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Abstract

Road infrastructure is essential in the developneérituman society, but has both negative
and positive impacts. Large amounts of money arndralaresources are spent each year on
its construction, operation and maintenance. Olslouthere is potentially significant
environmental impact associated with these aatwitiThus the need for integration of life
cycle environmental impacts of road infrastructum® transport planning is currently being
widely recognised on international and nationakletlowever certain issues, such as energy
use and greenhouse gas (GHG) emissions from th&raotion, maintenance and operation
of road infrastructure, are rarely considered dyutime current transport planning process in
Sweden and most other countries.

This thesis examined energy use and GHG emissanthé whole life cycle (construction,
operation, maintenance and end-of-life) of roadastfucture, with the aim of improving
transport planning on both strategic and projectlleLife Cycle Assessment (LCA) was
applied to two selected case studies: LCA of a roehel and LCA of three methods for
asphalt recycling and reuse: hot in-plant, hot laee and reuse as unbound material. The
impact categories selected for analysis were Cumeal&nergy Demand (CED) and Global
Warming Potential (GWP). Other methods used inrdgeearch included interviews and a
literature review.

The results of the first case study indicated thatoperational phase of the tunnel contributed
the highest share of CED and GWP throughout theeis life cycle. Construction of
concrete tunnels had much higher CED and GWP mper-n@etre than construction of rock
tunnels. The results of the second case study shohed hot in-place recycling of asphalt
gave slightly more net savings of GWP and CED thahin-plant recycling. Asphalt reuse
was less environmentally beneficial than eithertledse alternatives, resulting in no net
savings of GWP and minor net savings of CED. Maurses of data uncertainty identified in
the two case-studies included prediction of futatectricity mix and inventory data for
asphalt concrete.

This thesis contributes to methodological developmehich will be useful to future
infrastructure LCAs in terms of inventory data ection. It presents estimated amounts of
energy use and GHG emissions associated with rdfeasiructure, on the example of road
tunnel and asphalt recycling. Operation of roadastfucture and production of construction
materials are identified as the main priorities decreasing GHG emissions and energy use
during the life cycle of road infrastructure. It svaoncluded that the potential exists for
significant decreases in GHG emissions and enesgyassociated with the road transport
system if the entire life cycle of road infrasture is taken into consideration from the very
start of the policy-making process.

Key words: Cumulative Energy Demand (CED), Global Vlarming Potential (GWP), Life
Cycle Assessment (LCA), road infrastructure, stratgic planning.



Sammanfattning (Summary in Swedish)

Vaginfrastruktur har stor paverkan pa samhalleteeakiing, i bade negativ och positiv
bemarkelse. Stora mangder pengar och naturresamsé@nds varje ar till byggnation, drift
och underhall av vaginfrastruktur. Darfor uppmarkezas numera allt oftare, bade nationellt
och internationellt, vikten av att ta hansyn tililjgpaverkan i ett livscykelperspektiv vid
transportplanering. Det har dock visat sig attavisdgor, som energianvandning och utslapp
av vaxthusgaser fran byggnation, underhall och dxifvagar an sa lange séllan beaktas vid
transportplanering, bade i Sverige och i de flastdra lander.

Det Overgripande syftet med denna avhandling aolat kunskapen om energianvandning
och utslapp av vaxthusgaser under vaginfrastrukturesla livscykel. Malet ar att bidra till
battre planering av transporter pa bade strategidk projektniva. Denna avhandling &r
avgransad till energianvandning och utslapp av husdaser under byggnation, drift,
underhall och rivning av vaginfrastruktur. Livscyealys (LCA) anvandes for analys av tva
fallstudier: LCA av en vagtunnel och LCA av tre odgr for atervinning/ateranvandning av
asfalt: varm atervinning pa plats, varm atervinriingrk och ateranvandning (atervinning) av
asfaltgranulat som obundet lager. De miljopaverkategjorier som analyserades var primar
energianvandning (CED) och klimatpaverkan (GWP)dranmetoder som anvandes i denna
forskning var intervjuer och litteraturstudier.

Resultaten frAn den forsta fallstudien visade atinélns drift har storst paverkan pa
energianvandningen och utslappen av vaxthusgaskar tannelns hela livscykel. Dessutom
visade resultaten att byggande av betongtunnlamhaiket hogre paverkan pa CED och
GWP per meter korfalt jamfort med bergtunnlar. Resen av den andra fallstudien visade
att varm atervinning av asfalt pa plats ger nagitre nettobesparing av GWP och CED &an
varm atervinning i verk. Jamfort med varm atervinipiar ateranvandning av asfaltgranulat
som obundet lager ett mindre miljévanligt altematieftersom det inte ger nagon

nettobesparing av GWP och mindre nettobesparinGED. Flera kallor till dataosakerhet i

LCA av vaginfrastruktur identifierades, t.ex. fgagelser om den framtida elmixen och
inventeringsdata for bitumen och betong.

Denna studie har bidragit till metodutveckling skem komma till anvandning vid framtida
LCAer av infrastruktur i form av datainsamling. D@mesenterar ocksa berakningar av
energianvandning och utslapp av vaxthusgaser féainfrastruktur, med exempel fran en
vagtunnel och asfaltatervinning. Dessutom har dsifvagar och produktion av byggmaterial
identifierats som nyckelfaktorer for att minskal@pp av vaxthusgaser och energianvandning
under vaginfrastrukturens livscykel. Den overgriggauslutsatsen ar att det finns en betydande
potential for att minska utslapp av vaxthusgaséreergianvandning i vagtransportsystemet,
om vaginfrastrukturens hela livscykel beaktas fsérjan i den politiska beslutsprocessen.

Nyckelord: energianvandning, klimatpaverkan, Livscykelanalys (LCA),
vaginfrastruktur, strategisk planering



Resumen (Summary in Spanish)

La infraestructura vial es fundamental para el dela de la sociedad humana. Sin embargo
tiene efectos tanto negativos como positivos. Granchntidades de dinero y recursos
naturales se destinan a su construccion, opergcmantenimiento cada afio. Por lo tanto la
necesidad de integracion de los impactos del delovida de la infraestructura vial en la
planificacién del transporte ha sido recientemeetenocida a nivel internacional y nacional.
Sin embargo, algunos temas, como el uso de engrgéses de efecto invernadero (GEI)
procedentes de la construccion, mantenimiento yaopin de la infraestructura vial, rara vez
se consideran durante el proceso de planificacérirdnsporte actual en Suecia y muchos
otros paises.

En esta tesis se ha examinado el uso de la enelggaemisiones de GEI durante el ciclo de
vida (construccion, operacion, mantenimiento yd@nsu vida util) de la infraestructura vial,
con el objetivo de mejorar la planificacion delnsporte, tanto a nivel estratégico como de
proyecto. La principal herramienta de andlisis ideesnas ambiental utilizada es el Andlisis
de Ciclo de Vida (ACV), que se aplicé a dos estsididCV del tunel y ACV de los tres
métodos para reciclado y reutilizacion de asfaktoiclado en caliente in situ y en plagtéa
reutilizacion como agregado. Las categorias de ¢iopseleccionadas para el andlisis son la
Demanda Energética Acumulada (DEA) y el Poten@aCdlentamiento Global (PCG). Otros
meétodos utilizados en la investigacion incluyemenstas y revision literaria.

Los resultados del primer estudio indican que $& fde explotacion del tinel ha contribuido a
una mayor proporcion de DEA y el PCG a través b cle vida del tunel. La construccion
de tuneles de hormigon tiene mucho mas alto PCGBEA por carril-metros que la
construccion de tuneles de roca. Los resultadoseatpindo estudio mostraron que reciclado
de asfalto en caliente in situ dio un poco mésrakanetos de DEA y PCG que reciclado en
caliente en planta. Reutilizacion de asfalto congregado fue menos ambientalmente
beneficiosa que cualquiera de estas alternativagué no habria un ahorro neto de PCG y
menor ahorro neto de DEA. Las principales fuentes imcertidumbre de los datos
identificados en los dos estudios incluyeron ladfp@on de la mezcla de electricidad en el
futuro y los datos para asfalto y hormigon.

Esta tesis contribuye al desarrollo metodologicéd\@& de infraestructura en el futuro por el
inventario de la recopilaciéon de datos. Las cadiédade consumo de energia y las emisiones
de GEI asociados con la infraestructura vial (ertiqudar, el tinel y reciclado de asfalto)
fueron también estimadas. El funcionamiento denfeaéstructura vial y la produccién de
materiales de construccién fueron identificados @das principales prioridades para reducir
las emisiones de GEI y el consumo de energia duenticlo de vida de la infraestructura
vial. Se concluy6 que existe la posibilidad de digninucion significativa en las emisiones
de GEI y el consumo de energia asociado con @nsiside transporte por carretera, si la
infraestructura vial se tiene en cuenta desde@bidel proceso de formulacion de politicas.



Pe3ome (Summary in Ukrainian)

JopoxxHst 1H(PpacTpyKTypa rpa€ BaXKJIUBY POJIb B PO3BUTKY JIIOJICHKOTO CYCITUIBCTBA, SIK B
MMO3UTUBHOMY TaK 1 HETaTUBHOMY 3HaueHHI. Benwki cymu rpomiedt i 0araTto NmpUpOJTHHX
pecypciB BUTpayaeThCs Ha i1 OyAIBHHUIITBO, EKCIIyaTalil0 Ta OOCIYyrOBYBaHHS IIIOPOKY.
TakuM YHMHOM I1HTETrpamis ITUKJIOBOTO BIUIMBY JIOPOXKHBOI 1H(PPACTPYKTYypHU MPOTITOM
IUTAaHYBaHHS TPAHCIOPTHOI CHCTeMH Oyja I[IUPOKO BH3HAaHA OCTAaHHIM YacoM Ha
MDKHApOJAHOMY Ta HalllOHaJbHOMY piBHsIX. OmHAK OyNo BiMiY€HO, IO JAESKi MUTAHHS, TaKi
SIK BUKOPUCTaHHsI eHeprii i Bukuau napaukoBux rasis ([1I) mix gac OyniBHUITBA, yTpUMaHHS
Ta eKCIuTyaTalii JOPOXKHbOI 1HPPACTPYKTYPH, PIIKO PO3IIISAIAIOTHCS MPOTATOM HHUHIITHHOTO
TpoIriecy MIaHyBaHHS TPAHCIIOPTHOI cucTeMu sK B I1IBerii Tak 1 B O1IBIIOCTI IHIIUX KPaiH.

OcHoBHa MeTa Ii€i poOOTH TOJIATAaE B PO3IIMPEHHI 3HAHb MPO BUKOPUCTAHHS €HEprii Ta
BHUKH/IIB MTAPHUKOBUX Ta3iB MPOTATOM yChOT'O JKHUTTEBOTO ITUKITY JOPOXKHBOI 1HOPACTPYKTYPH,
3 METOIO MOJIIMIIEHHS] TPAHCTIOPTHOIO TJIAaHYBAHHS HA CTPATEr1yHOMY Ta MPOEKTHOMY PiBHSX.
Lls pobota cokycoBaHa Ha BUKOPHCTaHHI eHeprii Ta BuKuAiB mapHukoBux rasiB ([1I') na
eranax OyIiBHHUIITBA, EKCIUTyaTallii, TEXHIYHOTO OOCIyrOBYBaHHsS Ta KiHI{I CTPOKY CIyXOu
NOpokHBOT 1H(MpacTpykTypu. OCHOBHHMIA METOJ, SKUWA BHKOPUCTOBYETHCS MJIS IHOTO
nociipkeHHst € ominka xurreBoro mukiny (OXI). Llei iHcTpyMeHT OyB BUKOHAHHNA JUIs
aHami3zy nBox okpemux cuctem: OXII aBrogopoxkaboro TyHemoo i OXIL Tppox crmocobiB st
nepepoOku craporo acdanbtodberony. Kareropii BuBy siki Oynu BigiOpaHi Uil aHATI3Y €:
KymynstuBuuii monut Ha enepropecypcu (KIIE) 1 IMorenrian rio0anibHOTO MOTEILIIHHS
(TIC'TI). Immmi meroam ski Oyad BUKOPHCTaHI B I[bOMY IOCTIDKCHHI, € IHTEPB'IO Ta OIS
JiTepaTypH.

PesynbraTtu mepumioro JOCTIIKEHHS MOKa3aly, 110 HAWBHUINA YacTKa CIOXKMBAaHHS €HEprii Ta
BUKUIiB III' mpoTaroM BCHOrO >KUTTEBOIO IMKIY TYHENIO NPUIAAAE HA EKCIUTyaTaliio
TyHemo. Byno Takoxx 3a3HadeHo, 10 OyIIBHUITBO OCTOHHUX TYyHENEW BUTpavae Oiblle
eHeprii Ta BukuaiB 1" B MOpiBHAHHI 3 TYHENISIMU B CcKelli. Pe3ynbTaT Apyroro J0CHiKEHHS
MOKa3aju, 10 rapsida nepepodka acharbToOETOHY Ha MICIIl Ma€ Tpoxu Oubie 30epeKeHb
KIIE 1 III'TT mix rapsdya mnepepoOka Ha MIANPHUEMCTBAX. Y TIOPIBHSHHI 3 TapsyOr0
nepepoOkor0  ac(ambTOOCTOHY, TOBTOPHE BHKOPUCTaHHS acdaiabTy B POl  KaM'SHHX
MarepiaigiB € MEHIII €KOJIOT1YHO BHT1IHOI0 aJIbTEPHATHUBOIO, 110 HE MPU3BOJUTH 10 3HAYHHUX
30epexenp II'TI 1 KIIE. Takox Oyno BiA3Hau€HO AEKIIbKA JHKEpenT HEBU3HAYEHOCTI JaHUX
mist OXJ[ tpancmoptHOi iHdpacTpykTypu (Hampukianm, mepeadadeHHs MaiOyTHBOI
CTPYKTYpPH €JICKTPUKH, IHBEHTapU3alliiiHi JaHi U1 OiTyMy Ta iH.)

Ile mocmimkeHHS CHPHUSIIO METOMOJIOTIUHIM po3podui ans maitOytHix OXK] 3 Touku 30py
300py I1HBEHTapHU3alIMHUX AaHUX. Takok Oynau OIliHeHI OOCATH CIIOXKWBAaHHS EHEprii Ta
BukuaiB [II', moB's3aHux 3 10pokHBOIO I1H(pacTpykTyporo. Kpim TOro, excruryaraiis
JOPOKHBOT 1HPPACTPYKTYpH Ta BUTOTOBJICHHS OymiBEIbHUX MartepiajiB Oyiau BHU3HAUYEHI 5K
OCHOBH1 TPIOpUTETH I 3MeHIIeHHS BUKHAIB [II' Ta BUKOpHCTaHHS €HEprii MPOTATOM
KHUTTEBOTO ITUKITY TOPOKHBOI iHYpacTpykTypH. Takum unHOM, OyB 3p00JICHHI BUCHOBOK, 1110
JIOPOXKHBO-TPAHCIIOPTHA CHCTEMa Ma€ MOTEeHLIaN s 3HWKEeHHA 3HauHuX BukuaiB III° Ta
BUKOPUCTaHHS €HEprii, y pa3i SKIIO JOpPOXKHS iH(pacTpykTypa NMPUUMAETHCS 10 yBark 3
CaMoOT0 MOYATKY MPOLECY MPUHHATTS NOJITHYHHUX PillIeHb.
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1 Introduction

1.1 Background

Road infrastructure plays a vital role in the depahent of human society, in both negative
and positive ways. It has developed enormouslyesine beginning of the Zcentury (SNA,
2002). By 2010, the Swedish road network comprigddut 584 500 km, which is
approximately 15 times the circumference of theticaand it continues to grow (Oscarsson,
2010; SNA, 2002). On average, about 5 000 km of neads are constructed in Sweden
every year (recalculated from Oscarsson (2010)¢ dduntry spends approximately 7 000-
10 000 million SEK every year on the operation amantenance of state road infrastructure
(Trafikverket, 2010). Moreover, it was estimatedttpproximately 10 TWh of energy are
used for construction and maintenance of road striwature in Sweden (recalculated from
Toller et al. (2011)).

However, despite such an important share of enmemal impact and financial expense
being associated with road infrastructure, cerissnies, such as energy use and greenhouse
gas (GHG) emissions from the construction, maimeaand operation of road infrastructure,
are rarely considered during the current transplarning process in Sweden and most other
countries.

For instance, the American scientist Chester (28G8pd that “current decision-making relies
only on analysis at the tailpipe, ignoring vehipgleduction, infrastructure provision, and fuel
production required for support”. Moreover, a rdcestudy on analysis of transport
infrastructure planning in Sweden concluded thagiaats from construction of infrastructure
were only partially included in the environmentas@ssment during the planning process of a
new traffic route, the Stockholm Bypass (Finnveden Akerman, 2011). Those authors
pointed out that such an important aspect as ptmduof materials for the new tunnel
construction was not included in the assessmernis [Bd to an underestimation of GHG
emissions and consequently an incomplete picturmglihe choice of possible alternatives
(ibid). Federici (2009) also noted that “publisHedA studies on road and rail systems very
seldom account for infrastructures in detail, buainty focus on the manufacturing of
vehicles and their fuel use”.

So, if infrastructure constitutes a significant tpaf the total environmental impact of

transportation, there is a severe risk of transplarining decisions being sub-optimised from
an environmental point of view. In particular, iight of the challenges posed by climate
change, it is urgent to develop low-carbon trangpimn systems in which “carbon emissions
are lower than the infrastructure alternatives labée for providing a specific transportation

service” (Claro, 2010).

However, even though it has not yet been obserudlg in practice, the importance of
including life cycle impacts of infrastructure dugi transport planning has recently been
widely recognised on international and nationaéleas shown below for the examples of the
EU and Sweden.

12



According to a recently published EU White Paperocmmpetitive and resource-efficient

transport infrastructure, EU-funded transportasfructure should “take into account energy
efficiency needs and climate change challenges (lienate resilience of the overall

infrastructure, refuelling/recharging stations folean vehicles, choice of construction
material etc.”, in order to reduce GHG emissionsatound 20% below the 2008 level by
2030 (COM, 2011). The same document states thaspoat infrastructure should be

“planned in a way that maximizes positive impact @onomic growth and minimizes

negative impact on the environment”.

As far as the national level in Sweden is concertleel Swedish Transport Administration
(STA) aims to contribute to the achievement of sav&wedish Environmental Quality
Objectives (Vagverket, 2007). One of these is “ReduClimate Impact”. A major step in the
work of achieving this quality objective is to reguenergy use during the construction and
operation of transport infrastructure (ibid). Thbe Swedish Transport Administration has a
goal for increased use of Life Cycle AssessmentAL{D its planning processes. This goal
states that “everything built must be as durablpassible, with long term cost effectiveness
as the goal, taking into consideration constructmperation and maintenance” ....... “LCA
analyses will be everyday occurrences” (Vagverkegl).

In summary, there is an urgent need for better tstaleding of energy use and GHG
emissions associated with road infrastructure. fdeo to minimise those impacts, more
information is needed about how they can be medstwevhat extent they can be decreased
and the processes and activities that should peted.

1.2 Overall aim and scope of the thesis

The overall aim of this thesis was to provide farthnowledge about energy use and GHG
emissions for the whole life cycle of road infrasture, in order to improve transport
planning on both strategic and project levels.

At the strategic level (i.e. during policy-making programme/plan development on future
transport investments and measures within a trahsmoridor (Eriksson and Lingestal.,
2002)), better knowledge would permit more infornobadices between different alternatives
for transport system development, including thedzalternative — no new construction. On
project level (i.e. during the feasibility studyesign and construction phases of a specific
project (Eriksson and Lingestal., 2002)), improkedwledge could help identify processes
that contribute a significant share of the totaVimmmental impact (so called ‘hotspots’)
during the life cycle of road infrastructure andvhitiey could be minimised.

The specific research questions examined in thedheere:
% HOW can energy use and GHG emissions of road infrasteibe assessed?

% WHAT are the energy use and GHG emissions duringfeneyicle of road
infrastructure?

s WHICH elements and phases during the life cycle of mfrdstructure have the
largest energy use and GHG emissions?
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The scope of the thesis was restricted to primagygy use (measured as Cumulative Energy
Demand (CED)), and GHG emissions (measured as GMizaming Potential (GWP))
during the stages of construction, operation, neai@mtce and end-of-life of road
infrastructure, which is one of the main componeafthe road transport system (Figure 1).

The complete life cycle of each stage was covefen extraction of raw materials to
emissions after waste disposal. Impacts of vehiahek vehicle fuel use during operation on
roads were not included.

System “ Road Transport System J
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Figure 1. Components of the transport system codebg the thesis

Contribution of Paper T and Paper I
+ Contribution of Paper IIl

Direct Energy use (vehicle operation)

Indirect Energy use

As indicated in Figure 1, Papers I-11l covered eliéint parts of the overall scope of the thesis.
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Specific objectives dPapers I-Ill were as follows:

Paper I:‘Assessment of energy use and greenhouse gas emig@oerated by
transport infrastructure, literature reviéw

The overall aim of Paper | was to analyse exisgngironmental assessment tools,
methods and results found in measuring energy ndes&G emissions in the whole
life cycle of transportation infrastructure, witletfocus on construction, operation and
maintenance phases of road and railroad infrastreictAlthough the literature
scrutinised in Paper | was wider in scope, theltesand analysis discussed in this
thesis only relate to road infrastructure.

Paper Il:'Energy use and greenhouse gas emissions durintifeheycle stages of a
road tunnel - the Swedish case Norra Lanken

The overall aim oPaper Il was to improve our understanding of tfeedycle energy
use and GHG emissions of one important part of nofdstructure — a road tunnel.

Paper llI: ‘Opportunities for environmentally improved asphaéicycling: The
example of Swedéen

The aim of Paper Ill was to identify and evaludie potential for improving treatment
of reclaimed asphalt pavement in Sweden, from a Iifycle environmental
perspective.

1.3 Outline of the thesis

This cover essay provides a summary of Papers which are appended at the end of the
thesis. The background, overall aim of the thesid specific objectives of the appended
papers have been described in Chapter 1. Chamervitles a scientific context based on the
literature review in Paper |, together with receptiates in this field. Chapter 3 describes the
main methodology used in each paper. Chapter 4 suises the results of Papers Il and llI,
while Chapter 5 discusses data uncertainty andawidity identified in the case studies.
Chapter 6 summarises the contribution of each papire overall aim of the thesis, discusses
limitations of the chosen methodology and policylications of the research, and provides
proposals for future research.
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2 Scientific context (Paper I and recent updates)

This chapter provides definitions of road infrasttwe and indirect energy use. It also
summarises the main studies performed in the draasessment of life cycle energy use and
GHG emissions from transport infrastructure (base&aper | and recent updates).

2.1

Infrastructure as part of indirect energy use in transport systems

When discussing the impacts of transport systeims,useful to make a distinction between
direct and indirect impacts. As defined by Jons&005), vehicle operation is regarded as
direct energy use of the transport systemRoad infrastructure and its different life cycle
stages are regarded as one of the componenisdokct energy use togetherwith

manufacturing, maintenance and end-of life of vielsiand fuel/electricity production (see
Figure 1). The terminfrastructure used in this study refers to the following itemsads,

tunnels, bridges, and other supporting componeangsg, lighting installations, road furniture

etc.).

The life cycle of road infrastructure as definedhis study includes the following four main
stages: construction, operation, maintenance awdothfe. Each of these stages can be
further subdivided into extraction/production of teraéals, processes on-site and waste
disposal (Paper Il). Extraction/production of counstion materials is sometimes considered
as a separate stage of the life cycle of road strivature (for instance by Claro (2010)).
However in this thesis, extraction/production arahsportation of materials, as well as waste
disposal, are included in each of the four indiaidife cycle stages of road infrastructure.

Processes on-site for each life cycle stage ofagtifucture include the following main
activities:

Construction stage refers to ground preparation, constructibmain constituent
parts of the road infrastructure, production arsdahation of other items (signs, wires,
pipes, road furniture etc.).

Operation stage refers to supporting functions that fadéitpossibilities to use the
infrastructure (Claro, 2010; Jonsson, 2007). Theskde the following activities:
lighting, cleaning, accident control, sand spregdisalting, snow clearance, street-
sweeping, maintenance of road markings, vegetatiearing and others (Jonsson,
2007).

Maintenance stage refers to works that are required due toosmm, erosion and
displacement (Jonsson, 2007). These include tHewfimlg main activities: surface
coating, manufacturing, maintenance and operatifowarking machines, painting
road markings and additional filling material (Jsmis, 2007).

End-of-life (demolition and final disposal) of infrastructurensists of the following
activities: mechanical dismantling, transport andbsequent management of
demolition waste (Jonsson, 2007). Since infragtnectis rarely completely
demolished, this stage is rarely included in thalysis of life cycle assessments
(Mroueh et al., 2000).

16



2.2 Assessment of life cycle energy use and GHG emissions from transport
infrastructure

As described in Paper | and Muench (2010), a nurabstudies have been performed on the
assessment of environmental impacts of transpédsimucture (e.g. Mroueh et al., (2000);
Stripple, (2001); Birgisdottir, (2006) Jonsson,{2)) Karlsson et al., (2010) and others).

The papers analysed in the literature review (Pdpencluded the following tools for
assessing environmental impacts of transport systeBIA (environmental impact
assessment), SEA (strategic environmental assefsrh€@A (life cycle assessment), SFA
(substance flow analysis), MFA (mass flow accoug)tinOA (input-output analysis), EEA
(embodied energy analysis), EXA (exergy analysig) amergy synthesis (ES) (Federici et
al., 2008). All these tools have a common name wirBnmental Systems Analysis. As
defined by Wageningen University (2012): “Enviromta Systems Analysis is a quantitative
and multidisciplinary research field aimed at amalyg, interpreting, simulating and
communicating complex environmental problems froifiecent perspectives.” However,
there is no single common definition of ESA (Mohe2g06).

According to Duchin and Hertwich (2003), ESA tooén be subdivided into three groups: 1)
material flows, energy flows and environmental actong; 2) Life Cycle Analysis (the
product level) and 3) Input-Output Economics (theesihlevel). Such tools were also
categorised by Wrisberg et al. (2002) into proceb(e.g. EIA and SEA) and analytical (e.g.
SFA, MFA, I0A, LCA, EEA, EXA, ES). As defined by Mberg (2006), procedural tools
improve the procedures leading to decision-makimdjile analytical tools provide
information that may be used for communicationteys optimisation and comparison of
different alternatives. Procedural tools can inella number of analytical tools (Moberg,
2006).

Different tools (as well as methodologies) are uged various levels of assessment,
considering different objects of study, differenbviegonmental or social issues, etc.
(Finnveden and Moberg, 2005). Consequently, in ggriey cannot replace each other.
However, very often they can complement each offkus, in order to make a thorough
study of a specific topic, the use of several métthagies in combination is recommended
(ibid).

Among the papers reviewed in Paper |, it was olesbthiat Chester and Horvath (2009) used
a combination of IOA and LCA in order to evaluatevieonmental impacts of passenger
transportation systems. Federici and colleagued asmmbination of MFA, EEA, EXA, ES,
as well as an LCA approach in their studies (Fedetial., 2008; Federici et al., 2009). The
most commonly used analytical tool for assessmetiieoenvironmental impacts of transport
infrastructure is LCA (Jonsson, 2007; Schlaupi@Q&, Stripple and Erlandsson, 2004).

Stripple and Erlandsson (2004) subdivided LCA ahsport systems according to level of
analysis:

* Network level (transport service), referring to the annual tpamtation consumed per
capita or per geographical area
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» Corridor level (transport operation), referring to tonnage ang &r person and km
of transported goods or passengers

* Project level (transport object), referring to km or road, bedgunnel and carrying
capacity(Stripple and Erlandsson, 2004).

The studies included in Paper | considered eithergroject or corridor level of analysis
(Miliutenko, 2009; Toller et al., 2011).

Examples of the first group of studies (projectelgvnclude Schlaupitz (2008), Stripple and
Erlandsson (2004), Karlsson (2010), Meil (2006) RED (2009) and others. It is possible to
calculate from the data presented by Schlaupit®§p@hat about 6480 kWh of primary

energy are used over a 100-year period for thetaai®n, operation and maintenance
phases for 1 metre of a two-lane plain road (withtounnels and bridges). According to

Stripple and Erlandsson (2004), the total energy digring construction, maintenance and
operation phases for 1 metre of road (with an utifipd percentage of tunnels and bridges)
over a 40-year period is about 6940 kWh.

Examples of the second group of studies (corrigmel) include Chester et al. (2009),

Federici et al. (2003), Schlaupitz (2008) and Jomg2007). Based on recalculations of data
in Chester and Horvath (2009), it can be conclutiatlindirect energy use accounts for about
23-32% of the total life cycle energy demand fadaransport, 40-69% for rail transport and
7-29% for air transport. In contrast, Jonsson (20&dhcluded that indirect energy use for
road transportation accounts for about 45% of tidalcycle energy demand. Federici et al.

(2003) showed that the railway system has a latgerand for energy and material input per
ton-km for construction and maintenance than ro&astructure.

Current interest in the life cycle environmentatfpenance of road infrastructure has also
resulted in the development of several rating systesuch as Environmental Product
Declarations (EPDs), CEEQUAL (Civil Engineering Eionmental Quality Assessment and

Award Scheme), DGNB (German Seal of Approval fost8unable Construction) and LEED

(Leadership in Energy and Environmental Designy8A (Muench, 2010). Researchers have
also developed a number of practical tools thaluata the use of different materials for road
or bridge construction using a life cycle perspectiExamples of these tools are ‘Road-res’
(Birgisdottir et al., 2006), ‘Palate’ (Horvath, 280 WRAP tools (WRAP, 2010) and Bridge

LCA (Hammervold et al., 2009).

The conclusion drawn from the literature reviewPisper | was that it is almost impossible to
compare quantitatively the results of differentdsts and tools, due to the fact that different
types of data and phases of infrastructure areuated. However, most of the studies
reviewed concluded that the indirect phases of rbed transport system contribute a
significant share of total energy use and GHG domnss This indicates a need for more
information on the life cycle environmental perf@mee of road transport infrastructure.
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3 Methodology

This chapter gives theoretical overview of the maiethods used in this thesis: Life Cycle
Assessment, case studies, interviews and literagwrew.

3.1 Background: research methods used in the thesis

As described in section 2.2, a number of envirortalesystem analysis tools have been used
to evaluate the environmental impacts of transpgdtems. The reason for this is that
transport planning is a complex issue that leadsvaoous environmental, social and
economic impacts and benefits involving many défer stakeholders. Thus in order to
consider all those aspects when choosing betwdaematives for transport development,
there is a need for a holistic approach that copsbfecological, economic, technological and
policy perspectives”(Wageningen University, 20)2 Consequently, ESA tools were
developed for this purpose. These tools can be issddarning purposes, communication or
decision-making (Moberg, 2006).

As concluded from Paper I, LCA is the most comnmwl tised for assessing energy use and
GHG emissions for road infrastructure (section .232)ice one of the objectives of this thesis
was to analyse energy use and GHG emissions iwlhloée life cycle of road infrastructure,
LCA was the main tool used throughout the researoaess. This tool was applied for the
analysis of two selected case studies (Paper IIRaqer 11l). The methods used for data
analysis and collection were literature review amdrviews (including several field visits).
Theoretical concepts of the chosen methodologegexglained in the following sections.

3.2 Life Cycle Assessment (LCA)

LCA is a systems analysis tool that takes into ant@otential environmental impacts of a
product or service throughout the whole life cylcten raw material acquisition to transport,
production and use, as well as the impact in thieaHife phase as waste (ISO 14040, 1997).
As discussed in section 2.2, LCA is an analytioal.tAccording to the definition by UNECE,
“LCA may be applied within the whole process of idem-making: identification of issues
and impacts, analysis context and baseline, canindp to development of alternatives,
assessment of impacts, comparing the options” (UREXDO7).

LCA methodology consists of four main stages: Tjnileg of the goal and scope of the study
and determining the boundaries; 2) inventory amslysat involves data collection and
calculation of the environmental burdens associatgh the functional unit and each of the
life cycle stages; 3) impact assessment; and 4) intatjane of the results (ISO, 2006).

One of the most important stages in the LCA prooedsidefining the functional unit, which
is a reference unit that quantifies the performaofcéne system (Weidema et al., 2004). The
functional unit in Paper Il was determined by thgeot of assessment — the tunnel structure
assessed. This corresponds to the project levahaliysis, as defined in section 2.2 (Stripple
and Erlandsson, 2004). The functional unit choseRdper 11l was 1 ton of RAP (Reclaimed
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Asphalt Pavement or asphalt ‘waste’), which medwas the study was performed from the
waste management perspective rather than the oyesdraction perspective.

Another important aspect associated with LCA isdlecation problem that arises during the
process of inventory analysis, when the producproicess investigated shares a common
activity with other products not analysed in thadst This leads to a need to allocate the
share of the environmental burdens to the produpracess studied (Ekvall and Finnveden,
2001). There are several methods that can be osddhndling allocation problems. It is well
known that the choice of allocation procedure camicantly influence the final results
(Guinée and Heijungs, 2007). Thus, as recommengetE® 14041, allocation should be
avoided, wherever possible, through more detaildteation of inventory data or system
expansion (Ekvall and Finnveden, 2001). When iha$ possible to avoid allocation, it is
recommended that this problem be solved by eitefeating the physical relationships
between the environmental burdens and the func{ionsnstance mass or energy content) or
by reflecting other relationships between the emimental burdens and the functions (for
instance economic allocation) (Ekvall and Finnved&01; Guinée and Heijungs, 2007). A
different type of allocation problem arises in opeop recycling, when material from one
product life cycle is recycled into another (Ekvahd Finnveden, 2001). In cases where
recycling does not cause a change in the inhermyepties of the material, ISO 14041
recommends calculating avoided environmental bugdenif the material had been recycled
back into the same product (ibid).

Allocation problems mentioned above were encoudtémeeach LCA study (Paper Il and
Paper Ill). For instance, allocation problems rdgay reuse of blasted rock in tunnel
construction (Paper II) and open-loop asphalt raoyc(Paper Ill) were handled by
calculating avoided burdens. Paper Il also disesisge allocation problem when calculating
the share of environmental impact for bitumen.

Two types of LCA can be distinguished: 1) Attritmutal, sometimes also called descriptive or
accounting; and 2) Consequential, sometimes aldedcehange-oriented (Finnveden et al.,

2009). The processes included in an attributior@h lare those that contribute significantly

to the product or service studied, while the preessncluded in a consequential LCA are
those that could be affected by the decisions teupported in the study (Rebitzer et al.,

2004). One of the differences between these twestypy LCA is the choice between average
and marginal data. Marginal data reflecting thedf of small changes should be used in
consequential LCA, while average data reflectirg dbtual physical flows should be used in
attributional LCA (Finnveden et al., 2009).

Attributional LCA with the choice of average dataswsed as the main method in Paper Il
and Paper lll. This method was chosen due to tbietlfet it allows identification of major
contributing processes to a system in the curnéudtson (Paper Il). However, the choice of
marginal data for electricity was also tested ipd?dl.
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3.3 Case study

Two case studies were examined: LCA of a road tufiteper Il) and LCA of three methods
for asphalt recycling and reuse (Paper lll). Thenteease study’ is commonly used in LCA to
describe what is being analysed. However, it id@al problematised why a specific case is
analysed and what purpose it may serve, in additopresenting a set of results for that
particular case.

Flyvberg (2006) described the case study as “aildétaxamination of a single example”.
According to Yin (2009), a case study can also bendd as “an empirical inquiry that

investigates a contemporary phenomenon in depthaéthdh its real-life context”. The case

should be a complex functioning unit, be investganh its natural context with a multitude of
methods and be contemporary. Case studies canrb@nped in both social and natural
sciences (Johansson, 2005). Flyvberg (2006) stats“case studies are useful for both
generating and testing [B}pothesis, but are not limited to these reseactikites alone.”

The case study in Paper Il is a site-specific LGAmcesses related to the life cycle of the
road tunnel Norra Lanken that is being construateStockholm. The case study in Paper Il
is a comparison of three methods for asphalt reaycind reuse in Sweden, reflecting the
average case on a national level.

The purpose of the particular case studies in Bapand Il was to provide data which can
be generalised and used in other studies (as erplan Paper Il). Another purpose of using
these case studies was to contribute to developofentethodology for further LCAs of
transport infrastructure.

In conclusion, these case studies were intendée toseful owing to the knowledge obtained
during the learning process which generates arbatigerstanding of environmental impacts
of road infrastructure. The findings from these tease studies can be validated by third-
party reviewers and comparisons with similar stsdenducted by other researchers.

3.4 Interviews

Interviews were an important method of data calbectused in different stages of this
research (Papers Il and Ill). The interview methbtesearch involves a meeting with the key
stakeholders in which a researcher asks a serigaestions. According to Kvale (2006), an
interview can be defined as a meeting where thertepobtains information from a person,
as a meeting with another person to achieve a fspegmal, or as a conversation with a
purpose. Interviews can be subdivided into strectursemi-structured or open, and into
qualitative or quantitative. As defined by Alvess¢®003), qualitative interviews are

relatively loosely structured and open to whatititerviewee feels is relevant and important
to talk about, given the interest of the researdjept. Advocates of interviews typically

argue that this approach is beneficial in termsgefting information on experiences,
knowledge, ideas and impressions (Alvesson, 2@3)ostak (2005) noted that “interviewing
is very often seen as an ordinary tool for datdectibn, while in reality it is a complex
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process that cannot be separated from the dynairtteegproject or from the multiple and
changing contexts of everyday life.”

The interviews conducted for the research repomteBapers Il and Il were often semi-
structured and semi-qualitative. The main aim ekthinterviews was data collection for the
case studies. They were also performed in the hewgnof the projects, as a means of
determining the scope of the research question.

The interviews were usually performed with the ktgkeholders identified at the beginning
of the project. This was followed by ‘snowball’ spiing, where each respondent identified at
the beginning of the study was asked for refererioesther individuals who could be
potential interviewees (Norman and Russell, 2006).

Stakeholders on the national, local and projectllef asphalt recycling were sought. These
included contractors, property owners and reseiastiiutes. A questionnaire was sent out in
advance of each interview. Both quantitative datd qualitative aspects were asked for in
Paper Ill, but only quantitative data in PaperBkample included estimates (in tons) of the
approximate stock of asphalt (Paper 1ll), materigded or energy consumed during tunnel
construction, operation, maintenance (Paper I, filequency of recycling (Paper Il and
Paper lll), and the interviewee’s experience oftatles to the process of asphalt recycling
(Paper III).

The interviews were sometimes also combined weld fvisits, e.g. to the tunnel construction
site (Paper Il) and asphalt recycling sites (P&iper

3.5 Literature review

The literature was reviewed throughout the whotecess of research (in Papers |, Il and 1lI).
Paper | reviewed the literature on existing envinental assessment tools, methods and
results found in measuring energy use and GHG @missin the whole life cycle of
transportation infrastructure. The documents inetudere scientific journal articles, reports,
books, electronic sources and doctoral theses as#eg in environmental assessment and
transport systems. No studies older than 1997 wereded. The studies reviewed were
performed in the following countries: Sweden, UShaly, Norway, UK, Finland,
Netherlands, Australia, Denmark and Germany.

The literature review in Paper Il was conductechwviite aim of collection of inventory data
for tunnel LCA, which involved reviewing scientifarticles, books, technical reports and the
websites of construction companies. The literateveew in Paper Il was performed in order
to gather information about the current state @hatt recycling methodologies in Sweden
and abroad, as well as to collect inventory data H€A of the asphalt recycling
methodologies chosen for study. The literature iclemed in Paper Il included peer-reviewed
articles, reports published by the Swedish Trartspoiministration (STA), Nordic Road
Association (NVF), contractors (NCC, Skanska), aesle institutes and the official websites
of STA and the Swedish Association of Local Authed and Regions (SKL).
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4 Results (Paper II and Paper III)

This chapter summarises the results of the caskestpresented in Papers Il and Ill: LCA of
a road tunnel and LCA of asphalt recycling methodis.

4.1 Life Cycle Assessment of a road tunnel (Paper II)

This study sought to improve understanding of tfeedycle energy use and GHG emissions
of transport infrastructure, using the examplehsf Norra Lanken road tunnel that is being
built in Stockholm.

The study was performed in two parts: Part 1) tedatlata inventory for the construction
phase of rock tunnels; and Part 2) screening assesdor the whole tunnel infrastructure,
including both concrete and rock tunnels, throudh lile cycle phases: construction,
maintenance and operation. The end-of life phaseexeluded from the analysis.

For the detailed data inventory of constructioraabck tunnel in Part 1, preliminary Bills of
Quantities were used. These contain preliminaryinesg estimates for all activities and
materials to be used, and are compiled by contr®ctoainly in order to chart the financial
Ccosts.

The functional unit in Part 1 corresponded to thekrtunnels in Norra Lanken, covering only
the construction phase. In Part 2, the functiomat was the rock and concrete tunnels in
Norra Lanken, covering construction, operation amntenance (see Table 1). The results
were normalised to the common functional unit- onetre of one lane, when comparing
environmental impacts during rock tunnel constarcand concrete tunnel construction.

Table 1 Length and type of the tunnel sections of Norra Linken examined in this study
(Viguverket, 2009)

Tunnel type km 1-lane 2-lane 3-lane
Total rock (considered in Part 1 of th&.5 39% 38% 24%
study)

Total concrete (where 0.65 km is a miXed.5 64% 16% 20%
concrete and rock tunnel)

Total rock+concrete (considered in Part 2 40 45% 32% 23%
the study)

The detailed analysis in Part 1 showed that proolucf materials (i.e. concrete and asphalt)
made the largest contribution to Cumulative Enebgmand (CED) and Global Warming
Potential (GWP) during the construction phase afck tunnel (Figure 2).
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Figure 2. Share of GWP (C®eq) emissions and CED (MJ-eq) during rock tunnedmstruction

The screening LCA in Part 2 indicated that constoncof concrete tunnels had much higher
CED and GWP per lane-metre than construction dt taanels. Moreover, the operational
phase (mainly lighting, ventilation) of the tunneas found to have the highest share of
energy use and GHG emissions throughout the tunh#d’ cycle. The total estimated GWP
from construction, maintenance and end-of-lifehe Norra Lanken tunnel amounts to about

431 000 ton C@eq.

Comparing the different phases throughout the tifele of the tunnel in a 100-year
perspective, the operational phase had the higbleate of CED and GWP, and the
maintenance phase the lowest. Operation and maimteraccounted for roughly 1.6 and 0.2
times the GWP of construction, respectively (Fige
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fAConstruction @ Operation M Maintenance

8%

CED (MJ-eq)
[ Construction @ Operation M Maintenance
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Figure 3. Share of CED and GWP during the main lifgycle stages of Norra Lanken
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The conclusion was that GHG emissions and energyalated to the tunnel life cycle should
be taken into consideration from the very starthaf policy-making process. An alternative
approach to construction of new tunnels might beirtstead use existing transport
infrastructure in a more efficient way, e.g. byngstongestion charging and adjusting parking
charges to better reflect the true cost of scaand.l The case for such alternative strategies,
which already entail emission reductions due touced traffic volumes, may be further
strengthened by the additional reduction causedegoyeasing the need for new infrastructure
such as tunnels.

Figure 4. Photo of the tunnel Norra Lanken constrtion site

4.2 Life Cycle Assessment of asphalt recycling (Paper III)

The aim of this study was to identify and evaluide potential for improving treatment of
reclaimed asphalt pavement in Sweden, from a jitdecenvironmental perspective.

The literature review and interviewing of the kegkeholders provided data and information
about the current situation of asphalt recyclingSweden and helped to explore possible
obstacles and identify opportunities for improvitrent practices. The results showed that
asphalt recycling practices are different for htee groups of owners: The State, represented
by the Swedish Transport Administration (STA), noippalities and industry.

Life Cycle Assessment (LCA) methodology was useddantify processes within asphalt
recycling methodologies that contribute a significahare of the total environmental impact
(hotspots) and to compare the life cycle environaemperformance of the main

methodologies used for asphalt recycling and rauswveden: hot in-plant, hot in-place and
reuse as unbound material. Two impact categoriae welected for this analysis: Global
Warming Potential (GWP) and Cumulative Energy Deth@ED).

Since treatment of RAP is the main function of thehnologies compared, asphalt recycling
and reuse were analysed from a waste managementgbeiew. In other words, the resource
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use and impacts that are avoided when asphalugedeor recycled were subtracted from
each alternative, so that the single net functibrazh alternative was treatment of 1 ton of
RAP.

The results showed that hot in-place recycling ganghtly more GWP and CED savings than
hot in-plant recycling. There were no savings of B\Whd small savings of CED during
asphalt reuse.

Based on the inventory data chosen for Papemlid) het savings for hot asphalt recycling in-
plant and in-place were more or less the same:tagh0@ ton CQ@-eqg/ton of RAP and 3 GJ-
eg/ton of RAP. Total net savings of CED for asphaltse into unbound material were about
0.14 GJ-eg/ton of RAP. No net savings were obseime@0,-eq (Figure 5 and Figure 6).

CED
O Non renewable, fossil- feedstock
reuse

Non renewable, fossil

hot in-place
O Non-renewable, nuclear

. M Other (biomass, wind, solar,
hot in-plant geothermal, water)
| |
-4000 -3000 -2000 -1000 0 1000
MJ-eq/ton of RAP

Figure 5. Comparison of Cumulative Energy DemandED) savings for asphalt recycling and reuse

GWP

hat in-place

hot in-plant

-30 -25 -20 -15 -10 -5 0 5
kg CO2-eq/ton of RAP

Figure 6. Comparison of Global Warming Potential @ags for asphalt recycling and reuse
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It was concluded that asphalt recycling is envirentally preferable to asphalt reuse.
However each method of asphalt recycling can peodifferent benefits, so possibilities exist
for improving the environmental performance of girecesses involved. These possibilities
were subdivided into logistic, technical and orgational. They are as following:

* Logistics
> need for improved transport regulations for tramgimn of RAP
* Technical
» decrease fuel consumption for asphalt heating bgrong asphalt piles
» prolong service life of recycled asphalt with tredphof RAP rejuvenation
* Organisational

> in order to help smaller municipalities, the cootoas or road authorities could
take greater responsibility for asphalt recycliat\aties

» clear distinctions should be made in the defingiof ‘recycle’ vs. ‘reuse’ and
‘bitumen’ vs. ‘asphalt’ (in both the Swedish andglish languages).

Figure 7. Photo of asphalt recycling techniques ¢ left to right): hot in-place, hot in-plant
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5 Data uncertainty and variability

This chapter provides general information aboutdatcertainty and variability in LCA,
followed by a section on data uncertainty and \mlity that were handled in Papers Il and
1.

5.1 Types and sources of data uncertainty and variability in LCA

Different types and sources of data uncertainty\arability have been identified by several
researchers (for example Huijbregts et al. (20Bjdrklund (2002), Lloyd and Ries (2007),
Heijungs and Hujbregts (2004) etc.). First of dlis important to differentiate between data
uncertainty and variability. Even though these terons have different sources, they are often
confused. Uncertainty is when the value of a patams not exactly known, but the effect of
this can be reduced by further research (Heijumgk Huijbregts, 2004). Variability, on the
other hand, cannot be reduced by additional resBeascit corresponds to inherent differences
between individuals, places, time, processes,(Eigjungs and Huijbregts, 2004). Hertwich
and colleagues (2000) emphasised that the disimbietween data uncertainty and variability
is important, because due to the confusion in thexses decision-makers are sometimes more
concerned about parameter uncertainty than vait\ablt has been pointed out that it is
impossible to distinguish which type of uncertairiyd variability is the most important,
since this depends on the specific case study lfkegjs et al., 2003; Lloyd and Ries, 2007).
According to Huijbregts et al. (2001), uncertairggn be further subdivided into data
inaccuracy and lack of specific data, and varigbiban be geographical, temporal and
technological (see Figure 8).

Data Uncertainty and
variability
|
I
Uncertainty Variahility
| |
Lack of specifi
Data Inaccuracy i gaiseu ¢ Geographical Temporal Technological

Unrepresentative

Measuraments Assumptions lgnorance Datagaps it
ata

Figure 8. Main sources of uncertainty and varially (after Huijbregts et al. (2001) and Lloyd andi¢®
(2007))
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Four types of statistical quantitative approacloemtorporate uncertainties and variability in
LCA have been identified by Heijungs and Huijbre@804). These are:

» Parameter variability/scenario/sensitivity analygesting of different data sets),

» Sampling methods (Monte Carlo analysis),

* Analytical methods (based on mathematical expras¥io

* Non-traditional methods (fuzzy sets, Bayesian maghaon-parametric statistics

etc.).

Another way of incorporating data uncertainty amadability is a semi-quantitative approach
called a Pedigree matrix, which reports data qualitterms of the history or origin of data
and is useful in identifying possibilities for datgality improvement (Weidema and
Wesnaes, 1996). Irrespective of the approach chadses important to emphasise that
estimation of uncertainties is a source of uncetyatself (Bjorklund, 2002).

During the literature review presented in Papeat was found that the studies included on
transport infrastructure discussed uncertainty\ardhbility, but only a few actually analysed
these quantitatively. For instance, Chester andvatbr(2009) used a Pedigree matrix for
analysing data on geographical and temporal corstidas of emissions, component
lifetimes, vehicle models and passenger kilometragelled and performed a sensitivity
analysis of the functional unit chosen (passengeupancy). Federici et al. (2009) performed
a sensitivity analysis with regard to the amountaoé material for each input flow; the values
of matter, energy or emergy intensities; occupafaxtors in the different transportation
modes and/or European countries; and turnover yemsumed in calculations of
infrastructure and vehicles. Jonsson (2007) diszuise variability of trucks and the natural
variability in climate and other environmental fat affecting operation of transport
infrastructure. Schlaupitz (2008) discussed theoirtgmce of assumptions regarding future
electricity mix; future development of material duztion; the climate impact of seizing land
for loss of carbon storage in soil; assumptiongseohnological development after 2030; and
the variability in material quantites used for stmction of transportation
infrastructure(Schlaupitz, 2008).

Kendall et al. (2009) pointed out that predictioh fature events and conditions adds
uncertainty to the infrastructure LCAs and thatr¢his large variability regarding inventory
data on certain construction materials, such asenermsed for concrete production and
bitumen used for asphalt production. They concludeat in order to characterise the
robustness of results, targeted scenario and setysanalysis should be performed with
regard to the uncertain parameters.

5.2 Data uncertainty and variability in Paper II and Paper III

The approach chosen for incorporating uncertaimtthe case studies (Papers Il and Ill) was
sensitivity analysis. This is an approach for tackldata uncertainty when a “few different
data sets and/or models and/or choices are inagstigas to their consequences for the model
results” (Heijungs and Huijbregts, 2004).
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For instance, sensitivity analysis in Paper Il sedwhat the results differed greatly depending
on the carbon intensity of electricity assumed. Wthee impact of different electricity mixes
was tested, the results for GWP from operationedaby a factor of 40 (Figure 9). In
scenarios 2 and 4, in which electricity for the rapi@nal phase was represented by the
forecast average future electricity mix or a lowbkxa electricity mix, the operational phase
contributed a much lower share of the total lifeleyGWP of the tunnel.
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Figure 9. Sensitivity analysis of choice of elecity mix (Paper II)

A sensitivity analysis of the data sets in Papeshbwed that the results were very sensitive
to the choice of inventory data for asphalt coreef€igure 10).
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Figure 10. Sensitivity analysis of choice of backgind inventory data for asphalt concrete on the ués of
Global Warming Potential (Paper IIl)
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Thus, it should be emphasised that due to such datertainty and variability, the
conclusions from Paper 1l and Paper Il should lsseol on identified hotspots and
comparative magnitudes rather than uncertain nwaleesults.
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6 Discussion and conclusions

This chapter summarises the main conclusions ofdkearch, discusses whether the overall
aim of this thesis was achieved, and reflects enctintribution of each paper. It also points
out some advantages and disadvantages of the nedimodology used in the research (LCA).

6.1 Was the overall aim of the thesis achieved?

The overall aim of this thesis was to provide fartknowledge about energy use and GHG
emissions for the whole life cycle of road infrasture, in order to improve transport
planning on both strategic and project levels. Aglaned in section 1.2, in order to achieve
this aim, the thesis sought to answer three maastipns:How can energy use and GHG
emissions of road infrastructure be asses$®bat are the energy use and GHG emissions
during the life cycle of road infrastructur@?hich elements and phases during the life cycle
of road infrastructure have the largest energyamseGHG emissions?

The contribution of each paper in providing answvierthese questions is discussed below.

6.1.1 HOW?
How can energy use and GHG emissions of road infragirede assessed?

Paper | contributed by finding the main tools anetimds used in the literature for assessing
energy use and GHG emissions for the whole lifdecg€ road infrastructure (see Figure 1).
Paper | concluded that the main methods and tamisa$sessing energy use and GHG
emissions for road infrastructure can be proced{8&lA, EIA) and analytical (SFA, MFA,
IOA, LCA, EEA, EXA, ES). As far as the levels ofailgon-making are concerned, SEA is
used at the strategic level, while EIA is usedhatproject and design level, during the choice
of site-specific alternatives for road infrastrueticonstruction or design phase. Analytical
tools can be applied at any level of decision-mgkMoreover, they can be included as part
of procedural tools.

An important observation arising from the liter&ureview in Paper | was the lack of
consistent approach in performing infrastructureAsC Since each LCA study aimed at
answering different research questions relatedperic elements of road infrastructure,
different system boundaries were analysed andrdiifeypes of data considered. Thus it was
difficult to compare quantitatively the resultsrirovarious studies. Consequently, a need for a
more consistent choice of functional units and nmtomesparent reporting of inventory data
for infrastructure LCAs was identified.

Papers Il and Il contributed to the methodologidalzelopment of LCA in the context of
road infrastructure, which was identified in Papeas the most commonly used tool for
assessments in this field. These papers presessdd| ulata (such as quantities of materials
and other resources used during tunnel life cytlasps and asphalt recycling processes),
which can serve as inventory data for other LCAlistsL

Moreover, Paper Il identified Preliminary Bills Qfuantities as being a useful source of data
collection for this type of case study (section)48ills of Quantities provide site-specific
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data for many construction projects, not only ia #phere of road infrastructure, but also for
railways and buildings. Some of those data consfsinformation about transportation
distances (expressed in ton*km) or the quantitymatterials (expressed in ton, kg of)m
during each stage of the construction process.rQtat require additional recalculation in
order to be useful in LCA modelling, for instaneadth of pipes (expressed in m), quantity of
bolts (expressed in pieces) and others.

To my knowledge, no previous environmental assessoferansport infrastructure has used
Preliminary Bills of Quantities for data collectioiowever, other studies mention the
usefulness of data collected from the preliminaiy & Quantities for LCA of buildings
(Crawford and Treloar, 2005; Li et al., 2010).

It can be argued that the data in the Preliminaity & Quantities for a project could be
underestimated, as they consist of preliminary rgwyi estimates (Paper Il). Thus in order to
check this, the data from the Preliminary Bill ohi&ghtities were compared with updated real
data on the example of blasted rock from the cao8tm phase of the Norra Lanken road
tunnel. This comparison showed that differencesevgeiite small (1-15% depending on site).
Since the Norra Lanken tunnel was still under cmesion when the LCA study was
performed, it was difficult to compare the sameadah the example of other types of
materials.

Another important aspect to consider is that certdata from the Preliminary Bill of
Quantities required additional recalculation inerdo be useful in LCA modelling, which
was time-consuming. However, it was observed thdh va little extra effort by the
contractors, the preliminary Bill of Quantities ¢dbe slightly modified in terms of data
reporting, in order to make it more feasible faagiitioners to collect inventory data for LCA.
Moreover, it should be noted that there is a neeidnprove data reporting regarding waste
treatment on-site (which is currently not includedhe Preliminary Bill of Quantities).

6.1.2 WHAT?
What are the energy use and GHG emissions dur@djféhcycle of road infrastructure?

A review of earlier estimates of the share of iadirenergy use and GHG emissions from the
total transport system (as defined in section @49 one of the aims of Paper I. It was found
that the share of indirect energy use (includifg dycle of infrastructure, manufacturing and
maintenance of vehicles and fuel production) camsigeificant: from 23-32% (Chester and
Horvath, 2009) to 45% (Jonsson, 2007) of the totalact of road transport systems.

Paper Il analysed the amount of energy use and @iHiSsions throughout the life cycle of
one of the most energy-intensive elements of roausport infrastructure, a road tunnel. The
results for the base case of the study showedthieatotal GHG emissions and energy use
during the life cycle (construction, operation andintenance) of the Norra Lanken tunnel
amount to approximately 29 000 TJ-eq and 431 0800G,-eq, which is equivalent to about
2% of GWP impact from domestic transports in Swe(famedish EPA, 2011). However, it
was found that the final results can vary greadpahding on the electricity mix chosen for
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the operational phase of the tunnel. Regarding GuYRhe operational phase of the tunnel,
the results can range from less than 40 000 tonse@@o about 1.6 million tons Ge&q.

Paper Il estimated that about 0.02 tont&Q and 3 GJ-eq per ton of reclaimed asphalt can
be avoided with the help of recycling. Based ongtogalculations, if asphalt that is reused
nowadays in Sweden (about 0.5 Mton) were to bectedyinstead, then about 10 000 tons
COx-eq could be avoided, which is equivalent to ab@i% of GWP impact from the
Swedish waste sector (Swedish EPA, 2011). HoweRaper 11l also showed that the final
results can vary greatly depending on the inventata chosen for transport distances and
asphalt concrete.

6.1.3 WHICH?

Which elements and phasdsring the life cycle of road infrastructure haveetlargest
energy use and GHG emissions?

From the literature reviewed in Paper I, it wasaoded that operation of the road made the
largest contribution in terms of energy use and Gd@ssions throughout its life cycle of 40

years (Stripple and Erlandsson, 2004). This is ipaloe to energy consumed by road lights
and traffic control (Stripple and Erlandsson, 200#)jus as specified in Chester and Horvath
(2009), infrastructure operation can be improvedréguced electricity consumption and

cleaner fuels for electricity generation.

Studies that concentrated their analysis on lifelecystages of road pavement (excluding
energy use during operation phase) have conclutgdotoduction of construction materials
contributes the largest share of energy use and @m(Ssions throughout the life cycle of
road pavement, while construction activities oe-sibntribute the smallest share (Muench,
2010).

Paper Il showed that production of construction anals (mainly concrete and asphalt)
provides the largest share of CED and GWP durimgpthase of rock tunnel construction
(excluding its operation and maintenance). Fromceeening LCA of the total tunnel
structure, it was concluded that tunnel operationtributes the largest share of CED and
GWP.

Paper Il identified possibilities for decreasingetimpacts from maintenance of asphalt
concrete (which was identified as one of the maitsiots in Paper IlI) with the help of
recycling. The main hotspots during asphalt reogcliwere: processes on-site
(heating/scarifying/mixing/paving) in the case dait hn-place recycling, and production of
virgin material (bitumen and aggregates) in theeaafshot in-plant recycling. Transportation
of reclaimed asphalt pavement was identified asrthm hotspot for asphalt reuse.

6.2 Limitations of the LCA tool

The LCA tool was used in Paper Il and Paper Il daeits ability to assess potential
environmental impacts of road infrastructure irystesmatic and holistic way. However, LCA
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is not a perfect tool as it has certain limitationsluding subjective choices and assumptions,
the lack of potential impact models, the accuracgvailable data, and the uncertainty in the
impact results (Lo et al., 2005).

It is important to emphasise that data uncertaamg variability are present in each LCA

study. Some types of data uncertainty and vartghjé.g. type of electricity mix chosen or

inventory data selected for a certain type of mallecan be communicated with the help of
sensitivity analysis, Monte Carlo analysis and otimethods (as discussed in Chapter 5).
However, there are certain types of data uncewtaint variability that cannot be avoided in

LCA. This is not because of lack of methods to dplait primarily because there is always
uncertainty in modelling natural processes, no enatiow sophisticated the model is.

Secondly, the real world is full of variations, whileads to data variability (Huijbregts,

1998). There are also practical reasons: handlingpees of data uncertainty and variability is

too time-consuming.

Moreover, even though LCA has a standardised proee@vhich is defined by ISO 14040),
there is no generally accepted methodology fostaldlies of the same products or services. It
was seen in the literature review (Paper |) th@&newhen the same life cycle phases were
considered in previous studies, they did not ineltite same processes. For instance, when
analysing the phase of construction, Chester €28D9) included the processes of parking
and insurance and Schlaupitz (2008) considered @&m(Ssions during soil removal and tree
cutting (which were not considered in other studi#isvas observed that each LCA study is
unique with regard to the choice of system boumdarand processes considered.
Consequently, such inconsistencies make it diffitmucompare the studies with each other.

Thus in order to avoid these inconsistencies, tieeeeneed for further development of LCA
methodology for road infrastructure. This thesisitdbuted to this development through
transparent reporting of data and detailed desonmtf system boundaries. Several sources of
data uncertainty and variability in this thesis &drandled with the help of sensitivity
analysis.

6.3 How can this research be useful for decision-making?

As described in section 1.2, the knowledge genérate this research can be useful for
decision-making on both strategic and project kevel

As far as the strategic level of road infrastruetptanning is concerned, the results from
Paper | and Paper Il contribute further knowledigeus the amount of energy use and GHG
emissions associated with road infrastructure, Wwhian be useful during the choice of
alternatives for future transport system. Once gyemakers understand the magnitude of
energy and emissions during the life cycle of roadstruction, they can start implementing
standards and policies in order to decrease tmpadts. Muench (2010) provides examples
of similar processes within other sectors, suclthasautomobile industry (fuel efficiency
standards) and power generation (clean energyghortequirements).
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Paper Il concluded that in response to demandnitreased road capacity, construction of
new infrastructure should be compared against alternatives, such as economic policy
instruments (i.e. congestion charging or chargysiesns for parking lots). Knowledge about
the amount of energy use and GHG emissions duhiagife cycle of road infrastructure can
make this comparison fairer and avoid sub-optinosat Paper Il also concluded that
consideration of economic policy instruments iseesgly important for countries with high
carbon intensity in electricity production.

The results in Papers I-lll can also contributedézision-making on project level as they
allowed the main hotspots for road infrastructufe ¢ycle in general, tunnel life cycle and
asphalt recycling activities to be identified. Tlkieowledge can help decision-makers to
determine the processes and materials that sheuiarpeted in order to minimise energy use
and GHG emissions during the design, constructranaintenance of road infrastructure. For
instance, operation of road infrastructure (maildyting) and production of construction
materials (asphalt and concrete) were identifiedh@s main priority for decreasing GHG
emissions and energy use during the life cycleatirinfrastructure.

Thus the potential exists for significantly deciegsGHG emissions and energy use of road
transport systems, if road infrastructure is tak#o consideration from the very start of the
policy-making process on a strategic level.
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6.4 Proposals for future research

There is no doubt that the current research i©batpiece of a complicated transport system
puzzle (as shown in Table 2).

Table 2. Contribution of this thesis to the overal§sessment of transport systems (red = issuesidea in the
thesis, grey = suggested areas for future research

Issues considered Environmental Social Economic
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Road Transport:
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Railroad Transport

Air Transport

Sea Transport

The research presented in this thesis took int@ideration only two environmental impact
categories: energy use and GHG emissions. In ¢odebtain a more comprehensive picture
of the impacts of transport infrastructure, theseaineed to consider other environmental
impacts, such as acidification, toxicity, eutro@tion and ozone depletion. Moreover, when
analysing the impacts of road infrastructure, eaoiscand social perspectives should also be
taken into consideration.

As discussed in section 1.2, this thesis examimexlad the elements of indirect energy use
for road transport systems, namely road infrasinec{Figure 1). In order to understand the
magnitude of the impact from the whole road tramspgstem, there is a need to include life
cycle perspectives of vehicles and fuel used farajon as well.

37



Expanding the scope further, it should be emphddisat in order to analyse the transport
system as a whole, taking into account all possalilernatives for its future development, a
detailed life cycle analysis should be performedthier modes of transport: rail, air and sea.
Paper | showed that some studies have been pedooneassessment of the life cycle
environmental impacts of railway infrastructure rismlering indirect phases), but very few
studies actually analyse the indirect phases adrairsea transportation.

As far as the methodological level is concernediais concluded here that in order to conduct
an extensive analysis, a combination of variousstebould be used (section 2.2). Moreover,
analytical tools (LCA, MFA etc.) can be incorpomiato procedural tools (SEA, EIA). Thus
there is a need for further research to investipate these tools can be incorporated and used
in practice.
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