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Abstract 

Construction of infrastructure does not only mean large capital investments but also future 

costs to operate and maintain these assets. Decision making in planning and design of roads 

will impact the need of future operation and maintenance activities. Additionally, 

infrastructure management is often under increasing pressure of aging structures, limited 

budgets and increased demands from public which require transparency in the decision 

making. Life cycle costing is a methodology that takes into account costs throughout an 

asset’s life cycle including investment, operation, maintenance and disposal. Despite the 

methodology’s existence for more than 40 years, the practical application is often reported 

to be scarce in both private and public sectors. Implementation in road planning and 

management means a high complexity where the life cycle costing can to be applied from 

early planning, design, construction and management in which all influence life cycle cost. 

Life cycle costing can also be applied in many different ways, level of detail and for 

different type of studies. 

For effective implementation of life cycle costing in road planning, design and 

management, different considerations need to be understood. In this thesis the application 

of life cycle costing has been studied through case study research. The main case selected 

was an investment to convert a single carriageway road to a, so called, sparse collision-free 

road. Through widening and separation between driving directions the traffic safety is 

significantly improved. However, in recent years increased operation and maintenance 

costs have been associated with the road type. Especially concerns regarding increased road 

user cost during road works have been expressed. This case was examined in two case 

studies from different perspectives. The first one was to study the implications on project 

appraisal and the second one examined the possibility to optimise pavement design. 

Results from cost benefit analyses based on established road appraisal techniques 

indicated that operation and maintenance related costs had limited impact on profitability. 

The second study also indicated that future cost can be influenced differently depending on 

criteria for optimal alternative. Based on economic analyses using established techniques, 

increased operation and maintenance liabilities appear to be of limited concern, in contrary 

to the perception. In future research this need to be set in context of road management with 

refined analysis in order to study implications for future management. 
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Sammanfattning 

Byggande av infrastruktur innebär inte bara höga investeringskostnader utan också framtida 

kostnader för att underhålla och driva anläggningarna. Beslut som tas vid planering, 

projektering och byggandet av till exempel vägar kommer att påverka det framtida behovet 

av drift- och underhållsåtgärder. Dessutom framförs det ofta att förvaltningen av befintlig 

infrastruktur är under press på grund av åldrande vägar och byggnadsverk, begränsade 

budget och ökade krav från samhället gällande kvalitet vilket kräver ökad öppenhet i 

beslutfattandet. Livscykelkostnadsanalysen är en metod som tar hänsyn till kostnader under 

en produkts eller anläggnings livscykel, inklusive investeringskostnader, drift- och 

underhållskostnader och avvecklingskostnader. Trots att metoden har funnits i mer än 40 så 

har den praktiska användningen ofta rapporterats som begränsad i både privat och offentlig 

sektor. Användning av metoden i vägplanering och vägförvaltning innebär en hög 

komplexitet där livscykelkostnader kan tillämpas från tidig planering, projektering, 

byggande till förvaltning där beslut i varje skede påverkar de framtida kostnaderna. 

Livscykelkostnadsanalyser kan tillämpas i många typer av studier och med varierande 

detaljeringsgrad. 

För att effektivt kunna implementera livscykelkostnadsanalyser behövs en uppfattning 

om olika möjliga överväganden i vägplanering, projektering och förvaltning. I den här 

uppsatsen har tillämpningen av livcykelkostnadsanalyser studerats genom fallstudier. 

Huvudfallet som valdes är en väginvestering där en befintlig tvåfältsväg ska byggas om till 

en mötesseparerad väg. Genom breddning och separering mellan körriktningarna så har 

trafiksäkerheten förbättrats markant. Under senare år har dock ökade drift- och 

underhållskostnader knutits till vägtypen. Framförallt har ökade trafikantkostnader vid 

vägarbeten lyfts fram i det studerade fallet. Fallet har studerats i två fallstudier med olika 

perspektiv. Den första fallstudien undersökte hur livscykelkostnader påverkade 

investeringsbedömningen av vägen och det andra fallet undersökte möjligheten att minska 

framtida underhållskostnader genom val av vägbeläggning. 

Resultaten från de genomförda samhällsekonomiska analyserna enligt vedertagarna 

beräkningsätt indikerade att ökade kostader för drift- och underhållsrelaterade kostnader 

hade en begränsad påverkan på investeringens lönsamhet. Den andra studien indikerade att 

framtida kostnader kan påverkas på olika sätt beroende på kriterier för hur det optimala 

alternativet väljs. Baserat på de ekonomiska analyserna verkar ökade drift- och 

underhållskonsekvenser ha begränsad påverkan vid investeringsbeslutet. I framtida studier 

måste detta sättas i sammanhang med hur vägförvaltning fungerar med mer detaljerade 

analyser om konsekvenser för framtida förvaltning. 
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1 Introduction 

In this thesis the application of life cycle costing in road planning and design has been 

explored. The Swedish Transport Administration (STA) is a public government agency 

responsible for development and management of the Swedish transportation system. The 

thesis has studied life cycle costing from STA’s point of view. The study will examine 

possibilities of implementing life cycle costing as a management tool to minimise life cycle 

cost of the Swedish road network. 

1.1 Background 

A country’s infrastructure stock is a backbone for today’s societies and an important part 

for creating wealth for the national economies. Transport infrastructure provides 

availability for public and commerce in order to allow for performing daily tasks. The value 

of today’s infrastructure is immense. However, an infrastructure asset does not only mean a 

large capital investment but also requires ongoing operation, maintenance, upgrading and 

disposal. Many of the roads and bridges in Sweden were built during the 50 to70’s when 

the road network expanded in a fast manner. These roads and bridges are approaching the 

end of their service lives and will require necessary actions in order to continue to function, 

be safe and economical for society. Decisions taken in planning and design of infrastructure 

will impact users and management for many decades and generations after construction. It 

is therefore important to have a consideration of the future impact during design and find 

suitable trade-offs between either making savings in design today or savings in the future. 

Life cycle costing (LCC) has been raised as a suitable methodology in order to evaluate 

economic consequences of capital investments and future costs. In life cycle costing an 

asset’s total life cycle cost (LCC) should be included in analysis and therefore include costs 

in all of the project’s life cycles including planning and design, construction, operation, 

maintenance and disposal (ISO 2008). Costs in different life cycle are often interrelated and 

by life cycle costing it is implied that these can be influenced by preceding decisions 

(Lindholm and Soumala 2005). Discounting is a central technique in life cycle costing 

where the time value of money is taken into account since an income today is more 

valuable than an income in the future. By discounting all future cost to a present value, 

costs occurring at different times become comparable. In this way, for example, possible 

savings in the investment phase can be compared to eventual increase in future cost and 

thereby valuate if this may be a rational option. The principles of both considering 

construction and maintenance in road building have been recognised in centuries and that 

the methodology of life cycle costing has existed since the 60’s. Despite this, the practical 

application of life cycle costing has been reported to be scarce in the industry, public sector 

as well as road building (Ferry and Flanagan 1991, Lindholm and Soumala 2005). 

Difficulties in forecasting future performance, costs for maintenance activities and lack of 

incentives have been given as possible reasons (Cole and Sterner 2000).  
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1.2 Problem formulation 

In recent years life cycle costing in infrastructure has got a renaissance and STA has goals 

to increase the usage in infrastructure construction and management. Some possible 

explanations for this rise are that infrastructure management has become more privatised, 

increased demands from public, need of performance monitoring, increased scrutinising on 

use and utility of tax money and demands to include broader perspectives in decision 

making. A perception may also exist that investments are more prioritised while operation 

and maintenance problems often are disregarded (Karim 2008). This perceived 

prioritisation order could have the consequence that the workload for operation and 

maintenance increase while resources to manage it remain the same (Karim 2010). The 

fundamental objective of life cycle costing is considered to be assuring efficient usage of 

resources by making trade-offs between investment, operation, maintenance and 

performance with consideration to the life cycle cost. While life cycle costing may appear 

suitable for balancing these aspects, there are several concerns for the implementation of 

life cycle costing in Swedish road planning and design.  Investments in transport 

infrastructure are characterised by long planning times, involvement of many actors, large 

social and environmental impacts and a political environment. Considerations of operation 

and maintenance cost and life cycle costing are therefore only a limited part of the 

investment decision where environment, public, budget constraints, legislations and risks 

are other factors that must be included in decision making. The planning process is also 

characterised by fragmentation where the process is divided into several steps from 

planning to construction and where different actors are responsible for different parts of 

what finally result in a trafficked road. This gives a high complexity in consideration of life 

cycle cost that needs to be understood for efficient implementation of life cycle costing. 

The introduction of a new road type in Sweden, often called sparse collision-free roads 

(“2+1 roads”), is an interesting case from a life cycle cost perspective. Collision-free roads 

were developed in the 90’s in response to a desire to have a road type that perform as good 

as a conventional motorway from a traffic safety perspective but with considerably lower 

investment cost and need of land acquisitions since existing 13 m single carriageway roads 

can be used. The introduction of this road type can be regarded as successful with 

significant decrease in number of accidents and indicated socioeconomic profitability. 

However, lately increased operation and maintenance costs have been associated with the 

road type. Latest development has been towards sparse collision-free roads where it is 

possible to use existing 9 m wide roads that are even less expensive but are also expected to 

further increase operation and maintenance cost. In addition, when carrying out road works 

on this road type a full closure of the road and detouring traffic to other routes are often 

expected which in turn is expected to increase road user annoyance and cost. Many existing 

roads are in the coming years expected to be converted to this road type. A question is then 

raised whether it is possible to make savings today that can be justified by increased future 

maintenance cost. If it does, what are then the implications from a societal, road 

management and user perspective? From a life cycle perspective this case is also interesting 
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to study since life cycle cost can be considered at many project stages, such as strategic, 

appraisal, construction or management stages. 

1.3 Purpose and objectives 

The main purpose of life cycle costing is to find the most cost-effective trade-off between 

investment cost, operation and maintenance cost and performance in order to minimise life 

cycle cost. This thesis has the purpose of exploring application of life cycle costing in 

planning and construction of roads. It will focus on how different types of life cycle costing 

studies can be applied in different stages in a road project’s life cycle in the goal of 

minimising total costs for an investment project. The case of sparse collision-free roads will 

be used to study the importance of life cycle cost in project appraisals, road design and road 

management. The objectives for this study were to: 

• Identify how different methodologies that account for life cycle cost can be used in 

road planning, design and management in order to support minimised costs. 

• Make an inventory of road planning and design process for an overview of 

implications for life cycle cost implementation. 

• In limited case studies estimate future costs in road planning, design and 

management 

• Describe consequences of life cycle cost decisions based on results from case 

studies and implications for investment and management. 

1.4 Methodology 

This study has focused on implementation of the life cycle costing methodology in Swedish 

transportation infrastructure planning and construction, more specifically on road 

investments and long-term impacts on future operation and maintenance. In this thesis a 

literature review will first provide different perspectives on the methodology, definitions 

and differences in different types of studies. A short description of methodology will be 

provided as well, however, the main purpose of this project has been to study the 

implementation of life cycle costing in road planning and design and its implications 

through case studies. 

A characteristic of life cycle costing is that it is a versatile methodology that can be used 

in a vast number of fields, see for example Gupta and Chow (1985) and Korpi and Ala-

Risku (2008). It is also often required to adapt input data for different study objects and 

thus may require extensive data collection (Lindholm 2007). The data required to conduct 

life cycle cost analyses for specific projects limit the possibilities to make many studies and 

to focus on case studies may be necessary. To draw statistical general conclusions a larger 

sample size is often required on which statistical analyses can be performed (Yin 1989). 

Case study research therefore often limits the possibilities to draw statistical general 

conclusions due to the limited data set. However, case studies allow the possibility to in 

more detail study the subject through qualitative analyses by for example identifying 

factors that control a specific outcome, describe these factors and find interrelationships 
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between these factors (Flyvbjerg 2006). If such factors and problems can be identified and 

described, case studies allow the possibility to get a better understanding of a system. In the 

common research process a hypothesis is constructed, tested or either accepted or rejected. 

In comparison, in case study research, a theory is instead often a result of the research. A 

case study approach is therefore often ideal for exploratory studies (Yin 1989). For this 

study this approach was considered suitable in order to explore applications of life cycle 

costing in different stages in a project’s life cycle and to study importance of life cycle cost 

at these stages through cases in which life cycle costs are quantified. This will give support 

to identify difficulties of considering life cycle cost today and needs for future research.  

In Yin (1989) four criteria were presented in order to assess the quality of case study 

research. Construct validity concerns selecting the right instruments for studying the 

present research topic. Internal validity is to assure that relationships and conclusions 

within each case are correct. On the other hand, external validity is to validate that the 

conclusions also holds outside of the case studies. Finally, reliability concerns the 

possibility to reproduce the case study results. In (Eisenhardt 1989) an eight step process 

was introduced in order to build theories from case study research that enfolds the 

presented criteria. Summarised, the first steps are to define the research area, select case 

studies and find instruments to analyse them. The next steps are to begin the case studies, 

collect data and analyse data within each case study and among them. Based on results of 

the case studies theories can be shaped, compared to existing literature and to finally reach 

a conclusion. This process has formed the structure of this thesis, which will be concluded 

by reviewing according to the four quality criteria formulated above. 

The main case chosen was a road project in the county of Östergötland in Sweden, 

which currently is in the road design phase and is projected to be converted from single 

carriageway road to a sparse collision-free road. This study object was considered to be a 

suitable subject for studying life cycle cost considerations in road investments. Increased 

operation and maintenance liabilities on conventional collision-free roads have been 

highlighted and discussed in recent years, for example in (NVF 2011) Since sparse 

collision-free roads have been anticipated to further increase operation and maintenance 

needs and that many roads are planned to be converted to this road type, the subject is a hot 

topic. It also had the characteristic of having many trade-offs concerning life cycle costs at 

different phases from early to late design. This included from early road planning 

considerations where politics were a main reason for the development of the road type in 

order to improve road safety while limiting resource spending to possibilities to optimise 

the road design to mitigate the expected increase in operation and maintenance costs. This 

allowed the case to be studied from different perspectives depending on the stage in the 

project’s life cycle and allow for identification of dependencies. 
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1.5 Scientific contribution 

The scientific contribution of this research is an exploration of life cycle costing in road 

planning and design, with a specific case on sparse collision-free roads. Many studies have 

been conducted on specific selection of a component or on individual assets where 

investment cost and future costs are compared, see for example Haas et al. (2006) and 

Ferreira and Santos (2013). However, fewer studies have examined the implications on a 

wider perspective on the project appraisal, road management and strategic decisions. Many 

life cycle costing studies have often been conceptual and not implied on real projects 

(Lindholm and Soumala 2005). This thesis has through case studies applied life cycle 

costing with different type of studies in a road project’s planning process and raised 

implications, problems and opportunities from a life cycle cost perspective. Even if this 

study has been limited to case studies, the findings are expected to be relevant for other 

applications in road and infrastructure management.  

1.6 Outline of the extended summary 

The structure of this licentiate thesis is based on two submitted journal papers, one peer-

reviewed conference papers and the content of this extended summary. The extended 

summary will provide an introduction to transportation infrastructure planning and 

construction in Sweden and descriptions of the methodology of life cycle costing while 

most of the results of the life cycle cost analyses will be presented in the papers. 

This extended summary is structured in such a way that it will first provide in 

introduction of life cycle costing with definitions, description of different methodologies 

and discuss differences among those methodologies. The next chapter will provide an 

introduction to the road planning process of roads in Sweden. This will cover the more 

general phases of transportation planning from identifying investment needs to design 

decision in a road project. The subsequent chapter will discuss the connection between the 

processes of the infrastructure investment and management and their implication for 

application of life cycle costing in order to plan and design roads for lower life cycle costs. 

In the later chapters case studies on collision-free roads will be presented on which the 

concepts of life cycle costing have been applied, presented in papers. The results of the 

analyses, findings and implications will thereafter be thoroughly discussed, compared to 

literature and proposal of future research. Finally, concluding remarks based on the 

experiences from the case studies will be provided. The papers are included in the 

appendix. 
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1.7 List of abbreviations 

 AADT - Average Annual Daily Traffic 

 ABb - AsfaltBetong, Bindlager (Binder layer) 

 ABS - AsfaltBetong, T (Stone mastic asphalt) 

 AC - Agency Cost 

 An - Nordic Ball Mill Value 

 CBR – Cost Benefit Ratio 

 CFR - Collision-free road 

 DB - Design Build  

 EC - External Cost 

 EIA - Environmental Impact Assessment 

 EUAC - Equivalent Uniform Annual Cost 

 EVA - Effekter vid väganalyser (Impacts in road analysis) 

 GPR - Ground Penetrating Radar 

 HGV - Heavy Goods Vehicles 

 HMA - Hot Mix Asphalt 

 LCA - Life Cycle Assessment 

 LCC - Life Cycle Costing 

 LCC - Life cycle cost 

 LCSA - Life Cycle Sustainability Assessment 

 MVKT - Million Vehicle Kilometers Travelled 

 NPV - Net Present Value 

 NS - Net savings 

 OM&R - Operation, Maintenance and Rehabilitation/Repair 
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 PMS - Pavement Management System 

 RAMS - Reliability, Accessability, Maintainability and Safety 

 RST - Road Surface Tester 

 RUC - Road User Cost 

 SCR - Single Carriageway Road 

 SEK - Svenska EnKronor (Swedish One Crown) 

 SLCA - Social Life Cycle Assessment 

 SMA - Stone Mastic Asphalt 

 SRA - Swedish Road Administration 

 STA - Swedish Transportation Administration 

 WLC - Whole Life Costing 

 WLC - Whole Life Cost 

 VOC - Vehicle Operation Cost 

 VOT - Value Of Time 
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2 Life cycle costing 

This chapter provides an introduction to life cycle costing. First, definitions and 

delineations of investment, operation and maintenance are presented and discussed since 

these concepts play a central role in the application of the methodology. In the subsequent 

chapter the methodology is introduced and different dimension of life cycle costing 

presented based on the literature. 

2.1 Investments, operation and maintenance 

This thesis and its included case studies have examined life cycle costing as a tool to 

optimise between investing today and future costs for operation and maintenance. 

Therefore, this chapter will first provide brief definitions of concepts, delineations and 

implications for life cycle costing since the delineations between the concepts are 

ambiguous (Lind and Muyingo 2012). 

Investment theory is the science of applying methods to study investments and their 

expected cash flows. An investment is a spending of a resource today that will gain utility 

tomorrow. The fundamental concept of determining if an investment is an appropriate 

action is to determine if it is worth giving up this resource today in order to receive a larger 

utility tomorrow (Luenberger 2009). For this time value of money is a fundamental concept 

to determine how one valuate money today and in the future. An investment is therefore an 

action that is expected to change value in the future, no matter the size of the initial 

expenditure. However, from an accounting and taxation perspective it becomes important to 

distinguish between expenses that should be activated and a cost. An activated expense 

becomes an asset in the balance sheet and its depreciation value allocated over a number of 

years.  

In Sweden, Svensk Byggtjänst (2010) has been used in property and facility 

management for definitions of maintenance and operation. In the standard, maintenance is 

defined as “measures with purpose of restoring the function of a facility object, furnishing 

or equipment”. On the other hand, operation is defined as “actions with an expected service 

life less than a year with purpose of remaining the function of a facility object”. This 

includes, for example, utility supply (energy, water), monitoring and supervision of 

consumable items. To summarise and compare the three concepts, investment actions 

improve asset value, maintenance actions restore the value and operation actions are to 

remain the value. However, the delimitation and practical usage of the concepts vary in 

STA (Muyingo 2010). Further definitions of maintenance can be found in Swedish 

Standards Institute (2010), which distinguishes different types of maintenance. In the 

standard two main types of maintenance are defined, as illustrated in Figure 2. Corrective 

maintenance actions are aimed at responding to a failure of a component and therefore 

either require immediate action or one that has been delayed. On the other hand preventive 

maintenance actions are planned possible to predict. This either by a planned maintenance 

time schedule or responding to that the condition had exceeded a predetermined limit. In 

the terms rehabilitation and repair are often used synonymously with preventive 

maintenance. 
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Figure 1: Grouping and subgrouping of maintenance based on the EN 13306 standard. 

 

In a life cycle costing context this delineation is important since organisations often use 

separate budget heads for investments and operation and maintenance (Ferry and Flanagan 

1991). Depending on how a measure is classified, different budgets might be used and 

consequently different organisations may be responsible for the action. 
 

2.2 Life cycle management 

A life cycle perspective implies that an asset’s long term impact is considered in present 

time.  This usually means an ambition to have a cradle to the grave time horizon on the 

decision-making to contribute to a sustainable development (Campbell 1996). Sustainable 

development was in 1987 defined by the World Commission on Environment and 

Development as “sustainable development is development that meets the needs of the 

present without compromising the ability of future generations to meet their own needs” 

(Development 1987). Sustainable development is often assumed to consist of the three 

dimensions (Swarr 2008). The dimensions include an environmental, a social and an 

economic dimension, often illustrated as in Figure 2, where a sustainable development 

should capture all dimensions.  

  

Figure 2: An often used illustration of sustainable development. 

 

Three methodologies are commonly associated with the assessment of the three 

dimensions of sustainability, namely life cycle assessment (LCA) for the environmental 

dimension, life cycle costing (LCC) for the economic dimension and social life cycle 

assessment (SLCA) for the social dimension. LCA is used to assess an asset’s 
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environmental impact during the life cycle including production, usage and disposal. The 

environmental impact can for example be quantified and presented in terms of energy or 

CO2 emissions. An international standard has been developed for LCA when applied for 

environmental assessments of products (ISO 2006). SLCA is instead used to assess the 

social impacts of a product, for example, in terms of health and well-being. SLCA is still in 

its early development and has today no standardised methodology (Swarr 2008). When it is 

not possible to quantify the impacts, a qualitative approach is typically applied. Finally, 

LCC is used to assess economic and fiscal impacts of an asset by including costs for 

development, production, usage and disposal. For life cycle costing applied for building 

and constructed assets the ISO 15686-5 standard was proposed in 2008 (ISO 2008). 

According to Campbell (1996), the three dimensions are often in conflict with each other 

but in the work of achieving sustainability the three dimensions should be considered in 

order to minimise these conflicts. Life cycle management (LCM) has been suggested as a 

collection term when assessing all three dimensions. In Swarr (2008) the following life 

Cycle Sustainability Assessment (LCSA) equation was proposed as a conceptual scheme to 

assess LCM using the three mentioned life cycle methodologies, 

“                ”. 

This thesis will from here on focus on the economical aspect of sustainable development 

and the role of life cycle costing. 

2.3 Introduction to life cycle costing 

Although it may seem apparent to consider costs not only during acquisition but also 

operation, the concept of taking into account the life cycle in the design process did not 

begin before 1960’s (Ferry and Flanagan 1991). The term life cycle costing was also 

established during that decade when the US Department of Defence estimated long-term 

costs when purchasing defence materials. Most of methodology of life cycle costing 

initially had its purpose for procurement and cost management with a focus on costs for the 

own organisation. In a private setting, in for example system development, this meant cost 

for research, development, production and disposal of the system were estimated in order to 

find the least costly alternative during the life cycle (Blanchard and Fabrycky 1990).  But 

also for private companies the system performance, user costs and external costs become 

important to avoid partial optimisation when customers are more aware of future 

performance, costs and impacts (Lindholm 2007). A holistic approach of life cycle costing 

has therefore been expressed necessary in order to use the methodology’s full potential to 

assess different trade-offs in design and impact on internal and external costs, however, 

with the drawback of more complex and laborious implementations (Lindholm 2007). What 

originally has been perceived to be an easy implementation has often turned complex, 

which to some extent may explain why the practical application in both private and public 

sector has been low (Woodward 1997, Cole and Sterner 2000). The fundamental and 

difficult problem of forecasting the future was raised as a key problem for low usage of life 

cycle costing for the building and construction industry (Ferry and Flanagan 1991). The 

uncertainty in a building’s economic life, maintenance needs, energy, interest rate and 
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inflation were raised as being difficult to forecast, especially during the 1970’s and 1980’s 

with the energy crisis and a period of high inflation. A second problem raised was an over 

belief in developing databases for collection of costs and repairs in order to better predict 

future costs. It was however realised that the costs for managing these databases 

overweighed the benefits. Some problems of using databases were that users inserted 

inaccurate data, cost information became out-of-date and that is was difficult to directly use 

historic data for a component due to different models, manufacturers and technological 

advancements. The last and most critical problem identified was however the unnatural 

usage of key life cycle concepts in the construction process. Future costs become abstract 

since the money is not put away or reserved in opposite to capital spending today where 

budget limits become real. Additionally, different organisations are often responsible for 

the investing and maintenance with different budgets which further decreased the incentive 

to consider the life cycle costs. There are therefore several reasons why the practical usage 

of life cycle costing has been limited related to the scope of the methodology. However, it 

is often noted that the benefits of life cycle costing merely lay in making actual 

quantifications of life cycle costs as rather a way of thinking to minimise the total cost 

during the asset’s life cycle (Lindholm and Soumala 2005). 

2.4 Life cycle cost methodologies 

Several names for similar or equal concepts to life cycle costing have been suggested 

during the time, for example, Total Cost of Ownership (Ellram 1995), Costs in Use (Bird 

1987), Terotechnology (Ferry and Flanagan 1991) and more (Gluch and Baumann 2004). 

Four terms are commonly used to describe methodologies used for planning and 

management of infrastructure, buildings and other constructed assets in life cycle cost 

perspectives, namely: 

 Life Cycle Costing (LCC) 

 Life Cycle Cost Analysis (LCCA) 

 Whole-Life Costing (WLC) 

 Capital Budgeting 

 Life cycle cost (LCC) is by the International Standardisation Organisation (ISO) defined 

as “[the] cost of an asset or its parts throughout its life cycle, while fulfilling the 

performance requirements” in the standard for service-life planning of building and 

constructed assets (ISO 2008). This suggests that all relevant costs during the asset’s life 

cycle should be included. This includes costs for planning, design, construction, operation, 

maintenance and disposal. The standard also introduces the term whole-life cost (WLC) 

which in addition to costs also includes incomes and benefits related to the asset. According 

to these definitions there is a distinction between LCC, which only includes financial costs, 

and WLC which should include all relevant costs and incomes related to the asset. 

Conversely, life cycle costing (LCC) and whole-life costing (WLC) are defined as the 

methodologies to systematically analyse these two quantities within the defined scope. 
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Since the standard mentioned above is for building assets, the definition is adapted to a 

private and financial setting. For infrastructure assets the term life cycle cost analysis 

(LCCA) has commonly been used. Since infrastructure asset often are in the public domain, 

only including financial cost would result in skewed results in the decision making and road 

user costs should therefore be included (Ozbay et al. 2004). The scope of LCCA used for 

infrastructure applications can therefore most closely be related to the definition of WLC 

but focused on analysis of cost differing among the alternatives. 

Based on the definitions of LCC and WLC, these should include all relevant costs 

associated with the asset during its life cycle. For large infrastructure projects this could 

results in complex calculations to assess all costs. In LCCA when comparing two or more 

alternatives in order to find the best alternative, the complexity can be drastically reduced 

be only including the costs differing among the alternatives (Lee 2002).If there only is one 

component in the system that should be analysed, the analysis only need to considered 

difference for this component. This is due to if one alternative has lower costs of those 

included in the analysis and all other costs and benefits are the same among the alternatives, 

this alternative could be considered to the most cost-effective. A distinction in the scope 

between LCCA and LCC/WLC can therefore be identified. Finally, cost benefit analysis 

(CBA) and capital budgeting are often used for appraisals of projects by including both 

incomes and costs. CBA can therefore be considered as a methodology used to assess 

WLC. CBA is commonly applied in public projects. However, when used for public 

appraisals the focus is often on broader impacts for society rather than direct incomes. In 

the private sector capital budgeting is often used to estimate the net present value of 

investments in the capital budget stock, often conducted from a strategic point of view 

(Brealey et al. 1995).  

2.5 Dimensions of life cycle costing 

The different terms used for life cycle methodologies may appear confusing but the main 

goal of their application and the fundamental question of life cycle costing (Wübbenhorst 

1986, Sund 1996) is, how do we minimise the total cost of an asset? The difference 

between the methodologies, however, lay in their scope, when they are used and their 

application. In the following sections different applications of life cycle costing will be 

presented to highlight for the distinctions of the methodologies. 

2.5.1 Time of the study 

A product’s life cycles can generally be classified into the following based on (Blanchard 

and Fabrycky 1990).  

1. Conceptual design: Project appraisals and first design 

2. Preliminary design: Evaluations of different alternatives 

3. Detailed design: Detailed design of one of the alternatives 

4. Production: Implementation of the project 

5. Use and disposal: Operation and dismantle in end of life 
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These stages also align well with planning and design of infrastructure assets and their 

project life cycles (Safi 2013). It is often stated that decisions in early stages have the 

largest influence on the life cycle cost since these decision will lock the configuration 

(Wübbenhorst 1986, AASHTO 2011). On the other hand in those stages the knowledge 

about the system is often limited. According Lindholm (2007) it is possible to distinguish 

two distinct dimensions of the purpose of life cycle costing. In earlier phases the focus is on 

estimating expected costs during the life cycle. In later phases the focus shifts to monitoring 

costs that have occurred during the life cycle. 

2.5.2 User of life cycle costing 

The scope of the analysis can be identified to depend on the person who is conducting the 

analysis. A private enterprise and a public organisation have in their nature different goals 

of the analysis. In economic models it is often assumed that the goal of a private enterprise 

is to maximise the profits for its shareholders (Luenberger 1995). In life cycle costing this 

would mean to minimise the capital life cycle costs for the company, for example 

investment costs and expected warranty costs for product development. As it was stated in 

the literature above this simplification on the usage of life cycle costing does not align with 

reality since a private company also must take into account, for example, customer 

satisfaction to provide for future revenue. To be able to communicate any external impacts 

and mitigations to customers may also give a competitive advantage. For a public 

organisation the need to serve the public and therefore to include societal impacts in the 

analysis become more obvious. It is therefore convenient to separate between a financial 

analysis, when only direct costs are included, and an economic analysis if indirect costs for 

users and society are included as well (Ozbay et al. 2004). However, for both private and 

public organisations it is seldom enough to only conduct a financial analysis since customer 

and public satisfaction must be considered in order to avoid partial optimisation (Lindholm 

and Suomala 2004). A financial analysis may be one part of the decision analysis. 

Nevertheless, for a private company the main focus often lay towards financial analyses 

while public organisations focus on economic aspects. The different focuses in the analysis 

will influence how the analysis is conducted, the scope and level of detail. 

2.5.3 Type of studies 

Even though the practical application of life cycle costing has not fulfilled the first 

expectations and excitement of the methodology, life cycle costing has been applied in 

numerous studies in academic fields. Many studies have been conducted in different fields, 

in different types of organisations and with different purposes. In Gupta and Chow (1985) 

the authors surveyed 25 years of application of life cycle costing. The 667 identified 

references covered both theory and applications of life cycle costing in a vast number of 

fields. There have been several attempts to classify the applications of life cycle costing 

based on the type of studies conducted. In Barringer and Weber (1996) six types of studies 

were identified for system engineering. For product management eight types of studies 

were identified in Lindholm (2007) that also were categorised depending on which stage in 
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the product’s life cycle it was conducted.  Four types of studies were identified in 

Woodward (1997) and El Kelety (2006), while finally Asiedu and Gu (1998) identified 

three types of studies for design purposes. Based on these proposals, four types of studies 

were discerned and considered useful for this thesis. 

• Investment appraisals and procurement: For appraisals studies where life cycle 

costs are used in capital budgeting techniques to evaluate the profitability when 

incomes and costs are compared. In procurements it is used to select the best supplier 

considering both incomes and costs of offered services. 

• Affordability and budgetary purposes: Studies to evaluate total cost of a product 

during its life cycle to determine if it is affordable to operate it in the future. One way 

to evaluate the feasibility is to incorporate life cycle costs in budgetary planning to 

compare costs with future budgets. 

• Identification of cost drivers and risk analysis: This type of study is used to identity 

activities that contribute to increases in life cycle costs in order to find saving potential.  

• Design optimisations: This type of study is used to compare and improve product 

designs in order to minimise life cycle costs. 

These types of studies can be applied at different stages in the project’s life cycle. In 

earlier stages the focus is to describe costs for the whole system while later the focus is on 

specific parts of the system. In DLMC (2007) life cycle costing was therefore divided into 

two categories, namely absolute analysis and relative analysis. Absolute analyses are often 

required for appraisals, budgeting and procurement. On the other hand when designing and 

comparing isolated parts of the system, relative analyses may be sufficient to determine the 

most cost-effective option. While an absolute analysis requires a total statement of life 

cycle cost for an asset, the level of detail required in cost estimation is usually lower than 

what is required in relative analysis (NATO 2007). 

2.5.4 Analysis period 

The length of study period depends on, for example, the person who is carrying out the 

analysis, the type of study and the project life cycle stage. Ferry and Flanagan (1991) listed 

the following aspects influencing the anticipated life of a product. A functional life of a 

product refers to the period it is needed. A physical life is the time the product is expected 

to last. Technological life is the time until another technology may outperform the product. 

Economic life is the time until another option is more economic feasible. Finally, the 

authors described the social and legal life as the period until either society or legal 

requirements demand replacement. In (DLMC 2007) two more forms of study periods were 

introduced. First contractual life was described as the time until a contract expires and 

therefore the duration of interest. The second one was arbitrary life depending on for 

example national regulations, best practice or client’s requirements. Depending on what is 

expected to be determent for the product’s life the length of analysis and consequently 

scope varies considerably.  The study period therefore also influences the requirements on 
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the ability to forecast future costs and performance. Other aspects related to time are 

treatment of inflation and discounting (Wübbenhorst 1986). 

2.5.5 Cost estimation modelling 

In Blanchard and Fabrycky (1990) three types of cost estimation methods were introduced 

that can be used in system engineering. The authors argue that in earlier stages the 

availability of input data is limited since the design of the system has not yet been clearly 

defined. In these phases various cost estimating techniques are favourable in order to 

develop cost data. When a new system is developed historic data is scarce and therefore 

difficult to use as direct product data. Analogous cost estimating techniques may therefore 

be employed and by judgement relate different parts of the system to previously estimated 

systems by finding similarities. On the other hand if similar systems have been developed 

before and rich data is available parametric cost models can be used. By relating 

characteristics of these systems to final costs, models can be developed to estimate costs for 

the new systems. This is usually referred as a top-down approach (Asiedu and Gu 1998). 

Finally, when the system’s configuration is clearly defined and the layouts, specifications 

and parts are known, direct engineering and manufacturing estimates can be used for more 

detailed cost models. This bottom-up type approach is usually powerful since total system 

can be associated with actual resource spending.  In the initial phases of the development 

parametric costing is the dominant technique used. In the middle phases a mixture of the 

different methods may be employed. Finally, in the production and construction phases 

direct engineering methods are the dominant used technique. Often mentioned figures on 

the accuracy of cost estimations at different stages of the construction are 30 – 40 % in 

conceptual and preliminary design, 10 – 15 % in detailed design and 5 % during cost 

control (Wübbenhorst 1986, Asiedu and Gu 1998).  
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2.5.6 Modelling of performance 

Performance prediction is an integral part of life cycle costing but the level of detail varies 

considerably depending on the scope of the analysis. This consequently put different 

requirements on prediction models. In Thoft-Christensen (2011) the life cycle cost benefit 

analysis was categorised depending on methodological sophistication. 

 Level 1 – technical level 

 Level 2 – engineering level 

 Level 3 – scientific level   

Analyses at technical level apply simplified models of service lives, operation and 

maintenance actions and costs based on direct observations and expertise. Models on level 

one are typically applied at infrastructure system level. Models on engineering level are at 

average level in sophistication by using engineering simplifications in models but still 

model the deterioration of structure based on simple models. These models can typically be 

used to supply information for the development of models on technical level. On the other 

hand scientific level models are advanced models based on scientific knowledge and 

typically apply mechanistic models for deterioration. In (Haas et al. 1994) the following 

basic types of predication models were presented: 

 Purely mechanistic models based on responses like stresses, strains and deflection 

 Mechanistic-empirical models based on empirical regression equations that are 

related to the responses 

 Regression models where the dependent deterioration model is related to empirical 

independent variables of the structures properties 

 Subjective models based on experiences captured in a structured way 

The above levels and types of prediction models may be grouped into two basic classes. 

Deterministic based models predict deterioration for a single value while for probabilistic 

based models the deterioration is expressed as probability functions resulting in ranges of 

probable conditions (Haas et al. 1994, Troive 1998). 

2.5.7 Risk and uncertainty 

When life cycle costing is used to estimate future costs there are a lot of uncertainties 

involved in predicting future events. It is convenient to separate between risks and 

uncertainties since it will impact how they will be handled in the analysis. Risks are events 

that we know may happen but do not know when but that there is a probability associated 

with the exposure the event. Uncertainties are events that we know may happen but not 

possible to assign a probability distribution to. Risks are commonly handled by performing 

risk analyses. This may range from simpler methods of varying a limited number of factors 

to Monte Carlo simulation where many factors are varied and probability distributions of 

the results are obtained. Uncertainties can for example lay in improbable events or, for 

example, uncertainty about the useful life of the asset. Both risks and uncertainty will 
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influence the scope of the analysis but may influence in different ways. Investments 

associated with high risks may require more detailed models to be able assess the risks and 

more refined techniques for comparing the results. Investments associated with large 

uncertainties may on the other hand only require simpler methods since the uncertainties 

may render the analysis less useful. In life cycle costing it can therefore be distinguished 

whether risks or uncertainties are considered or not in the analysis, therefore if it is 

probabilistic or deterministic by nature, respectively (Korpi and Ala-Risku 2008). 

2.5.8 Cost strategies 

In a simplified way, if only initial cost and future cost are variable, four strategies for 

designing a system can be identified depending on whether these variables increase or 

decrease (Wübbenhorst 1986). A starting point is when initial cost is decreased with 

increased future costs. This gaming situation results in minimising of initial price and is the 

first motivation for the introduction life cycle costing. The next step is therefore the 

conventional way to optimise cost by increasing initial cost and in that way decrease future 

cost. A third cost strategy is when both cost variables increase without corresponding 

payback in benefits, therefore wasteful spending of resources.  However, the ultimate goal 

is when both cost variables decrease without loss of performance. Value analysis of the 

product (Wübbenhorst 1986) and innovations (Stenbeck 2007) are two examples of means 

to achieve this goal. 

2.5.9 Reliability, availability, maintainability and safety 

Life cycle costing is the methodology to quantify life cycle cost. However, as mentioned 

above it is evident that life cycle costing represents a larger concept than simply calculating 

costs. Rather it represents a wider perspective where spending more today or tomorrow is a 

central question through the life cycle (Lindholm and Soumala 2005). It can also represent 

more than just a question of expenditure. In system design the term operational feasibility is 

used to describe a system that is endeavoured to perform in its intended function in an 

effective manner in response to customer needs (Blanchard and Fabrycky 1990). The 

concept of RAMS, an abbreviation for reliability, accessibility, maintainability and safety, 

is recognised as an engineering design tool in the industry used to assess the functionality 

and reliability of a product. In the design of a system performance characteristics are used 

for each concept, where, 

 Reliability is the probability that the system performs its intended function during 

given conditions and time, 

 Availability is the time under which the system is available for the customer 

 Maintainability is the possibility to perform the required actions during downtime 

 Safety is  the probability of avoiding failure 

The concepts of each part of RAMS were originally developed separately but a need for 

integration of the concepts was recognised in order to balance costs and risks. This reveals 

a strong connection to life cycle costing when expenditure in design phase should be 
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compared to the established performance metrics. Despite the recognition in the industry, 

RAMS is less used in the construction industry and infrastructure sector. In Ekberg and 

Paulsson (2010) the application of the concept in railway engineering was explored. For the 

road sector direct application of RAMS is less common (Breemer 2009) even though the 

characteristics are integral parts of pavement design when considering, for example, 

reliability or availability. 

2.5.10 Life cycle costing methodology summary 

As these different dimensions of life cycle costing reveals, there are many possibilities to 

carry out a life cycle cost analysis. Several attempts to describe a unified method of life 

cycle costing have made in, for example, ISO (2008), DLMC (2007), Blanchard and 

Fabrycky (1990),  Ozbay et al. (2004) and Christensen et al. (2005). The many dimensions 

make it difficult to define an exact process description of how to conduct the analysis. It 

has been noted that it is often required to adapt the methodology for each specific situation 

due to the difficulty to develop general models for life cycle costing (Durairaj et al. 2002). 

However, based on the literature above it is possible to distinguish five general steps that 

should be included in the analysis. 

1. Define the scope of the analysis. 

2. Identify possible design alternatives. 

3. Make cost breakdown analyses and collect necessary data for the analysis. 

4. Calculate net present values and performance indicators. 

5. Analyse results, conduct risk analyses and eventually refine design alternatives or 

analysis. 

Depending on the scope of the analysis the content and requirements of these steps will 

vary considerably. For a more detailed description of the methodology, concepts and 

calculations techniques see, for example, DLMC (2007), ISO (2008) and Woodward 

(1997). 
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3 Swedish road planning, design and management 

This chapter will provide an overview of the organisation of the Swedish Transport 

Administration, transport investment planning and road management.  

The ownership of the Swedish road infrastructure system is divided between three types 

of owners and the network has today a total length of more than 214 600 km (STA 2012b). 

The state through the government agency Swedish Transport Administration (STA) owns 

and manages all national and regional roads that in year 2012 had a total length of 98 500 

km (STA 2012b). This represents approximately 25 % of the total road network but supply 

for 70 % of the traffic work each year. This also includes 16018 bridges, around 20 tunnels 

and 37 ferry lines. The local roads are owned by the municipalities with a total length of 

41600 km divided between 290 municipalities. In addition, the road network consists of 

74 500 km privately owned roads that receives subsidies from STA as well as smaller 

private gravel roads that receives no state subsidies with unknown length. The current form 

of the STA as a government agency responsible for the transportation system was 

established in 2010 by the merge of the Swedish Road Administration and the Swedish 

Railway Administration. In addition to roads, the STA is the owner and manager of 12 000 

km of railway including 3842 bridges and 145 tunnels. 

3.1 Organisation of STA 

In year 2011 the STA was appropriated 50 444 million SEK (~ € 5 798 million) by the 

government (STA 2011). In Table 1 the share used for different kinds of measures has been 

divided between investments measures, maintenance and rehabilitation measures and traffic 

management measures for road and railway, respectively. 

  
Table 1: The annual appropriations to STA from 2011 divided between transportation mode and type of measure in million 

SEK (STA 2011). 

 Investments Maintenance and 

rehabilitations   

Traffic management, traffic 

information and operation 

Road 12 531 7 918 1 032 

Railway 12 468 6 119 1 217 

 

In the early 1990’s the former Swedish Road Administration and Swedish Railway 

Administration were divided into several individual state-owned companies. The 

construction and consultant divisions became separated companies whom from there on 

competed on the market together with private owned companies to provide services for 

remaining parts of the Swedish Road Administration, Swedish Railway Administration and 

now the Swedish Transport Administration. This includes providing services in planning, 

design, construction, operation, maintenance as well as research. The Swedish Transport 

Administration now has a clear client role to procure these necessary services. The 

organisation of the STA has six departments called business areas that have different 

responsibilities. “Market and planning” has the responsibility for the planning and 

implementation of the plan of measures, “Operations” has the responsibility for operation 

and maintenance, “Investments” has the responsibility for smaller and medium investment 
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projects, “Major projects” has the responsibility for large projects and “Profit centres” has 

the responsibility for income generating business (e.g. ferry lines, toll bridges) (STA 2011). 

These are further divided into different divisions, units and sections. The departments have 

regional offices in six regions from south to north of Sweden. 

The division between investment budget and operation and maintenance budget and 

consequently on organisational units have several implications from a life cycle costing 

perspective. Firstly, the separate budgets is not ideal for taking life cycle cost decision in 

comparison to using a unified budget (Robinson et al. 1998). Separate budgets limit the 

possibility to transfer funds between the budget heads while a unified allows optimisation 

of expenditure. Annually, the size of budget is negotiated between the government and road 

agency based on the national plan and in the budgetary process.  While it is desirable the 

budget is based on actual needs, this process is highly politicalised when competing with 

other public sectors and therefore far from economically optimal (Robinson et al. 1998).  

Additionally, the separation of the organisation responsible for investment and operation 

and maintenance can also impact the possibility to consider life cycle cost. Lack of 

communication can result in that operation and maintenance problems do not reach the 

investment division (Ferry and Flanagan 1991, Karim and Magnusson 2010).   

3.2 Goals of transportation planning 

The STA is appointed annually by the Swedish government and parliament through a 

regulatory letter to be responsible for the development and management of the 

transportation system together with the financial frameworks. This letter also includes 

directives of how the transportation system is supposed to be developed and the set goal of 

transportation system called the “Overall objective of the Swedish transport policy” and is 

illustrated in Figure 3. The overall goal is to ensure an economically efficient and 

sustainable transportation system for provision of transport services for the people and 

businesses in Sweden (SOU 2009). To this two main goals exist that should be achieved but 

still supporting the overall goals. The functional objective is that the transportation system 

should ensure the citizen’s need of accessibility with good quality and usability as well as 

supporting growth in the whole country and to contribute to gender equality.  The impact 

objective is that the design, function and use of the transport system should eliminate fatal 

and serious accidents and contribute to achieve the nation’s environmental quality and 

health objectives. 
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Figure 3: The division of the overall objective of transport policy in Sweden (Government 2008). 

 

The functional and  impact goals have further been specified by seven and six sub 

objectives, respectively (Näringsdepartementet 2009). One example is the sub objective of 

eliminating fatal accidents by half and severe accidents by a quarter from 2007 to 2020 

(STA, 2014). Every year the government audit agency Transport Analysis follows up 

STA’s achievements and trends of fulfilling the overall objectives of transport policy and 

corresponding sub objectives (Trafikanalys 2012). In support for the auditing Transport 

Analysis uses a number of performance measures suggested by the previous government 

agencies (Banverket et al. 2009), own developed performance measures and in cases where 

quantifications is not possible the objectives are analysed qualitatively instead. The 

performance of transportation system in relation to the goals and objectives forms a basis 

for the decisions of which directives, policies and actions that will be required in order to 

set the development in a desired direction.  

3.3 Investment planning 

3.3.1 Introduction 

One of the main purposes of the establishment of STA was to improve the intermodal 

transportation planning in order to select the most efficient measures. All measures should 

follow the so-called four stage principle that was launched in year 2002 (SRA 2002a). The 

four stages mean that an investment should be preceded by identification of alternative 

measures based on the following sequence of measure types. 

1. Measures that has an impact on the transport demand and mode selection 

2. Measures that result in more efficient use of the existing transportation network 

3. Measures to improve or minor construction of existing roads 

4. Investments in new roads or major reconstruction 

Main goal 
“The objective of transport policy is to ensure the economically efficient and sustainable provision 

of transport services for people and businesses throughout the country.” 

 

Functional goal 
“The design, function and use of the transport 

system will contribute to provide everyone 

with basic accessibility of good quality and 

functionality and to development capacity 

throughout the country. The transport system 

will be gender equal, meeting the transport 

needs of both women and men equally.” 

  

Impact goal 
“The design, function and use of the transport 

system will be adapted to eliminate fatal and 

serious accidents. It will also contribute to the 

achievement of the environmental quality 

objectives and better health conditions.” 
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The idea is to provide a systematic way of thinking in order to identify if more efficient 

means exist to fulfil the overall objectives of transport policy instead of investing in new 

infrastructure projects. The ideas of the four stage principle have been an integral part in the 

development of the new transportation planning procedure for new infrastructure 

investments in response to changes in the Swedish laws on roads and construction of 

railways. Also public participation is an integral concept in this process.  

In the transportation planning procedure the selection of projects is based on the 

preparing studies that identify the needs of the transportation system and prioritised projects 

by utilising the ideas of the four stage principle (STA 2010a).  This process is illustrated in 

Figure 4. This means the identification of the most suitable mean to solve the identified 

needs is supported by transportation system analyses where all feasible transportation 

modes are considered. This analysis includes identification of aims as basis for the further 

planning, description of current situation including deficiencies which ends in an analysis 

of different measures in the transportation system. This process is repeated every fourth 

year and the government and parliament decide which projects should be implemented 

based on political directions, potential fulfilment of goals, budget constraints and cost 

benefit ratios (CBR). This results in a set of prioritised projects and policies that are 

presented in national plan for the transportation system and financial frameworks for 

coming ten years. It is endeavoured that projects are selected and prioritised based on their 

socioeconomic efficiency, assessed by cost benefit analysis or qualitative assessments. If it 

is based on CBR, an incremental comparison approach is often employed (Wright and 

Dixon 2004). The most prioritised projects are included in a planning programme for more 

detailed planning by following the formal planning process that is regulated by laws on 

roads and construction of railways.  

 

 
Figure 4: Process for selection of projects in the national plan (STA 2010a). 

 

The formal planning process distinguishes between five types of planning processes that 

are dependent on the of the project and its estimated impacts on, for example, land use, 

environment and health (STA 2012c). The first type is for small projects in existing right of 

way that typically do not need acquisition of new land nor have major impact on the 

environment. The second type is for projects that may require acquisition of land but have 
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by government through the regional body been assessed to have limited impact on 

environment. The third type requires acquisition of land but has been assessed to have an 

environmental impact and therefore requires an Environmental Impact Assessment (EIA). 

However, in the third type no alternative corridors exist as it does for the fourth type. The 

fifth and last type requires new land, has an environmental impact and requires an EIA, has 

several alternative corridors and also requires a permissibility study by the government. 

The process of fifth type will be described further below. The process starts with an initial 

study where basic project information is collected and analysed. This first includes the 

project goals, identification of stakeholders, other adjacent plans and potential impacts. 

Secondly, a functional analysis is performed where problems regarding accessibility, 

geographical limitations, environmental impacts, health impacts, jurisdiction and the 

project’s aims are analysed. Partly based on this information the regional government 

decides if the project may have significant environmental impact. The third step is to 

identify different corridor alternatives for where the road or railway may be constructed. 

The selection of alternatives is based on if they are considered to be able to solve the 

project problems and are technical and economical feasible. The consequences and effects 

of the alternatives are compared and form the basis for the decision of selecting the most 

appropriate corridor. The information is used for selecting the most suitable alternative and 

for approving the EIA and to get permissibility. The next step is to develop a design plan 

where the required land is clearly stated in order to acquire right of way. In order to do this 

the technical solutions need to be detailed and the needs for environmental protection 

actions are identified. The final step is to plan how the road or railway is supposed to be 

constructed where the detail is based on the contractual form. These steps follow in 

principle the previous procedure for physical planning with an initial study, a feasibility 

study, an investigation study, a design plan and construction documents. The subsequent 

section has been based on official documents for each step (SRA 2002a, SRA 2002b, SRA 

2005, SRA 2006, SRA 2010, STA 2010a). 

3.3.2 Decision making in the physical planning process 

A project can be initiated in many different ways, formally and informally. In the document 

SRA (2005) it is presented how to do this more systematically in an early study by 

collecting ideas from the public, needs and problems identified by the users. Based on the 

data problems in the transportation system with respect to the transport policy goals are 

identified, future outcome if nothing is done is described and possible solutions are 

identified based on the four stage principle. An identified project is included in the planning 

of measures process where its benefits and costs are compared with the ones of other 

projects. If the project is considered important it is further studied in the formal planning 

process, beginning with a preliminary study. 

The preliminary study is a continuation of the initial study with further and more 

detailed studies of the problems, user needs and prerequisites. Based on the goal of the 

transport policy different measures are identified using the four stage principle. In these 

stages the goal is to find the most efficient mean to solve the identified needs by 
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considering several transportation modes and options in as an unprejudiced way as 

possible. The identified measures, collected data and analyses from the preliminary study 

are used and parallel projects are included in the preparing studies in the national planning 

of measures where the projects are analysed and ranked based on transportation system 

analyses including cost benefit analysis. In support for the decisions between different 

transportation modes, transportation network analysis tools are used for assessment of 

measures in the transportation network on a national level for several transportation modes 

including road, rail and air transport (Jansson et al. 2010). The operation and maintenance 

cost is based on simple, analogous models that try to describe total cost for the project. The 

result of the CBA is used as a basis for project appraisals and prioritising between projects. 

Prioritized projects are included in the national plan for the transportation system and 

programmed for implementation in planning period. If several corridors were identified in 

the preliminary study the next step in the planning process is to continue with an 

investigation study in accordance with the Road act. If only one corridor is feasible but 

several road standard options are possible, an informal technical investigation may be 

conducted separately or in the preliminary study or in beginning of the design plan work. 

The purpose of the investigation study is to identify and assess the different identified 

corridors where the road can be aligned in order to establish the link between location A 

and location B. The alternative generation of the corridors should follow a process where 

first the overall geographical boundaries for the project are identified, infeasible areas due 

to geographical, local communities, environment or construction difficulties are excluded 

which result in remaining areas where possible corridors exist. Furthermore, corridors with 

low fulfilment of the transport policy and project goals are rejected. This results in a set of 

possible measures with different corridors, technical solutions and road standards. One of 

the alternatives should always represent status quo and one with minor improvements 

representing stage two and three in the four-stage principle. The width of the corridors 

should be wide enough to minimise the risk that in later design phases the corridor area is 

exceeded. This requires decisions on the overall road standard including speed limits, road 

type, grade separation, horizontal alignment and vertical alignment based on transport 

policy goals, network level traffic assessments and usage. The remaining feasible corridors 

are first assessed in a consequence analysis on the impact on transportation policy and 

projects goals, traffic, road users, local communicates and regional communities. The 

Environmental Code requires that an early EIA is conducted over the alternatives to assess 

the environmental impacts. The final part of the consequence analysis includes the 

consequences on the road agency for investment costs and costs and responsibilities for 

operation and maintenance costs. In the final analysis of the alternatives risk analyses, 

consequence analyses and cost-benefit analyses are conducted to reach an overall 

assessment of the alternatives. In Sweden a cost-benefit analysis model is used to assess the 

benefits and costs of different road corridors. The model includes: 

• Benefits in travel times depending on level of service of road links and traffic facilities. 
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• Costs for investments and operation and maintenance costs depending on road type and 

traffic volumes. 

• Accident costs. 

• Pollution costs. 

• Vehicle operation costs. 

In this step the purpose is both to perform project appraisals and to find best investment 

alternative. CBA is used to analyse consequences on benefits between each alternative. In 

this step future operation and maintenance cost also become more influential.  Depending 

on road corridor, road type and geography the needs of, for example, road pavement, 

bridges and tunnels vary considerably and consequently life cycle cost.  Type of studies 

could, for example, be appraisals, identifying cost drivers (Karim 2011), design 

optimisation (Troive 1998, Aitta et al. 2009, Ferreira and Santos 2013) and affordability of 

different road corridors including structures, such as bridges (Safi 2013). 

The next step in the planning process is to establish a design plan that is required in 

order to get legal permissions to construct the road. Detailed geometric plans of the road 

area are required for the authorities to be able to assess the impacts on the environment and 

property owners. The Swedish Road Act states that land intrusions should be minimised to 

the largest extent. Further, an established design plan is repealed five years after it first was 

approved or if prerequisites for the project is significantly changed, which makes it 

necessary to be determined that the project fits in budget in the close future. This requires in 

further detail to determine the road’s horizontal alignment, vertical alignment, road design 

and required structures in order to determine needed right of way. If the EIA is approved by 

the count administrative board and the central function of STA approves the design plan if 

it is correctly conducted resulting in approved right-of-way for the project. Further, if the 

design plan is approved and funds are reserved for the project, the project is prepared for 

procurement and construction where the extent varies depending on procurement and 

contract forms. If a design bid build (DBB) contract form is used, STA is responsible for 

the design of the structures and by specifying the construction documents with quantities 

and specification for which the contractors leave tenders on the construction. In order to 

obtain the specified quantities and qualities a structure of technical requirements, design 

code and regulations exist with varying legal obligations at four different levels (Rosell 

2009).  The top level includes legal regulations set by the STA in the role as government 

agency that includes regulations regarding a structure’s resistance, stability and 

performance. The second level includes STA’s internal regulations for how to act as a 

construction commissioner. The third level includes documents of the requirements for 

different structure types to be used in procurement of contracts. These documents specify 

requirements in the design, materials, construction and quality assurance. The last level of 

documents consists of recommendations and good practice for designing, material selection 

and implementation. If a design build (DB) contract form is used the design decision lay to 

large extent on the contractor and STA instead prepare the contract form and specify the 

performance requirements. 
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Since the design plan requires that the required land is specified, the overall road design 

is decided. The focus is instead on detailed specifications of how to build the road. From a 

life cycle cost perspective this phase is therefore associated with design optimisations in 

order to find designs, materials and methods that minimise total cost given the overall 

specified design. Identifying cost drivers and risks may be important tasks to support in 

finding design alternatives. In the procurement of a project the procedure of how to conduct 

life cycle costing depends on contract form. In a DBB contract the design decisions are 

taken by the principal while the agent carries out the task. Therefore, for the former life 

cycle cost analysis is used to select the design’s components which are included in the bill 

of quantities. On the other hand, in DB the contractor is responsible for more of the design. 

Depending on contract period, the extent that the contractor is allowed to influence the 

design varies and also how the principal handles life cycle cost. Performance requirements 

are often used for contracts with longer duration and these should be set so minimum life 

cycle cost is achieved by influencing the contractors design decisions (Karlsson and 

Wennström 2012, Karlsson et al. 2012).  

3.4 Operation and maintenance management 

3.4.1 Introduction 

The Department of Operations is responsible for the operation and maintenance of the road 

network including, for example, pavements, bridges, tunnels, road equipment, roadside 

areas and traffic systems. The department consists first of a top level including 

administration but also strategic analyses. On the next level different units are responsible 

for different regional areas, systems, research and development and procurement. 

Based on the national plan for the transportation system an overall strategy has been 

developed, stating that “Operation and maintenance should be performed in such way that 

the traffic should arrive to its destination with the correct quality of service today and in the 

future”. The strategy should be achieved by fulfilling the road users’ expectations, being 

cost-effective and creating long-term sustainability. In this plan six quality attributes were 

also formulated as goals for the management of these structures (STA 2010b). Every goal 

consists of three different levels specifying varying degree of performance. 

• The Accessibility quality attribute relates to the expected delays of a trip as a function 

of the structure’s performance and design including the facility’s level of service, work 

zones and other disruptions. This also includes the punctuality. 

• The Robustness quality attribute relates to a structures’ resistance against major 

impacts, such as, natural disasters and accidents. 

• The Traffic information quality attribute concerns the information to the users 

concerning the structure’s operational status in normal operation and work zone 

operation, forecasts and traffic management. 

• The Comfort quality attribute includes comfort related to the structure’s performance 

and comfort related to design, aesthetics and cleanliness of road and roadside areas and 

availability of resting areas. 
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• The Safety quality attribute is that a trip should be able to be taken with minimal risk 

for injuries depending on the infrastructures’ and inventories’ performance 

• The Usability quality attribute concerns the public’s possibilities to have access to the 

road network. 

To be able to prioritise, the road network system has been divided into five road types 

based on the type of traffic, traffic volumes and traffic environment for which the different 

objective levels have been assigned. For example on high traffic volume urban roads delays 

should not exceed 15 minutes for a normal trip with 80 % satisfied customers.  

3.4.2 Road management process 

The management process for operation and maintenance in Sweden is based on a 

framework for control of the operation and maintenance organisation (STA 2013). The 

purpose is to control that the long-term condition on the network is maintained or improved 

in desired direction based on transport policy goals and delivery qualities. The framework 

follows a division of functions in the management process into the four functions that 

follow the conventional separation of management functions, namely planning, 

programming, preparation and operations (Robinson et al. 1998). Planning typically 

involves long-term strategic planning of activities, expenditure and budget considerations. 

This information is used with indicators of network performance to communicate with 

decision makers and negotiations on needs of annual appropriations for operation and 

maintenance together with budget for investments. This work is carried out by planning and 

economic units. For example, for pavement management a system is used to predict road 

user costs for the whole road network based on different budget scenarios. This is later used 

in negation of funding levels. Programming involves tactical planning of the necessary 

measures in medium to long-term in order to fulfil goals and set objectives, for example, on 

delivery qualities and prioritised roads. This includes programming of measures on 

different objects, during different years and under budget constraints. Preparation involves 

planning of candidates in medium time range where they are further detailed and in order to 

determine the time for implementation among the other implementation candidates. Finally, 

when a project is implemented, operation involves detailed scheduling of how to carry out 

the project and, depending on type of structure, procurement scheme, including labour, 

equipment supply and monitoring. Each function is evaluated based on how to achieve 

desired technical condition, necessary measures to achieve this and finally their impacts. 

Also for management different contract forms may be used. In traditional DBB the 

principal specify which maintenance works should be carried out and contractors bid on 

these works. However, in performance-based maintenance contracts performance 

requirements are instead set for a road or a structure and the contractor plan and design 

maintenance and repair works to fulfil these requirements. Often large areas are procured, 

in this case for example a whole road link or area of bridges (Mattsson 2008).  
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4 Case studies on application of life cycle costing 

In this chapter a background will first be provided for the case of sparse collision-free 

roads. This case has been studied in the first and second paper and these will be presented 

below. Finally, paper three is presented briefly. 

4.1 Background to sparse collision-free roads 

During the early 90’s the Vision Zero was devolved as a traffic safety programme in 

Sweden. The name of programme refers to the goal that it is not acceptable in the long term 

that a person is killed in traffic. One result of this vision was to shift some of the 

responsibility from the road users to system designer. This increased the importance of road 

design to provide safer road environment for users. The Swedish government desired at the 

same time that roads should be able to be constructed or reconstructed with a low 

investment cost, less land intrusion while substantially improving traffic safety. A result of 

this was the development programme of alternative road designs to conventional 

motorways, most noticeable by the introduction of the so called collision-free road (“2+1 

road”). The most noticeable characteristics of this road type are that the two driving 

directions are separated by a barrier, most commonly a cable barrier, and that the 

overtaking possibility is shifted between the directions. In this way only three lanes are 

required on one carriageway. This makes it possible to convert existing roads relatively 

easily and inexpensively by limiting need of new land acquisitions. During the first years 

after implementations the road type was followed up thoroughly regarding, for example, 

traffic safety, traffic flow level of service, investment costs and operation/maintenance 

costs. This resulted in an official report that summarised the performance and 

socioeconomic profitability of the road type. The conclusion of the traffic safety 

performance was that the road type reduced fatal traffic accidents by up to 76 % compared 

to before conversion from 13 m wide single carriageway road. This reduction is comparable 

to a conventional motorway. Also together with improved accessibility and low road 

agency costs, the road type was indicated to be highly socially profitable when benefits 

were compared to its costs. First, in the report an increase in operation and maintenance 

costs was reported, and secondly, afterwards maintenance personnel had expressed 

difficulties to carry out operation and maintenance activities, had been associated with the 

road type. Increased costs for pavement rehabilitation, road equipment repair and winter 

maintenance compared to before conversion have been recognised. In recent years a new 

road type has evolved and been implemented, often called sparse collision-free road. This 

road type is still using separation between the directions but for most of the road length 

there are only single lane sections in both directions. During the design it is usually targeted 

that either 15 %, 20 % or 30 % of sections has overtaking possibility unlike the 

conventional collision-free road that usually targets 40-45 % overtaking possibility. Since 

this type of road is usually based on converted 9 m wide roads this further limits the 

investment cost due to less land required. Construction of this road type therefore relate 

well to the four stage principle that are endeavoured in the selection of measures. Due to the 

separation, preliminary report regarding the traffic safety (Vadeby et al. 2013)  indicates 
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that is just as effective in reducing traffic accidents as a conventional collision-free road 

and sufficient traffic flow service level when used for medium traffic roads (STA 2012a). 

However, one concern about sparse collision-free roads has been towards operation and 

maintenance. Due to narrower lane widths and more single lane sections it has first been 

anticipated that pavement deterioration may further be increased, reducing the service life 

of each rehabilitation treatment. Further concerns about maintenance costs have been 

toward crash barrier repairs and winter maintenance, even though this is not expected to be 

very different from collision-free roads. Another concern has, however, been the 

maintainability when maintenance works are carried out. This concern has especially been 

targeted to the single lane sections due to narrow lane widths and separation barrier that 

limits the work space and logistics. For paving works this limits the possibility for delivery 

trucks to unload the asphalts on the paver, unless the separation barrier is removed or a 

shuttle buggy is used. However, to carry out the work a full closure of the road is most 

often necessary and has been raised to be preferred by the workers. Detours of traffic 

during work activity often result in costs for the road users due to the extra travel distance; 

lower road standard and roads not designed to normally accommodate the traffic volumes. 

4.2 Description of case on road RV35 

Road RV35 in the county of Östergötland in Sweden was chosen as the case study and is in 

the planning phase to be converted to a sparse collision-free road by 204. The road is today 

a commuting road between the city of Linköping and town of Åtvidaberg with a total 

length of approximately 32 km. The existing road’s width varies between 8 and 9 m and the 

major part of the road has a speed limit of 90 km/h. Cross sections of the two section types 

are illustrated in Figure 5. This road project was selected as case study since it is an early 

project of many that are expected to be implemented in the coming years. It also had 

characteristics that were considered to be suitable for a case study in order to be able to 

generalise the findings. This included that the traffic volume is typical in relation to the 

traffic volume range in which the road type is considered to be suitable according to the 

Swedish road design guide, the road has normal geographic surroundings and a road 

network normal for the road type’s application. Impacts of detours are therefore considered 

to be applicable for other cases. 
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Figure 5: Illustration of road sections. a) is a single lane section and b) is a double lane section. 
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4.3 Paper 1:  “Life cycle cost considerations in project appraisals of 
collision-free roads” 

4.3.1 Summary 

In this paper the implications of increased operation and maintenance costs on the project 

appraisal were studied (Wennström et al. 2013). Even if operation and maintenance cost 

and work zone road user costs are expected to increase for the sparse collision-free road, 

the increased road standard is also expected to improve the road’s level of service and 

traffic safety. In order to determine if the project is profitable for the society the benefits 

must be compared to costs. The methodology selected to assess the profitability was an 

approach with cost benefit analysis but with more detailed costs by integration with life 

cycle cost analysis. The implications from an appraisal and affordability life cycle cost 

study point of view were thereafter discussed. This type of analysis requires an absolute 

analysis of life cycle costs in order to determine a total statement of costs, while the level of 

detail is less important (NATO 2007). 

The results from the analysis indicated substantial increases in operation and 

maintenance costs when compared to a basic alternative of keeping the road as a single 

carriageway road, as illustrated in Figure 6. All road agency cost categories consisting of 

pavement cost, crash barrier, winter maintenance and miscellaneous costs were expected to 

increase. The largest increase was observed for pavement cost due to significantly reduced 

pavement service lives and maintenance costs. Also increased road user costs due to work 

zone activity are expected due to the necessary detour of traffic. Together with higher 

investment cost this resulted in higher life cycle cost.  

 
Figure 6: Life cycle costs for the two studied alternatives including both investment cost and future costs. 

 

As stated above, costs must be compared to benefits to determine if investment cost and 

these increased operation and maintenance costs are profitable for the society. The 
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results indicate that this project is still profitable. Total costs for three studied alternatives 

are presented in Figure 7. When road agency costs are compared to the benefits in normal 

operation they constitute less than 10 % of total costs. Road user costs in work zone 

condition are also relatively small compared to total costs. As an example, work zone delay 

costs are around 3 % of total travel time costs. Nevertheless, when a road design alternative 

with 40 % overtaking possibility was studied the results indicated that the alternative could 

be profitable compared to the alternative with 20 % overtaking possibility due to reduced 

road user costs in occurrence of work zone activity. Another possibility to optimise the 

design could be to reduce, for example, pavement costs by building with higher standard. If 

the reduction in operation and maintenance cost is larger than the increase in investment so 

the profitability index is improved, this would be rational from a socioeconomic point of 

view. 

 
Figure 7: Total costs (benefits) for three road designs including agency costs, travel costs and accident costs. 

 

Can increases in operation, maintenance and work zone road user costs be considered a 

problem when they are relatively small compared to total project cost? This analysis was 
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period and discount rate. It is often noted that construction and especially asphalt costs 

increase more than consumer prices in general, meaning future maintenance will become 

more expensive while the social real discount rate assumes a normal inflation rate. For 

example, a sensitivity analysis where road agency costs were discounted with a lower 

discount rate than benefits and road user costs lowered the profitability. Should the road 

design then be optimised to lower maintenance and road user costs? Several implications of 

Swedish road planning imply the difficulty of taking the decision on project level. One 

identified problem is the separation between investment and maintenance organisational 

divisions and budgets. If a decision is taken where investment cost increases while saving 
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future costs there are lack of incentives to make this savings for the investment division. 

Rather, the process of selecting projects today has been suggested to be discouraging to 

increased investment costs (Flyvbjerg 2002). There are also moral aspects where the saving 

in investment cost may allow other projects to be implemented and potentially save lives. 

Additionally, constructing with higher standard is associated with higher risk of cost and 

construction time overruns. A project’s life cycle cost is only one aspect that has to be 

considered in project appraisals and final decision must be based on multiple criteria.  

4.3.2 Conclusions 

In this paper the following conclusions were drawn: 

• For this case study sparse collision-free roads are expected to increase operation and 

maintenance cost and work zone road user costs compared to a single carriageway 

road. 

• Benefits in improved traffic safety and road user costs are anticipated to be larger than 

costs and therefore profitable for social economy. 

• However, several hindrances in Swedish road planning and design exist for taking 

decision that result in higher investment cost. 
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4.4 Paper 2: “Possibilities to reduce pavement rehabilitation cost of a 
collision-free road investment using an LCCA design procedure 

4.4.1 Summary 

This paper was a continuation of the paper above by carrying out more detailed analysis of 

pavement deterioration and possibilities to optimise life cycle cost on the same case study 

(Wennström and Karlsson 2013). Pavement cost was identified as a large cost category and 

also exhibited a large increase. The observed increase in pavement deterioration on 

collision-free roads is caused by more channelized traffic which decreases the lateral 

distribution of vehicles. This makes the deterioration more concentrated with increases in 

rutting from heavy vehicles, rutting from vehicles equipped with studded tires and fatigue 

cracking. The lateral distribution is affected by many factors related to traffic, road design 

and environment (Buiter 1989). Narrower lane widths and road barriers closer to lanes are 

believed to cause the decreased lateral movement on collision-free roads. On sparse 

collision-free roads the lane widths are even narrower and therefore believed to further 

decrease lateral distribution and consequently increase pavement deterioration and cost. 

This claim was investigated and possibilities to minimise life cycle cost were evaluated. 

The methodology was to carry out an LCCA of pavement design alternatives by 

estimating service lives using a pavement deterioration model. Data of lateral wander on 

collision-free roads were collected and analysed to find relationships of the variation due to 

lane widths. Pavement deterioration models for wearing from studded tires, permanent 

deformations in pavement layers and fatigue cracking were used to estimate services lives 

for different pavement designs depending on the lateral distribution. These were 

subsequently used in the LCCA to estimate pavement maintenance costs and road user 

costs. Together with investment costs, it was possible to compare life cycle cost for each 

design alternative. 

Results in the analysis indicated first that pavement service life was substantially 

impacted of the traffic’s lateral position distribution which consequently impacted rutting 

from heavy vehicles, rutting from studded tires and fatigue life. Using the life cycle cost 

analysis procedure it was possible to estimate costs for investment, rehabilitations and road 

users. All cost categories were largely impacted by pavement’s service life, illustrated in 

Figure 8. Service lives can be improved by using abrasion resistant stone aggregates, 

deformation resistance binder layer and lane widths. This consequently reduces 

rehabilitation cost and road user cost but increases investment cost. Many design 

alternatives yield similar life cycle cost.  
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Figure 8: Resulting life cycle cost for studied design alternatives 

 

To identify a preferable design alternative many criteria can be used. Sensitivity 

depending on different criteria is illustrated in Figure 9. When using a discount rate of 4 % 

both including road user cost or not would result in lower life cycle cost than a reference 

alternative. Including road user cost in the decision would make the alternative with lowest 

life cycle cost to have an annual rehabilitation cost comparable to a single carriageway 

road. A lower discount rate would additionally lower annual cost. 

 
Figure 9: Sensitivity of three identified design alternatives on scope of analysis and discount rate 
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4.4.2 Conclusions 

Based on the second paper the following conclusions could be drawn: 

• The pavement performance modelling indicated increased pavement deterioration due 

to reduced lateral distribution compared to both single carriageway road and 

conventional collision-free road 

• The analysis indicated that it is possible to substantially influence future costs. Road 

agency costs can be reduced to be comparable to the basic single carriageway 

alternative. Road user costs are still larger but travel time benefits in normal operation 

of collision-free roads still makes it profitable 

• The design alternative yielding lowest life cycle cost is dependent on selection 

criterion, for example different cost categories and discount rates 

• In many cases there are small differences between the design alternatives and therefore 

the results are sensitive to input parameters. There are many possibilities to achieve 

similar life cycle cost and other criteria must be considered in decision, for example 

risks, or as in this case, pavement durability issues. The analysis was also limited to 

flexible pavements and concrete pavements have been suggested as a good alternative 

on collision-free roads.  
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4.5 Paper 3: “Microsimulation of work zone delays and applications in 
pavement management” 

4.5.1 Summary 

In this paper the implications of including work zone delay costs in pavement selection 

using life cycle cost analysis were studied (Wennström and Karlsson 2012). The need of 

maintenance activities are expected to increase with aging infrastructure and together with 

increased traffic and road user demand this will pose challenges for road agencies to 

balance road user impacts and maintenance activities. Work zones first decrease driving 

speed causing delays and secondly reduce the traffic flow capacity which increases risk for 

queues. The traffic analysis method microsimulation was evaluated as the method to assess 

road user delays. Several cases were simulated from which relationships of delays could be 

developed. These delays were implemented in a life cycle cost analysis model to analyse 

costs for delays against road agency costs for selecting pavement wearing course. 

Both work zones on motorways and single carriageway roads were studied. The results 

suggested that delay costs become an important cost in life cycle cost perspective when 

traffic flows are approaching the work zone capacities. This shifted the annual average 

daily traffic (AADT) level when stone mastic asphalt (SMA) becomes optimal compared 

with hot mix asphalt (HMA) downwards. 

To include road user costs in LCCA has sometimes been encountered with scepticism 

due to concern that it will results in increased costs for the road agency (Ozbay et al. 2004). 

A road agency exists to provide accessibility for the society. Failure to take into account all 

relevant costs may results in suboptimal decision, as indicated in this analysis. 

4.5.2 Conclusions 

Based on the third paper the following conclusions were drawn. 

• Work zone delay cost becomes an important cost category in an LCCA when traffic 

flows are close to or exceed the work zone capacity. 

• In these cases road user cost becomes in the same magnitude or higher than road 

agency costs and contributes to large share of total life cycle cost. 

• Road user cost gives a large impact on selection of optimal design alternative in high 

traffic flows. However, due to uncertainties in these cost estimations and inability of 

road agencies to charge road users for additional spending, this is sometimes 

encountered with resistance. 
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5 Discussion 

Life cycle costing is an ambiguous methodology and its scope varies considerably 

depending on the user, purpose and ambition. First, a private and a public organisation have 

different motives for the application of life cycle costing. While it is not as simple to say 

that a private company’s motive is to maximise profit by minimising costs, there are 

certainly differences between the types of organisation in the degree and how external 

impacts are considered. This does in turn, for example, influence the length of the study 

period and the required level of detailing in the analysis. Life cycle costing can also be 

applied at many stages in the project’s life cycle which similarly influences the scope. The 

flexibility of life cycle costing makes it possible to apply the methodology at many discrete 

points through the life cycle from preliminary investigations and detailed design to 

operation and disposal (Cole and Sterner 2000). This is indeed one of the methodology’s 

strengths, but this also makes the practical application complex. Despite that the concept of 

taking life cycle based decisions in road planning has been recognised in several hundred 

years and methodology more than 40 years the practical application in both public and 

private sectors are still scarce (Ferry and Flanagan 1991).  

A possible explanation for the limited practical usage may be that many systems are 

complex while life cycle costing is based on many simplifications. The general goal of the 

development of most products, systems or infrastructure is to achieve some kind of 

sustainability, whether it is economically, environmental or social.  However, it is seldom 

only one goal but rather several goals that are targeted simultaneously which make the 

practical decision making more difficult. Indeed, the overall Swedish goal of transport 

policy is closely related to the definition of sustainability. The general goal for STA is to 

make investments in and manage existing transportation system to improve accessibility, 

environment and health, which are driving motivations for the development of the 

transportation system. Life cycle costing targets the economical aspect of sustainability but 

ideally it would be desirable to make valuations of all impacts of an investment, including 

social, aesthetics and environmental aspects, for example suggested by Aitta et al. (2009), 

Du (2012) and Safi and Du (2013) for bridges. This can also be considered to be the general 

purpose of life cycle costing whether it is private cost, public cost or environmental cost. 

How can total cost be minimised for a product, a system or an infrastructure asset? 

However, due to the complexity it is often necessary to break down problems and just focus 

on one small problem at the time. This formed the basis for the case studies carried out in 

this thesis. 

5.1 Analysis of case studies 

In this thesis the application of life cycle costing in different project stages in the road 

planning process has been studied in three cases. In the third paper the implication of work 

zone road user costs on the selection of pavement surface course was studied. A relative life 

cycle cost analysis was conducted where only investment cost, operation and maintenance 

cost and road user cost differing among the studied alternatives were included in the 

analysis. Pavement service lives were modelled based on subjective models from pavement 
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expertise (Karlsson 2008). This type of optimisation of an individual component in relation 

to both agency cost and road user costs has its common application in either late detailed 

design or in the road management phase. In the presented case studies there were possible 

to find intersection points in traffic flow level where the more expensive alternatives 

became more cost-effective. When road user costs were incorporated a shift of the 

intersection point to a lower traffic flow level was observed. This would imply that the 

more expensive alternative would be preferable in more cases resulting in higher 

investment costs. Is this increase justified? An obstruction often expressed to include user 

costs in the decision making in life cycle cost analyses is that the road agency cannot 

charge the users for the extra benefit it provides. There may also be a sense that a capital 

cost is more real than a cost for the user that involves greater uncertainty. However, totally 

neglecting user costs is not an option either since it may result in skewed results and 

suboptimal decisions (Ozbay et al. 2004). STA has for example set goals for operation and 

maintenance of the road network, where one objective is that traffic should not be delayed 

more than 15 minutes (STA 2010b). Road user costs must therefore be recognised in 

decision making. 

5.1.1 Observations from the first paper 

In the first paper the use of life cycle costing in the preliminary and investigation studies 

was explored. Alleged increases in operation, maintenance and road user costs have been 

raised as an issue related to collision-free roads. This has in turn questioned long-term 

economic sustainability, including both socioeconomic and fiscal sustainability. An 

absolute life cycle cost analysis was first carried out that can be classified as an 

affordability study. For example, pavement service lives were collected from empirical data 

from the pavement management system (PMS). The resulting absolute life cycle cost was 

thereafter incorporated in a CBA for making a project appraisal. In the presented case 

sparse collision-free roads and implications of increased OM&R and road user costs were 

studied. The social benefits are undoubtedly high both ethically and socioeconomically for 

the road type. The CBA conducted in this case study revealed socioeconomic profitability 

for the project despite that the life cycle cost analysis suggested that OM&R cost and work 

zone road user cost increased substantially. This first exposes the problem of solely using 

life cycle cost as an indicator to determine the affordability. Public projects are 

socioeconomically efficient if the benefits are larger than the cost and therefore need to be 

assessed to determine if they are rational from society’s point of view. The case study acted 

as an example where it is possible to make savings in the investment in order to implement 

more projects that provide high socioeconomic return. However, collision-free roads are 

also expected to increase operation, maintenance and road user costs and therefore increase 

the road management’s liabilities if the road is built as expected. This would not cause 

problems if this was properly accounted for when budgeting for future maintenance. In the 

discussion of the paper several potential problems were identified and discussed that 

prevent proper accounting in practice. Organisational fragmentation, lack of incentives, 

high construction cost inflation and increased user demands were given as examples of 
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problems that make it difficult to properly plan for future maintenance. Another finding 

from the case study was that operation and maintenance related costs, both agency and road 

user costs, were relatively small in comparison to costs in normal use. Similar conclusions 

were drawn in (Thoft-Christensen 2011). This could reveal that other aspects of road design 

are equally or more important to reduce total cost for a road. Measures for improved 

accessibility or traffic safety might be more cost-effective. For example, an accident can 

cause jamming of traffic for several hours that may cause more delays than road user costs 

during road works. Life cycle cost must be set in the wider perspective of goals for the 

transportation system. 

5.1.2 Observations from the second paper 

In the second paper the possibilities to optimise life cycle costs were studied in a life 

cycle cost analysis study. This type of study is usually carried out in the detailed design 

stage in order to find a design that tries to minimise the life cycle cost given that the 

alternatives otherwise yield the same benefits. In the first paper the analysis indicated that 

pavement cost was both the largest cost category and also exhibited the largest increase. 

The possibility to reduce life cycle cost was examined by applying pavement design 

models. This gave the opportunity to model future pavement deterioration depending on 

pavement design parameters to give a reasonable prediction on service lives. This was 

incorporated into a life cycle cost analysis together with rehabilitation cost estimations on 

collision-free roads and road user costs. Different criteria for selecting the optimal 

alternative were compared. First, similarly as in paper three the inclusion of road user costs 

or not was examined. Secondly, different discount rates that can represent different 

construction cost inflations were examined. Depending on the selected criterion the optimal 

life cycle cost and selected design alternative varied considerably. If a standard discount 

rate and both agency and road user costs were included then the selected alternative would 

give future maintenance cost for the agency that was comparable to a single carriageway 

road and reduce work zone road user cost. A lower discount rate would further decrease 

future costs if the design is optimised against this rate, for example it may be justified if 

asphalt prices are expected to increase more than the general inflation. The analysis 

indicated that in both cases a higher standard than the reference alternative would be 

preferable. The analysis also indicated that many alternatives give similar life cycle cost 

also noted in other studies, in for example Lindholm (2007) and Haas et al. (1994). 

5.1.3 Cross findings from all case studies 

From the studies in these three papers a continuum in the decision process with respect 

to planning and designing for life cycle cost consideration can be observed. In the 

preliminary and investigation studies all possible projects should be compared to each other 

in order to find a portfolio of projects that best fulfil the set transportation goals and that 

maximises the socioeconomic efficiency. It is desirable that the decision can be based on as 

good predictions of costs and benefits as possible. The cost benefit analyses conducted at 

this level are based on rough estimations of the assets’ design and consequently its benefits 
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and costs. However, the decisions taken at this early stage will in large degree determine 

the prerequisites for later design and will also have impacts on future performance. As an 

example from paper one, the narrower lane widths on sparse collision-free roads 

substantially reduced pavement service life and consequently expected life cycle cost. In 

the design plan the design is determined on a more detailed level. The objective becomes to 

fulfil the appointment from planners with a given budget. In this phase the whole asset and 

components would desirably be optimised so that the life cycle benefits are maximised and 

costs minimised. In this case study it was largely possible to influence future performance. 

However, due to project budget constraint the opportunities become limited. If the benefits 

can be increased or costs decreased so an alternative design gives a higher net present 

value, then the alternative would give a better rank in the project priority list. In the second 

paper the analysis indicated that life cycle cost for pavements can be reduced substantially 

by pavement design choices. However, two problems can be identified. First, an increase in 

investment cost may reduce the possibility for the project to be included in the investment 

plan. Secondly, on the social side, even though the valuation of benefits should make them 

equally comparable, for example, a travel time saving in one project may be valued less 

than the possibility to implement another project that could save a life. Other aspects in 

decision making must be recognised when considering life cycle cost. 

A problem shared among all studies in the papers has been a difficulty to identify a 

definitive decision that would be expected to be best from a life cycle cost perspective. 

Whether it was other benefits, risks, budget constraints, road user costs or many possible 

design alternatives, other perspectives than life cycle cost must be considered in the 

decision making. In the first paper the increased operation and maintenance cost on 

collision-free roads were set in context that the investment substantially improves travel 

time and traffic safety in normal operations. Despite increased operation and maintenance 

liabilities and work zone road user costs, the investment was expected to be profitable for 

society. In the second paper the results indicated that it is possible to reduce future 

operation and maintenance cost through optimisation of pavement design. Firstly, the 

chosen selection criterion for discount rate and which costs to include determined which 

pavement standard to choose. Secondly, even if the analysis would indicate a substantially 

lower life cycle cost but with increased investment cost, it is not certain this alternative 

would be selected anyway. For example this may increase the risk that the project is not 

implemented in the coming planning period or increase risks during construction. On the 

other hand, several examples of difficulties and problems related to manage increased 

operation and maintenance liabilities were provided above. Additionally, there is a 

perception within STA that operation and maintenance concerns are not prioritised enough, 

see for example, Karim (2008). It seems to be a discrepancy of what the economic analyses 

yield and the perception of need to prioritise operation and maintenance. 

Another observation from all of the studies, explicitly noted in the second paper, is 

uncertainties in results. Results were sensitive to input parameters, assumptions and, for 

example, maintenance activity plans. In the second paper many pavement design 

alternatives were close to lowest life cycle cost. Similar findings have been noted in other 
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studies, for example (Lindholm 2007). Therefore, the decision cannot directly be based on 

the first best alternative without considering adjacent solutions. Risks, familiarity of the 

product and budget considerations must be taken into account when settling for one 

alternative, which may be other than one with absolute lowest life cycle cost (Haas et al. 

1994). 

The potential of life cycle costing does not appear to be a tool to determine if something 

is definitive right but rather a tool to test consequences of possible decisions. Firstly, the 

high uncertainty of predicting the future must always be recognised. Even if good 

performance and cost models were available, fundamental economic concepts like 

discounting long-time in the future is still discussed (HEATCO 2005). One of the strengths 

of life cycle costing is its multidisciplinary nature by combining economic, engineering and 

environmental principles (Boussabaine and Kirkham 2004). Another aspect often raised is 

its focus on evaluating and improving different alternatives to solve the same problem 

(Asiedu and Gu 1998, Lindholm 2007). Based on the experiences from these case studies, it 

is the author’s opinion that these characteristics should further be recognised in order to 

obtain the full potential of life cycle costing. When used to evaluate the consequences of 

different design alternatives on different criteria, these consequences can be compared to 

other aspects of road management that influence the final decision. By aligning the criteria 

with the road agency’s goals on investments, operation, maintenance and delivery qualities 

it would provide designers to value a design’s fulfilment of these goals.  

5.2 Context of life cycle costing in road planning and design 

In (Ferry and Flanagan 1991) it is also suggested that life cycle cost consequences must 

become more adequately assessed before life cycle costs can start to be taken more 

seriously. One explanation why operation and maintenance cost rarely is considered as 

important is that different organisational divisions are responsible for investments and 

operation and maintenance. Since an increase in investment cost directly influence the 

success for the project manager while a saving in operation and maintenance cost does not, 

the whole process can be perceived as abstract. For example, if a design may increase the 

maintenance needs substantially and funds are not available when the maintenance 

activities need to be carried, this will not only affect the asset performance as also 

possibility to carry out other maintenance liabilities. If this connection would be more 

highlighted, life cycle costing would become more real and give a sense that the estimates 

are used to control future costs (Ferry and Flanagan 1991). However, the long horizons for 

infrastructure assets make it difficult to hold someone accountable for negative long term 

effects. 

5.2.1 Shift from prescriptive rules to life cycle costing 

In this context some possible explanations for why life cycle costing has gained momentum 

today despite the methodology’s existence for more than 40 years need to be discussed. The 

society today requires a more open decision making in public organisations in order to gain 

transparency and show efficient use of tax money (OECD 2001). This requires the 
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possibility to show what the money has been used for and the performance obtained. Other 

characteristics of infrastructure today are privatisation, fragmentation and limited budgets 

which make it necessary to show that the promised performance is fulfilled. It has been 

suggested that some years ago the confidence in individual engineers and that they could 

make the right decisions was larger. This allowed more free development of prescriptive 

design codes used for the design of infrastructure. This also made the engineers the ones 

who made decisions on explicit prioritisations between different aspects when the design 

codes were developed evolutionary and adapted depending on empirical observations of 

performance and costs. Aspects like performance, investment costs, maintenance costs, 

risks and budget constraints can be considered to be taken into account implicitly through 

the development of design codes and specifications. Life cycle costing can instead be 

considered as a formalisation of those aspects by relating them to costs and performance 

(Robinson et al. 1998). While a life cycle costing methodology, when fully developed, will 

provide countless possibilities to optimise the design of an asset in a more transparent 

manner, it is often only applied on one asset at a time and within limited possibility to value 

all social, political and environmental aspects. Thus this could explain the discrepancy 

between how roads actually are managed and what results yield. For example, the problem 

of using economic models to set maintenance standards for low-volume roads has been 

raised by Ortiz-García et al. (2005), where there are more (for example comfort, fairness) 

that determine maintenance standards rather than economic models. Life cycle cost is one 

aspect among many that influence the final decision and results cannot be treated isolated 

(Cole and Sterner 2000).This may be an explaining factor to the difficulty to determining a 

correct set of decisions in the case studies presented above.  

Another implication if  life cycle costing is used for optimisation of an investment 

through the planning process instead of relying on prescriptive codes is that the decision 

making can be considered to move from a central to a decentralised level. This would 

consequently mean life cycle cost decisions on investment cost, future costs and, for 

example, prioritisations between road user and road agency costs would be considered in 

each individual project. In the case studies several problems were identified related to this 

issue. This can be illustrated by the implication of taking into account work zone road user 

costs in the life cycle cost decision.  Both paper two and three indicated that when road user 

cost was included in the analysis then alternatives with higher investment costs yielded 

lowest life cycle cost. For the project manager these alternatives would therefore be 

preferable. However, this extra spending may not be optimal from a system point of view if 

the money could have been used more cost-effectively in another project. A change in 

design in later phases may also interfere with the investment decision of the project based 

on a cost benefit analysis if investment cost is substantially changed. Ideally, every design 

change should be compared to cost benefit ratio of other projects in order to determine the 

most cost-effective use of the money. An advantage of prescriptive codes could therefore 

be that designs become more homogenous and therefore easier to estimate in earlier phases, 

which could give better cost estimations. By implicitly considering road user cost in design 

codes the prioritisation between road agency and road user cost could be determined with 
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consideration of consequences on a system level, for example on budget. On the other 

hand, life cycle costing allows the design to be adapted for each object and therefore 

maximise the performance based on its characteristics.  

A final aspect on the subject is regarding the cost of conducting the life cycle cost 

analysis itself. In Lindholm (2007) it was mentioned that it is important to relate the cost of 

collecting data to the value of this information. This means that if the potential life cycle 

cost saving is less than the cost of conducting the life cycle cost analysis then the need to 

conduct the analysis should be questioned. If life cycle cost analysis is used in the 

development of design codes, results of the analysis have the potential to be used in many 

projects. If life cycle cost analysis is only used in one project and knowledge is not 

distributed the cost of information becomes high. It may therefore be important for a road 

agency to have a strategy for how to accumulate knowledge and distribute the results 

among later projects. At project level Christensen et al. (2005) suggested a value of 

information variable when reviewing a state-of-the-art life cycle cost analysis method. In 

the paper an iterative life cycle cost analysis procedure was recommended that included a 

criterion that another iteration of improving design and analysis should only be conducted 

if the saving is expected to be larger than the cost of carrying out the next iteration. This 

was conceptual and no methodology to estimate the value of this variable was presented. 

However, it demonstrates another dimension of life cycle costing that should be considered 

in practical implementation. 

5.2.2 Life cycle costing in management perspective 

In the first paper it was indicated that operation and maintenance cost increased 

substantially with the conversion to collision-free road but according to the cost benefit 

analysis this alternative still was a profitable investment. In reality, however, in order to 

determine if increased operation and maintenance liabilities are a problem it should be 

analysed in a management context. Budget appropriations not based on actual needs, 

increased construction costs and more liabilities are examples that could contribute to 

deviations between economic analyses and actual future outcome. From a management 

perspective these considerations need to be taken into account. In AAMCoG (2008) and 

Ferry and Flanagan (1991) it was noted that full advantages of life cycle costing is gained 

when it is integrated in a larger framework. A synergy between asset management and life 

cycle cost analysis can therefore be identified in order to make the estimates to come into 

use. In strategic decisions and road planning there is a need to be able to estimate 

consequences of certain decisions on future maintenance and operations. While these 

decisions must be set in broader political and socioeconomic context, estimations of 

consequences on operation and maintenance needs are a desirable part of decision support. 

An integration of these estimates in asset management systems would provide the 

possibility to estimate reactions on future performance, operation and maintenance given 

different road agency budget scenarios. If the consequences are manageable, future budgets 

can be adjusted so other commitments do not get affected. If budgets not are adjusted, the 

consequences on asset performance need to be a part of decision support. In the same way 
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the consequences of increased investment cost in the design phase influence possibilities to 

carry out other projects. Integration with asset management systems would provide the 

possibility to assess benefits of implementing other projects. This may appear visionary but 

would be desirable in order to anticipate consequences and take the required actions. It is 

apparent that to make the correct decisions as good information as possible would be 

desirable taking into account different project implementations and in time domain. 

However, the reality of infrastructure planning is characterised by high degree of 

politicisation, long-term between idea and implementation, complexity and many actors 

involved. The information needed in conception for making technical decisions would be 

immense and not either desirable due to cost, time and uncertainties.  

In this study several difficulties in the implementation of life cycle costing in practice 

and to take holistic decisions have been identified based on case study research. However, 

to see the benefits of life cycle costing the theoretical challenges must be weighted to the 

context of in which life cycle costing is applied. As stated earlier, life cycle cost is only one 

aspect for road planners and designers to consider, including for example project budget, 

environment, risks, social considerations and politics. The benefit of life cycle costing may 

primarily lay in that it make designers to start consider future performance, starts a 

communication between different organisational divisions and increases knowledge 

(Wübbenhorst 1986, Cole and Sterner 2000, Lindholm and Soumala 2005). Life cycle 

costing provides a framework for making trade-offs between investing today and costs in 

the future. This gives the opportunity to test consequences of different decisions on future 

performance. Life cycle costing is a subset of cost benefit analysis (Lee 2002) and needs to 

be treated in such way when not all social, economic and environmental impacts are 

included in the state-of-the-practice analysis. This limits the possibilities to draw definitive 

conclusions and the results should be evaluated together with other aspects to determine the 

final decision. Many other aspects must be considered which still require a fair amount of 

judgement from the decision maker. 

5.3 Implications of case study research 

The research in this thesis has been based on case studies. In paper one and two the same 

case on sparse collision-free road was used but with different scopes. The case was selected 

since it had several clear life cycle considerations from strategic to technical optimisation. 

It also had characteristics suitable to draw more general conclusions about this road type 

than just for a single project. This included that the traffic flow level was suitable for this 

road type, it is a commuting link that is common candidates for investments in this road 

type and it has a normal surrounding road network. Therefore, for normal cases of future 

investments in this road type the results are expected to be similar even when traffic flow 

levels vary with normal range for the road type. This is since benefits and operation 

maintenance costs will both increase or decrease when the traffic flow level increases or 

decreases, respectively. Can the results from the case studies say more about life cycle 

costing in road management than just for sparse collision-free roads? Problems identified 



    

    DISCUSSION | 49 

 

 

related to sparse collision-free roads are not expected to differ substantially from problems 

related to similar projects and therefore expected to be relevant for those cases as well. 

In the methodology section, four quality criteria were presented suggested by Yin (1989) 

in order to asses case study research. As mentioned, construct validity relates to selection of 

right instruments to assess the case studies. For this thesis life cycle costing was given as 

methodology beforehand and the purpose was instead to examine its role in road planning 

and management. Relative life cycle cost analysis was used for the second and third paper 

since their objective was to find the alternative with lowest life cycle cost for a partial 

system and that otherwise yield the same benefits. However, for paper one the conventional 

life cycle cost analysis was not considered to be sufficient to take into account the 

difference in road user benefits. Instead an absolute life cycle cost analysis was integrated 

with results from a CBA model to try to quantify all relevant costs and benefit. Internal 

validity relates to validations of each case study. Since life cycle costing is a tool to predict 

future outcome, validations of the whole analysis period are difficult. All case studies have 

been based on empirical data on service lives and costs from recent years, which provide 

some certainty that prediction for coming years is based on real performance.  However, 

differences in life cycle cost predictions and observations can be substantial (Chan et al. 

2008). The use of discounting does however make inaccuracies in longer time predictions 

less important for results. External validity has been considered in two ways in thesis 

through applying the methodology by Eisenhardt (1989).  First, the results of the case 

studies in this thesis have been compared to identify any contradictions and the context 

between the studies has been discussed. Secondly, in the discussion these findings have 

been compared to other studies. Finally, reliability has been assured by presenting the 

methodology used in each case study and to largest extent provide input data for the 

calculations. Therefore, all four criteria have been considered in presented case studies and 

in this extended summary. 

5.4 Future research 

A common theme among all case studies was the difficulty of determining a best decision 

for the road agency and therefore consequences must be evaluated separately. Another 

identified problem was the difficulty of taking life cycle cost decisions in later project 

stages that result in higher investment cost. Appraisal should ideally be based on as good 

information as possible of investment cost in order to be able find most socioeconomic 

efficient measures, both between different project implementations and in time. This 

reveals a problem of analysing life cycle costing for a single alternative and at isolated 

stages in a project’s life cycle. In, for example, paper one and state-of-the-practice, the 

analysis is conducted as single alternative. This way of evaluating life cycle cost can be 

described to be static. However, the full potential of life cycle costing might be achieved 

when many design alternatives can be examined with minimal effort (Asiedu and Gu 1998, 

Christensen et al. 2005, Lindholm 2007). There may be many alternatives that reveal 

similar life cycle cost and since many other factors influence the final decision, the 

consequences of each design alternatives should be set in perspective with those factors. A 
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life cycle cost model should be able to output consequences on performance related to those 

factors in order to prioritize between set goals. An important aspect is that the best potential 

of managing life cycle cost decisions is when life cycle costs and design alternatives can be 

considered already in early stages in a project’s life cycle, where larger saving potentials 

lay as mentioned above. Life cycle cost tools should be able to provide the user with 

simpler analysis of design alternatives and with minimal input data to ensure usage (Asiedu 

and Gu 1998).  Another problem identified with life cycle costing is that it is almost 

impossible to develop tools that fit all purposes (Durairaj et al. 2002). Every study field 

have different characteristics that must be considered in order to get full potential for the 

current study.  

It is the author’s opinion that for full potential of life cycle costing it must be recognised 

that the methodology must be adapted for each study object. The tools must be dynamic in 

order to easily try other design alternatives, predict consequences of varying prerequisites, 

evaluate risks and output other indicators of performance than only costs (for example 

service delivery objectives, environment, energy or asset performance). In this way life 

cycle cost of each design alternative and their sensitivities can be weighted with other 

factors in the decision making. Another important consideration is the sensitivity in results 

due to uncertainties in performance predictions, cost data and economic parameter 

assumptions. In order to achieve these aspects, an integration of performance models, 

economic models and effect models is required. This could be classified as a life cycle cost 

model on scientific level based on classification according to Thoft-Christensen (2011), if 

compared to analysis in paper one as on technical level and paper two on engineering level. 

In the analysis of pavement alternatives in the second paper, only flexible pavement 

alternatives were evaluated. It has been suggested that concrete pavements may be ideal for 

collision-free roads since the reduced lateral wander instead may increase the service life if 

more heave traffic is concentrated to the centre of the slab. This may be an attractive 

alternative to flexible pavements even if construction costs are expected to be considerably 

higher. If it is feasible from a life cycle cost perspective this may, however, show the real 

cost of collision-free roads in order not to lose performance. 

Finally, the role of road user and social costs in the decision making for road agencies 

need further study. Even if it would be desirable that the road agency took into account all 

these costs and based the decision on the one with minimal cost, there is a limited budget. 

Therefore money spent by the road agency is probably valued more than a saving in road 

user or social costs. This needs further investigation by, for example, applying multi-

objective optimisation, in order to find trade-offs between different cost categories. 
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6 Closure 

6.1 Concluding remarks 

It can first be noted that the concept of planning and designing an asset in a life cycle 

perspective is broad and not well-defined. We want to project the future based on 

previously known events while the future is highly uncertain.  A sustainable perspective on 

life cycle would include environmental, social and economic aspects. The methodologies 

that consider the three dimensions are constantly being improved, even though we still are 

far away from being able to account for all relevant impacts of the dimensions.  This thesis 

has focused on the economic perspective on operation and maintenance in public road 

investments, with considerations on both socioeconomic and fiscal sustainability. From a 

life cycle cost perspective the goal could be said to minimise total cost of the system, in this 

case for the society and ultimately with valuations of all relevant impacts. This may neither 

be possible nor desirable (Gluch and Baumann 2004). 

The context of life cycle costing is important for understanding that it is one tool in the 

decision process of a road investment. In the different stages in a project the focus of 

consideration varies. While it would be desirable to be able to analyse life cycle cost in 

different project life cycles independently, decisions in both preceding and proceeding life 

cycles will influence the outcome of other project life cycles. The case study indicated that 

in the planning stage selected road type, road design and budget frame largely impact the 

possibilities to consider life cycle costs in later phases. Operation and maintenance costs 

increase on sparse collision-free roads. However, operation, maintenance and work zone 

road cost were relatively small in comparison to benefits in normal operation. The 

pavement life cycle cost analysis study also suggested that it is possible to largely influence 

future pavement cost and work zone road user cost despite that the road design was 

expected to increase deterioration. All identified criteria for selecting among design 

alternatives resulted in higher investment cost than initial reference alternative. 

When results from life cycle cost analysis in the case studies were set in context of road 

planning and management a common theme was the difficulty to identify absolute right 

decisions. Firstly, the current structure of organisation and budget heads may limit to make 

life cycle cost based decision. Secondly, even if these issues would be resolved there are 

challenges in implementation of life cycle costing in road planning and management. For 

example, in the case studies optimisation of the collision-free road related to travel time 

(paper 1) and higher pavement investment (paper 2 and 3) are not clear decisions even if 

they indicated lower life cycle costs. When life cycle costing is used in road planning and 

designs other decision criteria, such as overall goals, risks and environment must be 

recognised. A project is also part of system and consequently investment decision is a part 

of larger portfolio of projects. While a project design is optimised based on life cycle 

costing, this represents on project level while global optimum may differ. Ideally, an 

investment decision based on CBA should in turn be based on a final design that is optimal 

from a life cycle cost perspective. However, as mentioned, the reality of infrastructure 

planning and design is characterised by long-term perspective between idea and 
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implementation, complexity, erroneous cost predictions and many actors involved. In this 

context a life cycle cost methodology based on project level analysis may be sufficient if 

the limitations are recognised. 

To get full use of life cycle costing then integration with asset management systems 

would be desirable. This would primarily provide the possibility to in integrated way assess 

impacts of investment decisions on management. To be able to relate impacts to costs, 

budget planning and overall goals of the transportation system would provide support in 

decision making to prioritise between life cycle cost, budget and other impacts on system 

level. In this way life cycle costing could be aligned with organisation goals and objectives. 

As for final words, life cycle costing is not a tool that will provide a definitive answer. 

However, if the methodology’s current limitations are recognised it is a tool that will allow 

planners and designers to estimate consequences of different decisions. This suggests that a 

life cycle cost perspective into the decision making would be achieved but that it should 

also be evaluated against other criteria. It is also recognised that the process of carrying out 

life cycle cost analysis itself can be fruitful when future costs and performance are 

considered (Lindholm 2007). This could help to improve operation and maintenance 

considerations in early planning stages which may be just as important as the life cycle cost 

estimation itself. 

6.2 Conclusions 

Based on these studies the following overall conclusions can be drawn: 

 The scope of life cycle costing varies considerably and therefore the results are 

sensitive to the defined system boundaries. 

 Costs related to operation and maintenance of collision-free roads is one of the 

decision criteria in the investment phase, where other includes construction cost, 

user travel benefits, safety and environment. In the case study, operation and 

maintenance costs were relatively small in comparison to the other ones. The case 

study therefore indicated that the sparse collision-free road was profitable despite 

higher operation and maintenance costs. To assess if higher operation and 

maintenance costs are a problem for a road, road user benefits need to be included 

in the analysis. 

 Road user costs related to road works becomes a relevant parameter in life cycle 

cost analysis of pavements for choosing optimal alternative. 

 A case study indicated that it is possible to optimise pavement design to reduce 

deterioration based on the prevailing conditions on collision-free roads. Future 

rehabilitation costs were reduced to levels comparable to a conventional single 

carriageway road, however, with increased construction costs. The optimal 

alternative would result in higher future costs but lower than if it was not optimised. 

 There are several obstacles in the Swedish planning and design process in order to 

select alternatives that result in higher construction costs. Life cycle costing is a 

methodology that gives project managers a decision support tool to select 
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appropriate alternatives and funding level. However, other competing projects need 

to be considered as well for the final decision. 

 It is expected that conversions to sparse collision-free roads will become more 

common in the future. To determine the managerial consequences of this increase in 

operation and maintenance costs, these costs need to be assessed in an asset 

management perspective. This needs to include expected budget allocations, inflated 

construction costs and performance considerations. 
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