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Abstract 

Environmental awareness has strongly increased these last years, especially in the 
developed countries where societies have become increasingly preoccupied by the 
natural resource depletion and environmental degradation. At the same time, the 
increasing mass transportation demand throughout the European Union requires the 
development of new infrastructures. Life Cycle Assessment is increasingly used to 
provide environmental information for decision-makers, when a choice is to be made 
about the transportation mode to be implemented on a given route. In a life-cycle 
perspective, not only the environmental pressure of the operation of vehicles but also 
the burden from the infrastructure, in particular bridges as key links of the road and 
railway networks, has to be assessed when comparing transportation modes. 

Based on an extensive literature review, a simplified quantitative LCA is implemented 
in order to compare the environmental performance of two railway bridge designs. It is 
meant to be useful at an early stage in the design process, when no detailed 
information about the bridge is available, and when rough environmental estimations 
are needed. The Excel based model covers the entire life-cycle of the bridge, from raw 
material extraction to construction materials recycling and disposal. Various 
assumptions and omissions are made to narrow the scope of the analysis. For instance, 
processes that are found insignificant in the literature are omitted, and only a limited 
set of relevant emissions and impacts to the environment is considered. The model 
provides fully transparent results at the inventory and impact assessment level. 

The streamlined approach is tested by comparing the environmental burden 
throughout the life-cycle of a steel-concrete composite railway bridge on a single span, 
equipped with either a ballasted or a fixed concrete single track. The results show that 
the environmental impacts of the fixed track alternative are lower than that of the 
ballasted track alternative, for every impact categories. In a sustainable development 
perspective, it would thus have been preferable to install a fixed track over the bridge 
to reduce its overall impact on the environment by about 77%. The raw material phase 
is found decisive in the life-cycle of both alternatives. The frequency of the replacement 
of the track is identified as a key environmental parameter, since the road traffic 
emissions during bridge closure nearly overwhelmed the other life-cycle stages. 

Keywords:  Life Cycle Assessment (LCA), streamlined approach, Railway bridges, 
ballasted track, fixed concrete track, steel-concrete composite bridges, Bothnia Line. 
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Résumé 

La sensibilisation à la protection de l’environnement a fortement augmenté ces 
dernières années, tout particulièrement dans les pays développés où les sociétés sont 
devenues de plus en plus préoccupées par la raréfaction des ressources naturelles et la 
dégradation de l’environnement. Dans le même temps, la croissance de la demande de 
transport de masse à travers l’Union Européenne requiert la construction de nouvelles 
infrastructures. L’Analyse du Cycle de Vie est de plus en plus utilisée pour fournir des 
informations aux décideurs, lorsqu’il faut choisir entre différents modes de transport 
sur un itinéraire donné. D’un point de vue global, l’impact environnemental des 
véhicules en circulation doit être évalué lorsque des modes de transport sont comparés, 
mais également l’empreinte environnementale des infrastructures, et en particulier des 
ponts, maillons clés des réseaux routiers et ferroviaires. 

Basée sur une recherche documentaire approfondie, une Analyse du Cycle de Vie 
quantitative et simplifiée est implémentée afin de comparer les performances 
environnementales de deux ponts ferroviaires. Le model est utilisable tôt dans le 
processus de conception, au stade des avant-projets par exemple, lorsqu’aucune 
information détaillée concernant le pont n’est connue, et lorsque des estimations 
grossières quant aux performances environnementales sont nécessaires. Le model Excel 
couvre la totalité du cycle de vie du pont, de l’extraction des minerais jusqu’au 
recyclage des matériaux de construction. Des hypothèses ont été avancées pour réduire 
le champ de l’analyse. Par exemple, les processus jugés insignifiants dans la littérature 
ont été omis, et seul un nombre limité d’émissions et d’impact environnementaux a été 
considéré. Le model fournit des résultats parfaitement transparents tant au niveau de 
l’inventaire du cycle de vie que de l’évaluation des impacts. 

Cette approche simplifiée est testée en comparant l’empreinte environnementale d’un 
pont composite acier-béton à une travée, sur la Ligne Grande Vitesse de Botnie en 
Suède, équipée d’une voie ballastée ou d’une voie sur dalle. Les résultats montrent que 
les impacts environnementaux de l’alternative sur dalle sont inférieurs à ceux de 
l’alternative ballastée, et ce pour toutes les catégories d’impacts. Dans une perspective 
de développement durable, il aurait donc été préférable d’installer une voie sur dalle 
sur le tablier du pont, de manière à réduire l’impact global sur l’environnement 
d’environ 77%. La phase d’extraction des minerais est primordiale dans le cycle de vie 
des deux alternatives. La fréquence de remplacement des voies a été identifiée comme 
étant un paramètre environnemental clé, puisque les émissions dues au trafic routier 
pendant la fermeture du pont pour maintenance submergent presque les autres phases 
du cycle de vie du pont. 

Mots-clés:  Analyse du Cycle de Vie (ACV), approche simplifiée, ponts ferroviaires, 
voie ballastée, voie sur dalle, ponts composites acier-béton. 
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Chapter 1  
 
Introduction 

1.1 Background 

1.1.1 Towards a European high-speed passenger network 

It is difficult to think a sustainable economic growth without an efficient transport 
system, which links cities and activities together and allows flourishing exchanges 
between civilizations. Even if the 21st century is announced as the advent of the 
information society and virtual trade, the need for travel is not expected to slow down. 
However, the opposite is true. 

The Transport White Paper, adopted in 2001 by the European Commission, described 
the situation regarding transport at that time, and put forward an action plan to meet 
the transportation demand by 2010 (European Commission, 2001). The figures 
mentioned in this section have been found in this document. 

The European integration and economic growth will dramatically increase 
communication and exchange among people, leading to the emergence of new needs 
and an increased demand of 24% by 2010, in comparison with 2001, for passenger 
transport across the continent. 

Concerning goods transport in the European Union, growth is due to a large extent to 
a shift from a “stock” economy to a “flow” economy for the last 20 years. Reduced 
production costs in Eastern Europe and the abolition of frontiers within the Union 
have led to a relocation of some industries, particularly for products that require high 
labor input. Production sites are nowadays commonly hundreds or thousands of 
kilometers away from the final customers: the demand for goods transportation is 
expected to be 38% higher in 2010 than 10 years earlier. 

Europe started to suffer from congestion on several routes and areas during the 1990s, 
so that it is now threatening its economic competitiveness: traffic jams cost Europe 
0.5% of the community gross domestic product (GDP) in 2001. Moreover, these traffic 
delays result in an extra consumption of 1.9 billion liters of fuel, which represents 
nothing less than 6% of the annual European consumption. Forecasts showed that if no 
actions were taken, the cost due to congestion would have reached approximately 1% 
of the Community GDP in 2010. 
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In this context, the balance between transport modes has been shifted at the very heart 
of a more global sustainable development strategy by the Göteborg European Council 
in 2001. The transport sector, suspected to be responsible of 50% of the European 
emissions of CO2 in 2010, cannot indeed stay apart from the global effort to reduce the 
emissions of green house gases. Unsurprisingly, road transport is the main culprit, since 
it is directly responsible of 84 % of the CO2 emissions due to transport. Railway 
transport is conversely creditworthy for less than 1% of transport sector’s air pollution, 
since it is mainly driven by electricity: while the Swedish high-speed trains X2000 emit 
0.006 grams of CO2 per kilometer, passenger cars emit the same amount of carbon 
dioxide after 7 centimeters, and airplanes after 4 centimeters1. 

One of the major measures proposed is consequently the revitalization and the 
development of the railways, considered as the strategic domain on which the success 
of the efforts to limit the relative pre-eminence of the road transport will depend, 
particularly in the case of goods transport. An ambitious program aiming at developing 
a high-speed rail network throughout the European Union has been started the last 
decade with this intention (Figure 1.1). This effort is also meant to develop the freight 
capacity, by freeing up the lines that used to serve previously for passenger traffic. 

 

Figure 1.1: High Speed Railways in Europe, 2009 (Source: Wikipedia, 2010) 

                                            

1
 http://www.banverket.se, May 2010 
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So far, 9 of the 14 major infrastructure projects approved by the Essen European 
Council in 1994 have been achieved, or are in their construction phase. Some 
realizations are noticeable, such as the high-speed train line between Brussels and 
Marseille, and the Öresund Bridge linking Copenhagen and Malmö in Sweden. 

The two remaining major projects are the completion of the alpines routes, such as the 
high-speed line Lyon - Torino, which will be needed within the next 10 years since the 
existing Alpine road tunnels (Fréjus tunnel and Mont Blanc tunnel) will soon reach 
their maximum capacity regarding safety; and the completion of an easier route 
through the Pyrenees between France and Spain (Figure 1.2). 

 

Figure 1.2: Major railways projects waiting for completion (dotted lines) 2009 (Source: 
Wikipedia, 2010) 

Apart from these projects, new ones are considered by the European Commission of 
utmost importance: among them, the East-European high-speed line linking Paris to 
Vienna and the monumental bridge crossing the Fehmarn Belt between Germany and 
Denmark, a key link which will complete the North–South route connecting Central 
Europe and Scandinavia. 

1.1.2 Trends in Sweden 

In Sweden, railways capacity will have to be enhanced by 50% in order to meet the 
demand of the customers and to fulfill the environmental regulation by 2020 
(Banverket, 2008). Hundreds of kilometers of railway track are already designed to 
allow train speed of 200 km/h (Figure 1.1). Most of these infrastructures are located 
along the routes Stockholm – Copenhagen, Stockholm – Göteborg and Göteborg – 
Malmö. There are plans to upgrade large sections of these lines to allow 250 km/h 
speeds, while some others railways are under construction: Trollhättan – Göteborg and 
the Bothnia line between Kramfors and Umeå in Norrland. The Bothnia line is already 
partly opened to traffic, and will be fully operational in autumn 2010. 
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Besides these projects, the Swedish railway administration, Banverket, plans to build 
two high-speed lines between Stockholm and Malmö (Europe Line), and between 
Stockholm and Göteborg (Gothenland Line), which will allow speeds of 320 km/h 
(Figure 1.3). The Gothenland Line involves a corridor from Stockholm to Norrköping, 
Linköping and further away Jönköping, Borås and finally Göteborg. The Europe Line 
is a continuation of the Gothenland Line to the South from Jönköping to either 
Helsingborg, through a Helsingborg – Helsingør tunnel which has to be built, or to 
Malmö and Copenhagen via the Öresund Bridge. 

The Gothenland Line is expected to be completed by 2025 or 2030, but optimistic 
forecasts predict that the sections between Göteborg and Borås, and between 
Södertälje and Linköping, could be opened to traffic by 2020. Concerning the Europe 
Line, since it may involve the construction of a tunnel under the Öresund, it is very 
likely to be opened after the Gothenland Line, i.e. after 2030 (Banverket, 2008). 

 

Figure 1.3: High-speed lines projects in Sweden (Banverket, 2008) 

1.1.3 Railway bridge stock in Europe and Sweden 

A survey carried out in 2004 within the Sixth framework Programme of the European 
Commission (2002-2006) has taken inventory of all the existing railway bridges 
throughout 17 countries in Europe (Figure 1.4). It came out that 40.7% of the 219 718 
built bridges are arches, 22.7% are made of concrete, 21.5% are steel bridges and 13.9% 
are steel/concrete composite bridges, while 1.1% of them are not belonging to any 
specific type (Bell, 2004). Contrary to the other bridge categories, the arch bridge 
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category does not refer to a specific building material, but to a specific bridge layout. 
In the survey, arch bridges with brick, stone and concrete barrels are assigned to the 
same category. 

  

 

(a) (b)  

Figure 1.4: Railway Bridge types in (a) Europe and (b) Sweden (Bell, 2004) 

In Sweden, 79.3% of the 3620 listed bridges are concrete bridges, 13.8% are steel 
bridges, 4.1% are arch bridges, and only 1.4% are steel/concrete composite bridges 
(Figure 1.4b). 

The survey shows clearly that the railway bridge stock in Sweden is very largely 
dominated by concrete bridge, followed by far by the steel bridges, the arch bridges 
and the steel/concrete composite bridges. It is interesting to note that this trend is 
radically different from the one in Europe, where arches are the most common type of 
bridges. 

However, this relative pre-eminence of concrete bridges drops in the medium and long 
span ranges, as it is showed in Table 1.1. Meanwhile, the shares of steel bridges and 
composite bridges increase to 66.7% and 13.3% respectively. 

Table 1.1: Railway bridges in Sweden – span profiles in percentage (Bell, 2004) 

 Arch Concrete Steel Composite Total 

< 10 m 5.7 85.9 8.4 0 100 

10 – 40 m 1.2 72.6 23.1 3.1 100 

> 40 m 6.7 13.3 66.7 13.3 100 

 

This tendency is partly attributable to the properties of steel which allow lighter and 
more slender decks, and thus longer spans than concrete. Besides, high-speed railway 
steel bridges incorporate favorably a concrete slab to carry the tracks, to participate in 
the global and local strength of the composite structure, and to bring supplementary 
mass and dumping, which consequently decrease the noise when high-speed trains pass 
over the bridge. Furthermore, the extra mass brought by the concrete limits the 
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dynamic phenomena, thus enhancing safety and comfort of the passengers (Petetin and 
Hoorpah, 2003). 

In a cost reducing perspective, no expensive formwork to support the load from 
hardening concrete is needed when comparing steel/concrete composite bridges with 
concrete bridges, thanks to the good ability of the steel girders to carry the formwork. 
Reduced construction time, and thus costs, compared to concrete bridges greatly 
contribute to the increasing popularity of composite bridges (Collin et al., 2008). 

This popularity is illustrated by the growth of the use of composite bridges along the 
French high-speed railway network, one of the most developed in the world. The first 
high-speed South-East and Atlantic lines, built in the 1980s, have only pre-stressed 
concrete bridges, while the newer North line linking Paris to Lille include 15 steel and 
composite bridges, and 23 steel and composite bridges have been built along the 
Mediterranean line, opened to traffic in 2001. Based on the French experience in 
building high-speed railways, it is most likely that this trend will be confirmed along 
the planned Swedish high-speed network in the coming 20 years. 

1.1.4 Infrastructures in a sustainable development 
perspective 

Environmental awareness has strongly increased these last years, especially in the 
developed countries where societies have become increasingly preoccupied by the 
natural resource depletion, fossil fuel among others, and environmental degradation, 
such as the emission of green house gases. As a result, industries, businesses and public 
authorities are more and more assessing the way their processes impact the 
environment to provide “eco-friendly” products or services. 

The building industry is of course affected by this global effort towards the 
minimization of the society’s impact on the environment: it is responsible of about 40% 
of the total energy use in Sweden and needs approximately 7.5 billion tons of building 
material per year (Borg, 2001). To assess the order of magnitude of the air emissions 
due to the construction sector, it is noteworthy that producing 1 m3 of concrete 
corresponds approximately to a travel of 2000 km for one person by car or to about 
3000 km by air, regarding the emission of carbon dioxide2. 

In the perspective of achieving a sustainable development, moving beyond compliance 
to environmental regulations, by implementing pollution prevention strategies or 
environmental management systems (EMS), has been found preferential by many 
institutions. Different methods have been developed with this intention (Life Cycle 
Assessment: Principles and Practice, 2006). 

Seventeen of them have been identified in Bengtsson et al. (2000). These tools are well 
spread and known for most of them, but they have different characteristics. They 
strongly differ in their ambition and in their need of specific knowledge necessary to 
use them. The purpose of these methods ranges from a mapping of the environmental 

                                            

2
 COWI A/S, sustainable construction brochure 
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issues of an organization, like a simple environmental inquiry, to an exhaustive analysis 
of the potential environmental impacts of a product during its entire lifetime. 

This “cradle to grave” concept, called Life Cycle Assessment, is a methodological 
framework for evaluating and assessing the potential environmental impacts of a 
product, such as climate change, stratospheric ozone depletion, eutrophication, 
acidification, toxicological stress on human health and ecosystems, depletion of 
resources, water use, land use, noise, etc, over all four stages of a product or process life 
cycle: raw material acquisition, manufacturing, use/reuse/maintenance, and 
recycle/waste management. 

The methodology originated in the late 1960s. Until the end of the 1980s, a large 
amount of studies was performed without a common theoretical framework. 
Consequently, the results differed greatly, even if the objects of the studies were the 
same and thus preventing life cycle assessment from becoming a more widely accepted 
analytical tool (Udo de Haes, 1993). At the beginning of the 1990s, a broader interest 
for LCA emerged, primarily thanks to company’s need of environmental information to 
provide to clients, or governmental agencies. Consequently, the LCA methodology has 
been further developed, but in two directions: one towards an improvement of the 
existing method, and another one aiming at building up simplified, or streamlined, 
approaches for internal use or for screening purpose for future more complete studies 
(Weitz et al., 1996). 

Meanwhile, a large effort towards the harmonization of the methodology has been 
carried out, through a wide exchange between LCA practitioners throughout the world 
and thanks to the work of the Society of Environmental Toxicology and Chemistry 
(SETAC). This led to the first attempt of LCA standards in the International 
Standards Organization (ISO) 14000 series in 1997, updated in 2002. 

LCA has then been identified as a robust tool to support decision making in the 
construction sector, since a scientifically accepted and worldwide spread method has 
been established. However, some specific factors inherent to this sector, such as long 
service life, inhomogeneous lifetimes for different building materials included in the 
same system or the high potential for recycling and reuse of building materials, imply a 
specific implementation of the life cycle assessment methodology (Borg, 2001). 

1.2 Aim and Scope of the study 

This thesis aims at establishing a state of practice of Life Cycle Assessment: the past 
and latest developments regarding the methodology itself are investigated, from the 
conventional standardized method to the simplified approaches, which are increasingly 
used when quick and effective decisions must be made (Chapter 2). 

Large panels of environmental assessment studies that used the LCA framework, which 
have been carried out to compare the environmental performances of transportation 
systems and to explore the burdens from railway transportation system and bridges, 
are gathered in an attempt to establish a state-of-the-art review of the use of LCA in 
the field of bridges and railway infrastructure systems (Chapter 3). 
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A second objective of the thesis is to implement a simplified quantitative LCA that 
aims at comparing the environmental performance of two railway bridge designs, in 
order to provide environmental information to decision-makers when a decision is to be 
made regarding the bridge’s layout at an early stage in the design process (Chapter 4). 
The tool is capable of assessing the life-cycle environmental burden of different railway 
bridge types, from reinforced concrete beam or trough bridges, to steel-concrete 
composite girder bridges. However, it is not suitable for the evaluation of the 
environmental effects of suspension bridges, cable-stayed bridges, or arch bridges. 

It covers the entire life-cycle of bridges, from raw material extraction to final material 
disposal, for the substructure and the superstructure. Only the combustion of fossil 
fuels is considered, the extraction, processing and distribution are omitted. The 
production of electricity is not considered. Processes and materials found insignificant 
in the previous researches are omitted, such as formwork, ground preparation, bearings 
and expansion joints. Only the production of steel and concrete is included in the 
model. Various maintenance activities are modeled, like the replacement of the 
bearings or expansion joints, re-painting of the steelwork and replacement of the whole 
bridge deck. They sometimes require the complete closure of the bridge to train traffic, 
resulting in the shift of the passenger and freight transport to the road. Finally, 
different disposal scenarios are modeled for steel, namely direct recycling or landfilling, 
while reinforced concrete is sorted, then partly recycled and landfilled. 

The simplified approach focuses on a limited set of material and emission flows. 
Emissions to the air, namely carbon dioxide (CO2), carbon monoxide (CO), methane 
(CH4), nitrogen oxides (NOX), sulfur dioxide (SO2), non-methane volatile organic 
compounds (NMVOC) and particulate matter (PM10), and water (oils, biological 
oxygen demand, total suspended solid, dissolved organic compounds), and generated 
solid wastes are taken into account. Impacts to the environment are then assessed for 6 
impact categories, namely climate change, abiotic resource depletion, acidification, 
eutrophication, photo-oxidant formation and human toxicity. 

A comparative environmental assessment is carried out using the developed tool, 
aiming at comparing the environmental impacts of a ballasted and fixed track system 
installed on the Banafjäl Bridge, a high-speed steel-concrete composite railway bridge 
on the Bothnia Line in Sweden (Chapter 5). Only the superstructure of the bridge, 
with the exception of the bracings, is considered. The actual curvature of the bridge is 
disregarded. The maintenance and repair activities of the track systems are not 
accounted since no data regarding the associated environmental pressure has been 
found. 
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Chapter 2  
 
Review of the structure of the Life 
Cycle Assessment process 

2.1 Life Cycle assessment 

A Life Cycle Assessment is a so-called “cradle-to-grave” approach, which means that 
all majors’ activities during the life time of the studied product are accounted, from the 
extraction of raw materials, manufacture, use, and maintenance, to its final disposal or 
recycling. 

The raw material acquisition phase includes all processes involved in the removal of 
raw materials from the earth, as well as the transport of these materials from the 
extraction site to the processing units. The manufacturing stage consists of the 
processes involved in the conversion of the raw materials into a material usable to 
fabricate finished product (such as concrete or steel), and the product manufacturing, 
packing and distribution. The use phase relates to the real use, reuse and maintenance 
of the product, until it is disposed or recycled. All the processes associated with 
product disposal management are accounted in the end-of-life stage. 

2.2 Framework 

Life Cycle Assessment (LCA) is a systematic and phased methodology (SAIC, 2006). 
Its framework has been internationally standardized in the ISO 14040 series standards, 
even though new advances continue to be made. Originally, the Society of 
Environmental Toxicology and Chemistry (SETAC) differentiated five components in 
the methodology: goal definition, inventory, classification, valuation and improvement 
analysis (Guinée et al., 1993a). However, the ISO standards published in 1997 no 
longer considered the improvement analysis step as a stand-alone phase, but it was 
identified as having an influence throughout the whole LCA process. Another 
methodological component which interacts with all the others, namely life cycle 
interpretation, was introduced instead (Rebitzer et al., 2004). 
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At the time being, four components are considered being part of the LCA methodology 
as illustrated in Figure 2.1: goal definition and scoping, inventory analysis, impact 
assessment and interpretation (Rebitzer et al., 2004; SAIC, 2006). 

 

Figure 2.1: Phases of an LCA (Source: ISO, 1997) 

The goal and scope definition provides the goal of the assessment. It describes the 
product system and the context in which the assessment is to be made, and limit the 
scope of the study by setting up its boundaries (SAIC, 2006). The inventory analysis 
estimates the consumption of inputs, such as energy, water and natural resources, and 
the releases to the environment, like air emissions, solid waste generation, waste water 
discharges, attributable to a product’s life cycle. The impact assessment provides the 
basis for assessing the potential environmental burden of the materials usage and 
emissions identified in the inventory analysis, regarding a number of potential impact 
categories. Finally, interpretation occurs at every stage in an LCA: conclusions can be 
drawn directly from the inventory analysis results, while interpretation based on the 
impact assessment results is preferable when trade-offs are to be made (Rebitzer et al., 
2004). 

2.3 Goal and Scope definition 

The goal and scope definition phase provides the type of information needed to inform 
the decision-makers, the accuracy of the results and the way they should be interpreted 
and presented to be usable. The decisions made at this step influence the choices to be 
made within the other phases of the LCA, by specifying the necessary time and 
resources, or by impacting how the analysis is conducted (SAIC, 2006), and are 
therefore decisive for the results of the assessment (Rebitzer et al., 2004). 

The goal of the assessment must be unambiguously and transparently defined, for 
instance choosing the alternative with the least impact on the environment or guiding 
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the development of a new product or process towards the minimization of its 
environmental effects, as well as the reasons for carrying out the study (Guinée et al, 
2001). Two distinct categories of LCA goals exist: an LCA can be performed from an 
attributional or a consequential point of view (Finnveden et al., 2009). The first point 
of view implies that the assessment aims at describing the system and its 
environmental exchanges, while the second point of view deals with the assessment of 
the way “the environmental exchanges of the system can be expected to change as a 
result of actions taken in the system” (Rebitzer et al., 2004). 

The study parameters, i.e. the natural resources or emissions considered in the 
assessment, are determined with regard to the type of information needed to inform 
the decision-makers (SAIC, 2006). For example, if the study aims at choosing among a 
number of alternatives the bridge that contributes the least to the climate change, the 
analysis will pay a particular attention to the emissions of greenhouse gas.  

The goal and scope definition step provides also the time scale and the level of 
specificity of the study, i.e. the spatial scale, ranging from a generic study to a product-
specific assessment, in order to determine the type of data that has to be collected 
(SAIC, 2006). The accuracy of the data depends on the intended audience, either 
internal decision-makers or a public forum, and on the criticality of the decisions to be 
made based on the assessment’s results (Wenzel, 1998). 

The way the results are displayed is defined through a functional unit, which is a 
quantitative description of the needs fulfilled by the product or process being analyzed 
(Rebitzer et al., 2004). When two products or services are compared, the basis for 
comparison should reflect an equivalent service provided to the customer: in the case of 
a bridge, an adequate functional unit could be “enable 5000 vehicles a day to go from a 
point A to a point B over 100 years”. It is noticeable that to perform an attributional 
assessment, the magnitude of the functional unit is of little importance since the 
system is linearly modeled. However, the functional unit’s magnitude should reflect 
that of the changes investigated for a consequential analysis, since the consequences 
are not linked linearly to the changes (Rebitzer et al., 2004). 

Depending on the goal of the study, the desired accuracy of the results and the 
available time and resources, the scope of the study is defined by determining the life-
cycle stages and the processes to be included in the analysis. Weidema (1998) argued 
that the scope of an LCA is also determined by “the area of validity of the decision 
with respect to time, space, and interest groups affected”. 

2.4 Life Cycle Inventory 

2.4.1 Process models 

SAIC (2006) reported four major steps in a Life Cycle Inventory (LCI). At the first 
step, a process flow chart is constructed, in which the inputs and outputs of each 
process or system are mapped, according to the system boundaries established at the 
goal and scope definition step. All energy and material flows, and the chosen emissions 
to the air, water and soils are accounted. In addition to that, the transportation from 
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one process location to another is included in each subsystem. Rebitzer et al. (2004) 
identified the processes to be included in the product system as those that are 
suspected to contribute significantly to the product’s function. They also described the 
possible strategies to set the boundaries between the studied system and the others, for 
instance how to handle the processes that provide more than one product, which refers 
to the allocation procedure in the literature. A recurrent allocation problem occurs for 
instance when dealing with recycled or re-used materials: how to account for the 
environmental benefit associated with recycling? Should recycled or re-used materials 
contribute negatively to the Life Cycle Inventory for example? The answers to these 
questions must be stated at the goal and scope definition step. 

The second step aims at developing a data collection plan, in order to make sure that 
the data’s quality meets the requirements described in the goal and scope definition 
stage, when selecting the data sources to perform the LCI. Inventory data can be 
obtained from various sources (Brattebø et al., 2009; SAIC, 2006), such as companies, 
suppliers and producers, governments, journals and articles, reference book, earlier 
LCA studies, specific computer based databases, or best engineering judgment. Based 
on Rebitzer et al. (2004), Finnveden et al., 2009 and on further personal researches, 
Table 2.1 presents various inventory data sources for a number of processes and 
materials used in the building sector. A more extensive summary of LCI data resources 
in the world can be found in Curran and Notten (2006). 

Table 2.1: Indicative, non-exhaustive list of LCI databases 

Database name Scope Managed by Further information 

Environmental profile report for 
the European aluminum 

industry 

Aluminum 
production and 
transformation 

processes 

European aluminum 
association 

http://www.aluminium.org 

    

Eco-profiles of the European 
plastics industry 

Plastics products 
production 

PlasticsEurope http://www.plasticseurope.org 

    

Life Cycle Inventory of Portland 
Cement Concrete 

Production of ready 
mixed, masonry, and 

precast concrete. 

Portland cement 
association 

http://www.cement.org 

    

Worldsteel Life Cycle Inventory Steel products 
IISI (International 

Iron and Steel 
Institute) 

http://www.worldsteel.org 

    

Life cycle assessment of nickel 
products 

Nickel products Nickel institute http://www.nickelinstitute.org 

    

European Reference Life Cycle 
Database (ELCD) 

Energy, material 
production, systems, 
transport, end-of-life 

treatment 

European Commission http://lct.jrc.ec.europa.eu 

    

US NREL database Global 
US National 

Renewable Energy 
Laboratory (NREL) 

http://www.nrel.gov/lci/ 

http://www.aluminium.org/
http://www.plasticseurope.org/
http://www.cement.org/
http://www.worldsteel.org/
http://www.nickelinstitute.org/
http://lct.jrc.ec.europa.eu/
http://www.nrel.gov/lci/
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Table 2.1: (continued) 

Database name Scope Managed by Further information 

JEMAI database Global 

Japan 
Environmental 
Management 

Association for 
Industry (JEMAI) 

http://www.jemai.or.jp/english 

    

ProBas database 

Energy, materials 
and products, 

transport, waste 
management 

German federal 
environmental 

agency 
(Umweltbundesamt) 

http://www.probas.umweltbundesamt.de 

    

SPINE@CPM database Global 
Chalmers CPM, 

Göteborg, Sweden 
http://www.cpm.chalmers.se 

    

Ecoinvent 

Energy supply, 
resource extraction, 

material supply, 
chemicals, metals, 
agriculture, waste 

management 
services, and 

transport services. 

The Ecoinvent 
Centre, Switzerland 

http://www.ecoinvent.ch 

    

ETH-ESU 96 Database 

Energy: Electricity 
generation and 

related processes like 
transport, 

processing, waste 
treatment 

ETH Zurich, 
Switzerland 

 

    

BUWAL 250 

Packaging materials 
(plastic, carton, 
paper, glass, tin 

plated steel, 
aluminum), energy, 

transport, waste 
treatments 

Swiss Federal Office 
for the Environment 

(FOEN) 
 

    

IDEMAT 2001 

engineering 
materials (metals, 

alloys, plastics, 
wood), energy and 

transport 

Delft Technical 
University, The 

Netherlands 
 

    

European Database for 
Corrugated Board - Life Cycle 

Studies 

Corrugated board 
(packaging) 
production 

FEFCO (European 
Federation of 

Corrugated Board 
Manufacturers) 

http://www.fefco.org 

  

http://www.jemai.or.jp/english
http://www.probas.umweltbundesamt.de/
http://www.cpm.chalmers.se/
http://www.ecoinvent.ch/
http://www.fefco.org/
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Many of these databases offer aggregated data, i.e. composite resource consumptions, 
wastes, and emissions per kilogram of material produced, while the Ecoinvent and the 
US NREL databases for instance provide disaggregated data for each process. On one 
hand, the aggregated industry data, readily available, are useful to model the 
production of globally traded products, such as aluminum or steel, since the LCA 
practitioner does not necessarily know the origin of the material he is dealing with. 
However, some argue that this data lack of transparency and might be biased. On the 
other hand, disaggregated data offer the opportunity to adapt the data to the actual 
processes and technologies used in the production of the studied materials (Finnveden 
et al., 2009). 

The data are gathered at the third step. The data collection and compilation is often 
the most work- and time-consuming steps in an LCA (Rebitzer et al., 2004). When a 
rapid decision-making process is required, simplified, or streamlined, approaches have 
to be employed. A number of these methods focus their efforts on saving time at the 
Life Cycle Inventory step, where the time saving potential is maximal. The simplifying 
strategy to be used depends on the goal and scope of the study, the required level of 
detail, the acceptable level of uncertainty and the available resources (Rebitzer et al., 
2004). The approaches of LCA simplification are further presented and discussed in a 
specific section of this report. 

The fourth and last step of a LCI provides an evaluation and a documentation of the 
inventory results. Depending on the goal of the study, they can be formatted in 
different ways to put in perspective the information: the relative contribution of the 
life-cycle stages or the components of the system can be clarified, in terms of energy 
consumption, resource use or releases to the environment (SAIC, 2006). 

2.4.2 Other approaches for LCI 

An alternative to the Life Cycle Inventory (LCI) based on process modeling has been 
developed, the economic input-output modeling, referred in the literature as I/O-LCA. 
Its framework has been established in the first half of the 20th century by Wassily 
Leontief, who received the Nobel Prize in 1973. The studied system is modeled using 
economic flow databases, which are supplied by the statistical agencies of national 
governments (Finnveden et al., 2009). The entire economy is divided into distinct 
sectors, and represented in a matrix, where each sector is represented by one row and 
one column. The matrix financially describes the exchanges from one sector to another. 
The environmental outputs are then calculated “by multiplying the economic output 
at each stage by the environmental impact per dollar of output” (SAIC, 2006). 

The I/O model offers broader system boundaries, but a low level of details. It is thus 
applicable for system comparison on a regional, national, or international level, while 
comparisons within one industrial sector cannot be performed. Up-to-date databases 
are available, such as the EIO-LCA database provided by Carnegie Mellon University3 

                                            

3
 http://www.cmu.edu 
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in the US or the on-line tool provided by Statistiska centralbyrån in Sweden4. Other 
databases are referenced in Finnveden et al. (2009). 

Hybrid models, which combine the I/O model with process models, have also been 
proposed to implement the advantages offered by both approaches, by for example 
analyzing the main processes in detail using process models, while estimating 
associated far upstream flows using I/O model (tiered hybrid method). MIET, for 
Missing Inventory Estimation Tool, is a publicly available spreadsheet to perform LCA 
based on this method. Another method, referred to as input-output based hybrid 
method, is based on disaggregated input-output matrix to improve the resolution of 
the I/O model. A third method, the so-called integrated hybrid method, for which both 
the process-based model and the input output-based model are merged into one 
matrix, has been proposed (Rebitzer et al., 2004). 

2.5 Life Cycle Impact Assessment 

The Life Cycle Impact Assessment (LCIA) phase of an LCA evaluates the potential 
impacts on the environment of the resource use and releases identified during the Life 
Cycle Inventory stage, regarding a set of impact categories. Even though conclusions 
can be drawn from the LCI results, an impact assessment has to be performed when 
trade-offs are to be made.  

Numerous Life Cycle Impact Assessment methods have been developed and 
implemented in most computer based LCA tools. For instance, fifteen methods have 
been included in the Ecoinvent database, namely: 

- CML 2001; 
- Cumulative Energy Demand (CED); 
- Cumulative Exergy Demand (CExD); 
- Eco-indicator’99; 
- Ecosystem Damage Potential (EDP); 
- Ecological Footprint; 
- the method of ecological scarcity (UBP’97); 
- Ecological Scarcity Method 2006; 
- Environmental Design of Industrial Products 97 (EDIP’97); 
- EDIP 2003; 
- Environmental Priority Strategy 2000 (EPS 2000); 
- IMPACT 2002+; 
- IPCC 2001 and 2007 (Climate change); 
- TRACI. 

These methods differ, among other, in the investigated LCI data, the sets of impact or 
damage category used, or the type of model chosen to characterize the impacts or 
damages to the environment (midpoint or endpoint models). For instance, CED and 
CExD aim only at investigating the energy use throughout the life cycle of a product. 

                                            

4
 http://www.scb.se/ 
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However, the main methodological elements are rather similar for all methods. A 
complete description of these LCIA methods can be found in Hischier et al. (2009), 
with all references to the specific literature for each of them. 

Pennington et al. (2004) identified three mandatory and three optional steps to 
conduct an LCIA. To illustrate these steps, examples from the CML 01 method, 
described in Guinée et al. (2001), are given. 

2.5.1 Selection of the impact categories 

The first step consists in selecting the impact categories and the indicator for impact 
category, which are relevant for the study. This step is performed in relation with the 
goal of the study, stated at the goal and scope definition phase (SAIC, 2006). The 
LCIA standards, ISO 14042, identified three groups of impact categories, referred in 
the literature as AoPs, for Areas of Protection (Pennington et al., 2004): resource use, 
human health and ecological consequences. Guinée et al. (2001) distinguished three 
sets of impact categories, depending on environmental relevance (Table 2.2). The first 
group, “Baseline impact categories”, includes the impact categories which are included 
in the majority of the LCA studies. The second group, “Study-specific impact 
categories”, comprises categories that may be included if it is required by the goal of 
the study, and if data are available. The third group, “Other impact categories”, 
includes the other categories which require further research to be used in LCA studies. 

Table 2.2: Sets of impact categories (Guinée et al., 2001) 

Group A 
Baseline impact categories 

Group B 
Study-specific impact categories 

Group C 
Other impact categories 

   

Depletion of abiotic resource 
Land use – loss of life support 

fonction 
Depletion of biotic resources 

Land use – land competition Land use – loss biodiversity Desiccation 

Climate change Freshwater sediment ecotoxicity Malodorous water 

Stratospheric ozone 
depletion 

Marine sediment ecotoxicity Etc. 

Human toxicity Ionizing radiation  

Freshwater aquatic 
ecotoxicity 

Malodorous air  

Marine aquatic ecotoxicity Noise  

Terrestrial ecotoxicity Waste heat  

Photo-oxidant formation Casualties  

Acidification   

Eutrophication   

 

Abiotic, or non-living, resources are natural resources, such as crude oil, natural gas or 
iron ore. Land use refers to the consequences of human land use, like the depletion of 
land as a resource, or the impact of land use on biodiversity and life support functions. 
Climate change relates to the heat radiation absorption of the atmosphere, while 
stratospheric ozone depletion refers to the thinning of the stratospheric ozone layer. 
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Human toxicity and eco-toxicity categories cover the impact of toxic substances on 
human health, and aquatic, terrestrial and sediment ecosystem respectively. Photo-
oxidants, such as ozone, are formed in the troposphere by the action of sunlight on a 
variety of air pollutants. They impact human health and the ecosystems. 
Eutrophication refers to the excessive level of nutrients in both aquatic and terrestrial 
ecosystems, which can lead to an elevation of the biomass production, and change 
surface water to unfit water for drinking. 

2.5.2 Classification 

The second step referred to in the literature as the classification, assigns the inventory 
data to the chosen impact categories (Pennington et al., 2004). If a LCI item 
contributes to several impact categories, it can be assigned either by dividing it to the 
impact categories when the effects depends on each other, or by assigning the all item 
to all impact categories when the effects are independent (SAIC, 2006). Table 2.3 
presents examples of LCI data classification for commonly used impact categories, with 
the associated indicators. 

Table 2.3: Commonly used impact categories (SAIC, 2006) 

impact category Scale Examples of LCI data Indicator 

    

Depletion of abiotic 
resource 

Global 
Quantity of minerals used 
Quantity of fossil fuels used 

ADP (Abiotic 
Depletion Potential) 

    

Climate change Global 
Carbon Dioxide (CO2) 
Nitrogen Dioxide (NO2) 
Methane (CH4) 

GWP (Global 
Warming potential) 

    

Acidification Regional, local 
Sulfur Oxides (SOX) 
Nitrogen Oxides (NOX) 
Ammonia (NH4) 

AP (Acidification 
Potential) 

    

Eutrophication Local 

Phosphate (PO4) 
Nitrogen Oxide (NO) 
Nitrogen Dioxide (NO2) 
Nitrates 
Ammonia (NH4) 

EP (Eutrophication 
Potential) 

    

Photo-oxidant 
formation 

Local 
Non-methane hydrocarbon 
(NMHC) 

POCP (Photo-Oxidant 
Creation Potential) 

    

Stratospheric Ozone 
Depletion 

Global 
Chlorofluorocarbons (CFCs) 
Hydrochlorofluorocarbons 
(HCFCs) 

ODP (Ozone 
Depletion Potential) 
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2.5.3 Characterization 

The third step, the characterization, calculates the impact category indicators by using 
generic so-called characterization factors. Those factors are obtained from 
characterization models, and are available in the literature (Guinée et al., 2001) or in 
the form of databases in computer based LCA tools (Pennington et al., 2004). 
Equations (2.1) and (2.2) describe how indicators for each impact category are 
calculated from the inventory data (Brattebø et al., 2009). 

           
(2.1) 

             
       

       

 
(2.2) 

Where eij is the emission of the LCI item j for total consumption of input parameter i; 
xi is the consumption of the input parameter i; fij is the emission of LCI item j per unit 
input parameter i; dk is the total potential impacts in impact category k, expressed in 
equivalents (Table 2.4), and cjk is the characterization factor for LCI item j to impact 
category k. 

Table 2.4: Unit of commonly used category indicators (Guinée et al., 2001) 

Impact Category Category indicator Unit 

   

Depletion of abiotic 
resource 

ADP (Abiotic Depletion 
Potential) 

kg antimony equivalent/kg extracted 
(kg Sb eq./kg) 

   

Land use 
One for all types of land use 

(dimensionless) 
m

2
.year 

   

Climate change 
GWP (Global Warming 

Potential) 
kg carbon dioxide equivalent/kg emitted 

(kg CO2 eq./kg) 

   

Human toxicity 
HTP (Human Toxicity 

Potential) 

kg 1,4-dichlorobenzene equivalent/kg 
emitted 

(kg 1,4 DCB eq./kg) 

   

Acidification 
AP (Acidification 

Potential) 
kg sulfur dioxide equivalent/kg emitted 

(kg SO2 eq./kg) 

   

Eutrophication 
EP (Eutrophication 

Potential) 
kg phosphate equivalent/kg emitted 

(kg PO4
3-
 eq./kg) 

   

Photo-oxidant 
formation 

POCP (Photo-Oxidant 
Creation Potential) 

kg ethylene equivalent/kg emitted 
(kg C2H4 eq./kg) 

   

Stratospheric Ozone 
Depletion 

ODP (Ozone Depletion 
Potential) 

kg CFC-11 eq./kg 
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Major issues associated with modeling in LCIA are outlined in Pennington et al. 
(2004). First, three classes of impact indicators in current LCIA practice have been 
identified: a first generation of indicators that “contribute to weighting inventory data 
using policy-based measures or intrinsic properties”; indicators derived from “marginal 
approaches”, that provide estimates of small changes attributable to change in the 
system; and indicators derived from “average approaches”, that estimate the average 
impact of a flow. This distinction is illustrated in Figure 2.2, where the gradient 
between a working point and the origin of the curve is the average gradient. The local 
gradient at a specified working point on the curve is the marginal gradient. 

 

Figure 2.2: Example of marginal and average characterization factors for eco-
toxicological impacts (Pennington et al., 2004) 

Another important issue is the extent to which environmental mechanisms are modeled 
(Figure 2.3), i.e. at the middle of the cause-effect chain (“midpoint”) or at the end of 
the cause-effect chain (“endpoint”). The midpoint modeling allows assessing the 
potential impact to the environment, while the endpoint modeling allows estimating 
the potential damage to the AoPs (Areas of Protection) (Pennington et al., 2004; 
Finnveden et al., 2009). Endpoint proponents argue that choosing endpoint indicators 
would limit the weighting across impact categories to the ranking of the importance of 
the AoPs, making the weighting step more structured and explicit. However, such 
modeling is well established for some impact categories, while it is still under 
development for others. 

Finally, the site and temporal variability of the inventory items are not taken in 
consideration yet: current LCIA practice usually relies on site/temporal generic 
characterization factors (Pennington et al., 2004; Finnveden et al., 2009). 

Klöpffer et al. (2001) summarized the work of the SETAC Europe Scientific Task 
Group on Global and Regional Impact Categories (SETAC-Europe/STG-GARLIC) to 
give a state-of-the-art review of the current practices regarding category indicators and 
characterization factors for climate change, stratospheric ozone depletion, photo-
oxidant formation, acidification, and aquatic and terrestrial eutrophication. Finnveden 
et al. (2009) reviewed some recent developments for specific impact categories, namely 
resources, land use, water use, toxicity and indoor air. 
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Figure 2.3: Schematic presentation of a cause-effect chain underlying the modeling of 
impacts (at midpoints) and damages (at endpoint) in LCIA (Finnveden et al., 2009) 

2.5.4 Normalization, grouping and weighting 

The fourth, fifth and sixth steps of an LCIA, namely normalization, grouping and 
weighting, are optional. They are performed if impact assessment results need to be 
compared across impact categories or AoPs if endpoint indicators have been used, in 
order to solve trade-offs between the alternative systems being compared. 

The normalization step normalizes the indicator results by dividing them by a selected 
reference value (SAIC, 2006), thus converting indicators into dimensionless numbers. 
The reference system can be chosen for example using the indicator results for a given 
area or person, over a given time (Guinée et al., 2001). The reference system is also 
commonly chosen on a per capita basis. Equation (2.3) clarifies how normalized 
impacts are calculated using normalization factors. Indicator results for Western 
Europe in 1995 are commonly use as normalization factors (Table 2.5). Results for the 
World in 1990 and 1995 can be found in Guinée et al. (2001) and Hischier et al. (2009). 

   
  
  

 
(2.3) 

Where mk is the normalized potential impacts for category k, dk the total potential 
impacts in impact category k, and nk is the normalization factor for category k. 

Table 2.5: Normalization factors for Western Europe, 1995 (Brattebø et al., 2009) 

Category indicator ADP AP EP GWP ODP POCP 

       

Normalization factor 1,48E+10 2,73E+10 1,25E+10 4,81E+12 8,33E+07 8,26E+09 
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The grouping step assigns the impact categories into some sets to ease the 
interpretation of the results (SAIC, 2006; Pennington et al., 2004). The ISO standards 
defined two possible procedures: sorting indicators “on a nominal basis”, for example 
by global, regional and local spatial scales, or “on an ordinal scale”, for example high, 
medium and low priority, based on value choices (Guinée et al., 2001). 

Weighting, or valuation, aims at assigning numerical factors (Table 2.6), according to 
their relative importance, to each impact category to ease comparison across impact 
category indicators by getting one single indicator for the overall environmental 
performance of the system studied (SAIC, 2006; Pennington et al., 2004; Guinée et al., 
2001; Brattebø et al., 2009). The equation (2.4) specifies how a weighted result is 
obtained using weighting factors. 

          
(2.4) 

Where EI is the overall environmental impact indicator; mk is the normalized potential 
impacts for category k; and wk is the weighting factor for impact category k. 

Table 2.6: Weighting factors of the US EPA (Brattebø et al., 2009) 

Category indicator ADP AP EP GWP ODP POCP 

       

Weighting factor 5 5 5 16 5 6 

 

Pennington et al. (2004) highlighted that weighting is a discussed step of an LCIA, 
since it involves social, political and ethical value choices (Finnveden, 1997; Bengtsson 
and Steen, 2000). The authors identified three ways to classify the weighting methods 
(Finnveden, 1999): a first distinction can be made between methods based on impact 
(midpoint) and damage (endpoint) indicators; a second distinction between monetary 
based methods, methods based on the ranking of damages or impact through surveys, 
and “distance to target” methods; the last distinction is made between expressed 
preference, i.e. “willingness to pay”, and revealed preference methods. 

Finally, Dreyer et al. (2003) performed an interesting comparison of three commonly 
applied LCIA methods, namely EDIP’97, CML 2001(two midpoint methods) and Eco-
indicator’99 (an endpoint method), to investigate the influence of the choice of the 
method on the conclusions of an LCA. The main findings were that a major difference 
appeared for the chemical impacts on human and ecosystem health when comparing 
EDIP’97 and CML 2001, while the differences were minor for the other impact 
categories. When EDIP’97 and Eco-indicator’99 were compared, most significant 
contributors were different. Dreyer et al. thus highlighted the need for further 
investigations to identify the causes of these big differences. 
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2.6 Interpretation 

The last phase of the LCA process is the Life Cycle Interpretation. As shown in Figure 
2.1, results from the LCI and the LCIA are quantified, checked, and evaluated in order 
to draw conclusions, in response to the goals of the study stated at the goal and scope 
definition phase. The interpreted results may lead to adjustments in the other phases 
of the process, thus illustrating the iterative nature of the LCA methodology. 

The ISO standards defined two objectives for the interpretation phase: it provides an 
analysis of the results, gives the inferred conclusions, and formulates recommendations 
meant for the decision-makers; and provides an understandable presentation of the 
results of the LCA study (SAIC, 2006). 

2.7 Drawbacks and limitations 

As it is highlighted in Brattebø et al. (2009) and Finnveden et al. (2009), current 
characterization modeling is based on site-generic approaches. This is not problematic 
for global impacts, such as climate change or stratospheric ozone depletion, since they 
are independent of the location of the emissions. However, disregarding the sensitivity 
of the receiving environment when considering regional or local scaled impacts lead the 
LCIA to miss significant variations in the exposure of the environment. Therefore, 
current research strives to develop site-dependent characterization methods for LCIA, 
even though it would increase the complexity of the whole process. 

Similarly, characterization modeling is based on steady-state assumptions, thus 
making it difficult to consider accurately transient or long-lived phenomena through 
LCA (Brattebø et al., 2009). Time-dependent characterization methods are also under 
development, through the development of complex natural sciences based models 
which describe the impact on the environment of emissions over time. 

Udo de Haes et al. (2004) proposed three strategies to overcome these limitations and 
increase temporal and spatial detail of LCA: extension of LCA, use of a “toolbox”, and 
hybrid analysis. The first one was seen as the most consistent, but would increase the 
need of data and resources. The second strategy was said to be the most flexible 
solution, but lack of consistency of the results across tools would prevent their 
integration. Finally, the third option takes up the advantages of the first two 
strategies, and mitigates their drawbacks. The development of hybrid analysis was 
then considered as the most promising strategy. 

Besides these limitations, Udo de Haes (1993) mentioned a number of drawbacks 
regarding the applicability of LCA, and more specifically technical and methodological 
problems. The technical problems related to the complexity of LCA, the lack of data 
and its prohibitive cost. The Life Cycle Inventory (LCI) is often the more labor and 
time consuming phase of the LCA process (Finnveden et al., 2009). The development 
of software, associated with comprehensive databases was thus seen as one of the 
answer to this matter of concern. 
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The development of simplified quantitative methodology, largely unexplored in 1993, 
was also seen as a way to decrease the complexity of the process. With simplified 
method, Udo de Haes meant an approach that keeps the relevant scope intact but 
simplifies the calculation procedures, and not a detailed LCA with a limited scope. 
Development in this particular field is further discussed later in this report. 

2.8 Review of existing LCA software packages 

A number of software has been developed in order to ease the use of the LCA process. 
There are several packages on the market at the time being, and different regarding 
applicability and data availability among other. Jönbrink et al. (2000) carried out a 
survey of LCA software tools available, based on questionnaires. 22 suppliers 
participated to the survey, representing 24 software tools. SAIC (2006) and Durabuild 
(2004) also listed a set of software tools. Table 2.7 presents a non-exhaustive list of 20 
LCA software tools available.  

Accounting LCAs are transparent assessments based on all phases of the life cycle of 
the studied product, and complies with the quality requirements in the ISO standard 
14025 regarding Environmental Product Declaration (EPD). Function-oriented LCAs 
aim at studying the function of a system, and thus require comprehensive system 
modeling. Screening LCAs are either estimating or qualitative LCAs: they do not meet 
the requirements for EPDs or eco-labeling, but may be used in product development 
for instance (Jönbrink et al., 2000). 

Table 2.7: Non-exhaustive list of LCA software packages (Jönbrink et al., 2000; SAIC, 
2006) 

Software Provided by Type of LCA 
LCI database 

available 
LCIA methods 
implemented 

Availability Further information 

       

BEES 4.0 
NIST, Building and 

Fire Research 
Department, US 

n/a Building products n/a Free of charge 
http://www.bfrl.nist.gov/o

ae/software/bees 

       

Boustead model 
5.0 

Boustead 
consulting, UK 

Accounting & 
Function-

based LCA 

fuel production and 
materials processing 

operations 
n/a 

$15,000/license and 
year 

http://www.boustead-
consulting.co.uk/products.h

tm 

       

CMLCA 
Leiden University, 

Netherlands 
 no process data User defined Free of charge http://www.cmlca.eu 

       

JEMAI-LCA 

Japan 
Environmental 
Management 

Association for 
Industry, Japan 

Function-
based LCA 

n/a n/a 
¥147,000/license 
(normal price)* 

http://www.jemai.or.jp/en
glish/lca/project.cfm 

       

EDIP PC Tool 

Danish 
Environmental 

Protection Agency, 
Denmark 

Accounting & 
Function-

based LCA 
n/a EDIP $700/license  

       

EIO LCA 
Carnegie Mellon 
University, US 

Economic 
Input-Output 

LCA 

491 sectors of the U.S 
economy, US NREL 

n/a 
Web based, free of 

charge 
http://www.eiolca.net 

http://www.bfrl.nist.gov/oae/software/bees
http://www.bfrl.nist.gov/oae/software/bees
http://www.boustead-consulting.co.uk/products.htm
http://www.boustead-consulting.co.uk/products.htm
http://www.boustead-consulting.co.uk/products.htm
http://www.cmlca.eu/
http://www.jemai.or.jp/english/lca/project.cfm
http://www.jemai.or.jp/english/lca/project.cfm
http://www.eiolca.net/
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Table 2.7: (continued) 

Software Provided by Type of LCA 
LCI database 

available 
LCIA methods 
implemented 

Availability Further information 

       

ATHENA® 
Impact Estimator 

for buildings 
4.0.66 

The Athena 
Institute, Canada 

& US  
n/a 

Building sector 
oriented 

TRACI 

Free trial version 
available, 

$750/license*  
(regular pricing) 

http://www.athenasmi.org 

       

EPS 2000 Design 
System 

Assess Ecostrategy 
Scandinavia AB 

Screening & 
Accounting 

LCA 

Materials, Process, 
Transport and 

products 
EPS $3,200/license 

http://eps.esa.chalmers.se/
introduction.htm 

       

GaBi 4 

PE International, 
IKP University of 

Stuttgart, 
Germany 

Function-
based LCA 

Ecoinvent data, 
among other 

Eco’95, Eco’99, 
Ecological Scarcity 
Method, CML 1996, 

CML 2001 

Free demo available, 
$2,500/license* 

(educational license) 

http://www.gabi-
software.com/ 

       

GEMIS 4.5 
Öko-Institut, 

Germany 

Screening & 
accounting 

LCA 

fossil fuels, 
renewables, processes 

for electricity and 
heat, raw materials, 

transports 

CED, Cumulated 
material 

Requirement 
Free of charge 

http://www.oeko.de/servic
e/gemis/en/index.htm 

       

GREET 1.8c.0 & 
GREET 2.7 

Transportation 
Technology R&D 
Center (TTRDC), 

US 

n/a Car fleet transport n/a Free of charge 
http://www.transportation
.anl.gov/modeling_simulati

on/GREET/index.html 

       

IDEMAT 
TU Delft, 

Netherlands 
n/a 

materials, processes 
or components 

Eco’95, Eco’99, EPS 
and CExD 

Free demo available 
Online material 

database 
http://www.idemat.nl 

       

LCAPIX 1.1 KM limited, US n/a 
Boustead model, 
TELLUS, TME 

EPS $595/license* 
http://www.kmlmtd.com/p

as/index.html 

       

MIET (Missing 
Inventory 

Estimation Tool) 

Leiden University, 
Netherlands 

n/a 
U.S. input-output 

table and 
environmental data 

n/a Free of charge  

       

EQUER 
École des Mines de 

Paris, France 
n/a 

Construction 
materials and 

processes 
(Ökoinventare, ETH 

Zürich) 

Eco profiles n/a 
http://www-

cep.ensmp.fr/francais/logici
el/indexequer.html 

       

Envest 2 Envest, UK n/a 

construction 
materials, 

components and 
buildings 

Ecopoints from £99/license* http://envest2.bre.co.uk/ 

       

SimaPro 7.2 
Pré Consultants, 

Netherlands 

Screening, 
accounting & 

Function-
based LCA 

Ecoinvent v2, ETH-
ESU 96 database, 
BUWAL 250, and 

IDEMAT 2001 

Eco’95, Eco’99, CMl 
1992, CML 2000, 
EDIP, EPS 2000, 
Ecopoints 1997, 
EPD method, 

TRACI, Impact 
2002+, CED, IPCC 

from €1,800/license 
(educational 
versions)* 

http://www.pre.nl/simapro
.html 

  

http://www.athenasmi.org/
http://eps.esa.chalmers.se/introduction.htm
http://eps.esa.chalmers.se/introduction.htm
http://www.gabi-software.com/
http://www.gabi-software.com/
http://www.oeko.de/service/gemis/en/index.htm
http://www.oeko.de/service/gemis/en/index.htm
http://www.transportation.anl.gov/modeling_simulation/GREET/index.html
http://www.transportation.anl.gov/modeling_simulation/GREET/index.html
http://www.transportation.anl.gov/modeling_simulation/GREET/index.html
http://www.idemat.nl/
http://www.kmlmtd.com/pas/index.html
http://www.kmlmtd.com/pas/index.html
http://www-cep.ensmp.fr/francais/logiciel/indexequer.html
http://www-cep.ensmp.fr/francais/logiciel/indexequer.html
http://www-cep.ensmp.fr/francais/logiciel/indexequer.html
http://envest2.bre.co.uk/
http://www.pre.nl/simapro.html
http://www.pre.nl/simapro.html
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Table 2.7: (continued) 

Software Provided by Type of LCA 
LCI database 

available 
LCIA methods 
implemented 

Availability Further information 

       

ECO-it 
Pré Consultants, 

Netherlands 
Screening LCA 

commonly used 
materials, 

production, 
transport, energy and 

waste treatment 
processes 

Eco 95’, Eco’99 €240/license* 
http://www.pre.nl/eco-

it/eco-it.htm 

       

TEAM™ 4.0 Ecobilan, France 

Screening, 
accounting & 

Function-
based LCA 

Compatible with 
Ecoinvent data 

Eco’99, CML 2000, 
IPCC 

€3,000/first license* 
https://www.ecobilan.com/

uk_lcatool.php 

       

Umberto 
Ifu Hamburg, 

Germany 

Accounting & 
Function-

based LCA 
Ecoinvent n/a n/a 

http://www.ifu.com/en/pr
oducts/umberto 

       

LCAiT 4 
Chalmers 

Industriteknik, 
Ekologik, Sweden 

Screening, 
Accounting & 

Function-
based LCA 

production and 
combustion of fuels, 

production of 
electricity, and 

different transport 
modes 

EPS, Environmental 
Them method, Eco-

indicators, EDIP 

35,000 SEK/first 
license 

 

 

* License cost updated in June 2010. 

2.9 Simplifying LCA 

As evocated before, the labor- and time resources required to perform an LCA, by 
following strictly the established methodology, can be sometimes prohibitive. The idea 
that the above presented methodology is “beyond the reach of most potential users” 
(Todd and Curran, 1999) was brought up. In addition, the full LCA model is not 
applicable when a quick and effective decision-making process is required (Weitz et al., 
1996). These concerns have led many companies, as well as the Society of 
Environmental Toxicology and Chemistry (SETAC) and the US Environmental 
Protection Agency (USEPA) to investigate streamlined approaches to make it more 
viable without giving up the life-cycle concept. 

Todd and Curran (1999) highlighted that each LCA study is streamlined in a way or 
another for practical reasons. The decisions made at the goal and scope definition step, 
such as the level of detail of the study, its completeness, the data quality, or the site 
specificity, indeed introduce a level of simplification in the study. Every LCA that has 
been performed up to now fell within a “continuum”, which range from full LCA on 
one side, to the most simplified LCA on the other side (Curran and Young, 1996). 

Depending on the goal and scope of the study, the effectiveness of streamlining is 
judged based on the different considerations summarized in Table 2.8. If the aim of the 
study is to identify the product or process that impact the most the environment over 
the life-cycle of the studied system, if a life-cycle stage is known to be dominant, if the 
study is performed to support an internal decision process, if the accuracy 

http://www.pre.nl/eco-it/eco-it.htm
http://www.pre.nl/eco-it/eco-it.htm
https://www.ecobilan.com/uk_lcatool.php
https://www.ecobilan.com/uk_lcatool.php
http://www.ifu.com/en/products/umberto
http://www.ifu.com/en/products/umberto
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requirements are low, if recycled and reused materials are used in the studied system, if 
non-specific data can be used, and if the life-cycle stages of the studied system are well 
known, then the study is a good candidate for streamlining. 

Table 2.8: Goal and scope considerations that may lead to streamlining (Todd and 
Curran, 1999) 

 

Johansson et al. (2001) identified three different ways to simplify the LCA process: 
screening LCA, streamlined quantitative LCA and qualitative LCA. 

2.9.1 Screening LCA 

Screening is used to distinguish the most important effects on the environment over 
the life-cycle of a product, to identify the life-cycle stage which impacts the most the 
environment, or to show the largest data gaps in the inventory. To reach these goals, a 
screening LCA must be comprehensive, i.e. must cover the whole life-cycle of the 
product, but its level of details is low (Johansson et al., 2001). Screening refers to the 
use that is made of the results, mainly to determine if a further study is needed, and on 
which area that study should focus (Weitz et al., 1996). 

Examples of indicators that can be used for screening purpose are the life-cycle energy 
consumption, which would account for most environmental impacts due to energy use, 
the life-cycle material flows, which assumes that significant environmental impacts are 
associated with the use of natural resources, or any kind of substances which are 
deemed to be of importance for the analysis (Johansson et al., 2001). 
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2.9.2 Streamlined quantitative LCA 

In the literature, simplified LCA are sometimes referred to as streamlined LCA. These 
two terminologies are in fact equivalent. Most of the simplified methods aim at 
reducing the collection of data, which is viewed as the most resource consuming step of 
the process, by narrowing the boundaries of the study, focusing on issues of greatest 
interest, or using readily available data (Weitz et al., 1996; Johansson et al., 2001). 
Therefore, in order to avoid disregarding significant life-cycle stages or processes, 
Johansson et al. (2001) recommend using screening LCAs prior to omit any stage in 
the analysis. 

Weitz et al. (1996) and Todd and Curran (1999) identified a variety of approaches to 
streamline the Life Cycle Inventory (LCI) step, through discussions with practitioners 
and researchers, conducted by the Research Triangle Institute (RTI). They were 
assigned one of the 9 identified categories (Table 2.9): removing, partly or completely, 
upstream and/or downstream processes; focusing on specific environmental impacts or 
issues; establishing “knockout criteria”; using qualitative, less accurate or surrogate 
data; or excluding the raw materials accounting for less than a threshold, 10% or 30% 
for instance, of the LCI totals. The advantages and disadvantages of each are 
summarized in Table 2.10. 

Table 2.9: Streamlining approaches tested by RTI (Todd and Curran, 1999) 
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Table 2.10: Advantages and disadvantages of the streamlining approaches (Todd and 
Curran, 1999) 

Streamlining approach Advantages Disadvantages 

   

Limiting or eliminating all or 
some upstream stages 

Clear boundaries are set; all 
the products and processes 
directly involved in producing 
the studied item are included 

Important environmental burden 
from raw material extraction or 
production may be eliminated 
from the analysis 

   

Limiting or eliminating 
downstream stages (cradle-to-
gate) 

Includes some of the 
significant environmental 
concerns within the life cycle 
that can be used in product 
improvement 

Ignores important stages in the life 
cycle, critical for long lifetime 
systems, like building 

   

Limiting or eliminating 
upstream and downstream 
stages (gate-to-gate) 

Data easily gathered by the 
company, processes studied 
are likely to be directly 
affected by the user 

Benefits of looking at the life cycle 
of the material are lost 

   

Focusing on specific 
environmental impacts or issues 

Focuses on the issues 
important for the user, 
feasible and good data quality 

Important environmental 
considerations may be excluded 

   

Establishing “showstoppers” or 
“knockouts” criteria 

The data gathering efforts are 
stopped as soon as criteria are 
met 

 

   

Using qualitative and 
quantitative data 

All potential environmental 
issues are detected over the 
whole life-cycle stages 

Difficulty to assess the importance 
of each environmental concerns 

   

Using surrogate process data 
Assessments can be made for 
data that would otherwise be 
unavailable 

Surrogates must be chosen very 
carefully, to ensure that they 
actually represent the studied 
process 

   

Limiting the constituents 
studied to those meeting a 
threshold volume 

Limit the number of items 
that must be studied 

By disregarding hazard and 
toxicity, important environmental 
concerns may be left behind. 

 

Hunt et al. (1998) examined the validity of these streamlining methods against results 
obtained from full LCAs. Seven product categories have been used as case studies, 
namely retail food containers, industrial chemicals, secondary packaging, consumer 
packaging, fluid containers, food service products and household liquid products. The 
main findings were that, when the knowledge about the products is low, neglecting life-
cycle stages is likely to lead the LCA practitioner to draw wrong conclusions. The 
probability of success of the streamlining methods was found dependent on the 
category of the studied product. Substitution of surrogate process data appeared to be 
a reasonable option only if the surrogate process is very similar to the one it 
substitutes, or if it is of minor importance in the LCI totals. Finally, the method using 
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qualitative or less accurate data for products or processes that contribute very little to 
the LCI totals appeared to be the most promising method. 

Some other methods limit or eliminate the Life Cycle Impact Assessment (LCIA) step 
(Weitz et al., 1996; Curran and Young, 1996), by for instance addressing impacts only 
in terms of “less is better”. 

Todd and Curran (1999) suggested a summarized profile (Figure 2.4) that provides to 
the study users information about the extent of the streamlining and information on 
the data that determine the scope of the conclusions that are drawn from the results. 

 

Figure 2.4: Suggested study profile summary (Todd and Curran, 1999) 

2.9.3 Qualitative LCA 

Qualitative LCAs offer a framework to structure the information when a quick 
overview of a system and its associated impacts on the environment is needed. These 
approaches can be used for example during the development of a product to test 
different alternative solutions when no quantitative information is available yet 
(Johansson et al., 2001). 

These approaches make use of checklists or matrix to map the in- and outputs of the 
system over its lifetime, thus providing a rough image of its environmental 
performance. In addition, both quantitative information, like energy consumption for 
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example, and a point system are sometimes used to assess the extent of the identified 
potential impacts. 

Johansson et al. (2001) presented various qualitative methods, among other the so-
called MECO (Material, Energy, Chemicals and Others) principles developed in 
Denmark within the EDIP (Environmental Design of Industrial Products) project 
(Pommer et al., 2003), and the environmentally responsible product assessment 
(ERPA) matrix method developed in the US by Graedel and Allenby from the AT&T 
company (Graedel et al., 1995; Graedel and Allenby, 1995; Graedel, 1996). 

The MECO principles are meant to be use besides a full LCA to help structuring the 
information, i.e. as a screening LCA to identify areas of particular importance in order 
to increase the level of detail of the assessment step-by-step (Johansson et al., 2001; 
Pommer et al., 2003). The preliminary environmental assessment is carried out by 
focusing on the inputs (energy consumption and raw material), the outputs being 
represented by the inputs. Other input materials, namely chemicals, and aspects, such 
as noise, work conditions, extensive land use or emissions of specific pollutants, are 
taken into account in a qualitative way. The energy consumption accounts for fossil 
fuels, global warming, acidification and eutrophication, while chemicals use accounts 
for human and ecosystem toxicity, ozone layer depletion and photo-oxidant creation. 
To reflect the natural resources depletion, material use and energy consumption are 
converted into resource consumption. 

The MECO principles are displayed in a matrix (Table 2.11), where the columns 
represent the life-cycle stages of the product, i.e. raw material acquisition, product 
manufacturing, product use, end-of-life management and material transport, and the 
lines represent the material use, energy consumption, chemicals use and other aspects. 

Table 2.11: MECO chart (Pommer et al., 2003) 

 
Raw material 

phase 
Production 

phase 
Use phase 

Disposal 
phase 

Transport 
phase 

Raw 
materials 

Quantity      

Resources      

Energy 
Primary      

Resources      

Chemicals      

Other      

 

Graedel and Allenby (Graedel et al., 1995) developed a qualitative LCA method, which 
facilitate the environmental assessment of products through an abridged matrix. The 
central feature of the method is a 5x5 matrix, the so-called Environmentally 
Responsible Product Assessment Matrix (Table 2.12). The first dimension of this 
matrix is the life-cycle stages, and the second dimension is the environmental concerns. 
Each matrix element is assigned a number ranging from 0 to 4, where 0 corresponds to 
the highest impact, and 4 to the lowest impact. The choice of the integer is guided by 
experience, checklists and design and manufacturing survey. 
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Table 2.12: Environmentally responsible product assessment matrix (Graedel et al., 
1995) 

Life-cycle stage 
Environmental concerns 

Material 
choice 

Energy use 
Solid 

residues 
Liquid 

residues 
Gaseous 
residues 

Pre-manufacture      

Product manufacture      

Product packaging and 
transport 

    
 

Product use      

Refurbishment - 
recycling - disposal 

    
 

 

Assuming the equal importance of each element, the overall environmental 
performance of the product is computed as the sum of the matrix element. The 
performance scale ranges then from 0 to 100. Graedel (1996) introduced a weighting 
methodology to prioritize and rank the most significant life-cycle stages and 
environmental concerns. 

Hochschorner and Finnveden (2003) compared these two simplified Life Cycle 
Assessment methods against a quantitative LCA. The main findings were that the 
MECO method had the advantage to generate information complementary to the 
quantitative LCA, in particular regarding toxic substances, and could consider 
quantitative data when it is available. The main drawbacks of the ERPA matrix 
method were that some life-cycle stages are left behind, and that it involves arbitrary 
choices. The authors suggested performing simplified qualitative LCA prior to, or in 
parallel to, a quantitative LCA on screening purpose. They finally recommended 
performing a simplified quantitative LCA instead when different alternatives are to be 
compared, since a quantitative dimension is required. 

As for Hur et al. (2005), they compared simplified quantitative LCA (SLCA) and the 
ERPA method, applied to electrical and electronic equipments, against a full LCA 
study considered as the reference. They found that SLCA and ERPA method produced 
different but complementary results. SLCA generated especially more useful 
information regarding the intrinsic environmental performance of the studied system, 
while the ERPA method’s results are more useful to identify the improvement 
potential at the design phase. 
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Chapter 3  
 
Review of railway infrastructures and 
bridges LCA 

3.1 Previous research on transportation systems 

In recent years, growing transportation demand in the developed world has led 
numerous researchers to look into the environmental performance of the different 
transportation modes in a life-cycle perspective. This implies to consider the burden 
related to the infrastructure and the energy carriers production as well as the direct 
vehicles burden. A review of the researches focused on the assessment of energy use 
and greenhouse gas emissions generated by transport infrastructure has been presented 
in Miliutenko (2010). 

In the following, previous investigations on the implementation of the Life Cycle 
Assessment methodology to explore and compare the environmental impacts of the 
different transportation modes are summarized: 

Bouwman and Moll (2002) compared several Dutch passenger transportation systems 
through their complete life cycle energy use and space use, based on their use in 2000. 
Costs and travel times were considered in order to account for social and economic 
aspects. Since trips may have different characteristics because of the type of 
infrastructure available, the occurrence of congestion, and the vehicle used, this 
research produced results per travelled kilometer (pkm), per distance kilometer (dkm) 
taking into account detour factors, and using a combination of modes to account for 
“door-to-door” travels. A special scaling system was used to compare the different 
transportation modes with regard to energy and space use, costs and travel times. 
Under this system, the train and the bicycle ranked first for the three levels of analysis. 

Kato et al. (2006) described a systematic LCA for evaluating the environmental 
impacts of public transport systems in the planning phase, employing the Life-cycle 
Impact assessment Method based on Endpoint modeling (LIME). The approach was 
then applied to various medium capacity public transport systems in Japan. The 
environmental effects of the three mains parts of the transportation systems, i.e. the 
track system, the infrastructural elements and the rolling stock, were accounted 
through their whole life cycle, including construction/production, operating/use, and 
materials disposal. The included environment burdens were the emissions of CO2, NOX 
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and SO2. Results showed that high capacity, high-speed and medium demand 
passenger transport modes had least environmental loads per person-kilometer 
throughout their whole lifecycle. 

Schlaupitz (2008) carried out a Life Cycle assessment of the Norwegian road, railroad 
and air goods and passenger transportation systems for medium and long distance 
travels, over a 100-year time. Life-cycle energy use and CO2 emissions were used as 
environmental indicators. They were estimated in each case for two time-horizons, 
namely 2020 and 2030. The study accounted for direct energy consumption from 
vehicles operation, energy consumption and emissions from the production and 
distribution of energy carriers, from the production and maintenance of vehicles, and 
finally from the construction, operation and maintenance of the infrastructures. 
Schlaupitz estimated the environmental benefits of transferring passenger and goods 
transport from road and air to railroad for two major corridors in Norway (Oslo–
Lillehammer–Åndalsnes/Trondheim and Oslo–Tønsberg–Kristiansand), considering 
two traffic redistribution scenarios resulting in the construction of a new railway line. 
Results showed that environmental benefits of investments in new high-speed lines 
were highest for long-distance traffic. For medium-distance travels, transferring car 
users to trains had a limited effect in term of energy use and CO2 emissions. 

Federici et al. (2009) presented a LCA-like approach to compare the air and terrestrial 
transport modalities in Italy, focused on resources and energy demand over the whole 
life cycle of air, road and railroad transport systems, considering the infrastructures, 
the vehicles (airplanes, cars, intercity and high speed trains) and the operation phases. 
Three different evaluation methods have been used, namely Material Flow Accounting 
(MFA), Embodied Energy Analysis (EEA) and Emergy Synthesis (ES). Results 
highlighted that when cars and trains were operated within a range of distances where 
better options were available, or under their maximum payload capacity, even 
airplanes could have a better environmental performance. The authors suggested 
therefore matching the transportation mode to the actual needs to achieve a 
sustainable transportation policy. 

Chester and Horvath (2009) and Chester (2008) presented the results of a 
comprehensive Life Cycle Assessment of passenger cars, buses, trains, and airplanes in 
the US, including the environmental contribution of the manufacturing of vehicles, 
infrastructure construction and management, fuel production, and supply chains. All 
life-cycle stages were accounted, except the end-of-life management. The 
environmental indicators used were the energy use, the greenhouse gas (CO2, CH4 and 
N2O) and others selected air pollutants emissions (SO2, NOX, CO, Volatile Organic 
compounds (VOCs), and Particulate Matter (PM)). The results showed that the total 
life-cycle energy, including infrastructure and supply chains, accounted for an 
additional 63% for road, 155% for rail and 31% for air transportation system over the 
vehicle operation related energy use. Moreover, life-cycle air pollutant emissions from 
the infrastructures often overwhelmed those from vehicle operation. From these 
figures, Chester and Horvath concluded that environmental assessment of passenger 
transportation should include infrastructure and supply chains to give a comprehensive 
accounting of the different environmental impacts.  

The methodology and the main findings of this study have been later implemented in a 
case study in Chester and Horvath (2010). The environmental life-cycle assessment of 
the four transportation modes (high-speed rail system, automobile, heavy rail and 
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aircraft), which are competing to satisfy the growing passenger transportation demand 
in California, has been carried out. 

3.2 Previous research on railway transportation 
systems 

The railway transportation system has been described as a competitive alternative 
(Bouwman and Moll, 2002), in term of environmental performance, especially for long-
distance traffic (Schlaupitz, 2008). Interesting and more specific researches have been 
carried out to assess the environmental performance of the railway system components, 
such as the different track system technologies, the tunnels, the track foundations, the 
bridges and the power, signaling and telecom systems. 

Previous investigations on the implementation of the Life Cycle Assessment 
methodology to analyze the environmental impacts of railway transportation systems 
are summarized in the following: 

Von Rozycki et al. (2003) presented a screening LCA of the German high-speed 
passenger train system, the ICE. Resource consumption, energy use and CO2 emissions 
have been assessed using cumulative energy demand (CED) and cumulative material 
input per service unit (MIPS), for the manufacturing, operation and maintenance of 
ICE trains, and the construction and use phase of the necessary infrastructure. The 
new ballastless slab track technology, implemented on the new high-speed railway 
between Köln and Frankfurt/Main, was also investigated regarding its environmental 
performance. Results showed that the CED of the infrastructure contributed 13% to 
the total CED per 100 person kilometers, much less than the expected figure from 
other studies. The energy used for the trains operation was dominating. Construction 
of tunnels and heating of rail points involved significant energy use, while railway 
stations maintenance was of minor importance in comparison. The ballastless 
alternative needed more materials at the construction phase than the ballasted tracks, 
but was a competitive option in a life-cycle perspective in terms of materials 
requirement, since its expected service life is longer. 

Kato et al. (2005) proposed a LCA method for evaluating life-cycle CO2 emissions 
related to the construction of railway infrastructure and the production of vehicles in 
the case of the superconducting magnetically levitated (MAGLEV) transport system 
project between Tokyo and Osaka in Japan. The authors analyzed the change in CO2 
emission due to the shift from other transport modes, like ordinary railways, airplanes 
and motor vehicles, and compared the MAGLEV system with alternative transport 
systems, namely the Tokaido Shinkansen and airplanes. The main findings were that 
90% of the CO2 was generated at the running stage, that the decrease of CO2 emissions 
caused by the shift from alternative transport modes was overwhelmed by the 
significant CO2 emission increase due to the construction, maintenance and operation 
of the MAGLEV system. Finally, its environmental efficiency was found almost similar 
to the Shinkansen, and significantly higher than the air transport system. 
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Jonsson (2005) assessed the indirect energy use of the Swedish railway transport 
system, considering the construction, operation, maintenance and demolition of the 
infrastructure; the manufacturing, the associated services and the scrapping of the 
rolling material; and the fuel production. He concluded that indirect energy accounted 
for between 64% and 66% of the total life-cycle energy. Jonsson performed a case study 
on the Bothnia line which will link Sundsvall and Umeå in Sweden from 2010. He 
calculated that the construction of this new line needed more energy than that for the 
operation of the Swedish train traffic during one year, but the Bothnia line was found 
about as energy efficient as the average Swedish railways. However, the traffic 
redistribution between the different transport modes due to the opening of the Bothnia 
line would decrease the total energy use in the transport sector. 

Swärd (2006) studied the influence of the most energy demanding railway tracks 
components’ service life and re-use rate on the environmental burden of the railway 
transportation system in Sweden. Four scenarios have been created to represent the 
use and re-use of components for different expected service lives. She argued that a 
considerable improvement, from 33% to 75% in term of embodied energy, was 
achievable by increasing service lives of the studied products, namely ballast, cables, 
contact wire system, rails and ties. Re-use of railway ties and rails was expected to 
lower the required annual embodied energy per kilometer of line of about 18%. 

Svensson (2006) developed an approach for the identification of the material inputs 
which impact the most the environment in the Swedish railway infrastructure, based 
on the concepts of energy embodied and material flows. He also compared the 
environmental pressure from material use with the operation phase, and with the road 
transport system. Results showed that the energy use involved by the construction, 
maintenance and operation of the railway infrastructure, combined with the energy use 
from the transportation, was higher than for the road infrastructure. However, the 
environmental pressure from the operation phase was in favor of the railway transport 
system regarding energy use and CO2 emissions. Those related to the infrastructure 
were found higher than the emissions from traffic for electrified passenger trains, thus 
highlighting the importance of the infrastructure to the overall environmental pressure 
of a railway. 

Factors, namely load factor, road lighting, choice of energy system for electricity 
production and end-of-life treatment of the products were further analyzed. 

The overall material use was found dominated by crushed rock, followed by concrete 
articles and steel/iron articles, while production of steel, crushed rock and concrete 
prevailed regarding the material-related energy use (Figure 3.1). 
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Figure 3.1: Material use and material-related energy use for the railway building 
project between Kungsängen-Kalhäll (Svensson, 2006) 

A discussion about the relevance of the energy use as an environmental indicator 
followed. The environmental burden of materials transports has been found negligible, 
except for the handling of the ballast which could require long distance transport. 

Lee et al. (2008) investigated the environmental life-cycle performance of the gravel 
ballast track system and the concrete track system, implemented on the new high-
speed line between Seoul and Busan in South Korea. The study, performed according 
to the framework of the ISO 14040 and 14041 standards, covered the whole life-cycle of 
the systems but the dismantlement stage, from the raw material extraction to the 
maintenance activities, over a service life of 20 years. The main findings were that the 
ballast track system had a better environmental performance than the concrete track 
system, for every impact categories. These results must be connected with the 
conclusion in Von Rozycki et al. (2003). Furthermore, the main sources of 
environmental impact were the ties, the fasteners and the ballast for the ballasted 
track, and the ready mixed concrete, the ties and the fasteners for the concrete track. 

Crawford (2009) assessed the life-cycle greenhouse gas (GHG) emissions associated 
with timber (untreated River Red Gum, commonly used in Australia) and reinforced 
concrete railway sleepers. He analyzed a total of 8 different scenarios for which service-
lives and fasteners re-use rate varied. The life-cycle emissions included the emissions of 
the initial sleeper replacement, the emissions due to recurrent sleepers’ replacement 
and the emissions resulting from the gradual decay of timber sleepers, over a 100 year 
service life. Material processing, manufacturing of sleepers, including manufacturing of 
associated goods and services, were accounted. The results showed that the use of 
reinforced concrete sleepers were the best option in a CO2 emissions reduction 
perspective. Depending on the scenario, life-cycle emissions of reinforced concrete 
sleepers were up to six times lower than those yielded by the timber sleepers. 
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Botniabanan AB (2010a, 2010b, 2010c, 2010d, 2010e) presented the Environmental 
Product Declarations (EPD) for the Bothnia line based on the ISO 14025 standards. 
This was the first time that EPDs were developed for rail transport and infrastructure. 
They presented a Life Cycle Assessment of the whole railway transport system, 
including the construction and operation of infrastructure and rail vehicles, over an 
expected 60 years service life. The EPDs focused on the whole railway infrastructure, 
but also the tunnels, the track foundations, the bridges, the railway tracks and the 
power, signaling and telecom systems on the Bothnia line. The EPD for railway bridges 
is presented more in details in the section bridges. The environmental impacts of one 
kilometer of line were given regarding the resource use, the emissions and the waste 
management. For each EPD, a dominance analysis has been performed to identify the 
key process groups, responsible for the most environmental burden (Figure 3.2). The 
EPD for the railway infrastructure included also an assessment of the impact of land 
use on biodiversity, using the Biotope Method® developed by Vattenfall; and an 
assessment of noise impact using a method developed jointly by Ekologigruppen AB 
and SLU (Swedish University of Agricultural Sciences). Implemented risk-reducing 
methods against animal accidents were finally listed. 

 

Figure 3.2: Dominance analysis for the railway infrastructure on the Bothnia Line 
(Botniabanan AB, 2010a) 

Life Cycle Impact Assessment’s results (Figure 3.2) showed that the environmental 
pressure from raw material acquisition and production of materials was dominant. 
Moreover, deforestation accounted for a significant part of the global warming 
potential of the infrastructure. It was also noteworthy that the impact from the 
infrastructure operation, i.e. from the production of electricity used for operation of the 
infrastructure, was insignificant. 
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When transport service was also considered (Figure 3.3), impact related to vehicles 
production and maintenance was significant for passenger transport regarding global 
warming, acidification, ozone layer depletion and photo-oxidant creation (POCP), but 
was of minor importance for freight transport. In both cases, impacts from trains 
operation were negligible (less than 2% of the total impacts for each impact category). 

  

(a) (b) 

 

Figure 3.3: Dominance analysis for the passenger (a) and freight (b) transport on the 
Bothnia Line (Botniabanan AB, 2010b and 2010c) 

3.3 Previous research on bridges 

Recent researches (Von Rozycki et al., 2003; Jonsson, 2005; Chester and Horvath, 
2009; Botniabanan AB, 2010a) highlighted that infrastructure accounts for a 
significant, if not major, part of the total life-cycle environmental burden of the railway 
transportation systems. However, literature dealing with life-cycle assessment of 
railway bridges is, to say the least, sparse and very recent (Botniabanan AB, 2010d). 
In comparison, road and highway bridges have been more extensively analyzed. 

Previous investigations on the implementation of the Life Cycle Assessment 
methodology to analyze the environmental impacts of road, highway and railway 
bridges are summarized in the following: 

Widman (1998) carried out an LCA on two steel/concrete composite road bridges, a 
single steel box girder bridge in 8 spans and a simple steel I-girder bridge in a single 
span (Figure 3.4), in order to identify the most important environmental impact 
parameters, and to highlight the areas where improvements were needed. 
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Figure 3.4: Schematic sections for the two studied bridges (Widman, 1998) 

All processes from raw materials extraction to the demolition phase have been 
included. The production of mills, machines and vehicles, refining of oil products and 
production of electricity were not included. The substructure and the superstructure 
including railings and pavement were included in the analysis, while joints and 
bearings were excluded. The study didn’t take into account any ground reinforcement 
or piling. The Life Cycle Inventory included all state-of-the-art data available on the 
products and processes, collected from manufacturers in Sweden, Norway and Finland. 

The distribution for the CO2 emissions and the energy input for the different materials 
used in the box girder bridge (Figure 3.5) showed that the shares for coating were 
insignificant, and that the main sources of the CO2 emissions, at the material 
manufacturing stage, was manufacturing of cement and steel. The concrete was found 
responsible for almost 50% of the CO2 emissions, and since steel bridges need less 
material than concrete bridges, steel bridges have been considered as a good 
environmental choice. 

 

Figure 3.5: Distribution of the CO2 emission and energy input for the box girder bridge 
(Widman, 1998) 

The inventory results for the main emissions to the air (CO2, SO2 and NOX) due to the 
traffic, the road and the bridge itself, identified traffic as the main contributor to the 
emissions of CO2 and NOX. 
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The Life Cycle Impact Assessment has been carried out using 3 different European 
methods, adapted to the Swedish conditions: EPS (Environmental Priority Strategies 
in Product Design), the Environmental Theme Method and the Ecoscarcity Method. 
The Environmental Theme Method’s results indicated that the impacts due to the 
emissions of CO2 and NOX were the dominating environmental burdens. According to 
the Ecoscarcity Method’s results, the most important environmental impact 
parameters were related to the combustion of fossil fuel. Molybdenum, used as an alloy 
for steel, was regarded as an environmental burden by the EPS method, in spite of the 
small quantities considered, because of its rareness. The same explanation was given 
concerning the presence of zinc among the first environmental burdens. The results for 
the two bridges were more or less similar, except for the traffic, which was different for 
each bridge. 

Finally, Widman suggested that choosing micro alloyed steel before steel with higher 
percentage of alloys would reduce the environmental burden of the bridge, even though 
using a high strength steel (usually with a high percentage of alloys) would reduce the 
need of material. 

Horvath and Hendrickson (1998) presented the results of a life cycle inventory analysis 
of a steel bridge girder in 8 spans of various lengths, and a steel-reinforced post-
tensioned concrete bridge girder in 9 spans of 40.8 meters. Both alternatives presented 
two additional spans totaling 61.7 meters made with AASHTO Type IV girders which 
were excluded from the analysis. These two alternatives have been selected for a bid of 
a 428.2 meters long highway bridge over the White River in Indiana, USA. 

Horvath and Hendrickson used the EIO-LCA (Economic Input-Output Life Cycle 
Assessment) method to assess the environmental burden at the raw material extraction 
phase, the materials processing phase and the materials manufacturing phase. Data 
from the literature were used for the other life cycle stages. 

Resources input which have been quantified were consumption of electricity, fuels, 
ores, and fertilizers. Environmental outputs included toxic chemicals discharges (to the 
air, water, land, underground injection wells, and transfers to treatment plans), ozone 
depletion potential, hazardous waste generation and management, and pollutant 
emissions to the air. Environmental impacts of indirect suppliers were included, such as 
the agricultural sector for concrete. For the maintenance operations, only the 
environmental consequences of the painting of the steel structure, repeated every eight 
years, have been considered. The service life of the steel bridge was assumed to be 80 
years. 

Results showed that emissions due to the manufacturing of the steel girders were 
higher than those due to the concrete girders manufacturing. However, steel reusability 
and recyclability could save input resources and reduce its environmental burden. In 
comparison, concrete girders were likely to be used as landfill material. The 
environmental effects of the use phase was found to be crucial in the life cycle 
assessment, since SO2, NOX, methane and volatile organic compounds emissions were 
found significantly higher for the paint manufacturing than those for the production of 
the girders in the case of the steel girders.  
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Based on Lemer (1996), Horvath and Hendrickson finally emphasized that if 
obsolescence is a main problem for the structure, material should be chosen based on 
the lowest environmental burden, since materials service life doesn’t matter because 
the bridge might be decommissioned before it fails structurally. 

Steele et al. (2002) developed a methodology that implemented LCA to assess the 
environmental impact of a road arch bridge in one span of 10.5 meters, entirely made 
of brick apart from a concrete slab footpath (Figure 3.6). Through this study, the 
authors wanted to illustrate that LCA could provide relevant environmental 
information to be used by decision-makers. 

 

Figure 3.6: Elevation of Cascade Bridge, a brick arch bridge in one span of 10.5 m 
(Steele et al., 2002) 

The service life of the structure has been set to 120 years. Three life cycle stages have 
been considered: the bridge construction, service life and strengthening activities. 
Transportation demands for material supplies to site were also accounted. The 
replacement of the structure and the management of the wastes resulting from the 
demolition of the bridge have not been taken into account, since refurbishment and 
strengthening, aiming at extending the bridge’s service life by postponing obsolescence, 
were preferred to demolition. 

Apart from a 30 years maintenance free period following the bridge construction, the 
brickwork maintenance activities were supposed to take place every 15 years. Three 
maintenance strategies have been considered (Table 3.1), depending on the percentage 
area of the structure that received attention. 

Table 3.1: Brickwork maintenance strategies (Steele et al., 2002) 

Maintenance activity Maintenance rates (%) 

 Good Average Poor 
    

Repointing of brickwork 37 27 20 
    

Renewal of brickwork 17 8 5 
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Two structure strengthening methodologies have been compared, the traditional 
concrete saddle construction, and the newer method involving anchor bracings across 
the arch barrel. The two alternatives were treated in a similar way. However, the 
burden of the potential traffic disruption due to the traditional strengthening method 
has been added to the model, while it has not been included for the second alternative 
since the anchoring scheme didn’t require the closure of the traffic in that particular 
case. 

The LCI data have been provided by SimaPro, supported by 3 datasets, namely Pré4, 
BULWAL and IDEMAT. Data relevant to UK circumstances and related to the 
manufacturing of brick, cement, hydrated lime and reinforcing steel have been 
obtained from the UK Building Research Establishment (BRE). 

The Life Cycle Impact Assessment (LCIA) has been conducted using the Eco-
indicator’99 methodology. Characterized impacts have been normalized to the effects 
of an average European inhabitant over one year. 

Results showed that brick demand yielded the largest environmental burden at the 
construction stage, followed by the mortar demand. Steele and al. highlighted also the 
small impact due to fill material, despite the large quantity involved. 

It has been found that structure maintenance, when compared to structure 
construction, was a minor source of environmental burden. The maintenance activities 
represented indeed only 8% and 19% of the environmental impact of the bridge 
construction, for an average and good maintenance strategy respectively. Since it 
prevents structure replacement or refurbishment, which impact significantly the 
environment, maintenance was recognized as a form of environmental saving. 

The construction of the concrete saddle was found to have an environmental impact 
almost 2 times greater than that of the anchoring scheme, firstly because of the 
environmental effects of traffic diversion, and secondly because of the larger material 
quantities used. The environmental burden associated with the traffic disruption was 
about 5 times greater than that of the saddle construction. 

Itoh and Kitagawa (2003) evaluated the environmental burden of new types of civil 
infrastructures. First, the distribution of both CO2 emissions and energy consumption 
due to the superstructure and substructure at the construction stage was studied for 
three bridge types with a total length of 150 meters: a simple pre-tensioned concrete T-
girders bridge in 8 spans of 18.8 meters, a simple pre-tensioned concrete box girder 
bridge in 3 spans of 50 meters, and a simple steel non-composite box girder bridge in 3 
spans of 50 meters. These bridges were taken among the 30 cases of various bridge 
types and span arrangement given by the system presented in Itoh et al (2000). 

Results showed that the pre-eminence of either the superstructure or the substructure 
on the environmental burden depended on the number of spans: the more spans there 
were, the larger the relative importance of the substructure was. The environmental 
impact of the steel non-composite box girder was larger than the pre-tensioned 
concrete box girder. The major contribution to the environmental burden was found to 
be the manufacturing of construction materials. 
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Secondly, Itoh and Kitagawa applied a modified lifecycle assessment methodology to 
compare the environmental performance of two steel continuous non-composite I-
girders bridge (Figure 3.7): a conventional design with a reinforced concrete deck, and 
a minimized girder bridge with a pre-tensioned concrete deck. 

 

Figure 3.7: Conceptual designs of conventional and minimized girder bridges (Itoh and 
Kitagawa, 2003) 

This analysis included the construction stage, the maintenance stage and the 
replacement stage. The construction stage included the manufacturing of the 
construction materials and the environmental burden of the construction equipments. 

The maintenance activities frequencies were determined according to the existing 
bridge inspection manuals, and according to the results of accelerated exposure tests 
performed on steel and seismic isolation bearings. In this research, only the 
maintenance of the pavement, deck, paintings of the girders, expansion joints and 
supports was considered. Some important aspects of the replacement methodologies 
have not been included, such as the complete or partial traffic closure during the 
replacement, or the construction of a temporary bridge, due to insufficient data. 
Instead, only the environmental impact from the demolition machine was considered. 
Itoh and Kitagawa assumed a service life of 100 years for the minimized girder, while 
the conventional girder needed to be replaced after 60 years. 

Results showed that construction of the minimized girder bridge yielded less CO2 
emissions in comparison with the conventional design (Figure 3.8). The girders, the 
deck and the pavement were the main contributors to the emissions of CO2. The 
contribution of the deck was larger for the minimized girder bridge because of its 
higher thickness due to the structural rigidity requirements. 

Further investigations considering the maintenance and replacement activities showed 
that the CO2 emissions were higher for the conventional bridge than those for the 
minimized girder bridge after 120 years of service. The difference was doubled when 
the service lives were between 60 and 100 years. The effect of varying bridge 
components service lives on the CO2 emissions have also been studied. It was found 
that prolonging their service lives was not valuable for both bridge alternatives when 
CO2 emissions were considered. 
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Figure 3.8: CO2 emissions at the construction stage for the two design alternatives 
(Itoh and Kitagawa, 2003) 

Martin (2004) presented a study, carried out in Australia, which compared the 
environmental sustainability of two simply supported highway bridge decks in a single 
span of 33 meters. The competing designs were a steel-concrete composite bridge deck 
and a pre-stressed concrete bridge deck. All life cycle stages, i.e. from primary material 
extraction to demolition and recycling, were considered for both virgin material and 
recycled material use. 

Results showed that the concrete deck consumed 39% less energy and yielded 17% less 
greenhouse gases (GHG) than the steel-concrete composite design (Figure 3.9) when 
virgin materials are used. When using recycled materials, the concrete design remained 
8% less energy consuming, but the composite design emitted 30% less GHG, due to the 
better ability of steel of being recycled compared with concrete. 

  

Figure 3.9: Pre-stressed concrete vs. Steel-concrete composite bridge deck (Martin, 
2004) 
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Martin reported another study comparing the environmental performance of 3 concrete 
designs of the Second Stichtse Bridge in the Netherlands, a 320 meters continuous 
twin-cell concrete box girder with a 180 meters main span (Figure 3.10). The total life 
cycle energy has been computed when lightweight (grade 45), normal density (grade 
65) and high-strength concrete (grade 85) were used. 

Results didn’t show any significant advantage for one of the concrete types, especially 
when considering the uncertainty of some data used in the calculations. According to 
the study, the lightweight alternative required 6% more energy than the normal 
density concrete alternative, while the high-strength one needed 3% less. 

 

Figure 3.10: Second Stichtse Bridge, Netherlands. General view during construction 
(Martin, 2004) 

A further environmental assessment has been carried out, including the material 
depletion, emissions to the environment, energy use, generation of waste, and the area 
of land affected by the bridge. Monetary values have been applied to these 
environmental impacts and the total environmental costs for each alternative 
calculated (Table 3.2). 

Table 3.2: Environmental costs (€) for alternatives concrete types (Martin, 2004) 

Environmental impact  Grade B45 Grade B65 Grade B85 

Emissions 1 060 200 1 019 250 982 350 

Energy use 780 750 697 950 733 500 

Waste 20 700 18 450 16 650 

Material depletion 7 650 7 200 10 350 

Land use 1 350 1 350 1 800 

Total 1 870 650 1 744 200 1 744 650 

Comparison 107 % 100 % 100.03 % 
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Once again, none of the concrete types presented a significant environmental benefit. 
However, the combined environmental impact from energy consumption (emissions 
and energy use) was two orders of magnitude more important than the combination of 
the other impacts. Martin concluded that, to reduce the environmental burden of the 
bridge, efforts should be put on the reduction of the needed energy for the 
construction, while the durability of the structure should be maximized to save energy 
from the eventual replacement of the bridge. 

Keoleian et al. (2005) developed a Life Cycle model in order to highlight the 
capabilities of the LCA framework to be applied for long-term infrastructure 
applications. Two 160 meters long steel reinforced concrete deck systems were studied 
over a 60 year service life: one using conventional steel expansion joints, and the other 
based on a link slab design using a concrete alternative, engineered cementitious 
composite (ECC), which was expected to prolong the bridge deck lifespan and to 
reduce repair activities. 

The Life Cycle Inventory (LCI) was carried out in accordance with ISO 14040 
methods. The model accounted for materials production and distribution, construction 
and maintenance processes, construction-related traffic congestion, and end-of-life 
management of the bridge decks (Figure 3.11) (D meant distribution). The bridge 
construction and the use phase, which were the same for both bridge deck systems, 
were left out of the analysis. The study included all the environmental impact 
categories: energy and material consumption, pollutant emissions to the air and water, 
and solid waste production.  

 

Figure 3.11: Bridge decks life cycle stages (Keoleian et al., 2005) 

The bridge deck service life was assumed to be 30 years for the conventional system, 
and 60 years for the ECC system. One of the main strength of the model was the 
inclusion of emission models, which estimated the future vehicles emissions up to the 
year 2050. Most materials were supposed to be landfilled, concrete was not reused, but 
20% of the steel was recycled. 

The results showed that the ECC system implied a net saving of energy and material 
resources, and yielded significantly lower environmental impacts for all pollutant 
emissions over the 60 year time horizon (Figure 3.12). Different traffic growth 
scenarios were tested, showing that the traffic congestion related energy consumption 
could overwhelm the other life cycle stage. In addition to that, Keoleian et al. 
examined the effect on the results of several cement kiln types and showed that total 
material production energy could be significantly reduced for both conventional and 
ECC system if more efficient processes were used to manufacture cement. 
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Figure 3.12: Total primary energy consumption and Global Warming potential by life 
cycle stage (Keoleian et al., 2005) 

With its system boundary, including most of the construction processes occurring 
during the bridge deck service life and connecting them to highway congestion, this 
study showed that these phases accounted for a substantial part of the total 
environmental burden, and that the frequencies of the maintenance activities were key 
impact parameters. 

Keoleian et al. concluded that life cycle modeling, which makes possible the testing of 
numerous maintenance scenarios, could lead to a better understanding of the potential 
environmental impacts of large-scale systems over long service lives. 

Itoh et al. (2005) presented an approach to determine the life cycle environmental 
impact of the construction and maintenance of bridges, including the recovery after 
natural hazards such as earthquakes. A total of 15 non-concrete-filled steel box piers 
with stiffened cross sections have been studied, since steel piers are widely used in the 
Japanese highway bridge system. 

In this study, only the environmental impact from the production of materials, the 
painting, the welding, the building machines and the transports have been considered. 
The only maintenance activity considered was the repainting of steel piers every 20 
years, i.e. 4 coating system maintenance periods over a 100 year service life. 

The global warming has been considered in this study as the main threat to the Earth: 
the indicator used to assess the global environmental performance of the piers is 
therefore the CO2 emission. 

Based on previously monitored seismic data, from which probabilities of earthquake 
occurrence have been calculated, the authors evaluated the seismic vulnerability of the 
steel piers, associated with several states of damage, and estimated the environmental 
impact of the recovery methods to be implemented after an earthquake for each state 
of damage (Table 3.3). The CO2 emissions have been evaluated in terms of a 
percentage of the emissions at the construction stage. 
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Table 3.3: Seismic damage states and corresponding environmental impact (Itoh et al., 
2005) 

Damage 
state 

Seismic damage condition description 
Seismic 
recovery 

(duration) 

CO2 
emissions 

(%) 

AS The bridge is seriously damaged and reconstruction 
is required.  

Replacement  
(3 months) 

101 

    

A The structural damage is serious and the function is 
completely lost. It needs more than 2 months to 
recover. 

Rehabilitation 
(2 months) 

27 

    

B The structural damage is obvious, but the minimum 
function for emergent usage is achievable. The 
potential recovery duration is from 2 weeks to 2 
months. 

Rehabilitation 
(2 weeks) 

18 

    

C The function is not damaged obviously and the 
damage can be repaired within a couple of days. 

Repair  
(some days) 

0.9 

    

D The structural damage isn’t obvious and specific 
repair isn’t recommended. 

None 0 

 

The potential annual seismic recovery environmental impact has been calculated by 
equation (3.1). 

           
    

 

            
                                  (3.1) 

Where PD was the probability of seismic damage occurrence; ED the estimated seismic 
recovery environmental impact; H(a) the probability of earthquake occurrence with a 
peak ground acceleration a; P(AS/a), P(A/a), P(B/a), P(C/a) were the probabilities of 
occurrence of the damage states AS, A, B and C respectively, under a seismic load with 
a peak ground acceleration a; and EAS, EA, EB and EC were the estimated seismic 
recovery environmental impact for damage states As, A, B and C respectively. The 
peak ground acceleration a varied from 0 to 1000 gal (1 gal = 1 cm/s2). 

Results showed that the seismic recovery operations could yield between 6.3% and 
25.7% of the construction related CO2 emissions, depending on the probabilistic 
distribution of the seismic damage states, i.e. the severity of the damages. 

Collings (2006) assessed the energy use and the CO2 emission at the construction stage 
for different road bridge forms crossing a 120 meters wide river, with an approach of 66 
meters on each side. The CO2 emissions throughout the service life of these structures 
due to the maintenance activities were also studied. The alternatives considered were a 
cantilever bridge, a cable stayed bridge and a steel arch (Figure 3.13). Three girder 
types were regarded for each bridge forms: an orthotropic steel girder, a concrete girder 
and a steel/concrete composite girder. Considered maintenance operations were 
repainting of the steel work, bearings replacement, bridge resurfacing and re-
waterproofing. The environmental burden of the traffic disruption during maintenance 
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activities was included. Traffic growth over the assumed 120 year service life of the 
bridge was not considered. 

 

Figure 3.13: Bridge forms considered in the study: (a) cantilever, (b) arch, (c) cable 
stay (Collings, 2006) 

Girder steel and concrete quantities were obtained from graphs giving the total amount 
of steel and the effective thickness of concrete, i.e. the cross-sectional area divided by 
the bridge width, as a function of the span (Figure 3.14). 

   

Figure 3.14: Steelwork and concrete effective thickness variations with respect to the 
span length for concrete and composite bridges (Collings, 2006) 

The results showed that for most bridge layouts, the concrete girder consumed the 
least energy and yielded the lowest CO2 emissions, even though differences between a 
concrete and steel/concrete girder were insignificant for short spans structures. The 
embodied energy was found to be increased with the span length (Figure 3.15). It was 
also highly dependent on the material type chosen for the girder. Collings pointed out 
that the more architectural alternatives had a higher environmental impact for all 
materials. 
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Figure 3.15: Embodied energy with respect to span length and material type (Collings, 
2006) 

The CO2 emissions due to the maintenance activities were roughly similar for steel, 
concrete and composite structures. They were slightly higher than those for the 
construction phase. Resurfacing was the pre-eminent maintenance operation regarding 
CO2 emissions. 

Gervásio and da Silva (2007) presented an integrated life-cycle analysis methodology, 
LCA and Life Cycle Cost Assessment (LCCA), and applied it to a 90 meters long, twin 
decks steel-concrete composite highway bridge in three spans (Figure 3.16). A 
composite concrete-concrete alternative, with two pre-stressed concrete U-girders, was 
also studied. 

 

Figure 3.16: Design alternatives considered in the LCA (Gervásio and da Silva, 2007) 

The LCA was restricted to the construction stage, including raw material production, 
due to lack of data. The piers and the foundations, identical for both alternatives, were 
excluded from the life cycle assessment. 

The analysis was carried out according to the ISO 14040 methodology. Cement data 
are based on the Life Cycle Inventory (LCI) of a weighted average unit of cement 
produced in the US, and data for the manufacturing of steel have been found in the 
International Iron and Steel Institute (IISI) database. The impact assessment is carried 
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out using the Environmental Problems approach developed by the Society for 
Environmental Toxicology and Chemistry (SETAC). The results have been normalized 
using data from the US EPA. Six environmental impacts were considered in this 
analysis: global warming, acidification, eutrophication, air pollutants, smog formation 
and water intake. 

Results showed that the steel-concrete composite solution had a significant better 
environmental performance in comparison to the concrete-concrete composite 
alternative (Figure 3.17). It was highlighted that the steel-concrete composite 
alternative design followed the concrete-concrete solution in term of spans, and would 
have been therefore enhanced by including the substructure in the analysis. 

 

Figure 3.17: Total normalized environmental impacts of the concrete-concrete (A) and 
steel-concrete (B) composite alternative (Gervásio and da Silva, 2007) 

Lounis and Daigle (2007) proposed a life cycle-based approach for the design of 
concrete highway bridge decks, built in a corrosive environment due to the use of de-
icing salts during winter. As an example, a reinforced concrete deck, with a 35 meters 
span, has been design for normal concrete and high performance concrete (HPC). The 
HPC enabled long service life and high strength, by adding among other 
supplementary cementing materials (SCMs) in the mixture. The simplified approach 
focused on emissions of CO2 and waste generation (or landfill use). 

Concrete decks service lives were estimated at 15 and 45 years for normal concrete and 
HPC respectively, depending on the needed time for the initiation of the corrosion of 
the reinforcement. The desired service life of the deck was taken equal to 30 years. 

The study included all life cycle stages, from raw material extraction to material 
disposal. A major rehabilitation was necessary for the normal concrete case, while 
routine maintenance was enough in the HPC case. Lounis and Daigle assumed that the 
amount of reinforcing steel was the same for the two alternatives, so that the CO2 
released by the production of steel was not accounted. 
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Results showed that CO2 emissions for the normal concrete deck alternative were 
roughly three times higher than those for the HPC deck alternative, mainly because 
the normal concrete deck had to be replaced through its service life, which in turn led 
to an increase of the traffic disruption related emissions (Figure 3.18). The 
maintenance activities and the complete replacement of the normal concrete deck led 
to the generation of about 3 times more waste than for the HPC deck (Figure 3.19). 

 

Figure 3.18: CO2 emissions through the life cycles of the bridge decks (Lounis and 
Daigle, 2007) 

 

Figure 3.19: Volume of wastes from the bridge decks life cycles (Lounis and Daigle, 
2007) 

Brattebø et al. (2009) carried out a LCA on 3 bridges built in Norway: a steel box 
girder bridge in one span of 42.8 meters (Klenevågen), a wooden arch bridge in a single 
span of 37.9 meters (Fretheim) and a concrete box girder bridge in one span of 39.3 
meters (Hillersvika). 
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The environmental burden of the bridges was evaluated throughout an assumed 
lifetime of 100 years, covering the material extraction and manufacturing phase, the 
construction phase, the use phase and the end-of-life phase. The construction phase 
accounted for the preparation of the foundation, the concreting of the abutments 
(including use of wooden formwork), the erection of the girder, the consumption of 
diesel in building equipment, and the transport of materials, parts and workers. In the 
use phase, specific repair and maintenance activities were included: the steel box girder 
was repainted every 20 years; the steel cables of the wooden arch were inspected every 
25 years and the wood surfaces repainted every 15 years. No surface treatments were 
performed during the lifetime of the concrete bridge. 10% of the parapets steel was 
replaced during the lifetime of the bridge, and routines maintenance activities like 
inspections, cleaning and underwater clearing were identical for the three bridges. All 
steel was supposed to be recycled, all concrete was supposed to be locally re-used, while 
wooden components were assumed to be incinerated. 

The LCA has been performed according to the ISO 14040 standards. LCI data were 
provided by SimaPro, supported by the Ecoinvent database. Emissions have been 
aggregated into 6 impact categories: depletion of abiotic resources (ADP), acidification 
(AP), eutrophication (EP), climate change (GWP), ozone layer depletion (ODP) and 
photo-oxidant creation (POCP). Results have been normalized by the total emissions 
factor in Western Europe in 1995, and weighted with the US EPA weighting factors. 

Results (Figure 3.20) showed that the superstructure contributed the most to all 
impact categories, except for the ozone layer depletion. For the wooden bridge, the 
larger impacts occurring in the end-of-life phase compared to those occurring in the 
case of the steel and concrete bridges were due to the incineration of glue laminated 
and creosote impregnated wood. Finally, the construction phase was found to be of 
minor importance in this analysis. 

  

(a) Klenevågen (b) Fretheim 

Figure 3.20: Continues on next page  
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(c) Hillersvika 

Figure 3.20: Relative contributions from aggregated bridge parts and life cycle stages 
for each impact category (Brattebø et al., 2009) 

Eriksen (2009) studied the environmental advantages of road bridge design without 
bearings over the classical abutment design. A comparative LCA study has been 
carried out on a steel/concrete composite bridge with integral abutments in a single 
span of 40 meters, and on a conventional concrete bridge in two spans of 18 meters. 
Both bridges were designed for a lifespan of 120 years. The LCIA has been performed 
according to the eco-indicator method detailed in the ISO standards. This method, 
based on the damage to the environment, uses three damage categories: human health, 
ecosystem quality and resources.  

Eriksen assumed that 80% of the steel used for the superstructure of the composite 
bridge could be recycled, with a coefficient of efficiency of 95%. For the concrete 
bridge, all the used materials were supposed to be used as landfill material. Data for all 
materials, apart from steel, transports and processes, have been found in the Ecoinvent 
database. Data for the manufacturing of steel have been found in the IISI 
(International Iron and Steel Institute) database. 

According to this analysis, the integral abutment bridge gave less damage to the 
environment for all three categories (Figure 3.21). The construction stage had a 
decisive influence on the results. The End-of-life stage can also have an important 
impact, depending on the possibilities for recycling of used materials (Figure 3.22). 

 

Figure 3.21: Total damage to the environment per impact category (Eriksen, 2009) 
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Figure 3.22: Total damage to the environment per life cycle stage (Eriksen, 2009) 

Bouhaya et al. (2009) presented a simplified life cycle assessment on a road bridge 
structure made of wood with an ultra high performance concrete (UHPC) slab, in a 
single span of 25 meters. The analysis included all the life cycle stages, i.e. from raw 
material extraction to End-of-life management. The foundations and the 
superstructure equipment, such as barriers, sidewalks, pavement or waterproofing 
material, were excluded from the analysis. The scope of the study was restricted to the 
energy releases and greenhouse gas emissions over the assumed 100 year service life of 
the structure. 

Without available environmental data on UHPC, the CO2 releases and the energy 
consumption were estimated on the basis of the summation of the contribution of its 
components. Engineering steel data came from the IISI (International Iron and Steel 
Institute) database. Environmental data on the wood was taken from an 
Environmental Product Declaration (EPD) of a glulam girder. The structure was put 
in place and demolished after its service life at once with a high-capacity crane. UHPC, 
an ultra durable material, was assumed to be maintenance free over the lifespan of the 
bridge, while the number of wooden beams that should be replaced was estimated 
based on an economic balance of wood bridge maintenance.  

It was assumed that 40% of the concrete was recycled. Three scenarios for the wood 
end-of-life treatment have been considered: in the first one, wood was used as landfill 
material; in the second one, wood was burned for heating; in the third scenario, wood 
was recycled. Results showed that it is during the material manufacturing stage that 
most energy is needed (Figure 3.23). Wood, due to its CO2 biomass, contributed 
favorably to the CO2 emissions at the fabrication and maintenance stages. The most 
interesting end-of-life scenario in terms of CO2 emissions appeared to be the third one 
(Sc. 3), involving a wood recycling chain (Figure 3.24), while the one that required the 
least energy was the second scenario (Sc. 2), in which wood was burned to produce 
heat. 
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Figure 3.23: Total primary energy distribution, in Gigajoules (Bouhaya et al., 2008) 

 

Figure 3.24: Greenhouse gas releases, in tones equivalent CO2 (Bouhaya et al., 2008) 

Horvath (2009) suggested a set of general principles for environmental analysis of 
bridges via the implementation of the Life Cycle Assessment methodology. He 
highlighted in particular the importance of defining carefully the questions that have to 
be answered by the analysis, without ending up with a too narrow functional unit, 
since the different components of a bridge interact. He recommended including all life 
cycle stages in the analysis, including the planning and the design phases, to make the 
optimal decisions. Horvath suggested taking a special care to the particularities due to 
the location of the structure, such as the used materials or the technologies locally 
available. Since the bridge designers have to deal with long lifespan, he insisted on the 
importance of assessing the performance of the construction materials over time, and of 
predicting the future maintenance schedules and the feasible end-of-life actions after 
decades of operation. Horvath finally argued that a good LCA should include the 
assessment of a wide range of pollutants to the air and water, as well as the generation 
of wastes, instead of being only focused on the minimization of the emissions of 
greenhouse gases (GHG). 
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Botniabanan AB (2010d) presented the Environmental Product Declarations (EPD) 
for the railway bridges on the Bothnia line based on the ISO 14025 standards. This was 
the first time that EPDs were developed for rail transport and infrastructure. This 
EPD presented a Life Cycle Assessment of the whole life-cycle of the bridges, including 
the construction and maintenance, over an expected 60 years service life. The 
assessment included the following elements and processes: the soil and rock excavation, 
ground reinforcement, soil and crushed material filling, bridge construction, 
deforestation, service roads, ducting, drainage and surface water piping, and noise 
barriers.  

Regarding the resource use (Figure 3.25), results showed that material and energy 
demands were higher at the construction stage, except in term of renewable materials, 
i.e. wood. The largest contributors to the non-renewable materials use, showed in 
Figure 3.26, were solid rock, followed by sand and gravel and limestone. Emissions 
from raw material acquisition and production of materials dominated the impact 
assessment’s results (Figure 3.27). It was also noteworthy that no impact from the 
railway bridges was to be expected in term of ozone layer depletion. 

 

Figure 3.25: Resource use for the railway bridges on the Bothnia Line by life-cycle 
stage (Botniabanan AB, 2010d) 
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Figure 3.26: Largest contributors to the non-renewable materials use for the railway 
bridges on the Bothnia line (Botniabanan AB, 2010d) 

 

Figure 3.27: Dominance analysis for the railway bridges on the Bothnia Line 
(Botniabanan AB, 2010d) 

3.4 Main findings from the review 

The raw material acquisition and construction material manufacturing stage was found 
to be the major contributor to the environmental impact of a bridge (Widman, 1998; 
Steele et al., 2002; Itoh and Kitagawa, 2003; Eriksen, 2009; Botniabanan, 2010d). All 
efforts aiming at reducing the virgin material quantity requirements therefore result in 
lower environmental burden. Various strategies have been highlighted in this literature 
review: promote a design that maximize the durability of the structure to delay its 
replacement (Martin, 2004) and reduce the need for maintenance (Keoleian et al., 
2005), implement an appropriate maintenance strategy to postpone the need for 
refurbishment (Steele et al., 2002), use recycled material to reduce the pressure on 
natural resources (Martin, 2004) and to a lesser extent improve bridge components 
service lives (Itoh and Kitagawa, 2003). Widman (1998) recommended favoring designs 
using micro alloyed steel before steel with higher percentage of alloys, even if more 
steel is required. It was also pointed out in Collings (2006) that the more architectural 
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alternatives, which usually require more material, had a higher environmental impact 
for all materials. 

Concrete manufacturing had a better environmental performance compared to steel 
manufacturing (Horvath and Hendrickson, 1998; Itoh and Kitagawa, 2003; Martin, 
2004; Collings, 2006). However, concrete structures require more material for both the 
substructure and the superstructure than steel structures, and the better recyclability 
and reusability of steel balance this assessment in a life-cycle perspective (Martin, 
2004). Thus, it is not possible to find a construction material that is to be preferred in 
every specific case, but a systematic environmental life-cycle assessment should be 
performed instead. 

The construction phase has been found of minor importance (Keoleian et al., 2005; 
Lounis and Daigle, 2007; Brattebø et al. 2009; Bouhaya et al., 2009) for steel, concrete, 
steel-concrete composite and wooden structures, suggesting that the environmental 
benefit expected from shorter erection time for steel or composite girders, in 
comparison with concrete girders, is small. 

The maintenance activities and their frequency were key environmental impact 
parameters (Keoleian et al., 2005; Horvath and Hendrickson, 1998; Itoh and Kitagawa, 
2003). Maintenance related emissions were even higher than those due to the 
construction in Collings (2006) and Bouhaya et al. (2009). The traffic disruption due 
the closure of the bridge during maintenance operations was a major environmental 
contributor, so that it could overwhelm the other life-cycle stages depending on the 
forecasted traffic growth (Widman, 1998; Steele et al., 2002; Keoleian et al., 2005). 
Design and bridge components, such as expansion joints and bearings, which require 
total or partial closure of the bridge when maintained, should thus be avoided. 
Maintenance of steel components, like repainting of steelwork, was found of importance 
(Horvath and Hendrickson, 1998), while concrete parts were most of the time directly 
replaced. New high performance and durable materials offer a potential to reduce the 
need for maintenance (Martin, 2004; Keoleian et al, 2005; Lounis and Daigle, 2007), in 
spite of lower environmental performances associated with their production. 

Eriksen (2009), Brattebø et al. (2009) and Bouhaya et al. (2009) highlighted finally the 
importance of the impacts related to the end-of-life management stage, which depend 
mostly on the ability of the materials and components used to be recycled or reused. 

3.5 Guideline for railway bridges applications 

Road and highway bridges have been extensively analyzed, while the only inventoried 
study that focused on railway bridges was the Environmental Product Declarations 
(EPD) for the railway bridges on the Bothnia line published by Botniabanan AB in 
March 2010 (Botniabanan AB, 2010d). To explore the different life-cycle stages of the 
railway bridges, the implementation of the methodology must be adapted to their 
specificities. Based on the conclusions drawn from the road bridges literature review, 
this section presents an attempt to establish the minimal set of materials and processes 
that should be included in an analysis focused on railway bridges. 
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All processes to manufacture the main construction materials must of course be 
included, such as concrete, structural steel, reinforcing and pre-stressing steel. In 
comparison with the production of steel or concrete, production of wooden formwork 
impact insignificantly the environment, and can therefore not be neglected5. Wooden 
structures are not suitable for carrying trains loads, and are thus not considered. As 
suggested in the previous section, the steel paints impact on the environment cannot 
be neglected, and should thus be considered. Railings should also be accounted. Other 
components, such as bearings and expansion joints, are present in such small quantities 
that it is common practice to neglect them. Materials from both the substructure and 
the superstructure should be inventoried, since their designs interact with each other 
(Horvath, 2009). 

The construction phase should take into account on one hand the energy use and 
emissions from the building machines and the workers transportation to the 
construction site, and on the other hand the road traffic generated by the construction 
delays, when comparing two design alternatives requiring different construction time. 

The maintenance activities to be considered are the repainting of the steelwork, the 
replacement of the expansion joints and bearings, and the replacement of the girder 
eventually. The burden from the building machines and due to the production of paint 
should be studied. The replacement of the waterproofing layer is not part of the 
railway bridges maintenance strategy6. Unlike road and highway bridges, the 
maintenance of the edge beams, if any, is not required for railway bridges since no 
deterioration due to de-icing agents occurs. The impact from the traffic due to the shift 
of good and passenger transportation from the railway to the road during bridge 
closure should be assessed. 

The demolition should be accounted by considering the impact from the building 
machines, and a probable disposal scenario for each material should be included. 
Possible scenarios range from re-use, direct recycling, recycling or landfilling after 
sorting, direct landfilling, and incineration. 

All material transportation, from the raw material extraction sites to the processing 
plants, from the final manufacturing facilities to the construction site, and from the 
construction site to the final disposal facilities should be accounted. 

If the goal of the study requires including in the analysis the track system, its 
constitutive materials should be included, namely concrete or wood for the sleepers or 
the slabs, steel for the rails and fasteners, and ballast eventually. The maintenance of 
the tracks should then be considered: maintenance of the tracks alignment or 
adjustment of their position, maintenance of the ballast profile, and track repairing 
(Nyström and Prokopov, 2010). 

 

                                            

5
 From ETSI Project meeting in Stockholm, the 2010/02/10 

6
 Personal communication with Prof. Raid Karoumi in 2010. 
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Chapter 4  
 
Implementation of a simplified 
quantitative LCA 

4.1 A simplified quantitative approach 

The developed tool aims at performing the assessment of environmental impacts 
related to bridges, and more specifically to railway bridges. It is designed to execute 
two LCA analyses in parallel, in order to allow the comparison between two design 
alternatives. The tool is capable to assess the life-cycle environmental burden of a wide 
range of railway bridge types, from reinforced concrete beam or trough bridges, to 
steel-concrete composite girder bridges. However, it is not suitable to evaluate the 
environmental effects of suspension bridges, cable-stayed bridges, or arch bridges. 

It is meant to be useful when very few geometric data are known, i.e. at an early stage 
in the design process, when the type of bridge to be built has not been decided yet. The 
assessment is then based on the first rough material quantities, on the basic geometric 
characteristics of the bridge, and on the designers’ experience. In addition, rough 
estimations of the material quantities are provided, based on Heikki Rautakorpi's 
doctoral thesis issued in the 1980s (Finnish Road Administration, 2001)7, updated in 
2003, which presented mathematical models to assess the required material quantities 
for different types of bridge girders (concrete slab, pre-stressed concrete beam, concrete 
frame, concrete-steel composite beam bridge) and substructure components 
(abutments and piers). These statistical models have been developed based on material 
quantities of about 500 bridges designed between 1990 and 2003. 

The assessment covers the entire life-cycle of the bridge (from “cradle-to-grave”), i.e. 
from the raw materials acquisition, the material manufacturing, the transport of the 
construction material from the last processing plants to the construction site, the 
construction of the bridge, the maintenance operations over its service life, to the 
demolition and final material disposal (Figure 4.1). The main findings from the 
previous research focused on road, highway and railway bridges have been used on 
screening purpose. Among the processes that occur over the lifetime of a bridge, the 
ones that have a major impact on the environment have been selected. On the 

                                            

7
 Personal communication with Prof. Raid Karoumi (the thesis is in Finnish, unpublished) in 2010. 
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contrary, the ones that are insignificant with regard to their environmental effects have 
been excluded. 

The assessment tool computes a limited selection of material inputs and emissions to 
the environment over the life-cycle of the bridge. Table 4.1 summarizes the material 
flows accounted in the simplified quantitative LCA, which are of particular interest 
according to the previous researches (Keoleian et al., 2005). In addition, the amount of 
solid wastes generated by the processes occurring over the life-cycle of the bridge is 
calculated. 

 

Figure 4.1: Bridge life-cycle phases considered 

The air pollutant PM10 refers to Particulate Matter with a diameter of less than 

10m. Methane and non methane volatile organic compounds (NMVOC) are 
accounted separately because of their different relative importance with regard to 
global warming. The pollutants TSS (Total Suspended Solid), BOD (Biologic Oxygen 
Demand) and DOC (Dissolved Organic Carbon) are sum parameters accounting for 
carbon compounds released to the water (Frischknecht et al., 2007). 
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Table 4.1: Inputs and outputs considered in the simplified quantitative approach 

material inputs 
Emissions considered 

Air Water Soil 

water Carbon monoxide (CO) Oils None 

limestone Carbon dioxide (CO2)   

gravel Methane (CH4) 
Total Suspended Solid 
(TSS) 

 

sand Nitrogen oxides (NOX)   

clay Sulfur dioxide (SO2) 
Biologic Oxygen Demand 
(BOD) 

 

bauxite Non methane volatile organic compounds (NMVOC)   

bentonite Particulate matter (PM10) 
Dissolved Organic Carbon 
(DOC) 

 

iron    

dolomite    

zinc    

Main steel alloys (Cr, Mn, 
Mo, Nb, Ni, V, W) 

   

graphite (electrode)    

coal products    

refined oil products    

natural gas    

 

4.2 Model design and framework 

4.2.1 Model structure 

The LCA model is Microsoft Excel-based. It contains a number a spreadsheets that 
house user-inputs, materials, processes and emissions data, calculation factors and the 
calculation themselves, and the results in the form of tables and graphs. Figure 4.2 
shows the overall hierarchy of the model, when data are retrieved from the different 
Excel spreadsheets, and when results are computed. 
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Figure 4.2: Computer model architecture 

The user-inputs are detailed in another section of this report. The material processing 
spreadsheets house the material flows and emissions for all processes involved in the 
manufacturing of the main construction materials, namely concrete and steel, and 
involved in steel forming, welding, zinc coating and powder coating production. The 
thermal energy spreadsheet contains fuel consumption and emissions data related to 
fuel combustion. The transport spreadsheet provides fuel consumption and emissions 
data for all transportation modes (passenger cars, trucks, trains, barges and 
transoceanic ships). Finally, the material disposal spreadsheet house data regarding 
reinforced concrete structure demolition and sorting. 

4.2.2 User-inputs 

The user has the opportunity to enter amounts of material, energy and transportation 
services that the bridge consumes during its lifetime. Data can be entered for two 
different alternative designs of a bridge in the data input spreadsheet. The structure of 
the data input spreadsheet is described in Table 4.2. A total of 36 parameters can be 
chosen by the user. 
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Table 4.2: User-inputs in the data input spreadsheet 

Common 
properties 

Materials Construction 
Use phase & 
maintenances 

End-Of-Life 
management 

Distribution 

Service 
lifespan 

Quantity of 
concrete 
(superstructure, 
piers and 
abutments) 

Construction 
duration 

Air dehumidification 
system electrical 
power 

Percentage of 
structural steel 
directly recycled 

Truck, train, 
barge and ship 
transportation 
for both concrete 
and steel 

      

Bridge’s 
length 

Quantity of 
reinforcing steel 
(superstructure, 
piers and 
abutments) 

Diesel 
consumption 

Frequencies and 
duration of 
maintenance 
operations 
(repainting, 
replacement of 
expansion joints, 
bearings, girder) 

  

      

annual 
passenger 

traffic 

Quantity of 
structural steel 

Welded length 

Frequencies of tracks 
maintenance 
operations 
(alignment, position 
adjustment, ballast 
profile, track 
repairing) - not 
implemented yet 

  

      

annual 
freight 
traffic 

Zinc coating area 
Workers 
transport 

   

      

 
Epoxy-polyester 
coated area 

    

      

 
Quantity of 
ballast 

    

 

The material quantities chosen by the user are supported by rough estimations 
obtained from mathematical models (see Appendix A), developed based on a survey of 
up to 500 road bridges designed between 1990 and 2003 (Finnish road administration, 
2001). These models provide the required material quantities for different types of 
bridge girders (concrete slab, pre-stressed concrete beam, concrete frame, concrete-
steel composite beam bridge) and substructure components (abutments and piers). 
Since they are only applicable to road bridges, results cannot be directly applied to 
railway bridges. However, they are implemented and corrected with calibration factors, 
chosen by the user, to give the upper and lower bounds of the required material 
quantity for the railway bridges. 
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4.2.3 Characterization and weighting factors  

Analyses performed with the tool give results at the Life Cycle Inventory (LCI) step, 
but also at the Life Cycle Impact Assessment (LCIA) step. The impacts to the 
environment of each emission to the air are assessed regarding six impact categories: 
depletion of abiotic resources, climate change, human toxicity, photo-oxidant 
formation, acidification and eutrophication (see Appendix B). These impact categories 
have been chosen to take into account at the impact assessment step all the considered 
emissions at the inventory step. A single total score for each bridge design alternative 
is obtained by applying normalization and weighting factors (see Appendix B.2). The 
normalization system used is the total emissions in Western Europe in 1995 (see 
Appendix B.3). The used weighting factors are those recommended by the US 
Environment Protection Agency (US EPA). 

The factor used to characterize the impact of fossil fuels consumption on the depletion 
of natural resources is an aggregated factor that does not distinguish the depletion of 
the different fossil energy carriers, like coal, natural gas or oil products. The reason is 
that fossil fuels may be assumed to be full substitutes, meaning that the ADP factors 
regarding energy reserves should not be different (Guinée et al., 2001). However, the 
ADPs for the individual fossil fuels per kilogram of resource extracted are different, see 
Table 4.3, but not implement in the simplified approach. 

Table 4.3: Abiotic depletion potential factors per kilogram of fossil fuels extracted 
(Guinée et al., 2001) 

fossil fuel 
Heating value 

(MJ/kg) 
ADP factor 

(kg Sb eq./kg) 

Oil 41.87 0.0201 

Gas 38.84 0.0187 

Hard coal 27.91 0.0134 

Soft coal 13.96 0.00671 

 

This simplified quantitative LCA tool is fully transparent, in the sense that material 
and processes data can be viewed and eventually changed by the user. In addition, the 
characterization and weighting factors can also be modified. 
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4.3 Modeling of the life-cycle stages 

To assess the environmental impact over the life-cycle of the bridges, material flows 
and emissions data for each process and for each material were gathered from the 
Ecoinvent v2.1 database8. The elementary data corresponding to each material and 
process were progressively combined to obtain aggregated material, energy and 
emission flows for the main bridge constituents. This inventory strategy was preferred 
to the direct use of aggregated data from the literature, because it provides fully 
transparent results, i.e. the exact scope of the analysis is known, and it allows data 
changes for each inventory items in order to use local specific data if it is desired. 

Due to lack of data, inventory data for some chemicals have not been implemented 
(Althaus et al., 2007). The environmental impacts, related to the production and 
distribution of electricity, were excluded from the model. 

4.3.1 Transport and thermal energy 

To simplify the development of the model, only diesel fuelled passenger cars, and only 
two different truck load-capacity categories have been considered. The first category 
house the trucks whose weight range from 3.5 tons to 16 tons; the second category 
house the trucks whose weight exceed 16 tons (Spielmann et al., 2007). Average diesel 
fleet in 2010 has been considered for passenger cars. Passenger train traffic is assumed 
to be operated by high-speed trains. The electric consumption and emissions related to 
the operation of the German ICE is modeled. Average data for Europe have been 
implemented for rail freight transportation and road transportation. The production, 
maintenance and disposal of the vehicles are not accounted. The construction, 
operation and maintenance, and disposal of the transportation infrastructures are not 
included in the model either. 

Data regarding coal, natural gas and refined oil products combustion have been found 
in Dones et al. (2007), Faist Emmenegger et al. (2007) and Jungbluth (2007) 
respectively. The environmental impacts, related to oil and natural gas exploration, 
extraction, long distance transport, refining, and transport to local storage or local 
supply are not accounted. The coal processing, transport, handling and storage are not 
included in the model either. Only the burden from energy carriers’ combustion is 
considered instead. 

  

                                            

8
 http://www.ecoinvent.ch 
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4.3.2 Materials 

Concrete 

The model includes two ready-mixed concrete types (Table 4.4): a “normal concrete” 
for the superstructure, and a concrete for the substructure, which use blast furnace slag 
cement. Blast furnace slag cement based concrete is not used in Sweden9, but it has 
been modeled to account for a high performance concrete type that does not require 
the addition of plasticizer for the sake of simplicity. The process flow chart for the 
manufacturing of normal concrete and concrete for sole plate and foundation, 
implemented in the simplified LCA tool, is shown in Figure 4.3. 

To manufacture concrete, gravel, sand, limestone, clay and bauxite are extracted from 
the Earth. Limestone is crushed, a part of it is then milled while the other part is 
burned off, crushed and hydrated. Calcareous marl is produced by mixing clay and 
crushed limestone for kiln. Bauxite, milled limestone, crushed and hydrated limestone, 
calcareous marl and sand are mixed and burned in a rotary kiln to produce clinker. 
Cement is then produced by grinding and mixing clinker, gypsum and eventually other 
additional milling substances. Blast furnace slag is added at this step to produce 
concrete for sole plate and foundation. Concrete is produced finally by mixing cement 
and round gravel together with water. 

The plants infrastructures have not been taken into account, neither the lubricating oil 
used, or the wear of the steel and synthetic rubber parts, or the wear of the rotary kiln 
parts for clinker production. The treatment in a wastewater treatment plant of the 
concrete production effluent was not included in the model. The ethylene glycol used to 
grind the cement was excluded from the analysis. The ammoniacal gas liquor added 
during the burning process of the clinker to prevent the emission of nitrogen oxides was 
not considered. The cement packing process was not modeled. 

Table 4.4: Composition of the different concrete types included in the model 
(Kellenberger et al., 2007) 

Type of 
concrete 

Type 
Water 
kg/m

3
 

w/c
10

 
Density 
kg/m

3
 

Cement Aggregate   

Type kg/m
3
 kg/m

3
 Type particle size   

Normal 
concrete 

B 35/25 186 0.62 2377 CEM I 42.5 300 1891 round 0/32   

            

Concrete 
for sole 

plate and 
foundation 

B 35/25
11

 178.8 0.55 2387 CEM III/B 32.5 325 1883 round 0/32   

 

                                            

9
 Personal communication with Prof. Raid Karoumi, 2010 

10
 w/c: ratio between the amount of water and the amount of cement 

11
 A concrete quality B 35/25 in the SIA 162 standards corresponds to a quality C 20/25 in Eurocode 2 
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Neither the mines infrastructures, nor the machines, nor the land transformation and 
occupation have been included in the model. The re-cultivation of the mines is not 
considered either. Only the consumption of water, fuel and electricity, and the 
transportation demand have been included. No upstream environmental burden was 
associated with blast furnace slag, since it is a waste. 

A selection of the Life Cycle Inventory (LCI) results for the concrete constituents are 
summarized in Table 4.5 and compared to data found in the literature. Data provided 
by the literature were not necessarily calculated based on the same assumptions, but 
they are presented to check the order of magnitude of the results. The CO2 emission 
calculated by the simplified tool shown accounts for the carbon dioxide directly 
emitted through production processes, like clinker production or limestone calcining for 
the cements, but it does not account for “indirect” emissions related to fuel 
combustion. The production of one ton of Portland cement requires 4580 MJ, which is 
close to the lower bound given in Keoleian et al. (2005), and lead to the emission of 775 
kg of CO2. The production of blast furnace slag cement requires almost half of the 
energy needed to produce Portland cement, and yields half as much carbon dioxide. 
However, it is noteworthy that if “indirect” emissions are included in the calculation, 
the production of one ton of Portland cement, blast furnace slag cement and aggregates 
yields 27.5 tons, 21.5 tons and 1.25 kg of CO2 respectively. 

Table 4.5: Selected LCI results for concrete constituents 

Constituents 

Fabrication energy 
(MJ/t) 

CO2 emissions 
(kg/t) 

This 
study 

Keoleian et al. 
(2005) 

Bouhaya et 
al. (2009) 

This 
study 

Bouhaya et 
al. (2009) 

Portland cement (CEM I 42.5) 4580 4500 - 6600 4920 775 865 

Blast furnace slag cement (CEM III/B 32.5) 2670 n/a n/a 395 n/a 

aggregates 41.4 67 25.128 0 0.982 

 

The LCI results for the two concrete types, regarding the raw material and energy 
consumption and emissions to the environment are presented in Table 4.6 and Table 
4.7 respectively. The use of blast furnace slag cement results in a net saving of both 
energy and material mineral resources, and reduces the specific emissions to the air and 
water, and the generation of solid wastes. The production of 1 cubic meter of normal 
concrete requires 1510 MJ, yields 265 kg of CO2 and generates 17.2 kg of solid wastes. 
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Table 4.6: Raw material resource and energy use for the two concrete types 

Raw material Unit Normal concrete 
Concrete for sole plate and 

foundation 

Bauxite (kg/m
3
) 0.00913 0.00504 

Clay (kg/m
3
) 121 66.9 

Coal (kg/m
3
) 9.6 5.3 

Gravel (kg/m
3
) 1890 1880 

Limestone (kg/m
3
) 5720 3160 

Natural gas (m
3
/m

3
) 0.0828 0.0603 

Oil products (kg/m
3
) 17.7 11.5 

Sand (kg/m
3
) 2.5 1.4 

Water (m
3
/m

3
) 5.1 4.8 

Production energy (MJ/m
3
) 1510 1000 

Transport energy (MJ/m
3
) 43.3 65 

 

Table 4.7: Specific emissions for the two concrete types (kg/m3) 

Pollutant Normal concrete 
Concrete for sole plate and 

foundation 

CO 2.29E-01 1.41E-01 

CO2 2.65E+02 1.55E+02 

CH4 3.87E-03 2.50E-03 

NOX 6.89E-01 4.49E-01 

SO2 1.09E-01 7.55E-02 

NMVOC 5.79E-02 3.67E-02 

PM10 7.76E-01 4.29E-01 

Oils 0.00E+00 0.00E+00 

TSS 0.00E+00 0.00E+00 

BOD 0.00E+00 0.00E+00 

DOC 0.00E+00 0.00E+00 

Solid waste 1.72E+01 1.72E+01 
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Figure 4.3: Flow diagram for the manufacturing of normal concrete and concrete for 
sole plate and foundation 
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Steel 

The model considers two types of steel: un-alloyed steel, also called carbon steel, for 
the reinforcements, and low-alloyed steel for the structural steel. 63% of the steel is 
produced in basic oxygen furnaces (BOF), and 37% in electric arc furnaces (EAF) 
(Classen et al., 2009). The process flow chart implemented in the simplified LCA tool 
for the manufacturing of carbon steel and low-alloyed steel to produce rebar and 
structural steel is shown in Figure 4.3. 

To produce converter steel, iron and alloys ore are extracted from the ground. The un-
refined iron ore from the mine is supposed to contain 46% of iron. It is enriched to an 
iron content of 65% directly at the mine. This enriched iron ore, in the form of very 
fine grain, is converted into pellets at the mine on one hand, and transported in this 
form. On the other hand, sinters are produced at the ironworks. Pig iron (or hot metal) 
is produced in blast furnaces to produce steel in basic oxygen furnace. To produce 
electric steel, scraps are placed in electric arc furnaces and melted by an electric arc 
initiated between two graphite electrodes (Classen et al., 2009). 

The plants infrastructures have not been taken into account, neither the lubricating oil 
used, or the wear of the steel and synthetic rubber parts, or the refractory materials in 
the furnaces. The oxygen used in the steel converters was excluded from the analysis. 
All internal transports are included. 

Neither the mines infrastructures, nor the machines, nor the land transformation and 
occupation have been included in the model. The re-cultivation of the mines is not 
considered either. Only the consumption of water, fuel and electricity, and the 
transportation demand have been included. 

The LCI results for un-alloyed and low-alloyed converter steel, and un- and low-alloyed 
electric steel, regarding the raw material and energy consumption and emissions to the 
environment, are presented in Table 4.8 and Table 4.9 respectively. Producing alloyed 
steel requires more natural resources and nearly two times more energy than producing 
carbon steel, 20.8 MJ/kg and 11.7 MJ/kg respectively. It is noteworthy that producing 
one kilogram of electric steel requires only 3.3 MJ. The production of 1 ton of un-
alloyed and low-alloyed converter steel yields 1.19 tons and 1.46 tons of CO2 
respectively, while only 80 kg of CO2 is emitted to produce 1 ton of electric steel. 
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Table 4.8: Selected raw material resource and energy use for un-alloyed and low-
alloyed converter and electric steel 

Raw material Unit 
un-alloyed 

converter steel 
low-alloyed 

converter steel 
un- and low-alloyed 

electric steel 

Bentonite (kg/kg) 1.44E-02 1.44E-02 0.00E+00 

Chromium (kg/kg) 0.00E+00 3.03E-02 0.00E+00 

Coal (kg/kg) 5.01E-01 5.67E-01 1.40E-02 

Dolomite (kg/kg) 2.75E-03 2.75E-03 0.00E+00 

Iron (kg/kg) 3.45E-01 3.45E-01 0.00E+00 

Iron scrap (kg/kg) 2.13E-01 1.25E-01 1.11E+00 

Limestone (kg/kg) 3.07E-01 7.51E-01 1.41E-01 

Manganese (kg/kg) 0.00E+00 2.19E-02 0.00E+00 

Molybdenite (MoS2) (kg/kg) 0.00E+00 3.96E-04 0.00E+00 

Natural gas (m
3
/kg) 1.07E-02 4.26E-02 2.69E-02 

Nickel (kg/kg) 6.00E-03 4.50E-02 0.00E+00 

Niobium (kg/kg) 0.00E+00 2.64E-03 0.00E+00 

Oils products (kg/kg) 1.06E-02 1.65E-02 7.75E-03 

Tungsten (kg/kg) 0.00E+00 1.24E-03 0.00E+00 

Vanadium (kg/kg) 0.00E+00 2.36E-03 0.00E+00 

Water (m
3
/kg) 9.84E-03 1.10E-02 0.00E+00 

Production energy (MJ/kg) 11.7 20.8 3.3 

Transport energy (MJ/kg) 0.467 0.488 0.339 

 

Table 4.9: Specific emissions for un-alloyed and low-alloyed converter and electric steel 
(kg/kg) 

Pollutant 
un-alloyed 

converter steel 
low-alloyed 

converter steel 
un- and low-alloyed 

electric steel 

CO 3.08E-02 3.11E-02 2.67E-03 

CO2 1.19E+00 1.46E+00 8.00E-02 

CH4 4.00E-06 2.61E-05 2.39E-06 

NOX 1.15E-03 1.96E-03 5.62E-04 

SO2 1.89E-03 2.99E-03 9.93E-05 

NMVOC 1.68E-04 2.65E-04 2.44E-05 

PM10 2.20E-03 4.07E-03 3.65E-04 

Oils 4.27E-06 7.04E-06 0.00E+00 

TSS 0.00E+00 2.66E-04 0.00E+00 

BOD 6.41E-05 6.41E-05 0.00E+00 

DOC 2.32E-06 2.32E-06 0.00E+00 

Solid waste 1.35E-01 7.84E-01 1.07E-01 
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Figure 4.4: Overview of cast iron and steel production, grey materials and processes are 
not considered in the Ecoinvent database (Classen et al., 2009) 

Steel processing 

Raw steel beams are given their definitive shape by hot-rolling. All processes involved 
in raw steel beam hot-rolling are accounted, i.e. scarfing, grinding, heating, de-scaling, 
rolling and finishing (Classen et al., 2009). The oxygen used to feed the oxy-fuel flame 
at the scarfing step is not considered. As previously, neither lubricating oils are 
included in the analysis, nor the polyelectrolytes used at the waste water treatment 
plant. The input materials for the packaging of the hot-rolled steel beams, namely 
paper and cardboard, plastics, un-alloyed steel, steel coils and wood, are not 
considered. Nor the rolling mill infrastructures, nor the land use, are taken into 
account. 
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The LCI results for steel hot-rolling, regarding the raw material and energy 
consumption and emissions to the environment, are presented in Table 4.10 and Table 
4.11 respectively. 

Table 4.10: Selected raw material resource and energy use for steel hot-rolling 

Raw material Unit hot-rolling, steel 

Natural gas (m
3
/kg) 4.30E-02 

Oils products (kg/kg) 5.30E-04 

Steel (kg/kg) 5.00E-02 

Water (m
3
/kg) 5.50E-03 

Production energy (MJ/kg) 2.15 

Transport energy (MJ/kg) 0.182 

 

Table 4.11: Specific emissions for steel hot-rolling (kg/kg) 

Pollutant hot-rolling, steel 

CO 4.40E-05 

CO2 1.44E-03 

CH4 8.74E-02 

NOX 6.04E-05 

SO2 9.03E-07 

NMVOC 2.83E-04 

PM10 3.23E-06 

Oils 0.00E+00 

TSS 1.46E-04 

BOD 3.80E-05 

DOC 1.20E-05 

Solid waste 1.85E-02 

 

Hot-rolled steel beams are then galvanized. The corresponding process in Ecoinvent is 
the so-called “batch process”, applicable if the zinc coating is applied on a semi-
finished steel product (Classen et al., 2009). All processes involved in steel beam zinc 
coating are accounted, i.e. degreasing, pickling, fluxing, galvanizing and finishing. Nor 
the sodium hydroxide solution bath, used to degrease the steel beams, nor the 
hydrochloric acid solution bath, in which steel beams are immersed to clean their 
surface, nor the inhibitor, nor the flux agent, nor the flocculating agents used at the 
waste water treatment plant, nor the soda and ammonia are considered in the model. 
Only the consumption of water, zinc, fuel and electricity, and the transportation 
demand have been included. The infrastructure of batch hot dip zinc coating has not 
been accounted. 

The LCI results for zinc coating, regarding the raw material and energy consumption 
and emissions to the environment, are presented in Table 4.13 and Table 4.13 
respectively. 
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Table 4.12: Selected raw material resource and energy use for steel zinc coating 

Raw material Unit zinc coating, steel 

Natural gas (m
3
/m

2
) 3.54E-01 

Oils products (kg/m
2
) 3.01E-01 

Water (m
3
/m

2
) 4.18E-03 

Zinc (kg/m
2
) 1.05E+00 

Production energy (MJ/m
2
) 26.9 

Transport energy (MJ/m
2
) 1.43 

 

Table 4.13: Specific emissions for steel zinc coating (kg/m2) 

Pollutant zinc coating, steel 

CO 1.01E-04 

CO2 1.68E+00 

CH4 3.96E-05 

NOX 9.89E-04 

SO2 6.08E-04 

NMVOC 2.31E-06 

PM10 2.71E-03 

Oils 1.73E-06 

TSS 3.74E-06 

BOD 2.20E-04 

DOC 4.95E-06 

Solid waste 2.49E-01 

 

Before being installed definitely on site, the steel beams are welded together. The 
assumption has been made that it is done by automated MAG-welding of un-alloyed 
steel, with a mixture of 83% argon, 13% carbon dioxide and 4% oxygen as protective 
gas (Classen et al., 2009). The oxygen and acetylene inventoried are disregarded. Only 
the consumption of steel and the transportation demand have been included. 

The LCI results for arc welding, regarding the raw material and energy consumption 
and emissions to the environment, are presented in Table 4.14 and Table 4.15 
respectively. 
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Table 4.14: Selected raw material resource and energy use for arc welding 

Raw material Unit arc welding, steel 

Steel (kg/m) 5.36E-02 

Production energy (MJ/m) - 

Transport energy (MJ/m) 8.72E-02 

 

Table 4.15: Specific emissions for steel zinc coating (kg/m) 

Pollutant arc welding, steel 

CO 1.31E-03 

CO2 8.89E-02 

CH4 9.63E-08 

NOX 9.20E-05 

SO2 1.09E-04 

NMVOC 2.54E-05 

PM10 2.90E-04 

Oils 2.38E-07 

TSS 1.68E-05 

BOD 4.20E-06 

DOC 7.21E-07 

Solid waste 2.96E-02 

 

Powder coating 

In powder coating, the coating material is applied to the steel beam in the form of 
powder. The particles are heated to form a sealed film. A mixture of epoxy and 
polyester resin has been chosen for the model, with titanium dioxide (TiO2) as 
pigment, thus resulting in a white powder (Classen et al., 2009). Powder production 
and application were modeled. However, production of epoxy and polyester resin, 
titanium dioxide and additives production have not been considered. The extrusion 
process has not been implemented either. Production of plastic buckets has been left 
behind. At the coating application step, production of lubricating oils, hydrochloric 
acid solution and flocculating agent has been disregarded. Only the consumption of 
water, natural gas and electricity, and the transportation demand have been included. 
The infrastructures of the chemical plants have not been included. 

The LCI results for powder coating, regarding the raw material and energy 
consumption and emissions to the environment, are presented in Table 4.16 and Table 
4.17 respectively. The embodied energy of the powder coating reaches 39.7 MJ/m2, 
while 1.81 kg of CO2 is emitted when one square meter of steel is coated. 

  



CHAPTER 4 IMPLEMENTATION OF A SIMPLIFIED QUANTITATIVE LCA 

 80 

Table 4.16: Selected raw material resource and energy use for powder coating 

Raw material Unit 
powder coating, 

steel 

Epoxy resin (kg/m
2
) 2.83E-02 

Natural gas (m
3
/m

2
) 9.47E-01 

Polyester resin (kg/m
2
) 2.83E-02 

Titanium dioxide (kg/m
2
) 3.42E-02 

Production energy (MJ/m
2
) 39.7 

Transport energy (MJ/m
2
) 0.346 

 

Table 4.17: Specific emissions for steel powder coating (kg/m2) 

Pollutant 
powder coating, 

steel 

CO 5.34E-04 

CO2 1.81E+00 

CH4 7.01E-05 

NOX 1.01E-03 

SO2 2.04E-05 

NMVOC 5.03E-04 

PM10 3.48E-05 

Oils 5.19E-06 

TSS 4.16E-04 

BOD 1.93E-05 

DOC 6.75E-06 

Solid waste 4.39E-02 

 

Ballast 

The ballast is modeled as crushed gravel. The plants infrastructures have not been 
taken into account, neither the lubricating oil used, or the wear of the steel and 
synthetic rubber parts. Neither the mines infrastructures, nor the machines, nor the 
land transformation and occupation have been included in the model. The re-
cultivation of the mines is not considered either. Only the consumption of water, fuel 
and electricity, and the transportation demand have been included. 

The LCI results for production of ballast, regarding the raw material and energy 
consumption and emissions to the environment, are presented in Table 4.18 and Table 
4.19 respectively. 
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Table 4.18:  Selected raw material resource and energy use for ballast production 

Raw material Unit Ballast 

Gravel (kg/kg) 1.04 

Oil products (kg/kg) 4.56E-04 

Water (m
3
/kg) 1.36E-03 

Production energy (MJ/kg) 5.18E-02 

Transport energy (MJ/kg) 2.84E-04 

 

Table 4.19: Specific emissions for ballast production (kg/kg) 

Pollutant Ballast 

CO 3.85E-06 

CO2 1.41E-03 

CH4 5.48E-08 

NOX 1.49E-05 

SO2 5.67E-07 

NMVOC 1.73E-06 

PM10 3.02E-09 

Oils 0.00E+00 

TSS 0.00E+00 

BOD 0.00E+00 

DOC 0.00E+00 

Solid waste 1.20E-05 

4.3.3 Construction 

The construction phase accounts for the workers transport to and from the 
construction site and for the environmental impacts associated with the diesel 
consumption in the building machines. The extra road traffic due to longer 
construction operation time for one of the alternative bridge design is considered. For 
example, if the first design alternative requires construction duration of 90 days and 
the second alternative only 60 days, 30 days of road traffic instead of train traffic will 
be allocated to the first design alternative. The freight traffic is then operated by 
trucks whose weight exceeds 16 tons, while the passenger traffic is operated by normal 
diesel cars. 

4.3.4 Use phase and maintenance operations 

A bridge is a passive system. It does not consume any energy or need any more 
material when it is open to traffic. However, to ensure that the bridge will be able to 
carry trains load over its expected service life, maintenance operations are carried out 
regularly. 
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Four maintenance and repair activities are accounted in the model: repainting of the 
steelwork, replacement of the expansions joints, bearings, end eventually replacement 
of the entire bridge girder. The environmental burden related to the extra material 
manufacturing and steel forming processes are computed for the repainting and girder 
replacement operations, while no material flows are considered for the replacement of 
the joints and bearings, since it has been decided to exclude them from the analysis. 
The diesel consumption in the building machines is roughly evaluated with regard to 
the diesel demand at the construction stage, and calculated in proportion of the 
maintenance activities duration. When the maintenance activities require closing the 
bridge to traffic, the environmental impact resulting in the shift of passenger and 
freight transport from the rail to the road is assessed. The bridge may be closed during 
the replacement of the expansion joints, bearings and entire girder. 

In an attempt to reduce both the environmental impacts of the production and 
application of paint coatings and the cost of the regular coating maintenances, COWI 
implemented on the East Bridge, between Denmark and Sweden, a dehumidification 
system of the inside air volume of the steel box girder in order to leave the inner steel 
surface unpainted12. This technology might be of common practice in the future. It was 
therefore included in the model. 

If the goal of the study requires taking into account the track system installed over the 
bridge, it might be of particular interest to include the environmental effects of the 
different maintenance of the tracks. However, due to lack of data regarding the energy 
consumption and emissions due to each operation, the environmental burden of the 
track maintenance actions have not been implemented in the model yet. 

4.3.5 End-Of-Life management 

At the end of the service life of the bridge, the structural steel can be either directly 
recycled, or disposed in landfills. The share of structural steel that is actually recycled 
is set by the user. The reinforced concrete is transported to a sorting plant, partly 
recycled or sent to landfills. 

According to the Ecoinvent 2000 methodology, “no bonus or burden compensation is 
given for recycled material” (Doka, 2009). Instead, the model excludes the recycling 
processes themselves, but includes the sorting processes and the transport to the final 
landfill for non-recyclable material. Recyclable wastes are thus relieved of a part of the 
disposal burden. 

The only burdens associated with direct recycling are dismantling energy consumption 
and related particles emissions. Further environmental effects of transport, sorting and 
recycling are allocated to the recyclate users. 

When construction materials cannot be separated at the construction site, they are 
sent to a sorting plant. Recyclable and non-recyclable materials are split up and either 
recycled or disposed in landfills. Regarding reinforced concrete, 60% of the mass is 

                                            

12
 Personal communication with Prof. Raid Karoumi, 2010. 
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finally recycled, and 40% is disposed in landfills. In the first approximation, all 
landfilled materials are considered inert, i.e. no environmental burden is associated 
with their storage. As for the direct recycling option, material recycling after sorting is 
excluded from the model. 

Finally, building material could be directly transported off to final disposal. The only 
burden associated with direct disposal in landfills is the transport by trucks to the 
landfills, estimated at 15 km (Doka, 2009). 

The reinforced concrete structures are dismantled by tearing with hydraulic devices. 
The specific diesel consumption is calculated, based on the efficiency of this demolition 
mode and on the average fuel consumption of hydraulic devices (Table 4.20). The 

emissions of particles smaller than 10 m (PM10) is approximated at 80 mg per 
kilogram of mineral construction waste (Doka, 2009). 

Table 4.20: Specific diesel consumption for reinforced concrete dismantling (Doka, 
2009) 

 Unit 
Reinforced 
concrete 

Reinforcing steel Plain concrete 

Tearing with hydraulic devises h/m
3
 0.173 - 0.118 

Diesel consumption 
kg/h 19 - 19 

MJ/m
3
 1.41E+02 - 9.60E+01 

Material density kg/m
3
 2300 - 2200 

Specific diesel consumption MJ/kg 0.0613 0.634
13

 0.0436 

PM10 emissions kg/kg 8.00E-05 - - 

 

When a steel structure is to be dismantled, the diesel consumption for the demolition 
of the whole structure is assumed to be the same than that at the construction stage. 
The diesel demand to dismantle the structural steel is thus equal to the difference 
between the required construction related diesel and the necessary diesel to crush the 
reinforced concrete structure. 

The workers transport is assumed to be equal to that at the construction stage. 

4.3.6 Distribution 

The transport of the concrete and steel products from the last processing plants in the 
supply chains to the construction site is included in the model. All types of concrete are 
assumed to be provided by the same concrete plant. The structural and reinforcing 
steel are provided by the same mill. Four transportation modes are considered, namely 
truck, train, barge and transoceanic ship transportation. Truck transportation is 
operated by two truck load-capacity categories, between 3.5 and 16 tons, and more 
than 16 tons. The fuel consumption and the related emissions are accounted. The 
                                            

13
 Calculated from the difference between plain and reinforced concrete, assuming 3% of reinforcing steel 

of the mass of plain concrete 
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production, maintenance and disposal of the vehicles are not accounted. The 
construction, operation and maintenance, and disposal of the transportation 
infrastructures are not included in the model either. 

4.4 Comparison with BridgeLCA’s entry-level data 

The characterized impacts obtained with the simplified quantitative LCA described 
above are compared with those used as entry-level data in the bridge environmental 
assessment tool developed within the ETSI (“Elinkaareltaan Tarkoituksenmukainen 
Silta” in Finnish, translated into English as “Bridge Life Cycle Optimization”) project, 
BridgeLCA, to clarify the influence on the results of the simplifications made in the 
model. 

No comparison can be made at the inventory level, since BridgLCA do not provide 
results at this step of the Life Cycle Assessment process. 

The environmental impacts that result in the production of normal concrete, rebar and 
structural steel, zinc and powder coating of steel beams, and those resulting in the 
combustion of diesel in construction machines and transport by train, barge and ship 
are compared. The burdens of trucks in the distribution phase are not comparable 
since the two approaches did not consider the same truck category: BridgeLCA 
considered transport by trucks weighing between 16 tons and 32 tons, while the 
approach described in Chapter 4considered average trucks weighing more than 16 tons. 

It has been decided to compare the production of materials and elementary processes 
instead of overall results for a case study, in order to identify more clearly the 
differences and areas where improvement is required. 

The BridgeLCA’s entry-level data are taken as reference values. However, incomplete 
information is known regarding the scope of the analysis, i.e. the processes that are 
included in the BridgeLCA model, or the characterization factors used. The results of 
the comparison are discussed in Section 4.4.5. 

4.4.1 Normal concrete 

The characterized impacts for five out of six impact categories (abiotic resources 
depletion, acidification, eutrophication, global warming and photo-oxidant formation) 
related to the manufacturing of one cubic meter of “normal concrete” are summed up 
in Table 4.21. The normalized and weighted results are presented graphically in Figure 
4.5. 
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Table 4.21: Characterized impacts corresponding to the production of 1 m3 of normal 
concrete in BridgeLCA and the simplified calculations 
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Photochemical ozone creation POCP kg C2H4 eq 1.57E-02 2.34E-02 

 

 

Figure 4.5: Comparison of normalized and weighted results corresponding to the 
production of 1 m3 of normal concrete in the simplified approach with regard to 
BridgeLCA 

4.4.2 Steel 

The characterized impacts for five out of six impact categories (abiotic resources 
depletion, acidification, eutrophication, global warming and photo-oxidant formation) 
related to the manufacturing of one ton of structural and rebar steel are summed up in 
Table 4.22. The normalized and weighted results are presented graphically in Figure 
4.6. 
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Table 4.22: Characterized impacts corresponding to the production of 1 ton of 
structural and rebar steel in BridgeLCA and the simplified calculations 
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Eutrophication EP kg PO4
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Global warming GWP kg CO2 eq 1.20E+03 1.04E+03 9.53E+02 8.70E+02 

Photochemical ozone creation POCP kg C2H4 eq 6.03E-01 7.43E-01 4.17E-01 6.92E-01 

 

  

(a) (b) 

Figure 4.6: Comparison of normalized and weighted results corresponding to the 
production of 1 ton of (a) structural and (b) rebar in the simplified approach with 
regard to BridgeLCA 

The omissions and simplifications led to the underestimation of the total weighted 
impact due to the production of one ton of structural and carbon steel of 22% and 23% 
respectively. The global warming potential is more accurately calculated, with an error 
of 13% and 9%. 

4.4.3 Coating 

The characterized impacts for five out of six impact categories (abiotic resources 
depletion, acidification, eutrophication, global warming and photo-oxidant formation) 
related to the zinc and powder coating of one square meter of steel are summed up in 
Table 4.23. The normalized and weighted results are presented graphically in Figure 
4.7. 
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Table 4.23: Characterized impacts corresponding to the zinc and powder coating of 1 
m2 of steel in BridgeLCA and the simplified calculations 
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(a) (b) 

Figure 4.7: Comparison of normalized and weighted results corresponding to the (a) 
zinc and (b) powder coating of 1 m2 of steel in the simplified approach with regard to 
BridgeLCA 

The omissions and simplifications led to the underestimation of the total weighted 
impact due to the zinc and powder coating of one square meter of steel beam of 79% 
and 56% respectively. The error is close to 100% for POCP, EP and AP for zinc 
coating and for EP and AP for powder coating. 
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4.4.4 Diesel combustion and transport 

The characterized impacts for five out of six impact categories (abiotic resources 
depletion, acidification, eutrophication, global warming and photo-oxidant formation) 
related to the combustion of one liter of diesel, the transport of one person along one 
kilometer by passenger car, and the transport of one ton of freight along one kilometer 
by train, barge and ship are summed up in Table 4.24 and Table 4.25. The normalized 
and weighted results are presented graphically in Figure 4.8 and Figure 4.9. 

Table 4.24: Characterized impacts corresponding to the combustion of 1 L of diesel in 
BridgeLCA and the simplified calculations 
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Figure 4.8: Comparison of normalized and weighted results corresponding to the 
combustion of 1 L of diesel in the simplified approach with regard to BridgeLCA 

The omissions and simplifications led to the underestimation of the total weighted 
impact due to the combustion of one liter of diesel of 15%. The error for each impact 
category does not exceed 22%. The overestimation of the photo-oxidant formation 
potential is discussed in Section 4.4.5. 
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Table 4.25: Characterized impacts corresponding to the transport of 1 pkm (cars) or 1 
tkm of freight in BridgeLCA and the simplified calculations 
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(c) (d) 

Figure 4.9: Comparison of normalized and weighted results corresponding to the 
transport of (a) 1 pkm or 1 tkm of freight by (b) barge, (c) ship and (d) train in the 
simplified approach with regard to BridgeLCA 
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The omissions and simplifications led to the underestimation of the total weighted 
impact due to the transport of one person along one kilometer of 31%. In a similar way, 
the total impact due to the transport of one ton of freight along one kilometer by 
barge, ship and train is underestimated by 21%, 52% and 72% respectively. 

4.4.5 Discussion on the comparison 

As expected, simplified approach’s results differ greatly in comparison with a full 
LCA’s results. Environmental impacts obtained with the simplified approach are most 
of the time lower, which can be explained by the fact that the scope of the analysis is 
narrower: only a limited set of emissions has been considered, and many simplifying 
assumptions and omissions, described in Section 0, have been made. 

However, it is noteworthy that the climate change impact is usually more accurate 
than the other impact categories, which is probably because the main contributors to 
the global warming (CO2 and CH4) are included in the model. Some other substances 
contribute significantly more to the global warming, such as CFCs14 for instance 
(Guinée et al., 2001), but they are not emitted during the manufacturing of the studied 
materials or by the considered processes. In addition, the global warming potential is 
weighted with the highest weighting factor according to the US EPA (Appendix B.3), 
so that the total normalized and weighted impacts calculated by the simplified 
approach differ by only 6% and 22% from SimaPro respectively for normal concrete 
and for structural and rebar steel. 

The acidification and eutrophication potentials related to each material and process 
could have been closer to the reference results if the emissions of ammonia (NH3), 
phosphate (PO4

3-) and Nitrogen (N) would have been included in the model. The 
characterization factors for these substances for acidification and eutrophication are 
indeed significant (Guinée et al., 2001). 

Large differences between the two approaches for the coating of steel beams are most 
probably due to the omission of the environmental burdens related to the production of 
chemicals involved in the galvanizing process and the manufacturing of paints. These 
emissions are of utmost importance in the assessment of the environmental impact of 
steel beams coating, and should therefore be included in the future, especially if the 
goal of the study is the comparison of coating strategies. 

Calculated impacts for diesel combustion are lower in the simplified approach than in 
the full LCA since the building machines themselves are not considered, and because 
the burdens associated with the diesel’s upstream processes are excluded from the 
model. 

The simplified approach calculates lower impacts for each impact category for the 
transports by barge, ship and train. These differences are partly due to the fact that 
only the operation of vehicles have been modeled, while the other life-cycle phases of 

                                            

14
 Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs) 
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the vehicles and the infrastructures were left behind. According to the literature 
(Section 3.2), they should be included in the model in the future. 

The fact that the results for the photo-oxidant formation impact category is higher for 
concrete and steel production, and for diesel combustion, might be partly explained by 
the fact that the model does not specify NOX emissions in terms of its constituents NO 
and NO2. POCP values for these two substances are indeed significantly different: 
according to Guinée et al. (2001), NO2 contributes positively to the formation of 
reactive chemical compounds such as ozone (POCP = 0.028), while NO prevents the 
chemical reaction to take place (POCP = -0.427). The emissions of NO and NO2 are 
therefore not taken into account in the calculation of the photo-oxidant formation 
potential. 

Another limitation due to the simplification process concerns the consideration of the 
contribution to the impact categories of the non-methane volatile organic compounds 
(NMVOCs). No aggregated characterization factors for NMVOCs were found in the 
literature for the calculation of the human toxicity potential (Guinée et al., 2001). A 
global characterization factor for NMVOC for the calculation of the photo-oxidant 
formation potential has been found in Beekmann and Labouze (2004), but it might 
introduce some differences in comparison with the results obtained by SimaPro. In 
addition, “flows are only registered [in the Ecoinvent database v.2.0] once and on the 
most detailed level for which information is available” (Frischknecht et al., 2007). It 
means that the simplified approach presented here underestimated the NMVOC 
emissions, since a part of the non-methane volatile organic compounds have not been 
reported in the database as NMVOC, but as stand-alone emissions. Consequently, the 
human toxicity and photo-oxidant formation potentials are underestimated in the 
model. 

Results from the simplified LCA are found quite lower than those used as entry-level 
data in BridgeLCA developed within the ETSI project. However, only the relative 
differences between two alternative designs are considered by the approach, so that 
absolute errors do not affect the comparison. The results obtained from the simplified 
LCA can thus be used in a comparative perspective, but not in a stand-alone 
environmental analysis. 

4.5 Uncertainties 

In the Ecoinvent database v2.1, amounts of inputs and outputs for each unit process 
are described with single figures, or mean values. However, four types of uncertainties 
are present in the inventory data (Frischknecht et al., 2007): variability and stochastic 
errors, temporal and/or spatial approximations, model uncertainties, and uncertainties 
related to missing data. Only the first uncertainty type is accounted in the database in 
a quantitative way. The lognormal distribution has been used for almost every unit 
process. Besides the mean value, the uncertainty of the amounts of inputs and outputs 
for each unit process is therefore reported by the square of the geometric standard 

deviation (g
2). 
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When uncertainties could not be derived from data retrieved from manufacturers and 
the literature, they have been estimated using a qualitative assessment of data quality 
based on a pedigree matrix (Frischknecht et al., 2007). 

The uncertainties of the environmental assessments computed by the model can thus 
be estimated. Considering the number of input parameters, a Monte-Carlo method 
would be for instance particularly adapted15. However, this issue has not been treated 
in this thesis, and could be performed within a further project. 

 

                                            

15
 Personal communication with Prof. Raid Karoumi (2010/06/19) 
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Chapter 5  
 
Case study: ballasted vs. fixed track 
system 

5.1 The Banafjäl Bridge: a recent high-speed 
railway bridge 

In this section, a case study is performed to present the abilities of the simplified 
environmental assessment tool. The studied structure is the Banafjäl Bridge, 
completed in June 2002 (Gillet, 2010) and located on the new Bothnia line at the 
proximity of Örnsköldsvik, which crosses Banafjälsån (Figure 5.1) in Västernorrland, 
Sweden. 

 

Figure 5.1: Location of the Banafjäl Bridge on the Bothnia line (in the largest circle), 
Västernorrland, Sweden (Source: Botniabanan AB, 2010) 
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The Banafjäl Bridge is a 7.7 m wide steel-concrete composite I-girder bridge in a single 
span of 42 meters (Figure 5.2 and Figure 5.3). It carries a single ballasted track, with 
concrete sleepers and continuously welded UIC 60 rails (Botniabanan AB, 2010e). 

 

Figure 5.2: Elevation of the Banafjäl Bridge (Source: Skanska, 2002) 

 

Figure 5.3: Banafjäl Bridge's concrete slab cross-section and ballast profile (Source: 
Skanska, 2002) 

The bridge presents a curvature radius of 4000 m. The concrete slab is made of 
concrete K40 (corresponding to a concrete quality C32/40 in Eurocode 2). Its thickness 
is varying from 250 mm to 400 mm. The slab is supported by two 2.5 meters high steel 
I-beams. The flanges are made of steel S460M, while the web panels are made of steel 
S420M. The main steel beams have been manufactured by welding together three 
smaller beams, whose geometric characteristics are summarized in Table 5.1. 

Table 5.1: Geometric characteristics of the Banafjäl Bridge carrying I-beams (Gillet, 
2010) 

 
Part 

number 
Length 
(mm) 

top flange 
thickness 

(mm) 

top flange 
width 
(mm) 

web 
height 
(mm) 

web 
thickness 

(mm) 

bottom flange 
thickness 

(mm) 

bottom flange 
width 
(mm) 

Exterior 
beam 

1 13857 45 900 2415 21 40 950 

2 14300 55 900 2395 17 50 950 

3 13857 45 900 2415 21 40 950 

Interior 
beam 

4 13843 45 920 2415 21 40 970 

5 14300 55 920 2395 17 50 970 

6 13843 45 920 2415 21 40 970 
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5.2 Re-design of the bridge for fixed track 

A project carried out in the Division of Structural Design and Bridges at KTH aimed 
at re-designing the composite superstructure of the bridge, considering that it is 
equipped with a fixed track system (Gillet, 2010). A simplified model of the bridge has 
been used (Figure 5.4): the concrete slab was modeled as a rectangular section, the 
actual curvature of the bridge was disregarded, and the two I-beams thus had the same 
section all along the bridge. The ballast was modeled by a 6.9 meters wide and 0.6 
meter high rectangular section while the fixed track’s concrete slabs were not 
accounted. 

 

Figure 5.4: Simplified model of the Banafjäl Bridge’s cross-section adopted in Gillet 
(2010) 

Based on this model, and taking into account different permanent loads 
(superstructure dead weight, ballast dead weight and concrete shrinkage) and variable 
loads (uneven temperature, train loads BV2000 and HSLM, accelerating and braking 
forces), the static design of the Banafjäl Bridge has been carried out twice, either 
considering that the bridge is carrying a conventional ballasted track system, or 
considering that it is equipped with a fixed track system. The resulting geometric 
characteristics for both alternatives are summed up in Table 5.2. It has been chosen to 
leave the dimensions of the concrete slab unchanged, and to adjust the design of the 
steel beams only. The presented solutions are thus not unique. The use of a fixed track 
system, i.e. a ballastless track, would reduce the consumption of structural steel by 
15.1%. 
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Table 5.2: Results from the static design for the two track system alternatives (Gillet, 
2010) 

 
Ballasted 

track 
Fixed 
track 

 (%) 

hc (mm) 300 300 0 

bc (mm) 7700 7700 0 

Concrete slab volume (m
3
) 97 97 0 

tu (mm) 48 46 -4.2 

bu (mm) 900 900 0 

hw (m) 2.397 2.409 +0.5 

tw (mm) 17 14 -17.6 

tl (mm) 55 45 -18.2 

bl (mm) 950 900 -5.3 

Steel beams mass (ton) 89.810 76.244 -15.1 

 

 

Figure 5.5: Picture of the Banafjäl Bridge 

5.3 Goal and scope definition of the environmental 
assessment 

5.3.1 Goal of the study 

Ballasted tracks have many advantages over fixed tracks, such as low construction 
costs, high elasticity or high noise absorption. In Nyström and Prokopov (2010), 
investment costs to install one meter of single ballasted track in Sweden are estimated 
between 3 500 and 4 000 SEK, and between 5 000 and 7 000 SEK for one meter of 
single fixed track. 
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However, ballasted tracks require more and more frequent maintenance operations 
than fixed tracks (Table 5.3), leading to a lower availability of the track and higher 
maintenance costs. The annual maintenance costs for the ballasted track are more than 
6 times higher than those for the fixed tracks. The wear of the ballast, by abrasion and 
fragmentation, results in an expected service life of about 30 years for the ballasted 
track system, while the fixed track systems offer service lives of up to 60 years 
(Nyström and Prokopov, 2010). In addition, ballast is relatively heavy, thus leading to 
higher costs for the construction of bridges. 

Table 5.3: Maintenance operations costs and frequency for a double ballasted and fixed 
track system (Nyström and Prokopov, 2010) 

Ballasted track maintenance operations 
Unit cost 

(SEK/dtm
16

) 
Frequency 

(/year) 
Part of the track 

(%) 
Cost per year 

and km 

Track alignment, planned 100 1 50 100 000 SEK 

Track alignment, emergency 150 25 1 75 000 SEK 

Ballast profile maintenance 100 5 10 50 000 SEK 

Track repairing 3 000 5 0.2 30 000 SEK 

hot-spots maintenance 3 1 100 3 000 SEK 

Controls, measurements, inspections 10 1 100 10 000 SEK 

 Total cost per year and km 268 000 SEK  

 
Unit cost 

(SEK/unit) 
Frequency 

(/year) 
 Cost per year 

and km 
 

Direction switches maintenance (≥160 km/h) 30 000 1  30 000 SEK  

Direction switches maintenance (<160 km/h) 15 000 0.5  7 500 SEK  

Fixed track maintenance operations 
Unit cost 

(SEK/dtm) 
Frequency 

(/year) 
Part of the track 

(%) 
Cost per year 

and km 
 

Track position adjustment 500 0.5 5 12 500 SEK  

Track repairing 6 000 5 0.1 30 000 SEK  

Controls, measurements, inspections 5 1 100 5 000 SEK  

 Total cost per year and km 42 500 SEK  

 

The goal of the environmental assessment is to compare the environmental 
performance of the Banafjäl Bridge equipped with either a conventional ballasted track 
system, or a fixed track system, in order to recommend in the future to the decision-
makers the less impacting alternative. 

The assessment is carried out through a simplified LCA approach, described in details 
in the previous section. Results regarding a limited set of raw materials and emissions, 
and energy use, are first presented after the Life Cycle Inventory (LCI) step. The 
impacts to the environment of each emission to the air are assessed regarding six 
impact categories: depletion of abiotic resources, climate change, human toxicity, 
photo-oxidant formation, acidification and eutrophication. A single total score for each 
bridge design alternative is obtained by applying normalization and weighting factors. 
The normalization system used is the total emissions in Western Europe in 1995. The 

                                            

16
 dtm means “double-track meter” 
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used weighting factors are those recommended by the US Environment Protection 
Agency (US EPA). 

The functional unit is the superstructure of the Banafjäl Bridge, over its entire 
expected service life of 60 years. Gillet (2010) did not consider the re-designing of the 
substructure of the bridge when equipped with fixed track, the design of the abutments 
is thus considered unchanged. The Environmental Product Declarations (EPD) for the 
railway bridges on the Bothnia line already assumed a service life of 60 years 
(Botniabanan AB, 2010d). 

5.3.2 Scope definition 

The study covers the entire life-cycle of the bridge, i.e. from the extraction of raw 
materials, to the manufacturing of construction materials, the construction phase, the 
maintenance activities and the demolition and final disposal of the materials. The 
processes included in the analysis, the assumptions and omissions, as well as a 
discussion about the data quality, can be found in Section Chapter 4. The allocation 
rules described earlier, in particular those regarding recycled materials, are applied in 
this analysis. 

In addition, initial production of the rails and fasteners is not regarded, since it is 
identical for both alternatives in a first approximation. The workers transport is not 
considered either, since it is more or less the same for the two bridge alternatives. 
Finally, the bracings were ignored in Gillet (2010), and thus excluded from the 
analysis. An important limitation relies on the fact that transport of ballast from the 
gravel-pit to the bridge, which can have a significant impact on the environment 
according to Svensson (2006), is not accounted. 

5.4 Description of the life-cycle of the bridges 

All materials and energy needed to manufacture concrete, steel and paint are 
accounted, as described in Chapter 4. The materials used in the track system, with the 
exception of the rails and fasteners, are included. In the case of the conventional 
ballasted track, the ballast bed has a density of 2 039 kg/m3 (Gillet, 2010), the 
concrete sleepers made of “Normal concrete” weigh about 300 kg and are placed every 
600 mm (Nyström and Prokopov, 2010), thus leading to an additional plain concrete 
volume per unit bridge length of 0.227 m3. 

In the case of the fixed track, the system installed over the New Årsta Bridge spanning 
Årstaviken in the South of Stockholm, Sweden, is considered (Figure 5.6 and Figure 
5.7). 
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Figure 5.6: Cross-section of the fixed track system on the New Årsta Bridge (modified 
from Banverket, 2001) 

 

Figure 5.7: Plan view of a rail and fasteners system of the fixed track system on the 
New Årsta Bridge (modified from Banverket, 2001) 

Each rail lies on a trapezoidal 530 mm wide and 121 mm high concrete slab (Figure 
5.8). An extra concrete layer of about 40 mm covers the bridge deck. The additional 
reinforced concrete volume per unit bridge length is thus 0.394 m3 for a 7.7 meters wide 
bridge. The fasteners and the anchor system are not considered due to lack of data 
regarding their total steel mass. 
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Figure 5.8: Cross-section of the rail and anchoring system (modified from Banverket, 
2001) 

In a first approximation, the amount of rebar steel in reinforced concrete is estimated 
at 3 % of the plain concrete mass. Finally, both alternatives use UIC 60 rails type, with 
a linear mass of 60 kg/m (Björklund, 2005), and an expected service life of 30 years 
(Lee et al., 2008). 

Without specific data, the construction phase of the bridge is assumed to be identical 
for both alternatives, i.e. same diesel consumption and same duration (2 months). The 
diesel consumption is taken equal to 610 L, which corresponds to the quantity of diesel 
burned in construction machines for the construction of the Klenevågen Bridge on 
Rv570 outside Bergen, Norway, a steel box girder bridge in one span of 42.8 meters 
(Brattebø et al. 2009). The two I-beams require roughly 8 meters per unit bridge 
length of welded joint. The equipment and energy requirement to construct the 
ballasted and fixed track for the 42 meters long Banafjäl Bridge is derived directly 
from Lee et al. (2008) and summarized in Table 5.4. In a first approximation, diesel 
combustion is used as surrogate data for gasoline. The total fuel consumption to build 
42 meters of ballasted and fixed track is 563 liters and 62 liters respectively: according 
to Lee et al. (2008), fixed track construction consumes 89% less energy than ballasted 
track. 
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Table 5.4: Energy consumption to construct 30 km of single ballasted and concrete 
track (Lee et al., 2008) 

 

During the use phase, only the maintenance of the steel coating is considered, since the 
replacement of the expansion joints and bearings does not depend on the track system 
choice. The maintenance of the ballast profile and the track repairing activities are not 
included in the analysis, since insufficient environmental data regarding track 
maintenance have been found. The expected service life of the ballasted track system is 
30 years, while the fixed track can be in service up to 60 years. The conventional 
ballasted track needs therefore to be changed after 30 years of service, while the fixed 
track system is considered maintenance free. 
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The Banafjäl Bridge is a single-track bridge, which means that the traffic is completely 
closed on the line during the replacement of the tracks. The passenger and freight 
traffic is then shifted to the road during the bridge closure, estimated at 2 days. 
According to Botniabanan AB (2010c), the traffic forecast for the Bothnia line in 2020 
is 343 800 000 pkm (person kilometer) for the passenger transport and 506 400 000 tkm 
(ton kilometer) for the freight transport. The model does not account for traffic 
growth. 

After the decommissioning of the bridge, 100 % of the structural steel is recycled, while 
the totality of the concrete is sent to a sorting plant. No environmental burden is 
associated to the rails, which are re-used, at the end of the service life of the bridge. 

Finally, similar assumptions regarding materials transport from the manufacturing 
plants to the construction site than for the Klenevågen Bridge in Brattebø et al. 
(2009), a steel-concrete composite box girder bridge, have been made (Table 5.5). 

Table 5.5: Assumed material transport demand for the Banafjäl Bridge 

 Truck Barge 

concrete transport (km) 20 0 

rebar and structural steel transport (km) 90 75 

5.5 Data summary 

A summary of the study’s input data is given in Table 5.6. The Banafjäl Bridge, if 
equipped with a fixed track, would require for the initial construction 6.6% more 
concrete, 17.1% more rebar steel, but 15.1% less structural steel and 3.1% less zinc and 
epoxy-polyester coating than if a ballasted track is installed. The extra material 
quantities required to replace the entire ballasted track system after 30 years in service 
are shown in Table 5.7. 
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Table 5.6: Input data for the initial construction of the ballasted and fixed track 
systems 

 
Unit Ballasted track 

system 
Fixed track 

system 
 (%) 

Plain concrete m
3
/m 2.537 2.704 +6.6 

Rebar steel kg/m 152.4 178.4 +17.1 

Structural steel ton/m 2.138 1.815 -15.1 

Zinc coated area m
2
/m 1.96 1.9 -3.1 

Epoxy-polyester coated area m
2
/m 1.96 1.9 -3.1 

Ballast ton/m 8.441 0 - 

Construction duration days 60 60 - 

Diesel consumption L 1173 672 -42.7 

Welded length m/m 8 8 - 

Re-coating of steelwork     

frequency years 20 20 - 

duration days 5 5 - 

Section steel direct recycling % 100 100 - 

Truck transportation     

Concrete km 20 20 - 

Steel km 90 90 - 

Barge transportation (coastal)     

Steel km 75 75 - 

 

Table 5.7: Data for the replacement of the ballasted and fixed track systems after 30 
years in service 

 
Unit Ballasted track 

system 
Fixed track 

system 

Plain concrete m
3
/m 0.227 0 

Structural steel (rails) kg/m 120 120 

Ballast ton/m 8.441 0 

Diesel L 563 0 

Truck transportation    

Concrete km 20 20 

Steel km 90 90 

Barge transportation (coastal)    

Steel km 75 75 
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5.6 Environmental assessment results 

5.6.1 Life Cycle Inventory results and interpretation 

This section presents the Life Cycle Inventory (LCI) results, in terms of material and 
energy use, and emissions. Figure 5.9 shows the total energy use throughout the life-
cycle of the Banafjäl Bridge and the track systems. In the ballasted case, the energy 
used at the use phase dominates the total life-cycle energy use, followed by the 
material manufacturing related energy. In the case of the fixed track, the material 
production stage is dominant, while the use phase is insignificant. The required energy 
to manufacture the construction materials in the case of the fixed track is about 13% 
lower than that in the ballasted case. It means that the extra concrete and rebar steel 
demand in the fixed track case (6.6% and 17.1% respectively) does not compensate the 
lower structural steel demand of 14.3%. Figure 5.10 shows that the structural steel 
requires about 85% of the material production energy, a decrease of the structural steel 
demand is thus likely to impact significantly the material production energy. The 
distribution energy for the fixed track alternative is 10% lower than for the ballasted 
one. The end-of-life stage for the ballasted and fixed track case represents respectively 
0.8% and 2.1% of the total life-cycle energy demand. In a life-cycle perspective, the 
ballasted track alternative requires 77% more energy than the competing fixed track 
alternative. 

In the use phase, the energy consumption is very largely dominated by the road traffic 
related energy use, i.e. the extra energy consumed by the car and truck traffic when the 
bridge is closed to replace the tracks. This accounts for about 97% of the energy 
demand. 

The consumption of all raw materials throughout the life cycle of the bridge and the 
tracks systems (Table 5.8) is lower when the bridge is designed for a fixed track than 
for a ballasted track. The major savings occur for the water (40%), gravel (78%) and 
refined oil products (97%), since the production of ballast requires large quantities of 
these materials and because of the large diesel consumption during bridge closure. The 
replacement of the concrete sleepers compensate largely the extra consumption of 
concrete of 6.6% due to the installation of a fixed track, since the savings of sand, clay 
and bauxite at the end of the service life of the bridge reach 2.2%. 3% of zinc is saved 
due to the decrease of the galvanized area. Finally, the saving of 14.3% of steel alloys, 
namely Chromium, Manganese, Molybdenum, Niobium, Tungsten and Vanadium, is 
made possible by choosing the fixed track system. 
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Figure 5.9: Total life-cycle primary energy use for the ballasted and fixed track 
alternatives 

  

(a) (b) 

 

Figure 5.10: Required energy distribution for material production for (a) the ballasted 
alternative and (b) the fixed track alternative by bridge components 
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Table 5.8: Raw materials use throughout the life cycle of the bridge equipped with a 
ballasted or a fixed track 

Raw material Unit 
Ballasted track 

system 
Fixed track 

system 
 

Water m
3
 2 813 1 678 -40% 

Limestone kg 715 008 693 740 -3% 

Gravel kg 956 856 214 644 -78% 

Sand kg 291 285 -2.2% 

Clay kg 14 073 13 768 -2.2% 

Bauxite kg 1.06 1.04 -2.2% 

Bentonite kg 1 424 1 239 -13% 

Iron kg 22 010 19 299 -12% 

Dolomite kg 175 154 -12% 

Zinc kg 86 84 -3% 

Nickel kg 2 714 2 333 -14.0% 

Chromium kg 1 810 1 551 -14.3% 

Manganese kg 1 306 1 119 -14.3% 

Molybdenite (MoS2) kg 24 20 -14.3% 

Niobium kg 158 135 -14.3% 

Tungsten kg 74 64 -14.3% 

Vanadium kg 141 121 -14.3% 

Coal products kg 37 534 32 946 -12% 

Refined oil products kg 139 265 4 024 -97% 

Natural gas kg 6 576 5 756 -12% 

 

Figure 5.11 shows the carbon monoxide, carbon dioxide, methane, nitrogen oxides, 
sulfur dioxide, non-methane volatile organic compounds and particulate matter 
emissions throughout the life-cycle of the two competing alternatives. The fixed option 
yields fewer emissions to the air than the ballasted track option, for every pollutant: 
CO (-29%), CO2 (-76%), CH4 (-95%), NOX (-90%), SO2 (-18%), NMVOC (-48%), and 
PM10 (-5%). 

In the ballasted case, the raw materials acquisition and material production dominates 
the emissions of carbon monoxide (73%), sulphur dioxide (88%) and particulate matter 
(93%). The construction phase represents 6.5% of the total NMVOCs emission, and is 
of minor importance regarding the other pollutant substances. The maintenance stage 
dominates the emissions of carbon dioxide (75%), methane (95%), nitrogen oxides 
(89%) and NMVOCs (40%) emitted mainly by the road traffic, which results in the 
closure of the bridge while replacing the ballasted track. The End-Of-Life phase is of 
particular interest regarding the emissions of particulate matter, representing 5.6% of 
the total life-cycle PM10 emissions, due to the large quantities emitted when 
dismantling the concrete structures. Finally, the transport of materials yields 
significant quantities of carbon monoxide, carbon dioxide, methane, nitrogen oxides 
and NMVOCs. 
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Figure 5.11: Continues on next page 
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Figure 5.11: Life-cycle emissions to the air for both ballasted and fixed track 
alternatives 
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In the fixed track case, the raw material acquisition and material production phase 
dominates the emissions of all air pollutants, followed by the distribution phase. The 
construction stage accounts for 4.9% of the total life-cycle emissions of NMVOCs, but 
is insignificant regarding the other air pollutants. Contrarily to the ballasted case, the 
maintenance stage is of secondary importance. 

Figure 5.13 shows the oils, Total Suspended Solid (TSS), Biological Oxygen Demand 
(BOD) and Dissolved Organic Compounds (DOC) releases to the water throughout the 
life-cycle of the two competing alternatives. 

The fixed track equipped Banafjäl Bridge yields less releases to the water than its 
competing counterpart: oils (18%), TSS (19%), BOD (17%), and DOC (18%). All 
releases to the water are strongly dominated by the raw material extraction and 
material production phase, followed by the maintenance phase in the case of the 
ballasted track alternative. The other phases are insignificant regarding water releases, 
like the construction phase, or do not lead to any releases to the water. 

Figure 5.12 compares the life-cycle generation of solid waste for the ballasted track and 
the fixed track alternatives. The conventional ballasted choice leads to an increase of 
18% of the generation of solid waste in comparison with the fixed track choice. Once 
again, the raw material extraction and material production phase is clearly dominating 
the total waste production for the ballasted and fixed alternatives, in a proportion of 
95% and 99.8% respectively. 

 

 

Figure 5.12: Generation of solid wastes throughout the life cycle of the bridge 
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Figure 5.13: Life-cycle emissions to 
the water for both ballasted and 
fixed track alternatives 
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5.6.2 Life Cycle Impact Assessment results  and 
interpretation 

The inventory results show clearly that the fixed track alternative requires less energy 
and raw materials, and yields less air and water pollutants than the ballasted 
alternative. The fixed track could have been thus recommended to the decision-makers 
without assessing the potential impacts to the environment, since no trade-off needs to 
be made. However, a Life Cycle Impact Assessment is performed though to assess the 
potential impacts to the environment of both alternatives and to ease the comparison. 

The impacts to the environment for each alternative are assessed and characterized for 
a set of impact categories. Results are summarized in Table 5.9 and Table 5.10. 
Characterized results are compared in Figure 5.14. After normalization and weighting, 
a single indicator is obtained (Figure 5.15). 

Table 5.9: Characterized impacts for the ballasted bridge 

Life Cycle phase ADP GWP HTP POCP AP EP 

Material production phase 7.85E+02 1.36E+05 6.03E+02 7.79E+01 3.64E+02 3.13E+01 

Distribution 9.02E+00 1.17E+04 7.60E+01 4.78E+00 3.00E+01 7.68E+00 

Construction phase 3.02E+01 4.59E+03 7.74E+01 2.12E+00 3.40E+01 8.36E+00 

Use phase 2.29E+03 4.22E+05 3.31E+03 2.35E+01 1.39E+03 3.58E+02 

End-Of-Life management 3.34E+01 1.72E+03 4.40E+01 6.24E-01 1.18E+01 2.93E+00 

Total 3.15E+03 5.77E+05 4.11E+03 1.09E+02 1.83E+03 4.09E+02 

Table 5.10: Characterized impacts for the fixed track bridge design 

Life Cycle phase ADP GWP HTP POCP AP EP 

Material production phase 6.86E+02 1.21E+05 5.32E+02 6.82E+01 3.17E+02 2.72E+01 

Distribution 8.19E+00 1.03E+04 6.72E+01 4.20E+00 2.65E+01 6.79E+00 

Construction phase 1.18E+01 1.80E+03 3.00E+01 8.31E-01 1.32E+01 3.24E+00 

Use phase 4.60E+00 5.83E+02 5.19E+00 1.55E-01 2.27E+00 5.60E-01 

End-Of-Life management 1.50E+01 1.68E+03 4.30E+01 6.07E-01 1.15E+01 2.86E+00 

Total 7.26E+02 1.36E+05 6.77E+02 7.40E+01 3.71E+02 4.06E+01 

 

The environmental performance of the fixed track design is better for all impact 
categories. The Banafjäl Bridge equipped with a fixed track affects 77% less the 
climate change and the abiotic resources depletion, 80% less the acidification, 90% less 
the eutrophication and 32% less the formation of photo-oxidant. 

The overall impact to the environment of the fixed alternative is only 23% than that of 
the ballasted track alternative. The most significant impacts are the depletion of 
natural resources, such as fossil fuels and steel alloys, and global warming. The 
formation of photo-oxidant, acidification and eutrophication are of minor importance, 
but not negligible. The impact to human health (human toxicity) with regard to the 
overall impact is insignificant. 
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Figure 5.14: Relative comparison of the design options for each impact category 

 

 

Figure 5.15: Normalized and weighted impacts for both ballasted and fixed track 
alternatives 
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5.6.3 Sensitivity analysis 

In order to use this simplified quantitative LCA as a decision making tool, information 
on the robustness of the results is needed (Guinée et al., 2001). Magnitudes of potential 
errors are assessed by studying the influence on the results of variations in input 
parameters at the inventory and impact assessment levels. 

At the inventory level  

Each input parameter is increased by 10%. The resulting variations of the emissions to 
the air and water and the generation of solid wastes are compared to the original 
emissions. The numerical results are presented in Appendix C.1. The largest variations 
occur for normal concrete, structural steel, diesel consumption, and the duration of the 
replacement of the track system for the ballasted case. 

In the ballasted case, errors of 10% in the structural steel quantity affect the emissions 
of water pollutants and the generation of solid wastes by almost 10%, and modify the 
emissions of CO, SO2, NMVOC and PM10 by 7.5%, 8.4%, 4.4% and 7.3% respectively. 
An error of 10% in the duration of the replacement of the tracks leads to substantial 
variations of the emissions of CO2 (7.4%), CH4 (9.4%) and NOX (8.8%), and of the 
energy demand (6.9%). 

In the fixed case, structural steel is by far the most sensitive item. A 10% variation in 
structural steel input data affects the emissions by between 3.5% and 9.5%, and the 
energy demand by 8%. 

At the impact assessment level 

Each input parameter is increased by 10%. The resulting variations of the potential 
impact for each impact category are compared to the original impacts. The numerical 
results are displayed in Appendix C.2. The variation of the total weighted impact for 
each input parameter and both bridge design alternatives are shown graphically in 
Figure 5.16. 

Altering the input parameters by 10% do not affect the overall weighted impact more 
than 2 %, except for the structural steel in the fixed track case (7.2%) and the duration 
of the replacement of the track system in the ballasted track case (7.3%). These last 
items and the quantity of plain concrete should therefore be treated with a higher 
degree of accuracy, while rough estimations at ±10% are enough for the other input 
parameters. 



CHAPTER 5 CASE STUDY: BALLASTED VS. FIXED TRACK SYSTEM 

 114 

 

Figure 5.16: Results from sensitivity analysis, weighted results 
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Chapter 6  
 
Conclusion and recommendation for 
further research 

6.1 Methodology 

A simplified quantitative LCA approach has been implemented in order to compare 
the environmental performance of two railway bridge design alternatives. The 
simplification relied on omissions and assumptions that narrowed the scope of the 
analysis. The emphasis has been put on a limited set of air and water pollutants, which 
have been identified as relevant environmental indicator in the literature. 
Environmental data have been retrieved from the Ecoinvent v2.1 database, which 
provides average environmental data for Europe and Switzerland. Data are aggregated 
step by step in an Excel sheet, the specific aggregated data for materials production, 
and the various processes that occur over the life-cycle of a railway bridge are 
combined with user inputs to compute the total emissions and impacts. The approach 
accounted for all life-cycle stages, from raw material extraction to the final disposal of 
the construction materials at the end of the service life of the bridge. 

Production of concrete and steel has been treated with a relative accuracy, while 
manufacturing of secondary materials such as paints is mainly modeled by the demand 
in energy and in the main raw materials. 

The construction phase accounts for the workers transport to and from the 
construction site and for the environmental impacts associated with the diesel 
consumption in the building machines. The road traffic due to longer construction 
operation time for one of the alternative bridge design is also considered. 

Four maintenance and repair activities are accounted in the model: repainting of the 
steelwork, replacement of the expansions joints, bearings, end eventually replacement 
of the entire bridge girder. The environmental burdens related to the extra material 
manufacturing processes are evaluated. The diesel consumption in the building 
machines is roughly evaluated with regard to the diesel demand at the construction 
stage, and calculated in proportion of the maintenance activities duration. When the 
maintenance activities require closing the bridge to traffic, the environmental impact 
resulting in the shift of passenger and freight transport from the rail to the road is 
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assessed. The environmental burden of the track maintenance actions have not been 
implemented in the model yet. 

At the end of the service life of the bridge, the structural steel is either directly 
recycled, or disposed in landfills. The reinforced concrete is transported to a sorting 
plant, partly recycled or sent to landfills. The reinforced concrete structures are 
dismantled by tearing with hydraulic devices. The diesel consumption for the 
demolition of the whole structure is assumed to be the same than that at the 
construction stage. 

The transport of the concrete and steel products from the last processing plants in the 
supply chains to the construction site is included in the model. Four transportation 
modes are considered, namely truck, train, barge and transoceanic ship transportation. 
The fuel consumption and the related emissions are accounted. 

6.2 Study case’s results 

The steel-concrete composite Banafjäl Bridge has been partly re-designed in Gillet 
(2010) to carry a single fixed concrete track. The two ballasted and fixed concrete 
track alternatives have been compared regarding their life-cycle emissions and 
potential impacts to the environment. The results showed that the environmental 
impact of the fixed track alternative is lower than that of the ballasted track 
alternative, for every impact categories. In a sustainable development perspective, it 
would thus have been preferable to install a fixed track over the Banafjäl Bridge to 
reduce its overall impact on the environment by about 77%. The raw material phase 
has been found decisive in the life-cycle of both alternatives. The frequency of the 
replacement of the track has been identified as a key environmental parameter, since 
the road traffic emissions during bridge closure nearly overwhelmed the other life-cycle 
stages. 

A summary of the main study features is presented in Figure 6.1. The scale, from 0 to 
2, represents the extent to which the model is streamlined. 0 refers to a more 
streamlined approach, while 2 refers to a less streamlined approach, 1 referring to an 
intermediate streamlined state. On one hand, the model accounts for all life-cycle 
stages; no qualitative but only quantitative data is used; all results are accessible and 
fully transparent, from disaggregated process data to normalized and weighted 
impacts; impacts are assessed at a local and global scale; and only a limited set of 
pollutants are considered. On the other hand, averages and generic data are used, and 
they are unspecific regarding time or location. 
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Figure 6.1: Summary of the main study features 

6.3 Further research 

As highlighted in the section 5.4, no data have been found in the literature regarding 
the environmental burden of the railway track maintenance and repair activities. Lee 
et al. (2008) estimated the amount of materials and energy to maintain the tracks as 
1% of the initial construction stage material and energy demand. Since the 
maintenance phase of a railway bridge has been found of the utmost importance in its 
life-cycle, especially when the closure to train traffic is required, it would be valuable to 
gather more accurate data about the maintenance operations features. In particular, 
track maintenance actions that involve the closure of the bridge need to be identified, 
together with their frequencies, the equipment used, the amount of materials 
consumption, and the proportion of the track that receive attention. 

The Banafjäl Bridge is a single track railway bridge. When heavy maintenance is 
carried out, train traffic is temporarily impossible. However, larger bridges can carry 
more tracks, so that the traffic can be operated on the other tracks if necessary. The 
environmental pressure of train traffic disturbance, such as partial traffic shift to the 
road, could be explored. In addition, the traffic at the end of the service life of the 
bridge is likely to be larger than that at the construction time. Traffic growth could 
then be included favorably in the model. 
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A possible extension of the present model could be the development of a more 
advanced user interface. This new interface could for instance allow the user to specify 
more detailed geometric characteristics of the bridge, such as steel and concrete 
sections, piers and abutments geometry, bracings types and geometry, and track 
system. This would require more information about the bridge from the designer, 
making the tool usable later in the design process. However, more accurate 
environmental data would then be needed, so that the implementation of a streamlined 
LCA approach is questionable. 

As discussed in Section 4.4.5, environmental data regarding chemicals involved in the 
production of powder paint and the galvanizing process should be implemented in the 
model. The paints manufacturing has been indeed found to be a major source of sulfur 
dioxide, nitrogen oxides and volatile organic compounds emissions in Horvath and 
Hendrickson (1998). 

The model could also be modified to use environmental data specific to Scandinavia 
and Sweden, by changing the elementary process data in the Excel sheets. For 
instance, ready-mixed normal and high-performance concrete commonly used in 
Sweden, as well as transport services adapted to the Swedish conditions, could serve as 
the basis for regional specific analysis. Similarly, Sweden specific characterization 
factors could be used instead of the one calculated at a more global scale. For example, 
Finnveden and Nilsson (2005) developed site-specific characterization factors for 
different parts of Sweden for air emissions of NOX, SOX and particulates regarding 
ecosystem and human health impacts. 

Missing data regarding nitrogen monoxide (NO) and nitrogen dioxide (NO2), ammonia 
(NH3) and disaggregated NMVOCs emissions could be included in the model to 
improve the accuracy of the results by combining data from other databases, like for 
example the Life Cycle Inventory of Portland Cement Concrete from the Portland 
Cement Association (Marceau et al., 2007) for concrete manufacturing, or the 
Worldsteel Life Cycle Inventory (see Section 2.4) for steel production. 

Finally, it would be of the greatest interest to estimate the uncertainty of the 
environmental assessments results computed by the presented model. Considering the 
number of input parameters, and their related uncertainty, a Monte-Carlo method 
would be for instance particularly adapted. The model could then give the distribution 
of the inventory and impact results, based on the distribution of the amounts of inputs 
and outputs for each unit process. 
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Appendix A 
 
Material quantity models 

A.1 Bridges superstructure 

 

Figure A.1: Bridge model layout (Finnish Road Administration, 2001) 

le is defined as described in equation (A.1). 

   
   

 

   
 (A.1) 

For the sake of simplicity, it is assumed that all spans have the same length in the 
model. 
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A.1.1 Reinforced concrete slab bridges 

 

Figure A.2: Reinforced concrete slab bridge cross-section model (Finnish Road 
Administration, 2001) 

The slab thickness (in meter) is assessed by the equation (A.2) for a single span 
cantilever bridge, or by the equation (A.3) for continuous bridges. 

                (A.2) 

                
(A.3) 

The required quantities of concrete Qc (m
3) and reinforcing steel Qr (kg) are evaluated 

by the equations (A.4) and (A.5) respectively. 

  

   
           

  

 
    

 

  
 (A.4) 

  

   
         

  

 
    

 

  
 (A.5) 
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A.1.2 Pre-stressed concrete beam bridges 

 

Figure A.3: Pre-stressed concrete beam bridges cross-section model (Finnish Road 
Administration, 2001) 

The required quantities of concrete Qc (m
3) and reinforcing steel Qr (kg) are evaluated 

by the equation (A.6) and (A.7) respectively. 

  

   
            

 

 
 

(A.6) 

  

   
       

   

 
 

(A.7) 

The required quantity of tendons steel Qp (kg) is evaluated by the equations (A.8) and 
(A.9) for single beam bridges and for two or more beams bridges respectively. 

  

   
      

  
 
       

  
 

 
 (A.8) 

  

   
      

  
 
       

  
 

 
 (A.9) 
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A.1.3 Concrete frame bridges 

 

Figure A.4: Concrete frame bridges cross-section model (Finnish Road Administration, 
2001) 

The required quantities of concrete Qc (m
3) and reinforcing steel Qr (kg) are evaluated 

by the equations (A.10) and (A.11) respectively. 

  

   
          

  
  

     
  

 

   
 (A.10) 

  

   
       

  
  

    
  

 

   
 (A.11) 

A.1.4 Steel-concrete composite I-girder bridges 

 

Figure A.5: Steel-concrete composite I-girder bridges cross-section model (Finnish 
Road Administration, 2001) 
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The required quantities of concrete Qc (m
3), reinforcing steel Qr (kg) and section steel 

Qs (kg) are evaluated by the equations (A.12), (A.13) and (A.14) respectively. 

  

   
                  

 

  
 

(A.12) 

  

   
            

(A.13) 

  

   
         

 

 
       

  
 

 
 (A.14) 

A.2 Abutments 

 

Figure A.6: Abutment model (Finnish Road Administration, 2001) 

ba (m) is defined as described in equation (A.15). 

   
 

    
 

(A.15) 

Where  is the average obliquity of the bridge deck at the abutment. 
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A.2.1 Abutment founded on soil 

The required quantities of concrete Qca (m
3) and reinforcing steel Qra (kg), when the 

abutments are founded on soil without piles, are evaluated by the equations (A.16) and 
(A.17) respectively. 

   

    
          

  

  
 

(A.16) 

   

    
       

  

  
 

(A.17) 

 

The required quantities of concrete Qca (m
3) and reinforcing steel Qra (kg), when the 

abutments are founded on soil with piles, are evaluated by the equations (A.18) and 
(A.19) respectively. 

   

    
          

  

  
 

(A.18) 

   

    
       

  

  
 

(A.19) 

A.2.2 Abutment founded on the bedrock 

The required quantities of concrete Qca (m
3) and reinforcing steel Qra (kg), when the 

abutments are founded on the bedrock without piles, are evaluated by the equations 
(A.20) and (A.21) respectively. 

   

    
          

  

  
 

(A.20) 

   

    
      

  

  
 

(A.21) 
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A.3 Intermediate piers 

 

Figure A.7: Intermediate piers model (Finnish Road Administration, 2001) 

A.3.1 Crossing and over-passing bridges 

Considering the column, the required ratio of the quantity of reinforcing steel Qrp (kg) 
over the quantity of concrete Qcp (m

3) is evaluated by the equation (A.22) when the 
pier is founded on piles; by the equation (A.23) when the pier is not founded on piles 
and rigidly connected to the bridge deck; and by the equation (A.24) when the pier is 
not founded on piles and the bridge deck simply supported. 

   

   
     

(A.22) 

   

   
    

  

  
 

(A.23) 

   

   
     

(A.24) 

Considering the slab, the required ratio of the quantity of reinforcing steel Qrp (kg) 
over the quantity of concrete Qcp (m

3) is evaluated by the equation (A.25) when the 
pier is not founded on piles. 

   

   
    

(A.25) 
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A.3.2 Water system bridges 

Considering the column, the required ratio of the quantity of reinforcing steel Qrp (kg) 
over the quantity of concrete Qcp (m

3) is evaluated by the equation (A.26) when the 
pier is a column; and by the equation (A.27) when the pier is a wall. 

   

   
          

(A.26) 

   

   
    

  

  
 

(A.27) 

Considering the slab, the required ratio of the quantity of reinforcing steel Qrp (kg) 
over the quantity of concrete Qcp (m

3) is evaluated by the equation (A.28) when the 
pier is a column; and by the equation (A.29) when the pier is a wall. 

   

   
          

(A.28) 

   

   
    

   

  
 

(A.29) 
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Appendix B 
 
Impact assessment calculation factors 

B.1 Characterization factors 

Table B.1: Characterization factors for abiotic resources depletion impact category 
(Guinée et al., 2001) 

Depletion of abiotic resources ADP 

Natural resources (kg Sb eq./kg) 

Chromium 8.58E-04 

Iron 8.48E-08 

Manganese 1.38E-05 

Molybdenum 3.17E-02 

Nickel 1.08E-04 

Niobium 2.31E-05 

Tungsten 1.17E-02 

Vanadium 1.16E-06 

Zinc 9.92E-04 

Fossil energy (kg Sb eq./MJ) 4.81E-04 

 

Table B.2: Characterization factors for climate change impact category (Guinée et al., 
2001) 

Climate change GWP100 

Substance (kg CO2 eq./kg) 

CO2 1.00E+00 

CH4 2.10E+01 
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Table B.3: Characterization factors for human toxicity impact category (Guinée et al., 
2001) 

Human toxicity HTP∞, global 

Substance (kg 1,4-DCB eq./kg) 

NOX (as NO2) 1.20E+00 

SO2 9.60E-02 

PM10 8.20E-01 

NMVOC
17

 - 

 

Table B.4: Characterization factors for photo-oxidant formation impact category 
(Guinée et al., 2001) 

Photo-oxidant formation POCP 

Substance (kg C2H4 eq./kg) 

CO 2.70E-02 

CH4 6.00E-03 

SO2 4.80E-02 

NMVOC
18

 2.10E-01 

 

Table B.5: Characterization factors for acidification impact category (Guinée et al., 
2001) 

Acidification AP 

Substance (kg SO2 eq./kg) 

NOX 5.00E-01 

SO2 1.20E+00 

 

Table B.6: Characterization factors for eutrophication impact category (Guinée et al., 
2001) 

Eutrophication EP 

Substance (kg PO4
3-
 eq./kg) 

NOX 1.30E-01 

COD
19

 2.20E-02 

  

                                            

17
 Cannot be added, since an aggregated factor for NMVOC is missing 

18
 From Beekmann and Labouze, 2004 

19
 In case of missing data, COD=BOD (Frischknecht et al., 2007) 
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B.2 Normalization factors 

Table B.7: Normalization factors for Western Europe, 1995 (Brattebø et al., 2009) 

Category indicator ADP AP EP GWP ODP POCP 

       

Normalization factor 1.48E+10 2.73E+10 1.25E+10 4.81E+12 8.33E+07 8.26E+09 

 

B.3 Weighting factors 

Table B.8: Weighting factors of the US EPA (Brattebø et al., 2009) 

Category indicator ADP AP EP GWP ODP POCP 

       

Weighting factor 5 5 5 16 5 6 
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Appendix C 
 
Sensitivity analysis 

C.1 Inventory level 

Table C.1: Results of inventory sensitivity analysis for the ballasted alternative 
(energy demand and air emissions) 

 Energy CO CO2 CH4 NOX SO2 NMVOC PM10 

Normal concrete 0.3% 0.1% 0.6% 0.2% 0.3% 0.6% 0.7% 3.0% 

Reinforcing steel 0.1% 0.5% 0.1% 0.0% 0.0% 0.4% 0.3% 0.3% 

Structural steel 2.4% 7.5% 1.9% 0.2% 0.6% 8.4% 4.4% 7.3% 

Zinc coating 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Epoxy-polyester coating 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Ballast 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 

Diesel 0.2% 0.1% 0.1% 0.1% 0.2% 0.1% 0.8% 0.0% 

Welded length 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Repainting of steelwork duration 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0% 

Replacing of track system duration 6.9% 1.8% 7.3% 9.4% 8.8% 0.5% 3.7% 0.0% 

Truck transportation 0.0% 0.4% 0.2% 0.2% 0.2% 0.0% 0.8% 0.2% 

Barge transportation (coastal) 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
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Table C.2: Results of inventory sensitivity analysis for the ballasted alternative (water 
emissions and solid waste generation) 

 Oils TSS BOD DOC Solid waste 

Normal concrete 0.0% 0.0% 0.0% 0.0% 0.4% 

Reinforcing steel 0.4% 0.3% 0.6% 0.6% 0.2% 

Structural steel 9.6% 9.7% 9.3% 9.4% 9.5% 

Zinc coating 0.0% 0.0% 0.0% 0.0% 0.0% 

Epoxy-polyester coating 0.0% 0.0% 0.0% 0.0% 0.0% 

Ballast 0.0% 0.0% 0.0% 0.0% 0.0% 

Diesel 0.0% 0.0% 0.0% 0.0% 0.0% 

Welded length 0.0% 0.0% 0.0% 0.0% 0.0% 

Repainting of steelwork duration 0.0% 0.0% 0.0% 0.0% 0.0% 

Replacing of track system duration 0.0% 0.0% 0.0% 0.0% 0.0% 

Truck transportation 0.0% 0.0% 0.0% 0.0% 0.0% 

Barge transportation (coastal) 0.0% 0.0% 0.0% 0.0% 0.0% 

Table C.3: Results of inventory sensitivity analysis for the fixed alternative (energy 
demand and air emissions) 

 Energy CO CO2 CH4 NOX SO2 NMVOC PM10 

Normal concrete 1.1% 0.2% 2.3% 4.9% 3.2% 0.7% 1.3% 3.1% 

Reinforcing steel 0.5% 0.8% 0.6% 0.5% 0.5% 0.5% 0.7% 0.3% 

Structural steel 8.0% 9.0% 6.9% 3.5% 5.3% 8.7% 7.4% 6.5% 

Zinc coating 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Epoxy-polyester coating 0.1% 0.0% 0.0% 0.1% 0.0% 0.0% 0.0% 0.0% 

Diesel 0.3% 0.0% 0.2% 0.9% 1.0% 0.0% 0.6% 0.0% 

Welded length 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Repainting of steelwork duration 0.0% 0.0% 0.0% 0.1% 0.1% 0.0% 0.1% 0.0% 

Truck transportation 0.1% 0.5% 0.8% 3.1% 1.7% 0.0% 1.3% 0.2% 

Barge transportation (coastal) 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
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Table C.4: Results of inventory sensitivity analysis for the fixed alternative (water 
emissions and solid waste generation) 

 Oils TSS BOD DOC Solid waste 

Normal concrete 0.0% 0.0% 0.0% 0.0% 0.4% 

Reinforcing steel 0.5% 0.4% 0.8% 0.8% 0.2% 

Structural steel 9.4% 9.5% 9.1% 9.1% 9.4% 

Zinc coating 0.0% 0.0% 0.0% 0.0% 0.0% 

Epoxy-polyester coating 0.0% 0.0% 0.0% 0.0% 0.0% 

Diesel 0.0% 0.0% 0.0% 0.0% 0.0% 

Welded length 0.0% 0.0% 0.0% 0.0% 0.0% 

Repainting of steelwork duration 0.0% 0.0% 0.0% 0.0% 0.0% 

Truck transportation 0.0% 0.0% 0.0% 0.0% 0.0% 

Barge transportation (coastal) 0.0% 0.0% 0.0% 0.0% 0.0% 

 

The variations higher than 1% are highlighted. 

C.2 Impact assessment level 

Table C.5: Numeric results from impact sensitivity analysis for the ballasted 
alternative 

 ADP GWP HTP POCP AP EP 

Normal concrete 0.3% 0.6% 0.5% 0.3% 0.4% 0.3% 

Reinforcing steel 0.1% 0.1% 0.1% 0.4% 0.1% 0.0% 

Structural steel 2.1% 1.9% 1.1% 6.9% 1.7% 0.6% 

Zinc coating 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Epoxy-polyester coating 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Ballast 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Diesel 0.2% 0.1% 0.2% 0.2% 0.2% 0.2% 

Welded length 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Repainting of steelwork duration 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Replacing of track system duration 7.3% 7.3% 8.0% 2.1% 7.6% 8.7% 

Truck transportation 0.0% 0.2% 0.2% 0.4% 0.2% 0.2% 

Barge transportation (coastal) 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 
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Table C.6: Numeric results from impact sensitivity analysis for the fixed alternative 

 ADP GWP HTP POCP AP EP 

Normal concrete 1.1% 2.3% 3.1% 0.4% 1.7% 3.2% 

Reinforcing steel 0.5% 0.6% 0.5% 0.8% 0.5% 0.5% 

Structural steel 8.0% 6.9% 5.9% 8.7% 7.3% 5.3% 

Zinc coating 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Epoxy-polyester coating 0.1% 0.0% 0.0% 0.0% 0.0% 0.0% 

Diesel 0.3% 0.2% 0.5% 0.1% 0.4% 0.9% 

Welded length 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

Repainting of steelwork duration 0.0% 0.0% 0.1% 0.0% 0.1% 0.1% 

Truck transportation 0.1% 0.8% 1.0% 0.6% 0.7% 1.7% 

Barge transportation (coastal) 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

 

The variations higher than 1% are highlighted. 
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