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 Summary                                                                                                                                                          

Environmental impacts of transport are widely recognized by society. However most of the 
environmental assessments consider only the “tailpipe” emissions, and very few are focused 
on the life cycle of transportation infrastructure and vehicles, as well as fuel production (or in 
other words, indirect phases). It has been indicated though that these elements of transport 
systems have a significant share in overall energy use and greenhouse gas emissions and 
consequently they should be considered in environmental evaluations. 

Thus the aim of this literature review was to analyze the existing environmental assessment 
tools, methods and results found in studies measuring energy use and greenhouse gas 
emissions during the life-cycle of transportation infrastructure (with the focus on road and 
railway). The scope of the literature scrutinized in this review covers environmental 
assessment of all elements of transport systems. But the analysis was mainly focused on 
energy use during construction, operation and maintenance phases of the road and railroad 
infrastructure. 

The document types that were included in the review are as following: 19 scientific journal 
articles, 7 reports, 4 books, 3 electronic sources and 1 doctoral thesis. The reviewed studies 
were performed in the following countries: Sweden, USA, Italy, Norway, UK, Finland, 
Netherlands, Australia, Denmark and Germany. 

Having analyzed the results from the revised studies, it was possible to extract relative and 
absolute data on energy use and greenhouse gas emissions during the indirect phases of road 
and railroad infrastructure. Some typical results found on energy use for road infrastructure 
are as following: 

• About 6480 kWh of energy is used for 1 meter of a two-lane road (during 
construction, operation, maintenance for 100 years) (Schlaupitz 2008).   

•  About 6940 kWh of energy is used for 1 meter of an undefined road (during 
construction, operation, maintenance for 40 years) (Stripple and Erlandsson 2004). 

• Indirect energy use for road infrastructure- 23-32 % (Chester and Horvath 2009) and  
45 % (Jonsson 2007). 

The literature review concluded, however, that it is difficult to compare quantitatively the 
results from various studies as different phases of transport systems and types of data were 
evaluated. Thus further research is needed on the assessment of transport systems with a more 
detailed description of system boundaries. 

 

 

Key words: transport systems, infrastructure, LCA, energy use, greenhouse gas emissions, 
road, railway. 
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1 Introduction  

1.1 Problem Statement 

Environmental impacts of transport are widely recognized by society. But most of the 
emphasis is put on the operation of vehicles (or in other words, direct energy use). However it 
seems that a significant part of energy consumption is derived from construction, maintenance 
and operation of the separate components of infrastructure, manufacturing and maintenance of 
vehicles, as well as fuel production.  All these activities are also called indirect energy use 
(Jonsson 2005). See chapters 1.2 and 2.1.1 for further description. 

The results from the pre-study by Jonsson (2005) indicate that “about 45% and 65% of total 
energy use for the road and rail transport, respectively, is represented by indirect energy 
use”(Jonsson 2005). However Jonsson showed that there is a lack of knowledge concerning 
indirect energy use in the Swedish transport system.  

The American scientist Chester (2009) also stated that “current decision-making relies only 
on analysis at the tailpipe, ignoring vehicle production, infrastructure provision, and fuel 
production required for support”(Chester and Horvath 2009). Federici (2009) noted that 
“published LCA studies on road and rail systems very seldom account for infrastructures in 
detail, mainly focusing on the construction of vehicles and their fuel use”.  

Thus we may assume that if vehicles become more energy-efficient, then energy use and 
greenhouse gas emissions during indirect phases of transport infrastructure might increase 
their share in the environmental impact of transport throughout its life cycle. 

Consequently in order to effectively mitigate environmental impacts from transport systems, 
life-cycle environmental performance should be considered including both the direct and 
indirect processes and services required for transportation (Chester and Horvath 2009).  
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1.2 Scope of review 

The overall aim of the literature review is to analyze the existing environmental assessment 
tools, methods and results found in measuring energy use and greenhouse gas emissions in the 
whole life-cycle of transportation infrastructure (with the focus on road and railway).  

The main objectives are: 

� to compile the major results found in the studies done on assessing the indirect energy 
use and greenhouse gas emissions generated by transport infrastructure (road and 
railway) in Sweden and worldwide; 

� to identify controversies and limitations of the studies. 

The main literature considered in the review were scientific articles, reports, theses, books 
or any other published material from Sweden as well as other countries. The literature review 
included scrutinizing the published material on the assessment of environmental impact 
during the whole life-cycle of the main types of transport systems (road, rail, air, sea).  

However since this literature review will serve as a basis for further case-studies on energy 
use and greenhouse gas emissions generated by construction, operation and maintenance of 
road and railway infrastructure, these issues were prioritized in the analysis (see Figure 1 that 
shows direct and indirect phases of energy use in transport systems).  

   

Figure 1 Main phases and components that will be prioritized in the analysis (after Jonsson 
(2005)) 
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The impacts that were mainly considered in the analysis are energy use and greenhouse gas 
emissions (the relevance of which is further described in chapter 2.3, p. 17).  
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2 Theoretical background 

This section is subdivided into three topics: transport systems, environmental assessment tools 
and impact categories on energy use and greenhouse gas emissions. 

The chapter on transport systems explains about the phases of indirect energy use and gives 
the motivation for the choice of road and railway modes for the analysis. 

The chapter on environmental assessment tools describes some of the main tools used for the 
evaluation of environmental impact of transport systems and provides an overview of the 
most used tool in the analyzed studies- Life Cycle Assessment (LCA).  

The chapter on impact categories gives the motivation for the choice of such indicators as 
energy use and greenhouse gas emissions and shortly describes the ways of their 
measurement.  

2.1 Transport systems 

2.1.1 The phases of indirect energy use in transport systems 

As defined by Jonsson (2005), the phases of transport systems that include the indirect 
energy use may be subdivided in the following elements (see Figure 1): 

• Construction, operation, maintenance and end-of life (demolition) of infrastructure 

• Manufacturing, maintenance and end-of life of vehicles 

• Fuel/electricity production 

Note, that vehicles operation is regarded as direct energy use.  

The detailed description of each phase of indirect energy use can be found in the chapters 
below. 

• Construction, operation, maintenance and end-of life (demolition) of infrastructure: 

The term infrastructure used in this study refers to the following items: roads, railways, as 
well as other supporting components (signs, lightning installations, road furniture etc.). 

Construction of infrastructure consists of the following main activities: production and 
transportation of construction materials, ground preparation, construction of the road (or 
railway) main constituent parts, production and installation of other items (signs, wires, pipes, 
furniture etc.). 

Operation of infrastructure “refers to the supporting functions that render possible or facilitate 
the use of the infrastructure, i.e. excluding the propulsion of vehicles and maintenance 
requiring physical interventions” (Jonsson 2007). This stage includes such activities as: 
lighting, clearing, sand spreading, salting, snow-clearance, street-sweeping, managing with 
road-markers, vegetation clearing etc. (Jonsson 2007). 
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Maintenance works are required due to corrosion, erosion and displacements (Jonsson 2007). 
Maintenance includes surface coating; manufacturing, maintenance and operation of working 
machines; painting for road marking and additional filling material (Jonsson 2007). 

The demolition of infrastructure consists of the following activities: mechanical dismantling, 
transport and subsequent management of demolition waste (Jonsson 2007). However since 
infrastructure is rarely completely demolished, this stage is rarely included in the analysis of 
life cycle assessments.  

• Manufacturing, maintenance and end-of life of vehicles: 

“Vehicles” refers to the means of transport that move people and goods during the use phase 
of the transport infrastructure. 

The manufacturing of vehicles includes “the whole chain of production from raw material 
extraction (e.g. mining) through production of materials and components to assembly in 
factories” (Jonsson 2007).  

Vehicles maintenance refers to the energy spent on “production of spare parts (including tires) 
and lubricating oil, as well as the energy used during the actual servicing” (Jonsson 2007). 

Scrapping of vehicles (or vehicles end-of-life) consists of dismantling and transport of waste 
materials, recycling is also considered in some cases (Jonsson 2007). 

• Fuel/electricity production 

“Fuel/electricity” refers to the fuel/electricity that is used for vehicle propulsion during the use 
phase of the transport infrastructure. 

This phase consists of the following activities: extraction from the primary energy source, 
transportation of raw material, conversion into fuel/electricity and distribution to the end user 
(Jonsson 2007). 

 

2.1.2 Modes of transportation 

As seen in Figure 1, there are four main modes of transport: road, rail, air and sea.  

Road and rail transportation were chosen for the analysis, since it was assumed that the 
construction and operation phases of road and railroad infrastructures are more energy-
intensive than other modes of transportation. Jonsson (2005) calculated that indirect energy 
use for railway infrastructure is 64-65% and for road infrastructure- 42-45%.  

Stripple et al (2004) concluded in his study that direct energy use of air transport is 
dominating in energy resource use, climate change and other impact categories. No numbers 
for indirect energy use for water transportation were found so far. The share of freight and 
passenger transportation modes for Swedish transport is shown in Figure 2. 
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Figure 2 Annual passenger and freight transportation for Sweden (Åkerman and Höjer 2005) 

Road transportation has the largest share in passenger transportation for Sweden (see Figure 
2)  (Åkerman and Höjer 2005). According to Roth and Kåberger (2001) railways cover more 
than 20% of the total freight transport in Sweden, as measured in ton-kilometers. 
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2.2 Environmental assessment tools for transport infrastructure 

2.2.1 Description of some of the most used tools 

Environmental impacts of transport infrastructure are usually assessed by the following main 
tools: EIA (environmental impact assessment) and SEA (strategic environmental assessment), 
SFA (substance flow analysis) and mass flow accounting (MFA), IOA (input-output analysis), 
LCA (life cycle assessment).  

SEA (strategic environmental assessment) is a comprehensive process of evaluating 
environmental impacts of policies, plans and programs (Roth and Eklund 2002).  

EIA (environmental impact assessment) is a process by which information on environmental 
impacts of a specific project is collected (Glasson, Therivel et al. 2005). 

SEA and EIA were categorized by Wrisberg et al. (2002) as procedural tools, with focus on 
procedures to guide the process, in contrast to analytical tools, which model systems 
quantitatively or qualitatively. Procedural tools can include a number of different analytical 
tools (such as SFA, MFA, IOA, LCA and others, as described below). 

Substance flow analysis (SFA) is used to model the material stocks and flows of a substance. 
This procedure connects the anthropogenic use of substances in the technosphere to its 
occurrence in the environment (Roth and Eklund 2002). 

Material (or mass) flow accounting (MFA) is based on the calculation of output/input mass 
ratios (which should be equal in the case of a careful accounting) and calculation of the mass 
of the by-products released per unit of main product. A careful accounting of mass flows 
provides a good description of the process, which can be further used for all environmental, 
energy and economic evaluations (Federici, Ulgiati et al. 2003). 

The difference between SFA and MFA is mostly specified by the difference between the 
definition of a substance and material. A substance is defined as a single type of matter 
consisting of uniform units such as atoms (chemical element) or molecules (chemical 
compound). A material stands for both goods and substances, and is used when the author 
either does not want to specify the level of analysis, or includes both substances and goods in 
the analysis (Brunner and Rechberger 2004). 

Input-output analysis (IOA) is the method that describes the flow of goods and services from 
different sectors of the economy. The environmental IOA uses emission factors in order to 
calculate total emissions from the production (Finnveden, Wadeskog et al. 2007).  

However the most used tool is LCA (life cycle assessment). LCA is a systems analysis tool 
that takes into account environmental impact of a product throughout the whole life cycle 
from raw material acquisition to transport, production, and use, as well as the impact in the 
end-of-life phase as waste (ISO 14040 1997). 
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The LCA methodology usually consists of four stages: defining of the goal and scope of the 
study and determining the boundaries; inventory analysis involving data collection and 
calculation of the environmental burdens associated with the functional unit and each of the 
life‐cycle stages; impact assessment; and interpretation of the results in the face of 
uncertainty, subjected to sensitivity analysis, and prepared for communication to stakeholders 
(Chester 2008).  

It is worth to note that depending on the functional unit chosen for the LCA the results of the 
study can change a lot. Thus the specifics of each variable should be considered with regards 
to the purpose of the study performed.  

Stripple et al (2004) subdivided the functional units (or reference units) used in LCA of 
transport infrastructure according to three levels of analysis: 1) network level (transport 
service)- yearly transportation consumed per capita or per geographical area; 2) corridor level 
(transport operation)-  per tonnage and km, per person and km, 3) project level (transport 
object)- per km road, per bridge and carrying capacity (Stripple and Erlandsson 2004).  

One of the most used functional units in the LCA of transport infrastructure is person and 
kilometer or tonnage and km (corridor level). Chester (2008) stated that the choice to 
normalize performance by  passengers-km or ton-km highlights the importance of transport’s 
objective to move people and goods. 

 

2.2.2 Typology of LCA 

Clear definitions of a number of methodological choices are important in LCA, since these 
may have significant impact on the final results. Finnveden et al.(2009) provides an overview 
of recent methodological developments in LCA. Two types of LCA can be distinguished 
(Finnveden, Hauschild et al. 2009): 

• Attributional (sometimes also called descriptive or accounting); 

• Consequential (sometimes also called change-oriented). 

The processes included in an attributional LCA are those that contribute significantly to the 
studied product or service, while the processes included in a consequential LCA are those that 
could be affected by the decisions to be supported in the study (Rebitzer, Ekvall et al. 2004). 
Both attributional and consequential LCA can be used for modeling of past, current, or future 
systems (Finnveden, Hauschild et al. 2009).  

One of the differences between these two types of LCA is the choice between average and 
marginal data. Marginal data reflecting the effects of small changes should be used in 
consequential LCA.  Average data reflecting the actual physical flows should be used in 
attributional LCA (Ekvall and Weidema 2004 in Finnveden et al. 2009). There is still no 
consensus among researchers regarding the appropriateness of consequential or attributional 
LCA for different kinds of purposes. 



16 

 

The types of LCA can also be subdivided according to the number of products (or services) 
assessed. They are as following: 

• Stand-alone (assessment of a single product/service) 

• Comparative (comparing between two or more products/services) 

Stand-alone types of LCA are descriptive and are usually used to identify the “hot spots” 
throughout the life cycle of a single product (Baumann and Tillman 2004). A stand-alone 
LCA is very often attributional, but can be also consequential. Comparative LCA can be both 
attributional and consequential. 

There are three approaches of data collection in life cycle assessment: 

• Process-based LCA (modeling of the system processes) 

• Input-output LCA (modeling with the help of economic flow databases, as described 
in chapter 2.2.1) 

• Hybrid (combines elements of process- and input-output LCA) (Rebitzer, Ekvall et al. 
2004) 

These approaches may be used in all above mentioned types of LCA. However Finnveden et 
al (2009) noted that average data contained in IOA are more adequate for attributional LCA 
but less for consequential, as they typically don’t describe how the emissions could be 
affected by possible decisions (Finnveden, Hauschild et al. 2009). 

Both input-output (I/O) and process-LCA have their advantages and disadvantages.  

The concept of the process‐based LCA model is that it maps every process associated with a 
product within the system boundaries, and associates energy and material inputs and 
environmental outputs and wastes with each process (Chester 2008).  

The alternative to the process-based LCA model is the input-output LCA (I/O) model which 
adds environmental data to economic input‐output modeling (Chester 2008). Input-output 
LCA usually considers a broad range of sectors involved in the system. That is why this type 
of LCA is mostly applied for evaluation of the overall environmental impact of a system on a 
regional, national or international level. But if there is a need to compare possible 
differentiations between similar products, then process LCA would be more beneficial, as it 
includes a higher level of detail and is more specific.  

A hybrid LCA is an attempt to combine advantages of I/O and process-LCA (Rebitzer, Ekvall 
et al. 2004). Chester (2008) states that a hybrid LCA model is the appropriate approach for the 
most comprehensive studies. 
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2.3 Impact categories: energy use and greenhouse gas emissions 

2.3.1 Energy indicator 

Energy consumption was chosen as one of the indicators used for measuring the negative 
environmental impact from transport infrastructure. Svensson et al (2005) notes that “energy 
indicators that address the use of primary energy in a life-cycle perspective for a product are 
common options in environmental assessments”. 

There are several advantages of the use of energy consumption as an indicator in the 
environmental assessment of transport infrastructure. Svensson et al (2005) states that energy 
use is connected to environmental pressure in many aspects, directly and indirectly. For 
example, there are clear links between energy and material flows, as the largest material flows 
in some economies are actually energy carriers (like coal, for example) (Svensson, Roth et al. 
2005). Moreover, it is worth to note that fossil fuels are finite resources and the potential for 
fuels from biomass are limited. The use of bio-energy may also have negative impacts on 
ecosystem. 

Mroueh et al (2001) also concluded that energy consumption and emissions of CO2 are among 
the most important environmental impacts associated with road construction. Mroueh (2001) 
states that a large part of the emissions to atmosphere originates from energy production 
(Mroueh, Eskola et al. 2001). The majority of the environmental impacts are related to 
emissions from combustion of fossil fuels (Birgisdottir, Pihl et al. 2006).  

However the indicator of energy use does not cover all environmental pressures and should be 
used in combination with other indicators. 

Federici et al (2003) states that “even when thermodynamically based approaches are properly 
used to describe the system behavior, findings very often do not converge, and require that 
different indicators are compared to yield a comprehensive picture of the system dynamics”. 
An integrated approach is therefore suggested to support decision making (Federici, Ulgiati et 
al. 2003).  

Svensson et al (2005) also claims that “when using the energy indicator as a tool for 
environmental assessments and in environmental management there is always a risk for the 
occurrence of problem shifting as a consequence of the single indicator’s failure to cover all 
aspects of environmental pressure” (Svensson, Roth et al. 2005). For instance, such impact 
categories as noise, dust, CFCs and others are weekly connected to the energy indicator 
(Svensson, Roth et al. 2005). 

 

2.3.2 Ways of energy use accounting 

The results of energy use can be shown in the form of primary or secondary energy. 
According to the definition of the Intergovernmental Panel on Climate Change (IPCC), 
primary energy is energy embodied in natural resources that has not undergone any 
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anthropogenic conversions or transformations (IPCC 2001). Primary sources of energy are oil, 
natural gas, coal and wind, biomass, wave power etc. 

Secondary energy is the transformed (or converted) primary energy that can be directly used 
by vehicles or other mechanisms. The examples of secondary energy are electricity, refined 
fuels etc. The relation between primary and secondary energy use gives an idea on how much 
energy was lost during the refining processes, energy conversion and transformation, as well 
as energy distribution and transportation (Schlaupitz 2008). 

Some studies (for example, Stripple and Erlandsson (2004)) distinguish between the sources 
of energy when showing the results of energy consumption. These sources are: renewable 
(biomass, wind, solar, water) and non-renewable (fossil, nuclear).  

In addition to the conventional energy indicator, there are other types of measuring energy. 
These are: embodied energy, exergy and emergy. 

Embodied energy accounting, as defined by Federici et al (2003), is the accounting of energy 
expenditures on the global scale (i.e. including minerals extraction, production of goods, fuels 
refinement etc.).  

Exergy (or in other words, user-side evaluation) is “the amount of work obtainable when 
some matter is brought to a state of thermodynamic equilibrium with the common 
components of the natural surroundings by means of reversible processes, involving 
interaction only with the above mentioned components of nature” (Federici, Ulgiati et al. 
2003). 

Emergy (or in other words, donor-side evaluation) is “the amount of available energy of one 
kind, usually solar, that is directly or indirectly required to make a given product or to support 
a given flow” (Odum 1996 in Federici et al. 2003).  

When evaluating energy use, some of the studies (for example, Stripple et al (2004)) take into 
account the amount of inherent energy (or, in other words, feedstock energy), which 
quantifies the potential of a material to deliver energy if it is burned with heat recovery after 
its use life as building material) (SCC 2002).  

 

2.3.3 Greenhouse gas emissions  

An indicator often used in connection with energy is emissions of greenhouse gases (the most 
abundant of which are carbon dioxide, water vapor, nitrous oxide, methane, CFCs, ozone and 
others). In fossil-based energy systems the energy indicator strongly reflects the impact 
category of climate change (Svensson, Roth et al. 2005). However when other types of energy 
production are used (which are non fossil-fuel based), then the correlation between energy 
and GHGs indicator becomes weaker (Chester and Horvath 2009).  And that is why there is a 
need to include both indicators (greenhouse gas emissions and energy use) in the 
environmental assessment. 
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Carbon dioxide (CO2) is the most prevalent among greenhouse gases.  That is why a key issue 
to the sustainability of the transport sector is the emission of carbon dioxide from fossil fuels, 
which contributes to the increasing concentrations of CO2 in the atmosphere (Roth and 
Kåberger 2001). The Swedish railways company (SJ) has set the target to cut the emissions of 
CO2 to zero (Roth and Kåberger 2001). 

There are also targets set for the reduction of the emissions of other greenhouse gas 
emissions. According to a new report written by the Swedish Institute for Transport and 
Communications Analysis (SIKA) on behalf of the Swedish Government, the climate impact 
of the transport sector must be reduced by 24 per cent by 2020 in comparison with 2005 levels 
(SIKA 2008). 

 

2.3.4 Global Warming Potential (as a way of greenhouse gas emissions reporting) 

Greenhouse gas emissions are usually reported in the form of Global Warming Potential 
(where CO2 equivalent is chosen as a common unit of measure). In the case of such 
calculation the greenhouse potential of an emission is given in relation to CO2 (Keulenaer 
2006).  

Since greenhouse gases have different life spans in the atmosphere, the Global Warming 
Potential is calculated for different time horizons (for example, 20 years, 100 years, 500 
years) (Baumann and Tillman 2004). The most commonly used time horizon is 100 years. 
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3 Studies on calculation of energy use and other 

environmental impacts in road and railway infrastructure 

This section includes the analysis of studies on the environmental assessment of transport 
systems.  

The following elements of the studies were analyzed: 

• Methodology (major tools used, system boundaries and levels, impact categories and 
ways of energy measurement); 

• Results (mainly quantitative results- expressed in absolute and/or relative data). 

It should be noted that the scope of each study covers different elements of the transport 
system (which are illustrated in the figures Main phases and components included in the 
study). However the analysis of results is focused mainly on the construction, operation and 
maintenance of the road and railroad infrastructure (which is the scope of this literature 
review, as shown in Figure 1 ). 

3.1 Environmental assessment of passenger transportation in USA 

(Chester and Horvath 2009) 

The study presents a life-cycle assessment of energy use, greenhouse gas emissions, and 
selected criteria air pollutant emissions generated by automobiles, buses, trains, and airplanes 
in the US. 

 

3.1.1 Methodology 

Major tools used 

The authors used a LCA hybrid model in order to evaluate environmental impact of passenger 
transportation systems (which included on-road, rail and air travel). The hybrid LCA model 
combined process model-based LCA and EIO-based (economic input-output analysis) LCA 
(see the definition in chapter 2.2.2). 

Based on the documentation, it may be assumed that the author performed comparative 
attributional type of LCA (see chapter 2.2.2), but this was not stated in the article. 

System boundaries and levels 

The main components that were evaluated in this study include processes starting from 
materials extraction through the use phase including supply chains (Chester and Horvath 
2009). The author subdivided components into three groups: vehicles, infrastructure and fuels 
for three types of transport system: road, rail and air. The stages of end-of-life of each 
component (such as waste disposal, recycling, reuse) are excluded from the study (see Figure 
3). 
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Vehicles include operational costs (active (mainly, running) and inactive operation (idling), 
and non-operational components (manufacturing, maintenance, insurance). The component of 
infrastructure includes such processes as construction, operation, maintenance, parking, 
insurance. The environmental impacts of fuels production were also included.  

All the main components and phases analyzed in the study are shown in the Figure 3. 

 

Figure 3 Main phases and components included in the study of Chester (2009) 

Within the LCA model, environmental performance was normalized per passenger-kilometer-
travelled (that was the functional unit for the analysis). 

Impact categories  

Impact categories considered in the study were: energy consumption, GHGs (carbon dioxide, 
nitrous oxide and methane), criteria air pollutant emissions (carbon monoxide, sulfur dioxide, 
nitrogen oxides and volatile organic compounds). 

Energy measurement 

The study considered two types of energy inputs: 1) Direct fossil fuel use (such as use of 
gasoline, diesel and jet fuel) as well as 2) indirect fossil fuel use (such as use of fossil fuel for 
electricity generation (Chester 2008). Thus the source of electricity generation was specified. 
Taking into account the specifics of energy generation in USA, it was assumed that energy 
inputs were dominated by fossil fuels (Chester 2008).  

It was not specified whether the use of primary or secondary energy was shown in the results. 
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3.1.2 Results 

The results of the study made by Chester (2009) showed that active operation (running, cold 
start) accounts for 65–74% of on-road, 24–39% of rail, and 69–79% of air travel life-cycle 
energy. Inactive operation (idling) accounts for 3% of on-road, 7–21% of rail, and 2–14% of 
air life-cycle energy demand. 

The automobile and bus non-operational components are dominated by electricity production, 
steel production, and truck and air transport of materials in vehicle manufacturing and 
maintenance. Rail modes have the smallest fraction of operational energy use to total energy 
use due to their low electricity requirements per passenger-kilometer relative to their large 
supporting infrastructures (Chester 2008). The construction and operation of rail mode 
infrastructure results in about twice as large energy requirements compared to the operation of 
rail mode infrastructure. 
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3.2 Life Cycle Assessment of Transport Infrastructures in Sweden 

(Stripple and Erlandsson 2004) 

This study includes LCA results for the infrastructures of roads, railroads and air transports in 
Sweden. 

3.2.1 Methodology  

Major tools used 

The tool used for the analysis is LCA (which was based on case-studies on railroad, air and 
road infrastructure). 

Based on the documentation presented, it may be assumed that the author performed three 
separate stand-alone attributional LCAs of three case-studies: road, railroad and air transport. 

System boundaries and levels 

The study covers transport and infrastructures for road transports, railroad transport and air 
transport. The infrastructure for railroads has been investigated on the example of railroad 
construction project “Botniabanan”. The functional unit chosen for the study was 1 km of 
railroad during 60 years. The LCA model for railroad infrastructure included construction, 
operation and maintenance of infrastructure, fuel and electricity production and operation of 
vehicle (which was defined as “transport work” in the study). 

The data for air infrastructure was based on two data sources: average data for Sweden and 
data from Landvetter airport in Gothenburg. The LCA model included the same processes as 
for railroad infrastructure: construction, operation and maintenance of infrastructure, fuel and 
electricity production and operation of vehicle. The period of analysis for air infrastructure 
was not defined in the article. 

The LCA model for road infrastructure included such stages as: construction, maintenance, 
operation of the road and inherent energy in asphalt. The period of analysis for road 
infrastructure was chosen as 40 years. The main phases and components included in the study 
of Stripple (2004) are shown in the Figure 4. 
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Figure 4 Main phases and components included in the study of Stripple (2004) 

The functional units used for the case studies of road and railroad are 1 km of road or railroad 
during its life time of 40 and 60 years, respectively. The functional unit for air transportation 
was 1 airport equivalent. 

Impact categories  

The impact categories included for assessment of railroad and air transport systems are non-
renewable and renewable material and energy resources, climate change, eutrophication 
potential, acidification potential, photochemical ozone, ozone decomposition, hazardous 
waste, other waste and NOx emissions. Energy use was calculated according to the use of 
different energy resources (such as coal, natural gas, crude oil, peat, uranium, biofuels, 
hydropower and wind power and district heating (only in the case of air transport)). 

The impact categories chosen for road infrastructure are energy use and NOx emissions. 

Energy measurement 

When calculating energy use, the process of electric power production was taken into account. 
The emission calculations from the electric power production were based on a Swedish 
average production mix that mainly consists of hydropower and nuclear power. The author 
assumed that the efficiency for nuclear power production was 30%. 

Knowing the energy mix used in Sweden it may be concluded from Figure 5 that the results 
for energy consumption were shown in the form of primary energy (but it was not specified in 
the paper). 
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3.2.2 Results 

Railroad infrastructure 

The study made by Stripple (2004) shows that the total energy use for 1 km of railroad during 
60 years (including its construction, operation and maintenance phases) has been calculated to 
4,3*107 MJ (approx 12 GWh). A relatively large part of energy use comes from electric 
power produced mainly by nuclear and hydro sources (see Figure 5). 

 

Figure 5 Energy use (MJ) for 1 km of railroad infrastructure divided in different energy 
resources and different parts of infrastructure (Stripple and Erlandsson 2004)  

The study also showed that the construction work is a dominating source for NOx emissions 
(46%). Interesting results were seen in the form of relation between infrastructure and the 
actual transport work (which is direct energy use), where it was proved that the transport work 
is only dominating for the energy resource use, but not for climate change, eutrophication 
potential, acidifying potential, photochemical ozone (POCP) (where the materials/equipment 
and construction work make the largest impact). 

Road infrastructure 

The total energy consumption in construction, maintenance and operation of 1 km long road 
during 40 years has been calculated to 23 TJ for an asphalt surface and 27 TJ for a concrete 
surface. 

The dominating activity for NOx emissions is the construction of the road. The operation of 
the road accounts only for a small part of the total NOx emissions (Stripple and Erlandsson 
2004).  
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3.3 Indirect energy associated with Swedish road and railway transport 

(Jonsson, 2005 and Jonsson, 2007) 

This study attempts to evaluate the share of indirect energy use in Swedish road and railway 
infrastructure. 

3.3.1 Methodology  

Major tools used 

The following types of methods were used for the analysis: 

1. Analysis of Swedish statistical data with the help of life cycle- approach 

2. Life Cycle Assessment based on the case studies: railway infrastructure- on the 
example of Botniabanan (between Sundsvall and Umeå in Sweden); road 
infrastructure- on the example of the road tunnel Södra Länken (Stockholm, Sweden).  

3. Two types of forecasting were used: statistical and dynamical. Statistical forecast is 
calculated according to the actual statistical data of transport volume (doesn’t take into 
account change of transportation in other regions). Dynamical forecast is focused on 
the regional or national scale: takes even into account change of transport mode. 

As forecasting methodology was used and road and railway infrastructure were assessed 
separately, it may be assumed that the author used the principles of stand-alone change-
oriented LCA (see chapter 2.2.2). 

System boundaries and levels 

The main processes of indirect energy use were subdivided into three elements: 

• infrastructure (building, operation, maintenance, demolition);  

• vehicles (manufacturing, service, scrapping),  

• fuel production 

Propulsion of vehicles (as direct energy) was also considered by compiling results from other 
studies. 
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Figure 6 Main phases and components included in the study of Jonsson (2005) 

The functional units chosen for LCA are: 

• 1 TE=1 personkm=1 ton-km (TE- transport equivalent, which is a rough 
generalization used in order to combine the concept of passengers and goods) 
(Jonsson 2005); 

• 1 km of road/railway per year.  

Impact categories  

Direct and indirect energy use measured as primary energy. 

Energy measurement 

When calculating energy use, the relation between electricity and fossil fuels was taken into 
consideration. During the assessment of the use of primary energy, it was assumed that 1 kWh 
of electricity corresponded to 3,1 kWh of fossil fuel (Jonsson 2005). 

 

3.3.2 Results 

The results of the study made by Jonsson showed that the indirect energy use (for 
infrastructure, vehicles and fuels) can definitely not be neglected, but rather constitutes a 
considerable share of the total energy use in the Swedish road transport - approximately 45%.  
Jonsson (2007) also concluded that a 50% reduction of fuel consumption for cars only leads to 
25% reduction of total energy use.  
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The shares of construction, maintenance and operation associated with Swedish road 
infrastructure are shown in Figure 7 (where the functional unit for final results was chosen as 
GJ/lane-km/year). 

 

Figure 7 Shares of indirect energy associated with Swedish road infrastructure (Jonsson 
2007) 
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3.4 Energy accounting in Italian highway and railway transport systems 

(Federici, 2003, 2008, 2009) 

The study describes the use of several approaches for environmental impact evaluation of 
road and railway transport sector in Italy. 

 

3.4.1 Methodology  

Major tools used 

The methodology used for the assessment of the environmental impact of transport 
infrastructure includes the combination of several methods which are based on the principles 
of thermodynamics. These included energy and embodied energy, exergy and emergy 
analysis, as well as mass flow accounting. Federici et al (2009) also used the LCA-based 
approach.  

It was not stated in the article, but based on the documentation the typology of LCA-approach 
could be identified as comparative attributional. 

The evaluation is based on the inventory of mass and energy input flows invested in roads, 
railways and vehicles construction (discounted over appropriate lifetime) as well as in their 
operation in yearly basis. Lifetimes of 10 years are assumed for cars, 15 years for buses, 20 
years for trucks, and 30 years for trains.  

System boundaries and levels 

The investigated transportation system is divided into two main sub-systems: road and 
railway passenger and commodities transportation systems. For each of the several sub-units 
are considered: construction of infrastructure and machinery, maintenance, and use for 
transport of commodities and passengers (see Figure 8). 
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Figure 8 Main phases and components included in the study of Federici (2003, 2008, 2009) 

The road and railway transportation system of the district of Siena (Italy) was chosen as a 
case-study.  

The functional units of investigation were “passenger-kilometer” and “ton-kilometer”. 

Impact categories  

The impact categories considered are mass flows, energy use, and airborne emissions. Several 
approaches for energy analysis were used: conventional energy indicator, embodied energy, 
exergy and emergy (see chapter 2.3.2).  

Energy measurement 

In the case of fossil fuels, input energy flows are measured in terms of the “lower heating 
value”. The consideration of sources of electricity production was not mentioned in the study.  

Embodied energy analysis was referred to as the total energy required in the form of crude oil 
equivalent, which was expressed in terms of gram oil equivalent or MJ (Federici, Ulgiati et al. 
2008).  During the emergy accounting procedure all materials, energy sources, human labor 
and services required were expressed in solar equivalent joules (Federici, Ulgiati et al. 2008). 

 

3.4.2 Results 

The results show that the individual ways of passenger transportation (cars, motorcycles) 
show the highest material, energy and exergy intensities on the local and global scale. The 
best performance however is shown on the example of road mass transportation. A larger 
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demand of material and emergy input per t-km is generally shown by the railway subsystem, 
compared with the road one. 

Results pointed out that the most important factors in determining the acceptability of a 
transportation system are not only the specific fuel consumption and the energy and material 
costs of vehicles, as it is common belief, but also the energy and material costs for 
infrastructure construction as well as its intensity of use (with special focus on load factor of 
vehicles) (Federici, Ulgiati et al. 2008). 
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3.5 Energy use and climate impact of modern transport systems in 

Norway (Schlaupitz 2008) 

The author uses lifecycle-perspective for the accounting of energy use and emissions of 
carbon dioxide of road, railroad and air transportation in Norway.  

Calculations refer to the forecasts for electricity mix in 2020 and 2030. 

 

3.5.1 Methodology  

Major tools used 

The life-cycle approach was used in the study. However it was not specified that a complete 
LCA was performed.  

System boundaries and levels 

The study analyzes 4 main processes:  

• Direct energy use; 

• Energy consumption for the production and distribution of transport fuel (either liquid 
fuel or electricity)- brutto direct energy use; 

• Production and maintenance of vehicles; 

• Building, operation and maintenance of infrastructure. 

The main phases and elements which were analyzed during the study are shown in Figure 9. 

 

Figure 9 Main phases and components included in the study of Schlaupitz (2008) 
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The main functional units that were used in the study were: 

1) Seat-kilometer (the number of seats placed in the vehicle multiplied by the quantity of 
kilometers driven by that vehicle),  

2) Person-kilometer (the number of people that are transported by the vehicle multiplied 
by the distance travelled (km)), 

3) Netto-ton-kilometer (the quantity of goods that are transported by the vehicle 
multiplied by the distance travelled (km)),  

4) Brutto-ton-kilometer (the quantity of goods that are transported by the vehicle plus the 
weight of the vehicle itself multiplied by the distance travelled (km)). 

Schlaupitz  (2008)  used 100 years as a calculation period for modeling. He has also taken 
into account that different elements of road and railway infrastructure have different life-
lengths. 

The “standard” two-lane road that was analyzed in the study consisted of the following 
elements: tunnel- 5%, bridge- 2%, crossing bridge- 0,2%, plain road (that does not contain 
tunnels and bridges)- 92,8 %. 

The “standard” dual-track railway that was analyzed in the study consisted of the following 
elements: tunnel- 37%, bridge- 5%, crossing bridge- 0,5%, plain railway (that does not 
contain tunnels and bridges)- 53,5%. 

Impact categories  

The indicators chosen for environmental assessment were energy use and CO2-equivalent 
emissions. 

Energy measurement 

Energy use is measured with regards to the use of primary energy (see chapter 2.3.2 with the 
definition of primary and secondary energy). 

As calculations referred to 2020 and 2030 it was assumed that the chosen electricity mix 
would generate about 0.25 kg/kWh of CO2-equivalent emissions in 2020. And the relation 
between primary and secondary energy was assumed to be 2 (kWhprimary/kWhsecondary=2). 

 

3.5.2 Results 

The results on primary energy use and CO2-eq emissions during construction, operation and 
maintenance phases of a two-lane road are shown in the Table 1.When calculating CO2-eq 
emissions, the author has also taken into account how much carbon is released during soil 
removal and trees cutting (which accounted to 2,4% of the total CO2 emissions during the 
building phase).  
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Table 1 Energy use and greenhouse gas emissions for a two-lane road  (Schlaupitz 2008)  

Per meter of road kWhprimary/year kgCO2-eq/year 

plain road 64,8 15,3 

tunnel 182,5 75,6 

bridge 289,5 81,0 

crossing bridge 523,3 119,6 

 

With regards to the railway infrastructure, the amount of primary energy use and CO2-eq 
emissions during construction, operation and maintenance phases is shown in Table 2. 

Table 2 Energy use and greenhouse gas emissions for standard dual-track railway 
(Schlaupitz 2008) 

Per meter of road kWhprimary/year kgCO2-eq/year 

plain railway 90,5 21,9 

tunnel 258,0 71,8 

bridge 449,2 124,7 

crossing bridge 629,2 144,1 

 

The term “plain road” or “plain railway” refers to the part of a road or railway that does not 
contain any tunnels or bridges. 

Note that the data on energy use and greenhouse gas emissions during construction was 
divided by 100 years (which was chosen as a period for calculation).  
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3.6 Other studies 

A series of other studies on indirect energy use and greenhouse gas emissions have covered 
only certain phases of life cycle of transport infrastructure.  

Svensson and Eklund (2007) used “material-related energy” indicator on the example of 
Swedish railway infrastructure. The material-related energy use indicator is based on the 
“cradle-to-gate” data for the studied materials. The evaluation included all processes and 
transports up to the point where the materials leave the production plant after being refined to, 
for instance, steel, concrete and foundations. Transport between the material refineries and the 
product suppliers and the consequent transport between the supplier and Banverket was not 
included in the study (Svensson and Eklund 2007). One of the main results of the study show 
that steel and iron products, which add up to about 2 % of the material use, represent 77% of 
the total material-related energy use” (Svensson and Eklund 2007). Research suggests that 
railway infrastructure is more energy intensive than road infrastructure (Svensson and Eklund 
2007). 

Huang et al (2009) used the tool of LCA in order to compare and measure life cycle impacts 
of the construction and maintenance of asphalt pavements in the UK. The impact categories 
that were evaluated in the study were: energy use and emissions (CO, NOx, HC, CO2, and 
PM). The results of the study show that the speed of roadwork influences a lot on the 
environmental performance of road infrastructure. This study proved that LCA is an important 
tool to support decision making for sustainable construction (Huang, Bird et al. 2009). 

Mroueh et al (2001)  and Mroueh et al (2000) used LCA procedure for the comparison and 
evaluation of alternative road and earth construction methods developed in Finland. The study 
is mainly focused on the comparison of industrial by-products and conventional materials (i.e. 
natural aggregates). The analysis included all significant life-cycle stages of road 
infrastructure: the production and transportation of the materials, their placement in the road 
structures, and their use in construction. Road maintenance was assumed to take place in 
accordance with the average Finnish road maintenance strategy (Mroueh, Eskola et al. 2000). 
Thus the calculations were limited to only 1 maintenance strategy (Mroueh, Eskola et al. 
2001).  The environmental loadings included in the analysis were subdivided into 4 
categories: use of resources, atmospheric emissions, leaching into the ground compounds and 
other loadings (dust, noise, and land use). The results of the study indicated that the 
production of the bitumen and cement, crushing of materials and transport of materials are the 
most energy consuming life-cycle stages of the road construction (Mroueh, Eskola et al. 
2001). 

Bouwman et al (2002) used LCA methodology for evaluation of environmental (direct and 
indirect energy use, and space), social (time) and economical (cost) impacts of public 
transportation in Netherlands. The study analyzed the following types of transport: car, train, 
bus, bicycle, walking (Bouwman and Moll 2002). Indirect energy use included vehicle and 
infrastructure production and maintenance. However the results for direct and indirect energy 
use were aggregated into one value. The results were cut according to the following reference 
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units: passenger/km, distance (km) and trip length (km). It was concluded in the study that 
train and bicycle transportation are the most favorable from both environmental and 
sustainable development perspectives (Bouwman and Moll 2002). 

Lenzen (1999) performed an input-output analysis of transportation in Australia (with the 
emphasis on urban bus and rail passenger transport). He calculated energy use and GHG 
emissions taking into account the phases of direct and indirect energy use (Lenzen 1999). The 
phase of indirect energy use included such processes as extraction, refinement, storage and 
distribution of fuels, as well as energy embodied in goods and services necessary for 
operation of transport (purchase and maintenance of vehicles and construction of 
infrastructure). The author concluded that indirect phases of energy use and greenhouse gas 
emissions form a significant part of the total requirements for all modes of transport (Lenzen 
1999). 

Birgisdottir et al (2006) performed a LCA of road construction in Denmark. Two scenarios of 
road construction were performed: construction with virgin materials (natural aggregates) and 
with bottom ash (secondary aggregates). The following stages were included in the analysis: 
production of materials, road construction, operation and demolition of a  road (Birgisdottir, 
Pihl et al. 2006). The results of this study showed that environmental impacts of road 
construction in two scenarios are nearly the same. However the author concluded that there 
are differences in location of roads and landfills, thus environmental costs from moving any 
form of construction materials should be taken into account (Birgisdottir, Pihl et al. 2006). 

Andersson-Sköld et al (2007) performed a partial LCA of the rebuilding of roads containing 
coal-tar material. The study was based on three case studies of road projects in Sweden. The 
following phases of material handling were included: reuse, landfill, biological treatment and 
incineration (Andersson-Sköld, Andersson et al. 2007). The impact categories included in the 
study were as following: cost, material use, land use, energy consumption and air emissions. 
The study concluded that reuse of coal-tar-containing materials in new road construction is 
the most favourable for environment in terms of the studied impact categories (Andersson-
Sköld, Andersson et al. 2007). 

Rozycki et al (2003) performed a screening LCA of the German high-speed passenger train 
system. The study included such phases of railway infrastructure as traction, manufacturing 
and maintenance of trains, as well as construction and operation of railway infrastructure and 
buildings (Rozycki, Koeser et al. 2003). The indicators chosen for the study were cumulative 
energy demand (CED), cumulative material input per service unit (MIPS) and greenhouse gas 
emissions. The results of the study showed that the cumulative energy demand (CED) of 
infrastructure contributes 13% to the total CED per 100 person-kilometers (Rozycki, Koeser 
et al. 2003). 
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4 Discussion and conclusions 

The overall aim of the literature review was to analyze the existing environmental assessment 
tools, methods and results found in measuring energy use and greenhouse gas emissions in the 
whole life-cycle of transportation infrastructure (with the focus on road and railway).  

Consequently the first part of this chapter attempts to compile and shortly compare some of 
the main results found in the analyzed studies. The second part of the discussion tries to 
identify factors influencing the final results and thereby explain limitations and controversies 
between different studies. 

Results of the considered studies will be compared regarding road and railway types of 
transportation infrastructure with the focus on construction, operation and maintenance (as 
explained in the chapter 1.2 and Figure 1).  

 

4.1 Comparison of the results regarding the magnitude of indirect energy 

use 

Having analyzed the results of scientists from various countries it is possible to observe that 
the magnitude of indirect energy use in the studied papers was displayed with the help of two 
types of data: relative and absolute. 

Absolute data on indirect energy use usually display the quantity of energy consumed per 1 
meter/kilometer of road/railway. On the contrary, relative data on indirect energy 
consumption show the share of indirect phases in relation to the whole life-cycle of transport 
systems. Relative results are often related to ton-kilometer (giving importance to the traffic 
volumes during the operational stages). 

The examples of absolute data on indirect energy use may be seen in the studies of Schlaupitz 
(2008), Stripple and Erlandsson (2004) and Jonsson (2007). 

It is possible to calculate from the data presented by Schlaupitz (2008) that about 64,8 kWh of 
primary energy per year  (or 6480 kWh during 100 years) is used during construction, 
operational and maintenance phases for 1 meter of a two-lane plain road (without tunnels and 
bridges). Schlaupitz (2008) also calculated that about 90,5 kWh of primary energy per year 
(or 9050 kWh during 100 years) is used during construction, operational and maintenance 
phases for 1 meter of a dual-track plain railway (without tunnels and bridges).  

According to the results of Stripple and Erlandsson (2004), the total energy use during 
construction, maintenance and operation phases for 1 meter long road (with unspecified 
percentage of tunnels and bridges) during 40 years is about 6940 kWh. As far as the railway 
infrastructure is concerned Stripple and Erlansson (2004) calculated that the total energy use 
during the construction, operation and maintenance for 1 meter long railroad (with 
unspecified percentage of tunnels and bridges) during 60 years is about 12000 kWh. 
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Studies made by Chester et al (2009), Federici et al (2003), Schlaupitz (2008) and Jonsson 
(2007) are examples of relative data on indirect energy use. 

For example, it is possible to evaluate the share of indirect energy use in the study of Chester 
(2009) when excluding active and inactive operation stages (or in other words, direct 
processes). According to Chester (2009) it may be concluded that indirect energy use 
accounts for about 23-32% for road transport, 40-69%- for rail transport and 7-29% for air 
transport from the total life-cycle energy demand (Chester and Horvath 2009).  This study can 
be compared with the study of Jonsson (2007), where he concluded that indirect energy use 
for road transportation accounts for about 45%.  

The results of Federici et al (2003) showed that railway system has a larger demand of energy 
and material input per ton-km for construction and maintenance than the road infrastructure 
(see chapter 3.4.2). Federici et al (2003) explained these results by the fact that railway 
vehicles and infrastructure use significantly higher amount of matter (steel and construction 
materials).  

So it may be concluded that it is almost impossible to compare quantitatively the results of 
indirect energy use between various studies due to the fact that different types of data and 
phases of infrastructure were evaluated. However most of the studies conclude that the share 
of indirect energy use is significant and should be included in the environmental analysis. 
Other factors influencing the final results, which should be considered when doing 
environmental assessments, are discussed in the chapter below.  

 

4.2 Factors influencing the final results 

First of all it may be assumed that the final results regarding indirect phases of transportation 
infrastructure may be influenced by different characteristics of the country/region/territory. 
The following specific features are important to consider when comparing the results of 
indirect energy use: 

� Landscape (hilly landscape may cause large energy intensity during construction, 
operation and maintenance of the infrastructure); 

� Types of electricity production in the country (more fossil-based electricity mix can 
cause larger volumes of greenhouse gas emissions especially during the operation 
phase which is more dependent on electricity); 

� Technology used and ways of road building, operation and maintenance as well as 
production of used materials; 

� Efficiency of transportation and volume of use of the studied type of infrastructure.  
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Since the predictions of future technologies are also used when estimating energy 
consumption during operation and maintenance phases, the types of data chosen for 
calculation (marginal or average) can influence significantly the final results. 

The period of calculation for evaluation of environmental impact of road and railway 
infrastructure considered in the study is also important to take into account when analyzing 
the final results. Several studies consider the following periods of calculation for  road and 
railway infrastructure: 40 years (i.e. in Stripple et al (2004) and Jonsson (2007) for roads),  50 
years (in Mroueh et al (2001) for roads), 60 years (i.e. in Stripple et al (2004) for railways) 
and 100 years (in Schlaupitz (2008) for roads and railways and Birgisdottir et al (2006) for 
roads). 

As far as the system boundaries are concerned, the literature review proved that not all phases 
analyzed in the studies include completely the same processes. For example the phase of 
construction of infrastructure includes different processes in each study. Chester et al (2009) 
for instance, included the processes of parking and insurance in the phase of construction 
(which are not included in other studies). Unlike other researchers, Schlaupitz (2008) 
considered greenhouse gas emissions during soil removal and trees cutting. Stripple et al 
(2004) has also taken into account ¨inherent energy¨ in construction materials (see chapter 
2.3.2 with the definition). Consequently such examples prove that the level of detail is 
different in each study.  

In general, the studies made by Chester et al (2009), Schlaupitz (2008), Stripple et al (2004) 
and Federici et al (2003) were based on the site-specific data, while the study of Jonsson 
(2007) estimated energy use for the whole rail and road transportation on the national level. 

So it may be concluded from the previous discussions, that the choice of system boundaries as 
well as the level of detail are very important to consider as they may have an impact on the 
final results. 
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Appendix 

Table 3 Literature review scanned for the main life-cycle stages of transportation 
infrastructure 

Phases  

 

Author 

Construction Operation Maintenance End-of-life 

road rail  air sea road rail  air sea road rail  air sea road rail  air sea 

Chester et 
al (2009)  

X X X  X X X  X X X      

Stripple et 
al (2004) 

X X X  X X X  X X X      

Jonsson 
(2005) 

X X   X X   X X   X X   

Federici et 
al (2008) 

X X       X X       

Schlaupitz 
(2008) 

X X X  X X X  X X X      

Svensson 
et al (2007) 

 X               

Huang et al 
(2009) 

X        X        

Mroueh et 
al (2000) 

X        X        

Bouwman 
et al (2002) 

X X       X X       

Lenzen 
(1999) 

X X       X X       

Birgisdottir 
et al (2006) 

X    X        X    

Andersson-
Sköld et al 
(2007) 

X                

Rozycki et 
al (2003) 

 X    X    X       

 

 

 

 


