shared with the study made by Hill et al (Hill, Brannigan et al. 2011), which also states that GHG
emissions associated with road infrastructure are not negligible, as they will become
increasingly significant when GHG emissions from road transport decrease due to advances in
technology, fuel and vehicle manufacturing.
Zooming into the road infrastructure itself, the results showed that in terms of contribution of
different materials and processes in life cycle GHG emissions of road infrastructure corridors,
the production stage (mainly production of pavement layer materials) and construction stage
(mainly earthworks) have the biggest proportion of the studied alternatives.
In terms of annual energy consumption, the operation stage has the biggest proportion of the
total life cycle stages of infrastructure. This is due to production of pavement layer materials
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needed for resurfacing of the road. These materials also have the biggest contribution in the
Production stage of the road. The main reason for this is high value of feedstock energy in
bitumen used for pavement materials.

4.1.3

Opportunities to decrease energy use and GHG emissions during asphalt
recycling and reuse (Paper II)
As shown in Paper I and Paper IV, asphalt pavement is responsible for a large proportion of GHG
emissions and energy use of road infrastructure. Asphalt recycling or reuse was identified as one
of the possible ways of decreasing energy use and GHG emissions associated with road
infrastructure. Paper II identified several of those opportunities by comparing two types of
asphalt recycling (hot in‐place and hot in‐plant) and asphalt reuse (Figure 8).

Figure 8 Photo of asphalt recycling and reuse (from left to right): hot in-plant, hot in-place, reuse.
©Sofiia Miliutenko

It is important to distinguish between asphalt recycling and reuse. Asphalt recycling means that
reclaimed asphalt is added to new mixes, producing new asphalt that is similar to asphalt
produced from virgin materials (EAPA, 2005). Asphalt reuse is use of reclaimed asphalt as
unbound materials (i.e., crushed aggregates), which does not demand processing (EAPA, 2005).
Paper II identified that there is a vague distinction between terminology of asphalt recycling and
reuse in Sweden, which creates confusion for reporting of recycled amounts.
The study in Paper II was carried out from the waste management perspective, with the aim to
identify the best treatment option for reclaimed asphalt pavement (RAP). Therefore treatment
of 1 metric ton (i.e. tonne or 1000 kg) of RAP was chosen as a functional unit (Miliutenko et al,
2013).
Having compared two technologies for asphalt recycling (hot in‐plant and hot in‐place) and
asphalt reuse, Paper II showed that both hot in‐place and hot in‐plant recycling reduce the
greenhouse gas emissions and energy use of road paving, while the reuse of old asphalt does not
lead to considerable reductions (Figure 9 and Figure 10)
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Figure 9 Comparison of Global Warming Potential savings for asphalt recycling and reuse. Note:
‘ton’ means here ‘metric ton’ (tonne or 1000 kg) (Paper II)

Figure 10 Comparison of Cumulative Energy Demand savings during asphalt recycling and reuse.
Note: ‘ton’ means here ‘metric ton’ (tonne or 1000 kg) (Paper II)

The study showed that asphalt recycling is environmentally beneficial because it reduces the
need for virgin bitumen. In‐place recycling is the best option in terms of savings of GHG
emissions and energy use, mainly because it requires less transport. However, this technique is
only suitable for highway maintenance on straight lanes.
In contrast to asphalt recycling, asphalt reuse does not substitute bitumen but only aggregates
(e.g. gravel, crushed stone). It was shown that more GHGs are emitted during milling, crushing
and transportation of the reused asphalt than during extraction of virgin gravel or crushed stone
(Miliutenko et al, 2013).
Paper II concluded that asphalt recycling is environmentally preferable to asphalt reuse.
However, the environmental performance of each of the asphalt recycling techniques can be
improved through logistic, technical, and organisational changes (Miliutenko et al, 2013). In
terms of logistic changes, there is a need for improved transport regulations for transportation
of RAP. In terms of technical changes, fuel consumption for asphalt heating can be reduced by
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such a simple measure as covering asphalt piles during storage. It was also identified that
service life of recycled asphalt can be prolonged with the help of RAP rejuvenation. In terms of
organisational changes, it was advised that the contractors and road authorities could take
greater responsibility in order to support smaller municipalities with the introduction of asphalt
recycling activities. Moreover, in order to improve communication and improved reporting of
recycled amounts, a clear distinction should be made between the definitions of “recycle” and
“reuse”. As this study proved, reuse is not always better than recycling, even though it
contradicts the Waste Hierarchy established in the Directive 2008/98/EC (2008).
Comparing the results in Paper II with a similar study performed by DECCW (2010), it was seen
that the results are of the same order of magnitude. Calculating the average net benefit of asphalt
recycling compared with landfilling, DECCW (2010) concluded that the average net benefit is
0.03 tonne CO2‐eq and 2.4 GJ per tonne of asphalt waste. In the current study, the net savings
were about 0.02 tonne CO2‐ eq and 3 GJ‐eq per tonne of asphalt waste (in the case of hot in‐plant
and hot in‐place recycling). It should be emphasised that asphalt landfilling was not included
within the system boundaries in the current study. If included, the savings would be even larger
compared with landfill.
Concluding, Paper II discussed asphalt recycling as one of the ways of reducing environmental
impact from road infrastructure. However, as discussed in Hill et al (2011), there are many other
methods that could be used for decreasing energy use and GHG emissions during life cycle stages
of road infrastructure. These include the use of alternative materials and biofuels, optimisation
of road surface maintenance which can reduce vehicle fuel consumption, use of a combination of
optimised lighting and LED illumination during road lighting, future reductions in electricity
GHG intensity and others (Hill et al, 2011). In order to ensure choice of construction materials
with lowest GHG emissions and energy use, Environmental Product Declarations (EPDs) could
also be required from material suppliers (EPD, 2016). EPDs might be helpful for a transparent
declaration of the life cycle environmental impact (EPD, 2016).

4.1.4 Data uncertainty and variability (Paper I, II, IV)
Data uncertainty and variability is inherent in most LCA studies. Although often confused, it is
important to understand the distinction between uncertainty and variability, as they emerge
from different origins (Hertwich et al, 2000; Kendall et al, 2009). Uncertainty is when the value
of a parameter is not exactly known, but the effect of this can be reduced by further research,
while variability cannot be reduced by additional research, as it corresponds to inherent
differences between individuals, places, time, processes, etc. (Heijungs & Huijbregts, 2004).
Uncertainty can be caused by data inaccuracy (due to measurements, assumptions, ignorance)
and lack of specific data (due to data gaps and unrepresentative data), and variability can be
geographical, temporal and technological (Björklund, 2002; Huijbregts et al, 2001; Lloyd & Ries,
2007). These uncertainties and variabilities emerge at different stages of an LCA, and increase
depending on the complexity and time horizon of each study (Kendall et al, 2009).
Several quantitative and semi‐quantitative approaches have been identified for incorporating
data uncertainty and variability: parameter variability/scenario/sensitivity analyses (testing of
different data sets); sampling methods (Monte Carlo analysis), analytical methods (based on
mathematical expressions), non‐traditional methods (fuzzy sets, Bayesian methods, non‐
parametric statistics etc.) and a Pedigree matrix (semi‐quantitative approach to report data
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quality) (Heijungs & Huijbregts, 2004; Weidema & Wesnaes, 1996). However, it should also be
remembered that estimation of uncertainties is a source of uncertainty in itself (Björklund,
2002). Kendall et al. (2009) observed that although uncertainty and variability are important to
understand for interpreting the LCA results, only a few of the LCAs of pavement structures
applied any system to report uncertainty and variability in their results (e.g. Stripple (2001),
Athena Institute (2006)). Moreover, most of those LCAs examine sensitivity to certain
assumptions, while more sophisticated methods for addressing uncertainty are generally not
carried out (Kendall et al, 2009).
As far as LCA of road infrastructure is concerned, Kendall et al (2009) identified the main
sources of data uncertainty and variability in each of the LCA phases. During goal and scope
definition, the sources of uncertainty and variability can be design decisions, construction
variability, traffic loading, climate and others (Kendall et al, 2009). Uncertainty and variability in
LCI datasets are observed during Life Cycle Inventory, while population density and
susceptibility, ecosystem and climate sensitivity might cause data uncertainty and variability in
the impact assessment phase (ibid.) Thus Kendall et al. (2009) suggest performing a targeted
scenario and sensitivity analysis with regard to the uncertain parameters in order to
characterise the robustness of results.
The approach chosen for incorporating uncertainty in the case studies (Papers I, II and IV) was
sensitivity analysis. Sensitivity analysis is used to tackle data uncertainty when a “few different
data sets and/or models and/or choices are investigated as to their consequences for the model
results” (Heijungs & Huijbregts, 2004). In order to perform sensitivity analysis in Papers I, II and
IV, parameters for the chosen scenarios were changed one by one and the differences in the final
result were compared to the base scenario.
The sensitivity analysis performed in Paper I showed that the final results can vary greatly
depending on the methodological choices made during the life cycle inventory. For instance,
depending on the assumptions for the future electricity mix chosen for the operation stage of the
tunnel, the GWP can range from less than 40 000 tonnes CO2‐eq to about 1.6 million tonnes
CO2‐eq. The lower GWP estimate corresponds to the case when forecast average future
electricity mix for Sweden in 2030 was assumed, consisting of a large proportion of nuclear
power (about 41%) and hydropower (39%) (Energimyndigheten, 2009). However, no large
differences due to assumptions regarding electricity mix were observed in results with respect
to CED, where the operation stage of the tunnel had the highest proportion of CED throughout
the tunnel life cycle for all scenarios.
Apart from the electricity mix, there are many other uncertain assumptions and methodological
choices in LCA that can influence the final result in Paper I. For instance predictions of the
number of electric cars, future technology for construction and production of construction
materials, maintenance technologies as well as other developments during the next 100 years.
Kendall et al. (2009) have also emphasised that prediction of future events and conditions adds
uncertainty to LCAs of infrastructure. Because of such uncertainties, mainly related to the
maintenance and operation stages, the primary use of this study should be identification of
hotspots. It is also a source of inventory data for future LCAs of similar projects, especially for
the construction stage, where assumptions were less uncertain than assumptions made for
operation of the tunnel. Huang et al (2015) also concluded that results regarding the
construction stage of tunnel LCA have higher certainty than those from the maintenance and
operation stage.
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As far as Paper II is concerned, sensitivity analysis was performed on two parameters: transport
distances for transportation of material and background inventory data for asphalt concrete.
The biggest influence on the final result was the choice of inventory data for bitumen and
asphalt concrete (which contains bitumen), as a big variation was observed depending on type
of data. Firstly, it could be explained by differences in the geographic location and subsequent
variation in the type of crude oil used in bitumen production, assumptions of the resource
abundance and availability over time, the refinery design, transportation burdens for raw
materials, electricity mix and others (Kendall et al, 2009).
Data for bitumen on primary energy use also depend on whether the feedstock energy of
bitumen is included in the calculation (Santero et al, 2010). Feedstock energy is the potential of a
material to deliver energy if it is burned with heat recovery (Thormark, 2001). Thus, since
bitumen is not burned when used as binder in pavement during road construction, it has been
debated if feedstock energy should be included (Meil, 2006; Santero et al, 2010). However,
according to ISO 14044 guidelines, the feedstock energy of bitumen should be included when
accounting for primary energy.
Another difference for such data could be the choice of allocation method during assigning
production burdens for bitumen at the refinery, where many other petroleum products are
produced (Kendall et al, 2009). In order to find the proportion of environmental burden from
bitumen production, two types of allocation methods are usually used: economic and mass
(Eurobitume, 2012; Guinée & Heijungs, 2006). Bitumen has a significantly higher proportion of
environmental impact if the method of mass allocation is used, rather than economic allocation
(Eurobitume, 2012; Guinée & Heijungs, 2006). This is probably due to the fact that during
economic allocation bitumen is considered a by‐product of petroleum refinery (Miliutenko,
2012).
Performing the sensitivity analysis, the results of the study in Paper II were compared with the
largest value of GWP for asphalt concrete found in the literature, 210 kg CO2‐eq/tonne (as
calculated from EcoInvent in SimaPro), and the smallest value, 45 kg CO2‐eq/tonne (as reported
by Hammond and Jones (2008)). It was observed that when the data from EcoInvent, with high
values for greenhouse gas emissions, were chosen, the results showed about 10 times more
savings for hot in‐plant recycling and about 7 times more savings for hot in‐place recycling, in
terms of absolute numbers for GWP (as asphalt concrete is the main avoided burden). However,
it did not have an influence on the ranking between the considered methods, as hot in‐place
recycling still remained a better option.
As far as Paper IV is concerned, sensitivity analysis was applied to demonstrate how changes to
certain model parameters influence the model’s output, in terms of ranking of alternatives and
quantitative results. Since the traffic related impacts were dominant, several scenarios
concerning traffic on the road were selected to test the model sensitivity. The sensitivity analysis
showed that the final result for life cycle GHG emissions (covering both infrastructure and
traffic) is very sensitive to changes in the assumed electricity mix. For instance, the total net
result for life cycle GHG emissions increased by about a factor 2 when NORDEL electricity mix
was chosen for future traffic in the operation stage. On the other hand, these changes did not
have a big influence on the results for life cycle energy consumption. This can be explained by
the fact that Swedish average electricity mix, which is used in the base case scenario, has a large
proportion of nuclear and hydro power. NORDEL electricity mix on the other hand has a large
proportion of electricity produced by coal.
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The results for total life cycle energy consumption were shown to be very sensitive to the
assumed mix of fuel at the end of the analysis period (i.e. the proportion of biofuels and electric
vehicles). This is due to the fact that biofuels and electricity make a bigger contribution to the
total primary energy use than GHG emissions.

4.2

Method development

This section contributes to answering the following Research Question: How can the method for
LCA of road infrastructure be improved (Paper I, II, IV, V)? In terms of methodological
improvements, section 4.2.1 discusses possible improvements in life cycle inventory data
collection during performance of road infrastructure LCA and section 4.2.2 discusses potential of
coupling GIS with LCA, as another potential methodological improvement for road infrastructure
LCA.
4.2.1 Life cycle inventory data collection (Paper I, II, IV)
Two main groups of data during life cycle inventory data collection for LCA of road
infrastructure are discussed in this section: 1) collection of process‐specific foreground data
regarding the quantities and volumes of materials and energy used for the actual construction;
and 2) collection of background inventory data on GHG emissions and energy use for different
materials and processes used for road infrastructure construction. These two types of data are
different in terms of availability and sources
In terms of collection of process‐specific foreground data, Papers I, II, IV contributed to the
methodological development of further LCAs of road infrastructure by collecting and
transparently reporting detailed process data for tunnel LCA (Paper I), LCA of asphalt recycling
(Paper II) and LCA during early stages of road infrastructure planning during choice of a suitable
road corridor (Paper IV).
Paper I identified the preliminary Bill of Quantities (BOQ) as a useful source of data for LCA of
road infrastructure (Miliutenko et al, 2012). BOQ provides site‐specific estimates for different
types of construction projects. BOQ includes such information as transportation distances
(expressed in tonne‐km) or the quantity of materials (expressed in tonne or m3) during each
stage of the construction process. Some of the data can be taken directly for LCA modelling while
other data require additional recalculation, for instance length of pipes (expressed in m),
quantity of bolts (expressed in pieces) and others (Miliutenko, 2012). On the example of the
volumes of blasted rock it was possible to compare the data provided in the preliminary BOQ
with updated real data on blasted rock from the construction stage of Norra Länken. It was
observed that the differences were quite small (1‐15% depending on site), meaning that the
estimates provided in the BOQ were close to real values received during actual construction.
While the case study for Paper I was carried out (during 2009‐2011), the use of preliminary BOQ
was a new approach to data collection in LCA. No previous environmental assessments of
transport infrastructure were found that used BOQs for data collection (Miliutenko, 2012), and
only a few LCA studies for buildings that used BOQ as a data source (Crawford & Treloar, 2005;
Li et al, 2010). Thus Paper I can be considered as one of the pioneers in that field, regarding
transport infrastructure. However, environmental assessment of road infrastructure has been
intensively developed and researched over recent years and the use of BOQs for LCA of road
infrastructure is used more nowadays. For instance, the study by Dequidt (2012) used BOQ as a
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data source for LCA of a Norwegian bridge. Additionally, Moretti et al (2013) discussed the
development of a tool for assessing road environmental performance (so called “Environmental
Bill of Quantities”), based on BOQ. Apart from BOQ, recent studies have identified Building
Information Models/Modelling (BIM) as another source of project‐specific data for LCA of
construction projects, (Kendall & Cox, 2010; Krantz et al, 2015). BIM is a process that “integrates
all of the geometric model information, the functional requirements and capabilities, and piece
behaviour information into a single interrelated description of a building project over its life
cycle.”(Eastman, 1999). Krantz et al (2015), for instance, demonstrated the potential of
integration of LCA and BIM during estimation of embodied energy and GHG emissions of a
bridge superstructure. That study concluded that BIM has a big potential to generate project‐
specific data used in environmental assessments during design and planning stages of a
construction project (ibid.). As the Swedish Transport Administration has started to demand the
use of BIM in all new investments from 2015 (Trafikverket, 2015a), BIM has potential to become
an important source of LCA data in the near future.
In terms of background data collection, challenges were encountered in Papers I, II, IV with
finding appropriate databases with data on energy use and GHG emissions for construction
materials, fuels and electricity. As discussed in Kendall (2009), transparent reporting and
discussion of dataset shortcomings should be included in LCA studies, when geographically and
temporally appropriate data are not available.
The examples of data sources for generic data used in Europe are provided in PCR (EPD, 2014),
where it is suggested to use EcoInvent for some of the main materials, such as concrete, natural
stone, electricity, fuels and modelling of waste management. EcoInvent (Frischknecht &
Rebitzer, 2005) was indeed used as a data source for generic data in Paper I and Paper II.
However, as mentioned earlier, due to the license issues a problem has been encountered in
using this data source within the LICCER model tested by the case study in Paper IV.
As described in Paper IV, the LICCER model contains a set of default data with factors on energy
use and GHG emissions for the main construction materials used during construction of road
infrastructure. Since the LICCER model is supposed to be used for LCA during early stages of
road infrastructure planning where no site‐specific data are available, the use of generic
background data is preferred (Paper IV). Thus a big set of default data was collected from
different databases during the development of the LICCER model. The data for construction
materials were taken mainly from Hammond and Jones (2008), Idemat (2012), Probas Database
as described in Fritsche and Darmstadt (2005) and nationally approved data in Sweden from the
Klimatkalkyl model as described in Toller at al (2015). Other data sets that were analysed during
collection of generic data were ILCD (European Commission et al, 2010), Eurobitume (2012) and
Stripple (2001). However, first of all, as discussed in section 4.1.4, there is a big variability in
data between those different datasets. Due to different system boundaries and impact categories
chosen, they are not directly comparable. For instance, Hammond and Jones (2008) is a good
source of data, but it is hard to see the underlying calculations in the data. Despite being old, the
data by Stripple (2001) still provides a good source of generic information, however this data set
contains only data for secondary energy (not primary) and CO2 emissions (not all GHG
emissions). On the other hand, the data by ILCD (European Commission et al, 2010) and
Eurobitume (2012) contain detailed inventory data and demand further modelling in order to
obtain factors on energy use and GHG emissions for materials. Idemat (2012) database contains
data in Excel available online, but not for all construction materials.
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Thus, having analysed all these data sets, it was found that there is a challenge to find a
transparent and open database that can be used freely in LCA studies for road infrastructure.
The work in this thesis (especially within development of the LICCER model) identified the main
databases that can be used for generic data, however there is a need to benchmark them and
develop a common open and transparent European database for construction materials (that are
free from licences).

4.2.2 Use of GIS as data source for LCA of road infrastructure (Paper V)
Paper V studied how LCA used at an early stage of road infrastructure planning can be improved
by utilising spatial geological data in a GIS environment during inventory data collection. The
overall aim of this paper was to outline and demonstrate a new approach for utilizing spatial
geological data in three dimensions (i.e. length, width and depth) to improve estimates of
earthworks in LCA of road infrastructure during early stages of road infrastructure planning (i.e.
choice of location of the road corridor). This was undertaken in a GIS environment using two
assumptions of stratigraphy in order to estimate the mass‐balance for each road corridor
alternative. The proposed GIS‐based approach for mass‐balance estimation was tested in a case
study, in which the energy use and GHG emissions due to earthworks (soil excavation and rock
blasting) for alternative road corridors were estimated. The accuracy of the proposed GIS‐based
approach was evaluated by comparing with real values of masses provided after construction of
the chosen road corridor alternative.
The proposed approach was applied to the same case study as in Paper IV, which involved the
reconstruction of the road section between Yxtatorpet and Malmköping in the south‐east of
Sweden. Even though this project involved the choice between three road corridor alternatives
and zero‐alternative, only two alternative road corridors were studied in Paper V: Alternative 1
(Alternative West) and Alternative 3 (Alternative Improvement) (section 4.1.2).
Firstly, GIS was used to calculate the need for cut and fill (mass‐balance), with and without using
stratigraphical information, during construction of the studied alternative road corridors.
Secondly, the estimated volumes of excavated soil, blasted rock and filling material were later
multiplied with GHG emission and energy use factors for these processes in order to evaluate the
spatial distribution of the potential impact in each alternative road corridor. As a result, energy
use and GHG emission maps were created in order to show GHG emissions and energy use in
each location corresponding to the area of 1 m2 (i.e. pixel) of the studied road corridors (Figure
11).
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Figure 11 a) The estimated GHG emissions for the corridors (in kg CO2eq); b) The estimated
energy use for the corridors (in MJ) (Paper V)

Alternative 3 (as described in section 4.1.2) was preferred by the planners and selected for the
actual road construction. Thus this alternative gave the possibility to compare the estimated
volumes of excavated soil and blasted rock using the GIS approach in this study with the actual
values of cut rock and cut soil, as well as filling that was needed during construction of the
stretch of road. These values were also compared with the estimates that were previously made
by the Swedish Transport Administration (STA) and volumes calculated using default values
provided in the model Klimatkalkyl version 3.0 (Table 1).

Table 1 Volumes of excavated soil, ripped till, blasted rock and filling needed, with and without
considering stratigraphy, for the studied alternatives (as estimated from the GIS-based model,
Klimatkalkyl and STA) (Paper V)

Volumes for
Alternatives

GIS‐based
approach

GIS‐based
approach

Not
considering
stratigraphy

Considering
stratigraphy

Alternative improvement
Cut
soils
93,500
(m3)
Excavating
14,060
Ripping
17,090
102,865
Filling (m3)

Estimated in
EIS*

Klimatkalkyl
**
(Using EIS
specified road
length)

Klimatkalkyl
**
(Using GIS
specified road
length)

Actual
values***

93,500

184,000

127,057

N/A

N/A

10,071
21,080
102,865

N/A
N/A
194,000

N/A
N/A
113,294

N/A
N/A
N/A

N/A
N/A
N/A

Cut rock (m3)

62,349

62,349

50,000

117,913

N/A

N/A

Total

52,984

52,984

40,000

131,676

N/A

N/A
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Alternative west
Cut
soils
(m3)
Excavating
Ripping
Filling (m3)
Cut rock (m3)

108,576

108,576

207,000

166,253

175,968

174,700

58,702
49,874
110,103

41,319
67,257
110,103

N/A
N/A
145,000

N/A
N/A
142,860

N/A
N/A
151,236

N/A
N/A
121,000

596,082

596,082

535,000

98,669

104,718

330,600

129,450

384,300

Total
594,555
594,555
597,000
122,062
* Estimated by AutoCad Novapoint (STA 2006)
**Klimatkalkyl v3 Excel model (STA 2015)
***From STA after construction (personal communication with Nyman from
STA in 2014)

Comparing the estimated volumes with actual values received after Alternative West was
constructed, the estimates for volumes of estimates for filling material were the most accurate
(about 9% deviation from actual values), while estimates for excavated soil resulted in about
38% deviation from actual values and volumes of blasted rock‐ about 80% deviation.
Comparing the proposed GIS approach with two other estimation methods (i.e. estimates
reported in the EIS and default values in Klimatkalkyl version 3.0 model), it was observed that
the results of different approaches vary and it was hard to determine which method is the best.
Thus, due to the big variation between projects, more case studies should be performed in order
to test those approached in other road construction projects.
Although it was concluded that more information regarding embankment height and actual soil
thickness would further improve the model, the proposed GIS‐based approach shows promising
results for usage in LCA at an early stage of road infrastructure planning. Thus by providing
better data quality, GIS in combination with LCA can enable planning for more sustainable
transport infrastructure.

4.3

Implementation in planning (Paper III)

This section contributes to answering the following Research Question: How can LCA be
implemented in the early stages of road infrastructure planning? (Paper III).
Paper III examined the road infrastructure planning process, with emphasis on its use of
Environmental Assessments (EA): Environmental Impact Assessment (EIA) and Strategic
Environmental Assessment (SEA). This study also investigated the possibilities for integration of
Life Cycle Assessment (LCA) in the early planning stages for supporting decisions such as choice
of road corridor.
Having compared road infrastructure planning processes for four countries (Sweden, Norway,
Denmark, and the Netherlands), the study showed that only Norway had a formalised way of
applying LCA during choice of road corridor. This is done with the model EFFEKT. Only the
Netherlands had a requirement for using LCA in the later procurement stage (Miliutenko et al,
2014). Since 2015, the STA has also started applying LCA in all stages of planning, with the help
of the recently developed Klimatkalkyl model (Trafikverket, 2015c)
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Three possible ways of integrating LCA into the early stages of road infrastructure planning
were discussed (Figure 12):
1) As a standardised model within SEA and/or EIA. LCA results could also be published in
the EIS (i.e. EIA report) but performed separately from the EIA process.
2) LCA could be performed separately from the EIA process, and the LCA results could be
published separately but in parallel with the EIS.
3) Life cycle energy use and GHG emissions could be included in a Cost‐Benefit Analysis
(CBA), as is already performed in Norway.

Figure 12 Suggested integration of LCA in the early stages of road infrastructure planning process
(Paper III)

As stated in Kahn Ribeiro et al. (2007), when choosing the policy for road infrastructure it is
important to consider not only the levels of economic development of the region, but also the
nature of economic activity, geography, population density and culture. All these factors
influence the effectiveness and desirability of policies affecting modal choices, infrastructure
investments and transport demand management measures (Kahn Ribeiro et al, 2007).
LCA may be applicable at different stages within the road infrastructure planning process: from
decisions such as where to build a specific road (i.e. early planning stage) to decisions on which
road or material alternative to select and what specific design alternative to choose (i.e. late
planning stage) (Butt et al, 2015). However, as concluded by Browning and Stephenson (2011),
the greatest opportunity to reduce GHG emissions in the lifetime of infrastructure projects
occurs in the early stages of the planning process (investment planning and selection of options).
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The four‐step principle (section 2.2) is important to consider when planning for a new road
infrastructure. In some cases, previous steps of the four‐step principle might be more
applicable, such as using available land and existing transport infrastructure in a more efficient
way, e.g. by using congestion charging or adjusting parking charges (Miliutenko et al, 2012). This
is even more important for countries with high carbon intensity of their electricity production or
with low volumes of traffic (ibid.).

4.4

Limitations of the study

This chapter discusses several limitations which are related both to the LCA methodology used
in this thesis and limitations of the LCA tool itself.
In terms of LCA methodology used in this thesis, it is important to discuss the choice of impact
categories. The studies included in this thesis have chosen only two impact categories: Global
Warming Potential (GWP) expressed as CO2‐eq (or in other words GHG emissions) and
Cumulative Energy Demand (CED) (or in other words primary energy use) (see section 3.4).
Other impact categories that are traditionally covered by LCA (i.e. acidification, tropospheric and
stratospheric ozone depletion, eutrophication, human and eco‐toxicity, and abiotic ozone
depletion) were excluded from the analysis. The choice of only these two impact categories can
be explained by the fact that according to Garbarino et al (2014) GHG emissions and primary
energy are the most common indicators for assessment of road infrastructure. Moreover, there
is observed a correlation between primary energy use and other impact categories (Garbarino et
al., 2014, Huijbregts et al., 2010). However, it was found that such impacts as particulate matter
formation and human toxicity are also very important during assessment of life cycle impacts of
road infrastructure (Hammervold, 2014). Thus, there is a need to perform LCA of road
infrastructure with more impact categories.
In terms of assessment of GHG emissions, it was found that summing emissions over time prior
to impact assessment is particularly problematic for LCA of road infrastructure due to its long
duration (Kendall et al, 2009). One hundred years was used as the time horizon for GWP in
Paper I and Paper IV. However, the use of this fixed time horizon might result in an inconsistency
between the time horizon chosen for the analysis in the LCA study and the time period covered
by the study (since emissions occur not only at the beginning of the project, but also over the
whole 100 year lifetime of road infrastructure) (Levasseur et al, 2010). Due to the importance of
emissions timing during calculations of GWP, this practice distorts the global warming effects of
one system over another (Kendall et al, 2009). Kendall et al (2009) showed how the results
during comparative LCA between asphalt and concrete systems can be changed significantly
depending on whether the timing of GHG emissions is accounted for. The study revealed that
when the timing of asphalt system emissions is accounted for, the asphalt pavement system
clearly has less global warming effect than the concrete system, which is not the case with
traditional approaches (when timing of emissions is not taken into consideration) (Kendall et al,
2009). Thus, there is a need for the dynamic LCA approach, which considers the temporal
distribution of GHG emissions over the life cycle, and calculates their impact on radiative forcing
at any time using dynamic characterisation factors (Levasseur et al, 2010).
In addition to the impact categories covered in traditional LCA, the road systems also contribute
to different site‐specific environmental impacts such as pollution to the surrounding
environment and interference with the landscape (Birgisdóttir, 2005). Such types of impacts are
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usually covered in an Environmental Impact Assessment (EIA), which is mainly used to assess
on‐site impacts of a planned project in and around its specific location (Lenzen et al, 2003;
Potting et al, 2012). While the impact categories used in LCA often relate to long‐range and long‐
lasting character that lack spatial and temporal information, the impact categories in EIA take
into account site‐specific and time‐related aspects of a project (Miliutenko et al, 2014).
In addition to exclusion of local site‐specific environmental issues, traditional LCA studies also
tend to exclude economic and social impacts (EC, 2015). Thus, it should be emphasised that due
to its specific focus LCA is merely a decision‐supporting tool, rather than a decision making tool
(ibid.). Consequently, in order to assess all these different types of impacts during planning of
road infrastructure projects and identifying areas for potential improvement, LCA should be
used in combination with other tools (EC, 2015; Moberg, 2010).
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5 Conclusions
The main contribution of this thesis is the development of data and methodology for the
inclusion of a life cycle perspective in order to improve transport infrastructure planning.
Answering Research Question #1 (Assessing GHG emissions and energy use), it can be concluded
that LCA should be used for identification of “hotspots” and comparisons of alternative solutions
rather than for using absolute results. It was observed that results vary greatly depending on the
assumptions made, especially with regard to assumptions of future processes during
maintenance and operation of road infrastructure. Thus, sensitivity analyses testing several
scenarios with different assumptions should always be performed and used as a basis for
decision.
Studying the relative proportion of each element of a road transport system, it can be concluded
that, as expected, traffic during road operation causes the highest proportion of the total life
cycle GHG emissions and energy use. Consequently, due to this dominant contribution of traffic
to the total impact, the difference in road length plays a major role in choice of road alternatives
during early planning of road infrastructure. However, infrastructure should not be neglected,
especially in the case of similar lengths of road alternatives, for roads with low volumes of traffic
or when they include bridges or tunnels. Moreover, it should be kept in mind that the relative
importance of road infrastructure will increase due to future advances in energy efficiency of
vehicles.
Looking at the road infrastructure itself, tunnels are one of the most energy intensive elements
of road infrastructure. This is mainly due to high electricity consumption for lighting and
ventilation during tunnel operation that has the largest contribution in terms of energy use and
GHG emissions throughout its life cycle. Thus, there is an opportunity to decrease the
environmental impact of tunnels through improvement of technology for lighting and
ventilation. Moreover, it was found that construction of a concrete tunnel causes about five
times higher Global Warming Potential (GWP) and about three times higher Cumulative Energy
Demand (CED) per lane‐km than construction of a rock tunnel.
In comparison with tunnels, the situation looks different for plain roads, where such activities as
production of construction materials and earthworks during construction have the biggest
proportion during the road life cycle. Therefore, these are the main areas that should be targeted
by the planners. Related to the maintenance of road infrastructure, it was concluded that
management of asphalt waste by asphalt recycling into new asphalt (rather than asphalt reuse
as unbound material) is preferable for decreasing environmental impact of road infrastructure.
Answering Research Question #2 (Method development), Preliminary Bill of Quantities (BOQ) was
identified as a useful source of site‐specific data for infrastructure LCA. Even though this thesis
contributes in terms of foreground and background data collection for further LCA studies for
road infrastructure (through transparent and extensive data reporting), it was found that there
is a need for a more transparent and open database for background data used in road
infrastructure LCA.
This thesis also demonstrates a new approach for using spatial geological data in three
dimensions (i.e. length, width and depth) in GIS environment, which can be used as data on
earthworks for LCA of road infrastructure during early stages of road infrastructure planning.
Thus, GIS was identified as a useful tool for coupling with LCA of road infrastructure, which can
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serve both as a data source for site‐specific data during construction, as well as a way of spatially
displaying the results.
Answering Research Question #3 (Implementation in planning), it was concluded that although
the traffic operation stage has a dominant contribution to the total impact of the road transport
system, GHG emissions and energy use related to infrastructure may be significant, and need to
be taken into consideration during the early stages of planning. LCA can and should be
performed during different phases of the planning process. However, the greatest opportunity to
decrease environmental impact exists when these aspects are considered early in the planning
process. Therefore, the results can be used for assessment of the benefit of not having to build
new infrastructure at all, e.g. by using existing infrastructure more efficiently.
This study demonstrated three possible ways of integrating LCA into early stages of road
infrastructure planning (i.e. integration of LCA within EIA, LCA as a stand‐alone process and
integration within other tools, such as Cost Benefit Analysis (CBA)). Each of these ways can be
beneficial. However, it should be emphasized that LCA is one of the tools that should be used as
an aid in decision‐making. The decision‐making should not be based solely on LCA results but in
combination with other tools and aspects.
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6 Future research
The scope of this thesis is LCA of road infrastructure, with a focus on GHG emissions and energy
use. However, in order to apply a life cycle perspective in strategic transport policy and planning
at a regional or national level a methodology and comprehensive model should be developed for
all modes of transportation (road, railway, water etc.). Other impact categories (e.g. acidification,
ozone depletion, eutrophication, toxicity) should be included for LCA of road infrastructure and
transport system as a whole. To the best of my knowledge, such comprehensive model has not
been developed yet.
Future research should also explore other methodological developments of LCA of road
infrastructure. This includes development and testing the use of consequential LCA for road
infrastructure planning, study the use of dynamic factors especially for modelling of GWP over
the whole life length of road infrastructure and development of more quantitative methods for
uncertainty analysis of road infrastructure LCAs. Moreover, there is a need for more unified,
open and transparent databases for background data that could be used for LCA of road
infrastructure in Europe.
As it was previously discussed, traditional LCA studies lack spatial and temporal information, as
well as they tend to exclude economic and social impacts. These aspects are covered by other
Environmental Systems Analysis tools (e.g. EIA, SEA, Risk Assessment (RA), Material Flow
Analysis (MFA), CBA and others). While this research studied the potential of integration of LCA
into the EIA process, the future research could also focus on studying the integration of LCA with
other environmental systems analysis tools.
The LICCER model developed as a part of this thesis also requires future research. So far, case
studies have only been performed in Sweden and Norway. In order to test the LICCER model in
different contexts and discover its full potential, more case studies should be carried out with
this model in other countries. Case studies should also include different elements of road
infrastructure, geological conditions and other aspects.
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