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ABSTRACT 
 

Concrete structures represent a huge investment in terms of materials and energy and they lead to 

significant environmental impacts. Thus, there is a need to choose the most sustainable and eco-

friendly alternative. From this perspective, this report aims to evaluate the environmental impacts 

associated with the construction of two fictitious structures: a bridge and a tunnel. To fully assess and 

fairly compare the environmental burdens of those two structures, the life cycle assessment (LCA) has 

been chosen. Prior to the case studies, the LCA process is described and a literature review related to 

LCAs of road structures is performed thus revealing the key facts and key figures of such studies.  

Based on this literature review, a simplified LCA is performed; it relies on public databases and only 

takes into account the construction phase. Because of data constraints, the indicators that are 

considered are NOx, SO2 and CO2 emissions, and the categories that are taken into account are energy 

consumption, global warming potential and photochemical oxidant formation. Characterization factors 

come from the REciPE method. Three different stages are considered and compared during this LCA 

study; the production of materials, the construction processes and the transportation phase.  

Results show that the environmental impacts of the bridge are higher than the ones of the tunnel and 

that the amount of concrete has a strong influence on the final results and consequently on the 

interpretation phase. This study also emphasizes the importance of assumptions and describes their 

potential influence on the final results by considering two different alternatives related to the 

concrete’s manufacturing. Making the concrete directly on site instead of bringing it by truck 

significantly decreases the environmental impacts of both structures; indeed, for the bridge structure, 

it leads to a diminution in CO2 emissions, global warming potential and energy consumption  by more 

than 60%.  

The main constraint of this study has been the data collection for the life cycle inventory; indeed, many 

data were missing or coming from different public databases which result in a lack of thoroughness 

and precision (e.g. different geographical representativeness). Results of this study strongly depend on 

the various assumptions and on the data that have been collected, and technical choices, 

methodologies of construction or structural design mainly depend on the project’s location; 

consequently, results and conclusions cannot be generalized and should be handled carefully.  

 

Keywords : life cycle assessment (LCA), quantitative simplified LCA, tunnel, bridge, fictitious location,  

environmental impacts  
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1. INTRODUCTION 
Nowadays’ society is getting more and more concerned by the impacts of the human on its 

environment.  Towards the challenges of sustainable development and durability, we need to evaluate 

the environmental impacts of our decisions and develop structured ways to think about the 

environment. Businesses, policy-makers, public authorities, industries need to have environmental 

tools that help them during the decision-making process to choose the most environmentally-friendly 

alternative. Many sectors are involved by these issues, each of them being more or less important. 

However, the construction sector is one of the most influential sectors in terms of environmental 

impacts; indeed, it is responsible for more than 40 percent of global energy use and one third of global 

greenhouse gas emissions, both in developed and developing countries and has the largest potential 

for delivering long-term, significant and cost-effective greenhouse gas emissions (UNEP 2009). In order 

to know which course of actions might be the best in terms of sustainability, several assessment tools 

with different purposes are available: amongst others, Environmental Impact Assessment (EIA), 

Material Flow Analysis (MFA), or Strategic Environmental Assessment (SEA). Life Cycle Assessment 

(LCA) is also one such assessment tool. Even though it is more product-oriented, its development 

within the building sector is ongoing. It evaluates the potential environmental impacts of a structure 

throughout its life cycle, i.e. from cradle to grave. It can be used as a performance parameter during 

the decision-making process to help the main stakeholders taking into account the potential impacts of 

different alternatives.  

LCA is the tool that has been chosen to carry out this study and it will only rely on free and public 

databases. The objective of this report is to compare two different fictitious concrete structures in 

terms of environmental impacts: a bridge and a tunnel. With the aid of the LCA tool, we will be able to 

understand which structure is the most environmentally friendly and which factors, items or materials 

are the most influential ones. An LCA combined with other assessment tools, such as EIA, would 

considerably help the decision-making process by providing useful information regarding 

environmental impacts. However, this report will only focus on LCA, and will not tackle with any other 

assessment tool. Comparing such structures can be useful in countries where decision-makers often 

have to choose between the two alternatives. We can think of countries like Norway where crossing 

fjords is a frequent matter for the local authorities.  

First of all, a description of the LCA process will be carried out in order to describe the framework, 

explain the different steps and present the main features of this assessment tool. Then a literature 

review will be performed; it deals with paper and publications related to the construction of road 

structures, mainly road pavements, bridges and tunnels. It will enable the reader to better understand 

how LCAs are applied to the building sector and provide him with key figures related to the 

construction of road structures. Based on this literature review, conclusions are also drawn and 

recommendations are given regarding how to perform an LCA related to such structures. Then, the LCA 

study will be carried out; regarding data collection, this study will only rely on free and public 

databases. It will include a description of the two structures, a explanation of the data collection phase, 

a presentation of the results and their interpretation. Finally, conclusions will be drawn regarding the 

study’s results and recommendations for further research will be given. 
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2. DESCRIPTION OF THE LIFE CYCLE 

ASSESSMENT PROCESS 

2.1 LIFE CYCLE ASSESSMENT 

2.1.1 DEFINITION 

The reason for undertaking a life cycle assessment (LCA) study is that there are growing concerns about 

sustainability and environmental issues within our society (Baumann et al. 2004). LCA is a tool that 

“studies the environmental aspects and potential impacts throughout a product’s life (i.e. cradle-to-

grave) from raw material acquisition through production, use and disposal” (ISO 14040 1997) but 

without considering  the actual situation of the surrounding environment. One fundamental reason for 

carrying such a study is to avoid “problem shifting”, since by looking at the whole life cycle of a system, 

the practitioner is able to analyze all the environmental aspects (Guinée et al. 2001).  

The main applications of LCAs are (Guinée et al. 2001):  

- Design of new environmentally friendly products 

- Choosing the alternative that accounts for the least significant environmental impacts 

-  Analyze the origins of problems related to a product 

- Compare different products or systems with regard to their environmental burdens 

The method consists in compiling an inventory of relevant inputs and outputs of a product system, and 

evaluating their related environmental impacts (ISO 14040 1997). Then, results have to be interpreted, 

according to the impact categories that have been chosen. An LCA should include the following phases: 

goal and scope, inventory analysis, impact assessment and interpretation of results. As we can see on 

Figure 1, the interpretation phase can refer to any of the three other phases 

 

Life cycle assessment framework 

Direct Applications: 

- Product development 

and improvement 

- Strategic planning 

- Public policy making 

- Marketing 

- other 
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Figure 1: framework of a Life Cycle Assessment (LCA) 
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There is no consensus on a methodology to carry out a LCA, thus resulting in different ways of 

conducting an LCA and requiring the study to be transparent and clear; i.e. all used data should be 

reported and a critical review may be carried out. Furthermore, if no independent validation of non-

reported data is carried out, the results and conclusions are regarded as a personal reflection of the 

practitioner of the study (Finnveden 1996). 

A broader use of LCA is constrained by several factors such as the costs of such studies, the need for 

methodological expertise and a lack of communication strategies, which can vary from one country to 

another (UNEP 2003). Countries that are used to LCA studies usually suffer from the shortage of data 

and methodology sharing whereas countries with short LCA experience suffer from the absence of any 

need for LCA (UNEP 2003).  

 

2.1.2 ATTRIBUTIONAL AND CONSEQUENTIAL LCAS 

There are two types of LCA; attributional and consequential. The first one focuses on describing the 

“environmentally relevant physical flows to and from a life cycle and its subsystems” (Finnveden 2009), 

whereas the second one aims at describing “how environmentally relevant flows will change in 

response to possible decisions” (Finnveden 2009). These two definitions are linked to two different 

types of data: average and marginal. 

 

2.1.3 AVERAGE AND MARGINAL DATA 

To better understand the differences between these two types of data, we will refer to the following 

figure (Figure 2): 

 

Figure 2: Different types of modelling (reproduced from Guinée et al. 2001) 

The two different types of data refer to two different ways of defining the slope. The marginal gradient 

corresponds to a local gradient at a specified point on the curve, whereas the average gradient 

corresponds to the gradient between a working point and the origin of the curve.  

On the one hand, marginal data estimates the effects of small changes in the output of services on the 

environmental burdens of the system.  Yet, the change has to be small enough so that it justifies 
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linearization (Guinée et al. 2001). On the other hand, average data estimates the average 

environmental burdens of a product or a service.  

Marginal data are excluded from attributional LCAs but are frequently used in consequential LCAs 

(Finnveden 2009) 

 

2.1.4 LIMITATIONS 

It does not matter how thorough and comprehensive a LCA study might be, limitations will 

always arise.  

One of the main limitations of LCA studies is the fact that it is a steady-state approach thus not 

covering geographical or temporal aspects. Moreover, a LCA study is usually based on linear processes 

and that it does not take into account the background conditions. However, the development of site-

dependent factors is under development (see section 2.4.4.2) to reduce that limitation. Another 

limitation is that it usually does not take into consideration any social aspect. Since a great amount of 

data is needed to carry out a LCA, the lack of data can restrict the quality of the results and 

consequently of the conclusions. Also, knowledge and consensus about impact categories are at 

various levels of development. Finally, carrying out a LCA imply subjectivity since the practitioner can 

choose between various methodologies and since some phases of the LCA imply values (e.g. the 

weighting process). 

The optimal solution lies in combining different tools to cover all the different environmental aspects 

and to reduce limitations. 

 

2.2 THE GOAL AND SCOPE DEFINITION PHASE 

The first step of a LCA consists in defining the goal and the scope of the study. This step is essential; 

indeed, it is important to have a specific purpose so that the most relevant methodologies and 

databases are chosen (Baumann et al. 2004). Among the important choices to make during the goal 

and scope definition, are the definitions of the specific products, and processes options that will be 

investigated (Baumann et al 2004). The following steps have to be followed (UNEP 2003): 

- “Defining the purpose of the LCA study”: definition of the functional unit 

- “Defining the scope of the study”: flowchart of the product/system studied, estimation 

of inputs and outputs, definition of the system boundaries, life-cycle period 

considered. This phase defines which activities and impacts are included or excluded 

and why (Todd et al. 1999) 

- “Defining the data required”: specifications regarding data, data collection, data 

uncertainties, data collection, 

In order to perform a thorough LCA study, LCA practitioners should design the impact assessment 

phase during the initial scoping and not after the inventory data collection has been completed ; thus, 

it will dictate the categories and data elements that will be needed and enable practitioners to collect 

appropriate and relevant data (Todd et al. 1999). 
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This step should be the results of discussions between the project commissioners, the practitioners 

and stakeholders (Guinée et al. 2001). 

 

2.2.1 GOAL DEFINITION 

This first step consists in explaining the goal of the study, specifying the intended use of the results, the 

persons involved or concerned, and the intended audience (Guinée et al 2001). Reasons why the LCA is 

being carried out should clearly be explained. The goal definition process should answer the following 

questions: why is the study being conducted? Who is the primary target audience of the study? What is 

this LCA expected to contribute? (Todd et al. 1999) 

It should also be stated if any other tools (e.g. Risk Assessment, Environmental Impact Assessment) 

may yield additional relevant information or perhaps be more suitable. 

 

2.2.2 SCOPE DEFINITION 

This second step consist in defining the LCA’s characteristics and covering issues such as temporal (e.g. 

age of data, study period), geographical (e.g. regional, national, continental) and technology (e.g. best 

available or worst operating unit) coverage, or the level of sophistication. It should also justify all of its 

choices. This step is a function of the time and money available and the intended application (Guinée 

et al. 2001). 

The scope should be in accordance with the stated goals: in order word, the breadth, depth and detail 

of the study have to be compatible with the goal of the LCA (ISO 14040 1997).  

 

2.2.3 FUNCTIONAL UNIT AND REFERENCE FLOWS 

The functional unit is “a measure of the performance of the functional outputs of the product system” 

(ISO 14040 1997). It must be quantitative and represent the function of the compared options in a 

reasonably fair way (Baumann et al. 2004). The unit definition should be in line with the goal and scope 

definition (Guinée et al. 2001).  

It will be used as a reference to which the inputs and outputs are related; indeed, the emissions to air, 

water, or soil in the inventory are determined as the functional unit’s proportional share of the full 

emission from each process (Finnveden et al. 2009). It is an important element of the LCA study to 

ensure comparability of LCA results and to allow the LCA practitioner to compare different structures 

alternatives, which is the case for this master thesis. Note that a system may provide several functions 

at the same time, and that consequently, several functional units are possible and that the most 

relevant ones should be identified. 

The definition of the functional unit will allow the LCA practitioner to quantify the performance of each 

product systems using so-called reference flows. A reference flow is “the connecting flow between the 

physical output of a system and the amount of function delivered by that system as quantified in the 

functional unit” (Guinée et al 2001) 
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The functional unit can also be defined as a “quantified description of the performance of the product 

systems, for use as a reference unit” and the reference flow as “a quantified amount of product(s), 

including product parts, necessary for a specific product system to deliver” (Weidema et al. 2004). 

For example, in the case of a tunnel, the functional unit could be to allow a certain yearly flow of 

vehicles to go from point A to point B, and the reference flow would be a X km long structure (which is 

not necessarily the direct distance between point A and B). 

 

2.2.4 SYSTEM BOUNDARIES 

“The system boundaries determine which unit processes shall be included within the LCA” (ISO 14040 

1997). It is essential to define boundaries because industrial processes are so extensively 

interconnected globally that complete consideration of all these interdependencies is impossible (Todd 

et al 1999). As a consequence, the processes to be included are the one that contribute the most to the 

product’s function (Rebitzer et al. 2004). The following factors influence the determination of the 

boundaries: the aim of the study, the assumptions made, cut-off criteria, data and cost constraints, and 

the intended audience (ISO 14040 1997). It is crucial to transparently and clearly describe the system 

boundaries since they greatly influence the results.  

There are three types of boundaries (Udo de Haes et al 2005); 

- Boundaries between the system and the environment; e.g. which types of environmental 

and economic processes are included or excluded?  

- Boundaries between the system under study and other related systems (or allocation); e.g. 

multi-functional processes and the allocation issue 

- Boundaries between relevant and irrelevant processes; cutting-off insignificant processes 

or processes for which data is lacking 

The inputs should ideally be traced back to raw materials as found in nature and that outputs should 

ideally be emissions to nature (Finnveden et al. 2009). The “elementary flows” refer to the inputs of 

the system that have been drawn from the environment without previous human transformation, and 

the outputs released to the environment without subsequent human transformation (Finnveden et al. 

2009). 

 

2.2.5 PERIOD OF ANALYSIS 

The period chosen to carry out the LCA has a great influence on the results; therefore, it is essential 

that the period is clearly stated. The period of analysis should “include the entire life cycle of the 

material or product from raw material extraction to withdrawal from service and final disposal” and be 

long enough to “include the impacts of its service life” (Mroueh et al. 2000). 

 

2.2.6 COMPARING DIFFERENT STRUCTURES AND SYSTEMS WITH THE LCA TOOL 

The aim of this master thesis is to compare different structures (bridge and tunnel). It is therefore 

essential to know how to efficiently perform a comparison with a LCA tool.  In comparative studies, the 

equivalence of the systems being compared shall be evaluated before interpreting the results and that 
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they should be compared using the same functional unit and methodological considerations (ISO 

14040 1997). Transparency is, again, really important, and any differences between the compared 

systems should be reported. 

In a comparative study that Mroueh et al. conducted (2000), the authors explain that although the 

assumptions and choices that have been made limit the accuracy of the calculations, it does not greatly 

affect the comparison of the different systems under study; indeed, if choices and assumptions are the 

same for all the systems under study, it should not affect their relative comparison. 

 

2.3 THE INVENTORY ANALYSIS 

The inventory analysis is an iterative process; indeed, goal and scope might have to be modified after 

having identified issues during the inventory analysis (e.g. during data collection, or the construction of 

the flowchart) (ISO 14040 1997).  This step is also known as Life Cycle Inventory (LCI); LCI models are 

usually static and linear; indeed, they are represented as flowchart, with linear relationship and where 

time is not used as a variable (Baumann et al. 2004). 

It is recommended to follow these four steps (UNEP 2003): 

- “Data collection”: specification and calculation of all input and output flows for each 

process under study. These data constitutes the input to the LCIA (ISO 14040 1997) 

- “Normalization”: all collected data must be normalized and related to one quantitative 

output of the product system under study. Note that this step is not the same as the 

normalization during the Impact Assessment stage. 

- “Allocation”: specification of the flows distribution.  

- “Data evaluation”: assessing the quality of data, by performing a sensitivity analysis for 

instance. 

 

It can be useful to build up a flowchart of the system to be studied in order to realize what kind of data 

will be needed. Such a first flowchart does not need to be very detailed; indeed, if it is general enough, 

it will include all the studied options or products (Baumann et al. 2004). It can be further detailed or 

modified as the LCA practitioner collects data and better understand the system being studied thus 

emphasizing the iterative character of LCA studies. Flowcharts can however be very complex, especially 

if many recycling-loops are considered. 

 

2.3.1 DATA COLLECTION 

The data collection phase is one of the most time and work-consuming activities in LCA (Rebitzer et al 

2004).  During this phase, both qualitative and numerical data are collected. The numerical ones 

consist of data on the inputs and outputs of every modelled process. As we can see on Figure 3 which 

describes the basic flows related to a process, the data that are considered are (Baumann et al. 2004):  
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- inputs of raw materials, energy, or other physical inputs,  

- products 

- emissions to air and water, waste generated 

 

 

 

Examples of qualitative data that need to be collected are: e.g. age of data, origin of data, description 

of the technology of the process, emissions conditions, or geographical location of the processes 

(Baumann et al. 2004) 

 

2.3.2 DATABASES 

The main problem that might arise from data collections is where to get the data. No LCA practitioner 

can be a technical expert on all different technologies; thus, practitioners need to have direct access to 

such data, and when they cannot, other people, companies, suppliers, or producers, need to be asked 

(Baumann et al. 2004). 

There are a large number of national and multinational LCA projects, that are at various stage of 

progress, to develop LCA databases (Udo de Haes et al. 2005). Moreover, these databases are being 

developed according to their own protocols and can be whether public or private, regional or national, 

or come from industry or consultants. Note that the ISO 14040 (1997) does not provide guidance for 

developing databases and therefore, it does not solve this issue. Thus, there are a great number of 

different LCI databases which result in a great variety of LCA methodologies and difficulties to reach a 

consensus for a specific methodology. This lack of consistency and transparency result in difficulties to 

validate and document data (Udo de Haes et al. 2005). Moreover, there is a lack of consistent and 

peer-reviewed international databases (UNEP 2003). Considering, the globalized economy, it would be 

particularly relevant to develop international databases. Moreover, data quality and availability is one 

of the major issues in LCA studies, which is especially the case for developing countries (UNEP 2003). 

Table 1 lists the existing databases and projects: 

 

Table 1: Overview of existing types of projects and databases with relationship towards LCI data issues (selection) 

(reproduced from Udo de Haes et al. 2005) 

Process 
Raw Materials 

Process Chemicals 

energy 

Emissions to air 

Emissions to water 

waste 

Studied product 

Other product(s) 

Figure 3: Typical categories of numerical data collected to describe processes (reproduced from Baumann et al. 2004) 
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Two different types of data can be found: aggregated or disaggregated (also known as unit-process). 

The first one specifies the elementary flows aggregated for all processes involved such as waste, or 

emissions per kilogram of material produced, where as the second one consist of inputs and outputs 

that are recorded per production step, in addition to aggregated data sets (Finnveden et al. 2009). 

Aggregated data might be relevant when the LCA practitioner does not know the origin of the material 

he is dealing with. However, some consider that aggregated industry data can hide biases or lack 

transparency and others might consider them more reliable and representative. Moreover, aggregated 

data are usually more readily available. On the other hand, unit-process data refer to specific 

technologies and are useful when comparing different available technologies or when a specific chain 

of processes is being considered (Finnveden et al. 2009) 

 

2.3.3 DATA QUALITY AND UNCERTAINTIES 

LCA studies should discuss and document the data sources in order to provide transparency (ISO 14040 

1997). Moreover, the data’s quality should meet the requirements described in the goal and scope 

definition. Data quality is considered as one of the most limiting factors (Coulon et al. 1997). It is 

suggested that the importance of data should be checked and refined if necessary, while performing 

the LCI and LCIA, until the required precision has been reached (Finnveden et al. 2009); thus, LCI and 

LCIA are iterative processes. 

Assumptions, methodologies and output should also be transparent (ISO 14040 1997). When the 

required data for a unit process come from more than one source, the compatibility of the data needs 

to be studied and evaluated (Huang et al. 2008); indeed, age of the data, boundaries assumptions need 

to be clearly defined and compared. For instance, some data might be of good quality but specific to a 

particular country, and therefore becomes of low quality if applied in another country.  

Some data gaps will always arise from LCA studies (Baumann et al. 2004); therefore, estimates or 

assumptions from technical experts or model calculations will have to be made when possible. There 

are different ways to assess data quality; among them, Data Quality Approaches (DQI) and stochastic 

models. The first approach consists in evaluating and grading a process, and consequently it cannot 

account for the overall product and analyze the thoroughness of the final results. The second approach 

requires the acquisition of probabilistic data such as statistics thus increasing the duration of the data 

collection phase (Coulon et al. 1997). However stochastic models can not address the true quality of 

the data and the adequacy of the data used, with regard to the scope of the project. An example of a 

stochastic model is the Monte Carlo method.   

 

2.3.4 ALLOCATION 
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The allocation problem is a common one in LCA studies; if several products share the same process and 

if the environmental load of this process is to be expressed in relation to one function only, then there 

is an allocation problem (Baumann et al. 2004).  

There are three types of allocation problems (Finnveden et al. 2009):  

- Multi-input: a process receives several products (e.g. waste incinerator) 

- Multi-output: a process produces several products (e.g. refinery) 

- Open-loop recycling: waste product is recycled to another product 

Whenever possible, allocation should be avoided by: (1) increased level of detail of the model (2) 

system expansion (ISO 14041 1998). 

If it cannot be avoided, then the environmental loads should be partitioned between the system’s 

different functions. Partitioning should be done on the basis of several principles such as physical or 

chemical relationships, economic value, or an arbitrary choice of a physical parameter (Finnveden et al. 

2009)  

 

2.4 IMPACT ASSESSMENT 

The aim of this phase is to “evaluate the significance of potential environmental impacts using the 

results of the life cycle inventory analysis” (ISO 14040 1997). This step is supposed to convert inventory 

data into more understandable information, reflecting the environmental burdens of the product 

under study. It consists of the following mandatory and optional steps (see Figure 4)  

 

Figure 4: Mandatory and optional elements of LCIA according to ISO 14042 (Reproduced from UNEP (2003)) 
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There is currently no consensus regarding how to perform this phase of the LCA and this lack of 

consistency results in much criticism within the LCA community (Bare et al 2006). However 

methodologies for LCIA are still being developed. Thus, there is subjectivity regarding the choice, 

modelling and evaluation of impact categories (ISO 14040 1997). Transparency is therefore crucial to 

clearly describe methodologies and assumptions. However, there is acceptance in the LCA community 

that the protection areas that have to be considered are: human health, natural environment and 

natural resources (Finnveden et al. 2009). These groups of impact categories have been identified by 

the European Commission (2010)  

Before describing the different steps of the LCIA, the terminology and factors commonly used will be 

explained and frequently used impact categories described. Then, the mandatory and optional steps 

will be described and comments regarding these steps will be made. 

 

2.4.1 IMPACT CATEGORIES 

LCA practitioners have the possibility to consider many different impact categories in their study. 

However, the choice of impact categories should be in line with the goal and scope definition, relevant 

for the study, and should cover as much environmental aspects as possible.  

The category indicator, which is a quantifiable representation of an impact category, can be defined at 

any level of the chain of environmental mechanism. It is important to consider the overall 

environmental characteristics, and consequently having several indicators, in order to incorporate the 

most important environmental pressures (Svensson et al. 2005).  Even if fewer indicators are more 

understandable and easier to communicate, they don’t fully describe the complex reality of 

environmental problems (Svensson et al 2005). 

The description of the impacts should be based on a scientific analysis of relevant environmental 

processes (Stripple 2001). There are traditional impact categories that seem to be preferred, such as 

climate change, ozone depletion, or habitat loss (Udo de Haes et al. 2005). However the authors point 

out that needs can be different from traditional countries (Europe, North America and Korea) and non-

traditional LCA countries.  

Here is a presentation of the main impact categories 

2.4.1.1 RESOURCE DEPLETION:  

Resources can be divided into abiotic or biotic; the “living” ones are referred as biotic (e.g. forests, 

animals, plants) where as those considered as “non-living” are referred as abiotic (e.g. iron ore, crude 

oil, wind energy).  Resources can also be divided into renewable or non-renewable (Baumann et al 

2004). This category accounts for the natural resources’ consumption (usually excluding water, which is 

considered in another category). This indicator is obtained after calculating the weighted sum of the 

consumed quantities.  The weighting coefficient is function of the scarcity of the resource; resources 

which coefficient is lower than one are considered as scarce resources.  

Example: The kg (kilogram) antimony equivalent unit can be used to quantify this impact category 

(CHECK WITH OTHERS) 
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2.4.1.2 GLOBAL WARMING:  

Climate change is attributable to the emission of GHG such as CO2, methane, chlorofluorocarbons 

(CFCs), nitrous oxide and other gases. Their characterization is based on the extent to which they 

enhance the radiative forcing in the atmosphere and consequently heat the atmosphere (Baumann et 

al. 2004). For example, an often used characterization factor is the Global Warming Potential for time 

horizon 100 years (GWP100) (Finnveden et al. 2009). 

Example: The kg CO2 equivalent unit can be used to quantity this impact category 

 

2.4.1.3 OZONE DEPLETION:  

It refers to the thinning of the stratospheric ozone layer due to various chlorinated and bromated 

substances, such as CFCs and halons (Harrison 1990). The ozone gas, 03, is an essential substance in the 

upper atmosphere as it screens more than 99% of the dangerous ultraviolet radiation from the sun.   

Example: The kg CFC-11 equivalent unit can be used to quantity this impact category 

 

2.4.1.4 TOXICITY:  

It is a complicated impact category because it includes many different substances. There are several 

different characterization methods and there is no consensus yet about how to characterize the 

toxicological impacts. Characterization factors are published for less than 2000 substances and LCIA 

practitioner will often have to deal with substances that do not have characterization factors, or with 

factors that vary substantially between sources (Finnveden et al 2009). The two main impacts that are 

considered are usually human toxicity and ecotoxicity that can be subdivided in other categories (e.g. 

terrestrial ecotoxicity, marine ecotoxicity). An example of a toxic substance are pesticides used for 

agriculture that end up in waterways causing harm to aquatic organisms and polluting the water 

(Baumann et al 2004) 

Example: The kg 1,4-DCB equivalent unit can be used to quantity this impact category 

 

2.4.1.5 PHOTO-OXIDANT FORMATION:  

A typical example is the photochemical smog, also known as summer smog. It is attributable to photo-

oxidants, (e.g. ozone, hydrogen peroxide, various aldehydes) which are secondary pollutants formed in 

the lower atmosphere from NOx and hydrocarbons in the presence of sunlight (Baumann et al 2004) 

Example: The kg C2H4  equivalent unit can be used to quantity this impact category 

 

 

 

 

 



 

14 

 

2.4.1.6 ACIDIFICATION:  

A typical example of acidification is the acid rains. Gases such as SO2, NOx, HCl and NH3 react with water 

molecules in the atmosphere and produce acids. Examples of impacts due to acidification are fish 

mortality in lakes, leaching of toxic metals out of soil and rocks or damages to forests (Harrison 1990). 

Example: The kg SO2 equivalent unit can be used to quantity this impact category 

 

2.4.1.7 EUTROPHICATION:  

It refers to the excessively high levels of nutrients that lead to shifts in species composition and 

increased biological productivity. A typical example of eutrophication is algal blooms (Baumann et al 

2004). 

Example: The kg PO4 equivalent unit can be used to quantity this impact category 

 

2.4.1.8 WHICH CATEGORIES TO CONSIDER? 

Udo de Haes et al. (2005) conducted a survey in order to evaluate the significance of several impact 

categories and to list the most important ones. The impact categories were classified into three 

groups: required (required by more than 50% of the users), nice to know (“required” or “nice to know” 

by more than 70% of the users) and low priority (all other impact categories). Table 2 illustrates the 

result of that study: 

Table 2: Significance of LCIA impact categories (reproduced from Udo de Haes et al. 2005) 

 

To facilitate the work of LCA practitioners, different default list of impact categories to consider have 

been elaborated; amongst others, the Nordic Guidelines from 1995, a list from the United States 

Environmental Protection Agency (U.S. EPA 2006), one from Guinée et al (2001), from the SAIC (2006) 

or one from Udo de Haes et al (2005). It is recommends that if a selection of impacts is made, then it 

should be followed by an appropriate justification in line with the goal of the study (Guinée et al. 

2001). 
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2.4.2 THREE DIFFERENT TYPES OF INDICATORS: MIDPOINT, ENDPOINT, AND DAMAGE  

The LCIA phase includes four types of factors: midpoint, endpoint, damage and weighting factors 

2.4.2.1 MIDPOINT INDICATOR 

A mid-point indicator is a parameter in a cause-effect chain or network for a particular impact category 

that is between the inventory data and the category endpoints (Bare et al. 2000), 

For instance, five impact categories are clearly considered as midpoint categories: ozone depletion, 

global warming acidification, eutrophication, and photochemical ozone formation. 

 

2.4.2.2 ENDPOINT INDICATOR 

The endpoints are located further along the environmental mechanism and assess human health and 

usually assess ecosystem impacts: e.g. polar melt, skin cancers, decreased resources. They usually 

consist of physical elements that society determines as important and they may be of direct relevance 

to society’s understanding (Bare et al. 2000). 

An example of an end-point approach is the Eco-Indicator 99. 

 Figure 5 lists various endpoint indicators related to different impact categories. 

 

Figure 5: List of Impact categories and Associated Endpoints (reproduced from U.S. EPA 2006) 

 

2.4.2.3 DAMAGE INDICATOR 

Damages are obtained by weighting a certain collection of endpoint indicators. Damages indicators are 

required when there is no commonly accepted midpoint to represent a certain impact categories. 

Moreover, damages indicators are easy to communicate as they usually consist of a single score or a 

small number of scores (e.g. 3 or less). (Bare et al. 2006). 
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If damages models are used, the LCA practitioner should be conscientious about the gaps in coverage 

and the additional uncertainties. As a consequence, transparency becomes essential to address the 

assumptions that were made, the impacts that were lost, and to explain any biases. (Bare et al. 2006). 

For instance, two impact categories are clearly considered as damage categories: human toxicity and 

eco toxicity. 

 

2.4.2.4 MIDPOINT VERSUS ENDPOINT 

Figure 6 gives an example of end-point and mid-point indicators and illustrates the difference between 

these two indicators. As we can see, regarding emissions of CFCs and Halons, the mid-point indicator 

considered is the ozone depletion potential (ODP) whereas the end-point indicators associated to ODP 

are skin cancer, crop damage, cataracts, etc… 

 

Figure 6: Using endpoint and midpoint approaches together to provide more information, example of ozone depletion 

potential (Bare et al. 2000) (reproduced from UNEP 2003) 

The LCA practitioner can consider whether a mid-point approach or end-point approach. Generally 

speaking, midpoint indicators are often well researched and there is more likely to be a consensus at 

this level of characterization than for endpoint indicators (Bare et al. 2006). Mid-point approaches give 

relatively certain results, but less relevant for decision support in some cases, whereas end-point 

approaches give relevant but relatively uncertain results (Bare et al. 2000). However, end-point 

indicators remain easier to communicate and to understand for the society. 

 

2.4.3 CLASSIFICATION 

This phase aims at sorting and assigning LCI results parameters to their respective impact categories 

and as a consequence, this phase requires some knowledge of links between, for instance, emissions 

and their related impacts (Baumann et al 2004). Figure 7 illustrates the concept of classification and 

characterization. 
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Figure 7: the classification and characterization processes (reproduced from Hammervold et al. 2009) 

 

For example, all types of emissions that could contribute towards global warming are grouped under 

the heading Global warming Potential, expressed in CO2 kg-eq. Some parameter, such as NOx, can be 

assigned to more than one category (in the case of NOx, to acidification and eutrophication categories); 

yet, multiple assignments are only made for effects that are independent of each other (Baumann et 

al. 2004) 

 

2.4.4 CHARACTERIZATION 

2.4.4.1 DESCRIPTION 

This step, which is quantitative, consists in the “analysis and estimation of the magnitude of the 

impacts on the ecological health, human health, or resources depletion for each of the impact 

categories” (UNEP 2003). In order words, data such as emissions, resources extractions and land use, 

will be affected to certain impact categories by adequate characterization factors. The determination 

of these factors is essential to obtain scientifically-based results (Seppälä et al. 2006). 

Each input data (e.g. emissions of gas) contributes differently to a particular impact (e.g. global 

warming potential) and consequently has its own characterization factor (see Figure 7). For example, 

all acidifying emissions (SO2, NOx, HCl, etc) in the LCI results are added up based on their equivalency 

factors, resulting in a sum indicating the extent of the acidification impact. It would be too long to 

exhaustively list at the substances and their related characterization factors. To carry out a simplified 

LCA, it is recommended to consider a limited number of substances, and to identify prior to the LCIA 

which substances are likely to contribute to significant environmental impacts.  

The classification and characterization can be summarizedm by the following equations (Hammervold 

et al. 2009): 

               [equation 1] 

     = emissions of stressor j for total consumption of input parameter i 

     = amount/consumption of input paramter i 

     = emission of stressor j per unit input parameter i 
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   ∑            [equation 2] 

  = total potential impacts in inpact category k, expressed in equivalents 

      = characterization indicator for stressor j to impact category k 

 

The definition of characterization methods is usually based on physic-chemicals mechanisms of how 

different substances contribute to the different impacts. However, physico-chemicals mechanisms are 

not all well known, and are consequently at different stage of development; more complicated 

mechanisms, such as eco-toxicity, are not as developed as simple ones, such as acidification (Baumann 

et al. 2004). There is a consensus regarding which methods to use only for a few of the impact 

categories; essentially global warming and ozone depletion (Stripple 2001); indeed, there is lack of 

relevant LCA data from certain primary and complex areas which results in uncertainties and the need 

to introduce limitations. This results in a great variety of characterization methods. 

Note that some parameters might not have characterization methods. However, environmental 

impacts that are considered of importance but for which factors are lacking should be handled 

qualitatively (Guinée et al. 2001) 

Table 3 lists impact categories and their related characterization factors’ unit of the CML method 

(Guinée et al. 2001). However, some of these units are likely to vary from one method to another. 

 

Table 3: Impact categories and their related characterization factors’ unit (reproduced from Guinée et al. 2001) 
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2.4.4.2 SITE-GENERIC AND SITE-DEPENDENT FACTORS 

Characterization can whether be site generic (also known as site-independent) or site-dependent. Even 

though environmental effects arise at a specific point in time and space and are often a function of the 

background pollution level, LCA studies don’t take into account the simultaneous emissions from other 

processes and background concentration of other substances in the system (Finnveden et al. 2009). 

Consequently, there might be a need for the introduction of site-dependent characterization factors to 

take into account these aspects.  Site and temporal dependent characterization factors are perhaps the 

solution to solve the temporal and special issues associated with LCA studies (Pennington et al. 2004). 

However, site-dependent characterization factors are not efficient for every impact categories 

(Finnveden et al. 2005). Indeed, for acidification and eutrophication, results with site-dependent 

factors and results without these factors were very similar, whereas for health impact differences were 

significant. In the case of Sweden, a country level is not the appropriate level for site-dependent 

characterization factors for health impacts, whereas it is sufficient for the considered atmospheric 

pollutants (NOx and SOx) (Finnveden et al. 2005). However, for some regional impact categories such as 

acidification and terrestrial eutrophication, characterization factors can widely differ from one country 

to another, thus expressing the need of country-dependent characterization factors (Seppälä et al. 

2006). 

Yet, for global impact categories like climate change and stratospheric ozone depletion, site-dependent 

factors might not be relevant since the impact is independent of where the emissions occur (Finnveden 

et al 2009). However, it is not true for other impacts that can be regional or even local. Consequently, 

site-dependent characterization factors, which depend on the country or region of emission and on the 

properties of the substances, should be used to perform a LCA of a system that is site-specific. It is 

essential that the research community identifies under what conditions uncertainties can be reduced 

thanks to site-dependent factors in order to better understand to what extent site-dependent factors 

are better than generic defaults factors (Finnveden et al. 2009) 

 

2.4.5 NORMALIZATION  

The normalization step occurs after the LCI results have been classified and characterized. As 

illustrated in Figure 8, it consists in calculating the magnitude of category indicator results relative to 

reference values. It aims at gaining a better understanding of the magnitude of the environmental 

impacts (Baumann et al 2004) and facilitating the interpretation of results (Finnveden et al. 2009). 

However, normalization implies a further manipulation of data and an introduction of new 

uncertainties (Finnveden 1996). It is regarded as a strongly recommended step for any LCA (Guinée et 

al. 2001). 

 

 

Figure 8: the normalization process (reproduced from Hammervold et al. (2009)) 
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Normalization can be summarized by the following equation (Hammervold et al. 2009): 

          [equation 3] 

     = normalized potential impacts for category k 

    = normalization factor for category k 

An example of normalization could be to compare the GWP results of an LCA to the total GWP of the 

country where the product is used, or where the system is located. 

 

2.4.6 WEIGHTING 

The weighting method (also called valuation) consists in prioritizing and possibly aggregating indicators 

results across impact categories (see Figure 9). It is a qualitative or quantitative process where the 

relative importance of an environmental impact is weighted against the others (Baumann et al. 2004). 

Consequently, factors need to be determined; these weighting factors are formulated by nonscientific 

weighting schemes based on values or opinions (Bare et al. 2006). 

In general, the aim of the weighting step is to obtain a single index of environmental performance 

which is easy to communicate. This step may be needed when trade-off situations occur, for instance, 

where improvements in one impact score are obtained at the expense of another impact score 

(Finnveden et al. 2009). But, there is no scientific basis for reducing LCA results to a single overall score 

(ISO 14040 1997) 

 

Figure 9: the weighting process (reproduced from Hammervold et al. 2009) 

 

The weighting step can be summarized by the following equation (Hammervold  et al. 2009) 

  ∑         [equation 4] 

    = weighting factor for impact category k 

    = total weighted result (sum for all impact categories) 

 

Weighting methods remain a controversial issue within the LCA community and there is no objective 

way to perform this step (Finnveden et al. 2009); consequently, there is a need for further research 

within that field. Reluctance towards standardization and harmonization of weighting methods can be 

explained by the fact that they involve values; indeed, it is difficult to harmonize values and the notions 

of “right” and “wrong” are cultural issues that cannot be solved from a scientific point of view 

(Finnveden et al. 2009). Moreover, these methods either suffer from significant data gaps, include 



 

21 

 

inconstancies, lack justification of important assumptions. If a valuation method is to be used, it should 

be used in parallel with others to reveal differences in results (Finnveden 1999) 

 

2.5 INTERPRETATION OF RESULTS AND CONCLUSIONS 

The “findings of the interpretation phase should reflect the results of any sensitivity analysis that is 

performed” (ISO 14040 1997). The interpretation phase can relate to the inventory analysis, to the 

impact assessment, or both at the same time and it is recommended following these steps (UNEP 

2003): 

- Identification of the most important results:  

- Evaluation of the study’s outcomes: i.e. completeness check, sensitivity analysis, 

uncertainty analysis and consistency check. 

- Conclusions, recommendations and reporting 

This step is the opportunity for the LCA practitioner to have a reflection on the results and on the 

choices that have been made during the entire process, and to check them against the goal and scope 

definition. The main objective of this phase is to know whether or not the results answer the questions 

posed in the goal and scope definition. The interpretation phase cannot replace an external and 

interactive peer review, and it is strongly recommended calling in a peer review unless the study is 

explicitly for internal use (Guinée et al. 2001). 

Critical review should be included at an early phase of a LCA project, and should be understood as an 

accompanying process rather than a posteriori review (Guinée et al. 2001). 

The interpretation phase can also be evaluated. According to U.S. EPA (2006), the following procedures 

can be followed to evaluate the reliability and confidence of the results; completeness check, 

sensitivity check (i.e. influence of selected items on the final results) and the consistency check (i.e. 

consistency of system boundaries, assumptions, data collection). The sensitivity check is composed of 

the uncertainty analysis, the contribution analysis and the sensitivity analysis. The uncertainty analysis 

is a very common scientific process; with the inputs parameters and their related uncertainties, it is 

possible to compute the uncertainty of the final results. The contribution analysis consists in evaluating 

the contribution of each data in order to identify which ones have the greatest contribution on the 

impact indicator results. A sensitivity analysis consists in “measuring the extent that changes in the LCI 

results and characterization models affect the impact indicator results” (U.S. EPA 2006). For example, 

the LCA practitioner can analyze the influence of a variation of 10% of some specific items and see how 

it affects the final results.  

2.6 STREAMLINED LCA AND SIMPLIFICATIONS 

In order to simplify a LCA study, the practitioner can call in a procedure of simplification in order to 

reduce the complexity of the study, and as a consequence, reduce the cost, time and effort required to 

run it. (Guinée et al 2001). It can be particularly relevant if, for instance, a rapid decision-making 

process is needed. 
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Streamlining, which can also be understood as simplifying, is an inherent part of any LCA. For instance, 

companies might consider their data confidential and not release them for external use which might 

lead to assumptions and/or simplifications. Or a rapid decision-making process might be required and, 

consequently, streamlining the LCA is needed. The most important thing is to make sure the 

streamlining activities are closely linked with the goal and scope definition process, Todd et al (1999) 

Simplification is divided into three steps: screening (i.e. identification of elements that can be omitted, 

use of generic data) simplifying and assessing reliability of the results (Guinée et al. 2001). 

As we can see on Table 4, the opportunities for streamlining are summarized according to different 

considerations of the Goal and Scope phase (e.g. intended audience, presence of a dominant life-cycle 

stage, presence of recycled materials).  

 

Table 4: recommendations regarding opportunities for streamlining LCAs (reproduced from Todd et al. 1999) 

 

Several aspects of an LCA can be simplified. Regarding system boundaries, it is possible to eliminate 

some elements of the system, such as the components that cannot be affected by the actions driving 

the study. The LCA process is an iterative one; indeed, as problems are encountered (e.g. data 

constraints), the original goal might have to be modified, Todd et al. (1999)   

Some studies choose the issues to be considered according to the available data; for instance, impact 

categories such as habitat loss, loss of biodiversity are difficult to quantify whereas energy use, air 

emissions are easier to quantify, Todd et al. (1999)   

In terms of data collection, it is sometimes difficult to obtain data about a particular process or system. 

The solution might lie in finding data of a similar product or system; yet, surrogate data should be used 

if “differences between the products, materials or processes are minor and if these differences do not 
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have significant environmental consequences” (Todd et al. 1999). Consequently, surrogate shall be 

chosen very carefully. 

Another solution to streamline a LCA is not to consider elements that represent less than a specified 

percentage of the product or system. Yet, by focusing on percentages, some environmental effects 

might be overlooked (Todd et al. 1999). However, knockout criteria, (e.g. based on mass percentage, 

cost, or contribution to a specific impact category) can be introduced to get rid of insignificant 

processes. Cutting-off such processes is an efficient way to simplify LCA, nevertheless, it is a difficult 

task to identify insignificant processes since it is generally not known in advance what data are 

insignificant (Finnveden et al. 2009). 

Through discussions with practitioners and researchers, nine different approaches to simplify the LCI 

phase were identified (Todd et al. 1999). Table 5 describes and summarizes these approaches 

 

Table 5: Streamlining approaches for LCAs (reproduced from Todd et al. 1999) 
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The following procedures can also be achieved to simplify a LCA study: focusing on larger building 

elements to simplify the acquisition of building data, focusing on the most important substances that 

contribute to a certain impact category, or considering a limited number of impact categories. 

The validity of these approaches has been examined; results show that when the knowledge of the 

product is low, neglecting life-cycle stages is likely to lead to wrong conclusions. Moreover, the 

probability of success of the streamlining approaches was found dependent on the category of the 

studied product (Hunt et al. 1998) 
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3. REVIEW OF LCAS OF TRANSPORT 

INFRASTRUCTURES  
The objective of this section is to review literature related to the purpose of this master thesis: 

which is to perform an LCA of a typical bridge, and of a typical tunnel in order to compare them. 

Furthermore, the case study will focus on the construction phase; little importance will be given to the 

maintenance, the manufacturing of vehicles, their fuel consumption, the traffic, and to any activity 

related to vehicles during the operation phase. Keeping that in mind, the following sections will mainly 

describe and explain the information related to the construction phase within the LCA context. 

 

3.1 TRANSPORT INFRASTRUCTURES 

3.1.1 KATO H., OSADA M. (2005), “A LIFE CYCLE ASSESSMENT FOR EVALUATING ENVIRONMENTAL 

IMPACT OF INTER REGIONAL HIGH SPEED MASS TRANSIT PROJECTS”, JOURNAL OF THE EASTERN 

ASIA SOCIETY FOR TRANSPORTATION STUDIES. 

Kato et al propose a LCA method to evaluate life cycle carbon dioxide emission from the provision of 

railway systems. The type of LCA is a Hybrid LCA. The case study concerns the Superconducting 

MAGnetically LEVitated transport system (MAGLEV). This study takes into account the operation phase 

by evaluating trains emissions, and by comparing them with other means of transport (cars, ordinary 

railways and planes). The construction phase is not very thorough nor detailed; indeed, at the time 

being, the infrastructure that was being examined had not been built yet and consequently, there was 

a lack of data. The authors decided to examine a similar project, called the Shinkansen, in order to 

make assumptions about the MAGLEV and to evaluate quantities. 

As we can see Figure 10, the transport infrastructure is decomposed into several sub-components; for 

each of them, it is possible to evaluate life cycle environmental load. An important fact is that the 

authors divided the main body in three parts: elevated bridge, tunnel and soil structure, which is 

particularly relevant for the scope of this thesis 

 

Figure 10: The Decomposition of Infrastructure of the Superconducting MAGLEV (reproduced from Kato and Osada 2005) 
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In this LCA, both production of trains and the construction of railways have been examined. Table 6 

shows that, in terms of CO2 emissions (t-C/km), the type of structure with the most significant 

environmental impact is the tunnel (about 50% more than the elevated bridge).  

 

Table 6: Life Cycle CO2 Emissions factors of standard main bodies (lifetime: 60 years) (reproduced from Kato and Osada 

2005) 

 

Kato et al explains that the tunnel infrastructure, which represents 60% of the infrastructure’s total 

lenthg, constitutes approximately 69% of the total amount of emissions arising from the infrastructure. 

The authors conclude by saing that most of the emissions occur during the running and that 

consequently, technological progress for low electricity-consuming trains is desirable.  

 

3.1.2 STRIPPLE H., ERLANDSSONM., (2004) “METHODS AND POSSIBILITIES FOR APPLICATION OF LIFE 

CYCLE ASSESSMENT IN STRATEGIC ENVIRONMENTAL ASSESSMENT OF TRANSPORT 

INFRASTRUCTURES” IVL SWEDISH ENVIRONMENTAL RESEARCH INSTITUTE 

The goal of this paper is to study the environmental impacts from different transport alternatives: cars, 

boats, trains and airplanes. In order to perform this study, the tool used is a Life Cycle Assessment. 

Stripple et al explain that, regarding roads, in maintenance procedures the pavement is constantly 

upgraded, and that consequently, it makes more sense to analyse the road during a certain period than 

to consider its end-of-life. The authors add that when considering a life period longer than 60 years, 

the construction phase will be less dominant and the maintenance and operation processes will have 

the most significant impacts. 

The LCA of road uses the same results as the literature that is described below and that has also been 

written by Stripple. 
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3.2 ROAD 

3.2.1 STRIPPLE H. ,(2001), “LIFE CYCLE ASSESSMENT FOR ROAD CONSTRUCTION – A PILOT STUDY FOR 

INVENTORY ANALYSIS”, SECOND REVISED EDITION, IVL SWEDISH ENVIRONMENTAL RESEARCH 

INSTITUTE. 

As Stripple states, the objective of this report is to increase “knowledge about the importance of road 

maintenance, seen from a life cycle perspective” and to “come up with a methodology for LCA of road 

construction processes”. In parallel to this report, a computer model has been developed. 

To carry out this LCA study, a time period of 40 years has been considered, which represent the 

economic calculation period used in internal analyses by the Swedish national Road Administration. 

This study takes into account the extraction of raw materials, the production of construction products, 

the operation, the maintenance of the road and the disposal/reuse. However, the production of 

vehicles or machines themselves and the manufacturing of production plants have not been taken into 

account 

The goal of this report is to compare three different alternatives of surface materials; a cold mixed 

asphalt, a hot mixed asphalt, and a concrete road. 

 

Figure 11:Total CO2 emissions for three different road surface materials and two different engine alternatives for 

construction vehicles divided into road construction, road maintenance and road operation for a 1 km long road during 40 

years of operation. The figure shows the situation without the slow long term processes such as uptake of CO2 in concrete 

and in-air oxidation of bitumen (reproduced from Stripple 2001) 

Stripple explains that the emissions of NOx, SO2 and CO2, are mainly attributable to the construction 

phase (see Figure 11)). However, the maintenance phase has also a significant contribution to these 

emissions, whereas, the operation of the roads represents a small part of the emissions (mainly due to 

the fact that the Swedish average production has low NOx, SO2 and CO2 emissions). 

Stripple states that the total energy consumption in construction, operation and maintenance, for a 

1km long road, during 40 years of operation , amounts to 23 TJ for asphalt surface, and around 27 TJ 

for a concrete surface. The phase that has the greatest impacts is the operation, street lighting and 
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traffic lights. The electrical energy accounts for almost the whole energy consumption of the operation 

component. 

The author explains that the concrete road alternative results in a significantly higher consumption 

of coal; indeed, the production of concrete is coal based whereas the production of asphalt is oil 

based. It is the main reason why there is a difference in total energy consumption between asphalt 

paving and concrete paving. 

Stripple also points out that the results of this study reflect specified cases, that they are only valid for 

this specific road defined in the model, and that it cannot be generalized to any road system. As the 

author explains, manufacturing conditions can differ from one project to another and all road sites are 

unique.  

 

3.2.2 JONSSON D.K. (2007), “INDIRECT ENERGY ASSOCIATED WITH SWEDISH ROAD TRANSPORT”, 

EUROPEAN JOURNAL OF TRANSPORT AND INFRASTRUCTURE RESEARCH 

In this literature, Jonsson analyzes the impacts of each phase of indirect energy use, which accounts for 

slightly more than 45% of the total energy use in the Swedish road transport sector. The direct energy 

use concerns vehicles operation whereas the indirect energy use associated with road transport 

concerns the construction, operation, maintenance, and demolition of infrastructure, the 

manufacturing, service and scrapping of vehicles and the fuel production. 

This paper summarizes a pilot study (Jonsson 2005) that quantifies the indirect energy use associated 

with transportation. A lifetime of 40 years has been chosen to perform this LCA study. 

The factors that influence the energy use are the infrastructure’s length and width; they will determine 

the amount of materials, the road’s type, the choice of material, and also the geographical conditions. 

According to Jonsson, the first step of the construction phase is the groundwork, which dominate in 

terms of energy use. Surface preparation requires approximately 2,500 GJ/km for an average public 

main road (processed data in Jonsson (2005). The next step consists in the construction of the road’s 

pavement structure; therefore, the production of materials, and the construction of the different 

layers (base-course, sub-base and surface course) are taken into account. Jonsson states that each 

layer requires between 2,500 and 4,000 GJ/km (processed data in Jonsson (2005)). In sum, the total 

energy use related to the construction phase varies from about 10,000 GJ/km – for smaller public 

roads – to about 1,500,000 GJ/km – for American freeways that are elevated or through tunnels. 

Regarding the operation phase,  the author mentions that the operation of a road system typically 

includes for example traffic lights, lighting and cleaning activities. These items and activities are usually 

independent of transport volumes. The energy use of the operation phase amounts to between 10 and 

30 GJ/km/year (processed data in Jonsson (2005)). 
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Figure 12: Shares of indirect energy associated with Swedish road infrastructure 

  

Jonsson concludes by saying that the construction phase is responsible for a great share of the energy 

use (see Figure 12), that the indirect energy use represents 45,5% of the total energy use and the 

infrastructure aspect 22,1% (construction, operation, and maintenance)  

 

3.2.3 MROUEH U. M., ESKOLA P., ET AL (2000) ”LIFE CYCLE ASSESSMENT OF ROAD CONSTRUCTION”, 

FINNISH NATIONAL ROAD ADMINISTRATION. 

This paper aims at comparing industrial by-products (mainly fly and bottom ash) and conventional 

materials in the sphere of road construction. In order to do so, the author carries out a LCIA. The 

following stages are considered; production and transportation of materials, their placement in the 

road structures and the use of the construction. The aspects that are beyond the scope of this paper 

are: bridge construction, land clearance works, road-marking work, the construction and maintenance 

of equipment necessary for traffic control, road lighting, and regular or seasonal road maintenance 

work. 

Furthermore, as Mroueh explains, some stages of the road construction have no significance for the 

comparison of constructions since they don’t depend on the road’s structure; e.g. site clearance, 

functions associated with road use such as road markings, the installation and use of traffic signs and 

lights, regular or seasonal maintenance, and traffic emissions 

The environmental loads taken into account are the use of raw materials, the energy use, atmospheric 

emissions, substances leaching into the soil, noise and inert waste (see Table 7). They are calculated for 

each individual structural component and work stage. The author also suggests that a sufficiently long 

service life of at least 40-50 years should be selected. 
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Table 7: Environmental loadings examined in the life cycle assessment of road construction (reproduced from Mroueh et al. 

2000) 

 

Mroueh recommends that an effective assessment for the comparison of road constructions should 

include the land use, consumption of natural raw materials and the migration of pollutants into the 

soil. Moreover, the procedure should be simple, clear, and as widely applicable as possible 

Mroueh et al, carry out an interesting investigation to assess and compare the environmental loadings. 

They built up a questionnaire and asked respondents to rate the environmental loadings on a 

comparative basis. The outcome of this questionnaire is the possibility to prioritize the environmental 

impacts; the most significant factors are the use of natural raw materials, emissions of heavy metals 

into the soil and the consumption of fuel and energy, whereas the least important are inert waste, 

noise and the use of water. 

Results show that the transport and production of materials used in road constructions produce the 

most significant environmental burdens and that the production of bitumen and cement, crushing of 

materials and transport of materials are the most energy consuming single life-cycle stages of the 

construction. Results also reveal that a large part of the emissions to atmosphere results from the 

energy production. In the expert assessment, consumption of natural materials and leaching behaviour 

of recycled materials were also regarded being of great significance. 
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3.2.4 HUANG Y., BIRD R., HEIDRICH O. (2008) “DEVELOPMENT OF A LIFE CYCLE ASSESSMENT TOOL FOR 

CONSTRUCTION AND MAINTENANCE OF ASPHALT PAVEMENTS” JOURNAL OF CLEANER PRODUCTION 

17 (2009): 283-296² 

The aim of this paper is to compare asphalt pavements in the UK by using the tool of LCA. The stages 

that are considered are the construction and the maintenance. The authors also describe the model 

they built up and give some recommendations about the procedure to build a LCA model. Finally, 

Huang et al applied their model to a case study; an asphalt paving project at London Heathrow, in 

which 5 alternatives were compared, regarding their energy use and emissions (CO, NOx, HC, CO2 and 

PM). However, many processes were scoped out of the LCA study simply because the required 

emissions were not documented. Huang et al. finally explain that the production of hot mix asphalt and 

bitumen was found to represent the most energy intensive process. 

As we can see on Figure 13, Huang et al. represented the environmental impacts according to their 

priority and impact area. This figure is particularly relevant to figure out which impacts are likely to 

need site-dependent factors. For instance, impact categories that are local will need specific data from 

the site; therefore, it is important to know what kind of data will be collected and used in order to 

select relevant impact categories. 

 

Figure 13: Grouping and weighting of environmental categories (reproduced from Huang et al. 2008) 

 

To conclude, Huang et al gives some recommendations about how to build up a LCA model for the UK 

road construction. They also describe the current situation in terms of LCAs’ methodology and state 

that some improvements should be made to increase the thoroughness of LCA’s practice. In the 

authors’ opinion, the main challenges for applaying LCA to pavement construction are: considering the 

impact of maintenance on the traffic, predicting the life expectancy and the way of disposal, including 

emissions from non-energy processes. Finally, the authors explain that, within the road sector, LCAs 

should be used to compare different structures, asphalt composition, recycled materials or different 

techniques. 
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3.2.5 BIRGISDÓTTIR H. (2005), “LIFE CYCLE ASSESSMENT FOR ROAD CONSTRUCTION AND USE OF 

RESIDUES FROM WASTE INCINERATION” TECHNICAL UNIVERSITY OF DENMARK 

The purpose of this paper is to develop a life cycle assessment model called ROAD-RES to improve the 

conditions for decision-making within the road sector. This model will be used to compare two 

different disposal methods and to evaluate the environmental impacts of two different roads (with 

conventional materials and with residues). Birgisdóttir introduces new characterization method (e.g. 

for groundwater depletion) and a new impact category: stored ecotoxicity in water and soil (presence 

of heavy metals). A great importance is given to leaching, and to disposal of residues. This report does 

not consider road traffic; however, construction, operation, maintenance and demolition are taken 

into account. 

Birgisdóttir explains that the model is useful to make comparisons of different options for road 

constructions and disposal of residues. Results of the case study showed that there was no significant 

difference, in terms of environmental impacts, between the road built with conventional materials, 

and the one built with bottom ash. The author explains that the production of materials and the 

construction stage account for approximately half of all environmental impacts while operation and 

maintenance  accounts for the other half (with a life-cycle period of 100 years). The author also adds 

that the asphalt, which represents 25% of the material used, is one of the most significant factors in 

terms of environmental impacts. Results showed that road salting, and consequently the leaching of 

salt, was a significant source of pollution for the groundwater resources. Moreover, this scenario 

showed that leaching from bottom ash was insignificant compared to leaching of salt. 

 

3.2.6 CHOWDHURY R., APUL D., FRY T., (2009) “A LIFE CYCLE BASED ENVIRONMENTAL IMPACTS 

ASSESSMENT OF CONSTRUCTION MATERIALS USED IN ROAD CONSTRUCTION” RESOURCES, 

CONSERVATION AND RECYCLING 54 (2010): 250-255 

Chowdury et al carry out a LCA in order to compare construction materials that are used in the 

construction of roads; the elements compared are natural aggregate, fly ash, bottom ash, and recycled 

concrete pavement (RCP). They are being compared in terms of cost, generation of environmental 

pollutants, and energy consumption. In parallel a web-based tool, which consists of a process-based 

LCA approach, was developed. 

This LCA takes into account the production, transportation of the material, and their associated 

electricity and oil consumption. Phases that were similar in terms of emissions and costs for each 

material were not considered; e.g. excavation, compaction, and maintenance.  Moreover, operation 

phase and production of vehicles are not taken into account 

The impact categories considered are: energy consumption, acidification potential, GWP, Human 

toxicity potential, aquatic ecotoxicity potential, aquatic sediment ecotoxicity potential, and terrestrial 

ecotoxicity. 

The authors decided to normalize the impact values; in order to do so, impact values are divided by the 

corresponding impact value obtained for natural aggregates. As we can see on Figure 14, RCP accounts 

for the most significant environmental impacts: 
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Figure 14: Normalized values of energy consumption, GWP, and acidification potential for coal fly ash (FA), coal bottom ash 

(BA), and RCP. (values over the line are for natural aggregate and approximated to their nearest hundred) (reproduced 

from Chowdhury et al. 2009) 

Chowdury et al explain that none of the four materials performed superiorly in all categories. However, 

the authors concluded by saying that fly ash and bottom ash were found attractive in cost, GWP and 

acidification potential categories. Moreover, RCP has more significant environmental impacts (GWP, 

acidification potential) than natural aggregates. It is important to notice that statistics from the US 

electricity generation mix are used to perform this LCA. Results also show that transportation distances 

have a great influence on the conclusions. Chowdury et al point out the limitations of this study, and 

explain that interpretation of results should take into account the context of that particular study.  

 

3.2.7 DE LARRARD F. (2009) “QUESTIONS RAISED BY THE LIFE CYCLE ANALYSIS FOR ROAD 

INFRASTRUCTURE” LABORATOIRE CENTRAL DES PONTS ET CHAUSSÉES, NANTES 

The aim of this paper is to address four questions raised by the author; these questions relate to the 

analytical timeframe, ecological footprint of industrial co-products (e.g. fly ash), the energy signature 

of materials, and the method employed to incorporate recycling. In the author’s opinion, if the 

principles proposed in this paper are followed, it would increase thoroughness, objectivity, and fairness 

of LCA studies.  

As De Larrad explains, the end-of-life concept is not easily applied to roads; indeed, areas devoted to 

road pavements almost never revert to another function. The solution might lie in considering the life 

expectancy of the road, in order words, the explicit time period that the road has been designed for 

(i.e. 20-30 years in France). De Larrad points out the fact that renovation techniques are likely to 

change over a period of 30 years due to innovation thus making it difficult for the LCA practitioner to 

accurately predict the maintenance process. 

Then the author explains that the energy related to material can be broken down into two categories: 

the “process” energy, and the “material” energy. The second one relates to the energy potentially 

recovered by burning the given substance. De Larrad explains that the material energy of bitumen 

should be considered in road LCAs; indeed, using bitumen, which has a substantial material energy and 

is an acceptable fuel substitute, eliminates its potential as an energy resource. Table 8 illustrates the 
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two types of energy related to both bitumen and wood. The material energy for the bitumen is 

significant and is 30 times higher than the process one. 

 

Table 8: Energy values of selected organic materials, by means of distinguishing process energy from material energy 

sources (reproduced from De Larrard 2009) 

 

Finally, regarding recycled materials, De Larrad states that when such materials are reintroduced in a 

new pavement road, the LCA practitioner should only consider the impacts related to the treatment 

and transport of the recycled materials, while leaving out the ones related to the original components 

since it should have already been considered during the previous life cycle. 

 

3.2.8 CENTRUM DOPRAVNIHO VYZKUMU (2009) ”WP6 – LIFE CYCLES EVALUATIONS” ENERGY 

CONSERVATION IN ROAD PAVEMENT DESIGN. 

This paper aims at comparing the environmental impacts of the construction phase and maintenance 

phases of four different road structures and to identify which processes are the least environmentally 

friendly. In parallel is also developed a computer model. The author only focuses on the road surfacing 

process, and on the maintenance of the road surface, and chose a study period of 25 years.  The only 

impact category that is taken into account is global warming. Detailed descriptions of processes and 

their related LCI data can be found; e.g. natural gas production and delivery, fuel production and 

delivery, production of several road components or road transport. The author also describes precisely 

the technology and machinery used during the road construction. However, some references about 

energy use might be outdated (i.e. 1996 for asphalt plants). This paper is useful to understand all the 

phases of a road construction and identify the different resources and material that are needed. What 

is particularly interesting as well is that the author compared the results between six European 

countries. Results show that during the construction phase, the most energy intensive process is the 

production of asphalt mixture and its components (about 92-93% of total energy), whereas the least 

one is the laying of asphalt mixtures (1-2%). Regarding the maintenance phase, two different recycling 

scenarios are compared and results show that the hot-in-place recycling method is generally less 

energy intensive and produces fewer emissions. Results show that the single carriage way, which traffic 

intensity and width are the lowest among the four different types of road, is the most environmentally-

friendly structure. The production of asphalt mixture consumes between 3132 and 9385 GJ/km 

depending on the road structure, and for a time period of 25 years. 
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3.2.9 RAJAGOPALAN N. (2007) “ENVIRONMENTAL LIFE-CYCLE ASSESSMENT OF HIGHWAY 

CONSTRUCTION PROJECTS” TEXAS A&M UNIVERSITY 

The author carries out a LCA of a four-lane road in Texas and compares two different methods; a 

process-based approach and an economic input-output LCA (called EIOLCA). Only air emissions (i.e. 

CO2, SO2, CO, PM and NOx) are taken into account. The manufacturing of materials, transportation of 

raw and construction materials, usage of machinery are included in the construction phase, whereas 

maintenance and operation phases are beyond the scope of this study. Results show that materials 

represent the most significant part of the CO2 emissions, followed by the train transportation. Trucks 

and machinery only account for 1% of total emissions. The author also states that the EIOLCA gives an 

aggregate view of the results and provides less accurate results than the process-base approach. From 

the author’s point of view, results from the EIOLCA are not satisfying and relevant enough. 
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3.3 BRIDGES 

3.3.1 RESEAU SCIENTIFIQUE ET TECHNIQUE DU MEEDDM, SNCTP, ET AL, (2010) “ANALYSE DU CYCLE 

DE VIE D’UN PONT EN BETON - EXEMPLE D’APPLICATION POUR UN PONT COURANT”, CIMBETON 

T87 [IN FRENCH] 

This study has been carried out in accordance to the recommendations of the French norms and ISO 

Standards. The objective of this paper is to perform a LCA of a typical French bridge and to write down 

a technical guide for LCA. The bridge is 51,53m long, consists of two abutments and one intermediate 

support, and cost roughly 860.000 euros (see Figure 15). 

 

Figure 15: Transversal section of the bridge (reproduced from Réseau Scientifique et Technique du MEEDDM et al. 2010) 

This LCA study considers a study period of 100 years, and the functional unit is defined as the numbers 

of cars per year. Data have been collected from international Internet-based databases, French public 

databases (INIES), and from the project stakeholders. The data (all the different types of concrete and 

equipment’s items are listed), flowcharts, and description of stakeholders (Each step of the 

construction is identified, as well as the related contractors and suppliers) are very precise and well 

detailed; it is obvious that the LCA was carried out after the bridge was built. This study is a great 

example of a thorough LCA with detailed data, clear flowcharts, and a transparent framework. 

The LCA takes into account 5 main phases: i.e. fabrication of material, equipment and machinery, 

transportation of material, equipment and machineries, construction of the structure, maintenance of 

the bridge and its demolition. The study considers ten different impact categories; energy use , 

depletion of resources, water consumption, global warming, acidification of the atmosphere, air 

pollution, water pollution, stratospheric ozone depletion, solid waste and photochemical ozone 

formation. 

The results for each phase of the structure’s life of the study are as followed: 

- Fabrication of materials, equipment and machineries, is the most significant phase for every 

impact categories, except water pollution and photochemical ozone formation. Its 

contribution to 6 impacts is evaluated between 31 and 59%. 

- The transportation of materials, equipment and machineries accounts for less than 6% for 8 

impacts, and 10% for acidification of the atmosphere 

- The construction phase accounts for less than 14% for 7 impacts, and 20% for energy use and 

water pollution 
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- The operation and maintenance phases represent around one third of the energy use, water 

pollution and depletion of resources, more than half of photochemical ozone formation, and 

less than 19% for the other impacts 

- The demolition phase accounts for less than 6% for each impact. 

- Fabrication, operation and maintenance phases represent between 92 and 100% of water 

consumption, solid waste, air pollution and photochemical ozone formation.  

The authors also described the results for each impact; indeed, the contribution of each phase to a 

specific impact category is shown and detailed. Figure 16 shows the results for the energy use 

category: 

 

Figure 16: Energy use of the bridge divided into 5 parts: production of materials, transportation, construction stage, 

operation and maintenance, and demolition (Units are in 10
3
 MJ) (reproduced from Réseau Scientifique et Technique du 

MEEDDM et al. 2010) 

 

3.3.2 KEOLEIAN ET AL, (2005), LIFE CYCLE MODELING OF CONCRETE BRIDGE DESIGN, JOURNAL OF 

INFRASTRUCTURE SYSTEM 

This paper aims at comparing two different bridge deck systems in terms of LCA: the first system is 

using conventional joints, and the other is based on a link slab design using a concrete alternative, 

engineered cementitious composites (ECC), which is a promising new class of materials (See Figure 17). 

The aim of this study is to confirm that the ECC link slab design extends the bridge deck service life and 

reduce maintenance activities. 

To carry out this LCA, a study period of 60 

years has been considered and the bridge 

deck service life was assumed to be 30 

years for the conventional system, and 60 

years for the ECC system. This assumption 

is really important as results and 

consequently conclusions depend on it. 

The phases that are considered are: 

production and distribution of materials, 

construction and maintenance processes, 

construction-related traffic congestion, and 

end-of-life management, where most material is landfilled and 20% of steel recycled. However, none 

of the concrete materials are reused. Aspects that are common to both systems are excluded. 

(1): production of materials 

(2): transportation 

(3): construction 

(4): Operation and maintenance 

(5): demolition 

Figure 17: Bridge deck with engineered cementitious composite link 

slab and conventional mechanical steel expansion joint (reproduced 

from Keoleian et al. 2005) 
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This study takes into account the energy consumption, the material resource consumption, emissions 

to air and water, and solid waste generation 

Results show significant advantages of the ECC system:  

- The reduction of resource use ranges from 38 to 48% in favour of ECC 

- Considering a period of 60 years, the conventional system requires more energy than the ECC 

system. The ECC has a higher energy intensity, but its physical properties allow the structure 

to extend its service life and  consequently, on the long run, less material is used. 

- For both systems, traffic-related energy consumption is the most significant factor for the 

total energy consumption, and for total GHG production (CO2 equivalent). 

- The ECC system generates half less solid waste than the conventional one. In both systems, 

bridge materials represent around 90% of the total solid waste generation. 

Keoleian et al explain that the method outlined in this paper presents a comprehensive tool for 

material selection and bridge design. Its use would be relevant for decision-makers to explore different 

scenarios, understand the potential impacts of each alternative and choose the best one. Furthermore, 

this study demonstrates that construction processes account for a significant part of environmental 

impacts and that maintenance frequencies are significant factors in the determination of 

environmental loadings. However, conclusions of this report are based on the assumption that ECC 

system doubles the life expectancy of the bridge deck, compared to the conventional system. 

 

3.3.3 ARUP, EARTH TECH, (2007), “ALTERNATIVES ANALYSIS FOR HUDSON RIVER HIGHWAY 

CROSSING” 

This paper describes two different alternatives to cross the Hudson river in the state of New York; an 

upgrading (adding a fourth lane in each direction) of the current bridge or the construction of a new 

tunnel. This study aims at analyzing various technical, environmental, and economic aspects of these 

two alternatives in order to determine the type of river crossing that should be considered. 

Among the aspects studied in this study that would be of particular interest for this master thesis are: 

comparison of construction impacts and comparison of environmental impacts (e.g. ecology, spoils 

management, noise and air quality, land use). This paper is useful in the sense than it will provide 

global facts and key differences between a bridge and a tunnel, which will be relevant for the LCA of 

this master thesis. However, it is important to point out the fact that this study is specific to its 

location. As a consequence, results and conclusions from this study should be handled carefully.  

3.3.3.1 CONSTRUCTION IMPACTS 

The construction impacts section of this paper aims at comparing the type, scale and duration of 

construction activities of both alternatives.  The main conclusions drawn were that the bridge would be 

constructed in a shorter period than the tunnel (5-6 years against 7-8 years). The construction 

methodologies and activities will result in the same typical impacts: noise, air quality impacts, traffic, 

and general disturbance. These conclusions depend on the type of technology used, and on the local 

legislation. 
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3.3.3.2 LAND USE 

The bridge option requires less land acquisition than the tunnel one. Moreover, the tunnel 

construction will result in more concentrated construction sites on both shores. These sites are located 

next to residential communities; thus, the construction activities are likely to affect surrounding’s 

people life during the extended period of construction. However, disturbance of surrounding’s people 

is usually not taken into account in a LCA study.  

3.3.3.3 ECOLOGY 

Ecology impacts are assessed in terms of surface of wetland and river habitat used. The tunnel option 

will affect permanently 40 acres of wetland and river habitat, whereas the bridge option 5. During the 

construction phase, the tunnel option will affect temporarily 15 acres of wetland and river habitat, 

whereas the bridge option 4. To sum up, the tunnel option results in larger affected surfaces than the 

bridge option. 

3.3.3.4 AIR QUALITY 

It is said that evaluated air emissions for both options should not contravene federal and state ambient 

air quality standards. However, the tunnel option will result in greater emissions of pollutants, 

especially due to the excavation phase which includes many boat and truck trips.  

3.3.3.5 SPOIL MANAGEMENT 

The tunnel option results in 30 times more material to handle than the bridge option. However, it 

should be kept in mind that the bridge option only consists in upgrading the actual bridge. 

 

3.3.4 ITOH Y., TSUBOUCHI S., WADA M. (2005) “LIFECYCLE ANALYSIS OF BRIDGES CONSIDERING 

LONGEVITY OF BRIDGE AND SEVERE EARTHQUAKES” 

The objective of this study is to compare conventional bridges and rationalized bridges, which are 

supposed to reduce the construction cost by 15%. Three different types of bridges are considered 

resulting in three different comparisons. Bridges that are compared have the same width (10,5 m) and 

the same span allotment.  The aspects that are compared are: the life cycle cost (LCC) and the life cycle 

CO2 emissions (LCC02). The construction and maintenance phases are taken into account and a 100 

years life period is considered (service life recommended by Japan Authorities). Furthermore, one 

particularity of this LCA study is that probabilities of damages due to earthquakes were considered.  

Results show that LCC and LCC02 of newly developed bridges are less important than the conventional 

bridges; they were respectively reduced by 35% and 30%. The maintenance stage accounts for the 

most significant factor in this reduction. Moreover, Itoh et al explain that, according to the results, the 

LCCO2 of the conventional bridge depends on the span length, but no significant effect of the span 

length on LCC and LCCO2 of the newly developed bridges was observed. 
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3.3.5 ITOH Y., MEMBER, ASCE, KITAGAWA T. (2001) “BRIDGE ANALYSIS AND DURABILITY 

EVALUATION USING ACCELERATED EXPOSURE TEST” 

Itoh et al perform a LCA study in order to compare, in terms of life cycle cost and environmental 

impact, a conventional bridge and a minimized girder bridge, which have been constructed in the 

second Tokyo-Nagoya-Osaka highway. First of all, Itoh et al list three different types of bridges; pre-

stressed concrete (PC) Simple Pre-Tensioned T-Girder Bridge, PC Simple Box Girder Bridge and Steel 

Simple Composite Box Girder Bridge. The objective is to compare them in terms of LCA while focusing 

on the superstructure and substructure. Results show that the steel bridge has the highest 

environmental impact, mainly due to the fact a greater amount of steel is needed for the construction 

of the steel bridge. The use of construction materials accounts for the main factor of environmental 

impact.  

This study considers a lifetime period of 100 years, and only considers the energy consumption and the 

CO2 emissions. The construction, maintenance and replacement phases are taken into account. It is 

interesting to see that different lifetimes for each components of the bridge can be considered (see 

Table 9). Results show the influence of the service life periods; according to the chosen period, 

differences can be increased, possibly resulting in different conclusions. This underlines the importance 

of assumptions that are made during an LCA study. 

Table 9: Replacement Cycles of Bridge Components (reproduced from Itoh et al. 2001) 

 

Results show that the main girder, deck and pavement significantly contribute to the CO2 emissions 

during the construction stage for both types of bridges . Moreover, as described by Itoh et al, in the 

case of the minimized girder bridge, most components have lower CO2 emissions than in the case of 

the conventional bridge. However, CO2 emissions from the deck of the minimized girder bridge are 

greater; this is attributable to the fact that this type of bridge requires greater amount of concrete, 

forms, reinforcement, and PC steel.  

For the conventional bridge, the deck is the component that accounts for the greatest CO2 

emissions, whereas for the minimized girder, it is the pavement.  
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3.3.6 GERVASIO H., DA SILVA L.S. (2008) “COMPARATIVE LIFE-CYCLE ANALYSIS OF STEEL-CONCRETE 

COMPOSITE BRIDGES” STRUCTURE AND INFRASTRUCTURE ENGINEERING, VOL. 4, NO. 4: 251 – 

269 

The aim of this paper is to compare a steel concrete composite bridge with a concrete bridge. The 

environmental aspects that are considered are global warming, acidification, eutrophication, criteria 

air pollutants, smog formation and water intake. Other categories were not evaluated because of lack 

of data, or because they were considered irrelevant. 

Results show that the composite solution, made of steel and concrete, has clearly a better 

environmental performance than the concrete one. However, the composite option has a higher life 

cycle cost (25% more expensive). The most important environmental category is smog formation, 

accounting for about 50 % of the total impacts. For the categories global warming, water intake and 

eutrophication, the concrete bridge has less significant impacts. Gervasio et al (2008) notice that a 

service life of 50 years was chosen, which favours the concrete solution, and that conclusions depend 

on subjective choices such as choices of methodologies and weights. 

 

3.3.7 J. MARTIN (2004) “CONCRETE BRIDGES IN SUSTAINABLE DEVELOPMENT” ENGINEERING 

SUSTAINABILITY 157: 219-230 

Martin explains the features of bridges with regard to sustainable issues. Many various types of 

concretes can be used in bridge works, from the decks, foundations, beams, to the girders. Concrete 

can be used alone, can be pre-stressed, or reinforced. Steel is used in nearly all modern concrete 

bridges as reinforcement or prestressing tendons. Steel production is more energy intensive and 

generates more CO2 emissions than the concrete (martin 2004, Hammervold et al 2009). But on the 

other hand, bridge constructions requires greater amount of concrete than of steel. 

A case study is carried out in Australia in order to the sustainability performance of equivalent steel–

concrete composite and concrete bridge deck designs by considering the energy use and greenhouse 

gas emissions associated with the materials proposed for their construction. The main finding is that 

the steel-concrete bridge deck, which needs a greater amount of steel (1,5 time more steel in terms of 

mass) is more energy intensive the pre-stressed concrete bridge deck.  

 

3.3.8 HORVATH A. HENDRICKSON C. (1998) “STEEL VERSUS STEEL-REINFORCED CONCRETE BRIDGES: 

ENVIRONMENTAL ASSESSMENT” JOURNAL OF INFRASTRUCTURE SYSTEMS 111 

The aim of this paper is to compare a steel plate girder bridge and a post-tensioned concrete girder 

bridge in terms of LCA. The study takes into account the production of material, the construction 

phase, and the maintenance that consists in repainting the steel structure. The environmental impacts 

that are considered are resources consumption and selected emissions (TRI chemical emissions, 

hazardous waste, SO2, NOx, methane and VOC). 

Results of this study show that the steel-reinforced concrete bridge design results in lower 

environmental impacts than the steel bridge. The maintenance phase has a strong influence on the 

results especially the fact that the bridge has to be repainted once every 8 years. However, the 

advantage of the steel bridge is that steel girders can be reused or recycled. Regarding girders 
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manufacturing, results show that emissions from girders made of steel are higher than the ones made 

of concrete. Horvath assume that results would have been different if more impacts were considered, 

and claim that the results might vary from one design to another as every bridge is unique in its design 

and material content. 

 

3.3.9 KRISTIAN STEELE, GRAHAM COLE, GERARD PARKE, BRIAN CLARKE, AND JOHN HARDING (2003) 

“HIGHWAY BRIDGES AND ENVIRONMENT— SUSTAINABLE PERSPECTIVES” ICE, CIVIL ENGINEERING 

156: 176–182 

Steele et al compile and review thirty case study bridges encompassing the material categories of brick, 

reinforced concrete and metal, in order to acknowledge the main features of bridge constructions and 

maintenance processes. 

Steele et al state that between steel and concrete, which are the most widespread structural materials 

in the building sector, none of these two material is inherently better from an environmental point of 

view. Indeed, factors such as location, design, economics, will determine which of the two materials is 

the main one, or the most significant one in terms of environmental impacts (Hammervold et al 2009, 

Steele et al 2003). 

The manufacture of steel and concrete is the biggest contributor to environmental impact over a 

structure’s life cycle (Steele et al 2003, Gervasio et al 2008), whereas items such as joints, bearings, and 

parapets, have insignificant impacts. However, environmental impacts due to the production of steel 

can show significant variation; indeed, there are various manufacturing processes and recycled 

content. 
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3.4 TUNNELS  

3.4.1 VAN GELDERMALSEN, L. A. (2004).  ”ENVIRONMENTAL ASPECTS IN TUNNEL DESIGN”. SAFE & 

RELIABLE TUNNELS, INNOVATIVE EUROPEAN ACHIEVEMENTS: 199-210 

Although this literature does not deal with LCA, it will be useful in the sense that it analyzes and 

prioritizes the environmental impacts that are attributable to the construction of a tunnel. The 

following phases are considered: feasibility study, conceptual design, outline design, detailed design, 

realization and exploitation. Regarding LCA, it is crucial to identify, early in the LCA process, the main 

environmental impacts in order to know which data will be needed and which methodology will be 

used. As Van Geldermalsen explains, the environmental impacts related to the construction of a tunnel 

“are caused either by chemical or physical impacts”, and that the significance of the impacts depends 

on the site itself. Van Geldermalsen also lists each environmental issues (Emissions, environmental 

quality, materials, energy, living conditions, cultural quality and habitat), their environmental effects, 

and the parameters used to quantify these burdens.  

Finally, the author prioritizes the environmental impacts in each phase of the design, thanks to an 

extensive study that was performed with project managers, construction engineers, and designers. 

However, this survey considers the environmental burdens from all phases, even the operation phase 

with the traffic. As a consequence, some categories such as “Air pollution (traffic during exploitation)” 

are not particularly relevant for the purpose of this LCA. However, the most important aspects during 

the construction phase are:  

- Environmental quality: Groundwater level during realization 

- Environmental quality: Soil stability during realisation  

- Living conditions: Noise, vibrations and dust 

- Emissions: Waste water 

- Emissions: Pollution of ground and groundwater 

- Environmental quality: Quality of soil and groundwater 

- Emissions: Pollution of excavated material 

Some of these categories can hardly be assessed or a not relevant in a LCA study (e.g. noise, vibration, 

soil stability). However, pollution of excavated material, of the soil and of groundwater are particularly 

relevant and focus should be put on these aspects during the LCA of the tunnel. 
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3.4.2 D'ALOIA SCHWARTZENTRUBER L., RIVAL F., KOTE H. (NO YEAR SPECIFIED), “LCA FOR 

EVALUATING UNDERGROUND INFRASTRUCTURES LIKE TUNNELS - POTENTIAL ENVIRONMENTAL 

IMPACTS OF MATERIALS” 

Literature related to LCAs of tunnel is very limited. However, Aloia et al from the CETU1 in France, 

carried out a LCA of different profiles of tunnels. According to Aloia et al, the potential impacts of a 

tunnel on the environment are determined by the tunnel design and technical choices which both 

depend on site conditions, economical aspects and methodology of construction. Because of all the 

constraints related to tunnels, the possibilities to mitigate the environmental impacts are limited. A 

good knowledge of the technical aspects and building techniques is required to perform a thorough 

LCA of a tunnel. 

As we can see on Figure 18, the authors describe the interactions that occur during a tunnel’s lifetime: 

 

Figure 18: Schematic representation of LCA applied to tunnel (reproduced from D’Aloia Schwartzentruber et al.) 

This study considers a time period of 100 years and takes into account the construction, maintenance 

and operation phases while not considering the traffic and end-of-life. The scope of this LCA consists in 

comparing an array of French tunnels: three different profiles of tunnels are studied, depending on 

their carriageway’s width that ranges from 8,5 to 11,5m (which represent 2 to 3 lanes roads). These 

three profiles are described below (see Table 10): 

Table 10: brief description of the standard profiles (values for a 2-lane tube) (reproduced from D’Aloia Schwartzentruber et 

al.) 

 

The tool TEAM Software and its complementary database DEAM were selected to carry out the LCA 

                                                           
1 CETU: Tunnel Study Centre 
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The authors explain that the easiest way to perform a LCA of a drill & blast tunnelling is to consider it 

as a set of successive operations which consists of: excavation, support, watertightness, drainage, 

sanitation, roadbed and lining.  

The results show that there is a high dispersion of energy use within the different tunnels profiles that 

were studied: the results range from 200 to 600 kWh / m / tube / year. Moreover, as we can see on 

Figure 19, the structural component that account for the most significant impacts are lining and 

roadbed.  

 

Figure 19: Relative contribution of civil engineering steps to indicators (2-lane tube – P1) (reproduced from D’Aloia 

Schwartzentruber et al.) 

Depending on the tunnel’s profile, the structural components that are the most energy intensive are 

different: for P1, lining and roadbed are the most significant factors, whereas for P6 and P11, support 

is the most significant one. Thus, it is important to point out that results and consequently conclusions 

depend on the type of tunnel and also on the electricity generation mix of the concerned country 

(France in this case) 

The authors underline the importance of reliable and precise data for steel and concrete; as a 

consequence, extra-focus will be put on the quality of these data for the LCA of the tunnel. They also 

point out that the modelling is incomplete at this stage and that consequently results should be 

handled carefully.  



 

46 

 

  

  



 

47 

 

4. RECOMMENDATIONS FOR THE 

LCA OF BRIDGES AND TUNNELS 

4.1 CHARACTERISTICS OF LCAS OF BRIDGES AND TRANSPORT INFRASTRUCTURES 

 

4.1.1 LCA WITHIN THE BUILDING SECTOR 

In civil engineering, LCAs are used to evaluate the environmental burden of a building, or a 

structure, throughout its lifetime. LCA of buildings is less advanced than in other industries; however, it 

is widely used since 1990 for assessing environmental impacts attributable to the construction and 

operation of buildings and for achieving sustainable building practices (Kashreen et al 2009). It 

represents a useful tool for helping decision-making within the design stage. 

LCAs applied to the building sector have several specific features. First of all, each building is unique 

and there is little standardization within the building sector which results in a lack of data inventory for 

LCA studies. Moreover, each building is specific to its location that has a strong influence on the 

construction processes, the technical choices, and the building’s design. Second, service lives of 

buildings are usually very long (e.g. 50 years) which emphasize the maintenance scenarios and results 

in difficulties to predict the whole life cycle (Kashreen et al 2009). Third, the major environmental 

impacts related to the building occur during the usage/operation phase (Borg 2001, Kashreen et al 

2009). Fourth, the building materials that are used have different lifetimes and functions and some of 

them can be recycled; consequently, this has implications on service life and maintenance scenarios. 

Finally, the building industry includes many different stakeholders, and many different sectors (e.g. 

energy, steel production, transport). 

The construction of any project can be broken down into a series of work items such as excavation, 

foundations, masonry. And these items can be broken down in a series of unit processes that are 

interconnected. It is important to consider all the machinery and equipment that are used during the 

various construction stages and that consume electricity and/or diesel such as excavator or mechanical 

digger (Li et al 2010). 

The following types of data are recommended to be collected (Li et al 2010): 

- Project data, such as the project location, material quantities, methodology of construction 

- Equipment data, such as the electricity/diesel consumption of machinery and equipment 

- Ancillary material data, including the type and quantity of materials/products used in each unit 

process  

However, it is important to keep in mind that the environmental impacts related to construction 

processes are dependent on the construction techniques, the location and materials that are adopted.  
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4.1.2 STEEL AND CONCRETE: THE TWO MOST COMMONLY USED MATERIALS IN CIVIL ENGINEERING 

The most frequently used materials in civil engineering are steel and concrete. Both of them 

are broad materials’ categories and are composed of many different sub-types of materials (e.g. the 

different types of concrete’s compositions)  

Flower et al (2007) carried out a study to analyze the environmental impacts related to concrete 

production. The objective was to evaluate the CO2 emissions associated with the placement and 

manufacture of concrete. Regarding concrete production, Portland cement was found to be the 

primary source of CO2 emissions followed by coarse aggregates. The most significant factor in coarse 

aggregates production is electricity (around 80%) whereas excavation, blasting and transport are less 

significant (around 25%). Results show that fine aggregates generate less emissions since they are not 

crushed. Moreover, concrete batching and transport represent a small percentage of the overall 

emissions and production of admixtures was found to be negligible. 

The manufacture of steel and concrete is the biggest contributor to environmental impact over a 

structure’s life cycle (Steele et al. 2003, Gervasio et al. 2008), whereas items such as joints, bearings, 

and parapets, have insignificant impacts. Steel production is more energy intensive and generates 

more CO2 emissions than the concrete (Martin 2004, Hammervold et al. 2009). However, 

environmental impacts due to the production of steel can show significant variation; indeed, there are 

various manufacturing processes and recycled content. And on the other hand, bridge constructions 

requires greater amount of concrete than of steel. 

However, between steel and concrete, which are the most widespread structural materials in the 

building sector, none of these two materials is inherently better from an environmental point of view 

(Steele et al. 2003). Studies show that composite structures are better than concrete structures 

(Gervasio et al 2008) but also better than steel structures (Hendrickson 1998); this clearly implies that 

none of these materials is more environmentally friendly that the other. Indeed, factors such as 

location, design, economics, will determine which of the two materials is the main one, or the most 

significant one in terms of environmental impacts. (Hammervold et al. 2009, Steele et al. 2003).  

 

4.2 MAIN FINDINGS AND KEY FIGURES FROM THE LITERATURE REVIEW 

The objective of this section is to sum up the main findings of the literature review and to 

analyze the key aspects of a LCA of a transport structure; i.e. the main impact categories, the indicators 

used in each category, the phases that account for the most significant environmental impacts, the 

time period of the study. 

First of all, it is important to point out that the case studies that have been reviewed in the literature 

review are site specific and the related findings and results depend on geographical conditions, and 

also on assumptions and system boundaries made by the LCA practitioner. For instance, the electricity 

generation mix of the country where the project takes place has a significant impact on results. Thus, 

results and findings need to be carefully handled and usually cannot be generalized. 

If we consider the road structures in general, the indirect energy use (i.e. the infrastructure, the fuel 

production, and the manufacturing of car) of such a structure represents 45,5% of all the energy use, 

and the energy use related to the infrastructure itself account for 22,1% of all the energy used (Jonsson 
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2007). Thus, the construction, maintenance and operation phases of a road cannot be neglected when 

assessing the environmental impacts of such a structure.  

Regarding the construction of roads, the production of bitumen, cement, asphalt, and the transport of 

material are the most energy intensive processes (Huang et al. 2008, Mroueh et al. 2000). Each layer of 

the road pavement requires between 2.500 and 4.000 GJ/km, and the construction phase ranges from 

10.000, for small public roads, to 1.500.000  GJ/km, for elevated American roads, for a time period of 

40 years (Jonsson 2007). Other studies resulted in similar figures where a road was found to consume 

between 23.000 and 27.000 GJ/km/40 years depending on the road structure (Mroueh et al. 2000). 

Regarding tunnel structures, the energy use ranges from 28.800 to 86.400 GJ/km/tube/40 years (i.e. 

200 to 600 kWh/m/tube/year) (D'Aloia Schwartzentruber). It should be kept in mind that these studies 

take into account different system boundaries and that they make different assumptions. However, 

the following key figures will be useful for the purpose of this LCA, since they can be used as 

benchmarks. 

The construction phase accounts for a significant part of the environmental impacts (Jonsson 2007, 

Keoleian et al. 2005 ); i.e. transport, production of materials, and groundwork are significant factors. 

On the other hand, impacts such as noise, inert waste, water use, are of little interest. Regarding road 

construction, the production of asphalt mixture and its components is one of the most energy 

intensive processes (Centrum dopravniho vyzkumu 2009, Huang et al. 2008, Birgisdótti 2005). The 

operation and maintenance phases can also account for a significant part of other environmental 

burdens (Reseau scientifique et technique du MEEDDM 2010), and the results regarding these two 

phases strongly depend on the time period considered; indeed, the longer the time period, the greater 

the  impacts of these phases, and consequently the less significant the construction phase becomes 

(Stripple 2004).   

Various time periods are considered in the literature that have been reviewed; it appears that the 

choice depends on the type of structure considered (road, tunnel, bridge), and also varies from one 

country to another. It is very difficult to evaluate the service life of transport structures such as bridges, 

roads or tunnels, before the final studies have been carried out. Even though there are commonly used 

time periods, we cannot generalize them for any project. Indeed, determination of the service life 

depends on geographical conditions and on maintenance techniques. This trend can be observed in the 

literature that has been reviewed as various time horizons for the service life are considered: 40 years 

in Stripple (2001), 50 years in Mroueh et al. (2001) and 100 years in Birgisdóttir (2005). 

Considerations about service life can vary from one country to another. For instance, regarding roads, 

the Danish Road Directorate often uses a time frame of 20 years (Birgisdóttir 2005), in Finland the life 

time that is considered for asphalt roads is 20 years as well, and 15 to 20 years for soft bitumen roads 

(Saarenketo 2000), and for the Northern region of Sweden, the design life is normally 20 years for 

bound layers and 40 years for the rest of the structure (Saarenketo 2000). Generally speaking, If we 

refer to concrete design standards, there are also various time horizons that can be considered; 

determination of the time period will depend on the environment (more or less corrosive, or 

aggressive), on the required minimum concrete cover, and maximum crack width. Regarding bridge 

design, Norwegian and Danish Design rules assume a 100 years service life for the main structural 

members, whereas the Swedish Bridge Design Code considers service lives of 40,80 and 120 years 

depending on exposure classes and water/cement ratios (Markeset et al 2006). Regarding tunnels, the 

international consultancy firm COWI A/S (2004) claims that now tunnels are to be designed for service 

lives of 100, 120 or 200 years. Moreover, it is important to point out that there is not truly a end-of-life 
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for transport infrastructure as they are rarely completely destroyed, and consequently, the life 

expectancy of the road should be considered (De Larrard 2009).  

Case studies also show that results depend on structural choices and on other key factors. 

Transportation distances (Chowdury et al. 2009), maintenance frequencies (Keoleian et al. 2005) as 

well as the main material that are used have a great influence on the results, and therefore, on the 

conclusions. For instance, a steel bridge will consider different processes and require a greater amount 

of steel than a pre-stressed concrete bridge, which will result in greater environmental impacts (Itoh et 

al. 2001).  

 

4.3 CHOICE OF THE IMPACT ASSESSMENT METHOD 

4.3.1 IMPACT CATEGORIES 

A review of several LCAs related to the building sector has been carried out and it aims at 

compiling the main findings of 25 case studies from 2000 to 2007 (Ortiz et al. 2009). These case studies 

comprise dwellings, commercial constructions (e.g. office) and civil engineering construction (e.g. 

road). Results show that most LCA studies focus on energy consumption. 

A paper from Kashreen et al.  (2009) refers to the review study of Ortiz et al. (2009) and adds further 

information. One of the main findings was that, regarding impact categories, global warming is the one 

with the highest profile. Other categories that should be considered are ozone depletion, water 

consumption, toxicity, eutrophication of lakes and rivers, and resource depletion. The most commonly 

used impact categories within the building sector are identified by reviewing 25 case studies (Kashreen 

et al. 2009); indeed, these categories are global warming, acidification, eutrophication, and ozone 

depletion. As we can see on Table 11, the most commonly used indicators are also mentioned. 
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Table 11: Commonly used impact categories (reproduced from Kashreen et al. 2009) 

 

The three most frequent impact categories that were identified in the literature review1 are: energy 

use, global warming, and acidification. Categories that are less frequent but that appear on a regular 

basis are: waste generation, eutrophication, resources depletion, photochemical ozone formation, 

human and eco toxicity and stratospheric ozone depletion.  These results are in line with the most 

commonly used impacts categories that were identified in previous reviews (Kashreen et al. 2009). 

However, the analysis was not as straight forward as it may seem; each study uses different 

terminology, gives information that is more or less detailed, and considers whether midpoints or 

endpoint indicators, or both, thus making it difficult to sum up all the LCA studies. Consequently, this 

analysis should be seen as the author’s point of view. 

In sum, if we consider what have been said in this section, the required impact categories (Udo de Haes 

et al. 2005)2, and the baseline impacts (Guinée et al. 2001)3 the LCA study should take into account the 

following categories: 

- Climate change 

- Ozone depletion 

- Acidification 

- Eutrophication 

- Energy use 

- Resource depletion 

                                                           
1 The table that summarizes the frequencies of each categories can be found in the appendix  

2 See chapter 2.4.1.8 

3 See Appendix 
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- Photochemical ozone formation 

- Toxicity 

However, there is a lack of consensus on how to determine the impact categories related to toxicity; 

indeed, there are some fundamental differences in impact categories related to toxicity depending on 

which method is used (Dreyer et al. 2003). 

 

4.3.2 INDICATORS AND CHARACTERIZATION FACTORS 

It is important to acknowledge the environmental impacts attributable to the production of 

cement, since it is one of the main components of concrete.  A comparative study of different cement 

with regard to their environmental impacts has been conducted by Josa et al. (2007). Results show that 

global warming mainly results from emissions of CO2, CH4 and N2O. Regarding cement manufacturing, 

CO2 accounts for the largest contributor to the global warming (between 98 and 100%). On the other 

hand, gases such as methane (CH4) or nitrous oxide (N2O) have a less significant influence on this 

impact category. Acidification is mainly due to the emissions of SO2 and NOx, whereas HCl and NH3 

have negligible impact on the results. These results are in line with typical emissions of cement plants 

(Josa et al. 2007). With regard to eutrophication, the most significant factor is the emissions of NOx; 

other relevant emissions for this impact category are NH3, N-tot and COD, but results show that these 

substances have insignificant impact on eutrophication for the production of cement. Finally, regarding 

photochemical ozone formation, results show great variations and are dependent on the fuels and raw 

materials used during the cement’s manufacturing.  

In a paper from Widman (1998), a study was carried out to evaluate the main environmental impacts 

that result from the construction of steel and concrete composite road bridges. Results showed that 

combustion engines significantly contribute to airborne emissions such as CO2 and NOx vehicles 

carrying materials and products contribute to an important part of NOx and CO and the main sources of 

CO2 are production of cement and steel. Finally, one of the main findings is that CO2, CO, NOx and SO2 

contribute to more than 95% of weight out of the total airborne emissions.  

Stripple et al. (2010) carried out an LCA in order to perform a comprehensive view of a railway 

infrastructure composed of tunnels and bridges. As these two structures are evaluated separately, it is 

particularly interesting to analyze the differences in terms of results. First, regarding the global 

warming impact category and the construction phase of the tunnel, the substances that account for 

the most significant impact are C02, N20, CH4. With regards to the construction phase of the bridge, the 

main substance is CO2, whereas the emission of CH4 is almost negligible compared to CO2. Second, 

regarding the acidification impact category and the construction phase of the tunnel, the substances 

that contribute the most are NOx and SO2. The same conclusions can be drawn from the construction 

phase of the bridge. Third, regarding the eutrophication impact category and the construction phase of 

the tunnel, the substances that contribute the most are NOx and N for the construction work, and NOx, 

COD, N20, NH3 for the materials production. With regards to the construction phase of the bridge, the 

substances that contribute the most to eutrophication are NOx for the construction work, and NOx, 

COD, and P for the materials production. 
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It is also possible to evaluate, from the literature review, which indicators are the most frequently 

used. After reviewing 19 papers1, results show that the most frequent substances taken into account 

are: CO2 (present in 100% of the 19 papers), NOx (84%), CO (63%), PM (58%), SO2 (53%), and CH4 (42%).  

Furthermore, in an IPCC report, Houghton et al. (2005) states that the most relevant greenhouse 

emissions gases are carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), chlorofluorocarbons 

(CFCs), hydrochlorofluorocarbons (HCFCs), perfluorocarbons (PFCs). 

In sum, the indicators that should be considered are: 

- For the global warming impact: C02, N20 and CH4. (From Stripple et al. 2010) 

- For the acidification impact category: NOx and SO2 (From Stripple et al. 2010) 

- For the eutrophication impact category: NOx, N, COD, N20, NH3 and P (From Stripple et al. 2010) 

- For the ozone depletion impact category: CFCs, HCHCs, CH3Br (From Kashreen et al. 2009)  

- For the photochemical impact category: SO2, NOx, CO, CH4, and NMVOC (from Huang et al. 

2008) 

- For the energy use impact category: MJ/GJ 

- For the resource depletion impact category: quantity of minerals used (in tonnes) 

 

4.3.3 CHOICE OF THE METHOD 

4.3.3.1 COMPARISON OF METHODS 

Several methods are available for LCA studies and there is not always an obvious choice 

between them as (Finnveden et al. 2009). Some require licenses whereas others are made public. 

Considering the fact that I am a master student and the time allocated to this study, I will perform a 

simplified LCA and use public databases in order to build up my own excel sheet. However, many 

different databases are available and choices need to be made.  

Some papers have been written with regard to comparisons of different methods.  In a paper written 

by Dreyer et al. (2003), three different LCIA methods are compared: EDIP97, CML2001 and Eco-

Indicator 99. However, because of framework differences, CML2001 and Eco-Indicator99 cannot be 

compared. The main findings are that the indicator results for toxicity impact category can strongly 

vary from the CML2001 to the EDIP97 method (up to two orders of magnitude). Regarding the other 

categories, the results are similar. These differences are attributable to different exposure modeling. 

The normalization leads to closer, but still considerably different results. This paper reveals 

fundamental differences in impact categories related to toxicity and a lack of consensus regarding 

these impact categories.  In another paper from Bare et al. (2006), the differences between 8 LCIA 

approaches are described  by providing details (e.g. inclusion of weighting, availability of weighting, 

etc…) on each of them. These eight approaches were selected because they were considered as the 

most commonly used by the LCA practitioners. The author states that these methods usually focus on 

five impact categories: stratospheric ozone depletion, global warming acidification, eutrophication and 

smog formation(i.e. photochemical ozone formation). It is explained that the LCA practitioner should 

be well-informed about each methods’ history and perspective in order to select the most relevant 

method with regard to the goal and scope of the study. Four comprehensive tables allowing a 

                                                           
1 See Appendix 
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comparison of these 8 different impact assessment approaches are provided in order to allow LCA 

practitioners to understand the key differences between each of them. 

The European Commission (2010a) explains that frequent errors occur when performing LCIA, 

normalization and weighting. Indeed, the LCA practitioner should make sure that they actually fit 

together; i.e. they need to relate to exactly the same midpoint level or endpoint level categories. 

 

4.3.3.2 ANALYSIS FROM THE LITERATURE REVIEW 

The databases that will be reviewed for the purpose of this master thesis are: CML 2002, 

IMPACT 2002+, REciPe, EDIP 97, and EDIP 2003. The first step consisted in summing up the literature 

that have been reviewed in order to identify the main impact categories that were considered for LCAs 

of tunnels, bridges, roads, and transport infrastructures. As we have seen in the previous section, the 

three most frequent impact categories that were identified in the literature review1 are: energy use, 

global warming, and acidification. Categories that are less frequent but that appear on a regular basis 

are: waste generation, eutrophication, resources depletion, photochemical ozone formation, human 

and eco toxicity and stratospheric ozone depletion. 

The second step consists in evaluating the thoroughness of each method, for the most frequent impact 

categories. All databases cover the required impacts from Udo de Haes (2005), which result from a 

survey. However some databases do not consider the noise, and the generation of solid or inert waste. 

In order to evaluate the different methodologies, I will refer to a study made by the European 

Commission that consists in comparing these methodologies (European Commission b). According to 

the European Commission, the main findings of the overall evaluation (based on scientific criteria) of 

each methods are as followed (Table 12): 

Table 12: rating of different LCIA methodologies for the following impact categories: acidification, climate change, ozone 

depletion, photochemical ozone formation, resources and eutrophication (European Commission b ) 

LCIA METHODOLOGY 
EDIP97 EDIP2003 EPS 2000d CML  

IMPACT 

2002(+) 

REciPE 

(midpoint) 

Acidification (overall evaluation of science 

based criteria) 
  E   B   B 

Climate Change (overall evaluation of science 

based criteria) 
    C     A 

Ozone depletion  (overall evaluation of science 

based criteria) 
    D     B 

Photo chemical ozone  (overall evaluation of 

science based criteria) 
    B-C B-C   B 

Resources (overall evaluation of science based 

criteria) 
B B B C C B 

Eutrophication (overall evaluation of science 

based criteria) 
  B B-C B-C B-C B 

  

                                                           
1 The table that summarizes the frequencies of each categories can be found in the appendix  
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As we can see on Table 12, the ReCiPe method is always the one that performs the best; indeed, 

considering the following impacts, this method always gets the best grade. However, limitations can be 

made since not all the methods are evaluated; it is especially the case for the IMPACT 2002+ method, 

and the EDIP 97.  

Since I have been recommended1 to use this method and considering the previous analysis that have 

been made, the chosen method is the REciPE Method. 

  

                                                           
1 After discussion with Mrs Guangli Du and Mrs Sofiia Miliutenko  
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5. LCA OF A TYPICAL TUNNEL AND 

OF A TYPICAL BRIDGE IN A FICTIVE 

LOCATION 
The objective of this LCA is to compare the construction of a fictitious bridge, and of a fictitious 

tunnel in terms of environmental impacts. The tool that is chosen to assess the environmental burden 

of both structures is a simplified Life Cycle Assessment. In this study, only the construction phase will 

be taken into account. To carry out this study, it was necessary to make many assumptions about the 

design of each structure and their related construction processes. 

5.1 GOAL AND SCOPE:  

5.1.1 PURPOSE OF THIS LCA STUDY 

The aim is to assess the environmental impacts of 2 different structures: a bridge and a tunnel. 

It is important to keep in mind that the two different structures that will be evaluated are not real 

projects and that they are not built in a specific location. In order to carry out this study, we will 

perform a simplified LCA. Comparing such structures can be useful in countries where decision-makers 

often have to choose between the two alternatives. We can think of countries like Norway where 

crossing fjords is a frequent matter for the local authorities. Consequently, such a study could be useful 

to planners or decision-makers by providing them with key figures and general facts about a 

comparison of a bridge and a tunnel. However, it should be kept in mind that it is very difficult to 

describe what is a “typical” bridge or tunnel, and that the choices in terms of design and construction 

processes strongly depend on the location of the project, on economic criteria and on cultural values of 

the stakeholders involved. Consequently, it is important to point out that results strongly depend on 

the assumptions that were made regarding the design of both structures. 

Choices regarding design and geometry were made according to the bill of quantities of a bridge, to 

discussions with my supervisor Mr Hakan Sundquist, to literature from the Norwegian Road 

Administration, and to literature from the French Research Center of Tunnels (CETU). The 

environmental indicators that will be taken into account are the energy consumption and some air 

emissions. An Excel-sheet was used in order to carry out the study; data are aggregated step by step, 

and then user inputs are combined with life cycle inventories of various processes and production of 

materials to compute the total emissions and impacts. The program can be used to analyze 

constructions of civil engineering structures made from the most commonly used materials, and it can 

be easily extended to other materials as well, if desired. 

 

5.1.2 FUNCTIONAL UNIT 

It is important to choose a functional unit that allows the LCA practitioner to efficiently and fairly 

compare the two different structures. In terms of road construction, when comparing constructions, 
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“the functional unit should always be structures of the same length that meet the same performance 

requirements and are designed for the same site” (Mroueh et al. 2000). Consequently, the functional 

unit that is chosen for the purpose of this study is a structure of one km long, with 3 lanes in each 

direction, and that allows a yearly traffic flow of ADDT1=1600 vehicles/day. 

 

5.1.3 FLOWCHART 

The main inputs and outputs have been identified for all different stages of the construction 

process. Generally speaking, the flowchart could be summarized as followed (Figure 20): 

 

Figure 20: typical flowchart of a construction process for this LCA study 

 

In terms of production of materials, only aggregated data have been collected. The sources and 

references of the data will be further described in the report. 

 

 

                                                           
1 Annual Average Daily Traffic 
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5.1.4 SYSTEM BOUNDARIES 

The following simplified LCA only takes into account the construction phase; i.e. the production 

of materials, the transportation of materials, and construction processes. However, some stages that 

have no significance for the comparison or that do not depend on the structure were scoped out of the 

study; e.g. road marking, road lighting, traffic lights, geotechnical survey, establishment of construction 

site, forest felling, noise protection. It does not consider the traffic, the operation phase, the 

maintenance, nor the end-of-life. Moreover, it does not consider the manufacturing of machinery, 

vehicles and equipment, nor the environmental burden associated with the workers/personnel on site. 

 

5.1.5 DATA 

One of the main constraints was the availability of data. As a student, it was not possible for 

me to use a software that needed a license. I therefore had to rely on public and freely available data, 

but also on data from scientific publications. The main difficulty when collecting data is to find 

consistent data, i.e. data that account for the same indicators and that represent the same 

geographical conditions. As I was collecting data, I had to change some assumptions I made since I was 

realizing some data were missing or were inaccurate. Furthermore, many processes (e.g. ventilation of 

the tunnel during the works, erosion protection) were scoped out of the LCA study simply because the 

required emissions were not documented.  

As illustrated in Table 13, several public and free databases were used: 

Table 13: List of databases used 

Name Managed by 

ELCD1 European Commission (Europe) 

CPM LCA Database Center for environmental assessment of product and material systems Chalmers (Sweden) 

Probas Umweltbundesamt (Germany) 

 

As illustrated in Table 14, several associations have been contacted to obtain life cycle inventories of 

specific products and materials: 

Table 14: List of Association contacted 

Association Scope 

World Steel Association Steel products 

Portland Cement Association Concrete 

Plastics Europe Plastic Products 

 

It was impossible to find freely available data related to construction processes. As a consequence, I 

had to rely on a publication from Kenji Kawai et al. (2005), that describes the various machines needed 

for construction processes and their related energy consumption, and emissions of CO2, SOx, NOx and 

PM. It was the only reference and data I could find regarding construction processes. The tables can be 

found in the appendix. 

                                                           
1 European Reference Life Cycle Data System 
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5.2 DESIGN AND TECHNICAL DETAILS OF THE STRUCTURES 

5.2.1 THE BRIDGE 

 Geometry: The bridge structure consists in a composite bridge composed of steel girders and a 

concrete slab. It has 3 driving lanes in each direction. The overall structure consists in two 

separate bridges with 3 lanes each. The characteristics of one bridge are as followed (Table 

15): 

     Table 15: dimensions of the bridge 

Bridge width 13,29 m 

Bridge length 0,775 km 

Bridge area 10300 m2 

 

Quantities have been extrapolated and evaluated from a bill of quantities that my supervisor, 

Mr Hakan Sundquist, gave me. Quantities can be found in the appendix. 

 Foundations: A 35 MPa ready mixed concrete will be used for the foundation slabs, and a 

20MPa ready mixed concrete will be used as a sealing concrete. Concrete will be poured using 

truck mounted concrete pumps and piles consist of steel pipes. 

 

 Piers:  A 35 MPa concrete will be used for the piers. Concrete will be poured using ready mixed 

concrete, formwork, and truck mounted concrete pump. It is assumed that the formwork is 

made of sawn pine wood. 

 

 Bridge Superstructure:  The bridge superstructure consists of a composite structure: a steel 

structure (e.g. steel box girder) and a concrete deck. A 35 MPa concrete will be used for the 

deck. In order to protect the girders from corrosion, a zinc epoxy coating will be applied on the 

steel structure. It is assumed that the whole structure is covered by this coating. Moreover, 

formwork will be used to build the deck; it is assumed that the formwork is made of sawn pine 

wood. 

 

 Bridge Equipment: Parapets are considered, as well as rubber bearings. 

 

 Road Structure: The road structure has been chosen in accordance with the recommendations 

given by the Norwegian Public Roads Administration (1997). If we consider a heavy traffic  

(AADT= 16000 with AADT>2000) and a steel bridge with concrete deck, the Norwegian Public 

Roads Administration recommends to consider an A3 road structure (see Table 16) that 

consists of a waterproofing with epoxy and a waterproof mastic asphalt. As we can see on 

Table 16, it is designed in the following manner: 
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Table 16: Road Structure (adapted from the Norwegian Public Roads Administration (1997)). 

Waterproofing 

Epoxy 2 layers wet-in-wet. 2 kg/m2 of bridge 

Last layer Sanded with fine sand 1 kg/m2 of bridge 

Waterproof Mastic Asphalt 40 kg/m2 of bridge 

Levelling layer Asphalt concrete   kg/m of bridge 

Wearing Course Mastic asphalt 120 kg/m2 of bridge 

 

Table 17: Selection of Pavement Classes (Reproduced from the Norwegian Public Roads Administration (1997)). 

 

 

 Limitations and assumptions: Some construction stages that were considered insignificant, 

that were not documented, that were strongly site-dependent or where relevant data was 

difficult to find, were scoped out of the study; i.e. erosion protection, preliminary groundwork, 

polyurethane coating, after treatment of concrete surfaces, temporary pontons used for the 

construction of piles. Moreover, the impacts of the workforce have not been assessed.  
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5.2.2 THE TUNNEL 

 

 Geometry: 

 

Unlike the bridge structure, there were no bill 

of quantities used to evaluate the amount of 

works and materials. The tunnel structure has 

been designed thanks to recommendations 

given by the Norwegian Public Roads 

Administration (2004) and by the CETU1 (1998).  

The tunnel consists of 2 tubes of 3 lanes each. 

The yearly traffic is the same as the one chosen 

for the bridge (AADT=16000 with 

ADDT>15000); consequently, as we can see on 

Figure 21, it will be a F category tunnel.  

Each tube is 12,5m wide and 1km long. It is 

assumed that a 12 cm thick shotcrete layer and 

6 rockbolts per meter constitute the tunnel 

structure (as described on Figure 22). 

Quantities are summarized in the Appendix. 

 

 

 

  

                                                           
1 French Research Center of Tunnels 

Figure 21: Tunnel categories (Reproduced from the Norwegian 

Public Roads Administration (2004)). 
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The cross section of the tunnel is as followed: 

 

Figure 22: Tunnel structure 

 Geometry of the emergency lay-bys: The two tubes are interconnected by pathways every 250 

meters. There are also emergency lay-bys every 250 meters (See Figure 23).  

 

Figure 23:Lay-bys and equipment - tunnel category F (Reproduced from the Norwegian Public Roads Administration 

(2004)). 
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Emergency lay-bys were designed according to the recommendations given by the Norwegian 

Public Roads Administration (2004).  

 

 Geometry of the Interconnections: The same pavement structure as the main tubes is 

considered for the interconnections to simplify the LCA. Interconnections were designed 

according to the recommendations given by the Norwegian Public Roads Administration 

(2004). Figure 24 illustrates the interconnections’ structure. 

 

Figure 24: Interconnection cross section 

 The blasting method:  The drilling and blasting method has been chosen to build this tunnel. 

Consequently, ANFO1 explosives will be needed; they are usually used in soil/rocks of good 

quality. The ratio of explosives needed is given in a publication written by the CETU (1998); a 

ratio of 1,5 kg of explosives per m3 of blasted rock is considered. It is assumed that the blasted 

rock are then excavated and put in barges in order to be brought to the closest landfill. 

 

 The Shotcrete: The tunnel structure consists in a layer of shotcrete (12cm thick). The shotcrete 

method that is used is the Wet Mix shotcrete 0-8mm dense flow process. Steel fibers are also 

used in the concrete mix to strengthen the structure. According to the private company REED, 

the shotcreting capacity of a wet mix process ranges from 9,2 to 15,3 m3/h. (Paul Sulman 

2009). The concrete composition will be based on a composition given by a private company 

(Höfler and Schlumpf 2004). As described on Figure 25, the shotcrete composition is as 

followed: 

                                                           
1
 Ammonium Nitrate / Fuel Oil 



 

65 

 

 

Figure 25: Wet-mix Shotcrete composition (reproduced from Höfler and Schlumpf (2004)) 

The most similar ready mixed concrete will be chosen accordingly in the life cycle inventory. It 

is important to notice that there is a certain percentage of shotcrete “lost” during the 

construction process; indeed, 1m3 of applied shotcrete corresponds to 0,90 to 0,94 m3 of 

shotcrete on the wall. 

 

 Rockbolts: Rockbolts’ length usually ranges from 1,5 to 5 meters (Gesta 1994) and rockbolts 

that are mechanically anchored are 2 kg/m (US Army Corps of Engineers 1997). For the tunnel, 

it has been assumed that there will be six rockbolts per meter, whereas for the 

interconnections, there will be four. 

 

 Road Structure: The road structure has been designed according to recommendations and 

publications from CimBéton1. It consists of a reinforced concrete and this type of structure is 

suitable for any kind of traffic (CimBéton 2003). The road structure is inspired of French 

publications related to tunnels and road structures (CimBéton 2003, 2005) and has been 

designed in the following manner (see Figure 26): 

 

                                                           
1
 French Information Center about cement and its related applications 

Reinforced Concrete - 20 cm 

thick 

Crushed Rock - 50 cm thick 

Concrete for levelling - 15 cm 

thick 

Figure 26:Road Structure of the tunnel 
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The steel surface should at least be 0,67% of the concrete cross section (CimBéton 2003). The 

most similar ready mixed concrete will be chosen accordingly in the life cycle inventory, in 

order to match the typical concrete composition used for this road structure. 

 
 Drainage – HDPE Pipes: “The internal diameter of drain pipes in the main trenches shall not be 

less than 150 mm, and 100 mm in auxiliary trenches” (Norwegian Public Roads Administration 

2004). Consequently, pipes with an outside diameter of 200mm have been chosen. We will 

consider the same material as in a scientific report about the LCA of the Bothnia line in Sweden 

where a description of a tunnel’s construction can be found (Stripple et al. 2010). 

 
 Limitations and assumptions: Some construction stages that were considered insignificant, 

that were not documented, that were strongly site-dependent or where relevant data was 

difficult to find, were scoped out of the study; i.e. ventilation during construction, pumping of 

water during construction, fire water pipes and tank, fire doors, protecting wire netting, 

geotextile application, electrical equipment, ventilation system. Moreover the impacts from 

the workforce have not been assessed. 

It is difficult to efficiently and fairly compare a bridge and a tunnel structure, especially when it 

comes to making assumptions, streamlining and making technical choices. Choices have been 

made according to recommendations from different countries (mainly Norway and France) 

which probably decrease the thoroughness and level of precision of the comparison. 

 

5.3 LIFE CYCLE INVENTORY AND IMPACT ASSESSMENT 

At the beginning of the data collection, I wanted to take into account many substances (see 

paragraph 4.3.2) in order to be able to evaluate several impact categories. But as I was gathering 

information through different databases, I realized that they were not taking into account the same 

substances and that they had different levels of precision and thoroughness. Consequently, I had to 

select which indicators I was going to consider: I chose the indicators that were the most frequently 

used in the databases I consulted and if some substances were missing in too many items, they were 

scoped out of the study. Thus, the gases that will be considered are: carbon monoxide (CO), carbon 

dioxide (CO2), methane (CH4), nitrous oxide (N2O), ammonia (NH3), sulphur dioxide (S2O), non-methane 

volatile organic compounds (NMVOC), particles of 10 micrometers or less (PM10) and nitrogen oxides 

(NOx, which refers to NO and NO2). This would have an impact on the impact categories that are 

considered. 

In the following section, sources of the data will be documented and assumptions regarding which data 

were used for the various materials will be explained. 

 

 

5.3.1 FLOWCHARTS 
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5.3.1.1 BRIDGE 

The following flowchart (Figure 27) has been realized in line with the bill of quantities 

that I have been given. 

 

  

Excavation for abutments 

Production of steel pipe piles Foundation – Steel pipe piles 

Foundation – Sealing concrete 

Foundation – slab 

Production of 20MPa concrete 

Production of 35MPa concrete 

Production of reinforcement steel 

Concrete Piers 

Superstructure – erection of the steel 

structure 

Superstructure – concrete deck 

Production of 35MPa concrete 

Production of reinforcement steel 

Production of steel girders 

Production of 35MPa concrete 

Production of reinforcement steel 

Production of formwork 

Production of formwork 

Zinc epoxy coating 

Road Structure 

Bridge Equipment 

Production of Asphalt 

Production of Mastic Ashphalt 

Production of parapet 

Production of rubber bearings 

Production of 35MPa concrete 

Production of reinforcement steel 

Edge Beams 
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Landfill 

Production of crushed stone Backfill for abutments 

Figure 27: Flowchart of the construction phase of the bridge 
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5.3.1.2 TUNNEL 

The following flowchart (Figure 28) has been realized in line with the description of the 

tunnel that has been made previously and also with the help of a publication (Stripple et al. 2010) 

where a flowchart of a railway tunnel construction can be found. 

 

 

 

5.3.2 PRODUCTION OF MAIN MATERIALS 

5.3.2.1 CONCRETE PRODUCTION 

In order to evaluate the environmental impacts of the production of concrete, a life 

cycle inventory of different ready mix concrete from the Portland Cement Association have been used. 

As we can see Table 18, the data comes from the United States; it would have been more thorough to 

find data related to a European context, nevertheless, it was the most detailed and freely available 

data I could find. 

Table 18: data information about the concrete production 

Source Scope Date 

Portland Cement Association ready mixed concrete 2007 

Functional Unit Geographical Reference   

1 m3 of concrete U.S.A.   

Comments 

Includes cement and slag cement manufacture; aggregate production; transportation of fuel, cement, 
supplementary cementitious materials, and aggregates to the concrete plant; and concrete plant 
operations 

 

Blasting 

Landfill Excavation of blasted rock 

Shotcrete – concrete pump and agitator 

truck 

Production of concrete 

Production of steel fibers 

Drainage 

Road Structure 

Production of crushed stone 

Production of concrete 
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Production of explosives 

Production of HDPE Pipes 

Production reinforcement steel 

Rockbolts Production of Rockbolts 

Figure 28: Flowchart of the construction phase of the tunnel 
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As we can see on Table 19, seven different ready mixed concrete are documented in this life cycle 

inventory from the Portland cement Association. 

Table 19: Concrete Mix Design (reproduced from Marceau et al. (2007)) 

 

Every time a specific concrete composition is needed, the most similar available concrete composition 

will be chosen, the main criteria being the ratio cement/water. The items that are made of concrete 

are as followed: 

 Bridge: Various elements of the bridge are made of concrete: i.e. the foundation slabs, the 

piers, the deck and the edge beams. For every item, a 35MPa concrete was considered except 

for the sealing concrete where a 20MPa concrete was used. Consequently, the concrete 

compositions that have been chosen are respectively Ready Mix 1 and Ready Mix 5. 

 

 Tunnel: The tunnel’s structure is made of shotcrete. The composition of the shotcrete is given 

by the company (see Figure 25). Moreover, the road structure is made of reinforced concrete. 

For both the shotcrete and the road structure, the Ready Mix 1 has been chosen. 

The emissions from the concrete production are very well documented, as well as the energy 

consumption (see Table 20). However, the nitrous oxide was not documented. 

Table 20: Review of the information provided regarding concrete production 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

        missing           

Energy Type of resources that are documented 

  
values [MJ] for: Coal, Gasoline, Liquefied petroleum gas, middle distillates, natural gas, 
petroleum coke, residual oil, wastes, electricity 
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5.3.2.2 PRODUCTION OF ITEMS MADE OF STEEL 

Data regarding the production of steel products have been collected from the World 

Steel Association. In order to obtain the data, you need to apply on their website in order to ask for the 

data you need and obtain their life cycle inventories.  

Table 21: data information about the steel reinforcement and steel wire production 

Source Scope Date 

World Steel Association Steel products 2005, 2007 

Functional Unit Geographical Reference   

1 kg of steel Global   

Comments 

End-of-life recycling rate of 85% 
cradle to gate data including recycling 

 

Steel is, with concrete, one of the most commonly used material in the building sector. In our case, it is 

used for the production of the following items:  

 Reinforcement steel in both structures. For the bridge, it is used in the piers, the deck, the 

foundation slab, and the edge beams, whereas for the tunnel, it is used in the road structure. 

In order to evaluate this product, we will refer to the life cycle inventory of “global rebar (for 

reinforcement in concrete) including an end of life recycling rate of 85%” 

 Steel fibers in the shotcrete composition for the tunnel structure. In order to evaluate this 

product, we will refer to the life cycle inventory of “global wire rod including an end of life 

recycling rate of 85%” 

 Steel pipe for the piles for the bridge’s foundations. In order to evaluate this product, we will 

refer to the life cycle inventory of “EU steel pipes including an end of life recycling rate of 85%” 

 Parapet for the bridge. In order to evaluate this product, we will refer to the life cycle 

inventory of “EU hot dip galvanized steel including an end of life recycling rate of 85%” 

 Rockbolts for the tunnel structure. In order to evaluate this product, we will refer to the life 

cycle inventory of “EU hot dip galvanized steel including an end of life recycling rate of 85%” 

 Steel structure (e.g. box girder) of the bridge. In order to evaluate this product, we will refer to 

the life cycle inventory of “EU sections (for steel structures) including an end of life recycling 

rate of 85%” 

The life cycle inventories of the steel products account for many different substances, except ammonia 

(see Table 22). Note that the energy demand consists of one single value, representing the demand 

from renewable and non-renewable resources. 

Table 22: Review of the information provided for the steel reinforcement and steel wire production 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

          missing         

Energy Type of resources that are documented 

  one single value [MJ]: Primary Energy Demand from renewable and non-renewable resources 

 

5.3.2.3 CRUSHED STONE 16/32 
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Crushed stone is used in both structures: it is assumed that it is used as backfill for the 

bridge’s abutments, and as one component of the road structure for the tunnel. Data regarding the 

production of crushed rock comes from the European Reference Life Cycle Data System (ELCD). Data 

are representative of the European context. 

Table 23: data information about the production of crushed stone 

Database  Scope Date 

ELCD Crushed Stone 16/32 2006 

Functional Unit Geographical Reference   

1 kg of crushed stone Europe    

Comments 

open pit mining; production mix, at plant; undried 
cradle to gate inventory 

 

Data from the ELCD are usually very well detailed, precise and thorough. All the substances under 

consideration are documented. 

Table 24: Review of the information provided for the production of crushed stone 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

                    

Energy Type of resources that are documented 

  
values [MJ] for: Brown coal, crude oil, hard coal, natural gas, peat, geothermic, hydro, solar, 
wind, uranium, wood 

 

 

5.3.3 PRODUCTION OF MATERIALS SPECIFIC TO THE BRIDGE STRUCTURE 

5.3.3.1 MASTIC ASPHALT 

Mastic asphalt is one of the components of the bridge’s road structure. The life cycle 

inventory of this product comes from the German database Probas. In this database, information is not 

as detailed as for the ELCD database for instance but more materials and products are listed. The data 

represent the German context. I usually relied on this database as a last resort, when I could not find 

the relevant data in other databases. 

Table 25: data information about the production of mastic asphalt 

Database (Source) Scope Date 

Probas (from Öko Institut) Mastic Asphalt 2000 

Functional Unit Geographical Reference   

1 kg of mastic asphalt  Germany   

Comments 

 Does not describe precisely which phases are taken into account 
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The energy resources that are listed are slightly different from the ELCD database. Most of the 

substances needed are documented, except PM10. 

Table 26: Review of the information provided for the production of mastic asphalt 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

                missing   

Energy Type of resources that are documented 

  
values [TJ] for: nuclear power, biomass residues, lignite, natural gas, oil, geothermal, waste, 
secondary raw materials, sun, hard coal, hydropower, wind 

 

5.3.3.2 RUBBER BEARINGS 

Rubber bearing is a very specific item which life cycle inventory was difficult to find. I 

had to rely on a excel sheet built up by Guangli Du, called “railway track assessment” where the life 

cycle inventory of rubber was documented. Data comes from the EcoInvent 2.2 version database. To 

evaluate the environmental burden of rubber bearings, I assumed that one rubber bearing weighted 12 

kilograms.  

Table 27: data information about the production of rubber 

Source Scope Date 

EcoInvent 2.2 (Guangli Du, "Railway Track Assessment" Excel 
Sheet) Rubber 

Not 
specified 

Functional Unit Geographical Reference   

1 kg of rubber European Union   

Comments 

. Included processes: Production of EPDM-rubber, production of EPDM elastomer, extrusion and 
vulcanisation of EPDM profiles. Also included are the transports of the raw materials to the 
polymerisation and elastomer  

 

All of the substances, except PM10, were listed. However, the data does not account for the energy 

use related to the production of rubber. 

Table 28: Review of the information provided for the production of rubber 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

                missing   

Energy Type of resources that are documented 

 missing Not documented 

 

5.3.3.3 ZINC EPOXY COATING  

The source is the same as for the rubber bearings. To evaluate the environmental 

burden of zinc epoxy coating, I considered that the whole steel structure was coated. Since I did not 

have any technical documentation nor drawings regarding the steel structure, I assumed that the ratio 

Surface/Volume of such a structure was 50m2/m3. 
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Table 29: data information about the production of zinc epoxy coating 

Database (Source) Scope Date 

EcoInvent 2.2 (Guangli Du, "Railway Track Assessment" Excel 
Sheet) Zinc Epoxy Coating 

Not 
specified 

Functional Unit Geographical Reference   

1 m2 of coated structure European Union   

Comments 

. Includes the process steps surface cleaning (by means of chemical and/or thermal treatment), heat 
treatment, immersion in a bath of molten zinc and finishing treatment. Also includes zinc input and 
transportation to coiling plant. Does not include the steel strip or sheet being coated. 

 

All of the substances, except PM10, were listed. However, the data does not account for the energy 

use related to the production of rubber. 

Table 30: Review of the information provided for the production of zinc epoxy coating 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

                missing   

Energy Type of resources that are documented 

   Not documented 

 

5.3.3.4 FORMWORK 

Formwork is used to pour the concrete piers and the concrete deck. It is assumed that 

the formwork is made of sawn timber (pinewood). Data is representative of the German context and 

comes from the ELCD Database. Regarding the concrete deck, it is assumed that the formwork has an 

average thickness of 6cm, a 30m long span, and that it has to be replaced after it has been used 5 

times (i.e. every 150m). Regarding the concrete piers, many assumptions had to be made: we will 

consider 9 identical piers of 3x5 m2, resulting in bridge’s spans of 100m each, and we will assume that 

one set of formwork is 2,5m high and that the formwork has to be replaced after it has been used 5 

times (i.e. every 12,5m). 

Table 31: data information about the production of formwork 

Source Scope Date 

ELCD Formwork - Pinewood 2005 

Functional Unit Geographical Reference   

1 kg of pinewood Germany   

Comments 

. average data for Germany 

. 1 kg of timber pine (40% water content) contains of 0,6 kg pine (atro) and 0,4 kg water which is 
equivalent to 65% moisture. Carbon dioxide incorporation is considered. 

 

Data from the ELCD database are well detailed, precise and thorough. All the substances under 

consideration are documented. 
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Table 32: Review of the information provided for the production of formwork 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

                    

Energy Type of resources that are documented 

  
values [MJ] for: Brown coal, crude oil, hard coal, natural gas, peat, geothermic, hydro, solar, 
wind, uranium, wood 

 

5.3.4 PRODUCTION OF MATERIALS SPECIFIC TO THE TUNNEL STRUCTURE 

5.3.4.1 ANFO EXPLOSIVES 

ANFO Explosives are used in order to blast the rocks and to build the tunnel. With the 

amount of soil that has to be excavated, and the ratio of mass of explosives needed per cubic meter of 

blasted rock, i.e. 1,5 kg/m3 (CETU 1998), it is possible to determine the total mass of explosives that 

need to be produced. Data comes from the German database Probas and has a global 

representativeness. Little information is given about the phases that are taken into account and about 

the system boundaries.  

Table 33: data information about the production of ANFO Explosives 

Database (Source) Scope Date 

Probas (from Öko Institut) ANFO Explosives 2000 

Functional Unit Geographical Reference   

1 kg of explosives Global   

Comments 

  Does not describe precisely which phases are taken into account 

 

The energy resources that are listed are slightly different from the ELCD database. Most of the 

substances needed are documented, except PM10. 

Table 34: Review of the information provided for the production of ANFO Explosives 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

                missing   

Energy Type of resources that are documented 

  
values [TJ] for: nuclear power, biomass residues, lignite, natural gas, oil, geothermal, waste, 
secondary raw materials, sun, hard coal, hydropower, wind 

 

5.3.4.2 HDPE PIPES 

The life cycle inventory of HDPE Pipes comes from a report by TNO for Plastics Europe. It 

covers the extrusion process of HDPE Pipes. It is representative of Western Europe. HDPE Pipes are 

used for the drainage system of the tunnel. It is assumed that one meter of HDPE pipe weights 10 

kilograms; this ratio has been chosen according to indications given by the private company Thai Pipe 

Industry Co. (assuming that we have an outside diameter of 200mm and a PN10 pressure class) 
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Table 35: data information about the production of HDPE Pipes 

Source Scope Date 

Plastics Europe HDPE Pipes 2010 

Functional Unit Geographical Reference   

1 kg of HDPE Pipe Western Europe    

Comments 

. 1 kg of pipe ready for delivery “at gate” representing a European industry average 

. Include the transport of the resin material to the conversion factory (including the 
production of the fuel required for the transport), the conversion process itself 
including the production of fuels for energy use at the factory, and finally the 
packaging used for the dispatch of the end product 

 

Except nitrous oxide, all the substances are listed and documented. Many different renewable and 

non-renewable resources are taken into account to evaluate the energy demand. 

Table 36: Review of the information provided for the production of HDPE Pipes 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

        missing           

Energy Type of resources that are documented 

  
values [MJ] for: Biomass, Coal, Gas, Geothermal, Hydro, Hydrogen, Industrial waste, Lignite, 
Municipal waste, Nuclear, Oil, Peat, Recovered energy, solar, sulphur, wave/tidal, wind, wood 

 

5.3.5 CONSTRUCTION PROCESSES 

Assessing the environmental impacts linked to the construction phase of both structures has 

been, by far, the hardest part of this LCA. Finding data related to working hours of machines, operation 

times, duration of specific works turned out to be almost impossible. The probable explanation is that 

these kinds of information are usually held by private companies, can vary from one company to 

another, and are usually confidential.  Moreover, there are no free and public databases giving such 

information. Consequently, the construction phase is the one that is the least documented and it is 

obviously the least thorough and precise part of this study. This reveals the lack of freely available data 

for LCA within the building sector and the need of the development of a commonly accepted public 

database. Indeed, most public data that are available are “products-oriented” and not “building-

oriented”.  

 

5.3.5.1 EXCAVATION – CONSTRUCTION 

For the construction of the bridge, excavation is needed in order to build the abutments. 

Life cycle inventory of this process comes from the ELCD Database and is directly linked to the amount 

of soil that is excavated. The data is representative of a global context. Note that the excavation 

process for the bridge construction (100 kW) is different from the one considered for the tunnel 

construction (500 kW). 
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Table 37: data information about the excavation process for typical construction works 

Source Scope Date 

ELCD Excavation construction, 100 kW 2005 

Functional Unit Location   

1000 kg of excavated soil Global   

Comments 

.The productivity data is based on a bucket capacity of 1,1 m3 and a circulating time of operation 
of 80s 
. Fuel supply, Vehicle production and end-of-life treatment are not included. 

 

Some substances are not listed in this LCI; indeed, NH3 and PM10 are missing. The diesel consumption 

of the excavator is given: it will be converted into the energy consumption thanks to the LCI of the 

diesel production (data from the ELCD). 

Table 38: Review of the information provided for the excavation process for typical construction works 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

          missing     missing   

Energy Type of resources that are documented 

  
Converted into energy demand from the diesel consumption(from crude oil; consumption mix, 
at refinery; 200 ppm sulphur) thanks to data from the ELCD regarding the diesel production 

 

5.3.5.2 EXCAVATION – MINING 

For the construction of the tunnel, excavation is needed after the rock have been 

blasted. Life cycle inventory of this process comes from the ELCD Database and is directly linked to the 

amount of soil that is excavated. The data is representative of a global context. 

Table 39: data information about the excavation process for mining 

Source Scope Date 

ELCD Excavation mining, 500 kW 2005 

Functional Unit Location   

1000 kg of excavated soil Global   

Comments 

. The productivity data is based on a bucket capacity of 8 m3 and a circulating time of operation 
of 60 s 
. Fuel supply, Vehicle production and end-of-life treatment are not included. 

 

Some substances are not listed in this LCI; indeed, NH3 and PM10 are missing. The diesel consumption 

of the excavator is given: it will be converted into the energy consumption thanks to the LCI of the 

diesel production (data from the ELCD) 
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Table 40: Review of the information provided for the excavation process for mining 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

          missing     missing   

Energy Type of resources that are documented 

  
Converted into energy demand from the diesel consumption(from crude oil; consumption mix, 
at refinery; 200 ppm sulphur) thanks to data from the ELCD regarding the diesel production 

 

5.3.5.3 VARIOUS CONSTRUCTION PROCESSES 

Among all the data I had to collect, these data are probably the least thorough and 

precise. They come from a publication of Kawai et al. (2005) and are representative of the Japanese 

context. The authors listed all the main machines and equipment needed when realizing concrete 

structures such as bridges, tunnels, or retaining walls. Emissions and energy consumption per working 

hours, or per amount of a certain material, are given for each machine. As a consequence, many 

assumptions had to be made regarding working hours and operation times of various machines (e.g. 

the concrete output of truck mounted concrete pump in m3 of concrete/h). Such information could 

usually be found on machines manufacturers’ websites but they are likely to lack objectivity. 

Table 41: data information about the construction processes 

Source Scope Date 

Kawai et al. (2005) "Inventory Data and Case Studies for Environmental 
Performance Evaluation of Concrete Structure construction" Journal of 
Advanced Concrete Technology Vol.3, No.3, 435-456, October 2005 

Construction 
processes 2005 

Functional Unit 
Geographical 
Reference   

Depends on the machine Japan   

Comments 

Production of machinery not included 

 

Among the substances that are under consideration for this LCA study, this LCI takes into account only 

the CO2 and NOx emissions. Particles emissions are documented but the type of particles under study is 

not specified and SOx emissions (that consists of SO and SO2 emissions) are documented instead of SO2 

emissions only. The energy input of each machine can also be found, consisting in one single value. This 

value results from the oil consumption of the machines. 

Table 42: Review of the information provided for construction processes 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

  missing missing   missing missing missing   

Type of 
particles not 
specified SOx 

Energy Comments 

  One single value [MJ]: Input-Energy 

 

N.B: As I could not find information about operation times, or working hours for the construction of a 

composite bridge, I had to make assumptions regarding the bridge construction. As a consequence, I 
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decided to use the information given in Kawai et al. (2005) report; the construction of a prestressed 

concrete simple girder bridge is detailed and working hours of various machines are given. Even though 

it is not the exact same kind of bridge, I decided to extrapolate these information based on the total 

mass of materials needed for the construction of this prestressed concrete bridge.  

 

5.3.6 TRANSPORTATION OF MATERIALS 

LCI of various means of transport can be found in the ELCD database. In order to ensure 

consistency, all the means of transport comes from this database. Moreover, since other data (e.g. 

excavation process, production of pinewood, production of crushed stone) come from this database, it 

should increase the thoroughness and consistency of the study. Regarding distances to suppliers or 

landfill, many assumptions had to be made. It is difficult to fairly determine distances as every project 

is site specific and usually construction methodologies are chosen accordingly to the location of the 

building site; for instance, if the site is located just next to a concrete plant, it might be interesting to 

rely on concrete brought to site by agitator trucks, instead of making the concrete directly on-site or of 

using pre-cast concrete. Therefore, the chosen distances are very subjective; however, the same 

distances have been chosen for similar products between the tunnel and the bridge, to ensure a fair 

comparison. 

Table 43: data information about the transportation of materials 

Source Scope 

ELCD Transport  

Functional Unit Geographical Reference Date 

1 t.km (mass x distance) Europe  2005 

Comments 

. Lorry, Articulated Lorry, Small Lorry, Train (powered by electricity) and Barge 

. Engines fuelled by diesel.  

. Data set includes the whole fuel supply chain and the transportation phase 

. production and end-of-life treatment are not part of the data set  

 

All the substances under consideration are listed, as well as the energy demand with all the types of 

resources used. 

Table 44: Review of the information provided for the transportation of materials 

CH4 CO CO2 N20  NH3 NMVOC NOx PM10 SO2 

                    

Energy Type of resources that are documented 

  
values [MJ] for: Brown coal, crude oil, hard coal, natural gas, peat, geothermic, hydro, solar, 
wind, uranium, wood 
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5.3.7 CHARACTERIZATION FACTORS: THE RECIPE METHOD 

As it has been said in section 4.3.3, the method that has been chosen is the REciPE Method. 

The characterization factors have been listed on Table 45.  

Table 45: Characterization factors from the REciPE Method 

Designation Unit 
CH4 
(kg) 

CO 
(kg) 

CO2 
(kg) 

N2O 
(kg) 

NH3 
(kg) 

NMVOC* 
(kg) 

NOx* 
(kg) 

PM10 
(kg) 

SO2 
(kg) 

Global Warming Potential                     

GWP 20 kg CO2 eq 72,000 0,000 1,000 289 0,000 0,000 0,000 0,000 0,000 

GWP 100 kg CO2 eq 25,000 0,000 1,000 298 0,000 0,000 0,000 0,000 0,000 

GWP 500 kg CO2 eq 7,600 0,000 1,000 153 0,000 0,000 0,000 0,000 0,000 

                      

Terrestrial Acidification 
Potential                     

TAP20 kg SO2 eq 0,000 0,000 0,000 0,000 0,000 0,000 0,490 0,000 1,000 

TAP50 kg SO2 eq 0,000 0,000 0,000 0,000 0,000 0,000 0,520 0,000 1,000 

TAP100 kg SO2 eq 0,000 0,000 0,000 0,000 0,000 0,000 0,560 0,000 1,000 

TAP500 kg SO2 eq 0,000 0,000 0,000 0,000 0,000 0,000 0,710 0,000 1,000 

                      

Photochemical Oxidant 
Formation kg NMVOC 0,010 0,046 0,000 0,000 0,000 1,000 1,000 0,000 0,081 

                      

Marine Eutrophication kg N eq 0,000 0,000 0,000 0,000 0,112 0,000 0,128 0,000 0,000 

Freshwater Eutrophication kg P eq 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

                      

Ozone Depletion 
kg CFC-11 
eq 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

                      

Resources Depletion                     

Water Depletion m3 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

Metal Depletion kg Fe eq 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

Fossil Depletion kg oil eq 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

 

As we can see, impact categories such as resources depletion, ozone depletion, eutrophication, and 

terrestrial acidification have less than 3 indicators to characterize them thus leading to a weak 

evaluation of these categories. As a consequence, these categories have been scoped out of the study 

thus leading us to only consider photochemical oxidant formation (CH4, CO, NMVOC, NOx, SO2)  and 

global warming potential (CH4, CO2 and N2O). Energy consumption will also be evaluated (in GJ), but it 

does not require any characterization factors. That is the reason why the substances and impact 

categories that have been recommended in section 4.3.2 are different from the ones finally taken into 

account. 

 

5.3.8 LIMITATIONS AND ASSUMPTIONS 

First of all, it is not an easy task to describe what might be a typical bridge or a typical tunnel; 

for both structures, there are various types of structures (e.g. composite, prestressed, suspension 

bridges), construction methodologies (e.g. drill and blast method, Tunnel boring machines) thus 

making it difficult to say what is a typical bridge or tunnel. What makes civil engineering so unique is 
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that every project is a prototype and site specific unlike industrial products. However I tried to make 

some choices that would ensure a fair and effective comparison between the two structures (e.g. 

traffic, driving lanes, distances to suppliers). Results strongly depend on all the assumptions I made 

regarding the design of the bridge and of the tunnel. This is particularly true for the tunnel where I did 

not use any bill of quantities, unlike the bridge where I did. 

Secondly, the data collection has been the most difficult part of the LCA; I realized how difficult it was 

to ensure the consistency, thoroughness, and precision of this LCA study. It was impossible to only rely 

on one single database thus resulting in inhomogeneous data that have different geographical 

representativeness, different system boundaries, and different levels of precision. This led to a level of 

thoroughness and precision below my expectations. These issues truly reveal the lack of consensus 

within the LCA database related to the building sector and the need of the development of databases 

related to civil engineering. 

It was also very difficult to find free and accurate data of specific materials or equipment (e.g. rubber 

bearings) and almost impossible to find data related to construction processes, especially operation 

times of machinery or working times. This kind of data is more likely to be held by private companies, 

more precisely by price estimators, employees that establish the bill of quantities, and these data 

might be confidential.  

As there is too much uncertainty and lack of consistency for the evaluation of PM10 (6 items do not 

document this substance), this substance won’t be analyzed in the interpretation phase and won’t be 

used in any impact category. 

Finally I realized that making a detailed and thorough LCA study from public and free databases is 

almost impossible. In my opinion, nowadays, the only solution lies in using licensed software. There is 

still a lot of improvement to make in terms of LCA related to the built environment. Development of 

public databases and a consensus on how to perform a LCA would improve the thoroughness and 

quality of such studies. 
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5.4 RESULTS - 1ST
 SCENARIO: CONCRETE BROUGHT TO SITE BY TRUCKS 

5.4.1 DESCRIPTION OF THE 1ST
 SCENARIO 

As we will see in the following sections, transport distances have a strong influence on the 

results. As a consequence, two scenarios will be considered. The first scenario consists in bringing the 

ready mixed concrete to the building site by truck, whereas the second scenario will assume that the 

concrete is directly made on site. The first scenario is likely to happen if there is a concrete plant close 

to the site. The following assumptions (Table 46 & Table 47) have been made with regards to means of 

transports and distances: 

Table 46: Assumptions with regards to the transportation phase for the bridge construction, for the 1
st

 scenario 

Designation mean of transport capacity 
distance from 
supplier (km) 

transport excavated soil Barge 1228 t 20 

transport backfill for abutments Lorry 17,3 t 10 

transport concrete (agitator truck) Agitator truck (Small Lorry) 16 m3 5 

transport steel pipe piles Articulated Lorry 27 t 250 

transport steel structure Articulated Lorry 27 t 250 

transport steel reinforcement Articulated Lorry 27 t 250 

transport mastic asphalt / asphalt Lorry 17,3 t 25 

transport parapet Lorry 17,3 t 250 

Transport Formwork Lorry 17,3 t 25 

transport Rubber bearings Lorry 17,3 t 1000 

 

Table 47: Assumptions with regards to the transportation phase for the tunnel construction, for the 1
st

 scenario 

Designation mean of transport capacity 
distance from 
supplier (km) 

transport of blasted rock Barge 1228 t 20 

transport concrete (agitator truck) Agitator Truck (S L) 16 m3 5 

transport of crushed rock Lorry 17,3 t 10 

transport rockbolt Lorry 17,3 t 250 

transport poor concrete Lorry 17,3 t 5 

Transport of HDPE pipes Lorry 17,3 t 250 

transport steel Articulated Lorry 27 t 250 

 

Note that the assumptions regarding distances and means of transport are very subjective and that 

they are inherently site-dependent. 
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The key figures of this scenario are as followed: 

Table 48: Scenario 1: key figures 

  total amount of concrete (t) total amount of steel (t) Overall distance.mass (t.km) 

Bridge 23683,37 5778,79 195556870,59 

Tunnel 18254,31 312,87 209519654,91 

Bridge/tunnel 1,30 18,47 0,93 

 

As we can see on Table 48, the total mass of concrete needed for the construction of both structures is 

relatively similar (+30% for the bridge). However, the bridge requires a greater amount of steel than 

the tunnel (about 18 times higher). With regards to transportation, the overall t.km (mass.distance) is 

quite similar for both structures.  

Note that this analysis strongly depends on the assumptions that have been made: e.g., the same ratio 

of steel in the concrete of 220 kg/m3 for every part of the bridge structure. 

 

NB: Results are representative of one 3 lanes tube for the tunnel (half the structure), and of 

one bridge of 3 lanes for the bridge. 
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5.4.2 AIR EMISSIONS 

5.4.2.1 RESULTS 

 

Table 49: 1
st

 scenario – CO2 emissions 

  
CO2 

Tu
n

n
el

 

production of materials 2,71E+06 

construction processes 1,64E+05 

transport 9,44E+06 

TOTAL 1,23E+07 

B
ri

d
ge

 

production of materials 9,08E+06 

construction processes 2,09E+05 

transport 1,59E+07 

TOTAL 2,52E+07 

 

Table 50: 1
st

 scenario – NOx emissions 

  
NOx 

Tu
n

n
e

l 

production of materials 8,46E+03 

construction processes 7,70E+04 

transport 6,01E+04 

TOTAL 1,46E+05 

B
ri

d
ge

 

production of materials 1,85E+04 

construction processes 4,36E+05 

transport 1,28E+05 

TOTAL 5,83E+05 

 

Table 51: 1
st

 scenario – SO2 emissions 

  
SO2 

Tu
n

n
el

 

production of materials 4,20E+03 

construction processes 1,04E+02 

transport 7,05E+03 

TOTAL 1,14E+04 

B
ri

d
ge

 

production of materials 1,44E+04 

construction processes 1,60E+02 

transport 8,49E+03 

TOTAL 2,31E+04 

  

Figure 30: 1
st

 scenario – NOx emissions 

Figure 29: 1
st

 scenario – CO2 emissions 

Figure 31: 1
st

 scenario – SO2 emissions 
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5.4.2.2 DESCRIPTION AND INTERPRETATION 

Figures and tables on the previous page illustrate the CO2, NOx, and SO2 emissions of the 

two different structures, and also the relative contribution of the production of materials, of the 

construction processes, and of the transportation phase.  

 CO2 emissions (see Table 49 and Figure 29):  

The overall CO2 emissions from the bridge construction are higher than the ones from the tunnel 

(respectively 2,52.107 and 1,23.107 kg). In both cases, the constructions processes represent a very 

small percentage of the overall emissions. 

For the bridge, the contributions of transport and production of materials are very similar. However, 

this is not the case for the tunnel, where the contribution of transport is about 4 times higher than the 

one of the production of materials. Note that the contributions of transport are quite similar for the 

bridge and the tunnel (respectively 1,59.107 and 9,44.106 kg) 

In sum, the main difference between the two structures comes from the production of materials; the 

higher contribution from the bridge can be explained by the fact that this structure requires a greater 

amount of steel than the tunnel (i.e. about 18 times more in terms of mass). 

 

 NOx emissions (see Table 50 and Figure 30): 

The overall NOx emissions from the bridge are higher than the ones from the tunnel (about 4 times 

higher). This difference comes from the emissions from construction processes; indeed for both 

structures, the main contributor to NOx emissions are the construction processes. This is particularly 

true for the bridge where construction processes emit 4 times more kg of NOx than the transportation 

phase, the 2nd most significant contributor. For the tunnel structure, construction processes emit 

slightly more NOx than the transport (respectively 7,70.104 and 6,01.104 kg of NOx). The emissions from 

construction processes are 5,5 times higher for the bridge than for the tunnel. 

If we take a closer look at the intermediate calculations, we realize that the NOx emissions from the 

bridge construction are mainly attributable to the use of agitator trucks (4,35.106 kg of NOx). In my 

opinion, it is difficult to make any interpretation of these results since the construction processes part 

is the weakest part of this LCA study with major assumptions and many uncertainties due to a lack of 

reliable and relevant data. 

 

 SO2 emissions (see Table 51 and Figure 31): 

The bridge emits approximately twice more SO2 than the tunnel (respectively 2,31.104 and 1,14.104 kg 

of SO2). For the bridge, the most significant factor is the production of materials, whereas for the 

tunnel, it is the transportation phase. For both structures, the contribution from construction 

processes is almost insignificant. 

These results are in line with the fact that the bridge needs a greater mass of steel than the tunnel. 
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5.4.3 GLOBAL WARMING POTENTIAL 

5.4.3.1 RESULTS 
Table 52: 1

st
 scenario - Global Warming Potential 

GWP 20 kg CO2 eq % 

Tu
n

n
el

 

production of materials 2,97E+06 21,93% 

construction processes 1,77E+05 1,30% 

transport 1,04E+07 76,77% 

TOTAL 1,36E+07 100,00% 

B
ri

d
ge

 

production of materials 1,02E+07 37,11% 

construction processes 2,10E+05 0,76% 

transport 1,71E+07 62,13% 

TOTAL 2,75E+07 100,00% 

 

Figure 32: 1
st

 scenario - Global Warming Potential 

 

 

5.4.3.2 DESCRIPTION AND INTERPRETATION 

According to Table 52 and Figure 32, the Global Warming Potential over 20 years is 

twice higher for the bridge than for the tunnel (respectively 2,75.107 and 1,36.107 kg CO2-eq). In both 

cases the contribution of transport is higher than the one from the production of materials; 3,5 times 

higher for the tunnel and 1,6 times higher for the bridge. In both cases, the contribution to GWP20 

from construction processes is insignificant (less than 2%). 

In terms of GWP20, the main difference between the two structures comes from the production of 

materials. The GWP20 attributable to the production of materials is  3 times higher for the bridge than 

for the tunnel whereas for the GWP20 attributable to the transports is 1,6 times higher for the bridge 

than for the tunnel. 
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5.4.4 PHOTOCHEMICAL OXIDANT FORMATION 

5.4.4.1 RESULTS 
Table 53: 1

st
 scenario - POF 

POF kg NMVOC % 

Tu
n

n
el

 

production of materials 9,34E+03 6,02% 

construction processes 7,71E+04 49,67% 

transport 6,88E+04 44,31% 

TOTAL 1,55E+05 100,00% 

B
ri

d
ge

 

production of materials 2,28E+04 3,81% 

construction processes 4,37E+05 72,97% 

transport 1,39E+05 23,21% 

TOTAL 5,98E+05 100,00% 

 

Figure 33: 1
st

 scenario - POF 

 

5.4.4.2 DESCRIPTION AND INTERPRETATION 

The POF from the bridge is approximately 3,9 times higher than the one from the tunnel 

(respectively 5,98.105 and 1,55.105 kg NMVOC). For the tunnel, the transportation phase and the 

construction processes contribute almost evenly to POF (respectively 44% and 49%), whereas for the 

bridge, the contribution to POF of construction processes is 3 times higher than the one from the 

transportation phase. 

In both cases, the contribution of the production of materials to the POF is very small (less than 7%). 

Note that, according to the REciPE method, the highest characterization factors of this impact category 

belong to NOx and NMVOC substances. As we saw previously with the emissions of NOx, these 

emissions are mainly attributable to construction processes. The results regarding POF are in line with 

the NOx emissions thus revealing the strong influence of construction processes, especially for the 

bridge.  

Considering the fact that the construction processes rely on many assumption and that this part of the 

LCA truly lacked relevant and reliable data, these results should be handled carefully.  
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5.4.5 ENERGY CONSUMPTION 

5.4.5.1 RESULTS 
Table 54: 1

st
 scenario – Energy Consumption 

Energy Consumption GJ % 

Tu
n

n
el

 

production of materials 1,71E+04 8,52% 

construction processes 2,39E+03 1,19% 

transport 1,81E+05 90,29% 

TOTAL 2,01E+05 100,00% 

B
ri

d
ge

 

production of materials 1,02E+05 30,37% 

construction processes 3,03E+03 0,90% 

transport 2,31E+05 68,73% 

TOTAL 3,36E+05 100,00% 

 

Figure 34: 1
st

 scenario – Energy Consumption 

 

5.4.5.2 DESCRIPTION AND INTERPRETATION 

The energy consumption of the bridge construction is higher than the one of the tunnel 

construction (respectively 3,36.105 and 2,01.105 GJ). The most energy intensive factor is the 

transportation phase for both structures; however, its relative contribution is much more significant 

for the tunnel (90%) than for the bridge (68%).  

The main difference between the two structures comes from the energy consumption of the 

production of materials; indeed, this phase is much more energy intensive in the case of the bridge 

construction (1,02.105 GJ) than in the case of the tunnel construction (1,71.104 GJ). If we take a closer 

look at the intermediate calculations, we realize that the most energy intensive stage for the bridge is 

the production of steel products (approximately 8,14.104 GJ). However, these results should be 

handled carefully since the life cycle inventories of the various materials and products come from 

different databases, thus leading to different system boundaries and assumptions.  
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5.4.6 SENSITIVITY ANALYSIS 

5.4.6.1 FOR THE TUNNEL CONSTRUCTION 
Figure 35: 1

st
 Scenario – Sensitivity Analysis – Energy Consumption related to the Tunnel Construction 

 

Figure 36: 1
st

 Scenario – Sensitivity Analysis – CO2, NOx and SO2 emissions related to the Tunnel Construction 

 

Figure 37: 1
st

 Scenario – Sensitivity Analysis –GWP and POF related to the Tunnel Construction 
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Figure 37, Figure 36 and Figure 35 on the previous page illustrate the influence over the final results of 

a variation of 10% of selected items; it is called a sensitivity analysis. The objective is to see which 

items are the most influential factors for energy consumption, GWP, POF, CO2 emissions, NOx 

emissions, and SO2 emissions. 

 

 Energy Consumption (Figure 35) 

The most influential factor is the amount of concrete; a 10% increase of the amount of concrete leads 

to an increased overall energy consumption of approximately 10%. Then the second most influential 

factor is the amount of crushed rock with an increase of 6% of the overall energy consumption. Note 

that for both the concrete and the crushed rocks, an increased amount of 10% leads to an higher 

increase for the transport than for the production of materials. For these materials, the transportation 

phase has more influence on the overall energy consumption than the production of materials. 

The amounts of steel, explosives, rockbolts, HDPE pipes have almost an insignificant influence on the 

energy consumption. We can see that the variation of the amount of excavated lead to an increased 

energy consumption of 9% by the construction processes; however, the overall energy consumption is 

only increased by 3,7% approximately, thus revealing the weak influence of construction processes on 

the overall energy consumption. 

 

 CO2 emissions, NOx emissions and SO2 emissions (Figure 36) 

The most influential factors for the emissions of CO2 are the amount of concrete which leads to an 

increase of more than 7%, the amount of crushed rock which results in an increase of more than 6%, 

the amount of excavated rock which leads to an increase of 4%, and the distances to the concrete 

supplier and to the crushed rock supplier which respectively lead to an increase of 2,5% and 3%. 

Regarding the emissions of SO2, the five most influential factors are the same has for the emissions of 

CO2. However, the variations are different ; respectively 6% for the amount of excavated rock, 

approximately 5,5% for the concrete, 4% for the amount of crushed rock, and 1,8% and 1,5% for 

respectively the distances to the crushed rock supplier and the concrete supplier. The emissions of NOx 

are mainly influenced by the amount of concrete (increase of more than 9%) and the amount of 

crushed rock (increase of 4,5%).  
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In sum, the most significant factors are the amounts of concrete, excavated rock and crushed rock. 

Then, with a lesser impact, but still significant, are the distances to the concrete supplier and crushed 

rock supplier. The amount of explosives, steel, rockbolts, HDPE Pipes, and the distance to the steel 

supplier are negligible factors. 

 

 Global Warming Potential (Figure 37) 

The most influential factors of GWP20 are the amount of concrete (increase of 7%), the amount of 

crushed rock (increase of approximately 6%), the amount of excavated rock (increase of 4,5%), the 

distances to the crushed rock supplier (increase of 3%) and to the concrete supplier(increase of 2,5%). 

Amounts of explosives, steel, rockbolts, HDPE Pipes, and distance to steel supplier have negligible 

impacts on the results. 

 

 Photochemical Oxidant Formation (Figure 37) 

The most influential factors of POF are the amount of concrete (increase of 9%), the amount of crushed 

rock (increase of 4,5%), the distances to the crushed rock supplier (increase of 2%) and to the concrete 

supplier(increase of approximately 2%). All the other elements lead to an increase inferior to 1% and 

can be considered as insignificant factors for the POF. 
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5.4.6.2 FOR THE BRIDGE CONSTRUCTION 
Figure 38:  1

st
 Scenario – Sensitivity Analysis – Energy Consumption related to the Bridge Construction 

 

Figure 39: 1
st

 Scenario – Sensitivity Analysis – CO2, NOx and SO2 emissions related to the Bridge Construction 

 

Figure 40: 1
st

 Scenario – Sensitivity Analysis –GWP and POF related to the Bridge Construction 
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Figure 40, Figure 39 and Figure 38 illustrate the influence over the final results of a 10% variation of 
selected items; it is called a sensitivity analysis. The objective is to see which items are the most 
influential factors for energy consumption, GWP, POF, CO2 emissions, NOx emissions, and SO2 
emissions. 
 
 

 Energy Consumption (Figure 38) 

The most influential factors of the overall energy consumption are the amount of concrete (increase of 

8,5%), the amount of structural steel (increase of 4%) and the amount of reinforcement steel (increase 

of more than 2%). We can also notice that the concrete has a more significant impact on the results 

than the steel products. This is especially due to the increase of the transportation phase’s energy 

consumption (approximately 12,5%) All the other items have a negligible impact as they lead to an 

increase inferior to 1%.  

 

 CO2 emissions, NOx emissions and SO2 emissions (Figure 39) 

The most influential factors for the emissions of CO2 are the amount of concrete which leads to an 

increase of more than 9%, the amount of structural steel which results in an increase of more than 4%, 

and the distance to the concrete supplier which leads to an increase slightly inferior to 4%. Regarding 

the emissions of SO2, the three most influential factors are the same has for the emissions of CO2. 

However, the variations are inferior ; respectively 6,5% for the concrete, approximately 4% for the 

structural steel 2% for the distance to the concrete supplier. We can see that the amount of steel also 

has a significant influence on the results (about 2%). The emissions of NOx are mainly influenced by the 

amount of concrete, of structural steel, of reinforcement steel, and the distance to the concrete 

supplier. 

In sum, the most significant factor is the amount of concrete. Then, with a lesser impact, but still 

significant, are the amount of structural steel, the amount of reinforcement steel, and the distance to 

the concrete supplier. The parapet, zinc epoxy coating, amount of excavated soil and backfill for 

abutment have a negligible impact on the results. 

 

 Global Warming Potential (Figure 40) 

The most influential factors of GWP20 are the amount of concrete (increase of 9%), the amount of 

structural steel (increase of approximately 4,2%), the amount of reinforcement steel (increase of 

approximately 3,9%), and the distance to the concrete supplier(increase of 2,2%). Amounts of steel 

pipes piles, zinc epoxy coating, parapet, excavated soil, backfill for abutment and distances to 

structural steel supplier and reinforcement steel supplier are negligible (approximately 1% and less). 

 

 Photochemical Oxidant Formation (Figure 40) 

The most influential factors of POF are the amount of concrete (increase of 9%), the amount of 

structural steel (increase of approximately 2%). All the other elements lead to an increase equal or 

inferior to 1% and can be considered as insignificant factors for the POF. 
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5.4.6.3 CONCLUSION 

In both cases, and for all categories and indicators, the main factor is definitely the amount of 

concrete. Then there are other factors with lesser impacts, but still significant, such as distances to 

certain suppliers, steel products for the bridge construction, and the amounts of excavated and 

crushed rock for the tunnel construction. 
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5.5 RESULTS: 2ND
 SCENARIO: CONCRETE DIRECTLY MADE ON SITE 

5.5.1 DESCRIPTION OF THE 2ND
 SCENARIO 

In the previous section, we have been able to notice the influence of the transport of concrete 

on the results; it is not the most significant and influential factor, but it still has a sizeable influence on 

the results. As a consequence, we will see how the results will change when we consider that there is 

no transportation of concrete needed. 

The second scenario consists in making the concrete directly on site. This alternative allows more 

flexibility in the construction process and is likely to happen if there is no concrete plant close by. This 

results in considering that there is no transport needed for the ready mixed concrete. As a 

consequence, we will make the same assumptions as the ones of the first scenario, except for the fact 

that there is no transport of concrete. 

Focus will be put on the transportation phase as values of production of materials and construction 

processes won’t change. The key figures of this scenario are as followed (Table 55): 

Table 55: Scenario 2 - Key figures 

  total amount of concrete (t) total amount of steel (t) Overall distance.mass (t.km) 

Bridge 23683,37 5778,79 10369168,27 

Tunnel 18254,31 312,87 165073517,40 

Bridge/tunnel 1,30 18,47 0,06 

 

Analysis of the key figures is almost the same as the analysis made for the 1st scenario. The only 

difference lies in the transportation phase; the overall t.km (mass.distance) of the tunnel is about 18 

times higher than the one from the bridge, whereas in the 1st scenario, they were similar. The main 

difference between the two scenarios, apart from the fact that the concrete is made directly on site, is 

that the tunnel has a greater need of transport. This can be explained by the fact that a huge amount 

of blasted rock needs to be transported out of the tunnel’s building site. 

Note that this analysis strongly depends on the assumptions that have been made. 

 

NB: Results are representative of one 3 lanes tube for the tunnel (half the structure), and of 

one bridge of 3 lanes for the bridge. 
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5.5.2 AIR EMISSIONS 

5.5.2.1 RESULTS 

 

Table 56: 2
nd

 scenario – CO2 emissions 

  
CO2 

Tu
n

n
el

 

production of materials 2,71E+06 

construction processes 1,64E+05 

transport 6,60E+06 

TOTAL 9,48E+06 

B
ri

d
ge

 

production of materials 9,08E+06 

construction processes 2,09E+05 

transport 5,36E+05 

TOTAL 9,83E+06 

 

 

Table 57: 2
nd

 scenario – NOx emissions 

  
NOx 

Tu
n

n
e

l 

production of materials 8,46E+03 

construction processes 7,70E+04 

transport 3,62E+04 

TOTAL 1,22E+05 

B
ri

d
ge

 

production of materials 1,85E+04 

construction processes 4,36E+05 

transport 4,27E+03 

TOTAL 4,59E+05 

 

Table 58: 2
nd

 scenario – SO2 emissions 

  
SO2 

Tu
n

n
el

 

production of materials 4,20E+03 

construction processes 1,04E+02 

transport 5,54E+03 

TOTAL 9,84E+03 

B
ri

d
ge

 

production of materials 1,44E+04 

construction processes 1,60E+02 

transport 2,93E+02 

TOTAL 1,49E+04 

 

 

Figure 41: 2
nd

 scenario – CO2 emissions 

Figure 42: 2
nd

 scenario – NOx emissions 

Figure 43: 2
nd

 scenario – SO2 emissions 
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5.5.2.2 DESCRIPTION AND INTERPRETATION 

Figures and tables illustrate the CO2, NOx, and SO2 emissions of the two different 

structures, and also the relative contribution of the production of materials, of the construction 

processes, and of the transportation phase.  

 CO2 emissions (see Table 56 and Figure 41):  

Unlike the 1st scenario, the overall CO2 emissions from the bridge and from the tunnel are similar 

(9,48.106 kg for the tunnel and 9,83.106 kg for the bridge). However, the constructions processes still 

represent a very small percentage of the overall emissions. 

For the bridge, the production of materials accounts for almost all of the CO2 emissions whereas the 

contributions of transport is almost insignificant (5,36.105 kg) thus showing that the transportation of 

concrete was the main contributor of CO2 emissions among all the transport considered for the bridge. 

On the other hand, for the tunnel, the contribution of the transportation phase is the most significant 

one (6,60.106 kg). This result is in line with the fact that the tunnel as a greater need of transportation 

than the bridge (its overall t.km is 18 times higher than the one from the bridge). 

In sum, we can notice the strong influence of the distance of concrete; considering that there is no 

transport of concrete anymore lead to the two structures having similar overall CO2 emissions, and it 

also lead to the transportation phase becoming insignificant for the bridge structure. 

It decreased the overall CO2 emissions by 23% for the tunnel, and by 61% for the bridge. 

 

 NOx emissions (see Table 57 and Figure 42):  

The fact that the concrete is made on site lead to a decrease in the NOx emissions from the 

transportation phase. However, since the NOx emissions are strongly influenced by the construction 

processes, the 2nd scenario did not result in significant changes from the 1st scenario 

It decreased the overall NOx emissions by 16% for the tunnel, and by 21% for the bridge. 

 

 SO2 emissions (see Table 58 and Figure 43):  

The absence of transport of concrete resulted in the transportation phase becoming almost 

insignificant and in the production of materials becoming the main contributor of SO2 emissions for the 

bridge structure. This reveals that the transport of concrete was one of the main factors of SO2 

emissions for the bridge. 

It decreased the overall SO2 emissions by 13% for the tunnel, and by 35% for the bridge.  
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5.5.3 GLOBAL WARMING POTENTIAL 

5.5.3.1 RESULTS 
Table 59: 2

nd
 scenario – GWP 20 

GWP 20 kg CO2 eq % 

Tu
n

n
el

 

production of materials 2,97E+06 28,30% 

construction processes 1,77E+05 1,68% 

transport 7,36E+06 70,02% 

TOTAL 1,05E+07 100,00% 

B
ri

d
ge

 

production of materials 1,02E+07 92,86% 

construction processes 2,10E+05 1,90% 

transport 5,76E+05 5,24% 

TOTAL 1,10E+07 100,00% 

 

Figure 44: 2
nd

 scenario – GWP 20 

 

 

5.5.3.2 DESCRIPTION AND INTERPRETATION 

According to Table 59 and Figure 44, the GWP20 from both structures are almost the 

same, whereas in the 1st scenario, the GWP20 from the bridge was much higher than the one from the 

tunnel. The 2nd scenario resulted in the transportation phase becoming almost insignificant for the 

bridge (less than 5%), thus revealing the influence of the transport of concrete on the GWP20.  

Second scenario decreased the overall GWP20 by 20% for the tunnel and by 60% for the bridge, thus 

revealing that the transportation phase has a greater influence on results for the bridge than for the 

tunnel.  
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5.5.4 PHOTOCHEMICAL OXIDANT FORMATION 

5.5.4.1 RESULTS 
Table 60: 2

nd
 scenario – POF 

POF kg NMVOC % 

Tu
n

n
el

 

production of materials 9,34E+03 7,21% 

construction processes 7,71E+04 59,55% 

transport 4,30E+04 33,24% 

TOTAL 1,29E+05 100,00% 

B
ri

d
ge

 

production of materials 2,28E+04 4,92% 

construction processes 4,37E+05 94,09% 

transport 4,58E+03 0,99% 

TOTAL 4,64E+05 100,00% 

 

Figure 45: 2
nd

 scenario – POF 

 

5.5.4.2 DESCRIPTION AND INTERPRETATION 

Compared to the 1st scenario, the POF decreased of 17% for the tunnel and 22% for the 

bridge. We can still notice the strong influence of the construction processes on the overall POF.  

For the tunnel, the transportation phase and the construction processes contribute respectively to 33% 

and 60%  of the POF. On the other hand, for the bridge, the construction processes account for 94% of 

the overall POF. The 2nd scenario has increased the influence of the construction processes for both 

structures. 

In both cases, the contribution of the production of materials to the POF is rather small (less than 8%). 

As it has been said previously in section Erreur ! Source du renvoi introuvable., these results are 

significantly influenced by the NOx emissions. Considering the fact that the construction processes rely 

on many assumption and that this part of the LCA truly lacked relevant and reliable data, these results 

should be handled carefully. 
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5.5.5 ENERGY CONSUMPTION 

5.5.5.1 RESULTS 
Table 61: 2

nd
 scenario – Energy Consumption 

Energy Consumption GJ % 

Tu
n

n
el

 

production of materials 1,71E+04 14,84% 

construction processes 2,39E+03 2,07% 

transport 9,59E+04 83,08% 

TOTAL 1,15E+05 100,00% 

B
ri

d
ge

 

production of materials 1,02E+05 90,42% 

construction processes 3,03E+03 2,68% 

transport 7,79E+03 6,90% 

TOTAL 1,13E+05 100,00% 

 

Figure 46: 2
nd

 scenario – Energy Consumption 

 

5.5.5.2 DESCRIPTION AND INTERPRETATION 

The 2nd scenario resulted in a decreased energy consumption of 43% for the tunnel and 

66% for the bridge. 

It is the only case in which the tunnel has a higher environmental burden than the bridge. The tunnel 

construction is slightly more energy intensive than the bridge construction (respectively 1,15.105 and 

1,13.105 GJ). For the tunnel, the most energy intensive stage is the transportation (9,59.104 GJ 

representing 83% of the overall energy) whereas for the bridge, it is the production of materials 

(1,02.105 GJ representing 90% of the overall energy). These results are in line with the facts that the 

bridge needs a lot more steel (18 times more in terms of tons) than the tunnel, and that the transport 

demands are much higher for the tunnel (18 times more in terms of t.km). 
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6. CONCLUSION  

6.1 METHODOLOGY OF THE LCA 

A simplified LCA has been implemented in order to evaluate the environmental impacts of a 

bridge and a tunnel and to compare them in terms of environmental performance. This study relies on 

various assumptions regarding designs, transportation distances, construction processes and on 

several omissions which narrow the scope of the analysis. This LCA study only takes into account the 

construction phase of the structure and the approach mainly relies on aggregated data (e.g. concrete 

production including manufacturing of cement). 

It is not an easy task to describe what might be a typical bridge or a typical tunnel; for both structures, 

there are various types of structures (e.g. composite, prestressed, suspension bridges), construction 

methodologies (e.g. drill and blast method, Tunnel boring machines) thus making it difficult to say what 

is a typical bridge or tunnel. What makes civil engineering so unique is that every project is a prototype 

and site specific unlike industrial products. However choices in terms of distances, assumptions, or 

transport distances have been made to ensure the fairest comparison possible. 

It was difficult to ensure consistency, thoroughness, and precision of this study with only public 

databases. It was impossible to only rely on one single database thus resulting in inhomogeneous data 

that have different geographical representativeness, different system boundaries, and different levels 

of precision. This has lead to a level of thoroughness and precision below my expectations. The data 

constraints guided many choices that had to be made; e.g. the indicators (NOx, CO2, and SO2), the 

impact categories, or even the tunnel design (i.e. there was no public data available regarding tunnel 

boring machines). The precision and scope of this study have been widely influenced by the data’s 

availability and precision. It was also very difficult to find free and accurate data of specific materials or 

equipment (e.g. rubber bearings) and almost impossible to find data related to construction processes, 

especially operation times of machinery, working times. This kind of data is more likely to be held by 

private companies, more precisely by price estimators, employees that establish the bill of quantities, 

and these data might be confidential. As a consequence, I had to rely on a Korean publication from 

Kawai et al. (2005) that describe some air emissions related to the use of some building machines. 

 

6.2 KEY FACTS 

This study revealed that, regarding the 1st scenario where the concrete has to be brought by 

truck to the building site, the bridge has higher environmental impacts in every category. Regarding the 

2nd scenario, there is only one category where the tunnel has a slightly higher environmental impact 

which is the energy consumption; otherwise the bridge proves to be less eco-friendly in all the others 

categories. 

In both cases the most influential factor is the amount of concrete; it has a strong impact on 

environmental impacts related to the transportation phase. Structural and reinforcement steel also 

have a significant influence on the bridge’s results, and so do the amounts of crushed and excavated 
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rock for the tunnel’s results. On the other hand equipment and items that account for a small 

percentage of the total amount of materials have a negligible influence on the LCA results.  

The production of materials and the transportation phase almost always have a significant impact on 

the results for both structures. However, construction processes have a negligible or very weak 

influence on the results except for the NOx emissions, and consequently, the photochemical oxidant 

formation.  

It should be kept in mind that these results strongly depend on the assumptions that have been made 

regarding the tunnel and the bridge design, and also on the data that have been used for the life cycle 

inventories. Many different designs are possible for both structures and there are also many different 

construction methodologies available. These results can not be generalized to any bridge nor tunnel 

and should be handled carefully.  

 

6.3 THE INFLUENCE OF ASSUMPTIONS 

If we analyze the results from the 2nd scenario, we can see that shifting to a production of 

concrete directly on site, results in important reductions of the environmental impacts of both 

structures. This is especially true for the bridge where the alternative regarding the concrete 

production leads to a diminution of the CO2 emissions, global warming potential and energy 

consumption of more than 60% each. It also tends to level off the results between the two structures; 

indeed, the global warming potential and the energy consumption are very similar for both structures, 

unlike the results of the 1st scenario.  

Results from the 2nd scenario reveal the strong influence of the transport of concrete, especially for the 

bridge. It also emphasizes the importance of assumptions and choices about the construction 

methodologies on the results and illustrates the difficulty to fairly compare two different structures. 

From the sensitivity analysis, it is possible to identify the most influential items; based on these results, 

it is then possible to make different scenarios with assumptions related to these factors in order to see 

which alternative is the most environmentally-friendly. This procedure is particularly relevant for 

preliminary studies in order to select the best alternatives and to help the decision-making process.  

 

6.4 RECOMMENDATION FOR FURTHER RESEARCH 

A possible extension of this study would be to have more precise data regarding the bridge and 

tunnel designs. Improvements can also be done in terms of substances considered; indeed, a very few 

substances were considered for this study; yet, this was the result of the use of different databases 

with different levels of precision. Increasing the number of substances taken into account would lead 

to considering more impact categories and increasing the study’s quality. With more impact categories, 

it would then be possible to proceed to the weighting phase. This might be interesting in order to 

increase the readability of the results and to communicate the results to people who are not 

necessarily familiar with LCAs.  However, weighting methods are rather subjective. Improvements 

could also be done in terms of geographical representativeness; indeed, data from different 
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geographical locations have been used, and it would improve the thoroughness of the study to 

consider homogeneous data in terms of location. If a specific location is considered, site-dependent 

characterization factors can also improve the quality of the results. 

No data has been found regarding construction processes and their related air emissions and 

environmental impacts. In my opinion, the public databases for life cycle inventories are more 

“product oriented” than “construction oriented”. There is no freely available information regarding 

construction processes such as agitator trucks, truck mounted concrete pumps, or tunnel boring 

machines for example. As a consequence, to increase to precision of this LCA study, it would be 

valuable to find better data regarding construction processes and also the operation times of the 

various machines (e.g. ratio of kg of materials/working hour). Furthermore, including the personnel 

and the workforce would also result in a more precise study. Consequently, the best would have been 

to get access to statistics about operation times, amount of workforce, working hours, types of 

machinery used, average amount of materials, for the construction of different types of bridges and 

different types of tunnels. Unfortunately, such data or publication could not be found. Such a database 

could represent an interesting element to work on during preliminary studies; it could help LCA 

practitioners to perform simplified LCAs before the project has been built and to compute some key 

figures about environmental impacts of different alternatives thus helping the decision-making 

process.  

Improvements need to be achieved in order to provide LCA practitioners with a comprehensive 

database, and efforts should be put on developing homogeneous databases related to the building 

sector and also on reaching a consensus about LCA methodologies and data collection. It would 

considerably improve the thoroughness and quality of LCA studies related to the built environment. 

The lack of consensus can be noticed on the European Commission’s website; several LCIA 

methodologies are graded and results show a wide range of grades (from A to E). In my opinion, the 

best alternative would be to have a common basis for all European countries regarding the LCIA 

methodology, but associated with site-dependent factors when needed. 

It would be interesting to proceed to an estimation of the results’ uncertainty; considering the 

different inputs parameters and their related uncertainty, it would be of particular interest to know the 

uncertainty of the final results. Furthermore, a peer review would considerably increase the objectivity 

of the results and would provide the LCA practitioners with valuable comments and recommendations. 

Finally, the best procedure in terms of sustainable development would be to combine the LCA with 

other assessment tools, such as the Environmental Impact Assessment (EIA), that have other purposes 

and that cover other fields. Such a procedure would enable the main stakeholders of a project to be 

aware of a wide range of environmental issues. However, it is likely to complicate the decision-making 

process as extra-criteria are added. 
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APPENDIX 
 



 

I 

 

OVERVIEW OF BASELINE AND OTHER IMPACT CATEGORIES IN RELATION TO THE AVAILABILITY OF 

BASELINE CHARACTERISATION METHODS (REPRODUCED FROM GUINÉE ET AL. 2001) 



 

II 

   

LITERATURE REVIEW: FREQUENCIES OF IMPACT CATEGORIES 

  

IMPACT 

CATEGORIES 
  Energy use Noise Wastes 

Effluents to 

soil and water 

Depletion of 

resources 

Climate 

change 
Acidification 

Photo chemical 

ozone 

formation 

Literature type                   

Stripple H. ,(2001), “Life cycle assessment for road construction – a pilot 

study for Inventory Analysis” road   1               

Jonsson D.K. (2007), “Indirect energy associated with Swedish road 

transport” road   1               

Mroueh U. M., Eskola P., et al (2000) ”Life cycle assessment of road 

construction” road   1 1 1 1         

Huang Y., Bird R., Heidrich O. (2008) “Development of a life cycle 

assessment tool for construction and maintenance of asphalt 

pavements”  asphalt pavements     1     1 1 1 1 

Birgisdóttir H. (2005), “Life cycle assessment for road construction and 

use of residues from waste incineration” road             1 1 1 

Chowdhury R., Apul D., Fry T., (2009) “A life cycle based environmental 

impacts assessment of construction materials used in road 

construction”255 road    1         1 1   

Reseau scientifique et technique du MEEDDM, SNCTP, et al, “Analyse 

du cycle de vie d’un pont en béton - Exemple d’application pour un pont 

courant” bridge   1   1   1 1 1 1 

Keoleian et al, (2005), Life cycle modeling of Concrete Bridge Design bridge   1   1   1       

Itoh Y., Tsubouchi S., Wada M. (2005) “Lifecycle Analysis of Bridges 

Considering Longevity of Bridge and Severe Earthquakes” bridge                   



 

III 

   

Itoh Y., Member, ASCE, Kitagawa T. (2001) “Bridge Analysis and 

Durability Evaluation Using Accelerated Exposure Test” bridge   1               

Van Geldermalsen, L. A. (2004).  ”Environmental Aspects in Tunnel 

design” tunnels   1 1             

D'Aloia Schwartzentruber L., Rival F., Kote H. (no year specified), “LCA 

for evaluating Underground Infrastructures like tunnels - Potential 

Environmental Impacts of Materials” tunnels   1       1 1 1 1 

Centrum dopravniho vyzkumu (2009) ”WP6 – Life Cycles Evaluations” 

Energy Conservation in Road Pavement Design. road   1               

 Gervasio H., Da Silva L.S. (2008) “Comparative life-cycle analysis of 

steel-concrete composite bridges” bridge   1   1           

Horvath A. Hendrickson C. (1998) “Steel Versus Steel-reinforced 

concrete bridges: environmental assessment” bridge       1           

Hammervold J., Reenaas M. and Brattebø H.(2009) “ETSI Stage 2 – Sub 

Project 2: Environmental Effects - Life Cycle Assessment of Bridges” bridge           1 1 1 1 

                      

  

 

TOTAL 11 3 5 1 5 6 6 5 

  

% 68,8% 18,8% 31,3% 6,3% 31,3% 37,5% 37,5% 31,3% 

  

  
Very 

Frequent 
Average Frequent 

Not 

Frequent 
Frequent Frequent Frequent Frequent 

 

 
 
 



 

IV 

   

  

IMPACT 

CATEGORIES 
  

Human 

toxicity 
Ecotoxicity Eutrophication 

Depletion 

of landfill 

space 

Stratospheric 

ozone 

depletion 

Water 

consumption 

Ecology - 

loss of 

biodiversity 

Literature type                 

Stripple H. ,(2001), “Life cycle assessment for road construction – a pilot 

study for Inventory Analysis” road                 

Jonsson D.K. (2007), “Indirect energy associated with Swedish road 

transport” road                 

Mroueh U. M., Eskola P., et al (2000) ”Life cycle assessment of road 

construction” road                 

Huang Y., Bird R., Heidrich O. (2008) “Development of a life cycle 

assessment tool for construction and maintenance of asphalt 

pavements”  asphalt pavements   1 1 1 1       

Birgisdóttir H. (2005), “Life cycle assessment for road construction and 

use of residues from waste incineration” road   1 1 1         

Chowdhury R., Apul D., Fry T., (2009) “A life cycle based environmental 

impacts assessment of construction materials used in road 

construction”255 road    1 1           

Reseau scientifique et technique du MEEDDM, SNCTP, et al, “Analyse 

du cycle de vie d’un pont en béton - Exemple d’application pour un pont 

courant” bridge           1 1   

Keoleian et al, (2005), Life cycle modeling of Concrete Bridge Design bridge                 

Itoh Y., Tsubouchi S., Wada M. (2005) “Lifecycle Analysis of Bridges 

Considering Longevity of Bridge and Severe Earthquakes” bridge                 

Itoh Y., Member, ASCE, Kitagawa T. (2001) “Bridge Analysis and 

Durability Evaluation Using Accelerated Exposure Test” bridge                 



 

V 

   

Van Geldermalsen, L. A. (2004).  ”Environmental Aspects in Tunnel 

design” tunnels               1 

D'Aloia Schwartzentruber L., Rival F., Kote H. (no year specified), “LCA 

for evaluating Underground Infrastructures like tunnels - Potential 

Environmental Impacts of Materials” tunnels                 

Centrum dopravniho vyzkumu (2009) ”WP6 – Life Cycles Evaluations” 

Energy Conservation in Road Pavement Design. road                 

 Gervasio H., Da Silva L.S. (2008) “Comparative life-cycle analysis of 

steel-concrete composite bridges” bridge                 

Horvath A. Hendrickson C. (1998) “Steel Versus Steel-reinforced 

concrete bridges: environmental assessment” bridge           1     

Hammervold J., Reenaas M. and Brattebø H.(2009) “ETSI Stage 2 – Sub 

Project 2: Environmental Effects - Life Cycle Assessment of Bridges” bridge       1   1     

                    

  

 

TOTAL 3 3 3 1 3 1 1 

  

% 18,8% 18,8% 18,8% 6,3% 18,8% 6,3% 6,3% 

  

  Average Average Average 
Not 

Frequent 
Average 

Not 

Frequent 

Not 

Frequent 

 



 

VI 

   

EMISSION INVENTORY DATA (CONSTRUCTION) (REPRODUCED FROM KAWAI ET AL. (2005) 

"INVENTORY DATA AND CASE STUDIES FOR ENVIRONMENTAL PERFORMANCE EVALUATION OF 

CONCRETE STRUCTURE CONSTRUCTION" JOURNAL OF ADVANCED CONCRETE TECHNOLOGY 

VOL.3, NO.3, 435-456, OCTOBER 2005 

 

 

 

  



 

VII 

   

EMISSION INVENTORY DATA (CONSTRUCTION, CONTINUED) (REPRODUCED FROM KAWAI ET AL. 
(2005) "INVENTORY DATA AND CASE STUDIES FOR ENVIRONMENTAL PERFORMANCE 

EVALUATION OF CONCRETE STRUCTURE CONSTRUCTION" JOURNAL OF ADVANCED CONCRETE 

TECHNOLOGY VOL.3, NO.3, 435-456, OCTOBER 2005 
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BRIDGE: MATERIAL QUANTITIES  

  Quantity Quantity/km Parameters 

 Excavation 
Abutment 

Earth excavation for abutments 1800 m3 3948387,10 kg /km   density (kg/m3) 1700 

Backfill for abutments 900 m3 1858064,52 kg /km crushed stone 16/32 density 1600 

Groundwork Soil and rock   m3 0,00 m3 /km   

Foundations 
Preparation Work Provisional sheet pile walls 7320 m2 1416774,19 kg /km   density (kg/m2) 150 

Piles Steel pipe piles 4480 m 751483,87 kg /km   density (kg/m) 130 

Structures for 
Piers 

Concrete 

Sealing concrete for foundation slabs 400 m3 1197419,35 kg /km 20-25 Mpa density (kg/m3) 2320 

foundation slabs 2053 m3 6278206,45 kg /km 35 Mpa density (kg/m3) 2370 

piers 

          35 MPa density (kg/m3) 2370 

          

FORMWORK 

width of one pier (m) 3 

          length of one pier (m) 5 

          nb of piers 9 

1050 m3 3210967,74 kg /km Formwork height (m) 2,5 

Steel 
foundation slabs     582787,10 kg /km ratio: 220 kg/m3 of concrete 

piers     298064,52 kg /km ratio: 220 kg/m3 of concrete 

Bridge 
Superstructure 

Concrete Concrete slab  3600 m3 11009032,26 kg /km 

35 MPa density (kg/m) 2370 

FORMWORK 
surface: Width + 2 x 
Thickness (m2 per m) 

13,79 

  

Steel 
--> steel reinforcement 792000 kg 1021935,48 kg /km ratio: 220 kg/m3 of concrete 

Steel structure (2,8 ton/m) 2170000 kg 2800000,00 kg /km   density (kg/m3) 7800 



 

IX 

   

Others 

polyurethane coating (steel girder) 50 m2 64,52 m2 /km   

 zinc epoxy coating (steel girder) 17948,71795 m2 23159,64 m2 /km 

Surface/Volume of Steel 
Structure  

50 m2/m3 

Steel girder surface 17948,71795 m2 

Edge Beams - concrete 650 m3 1987741,94 kg /km  35 Mpa density (kg/m3) 2370 

Edge Beams - reinforcement steel 143000 kg 184516,13 kg /km ratio: 220 kg/m3 of concrete 

Rubber bearings 32 units 495,48 kg /km   density (kg/unit) 12 

After treatment of concrete surfaces 13750 m2 17741,94 m2 /km With What?  

Formworkmade of 
timber (pine wood) 

total surface of formwork     13790,00 m2 /km 
 

    

 
Real surface of formwork needed     2895,90 m2 /km Average Thickness (m) 0,06 density (kg/m3) 700 

Quantity of formwork needed     135067,8 kg /km Formwork's span (m) 30 Replaced every 5 

Bridge 
Equipment 

  parapet 1550 m 2000,00 m /km ratio 70 kg/m of bridge 

        140000,00 kg /km 

15-20 kg/m --> 60-80 kg/m (2 de chaque coté) 

              post spacing: 2-4m (Mpost 7kg/m; HeightPost 1,5m) 

Road 

Waterproofing 

Epoxy 2 layers wet-in-wet.     26,58 kg /km ratio 2 kg/m2 of bridge 

Last layer Sanded with fine sand     13,29 kg /km ratio 1 kg/m2 of bridge 

Waterproof Mastic Asphalt     531,60 kg /km ratio 40 kg/m2 of bridge 

Levelling layer Asphalt concrete           ratio   kg/m of bridge 

Wearing Course Mastic asphalt     1594,80 kg /km ratio 120 kg/m2 of bridge 
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BRIDGE: CONSTRUCTION PROCESSES 

Designation and parameters 

  Hours (from Kawai's literature) hours (extrapolation) 

truck crane 5t 79 1293 

truck crane 5t 192,5 3151 

truck crane 5t 21 344 

diesel generator 204 3339 

agitator truck 105 1719 

truck mounted concrete pump       

  
 

10003,871 m3 of concrete 

  ratio 90 m3/h   

    111,1541219 h   

Excavator       

  quantity 3948387,10 kg of excvavated soil 

  
   

  

          

Roller       

  speed 6000 m/h   

  width 2,13 m   

  
 

12780 m2/h   

  
 

6 times   

  Mastic Asphalt 5,633802817 hours   

  2 layers of epoxy 1,877934272 hours   

  waterproof mastic asphalt manually 
 

  

          

  



 

XI 

   

BRIDGE: TRANSPORT 

Designation Amount    

mean of 

transport 

capa

city 

Nb of 

trips 

distance from 

supplier (km) 

total 

distance 

(km) t.km 

transport excavated soil 3948,387 t Barge 1228 4 20 80 315870,9677 

transport backfill for abutments 1858,065 t Lorry 17,3 108 10 1080 2006709,677 

transport concrete (agitator truck) 10003,871 m3 

Agitator truck 

(Small Lorry) 16 626 5 3130 74128941,03 

transport steel pipe piles 751,484 t Articulated Lorry 27 28 250 7000 5260387,097 

transport steel structure 2800,000 t Articulated Lorry 27 104 250 26000 72800000 

transport steel reinforcement 2087,303 t Articulated Lorry 27 78 250 19500 40702412,9 

transport mastic asphalt / asphalt 1,595 t Lorry 17,3 1 25 25 39,87 

transport parapet 140,000 t Lorry 17,3 9 250 2250 315000 

Transport Formwork 135,068 t Lorry 17,3 8 25 200 27013,56 

transport Rubber bearings 0,495 t Lorry 17,3 1 1000 1000 495,483871 
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TUNNEL: MATERIAL QUANTITIES  

Designation Value Unit (per km) parameters 

O
n

ly
 S

h
o

tc
re

te
 

Theoritical volume of excavated rock Operation 155650640 kg 
  density 1700 

volume of shotcrete 

Theoritical 3015,62 m3   rebound  10% 

Real Volume needed considering 
Rebound 

7861713,00 kg   density (kg/m3) 2370 

Steel Fibre 132687,14 kg   
ratio (kg/m3 of 
concrete) 40 

R
o

ad
 S

tr
u

ct
u

re
 

Theoritical volume of reinforced concrete 
course 

Production concrete 6149676,00 kg   density 2370 

Production reinforcement steel 
      density 7770 

129626,91 kg steel ration:  0,67% 16,683 m3 

Theoritical volume of poor concrete 
Production 4242920,00 kg   density 2200 

Theoritical volume of crushed rock 
Production 10115200,00 kg   density 1600 

Real Amount of crushed rock that need 
to be produced 

5057600,00 kg 
percentage of crushed rock coming from 
the blasted rock 50% 

O
th

e
rs

 

Theoritical mass of explosives 
Production 137338,80 kg   

Theoritical number of Rockbolts Production 
6320,00 units Unit length 4 m /unit 

50560,00 kg Unit weight 2 kg /m 

Theoritical linear meter of HDPE Pipes 
Production 10000,00 kg density 10 kg/ml     
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TUNNEL: CONSTRUCTION PROCESSES 

Designation and parameters 

Ex
ca

va
ti

o
n

 o
f 

b
la

st
e

d
 r

o
ck

 ratio 10 m/day daily hours 8 

    
  

    
  

 truck       

transport blasted rock out of site 

    
  

excavator       

      155650640 kg 

sh
o

tc
re

te
 

ratio 14 m3/h     

concrete pump       

  
14 m3/h   

  
236,94 h   

agitator truck       

  
14 m3/h   

    236,94 h   

C
ru

sh
e

d
 R

o
ck

 

motor grader     

nb de passages p/ largeur 5   

vitesse 9 km/h 

  
hours 0,555555556 h/km 

   
0,055555556 h/km 

road roller     

  
ratio 450 m3/h 

    hours 14,04888889 h/km 

b
it

u
m

e
n

 /
 p

o
o

r 
co

n
cr

et
e 

road roller     

  
speed 6000 m/h 

  
width 2,13 m 

  
speed 12780 m2/h 

  
surface 12500 m2 

      0,978090767 h/km 

se
co

n
d

ar
y 

lin
in

g 

Agitator Truck       

   
2594,8 m3 

sliding form     

   
230 h 

truck mounted concrete pump   

  
ratio 40 m3/h 

  
qt 64,87 h/km 

vibrator     

      691 h/km 
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TUNNEL: TRANSPORT 

Designation 

Amount 

(t) 

mean of 

transport capacity 

Nb of 

trips 

distance from supplier 

(km) 

total distance 

(km) t.km 

transport of blasted rock 77825,32 Barge 1228 t 64 20 1280 99616409,6 

transport concrete (agitator 

truck) 

7840,57848 

m3 Agitator Truck (S L) 16 m3 491 5 2455 44814328,59 

transport of crushed rock 10115,20 L 17,3 t 585 10 5850 59173920 

transport rockbolt 50,56 L 17,3 t  3 250 750 37920 

transport poor concrete 4242,92 L 17,3 t 246 5 1230 5218791,6 

Transport of HDPE pipes 10 L 17,3 t 1 250 250 2500 

transport steel 262,3140492 A L 27 t 10 250 2500 655785,123 

 

Assumption: 50% of crushed stone comes from blasted rock 

Assumption: distance where blasted rock is crushed to be reused and distance from crushed stone supplier are the same 
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SENSITIVITY ANALYSIS: ENERGY CONSUMPTION 

    BENCHMARK 10% excavated rock 10% explosives 10% steel 10% concrete 10% rockbolts 10% HDPE Pipes 10% crushed rock     

    Energy (GJ) Energy (GJ) diff (%) Energy (GJ) diff (%) Energy (GJ) diff (%) Energy (GJ) diff (%)   diff (%) Energy (GJ) diff (%) Energy (GJ) diff (%) 

 

  

Tunnel 

production of materials 1,71E+04   1,7E+04 0,87% 1,7E+04 0,87% 1,7E+04 1,09% 1,8E+04 6,65% 1,7E+04 0,55% 1,7E+04 0,06% 1,7E+04 0,78% 

 

  

construction processes 2,39E+03   2,6E+03 9,24% 2,4E+03 0,00% 2,4E+03 0,00% 2,4E+03 0,75% 2,4E+03 0,00% 2,4E+03 0,00% 2,4E+03 0,02% 

 

  

transport 1,81E+05   1,9E+05 3,92% 1,8E+05 0,00% 1,8E+05 0,07% 2,0E+05 10,49% 1,8E+05 0,00% 1,8E+05 0,00% 1,9E+05 6,39% 

 

  

TOTAL 2,01E+05   2,1E+05 3,73% 2,0E+05 0,07% 2,0E+05 0,16% 2,2E+05 10,05% 2,0E+05 0,05% 2,0E+05 0,01% 2,1E+05 5,84% 

 

  

  

  

      

  BENCHMARK 10% reinforcement steel 10% structural steel 10% concrete 10% steel pipe piles 10% zinc epoxy coating 10% parapet 10% excavated soil 10% backfill for abutment 

  Energy (GJ) Energy (GJ) diff (%) Energy (GJ) diff (%) Energy (GJ) diff (%) Energy (GJ) diff (%) Energy (GJ) diff (%) Energy (GJ) diff (%) Energy (GJ) diff (%) Energy (GJ) diff (%) 

Bridge 

production of materials 1,02E+05   1,0E+05 2,68% 1,1E+05 4,06% 1,0E+05 1,56% 1,0E+05 1,24% 1,0E+05 0,00% 1,0E+05 0,26% 1,0E+05 0,01% 1,0E+05 0,05% 

construction processes 3,03E+03 

 

3,1E+03 1,01% 3,1E+03 1,49% 3,2E+03 5,49% 3,0E+03 0,40% 3,0E+03 0,00% 3,0E+03 0,07% 3,0E+03 0,37% 3,1E+03 0,99% 

transport 2,31E+05   2,4E+05 2,58% 2,4E+05 4,80% 2,6E+05 12,86% 2,3E+05 0,35% 2,3E+05 0,00% 2,3E+05 0,01% 2,3E+05 0,00% 2,3E+05 0,17% 

TOTAL 3,36E+05   3,4E+05 2,60% 3,5E+05 4,54% 3,7E+05 9,37% 3,4E+05 0,62% 3,4E+05 0,00% 3,4E+05 0,09% 3,4E+05 0,01% 3,4E+05 0,14% 
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SENSITIVITY ANALYSIS: AIR EMISSIONS 

   
CH4 CO CO2 N20 NH3 NMVOC* NOx* PM10 SO2 

Tu
n

n
e

l 

Initial 

production of materials 1,32E+03 8,64E+03 2,71E+06 5,78E+02 2,38E+01 1,31E+02 8,46E+03 4,55E+03 4,20E+03 

construction processes 1,48E+02 2,81E+02 1,64E+05 5,56E+00 1,43E-01 6,25E+01 7,70E+04 8,61E-01 1,04E+02 

transport 9,55E+03 2,07E+04 9,44E+06 9,81E+02 4,62E+01 7,05E+03 6,01E+04 0,00E+00 7,05E+03 

TOTAL 1,10E+04 2,96E+04 1,23E+07 1,56E+03 7,02E+01 7,24E+03 1,46E+05 4,55E+03 1,14E+04 

  

10% excavated rock production of materials 1,35E+03 9,03E+03 2,73E+06 6,33E+02 2,48E+01 1,32E+02 8,65E+03 4,55E+03 4,22E+03 

  construction processes 1,63E+02 3,09E+02 1,80E+05 6,11E+00 1,57E-01 6,87E+01 7,71E+04 9,47E-01 1,13E+02 

  transport 1,01E+04 2,24E+04 9,93E+06 1,16E+03 4,67E+01 7,77E+03 6,03E+04 0,00E+00 7,72E+03 

  TOTAL 1,16E+04 3,18E+04 1,28E+07 1,80E+03 7,17E+01 7,97E+03 1,46E+05 4,55E+03 1,21E+04 

  Difference (%) 5,35% 7,31% 4,21% 15,26% 2,11% 10,03% 0,30% 0,00% 6,16% 

10% explosives production of materials 1,35E+03 9,03E+03 2,73E+06 6,33E+02 2,48E+01 1,32E+02 8,65E+03 4,55E+03 4,22E+03 

  construction processes 1,48E+02 2,81E+02 1,64E+05 5,56E+00 1,43E-01 6,25E+01 7,70E+04 8,61E-01 1,04E+02 

  transport 9,55E+03 2,07E+04 9,44E+06 9,81E+02 4,62E+01 7,05E+03 6,01E+04 0,00E+00 7,05E+03 

  TOTAL 1,10E+04 3,00E+04 1,23E+07 1,62E+03 7,12E+01 7,24E+03 1,46E+05 4,55E+03 1,14E+04 

  Difference (%) 0,27% 1,30% 0,11% 3,53% 1,44% 0,02% 0,13% 0,00% 0,17% 

10% steel production of materials 1,38E+03 8,79E+03 2,74E+06 5,80E+02 2,38E+01 1,34E+02 8,50E+03 4,57E+03 4,26E+03 

  construction processes 1,48E+02 2,81E+02 1,64E+05 5,56E+00 1,43E-01 6,25E+01 7,70E+04 8,61E-01 1,04E+02 

  transport 9,55E+03 2,07E+04 9,45E+06 9,81E+02 4,63E+01 7,05E+03 6,02E+04 0,00E+00 7,06E+03 

  TOTAL 1,11E+04 2,98E+04 1,24E+07 1,57E+03 7,03E+01 7,25E+03 1,46E+05 4,57E+03 1,14E+04 

  Difference (%) 0,67% 0,53% 0,30% 0,13% 0,08% 0,10% 0,08% 0,42% 0,52% 

10% concrete production of materials 1,32E+03 8,91E+03 2,93E+06 5,78E+02 2,49E+01 1,37E+02 9,03E+03 4,98E+03 4,50E+03 

  construction processes 1,48E+02 2,81E+02 1,66E+05 5,56E+00 1,43E-01 6,25E+01 8,46E+04 8,61E-01 1,04E+02 

  transport 1,02E+04 2,18E+04 1,01E+07 9,88E+02 5,04E+01 7,38E+03 6,57E+04 0,00E+00 7,41E+03 

  TOTAL 1,17E+04 3,10E+04 1,32E+07 1,57E+03 7,55E+01 7,58E+03 1,59E+05 4,98E+03 1,20E+04 



 

XVII 

   

  Difference (%) 6,03% 4,81% 7,21% 0,49% 7,53% 4,70% 9,52% 9,52% 5,78% 

10% rockbolts production of materials 1,33E+03 8,70E+03 2,72E+06 5,78E+02 2,38E+01 1,32E+02 8,47E+03 4,55E+03 4,22E+03 

  construction processes 1,48E+02 2,81E+02 1,64E+05 5,56E+00 1,43E-01 6,25E+01 7,70E+04 8,61E-01 1,04E+02 

  transport 9,55E+03 2,07E+04 9,44E+06 9,81E+02 4,62E+01 7,05E+03 6,01E+04 0,00E+00 7,05E+03 

  TOTAL 1,10E+04 2,97E+04 1,23E+07 1,56E+03 7,02E+01 7,24E+03 1,46E+05 4,55E+03 1,14E+04 

  Difference (%) 0,14% 0,19% 0,05% 0,01% 0,00% 0,01% 0,01% 0,06% 0,13% 

10% HDPE Pipes production of materials 1,32E+03 8,64E+03 2,71E+06 5,78E+02 2,38E+01 1,31E+02 8,46E+03 4,55E+03 4,20E+03 

  construction processes 1,48E+02 2,81E+02 1,64E+05 5,56E+00 1,43E-01 6,25E+01 7,70E+04 8,61E-01 1,04E+02 

  transport 9,55E+03 2,07E+04 9,44E+06 9,81E+02 4,62E+01 7,05E+03 6,01E+04 0,00E+00 7,05E+03 

  TOTAL 1,10E+04 2,96E+04 1,23E+07 1,56E+03 7,02E+01 7,24E+03 1,46E+05 4,55E+03 1,14E+04 

  Difference (%) 0,00% 0,00% 0,00% 0,00% 0,01% 0,00% 0,00% 0,00% 0,01% 

10% crushed rock production of materials 1,33E+03 8,65E+03 2,72E+06 5,78E+02 2,41E+01 1,33E+02 8,48E+03 4,55E+03 4,23E+03 

  construction processes 1,48E+02 2,81E+02 1,64E+05 5,56E+00 1,43E-01 6,25E+01 7,70E+04 8,61E-01 1,04E+02 

  transport 1,03E+04 2,20E+04 1,02E+07 9,90E+02 5,12E+01 7,45E+03 6,68E+04 0,00E+00 7,48E+03 

  TOTAL 1,18E+04 3,10E+04 1,31E+07 1,57E+03 7,55E+01 7,64E+03 1,52E+05 4,55E+03 1,18E+04 

  Difference (%) 7,19% 4,66% 6,53% 0,62% 7,50% 5,53% 4,64% 0,01% 4,04% 

10% transport steel production of materials 1,32E+03 8,64E+03 2,71E+06 5,78E+02 2,38E+01 1,31E+02 8,46E+03 4,55E+03 4,20E+03 

  construction processes 1,48E+02 2,81E+02 1,64E+05 5,56E+00 1,43E-01 6,25E+01 7,70E+04 8,61E-01 1,04E+02 

  transport 9,55E+03 2,07E+04 9,44E+06 9,81E+02 4,63E+01 7,05E+03 6,01E+04 0,00E+00 7,06E+03 

  TOTAL 1,10E+04 2,96E+04 1,23E+07 1,56E+03 7,02E+01 7,24E+03 1,46E+05 4,55E+03 1,14E+04 

  Difference (%) 0,04% 0,02% 0,03% 0,00% 0,04% 0,03% 0,02% 0,00% 0,02% 

10% transport crushed rock production of materials 1,32E+03 8,64E+03 2,71E+06 5,78E+02 2,38E+01 1,31E+02 8,46E+03 4,55E+03 4,20E+03 

  construction processes 1,48E+02 2,81E+02 1,64E+05 5,56E+00 1,43E-01 6,25E+01 7,70E+04 8,61E-01 1,04E+02 

  transport 9,92E+03 2,13E+04 9,82E+06 9,85E+02 4,86E+01 7,24E+03 6,33E+04 0,00E+00 7,25E+03 

  TOTAL 1,14E+04 3,02E+04 1,27E+07 1,57E+03 7,26E+01 7,43E+03 1,49E+05 4,55E+03 1,16E+04 

  Difference (%) 3,36% 2,19% 3,07% 0,28% 3,37% 2,61% 2,19% 0,00% 1,78% 
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10% transport concrete  production of materials 1,32E+03 8,64E+03 2,71E+06 5,78E+02 2,38E+01 1,31E+02 8,46E+03 4,55E+03 4,20E+03 

  construction processes 1,48E+02 2,81E+02 1,64E+05 5,56E+00 1,43E-01 6,25E+01 7,70E+04 8,61E-01 1,04E+02 

  transport 9,86E+03 2,12E+04 9,76E+06 9,84E+02 4,82E+01 7,21E+03 6,28E+04 0,00E+00 7,22E+03 

  TOTAL 1,13E+04 3,01E+04 1,26E+07 1,57E+03 7,22E+01 7,40E+03 1,48E+05 4,55E+03 1,15E+04 

  Difference (%) 2,84% 1,86% 2,60% 0,23% 2,85% 2,21% 1,85% 0,00% 1,50% 

  

                      

B
ri

d
ge

 

Initial 

production of materials 1,47E+04 5,01E+04 9,08E+06 2,70E+02 2,57E+03 7,45E+02 1,85E+04 8,82E+03 1,44E+04 

construction processes 7,44E+00 1,38E+01 2,09E+05 2,74E-01 7,18E-03 3,07E+00 4,36E+05 4,32E-02 1,60E+02 

transport 1,56E+04 2,63E+04 1,59E+07 3,26E+02 1,75E+02 8,78E+03 1,28E+05 9,43E+01 8,49E+03 

TOTAL 3,03E+04 7,65E+04 2,52E+07 5,97E+02 2,74E+03 9,53E+03 5,83E+05 8,91E+03 2,31E+04 

10% reinforcement steel production of materials 1,52E+04 5,16E+04 9,26E+06 2,89E+02 2,57E+03 7,71E+02 1,88E+04 8,94E+03 1,48E+04 

  construction processes 7,44E+00 1,38E+01 2,11E+05 2,74E-01 7,18E-03 3,07E+00 4,41E+05 4,32E-02 1,62E+02 

  transport 1,60E+04 2,69E+04 1,63E+07 3,30E+02 1,77E+02 8,96E+03 1,31E+05 9,67E+01 8,71E+03 

  TOTAL 3,11E+04 7,85E+04 2,58E+07 6,18E+02 2,74E+03 9,73E+03 5,91E+05 9,04E+03 2,36E+04 

  Difference (%) 2,81% 2,72% 2,35% 3,66% 0,08% 2,13% 1,41% 1,44% 2,37% 

10% structural steel production of materials 1,55E+04 5,33E+04 9,39E+06 2,74E+02 2,82E+03 7,73E+02 1,90E+04 8,98E+03 1,49E+04 

  construction processes 7,44E+00 1,38E+01 2,12E+05 2,74E-01 7,18E-03 3,07E+00 4,43E+05 4,32E-02 1,62E+02 

  transport 1,63E+04 2,74E+04 1,67E+07 3,33E+02 1,79E+02 9,11E+03 1,34E+05 9,87E+01 8,90E+03 

  TOTAL 3,18E+04 8,07E+04 2,63E+07 6,07E+02 3,00E+03 9,89E+03 5,96E+05 9,08E+03 2,40E+04 

  Difference (%) 5,00% 5,53% 4,25% 1,72% 9,45% 3,75% 2,32% 1,88% 3,87% 

10% concrete production of materials 1,47E+04 5,05E+04 9,39E+06 2,70E+02 2,57E+03 7,52E+02 1,93E+04 9,39E+03 1,48E+04 

  construction processes 7,44E+00 1,38E+01 2,20E+05 2,74E-01 7,18E-03 3,07E+00 4,61E+05 4,32E-02 1,69E+02 

  transport 1,76E+04 3,00E+04 1,79E+07 3,82E+02 2,04E+02 1,01E+04 1,45E+05 1,06E+02 9,59E+03 

  TOTAL 3,23E+04 8,05E+04 2,76E+07 6,52E+02 2,77E+03 1,08E+04 6,25E+05 9,49E+03 2,46E+04 

  Difference (%) 6,66% 5,31% 9,38% 9,36% 1,13% 13,53% 7,20% 6,53% 6,59% 

10% steel pipe piles production of materials 1,49E+04 4,99E+04 9,18E+06 2,74E+02 2,57E+03 7,52E+02 1,86E+04 8,83E+03 1,46E+04 

  construction processes 7,44E+00 1,38E+01 2,10E+05 2,74E-01 7,18E-03 3,07E+00 4,38E+05 4,32E-02 1,61E+02 



 

XIX 

   

  transport 1,56E+04 2,64E+04 1,60E+07 3,26E+02 1,75E+02 8,81E+03 1,28E+05 9,46E+01 8,52E+03 

  TOTAL 3,05E+04 7,64E+04 2,53E+07 6,00E+02 2,74E+03 9,56E+03 5,85E+05 8,93E+03 2,33E+04 

  Difference (%) 0,81% -0,12% 0,61% 0,64% 0,01% 0,33% 0,41% 0,17% 0,81% 

10% zinc epoxy coating production of materials 1,47E+04 5,01E+04 9,08E+06 2,71E+02 2,82E+03 7,48E+02 1,85E+04 8,82E+03 1,44E+04 

  construction processes 7,44E+00 1,38E+01 2,09E+05 2,74E-01 7,18E-03 3,07E+00 4,36E+05 4,32E-02 1,60E+02 

  transport 1,56E+04 2,63E+04 1,59E+07 3,26E+02 1,75E+02 8,78E+03 1,28E+05 9,43E+01 8,49E+03 

  TOTAL 3,03E+04 7,65E+04 2,52E+07 5,97E+02 3,00E+03 9,53E+03 5,83E+05 8,91E+03 2,31E+04 

  Difference (%) 0,01% 0,01% 0,00% 0,01% 9,30% 0,03% 0,00% 0,00% 0,01% 

10% parapet production of materials 1,48E+04 5,03E+04 9,10E+06 2,71E+02 2,57E+03 7,47E+02 1,85E+04 8,82E+03 1,45E+04 

  construction processes 7,44E+00 1,38E+01 2,09E+05 2,74E-01 7,18E-03 3,07E+00 4,37E+05 4,32E-02 1,60E+02 

  transport 1,56E+04 2,64E+04 1,59E+07 3,26E+02 1,75E+02 8,78E+03 1,28E+05 9,43E+01 8,50E+03 

  TOTAL 3,03E+04 7,66E+04 2,52E+07 5,97E+02 2,74E+03 9,53E+03 5,83E+05 8,92E+03 2,31E+04 

  Difference (%) 0,15% 0,21% 0,08% 0,04% 0,00% 0,04% 0,07% 0,08% 0,19% 

10% excavated soil production of materials 1,47E+04 5,01E+04 9,08E+06 2,71E+02 2,57E+03 7,45E+02 1,85E+04 8,82E+03 1,44E+04 

  construction processes 8,19E+00 1,52E+01 2,10E+05 3,01E-01 7,89E-03 3,38E+00 4,36E+05 4,75E-02 1,61E+02 

  transport 1,56E+04 2,64E+04 1,59E+07 3,26E+02 1,75E+02 8,78E+03 1,28E+05 9,48E+01 8,50E+03 

  TOTAL 3,03E+04 7,65E+04 2,52E+07 5,97E+02 2,74E+03 9,53E+03 5,83E+05 8,91E+03 2,31E+04 

  Difference (%) 0,01% 0,01% 0,01% 0,06% 0,00% 0,02% 0,00% 0,01% 0,01% 

10% backfill for abutment production of materials 1,47E+04 5,01E+04 9,09E+06 2,71E+02 2,57E+03 7,45E+02 1,85E+04 8,82E+03 1,44E+04 

  construction processes 7,44E+00 1,38E+01 2,11E+05 2,74E-01 7,18E-03 3,07E+00 4,41E+05 4,32E-02 1,62E+02 

  transport 1,56E+04 2,64E+04 1,59E+07 3,26E+02 1,75E+02 8,80E+03 1,28E+05 9,45E+01 8,51E+03 

  TOTAL 3,03E+04 7,65E+04 2,52E+07 5,97E+02 2,74E+03 9,54E+03 5,88E+05 8,91E+03 2,31E+04 

  Difference (%) 0,10% 0,07% 0,13% 0,08% 0,01% 0,15% 0,82% 0,00% 0,12% 

10% transport concrete production of materials 1,47E+04 5,01E+04 9,08E+06 2,70E+02 2,57E+03 7,45E+02 1,85E+04 8,82E+03 1,44E+04 

  construction processes 7,44E+00 1,38E+01 2,09E+05 2,74E-01 7,18E-03 3,07E+00 4,36E+05 4,32E-02 1,60E+02 

  transport 1,65E+04 2,81E+04 1,69E+07 3,53E+02 1,89E+02 9,40E+03 1,36E+05 9,99E+01 9,02E+03 

  TOTAL 3,12E+04 7,82E+04 2,62E+07 6,23E+02 2,75E+03 1,01E+04 5,91E+05 8,92E+03 2,36E+04 



 

XX 

   

  Difference (%) 3,17% 2,30% 3,89% 4,48% 0,52% 6,44% 1,36% 0,06% 2,26% 

10% transport steel structure production of materials 1,47E+04 5,01E+04 9,08E+06 2,70E+02 2,57E+03 7,45E+02 1,85E+04 8,82E+03 1,44E+04 

  construction processes 7,44E+00 1,38E+01 2,09E+05 2,74E-01 7,18E-03 3,07E+00 4,36E+05 4,32E-02 1,60E+02 

  transport 1,59E+04 2,68E+04 1,63E+07 3,29E+02 1,77E+02 8,93E+03 1,31E+05 9,63E+01 8,68E+03 

  TOTAL 3,06E+04 7,70E+04 2,55E+07 6,00E+02 2,74E+03 9,68E+03 5,86E+05 8,91E+03 2,33E+04 

  Difference (%) 1,14% 0,65% 1,40% 0,54% 0,07% 1,59% 0,48% 0,02% 0,82% 

10% transport reinforcement steel production of materials 1,47E+04 5,01E+04 9,08E+06 2,70E+02 2,57E+03 7,45E+02 1,85E+04 8,82E+03 1,44E+04 

  construction processes 7,44E+00 1,38E+01 2,09E+05 2,74E-01 7,18E-03 3,07E+00 4,36E+05 4,32E-02 1,60E+02 

  transport 1,58E+04 2,67E+04 1,61E+07 3,28E+02 1,76E+02 8,88E+03 1,30E+05 9,56E+01 8,61E+03 

  TOTAL 3,05E+04 7,68E+04 2,54E+07 5,99E+02 2,74E+03 9,62E+03 5,85E+05 8,91E+03 2,32E+04 

  Difference (%) 0,70% 0,40% 0,86% 0,33% 0,04% 0,98% 0,30% 0,01% 0,50% 
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SENSITIVITY ANALYSIS: GLOBAL WARMING POTENTIAL 20 

Tunnel 
10% excavated 
rock 

10% 
explosives 

10% 
reinforcement 
steel 

10% concrete 10% rockbolts 
10% HDPE 
Pipes 

10% crushed 
rock 

10% transport 
steel 

10% transport 
crushed rock 

10% transport 
concrete  

  Over
all 

GWP 20 
(CO2eq kg) GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff 

  GWP 
20 1,36E+07 1,4E+07 4,65% 1,4E+07 0,23% 1,4E+07 0,32% 1,5E+07 6,91% 1,4E+07 0,06% 

1,4E+0
7 

0,00
% 1,4E+07 6,38% 1,4E+07 0,03% 1,4E+07 3,00% 1,4E+07 2,53% 

  

 
                                  

      

Bridge 

10% 
reinforcement 
steel 

10% structural 
steel 

10% concrete 
10% steel pipe 
piles 

10% zinc epoxy 
coating 

10% 
parapet 

10% 
excavated 
soil 

10% backfill for 
abutment 

10% transport 
concrete 

10% transport steel 
structure 

10% transport 
reinforcement steel 

Over
all 

GWP 20 
(CO2eq kg) GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff GWP  diff 

GWP 
20 2,75E+07 2,8E+07 2,40% 2,9E+07 4,29% 3,0E+07 9,16% 2,8E+07 0,63% 2,8E+07 0,00% 

2,8E+0
7 

0,08
% 2,8E+07 0,01% 2,8E+07 0,12% 2,9E+07 3,83% 2,8E+07 1,37% 2,8E+07 0,85% 

 

SENSITIVITY ANALYSIS: PHOTOCHEMICAL OXIDANT FORMATION 

Tunnel 
10% 
excavated 
rock 

10% explosives 
10% 
reinforcement 
steel 

10% concrete 10% rockbolts 
10% HDPE 
Pipes 

10% crushed 
rock 

10% transport steel 
10% transport 
crushed rock 

10% transport 
concrete  

  

Overall POF 
PO
F diff (%) POF 

diff 
(%) POF diff (%) POF 

diff 
(%) POF diff (%) POF 

diff 
(%) POF 

diff 
(%) POF diff (%) POF diff (%) POF diff (%) 

  

POF 1,55E+05 

1,6
E+
05 0,85% 

1,6E+0
5 0,14% 1,6E+05 0,09% 

1,7E+0
5 9,23% 1,6E+05 0,01% 

1,6E+
05 

0,00
% 

1,6E+0
5 4,68% 1,6E+05 0,02% 1,6E+05 2,21% 1,6E+05 1,87% 

  

 
                                  

      

Bridge 

10% 
reinforceme
nt steel 

10% structural 
steel 

10% concrete 
10% steel pipe 
piles 

10% zinc epoxy 
coating 

10% 
parapet 

10% 
excavated soil 

10% backfill for 
abutment 

10% transport 
concrete 

10% transport steel 
structure 

10% transport 
reinforcement steel 

Overall POF 
PO
F diff (%) POF 

diff 
(%) POF diff (%) POF 

diff 
(%) POF diff (%) POF 

diff 
(%) POF 

diff 
(%) POF diff (%) POF diff (%) POF diff (%) POF diff (%) 

POF 5,98E+05 

6,1
E+
05 1,43% 

6,1E+0
5 2,36% 6,4E+05 7,29% 

6,0E+0
5 0,41% 6,0E+05 0,00% 

6,0E+
05 

0,07
% 

6,0E+0
5 0,00% 6,0E+05 0,81% 6,1E+05 1,45% 6,0E+05 0,50% 6,0E+05 0,31% 
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