
 

Comparative life cycle impact assessment 

of a battery electric and a conventional 

powertrains for a passenger transport 

ferryboat 
A case study of the entire integrated system for 

vessel propulsion 
 

 

 

Veselin Mihaylov 
 

 

 

Division of Environmental Technology and Management  
 

 

      

 
 

 

 

 

 

 

 

 

Master’s thesis  

Department of Management and Engineering  

LIU-IEI-TEK-A—14/01815—SE 

      



Master thesis  Comparative LCIA of two power train options for a passenger ferryboat 

2 
 

 

 
 

 



Master thesis  Comparative LCIA of two power train options for a passenger ferryboat 

3 
 

 

Comparative life cycle impact assessment 

of a battery electric and a conventional 

powertrains for a passenger transport 

ferryboat 

A case study of the entire integrated system for 

vessel propulsion 

 

Master’s thesis in Energy and Environmental Engineering 
Department of Management and Engineering 

Division of Environmental Technology and Management 
Linköping University 

By 
 

Veselin Mihaylov 

 
LIU-IEI-TEK-A—14/01815—SE 

 
 
 
 
 
 
 
 
 
 
 
 

Supervisors: D.Tech. Niclas Svensson 

   IEI, Linköping University 

   Magnus Eriksson 

   Echandia Marine AB 

Examiner:     Prof. Mats Eklund 

   IEI, Linköping University 
 

Linköping, 25 February, 2014 



Master thesis  Comparative LCIA of two power train options for a passenger ferryboat 

4 
 

 

Linköping University Electronic Press 
 

Upphovsrätt 

Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare – från publiceringsdatum under 

förutsättning att inga extraordinära omständigheter uppstår. 

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner, skriva ut enstaka kopior för enskilt 

bruk och att använda det oförändrat för ickekommersiell forskning och för undervisning. Överföring av 

upphovsrätten vid en senare tidpunkt kan inte upphäva detta tillstånd. All annan användning av dokumentet 

kräver upphovsmannens medgivande. För att garantera äktheten, säkerheten och tillgängligheten finns 

lösningar av teknisk och administrativ art. 

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i den omfattning som god sed 

kräver vid användning av dokumentet på ovan beskrivna sätt samt skydd mot att dokumentet ändras eller 

presenteras i sådan form eller i sådant sammanhang som är kränkande för upphovsmannens litterära eller 

konstnärliga anseende eller egenart. 

För ytterligare information om Linköping University Electronic Press se förlagets hemsida http://www.ep.liu.se/ 

Copyright 

The publishers will keep this document online on the Internet – or its possible replacement –from the date of 

publication barring exceptional circumstances. 

The online availability of the document implies permanent permission for anyone to read, to download, or to 

print out single copies for his/hers own use and to use it unchanged for non-commercial research and 

educational purpose. Subsequent transfers of copyright cannot revoke this permission. All other uses of the 

document are conditional upon the consent of the copyright owner. The publisher has taken technical and 

administrative measures to assure authenticity, security and accessibility. 

According to intellectual property law the author has the right to be mentioned when his/her work is accessed 

as described above and to be protected against infringement. 

For additional information about the Linköping University Electronic Press and its procedures for publication 

and for assurance of document integrity, please refer to its www home page: http://www.ep.liu.se/ 

 

 

© Veselin Mihaylov. 



Master thesis  Comparative LCIA of two power train options for a passenger ferryboat 

5 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Master thesis  Comparative LCIA of two power train options for a passenger ferryboat 

6 
 

 

Abstract 

 
This master thesis represents a life cycle impact assessment of a state of the art electrically driven power train. 
It is expected to be installed in a diesel engine passenger ferry boat, currently transporting passengers in 
downtown Stockholm archipelago. The assessment has a comparative character in between the currently 
operating and the new power train in order to differentiate and recognize which of the two propulsion options 
is the environmentally preferable choice.  
The scope of the study is directed towards the thorough examination of both power trains so that it can 
represent most closely the two specific technological cases. Studied and assessed were the three main life cycle 
phases of each power train – raw materials acquisition and manufacturing, use phase and end of life phase.  
The fundament of the study involved creating environmental models for each and every component of the 
drive trains, the propulsion fuel and energy used, and the services related to waste treatment in the last phase 
of their functional life. The environmental models were later used to build live cycle inventories that served to 
derive the respectful impact from the item analyzed. The data used to model the battery electric power train 
was provided directly from the manufacturer, where the end of life procedures carried out were assumed 
where possible. The main battery pack for the electric power train was not modeled in terms of end of life 
procedures due to insufficiency of information. Almost no generic information was available to model the diesel 
engine and it was calculated by creating auxiliary simplified cad models. The rest of the data required to 
achieve an environmental inventory regarding the power train was available from a subcontractor. Both studied 
options were modeled with allocation approach that includes the avoided production of materials at the waste 
treatment stage where there was sufficient information to do that. There was none to model the main battery 
packs avoided production which is a major component of the battery electric system. To model the use phase of 
the diesel engine power train, research data regarding combustion emissions and waterborne emissions was 
utilized. A number of electricity mix models were applied to create a sensitivity analysis of the operation phase 
of the battery electric power train. Chosen for baseline scenarios simulating the use phases of both power 
trains are use of Nordel market electricity mix and the combustion of low sulfur diesel with five volumetric 
percent rape methyl ester additive.  
For the purposes of the assessment eighteen midpoint impact indicators were used to cover the areas of global 
warming potential, human health and quality of eco systems. The results from the study show that the 
estimated impact from both power trains is small enough to have almost no influence on the results from the 
two baseline scenarios. Based on this it was concluded that for future research of similar cases either generic 
information can be used or a cut-off can be applied. After the assessment, more environmentally favorable was 
estimated the diesel engine power train because of the large burdens from the battery manufacturing in the 
battery electric option. Further assessment determined that the diesel engine power train again is less 
environmentally intensive than the battery electric with the main battery burdens excluded. In the overall life 
cycle impact assessment both power train showed different results in the different impact categories, which 
could not place a definitive propulsion option of choice. The conclusions from the analysis are that the diesel 
engine power train causes higher impact in the categories related to global warming, fossil depletion and in 
most ecosystems quality indicators. The battery electric version in its base line scenario, on the other hand, 
expresses higher impact in categories related to human health and in the remaining eco system quality 
midpoint-scores.  
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Introduction 
 

Nowadays society is facing sustainability challenges in every aspect of life. Obvious environmental issues have 
appeared; therefore the environmental awareness has been rising rapidly in the last decade. Brand new 
industries and branches of economy have emerged, putting substantial efforts in tackling global sustainability 
challenges, such as global warming mitigation and the improvement of quality of life (Gitowski et al. 2005, 
Economic Institute Maribor 2012). Transportation as a large technical system contributes to 23% of the global 
CO2 emissions annually (International transport forum 2010) and 33% of the local for Sweden CO2 emissions 
(Ministry of environment, Sweden 2014). Towards the set up goals for sustainability Europe 2020 climate 
change (ec.europa.eu 2011) and fossil fuel independent transport sector in Sweden by 2030(Ministry of 
environment, Sweden 2014), certain measures for mitigation the GHG emissions from transportation in all its 
options are already being taken. One of them is electrical transportation, which is highly dependent from its 
propulsion electricity sources. The utilization of sustainable transportation in cities is experiencing a gradual rise 
in the recent, but is not a technology that is new and just introduced on the market. Electrical mobility has 
proven to be effective and beneficial in many ways: economical – higher energy efficiency (teslamotors.com 
2014), lower or no maintenance schedules, non-demanding infrastructure(Institut für Automobilwirtschaft. 
2012); environmental: silent operation, low operational pollution, minimal or no global warming exhaust gasses 
and pulling out exhaust pollution sources out of densely populated areas (U.S. Department of Energy. 2013). 
The latest effect is especially successful in big cities where electric transportation is gaining its main momentum 
in three main areas: road, rail and water, hence improving the urban environmental conditions. Another 
important reason for which electrical transportation is gaining rapid popularity is the fact that the transition 
between the conventional and electric technology is achieved somehow almost invisibly. This effect is 
accomplished by minimal change in the handling style and human interaction between man and machine, 
which by itself qualifies as sustainable approach. On the other hand every new product, service and 
technological concept introduced now has to fit tight frameworks in order to be introduced in operation and 
utilization. Those are standards such as the ISO 14000 family which concern the sustainability aspects of the 
object to be deployed. The importance for standardization stems from the fact that those standards aid 
different institutions to minimize their environmental impact and comply with relevant laws and regulations.  
In this study a particular case of sustainable people transportation means is examined in terms of holistic 
environmental intensity. The focus falls on advanced electrical propulsion system versus an up to date 
conventional diesel engine power train of a passenger ferryboat currently operational in Stockholm’s 
archipelago. The thesis is a part of a larger project which aims to substitute the conventional power train with 
the newly designed electrical one. In this thesis a comparative life cycle impact assessment is carried out 
between the two technologies. The goal of the study is to determine whether the replacing electrical option is 
more environmentally beneficial than the conventional fossil based one. The assessment aims also to establish 
important sustainability aspects of the two power train options and to determine under what conditions those 
can be optimized. The life cycle assessment of both options is expected to reveal impacts and impact sources, 
otherwise invisible and usually negligible, such as unpopular impact categories and material flows not 
mentioned in the sources for mass information that reach the common reader.  

1. Case study description: Comparative LCA of battery electric and a diesel 

boat power-trains.  
 
The main purpose of this study is to evaluate the environmental impact of two types of boat propulsion 
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systems: BE (battery electric) and DE (diesel engine) power trains by applying the LCA methodology. The work 
includes the detailed study of both power-trains without the remaining part of the passenger ferries. The study 
is commissioned as a supportive decision driver for promoting Echandia’s BE option as a preferable option of 
choice for the future of sustainable boating. More specifically the work will also serve as a supportive decision 
tool for whether innovative electric transportation or conventional diesel transportation is the best option of 
choice for the future of sustainable boating in the region of study.  
 

1.1. Goal of the study 

This study aims at comparing the environmental impact of two technological options of a ferryboat 
transportation of people in urban conditions. The options differ only in their propulsion systems. The main 
object of this study is the Djurgårdsfärjan. It is a passenger ferry that runs a route in downtown Stockholm 
archipelago, currently using diesel propulsion power train and in the near future planned to convert to battery 
electric power train. The conversion from diesel to BE that will take place in the near future aims at lowering 
the impact on the local urban environment in Stockholm's region,  looking at lowering the risks on human 
health and greenhouse gas formation as main purpose in global warming. In order to show, whether the BE or 
the DE option is the more sustainable choice for people transportation, an LCA is carried out, which investigates 
the impact on the regional and global environment from a life cycle perspective. 
For the purposes of the study and to make a proper comparison only the two drive trains are compared. The 
remaining part of Djurgårdsfärjan: the hull, the passengers compartment, the captains' control room will not be 
assessed since they are not going to be changed.  
 
Research target: 

 
To carry out a life cycle assessment of Echandia Marine's drive train accompanied by an LCA of the diesel 

technology currently in use in Djurgårdsfärjan. 

 
In order to fulfill this research target it has to be broken up into smaller pieces that later can be systematized 
into a complete and comprehensive work.  
 

• What are the different parts used in the BE drive train and what kind of materials are used to 
manufacture them, included in those are also the auxiliary materials flows during the processing? 

• What are the different parts used in the DE drive train and what kind of materials are used to 
manufacture them, included in those are also the auxiliary materials flows during the processing? 

•  What are the kinds of energy that could be used with respect to the BE ferry, and what are the 
consequences of using the different established options? 

•  What is the difference between the impacts of both options to propel Djurgårdsfärjan? 
• What will be the impact from the life cycle of both power trains from a consequential point of view? 

 

1.2. Scope of the study 

Several reasons exist for taking up the challenge of conveying an LCA of the two mentioned power trains. This 
study should serve as a tool for reference with high focus on sustainable transportation for future policy 
changes. The study's aim is to show the level of sustainability of the suggested conversion to BE power train 
outside the frame of use. This approach will give also an answer to a question that increasingly gains public 
recognition: “Is electric transportation sustainable during manufacturing and end of life stages as it is during 
use?” (Bulis, K. 2013). The project goals to improve the implementation of sustainable people transportation 
and take it outside the focus point  – BE cars and bio-fuel cars, and present that not only road transportation 
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modes can contribute to the preservation of the local and global environment. 
The study is additionally supported by the same LCA but for the power train option that is to be phased out – 
the diesel combustion engine power train. Having two equal in functionality technological solutions will 
broaden the evaluation scope and grant transparency and single out every improvement or drawback with 
respect to the local and global environment.  
From a purely technological point of view implementing environmentally beneficial technology enhances the 
development of technological innovations and its flexibility of integration. In the meantime newer technology 
successfully replaces obsolete, comparatively less energy effective, and functionally depleted equivalents.  
The study's main geographical area in focus is the municipality of Stockholm where Djurgårdsfärjan operates in 
an established route: Slussen – Skeppsholmen – Allmäna gränd and back (fig. 1). 
 

 
Figure 1 Route of the Djurgården passenger ferry boat (Google Maps. 2013) 
 
From a life cycle perspective again the project also takes place in Scandinavia, this includes all stages of both life 
cycles: manufacturing of the BE and DE power trains, the conversion to BE and the end of life of both power 
train options.  
The modules subjected to a LCA are the power trains, steering systems, and energy storage carriers (more 
specifically the batteries – for the BE option). Usually in similar studies about electric versus combustion 
mobility, one or more models of each propulsion option (BEV, ICEV) are analyzed serving for improving the 
rigidity of the study. In the case of this project either of the power trains installed on Djurgårdsfärjan do not 
come in different varieties like maximum power, fuel type and engine volume. The same applies for the BE 
option. One major point of the analysis and introduction of the BE power train is that it is presented in a pure 
BE form. In reality the hybrid configuration is far more popular and common than the pure BE option (Harrop et 
al 2013). Hybrids are still the preferred choice for the simple fact that they provide higher security for finishing 
the trip, which is due to the additional combustion engine generator which will be the only power source in 
case of premature battery discharge. To ensure such security for the ferryboat operator company, the assigner 
of the project has designed the propulsion system with a backup diesel generator which will charge the 
batteries in case of failure which provides the option for hybrid mode of operation. In this study though, the 
hybrid operation regime is replaced with pure electric mode of operation. For that reason the operation 
scheme is reconfigured so that no diesel fuel is used during normal operation. This study aims at the thorough 
examination of the environmental impact of electric mobility as a process. The technical reliability of the BE 
power train is a subject of another study. With regard to that fact this study will exclude the cases of failure of 
the BE system where Djurgårdsfärjan must operate on the emergency diesel engine as well as the whole 
emergency diesel engine – electricity generator.  
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Investigating solely the BE power train in LC perspective will serve as an exemplary analysis when the reliability 
of the technology is enhanced enough and no emergency systems will be required to be present on-board BE 
vessels.  
The DE power train is represented by a classic internal combustion powertrain technology. It comprises of one 
main engine, two gearboxes and two prop shafts. Complementary modules to the power train are the two fuel 
tanks and the two steering systems on the bow and stern parts of the ferry boat. No other components outside 
the aforementioned will be included in the examination of this power train. The currently installed engine is a 
diesel fired Scania engine which covers Tier 2 standard of environmental regulations (EPA 2014). It is a high 
speed marine engine and is equipped with two gearboxes which transfer the torque to the propellers via prop 
shafts. One of the gearboxes also acts as torque distributor as the power has to reach the propellers which are 
located on the two far ends of the vessel. A more detailed overview of the technical details of both systems is 
suggested in the next chapter: functional description of the two power train options.  
The life span of the passenger ferry is estimated to be 30 years. The number of sets and different modules 
installed in the vessel is dependent on this and on the expected lifetime of the components themselves. 
Respectfully this number is different for the different components in the two propulsion options. Life time wise, 
the BE power train separates in 3 modules: electrical system, main batteries, and propulsion mechanism. The 
electrical system on its own consists of several type of electrical equipment. Some of them represent small 
electrical components, mass produced and come with a life time specification from the manufacturer. The life 
time of those varies between ten and twenty years but most of them last for ten. Others are bulkier and tailor 
made specifically for the purpose they serve. Those are often represented by different types of transformers 
which are replaced only if malfunctioning; they are expected to cover a thirty years life span. The propulsion 
mechanism is also designed so that it can function properly throughout the entire life time of the vessel. The 
only parts that have to be changed are seal gaskets on the propellers. The main batteries have a lifetime of 
eight years so they have to be changed four times during the lifecycle of the boat. Not taken into account in this 
study are the two years extra, outside the vessels life span, through which the batteries can function well. The 
DE power train has one crucial component that has to be changed several times through the lifespan of the 
vessel – the engine. Its functional lifetime is ten years hence it has to be changed three times during the vessels 
operation. Throughout the engine’s operation certain components are changed to maintain its proper function. 
Those are engine oils, coolants and filters, all of them which are changed every 400 hours of operation. The 
same applies for the transmissions and steering system oils, but maintenance replacements here are scheduled 
once a year. The information regarding the maintenance technicalities regarding the two power train options 
are provided by the commissioner of the project and the ferry boat line operator. This is an important milestone 
in the process of the study since it directly influences the calculations regarding the life cycle impact further on.   
The former Nordel market electricity mix is applied in the study, but under the form of sensitivity analysis other 
electric mixes are used as parameters: Swedish electricity mix without import, electricity mixes from 
sustainable sources, and Swedish electricity mix with increased share of marginal electricity. For the purposes 
of simulating the manufacturing and EoL procedures, energy demand electrical mix, for both power trains only 
Nordel electricity mix is used. The Nordel electricity market does not exist anymore and is merged with UCTE 
and CENTREL to form the ENTSO-E network. Despite that, it is still modeled separately in the LCIs of electrical 
energy in the Ecoinvent 2.0 database. It is also recommended for use, since it up mostly reflects the production 
mix currently operating in Scandinavia – Nord Pool Spot (Itten et al. 2013). Having these facts in mind the 
Nordel electricity mix inventory will be used in this study to model the current mix situation in Scandinavia. 
Compared to the electricity demand in the use phase, the electricity demand for the manufacturing and EoL 
phases, represent a neglectfully small share (Helms and Pehnt 2010). Regardless this facilitation, in this study 
special attention is paid to all of the LC stages. This is due to the specifics of manufacturing and EoL scenarios of 
the case specific materials used in the BE power train. The other two sensitive elements for such studies - the 
battery types in the BE and the fossil fuels used in the DE can be called constant. The diesel fuel used in the 
study is MK1 diesel , widely sold in Sweden, which contains 5% RME and the batteries used to store the 
electrical energy for the BE option of Djurgårdsfärjan are NiMH of the type LaNi5. Since the aforementioned are 
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well established no sensitivity analysis with them will be conveyed.  
 

1.3. Functional description of the battery electric and diesel engine power trains   

The battery electric power train consists of the propulsion mechanism and the electrical management system. 
The propulsion system consists of the two pod drives that are located on both ends of the hull: the bow and the 
stern. The pod drives are mechanisms that combine the function of propulsion and steering in one mechanical 
unit (Fig. 2). 

 
Figure 2 3D CAD model of the pod drive to be installed in Djurgårdsfärjan  
 
The mechanism consists of a housing used to contain the prime motor, the propeller, a pod- like extension do 
reach the correct depth of immersion, and the steering assembly. The steering assembly is situated in the hull 
and attached to the pod. It is coupled with the pod with a reduction gear and a motor, which serves both as 
speed reduction device and a turning mechanism which rotates the whole pod structure in 90 degrees in each 
clock direction.  
In the LCI of the pod drives only the most bulky parts of the mechanism will be described as functionality. The 
housing of the pod drive is casted from aluminum; the same applies for the pod extension. The propeller rotor 
is casted from bronze. Inside the pod housing is situated the main motor, and the propeller shaft. The shaft is 
manufactured out of stainless steel. The main motor is composed of permanent magnet rotor and a copper coil 
stator. The permanent magnet rotor is manufactured out of NdFeB alloy. The steering motor is manufactured 
from stainless steel housing and shaft, and both copper coil stator and rotor. Assembled with the steering 
motor there comes a small stainless steel reduction gear box. The reduction gears and the steering shaft are 
manufactured from stainless steel (fig. 3). Information regarding the detailed structure of the pod drives is 
provided by the manufacturer: Unnaryd modell AB.  

Pod housing  

Pod extension 

Propeller 
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Figure 3 3D CAD model of the steering mechanism of the pod drive 
 
The next major module from the BE power train is the electrical management system. It maintains the proper 
operation of the pod drives, distributes and regulates the power delivered from the main batteries to the 
drives. It also interconnects the control devices with the pod drives. The electrical management system consists 
of a variety of electrical and electronic devices.  The electrical power train is manufactured for Echandia Marine 
component by component from different manufacturers. Those are the companies providing data about the 
products , respectively: for the electrical motor – Ate systems; the electrical system -  Aradex, Mastervolt, KEB, 
TAS, Schneider Electric, ABB, Hager, Relico.  
The last remaining module of the BE power train are the batteries. They are modeled separately because of the 
expected large impact on the power trains environmental impact. The batteries to run Djurgårdsfärjan consist 
of three sub-modules: battery pack, battery management system (BMS) and battery rack. The battery pack 
represents the major building unit of the entire battery system that accumulates the electricity that propels the 
ferry boat. The BMS is the electronic system that handles a rechargeable battery. In our case every single 
battery pack is equipped with one of its own. The BMS monitors the state of the battery, computes additional 
data, communicates the later, as well as takes care of the battery protection and its environment. 
Since the pod drives in the BE power train take up also the steering function, as well as the propulsion, the 
steering mechanisms of the DE power train will be included in the inventory of the conventional technology. 
They are located on both sides of the ferry – at the stern and the bow. Broken down into sub modules the DE 
power train comprises of solely the mechanisms that create and transfer the propulsion torque to the 
propellers. Except the main engine most parts of the DE power train are times two of each kind in the current 
setup. Those parts are: the propeller shaft, the gearbox, the propeller, the diesel tank, the steering machine 
including the rudder (fig. 4).  
 

Steering shaft 

Reduction gears 

Steering motor 
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Figure 4 Main components of the diesel engine power train 
 

1.4. Initiation of the study  

The study began by identifying the activities required to initiate the project: clarifying and defining both 
propulsion systems to a sufficient level of detail; collecting information about all the actors involved in the 
conversion process; collecting environmental information about the two power trains. To keep the study's flow 
organized the analysis is presented in two subsystems: energy and material flows and main LCA stages and 
processing. The Energy and material flows subsystem includes all materials, substances and energy present in 
the study, while Main LCA stages and processing encloses all the technological and transitional processes that 
take place during the LC of both power trains.  
The information gathered for the study has to be environmentally specific, as well as suitable for processing and 
computing for both Energy and material flows and Main LCA stages and processing subsystems. Regarding data 
quality and data types, all the necessary information about the study's two main subsystems is either gathered 
from the involved actors: project assigner, subcontractors, ferryboat owner and operator, or data available in 
Ecoinvent 2.0 environmental database. Based upon that the LCIs for both power trains are built using software 
modeling in SimaPro.  
 

1.5. Involved parties in the project 

This master thesis can be viewed at as an additional part of the larger project of conversion from DE to BE 
power trains of Djurgårdsfärjan. It is also an auxiliary step towards the 2050 goal for carbon neutrality of 
Sweden (Swedish ministry of environment. 2011). To achieve a properly finalized state of the LCA a number of 
actors were involved mainly as sources of information. The major party in the study as well as in the conversion 
project is Echandia Marine which is also the commissioner of the project. Echandia Marine provided genuine 
and detailed information about the entire BE power train, granted the flexibility of choosing different electrical 
mixes and the charging stations for the ferries which are also a part of the project. Echandia Marine provided 
also all the involved actors' contact details and ensured open communication between them and the LCA 
researcher. Next in the list is Waxholmbolaget AB who is the ferryboat operator and owner company, they 
provided detailed information regarding the existing DE power train, the statistical data about the annual 
number of people transported, the covered distance and routes of Djurgårdsfärjan. The manufacturer of the 
main batteries serving as a propulsion energy source for the BE power train also designs and assembles the 
battery management system which is an essential part of every single battery module. Similarly to modern 
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combustion engines, having an extensive amount of electrics and electronics controlling the proper work of the 
engine, the electric system of a BE power train is also large and essential part of the system. The electric system 
is custom ordered and designed by consultants collaborating with Echandia Marine. They also design the 
attributive charging station that will serve as a ground charging point for the ferries. A large part of the 
electrical system and the charging station is composed out of Schneider Electric components which impose a 
big contribution to the further research by delivering precise environmental data. The subcontractor that 
manufactures the mechanical components which propel and steer the boat Unnaryd modell AB delivered data 
describing the processes and materials and their respective quantities used during the manufacturing of the 
pod systems.  

2. Methods – choices, description and application 
All the scientific methods, tools and approaches in this work are focused on accomplishing a comparative 
analysis between the two technologies under study. Main tools used during the process are the life cycle 
analysis and the life cycle impact assessment. The first one represents a holistic view over the two technologies 
from a broader technical system perspective. It describes the technology from its creation, throughout its use 
phase until the end of its functional life (Guinée. 2002). In order to have an objective view on a product’s 
impact on the environment considered are additional large technical systems, products, material, substance 
and energy flows which in one period of the LC or another interact with the product. The aforementioned 
describes the research limits of the analysis and is called system boundaries. The life cycle impact assessment 
LCIA utilizes the traced life cycle of the product and evaluates its environmental impact in every significant 
stage. The result of the LCIA represents numerical data classified in impact categories which describe different 
environmental impact aspects such as ozone depletion potential and human toxicity. LCA is a widely recognized 
method in the scientific and industrial environments and that is the reason it is the only option to what extent a 
technology can be thoroughly proven environmentally friendly or not. In the current case a clear indisputable 
numerical comparison will be carried between the two options results.  
Another view point that exists in the LCA circles is whether the main object of the study is only a product or a 
service – attributional, or it concerns a broader scale survey where decision such as change in a large technical 
system is not excluded as an outcome of the study – consequential. The character of this LCA is attributional; 
this means that the focus on of the study is placed on the physical flows that relate only to the object of study, 
in this case – both power train options. The other existing option is conveying a consequential study where 
examined are the relevant environmental flows that have changed as a response to a possible decision 
(Finnveden et al. 2009). However at the end of the study a sensitivity analysis on electrical energy use by 
sources is carried out which in its own way may act as starting ground for conveying a future consequential 
analysis. 
 

2.1. Functional unit 

In this study different processes, materials and products will be scrutinized, all of those being different in 
nature, size, lifetime span and therefore in impact. In view for the fact that they are all involved and have to 
serve as sources of comparable results they have to be correlated to a specific function or characteristic of the 
studied systems. The functional unit is a fundamental part of an LCA study and having a not-well-defined FU 
may cause further complications in the process or even wrong compromised results. The FU is a simplified 
reference unit of functionality of the studied process, system or product considered to which all the impact 
calculations are done. The usual choice for FU when evaluating passenger transportation is person kilometer 
travelled (Guinee 2002) Such a FU unit allows the researcher to examine specific means of transportation and 
later compare the results to others that differ in technology and size. For instance it can be argued that the 
results person kilometers traveled is incomparable in the cases of transportation by car and transportation by 
bus because of the big difference in gross weight and engine consumption of the vehicles, but it’s a known fact 
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that the bus can carry 10 times more passengers than the car. And it is easily deductible if  a car and a bus travel 
the same distance fully occupied, the bus accomplishes N times more passenger kilometers than the car, where 
N being the factor that the bus' occupancy supersedes the cars. The statement can be easily supported by the 
simple formula where Pkm is person kilometers; S is distance traveled (km); passenger_occupancy is the 
number of passengers on-board the vehicle and vehicle_number is the number of vehicles under focus.  
 ��� � � � ��		
��
_����������
����
_����
    (Dave 2010) eq.1 

The most suitable FU for the comparative nature of the assessment is unit distance covered: 1 passenger 
kilometer sailed in average sea water conditions, where average sea water should be understood moderate 
(1.25-2.5m wave height) according to the Douglas sea scale (Metoffice 2010). As explained before person 
kilometer as a FU allows the comparison between different in size, weight and occupancy vehicles. The studied 
case makes no exception regardless the big difference in weight. In our case the examined transportation 
vessels represents a sensible difference by its own and e.g. a car. The parameter that levels out the equation in 
the case is the occupancy of the ferry which is more than 300 persons.  
 

2.2. System expansion and allocation 

Allocation and system expansion are well known methods used in every LCA. The purpose of allocation is the 
partitioning of the inputs and output flows of a certain product or system between the products or system 
under focus in the study and one or more products or systems less relevant to the study. General guidelines 
suggest that allocation procedures should be avoided. Methods to accomplish that are using the single-function 
approach enveloped in cradle-to-gate databases. Those have got the multifunction processes already allocated. 
Other options are to treat open-loop recycling situations as closed-loop ones, by using a quality factor for 
degrading the output materials or to use already “existing physical-causal waste management models” (Guinée. 
2002).  
Nevertheless that allocation if carefully managed can deliver credible results and it is strongly recommended to 
use system expansion where possible. It defines the inclusion of otherwise not included unit processes or 
materials into the system in study that were initially accounted for other products or activities in the materials 
flow chain. It is the expanding of the boundaries of the studied product system so that they can include an 
alternative means of production of products or energies shortly called functions that are not in focus of the 
study but are in some way participating in the LCI.  In figure 5, an example is given. Initially product B is not 
investigated in the scope of the LCA study. The expansion consists of expanding the system boundaries to 
include the burden of the production of product B, its use, its waste treatment procedures and means of 
manufacturing an alternative, competing to B, product C. The expansion method extends to the limit where the 
activities of those are affected by the quantities of product B, manufactured (Ekwall, Weidema 2004). 

 
Figure 5 Example of system expansion (Ekwall, Weidema. 2004). 
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2.3. Allocation and cut-offs and their appearance in EoL of this study  

It is essential for every LCA after describing and accomplishing the manufacturing and use phase that the end of 
life phase is also taken into account. For this study partial information regarding the end of life scenarios is 
available, and other can be easily assumed considering local trends and industry information. The impact from 
the EoL scenarios is highly dependent on the allocation scheme applied. According to ISO 14044 all allocations 
should be avoided if possible. Instead it is advised to use system expansion. Therefore the double scenario 
which occurs whether to use cut – off (system expansion) or not – allocation, gives the opportunity for a 
sensitivity analysis regarding the EoL of both systems. The first option, system expansion, holds the 
environmental impact inside the system boundaries but also accredits the system with the recovered energy 
and the reuse of some materials from various recycling processes. As a consequence the input materials are 
modeled with primary materials from the Ecoinvent database and the derived by-products are secondary 
materials. In this study the main goal regarding the EoL of both propulsion versions is to optimize their recycling 
potential so that valuable materials can be reused and none disposed. If recycling is not possible for certain 
substances, other accepted waste treatment methods will be applied. Metals’ EoL procedures are modeled for 
materials recovery and every other substance with no opportunity for modeling for recycling is modeled for 
energy recovery and electricity production. Having this in mind the resulting by-products from both EoL 
treatment methods still belong to the studied system. Generally two options exist, if the case is that the 
processing is part of the systems’ inventory, and then both environmental impact and avoided materials 
production and recovered energy are allocated to the subjected material or product. The second option is that 
the EoL stage of the certain product is excluded from the LC then both its burdens and benefits are not 
allocated to the LCI.  
In the current study the EoL phase of certain modules is modeled using cut – off approach, which means that 
further processing of the materials after the life cycle of the vessel are not included in the system boundary 
hence in the inventory. This means that either the environmental burdens from the materials recovery and 
energy input for it, or energy recovery from others are allocated in the LCI of the material representing input 
material for the next product. Examples of those can be found in the Ecoinvent 2.0 database.   However, at 
certain points in this assessment the mentioned cut-off approach of the EoL processes and materials recovery 
are allocated within the study’s system boundaries. Nevertheless inevitable cases exist where the impact is 
allocated into the system boundary because some products from the system in perspective view hold no other 
option than disposal. Generally some material inputs include certain amount of secondary material which 
represents the specific mix available at the current market. Others by requirements are composed only by 
primary materials guaranteeing high purity, therefore quality.  
 

2.4. LCA evaluation method 

In order to have a consistent and objective LCA a careful choice of an evaluation method must be made. 
Regardless of the variety of types and the forms in which all the necessary data was collected it has to be 
leveled and interpreted in its post-processed form using an impact assessment method.  An environmental 
impact assessment method is the main tool that is used to process the data collected in the LCI and convert it 
into numbers with environmental meaning.  Throughout the vast variety of such, one must pick the method 
which suits precisely the purposes of the survey: impact categories, characterization factors, normalization 
values and regions and times of reference. Another important parameter a researcher should consider in the 
choice is how much up-to-date is the method. The selected method for this study is ReCiPe Midpoint 
Hierarchist and was picked among 4 of the most often used ones – CML 2001, Eco-indicator 99, EPD, IMPACT 
2002+. Its superiority above the others is that it is the most up-to-date method and the fact that it combines 
improved methodologies from all other methods since it is created by parties that have previously worked on 
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other methods: CML, Pre Consultants. Besides the method itself there are two defining parameters in its name: 
Midpoint and Hierarchist. The midpoint class is chosen because of its relative robustness of results, subjectivity 
to sensitive adjustment of parameters and more options to conclude from. Another good reason is that 
midpoint methods are widely used in LCA product studies and product environmental profiles. The hierarchist 
(H) option was selected because of the intermediacy of the viewpoint in evaluation and because it is 
recommended as the most suitable option by the developers of ReCiPe (own communication with PRe 
Consultants). The other 2 available – sub evaluation methods individualist or eligitarian give either optimistic or 
pessimistic views.   
 

2.5. Grouping and classification methods, impact categories  

After the environmentally sensitive information has been gathered and arranged in LCIs it has to be processed 
through the evaluation method of choice which in this case is ReCiPe. After that follows a stage where all the 
outputs from the inventories that classify as a sources of pollution as well as inflows and outflows of energy and 
materials are classified in different groups which later serve to measure and evaluate the effect on the 
environment from the object in focus. In this chapter all methods for classification and grouping of the gathered 
information will be discussed. Further in chapter 2 topics such as characterization, normalization and weighing 
will be engaged. Those describe the transition of the data from raw generic data form, such as quantities, to a 
more specifically profiled for a certain region qualitative effect, to a more general and suitable to perceive form. 
Topics such as midpoint and endpoint indication will be engaged, as well as the connection between them will 
be explained. 
 

2.6. Classification 

The classification of the LCI results is an important part of understanding the results from the LCA. In the 
method of choice, ReCiPe, three classes of aggregated environmental impact exist: human health (DALY), 
ecosystems species yr. and resources surplus cost, also called end-point indicators. The classification itself 
represents grouping the LCI calculation results by certain major contribution factors. Some impacts can be 
directly assigned to a class; others can contribute to two or more classes. For example, the midpoint category 
fossil depletion, measured in kg oil equivalence addresses the depletion-of-resources class at endpoint 
classification. On the other hand, the emissions of CO2, mostly popular as a measurement unit for climate 
change, in ReCiPe, are allocated between endpoints human health damage and ecosystem damage. How an 
impact category's proportions are allocated between the two classes depends strongly on the evaluation 
method chosen. Since the midpoint impact categories are 18 and the endpoint categories or classes are three it 
is obvious that there exists the case of multiple midpoints categories combining into one class. The 
classification stage of the impact evaluation where the variety of impact categories are grouped into more 
general impact coincides with the end point evaluation approach (fig 6). Single score impact indicators are not 
used in this study but are rather used as a base for qualitative discussion. It is so because the level of 
uncertainty when converting mid-point indicators into end-point indicators increases and therefore no strong 
quantitative conclusions can be derived (Goedkoop et al. 2013). 
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Figure 6 Relationship between LCI parameters (left), midpoint indicator (middle), and endpoint indicator (right) 

in ReCiPe 2008. (2008 ReCiPe Report I) 

For this study the classification stage is a qualitative method and will be used to describe the nature of the 
impact and point out in which class it prevails. In some studies certain quantitative impacts are sufficient 
enough to fulfill the point of the study. An example is that for financial studies only the amount of CO2 impact is 
sufficient to estimate the monetary gains or losses of a certain life cycle. In the case of Djurgårdsfärjan the 
impact assessment will be taken beyond midpoint factors, in the form of discussion, but will not be brought all 
the way to endpoint indicators due to the presence of high uncertainties about what exactly does the impact 
represent. It will be described in which single scores do the corresponding midpoint indicators fall in. Next 
based on the aggregation principle the classified midpoints will be added and based on general indicators it will 
be discussed which end point score causes the most impact.  
 

2.7. Impact assessment categories 

The impact categories, at midpoint level, used to quantitatively evaluate the impact in this study are the ones 
coming with the ReCiPe impact package:  
 
Climate change:  It represents the effect from the emission of greenhouse gasses on the human health and 
nature as an ecosystem. In ReCiPe method the climate change when in characterized state is measured in kg 
CO2 equivalence. The GHG have the ability to absorb infrared radiation from earth thus, causing greenhouse 
effect, which on the other hand is one of the main factors for global warming. In ReCiPe the qualitative effect 
from the climate change involves damage on the human health as well as loss of species (Goedkoop et al., 
2008). 



Master thesis  Comparative LCIA of two power train options for a passenger ferryboat 

27 
 

 

 

Ozone depletion: Ozone depletion represents the thinning of the protective ozone layer due to emission of 
ozone depletion substances from human activity. Those stable substances contain chlorine and bromine atoms 
that assist in the destruction of stratospheric ozone. The later has a crucial role in protecting life on earth from 
the harmful UV radiation which with the lack of ozone can penetrate to the lower levels of the atmosphere. UV 
radiation has a major role in the development of skin cancer, premature aging and immune system weakening. 
The bad environmental effects of ozone depletion are also allocated to plant life and aquatic ecosystems. In 
characterization level the quantitative measurement for ozone depletion is measured in kg CFC-11 equivalence 
(Goedkoop et al., 2008). 
 
Human toxicity: This category represents the risk and related consequences of different chemicals that are 
released into the environment that can affect human health. It describes the chemical’s effect by either human 
exposure to the chemicals or toxicological response of the human body. Human toxicity as a category also 
envelops the risks of both cancer and non – cancer diseases. The effect on human health from toxic substances 
emitted into the environment can come also in a non-direct path, by ingestion of already exposed food from 
animal or agricultural origin. In characteristic level, this category is measured in kg 1,4-DB  equivalence 
(dihydroxybenzene)(Goedkoop et al., 2008). 
 

Photochemical oxidant formation:  The category simply describes the potential of summer smog formation. 
The way this phenomenon happens is by forming ozone and other reactive oxygen compounds as secondary 
compounds, emitted by human activities,  by oxidation of primary compounds also known as VOC(volatile 
organic compounds) , NMVOC (non-methane volatile organic compounds) as well as CO (carbon monoxide). 
The reaction is facilitated and accomplished in the presence of NOX (nitrous oxides) and sunlight. The reaction 
primarily takes place in the troposphere thus forming smog there. Because of the ability and reactivity of the 
photochemical pollutants to oxidize on the exposed surfaces, the impacts are detrimental to humans, nature 
and man-made structures. The category can be met under the names photochemical ozone formation, photo 
oxidant formation and photo smog. In ReCiPe it is measured in kg NMVOC emitted (Goedkoop et al., 2008).  
 

Particulate matter formation: The particulate emissions created by human activity are subdivided in two main 
categories: primarily and secondary. Primary particulate emissions are those that are readily formed as 
particular matter from human activity e.g. combustion, secondary particulate matter represents aerosols which 
are a consequence of SOX and NOX emissions. In this study the characteristic measuring unit of the particulate 
matter is kgPM10 equivalence which represents the equivalent amount of formed particulate emissions with 
size up to 10 micrometers. Particulate matter accounts for inhaling respiratory inorganic material which in 
terms of human health leads to development of respiratory diseases and breathing problems, exposure and 
dose response at the recipient. In end point assessment it accounts for severity (Goedkoop et al., 2008). 
 
Ionizing radiation: In this impact categories are included particles that have the potential to ionize by losing 
electrons from their structure, both atomic and molecular. The phenomenon influences human and natural 
health. In the ReCiPe evaluation method the impact category is measured in kg U235 equivalence (Goedkoop et 
al., 2008).  
 
Terrestrial acidification: This category relates to the change in soil acidity due to the decomposition of 
inorganic substances found in the atmosphere. The polluting substances involved in the environmental impact 
can be sulfates, phosphates and nitrates. The latter reach the soil either by direct precipitation or indirectly by 
groundwater originating from larger aquifers. Every type of soil has an optimal level of acidity as well as every 
plant culture; hence if it is subjected to precipitation with higher acidity it may change-off its optimal limits and 
lead to local extinction of the kind. According to (Udo de Haes et al., 2002; Hayashi et al., 2004) the major 
substances causing acidification are NOX, NH3, SO2. In ReCiPe the measuring unit for characterization of 
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terrestrial acidification is kg SO2 equivalence (Goedkoop et al., 2008).  
 
Freshwater and marine eutrophication: The impact from freshwater and marine eutrophication is described as 
over enrichment of the aquatic environment with nutrients originating from human activities. These nutrients 
are most often nitrogen and phosphorous-based. The over-availability of those substances causes fertilizing 
effects for some plants, thus changing wildlife species balance and biodiversity. Aquatic eutrophication is one of 
the main environmental indicators that determine the water basin quality. In European conditions this is the 
dominant factor in water pollution compared with factors like toxicity (Goedkoop et al., 2008).  
 
Terrestrial and freshwater eco toxicity: This category encompasses all the potential threats of toxic substances 
from human activity towards ecosystems. The pathways via which these substances could reach the flora and 
fauna may be: by direct precipitation, by water carriers either to soil or to larger water basins. A few examples 
of those are: organochlorines (polychlorinated biphenyls – PCB), dioxins which originate from incinerating 
chlorine containing organic compounds and plastics and metals such as cadmium and mercury. Radioactive 
materials are also accounted for as toxic substances (Opasnet 2013). In ReCiPe the unified measuring unit is kg 
1,4-DB equivalence (Goedkoop et al., 2008).  
 

Land occupation: In ReCiPe impact method this category is divided in 3 subcategories: agricultural land 
occupation, urban land occupation and natural land transformation. Those describe the harm to various 
ecosystems due to land occupation and transformation by human activities. Defined in mid-point researches on 
land occupation, the category represents the amount and quality deficit from transformed and occupied 
terrestrial areas (Milà i Canals et al. 2007). At the endpoint level, indication is focused on the amount of species, 
both animals and plants, lost, and caused by the phenomena. The essence of occupation represents acquiring 
uninhabited wild territories for the benefits of a certain production, agricultural or manufacturing. Usually 
when occupying the species count inhabiting the area is intensively shrunk to one, like for instance crop 
growing. Land transformation is the case of changing the functional purpose from an already occupied area 
from one to another. This can be the case of changing a crop field to a manufacturing facility. Transformed areas 
dispose with certain biodiversity too, the calculation of the impact on the environment of that is calculated by 
the years taken for that are to be restored back to occupied usable area, and hence meter squared per year as 
is in ReCiPe impact evaluation method. On the other hand, for a certain size of transformed area it may take 
sensibly larger period of time, hundreds of years, to recover to its natural state and regain similar biodiversity 
(Goedkoop et al., 2008).  
 
Water depletion: This category simply describes the water usage allocated to a certain human activity or 
process. It is known that water is a scarce and abundant resource in certain areas but it is a commodity hard to 
transport and without and established distribution network on global scale. It is an asset that is unequally 
available throughout the world thus it is important that this indicator is considered in local scale not in global. 
In ReCiPe water depletion is measured in cubic meters (Goedkoop et al., 2008).  
 

Mineral (metal) depletion: Minerals and metals are such commodities that represent the economic output of a 
certain mining activity. Some minerals are a by-product of the mining activity for another mineral, because no 
mine exists that contains only one usable mineral: copper mines do not contain raw copper but a copper 
containing substance, as well as nickel and silver. The factor by which it is measured in ReCiPe is kg Fe 
equivalents which are economically based (Goedkoop et al., 2008).  
 

Fossil depletion: Fossil depletion as impact category concerns the diminishing of resources with hydro-carbon 
origin such as petrol, methane, propane, butane, as well as hard state fuels like coal and peat. In ReCiPe the 
depletion of fossil fuels is expressed in kg oil equivalence. This unit is based on energy content of the different 
fossil based fuels that have fossil origin. For developing the midpoint characterization factor a base value of 
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42MJ/kg for the oil's energy content was used. For each non-renewable fuel the characterization factor is 
developed by dividing its cumulative energy demand indicator by the cumulative energy demand indicator of 
the reference oil resource (Goedkoop et al., 2008). 
 

2.8. Characterization 

During the development of the LCA, the required results go through different transformations. A compulsory 
stage during the process is characterization where the inspected impacts from the LCI are modeled in 
scientifically useful measures. During this stage scientifically based conversion factors are used to transform the 
LCI results in their respective impacts towards human health, ecosystems and resource depletion. 
Characterization allows scientists to place the inflows and outflows received from the LCI onto the scale by 
enabling them to compare the impact on the classes from the different substances involved in the study, hence 
multiplying the respective impact by the unified characterization factor. The characterization factors are 
different for each impact evaluation method. Their general idea is to unify different impacts and effects on the 
classes in the method by evaluating them upon similarity. One brief example is global warming potential; its 
impact is measured in kg CO2 equivalence. There are a number of other substances that are greenhouse gasses, 
contributing to global warming, like methane, nitrous oxide, ozone and chlorofluorocarbons (Karl et al. 2003).  
The extent with which they endorse the greenhouse effect is different but for facilitation and simplification in 
the characterization stage they are equalized to the kg CO2 but with different multiplication factors. In 
accordance with the aforementioned, methane for instance is 25 times more potent greenhouse gas than 
carbon dioxide over a 100 years’ time span (Shindell et al. 2009).  

The characterization factors used in this study are the ones provided by the ReCiPe impact evaluation method. 
The method is developed to strongly comply with the European environmental conditions so they are 
legitimately applicable for the purposes of the current research.  

 

2.9. Normalization  

Normalization is an optional stage when carrying out an LCIA. This further evaluation of the life cycle's impact 
follows the characterization stage. The normalization stage brings comprehensiveness into the environmental 
performance of the otherwise unclear and scientifically specific and complex units. The approach gives an 
objective view of the impact on the chosen spatial level and clarifies the reflection on the environmental 
problems and potential threats. It represents dividing the already characterized data by a certain reference 
value. There are several choices of selecting a reference value: the annual per capita; ratios between one 
alternative to another and the highest value among all options giving an optimistic result.  

The normalized results give the reader the chance to understand the otherwise not so clear characterized 
results. Normalization approaches the meaningful effect by showing which category from the whole LCIA has 
the most impact compared to others and a base line for different kinds of further analysis such as sensitivity 
check. Anyways using this approach must not be used for qualitative comparison but only for quantitative. In 
ReCiPe the reference values chosen for the different categories are the annual measured characterized 
emissions for Europe and for the world for a certain year (ReCiPe 2009). Provided the two options available in 
the evaluation method: the world’s and European's level of normalization it is impossible to compare normally 
interpreted results from both options. The developer group of ReCiPe defined only normalization factors as far 
as Europe in terms of regional focus. For the purposes of this study normalization factors calculated for Europe 
are used.  The reference year of choice for ReCiPe is 2000.  
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2.10. Grouping 

In LCA, many stages of post LCI result classifications and rankings exist: characterization, normalization, 
classification, midpoint and endpoint approaches. Other than those is the grouping approach where the 
researcher may group the outcome results in sets according to certain features and similarities. According to 
ISO 14040 additional grouping in LCIA results may be realized regarding specific geographical indicators: local, 
regional, global. Another option stated in the document is priority ranking: low, medium and high. This 
approach is decided upon value magnitude and can be used in the initiation of a sensitivity analysis.  

 

2.11. Weighing  

Weighing is the final optional interpretation stage of the results from the LCIA. This interpretation approach 
allows the researcher to weigh the results from the categories against one another in the sense of importance 
for the specific case. For that reason the weighing factors are most often decided outside the scientific scope. In 
this study weighing is used in the form of discussion in the results chapter. The results are discussed on a 
qualitative basis using the single score categories human health (DALY), ecosystems depreciation and resources 
depletion.  

Weighing is also often called valuation (Finnveden et al. 1999). In this sense the weighting represents 
summarizing the results from all impact categories into a single score, which for the purposes of building an 
environmental profile for a product or service gives its environmental performance. As aforementioned the 
choice for weighting transformation factors is not scientifically decided, it is decided upon value of the impact 
categories related to the case study. Provided this fact it may turn so that one and the same set of characterized 
results may give different weighted outcome (ISO 14042). The choice of the weighting factors must comply with 
the goal and scope of the LCIA, also an important part of the process of weighting is to keep the transition 
transparent and available in order to facilitate disclosure to other interested parties. Depending on the purpose 
it is also possible to use several different weighting methods and carry out an inside sensitivity analysis that will 
represent the bias in the results dependent on the choice.  

Weighting is an optional choice because in some cases their results show obvious domination of a certain 
impact category. In such cases weighting may not be necessary; an example is when the LCIA is used as a tool to 
examine the global warming potential and greenhouse gas formation where only characterization results are 
sufficient enough to build a conclusion (EPA 2003). Several challenges exist in communicating a good weighting 
selection. The main one is subjectivity of judgment: regarding impact category importance, spatial and time 
period selection. Another problem that may appear, while weighting, is for certain categories to be left out in 
the end due to insignificance of the category's impact magnitude.  

In this study weighing is used at the end of the results chapter where certain midpoint categories are 
aggregated into higher level ones – endpoints then in single-score. Some midpoints are phased out due to low 
relevance to the studied system – transportation. In this thesis, this is applied because it makes the study more 
nimble and easy to work with – both by concentrating the final environmental impact on categories that matter 
and phase out dead weight in the face of categories that have no substantial importance for the study.   

 

2.12. Interpretation  

The LCA is a sophisticated and complex process involved with calculations and transformations of scientific data 
often making less sense for the naked eye. In order to keep the process transparent at its maximum for the 
reader a consistent interpretation is required. Throughout each and every stage of the study the researcher is 
required to interpret the transformations and received results. The interpretation in an LCA represents 
clarifying and delivering the information from the study in a comprehensive state in accordance with the goal 
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and scope of the study. As previously mentioned it must be done repeatedly for each stage. Three main 
milestones are covered and important information is disclosed when carrying out interpretation: 

- identifying issues in the LCI and LCA; 

- evaluation of results, presenting them in a completed and finalized form, conveying sensitivity and 

consistency analysis; 

- allowing the researcher to deliver conclusions and recommendations upon the received quantitative 

and qualitative results; 

Included in the interpretation process is the graphical representation of the study as well, schematics, flow 
charts, graphs of intermediate and finalized results. Also it is of crucial importance at a certain stage of the 
study to openly discuss the considered choices of methods and other tools utilized in the analysis (European 
Commission 2009; EPA 2003). 
 

2.13.1 Data: specific data acquisition 

Both options of the examined product have compliant data necessary for the analysis. It was mainly supplied by 
the manufacturer of the different components and by literature research. The information regarding the battery 
electric option is abundant because it was provided by the owner of the project – Echandia Marine AB. It 
consisted of CAD models, materials specifications, manufacturing processes with their adjacent material flows 
and waste flows. Based on those data, environmental models were created in SimaPro using the Ecoinvent 
database to suit the study. Another portion of the data was readily received in the form of PEPs (product 
environmental profiles) from Schneider electric. The information on the diesel version was much more scarce 
and outdated than the electric options. It was delivered under the form of composing parts, assemblies, main 
materials specification, weight of the machinery and maintenance intervals - both for change of consumables 
and whole worn-out compartments. For some of the comprising assemblies on the diesel drive train no other 
information was provided than the factory specified names and models. For that reason additional literature 
search had to be carried out for environmentally related parameters - dimensions, weight, and materials 
composition. Based on those lacks approximated CAD models were created for more precise mass calculations. 
The quality of the data collected for the study varies but the main goal in this venture was to be as precise and 
case specific as possible. In general, when assumptions were made for lack of information, the cases 
represented a minor part of the overall results. The later was established after receiving the results of the study 
and conveying a sensitivity analysis, with the different LC phases as variables. Often in this study when 
insufficiency of data was encountered, a generic technology dataset for Europe was used which is the 
recommended option by researchers and the developers of the Ecoinvent database and SimaPro software tool. 
In every environmental model it is clearly stated what kind of assumptions are adopted, for what reasons and 
the level it is possible to influence the results. Throughout the LCA data assumption was carefully done because 
inaccuracies in data selection may provoke major arguments when scrutinizing the results and effectively 
compromise the whole study. In certain areas of the study e.g. electricity mix selections, use of marginal 
electricity, diesel fuel options, both main parameters in the use phase, are discussed and later implemented in 
calculations, furthermore a sensitivity analysis is carried out as a tool for tackling assumptions. The available 
information exchange was carried out via mail – with the Commissioner Company and subcontractors, and 
direct meetings at the commissioner’s office.  
 

2.13.2 Data: constraints and obstacles in data acquisition:  

For some components of the diesel drive train only factory designations were provided, a vague description of 
the materials composing the systems and their weights were provided. In the case with the diesel engine no 
environmentally related data was found but based on search obtained technical specifications it was possible to 
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model main parts of the engine in CAD so that they can be weighted and further processed via the impact 
assessment method. Nevertheless this approach cannot be used with 100% certainty. It is well known that an 
internal combustion engine is an assembly with high level of complexity in terms of materials, parts, coatings 
and surface treatments. In this LCA a simplified CAD model with just the main components of composition was 
created to facilitate the mass calculations of the assembly but should not be used as information that can be 
fully trusted. Another constraint appears in the impact assessment of the electrical components, part of the BE 
power train, BMSs and the electrical charging station. The data suggested by the PEPs, by categories, provided 
by the manufacturer is evaluated in characterization equivalents irrelevant to any other popular impact 
assessment method and thus some of the categories had to be disregarded further in the process of evaluation. 
 

2.13.3. Data: utilization and environmental modeling 

While creating the LCIs for both options a multitude of similar processes from the Ecoinvent database were 
used repeatedly such as various transportation means and production of materials. Some of them had to be 
readjusted to suit best the purposes of the study by that it is meant - geographical factors, energy mix region, 
transportation means and average distances, end of live scenarios. For the main components in both systems a 
model was created which was defined by the parts environmental aspects. One model consists of five main 
parts which practically aggregated the substance and material flows and the unit processes that a product goes 
through its entire life cycle : raw materials acquisition, manufacturing, use, end of life and where applicable - 
transportation, as it is affirmatively a big part of every products LC. Every such set is defined as one 
environmental model using SimaPro's engine 

2.13.4. Data: additional environmental databases and software used  

LCA is a very information intensive and time consuming process. To derive the required results in a suitable 
comprehensive and informative form the amount of information gathered undergoes complex calculations and 
transformations. When creating a LCA the simple form of tackling those things by spreadsheets is often 
neglected due to complexity and probability of mistakes. For that reason an automated software system for 
most of the calculations throughout the process is required.  
It is a frequent occurrence that the researcher may not find data directly related to the environmental impact of 
the study. Most often the type of information closest to the LCA that researchers can find represents numerical 
data concerning purely physical qualitative and quantitative features of the subject under study. Based on it, 
the researcher has to build LCIs and environmental models in which one has to use different databases of 
environmentally related information in order to mimic and represent in parametric way the system under study. 
Because of the complex nature of the environmental models the database resources are often combined with 
computational software that can access and address quickly the information needed.  
The software used in the main part of this study is SimaPro 7.3.3., developed by Pre Consultants. It also 
contains different databases with environmental inventories of basic materials and processes to more 
complicated common products and processes. The databases included in SimaPro are: Ecoinvent v.2, US LCI, 
ELCD, US Input Output, EU and Danish Input Output, Swiss Input Output, LCA Food, Industry data v.2. The 
databases originate from different sources and are collected for different geographical regions hence applying 
more than one database in one study should be handled with extreme caution. In this study since the 
geographical region under focus is Sweden and more precisely Stockholm, the databases utilized are designed 
so to suit European average conditions or the average market conditions for countries within the European 
Union – EU27. Databases purposed solely for a single country within the union may impose a bias into the 
results since the geographical area of research may differ quite a lot in for instance energy sources, raw 
materials supply and transport conditions, therefore such are not used in the study. The databases used in this 
LCIA are: Ecoinvent v.2 (developed by Ecoinvent center – Switzerland); ELCD (European Commission 2003). 
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3. Literature review 

 
In the literature review chapter of the study attention will be paid to previous projects in electric mobility and 
their environmental background. More specific focus will be laid on the cases of electric boating and people 
transportation as the latter is the closest resemblance to the current study. The chapter envelops also topics 
related to the processes, materials, flows and components characteristic for an electric power train. Reviewed 
with respect to the environment will be the types of batteries used in BE vehicles and vessels, the motor 
modules as they contain materials with high environmental intensity, the energy supply chain and the decisions 
of choice for the later and the different end of life scenarios encountered. The crucial for the BE power train 
components will be examined in terms of contribution to global and local sustainability and environmental 
intensity. As main topic in the study, detailed observations will be made on LCIA studies of electric mobility and 
electric boating. Out of those special attention will be paid on the ones that reveal the specifics of the lifecycle, 
its environmental aspects and compare the conventional combustion technologies and BE technologies when it 
comes to sustainable transportation. The topic of electric boating is still quite unexplored and is still in process 
of gaining its popularity spot among studies of comparative LCIA. Previous studies in the wide area of 
sustainable transportation were made mostly about BEV involved in road transportation, mostly about 
passenger road transportation such as cars. However, no analog studies about marine and more precisely about 
people transportation by water were found. In that case for gaining impression on the methodology and 
specific issues appearing in the results will be familiarized by following the analog research thread for road 
vehicles.  
 

3.1. Life cycle impact of electric vessels 

Nevertheless that electrically propelled marine transport is in existence for decades, in the face of electrical 
submarines, realizing the beneficiary, electrical boating companies are currently making their way through in 
the market with rapid pace. Solely in the US and Canada there are 87 companies (ev-info.com 2012) 
manufacturing, assembling, and designing electrically propelled vessels. A reliable method for evaluating the 
entire impact on the local and global environmental is the life cycle perspective impact analysis. Concerning the 
topic of the current thesis the number of studies published on similar topic regarding marine vessels is minimal. 
There exist a few but they all deal with LCIA of a single propulsion technology marine vessel, encompassing the 
entire boat structure (Kameyama et al. 2005; Tincelin T et al. 2010). Based on the similarities between the 
power trains integrated in a passenger car and the ones found on passenger ferries, the findings in the 
literature search are mainly based on LCAs of road vehicles.  
There are a lot of studies conducted with regard to life cycle assessment of road vehicles. Earlier in the 
development of electrical vehicles the main focus was on the use phase of the vehicles (Nicolay et al). As 
environmental concern grows focus on the electrical vehicles is broadened and now most LCA studies on 
electrical vehicle technology include the manufacturing and the end of functional life (Hawkins et al. 2012). 
Similarly to this study the already published comparative LCIAs rivaling conventional combustion technology 
and battery electric technology lay their results on sensitivity in power source and fuel selection by knowing the 
corresponding specific parameters of the vehicles. Most studies by far show precedence in favor of the 
electrically propelled vehicles (Nicolay. 2000), especially when they are powered by a renewable source of 
electricity.  
In their study Electric vehicle and plug-in hybrid energy efficiency and life cycle emissions, (Helms and Pehnt, 

2010); the authors compare in a LC perspective the impact from PHEV, BEV, and two more combustion power 
trains one for diesel, and one for gasoline. Similarities between their research and the current thesis are that 
the comparison is based on one and the same chassis – VW Golf mk4, and only the different power train 
technologies are compared. Their study shows no necessary need to evaluate the whole chassis, here – the 
whole hull and compartments, since they have no or insignificant relevance to the difference in the power 
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trains.  
Industries and media currently discuss with hesitant conclusions weather electric vehicles are actually 
“greener” than conventional ones (Mirror 2013). Helms and Pehnt, nevertheless argue that the production of 
the whole electric power train including the several battery packs that are changed during the life cycle are 
imposing not much more impact than the production of the conventional combustion power train including its 
maintenance burdens. Additionally Notter et al. find in their study that the Li-Ion battery's contribution to the 
total life cycle impact of the BEV vehicle (measured in Ecoindicator 99 points) is approximately 15%. In their 
study the authors have found that if the electric vehicle is charged with an electricity mix like the German, its 
impact is slightly higher than the one from the diesel car and slightly lower than the one from the gasoline car. 
If the electricity source is from either wind or hydro power the impact from the BEV is far less low than all 
options discussed in the study. Helms and Pehnt state that in this case the impact in terms of GHG emissions 
comes mainly from the manufacturing phase of the vehicle. Another study, (Althaus and Gauch 2010), on the 
same topic also conclude that in LC perspective the BE vehicles carry less environmental impact than both 
diesel and gasoline propelled cars if a suitable electricity mix is chosen. When modeling worst case scenarios: 
charging the BEV with electrical energy from coal fired power plant the impact of the vehicle exceeds the one 
from the combustion car in the impact categories: global warming potential, damage to human health and 
damage to ecosystems.  
A study focused on Belgian conditions (Boureima et al.2009), compare in LC perspective a battery electric, a 
hybrid electric, a LPG and gasoline vehicles. The authors conclude that the global warming potential of the BE 
car is lower than the one with the CE car, the same finding they have also regarding damage to human health 
and acidification. It was also discovered that the impact from the use phase imposes the greatest share on all 
four option's life cycle in the category of global warming potential. Only the BE vehicle is more polluting than 
the others when using Belgian electricity mix, but the authors state that the impact can become five times less 
if a renewable source like half in half wind and hydro power substitute the country's mix in the damage to 
human health impact category.  
Following the conclusions from the aforementioned studies it can be said that the major impact contribution 
originates from the use phase in the case of all types of power trains. The impact from manufacturing starts to 
represent a sensible parameter in the LCA results equation for the BE when the electricity supply originates 
from renewable sources. 
 

3.2. Life cycle impact assessments of conventional combustion power trains and vessels  

Studies delivering results for the life cycle impact from vessel and power trains are of major benefit to the 
current thesis mainly because of information regarding material content and processing during the 
manufacturing.  
In their study, (Jivėn and Sjöbris 2004), the authors develop a software tool for environmentally conscious 
design of ships. They base their research on using LCA as a main tool for estimation of the environmental 
performance of vessels. The report provides with insightful information about ship design and the 
environmental aspects it engages by all the materials used and process flows during its lifecycle. It also gives a 
proven ground for correct assumptions. The authors argue that 7.5 percent of the vessels weight in the form of 
steel can be allocated to the engine, approximately 0.2 percent represented in bronze is the propellers. 
Regarding maintenance of the equipment the authors claim that 50 percent of the materials implemented in 
the equipment are changed over a lifetime. Although in their case electricity is used only for manufacturing and 
end of life processing and not for propulsion as is in the case with one of the options in the current thesis, the 
authors look into two different electricity mixes – European electricity mix, for manufacturing purposes and 
Swedish average electricity for on shore operations. Regarding the end of life of the vessel Jivėn and Sjöbris 
suggest 81 percent recycling rate of the steel used at the loop back stage. Those values are a good estimation 
when a researcher does not dispose with manufacturer information. The authors base their use of emission 
factors on a proposal by the European Commission where it is stated that high speed diesel engines as is the 
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case in Djurgårdsfärjan DE (table 1). 
 
Table 1 Emissions of high speed non-road diesel engines per different modes of operation (EC 2013) 

Operations 

mode/emissions 

NOX 

(kg/ton fuel) 

SO2 

(kg/ton fuel) 

CO2 

(kg/ton fuel) 

HC 
(kg/ton fuel) 

PM 
(kg/ton fuel) 

See operation mode 62 54 3179 2.2  

Port operation mode 50 54 3179 4.4 7.7 

Maneuvering 46 54 3179 5.8 9.8 

 
A research paper by Cooper 2001 examines the operation environmental impact of three differently propelled 
passenger ferries for Swedish conditions. The relevant cases from this study to the DE power train discussed in 
this thesis are the conventional, medium speed marine diesel engine and the same but retrofitted with 
selective catalytic reduction (SCR) for NOX reduction. The Author finds that in CO2 emissions the two options 
match their results as in PM too. For HC, CO and SO2 the pure diesel version shows two times higher values.  
A study on life cycle analysis for sustainable inland boating (Landamore et al. 2006) brings another 
environmentally sensitive aspect in focus: the gray water treatment. After comparing three technologies for 
gray water treatment the author concludes that the technology Grey Water Direct Discharge (water is pumped 
directly into the waterways) is the best choice environmentally. Surprisingly the two other options include 
collecting and recycling of the grey water. Despite that the DE power train case in this thesis deals with Grey 
Water waste treatment it is none of the three just mentioned means, but waste incineration.  
A comparative LCA by Schmidt J H and Watson J (2013) for two identical ferry boats using different hull 
structural materials – conventional steel and carbon fiber reinforced polymer show results that the FRP ferry is 
twice more environmentally sound than the steel one. The authors argue that the main reason for these results 
is the decreased fuel consumption with the lighter composite version. These results suggest that despite the 
environmentally intensive structural materials used to construct the FRP ferry the use phase is the only 
sensitive parameter, dominating the life cycle impact with more than 90 percent negative contribution. Later in 
the study the authors find that the construction is the second important stage in the life cycle of both options.  
 

3.3. Power train and vessel design materials and components 

In this section an overview of the components and materials is going to be assessed, as well as their 
environmental impact as a part of that of the vessel or vehicle. In their study Schmidt and Watson have shown 
that the power trains of the two options examined are respectively 0.44 and 0.07 of the whole weight for the 
composite hull and the steel hull ferries.   
In a study about passenger road vehicles by Castro and Remmerswaal et al. (2003), it is argued that since the 
obvious results domination of the use phase in terms of environmental impact, it is a design tendency to design 
vehicles from lightweight materials. On the other hand Koffler and Rohde – Brandenberger 2010 state that the 
excessive use of conventional lightweight materials like aluminium, magnesium and composites like carbon 
fiber composite are environmentally intensive during their production hence, the down slope of environmental 
impact is not linear for lightweight vehicles because of the rise caused of lightweight materials utilization.  
It is an often discussed topic in the automotive area, that rare earth oxides are becoming crucial and also an 
issue pending for electrical mobility. For an average hybrid car it has been estimated that the rare earths in its 
power train are of an average of 28 kg. Those include neodymium, dysprosium, praseodymium, and terbium. 
Neodymium is a crucial part of the permanent magnets' composition and is intensively used in the electrical 
machines used to propel and charge BEVs. An internet research states that solely for 2012 between 343 and 
4369 tons of neodymium in the form of magnets integrated in BEVs' power trains is sold 
(chemicalindustrydata.blogspot.se 2013). Neodymium and the other rare earth elements used in the state-of -
the-art technology are not only scarce in quantities as raw materials in earth’s crust. They impose a big 
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environmental impact in all impact categories: neodymium oxide is “worth” almost 40 kg of CO2 to extract at a 
manufacturing facility compared to aluminium which takes only 11 kg of CO2 and is known to be one of the 
most environmentally intensive commonly used materials, Ecoinvent (2007), ReCiPe (2009).  
 

3.4. Batteries life cycle impact assessment 

Another highly consumable component from materials point of view are the main compositors of the batteries 
for the BE power trains. This aspect is especially sensitive for this thesis because of the large turnover of 
batteries during the life cycle of the ferry.  
Nowadays, 96% of all HE vehicles are using NiMH batteries; forecasts within 10 years are that 70 percent of the 
same, 100 percent of the plug in hybrids and 100 percent of all purely electric vehicles will be running on LI-Ion 
batteries, (Lowe et al. 2010).  
A study about life cycle assessment of Li-Ion batteries by Notter and Gauch 2010 reveals that out of the whole 
the battery alone takes 15 percent of the a BEV's,  environmental impact. The authors also conclude that not 
the lithium contributes with the main impact share but, the copper and aluminium that are used for the anode 
and cathode technology. Conclusively the authors of the study suggest that BE vehicles will be able to be more 
environmentally friendly that CE ones, despite the doubts that the batteries will compensate to equalize the 
impact.   
In their study Zackrisson et al. (2010) find that the greatest impact in the battery life cycle is imposed by the 
manufacturing phase or more precisely – the electricity used in manufacturing: more than 50 percent. Thirty 
percent are left for the electronics module, and 10 percent for the cathode.  
Considering the NiMH technology similar results appear, according to Mudgal et al. 2011, the production of 
materials and manufacturing for the cells holds the greatest impact in most of the impact categories: 82 
percent terrestrial acidification; 75% PM formation; 55% metal depletion potential, 50% photochemical oxidant 
formation potential. Specifically the production of the LaNi5 which is the characteristic alloy for the type of 
batteries turns to have a prevailing impact in most of the impact categories: in GWP with CO2 emissions for 
electricity used for fabrication, in metal depletion potential for the nickel in the cells alone, photochemical 
oxidant formation, terrestrial acidification potential, particulate matter formation potential, for nickel and LaNi5 

, freshwater eutrophication potential,  human toxicity potential with Hg and Zn emissions to air, freshwater 
aquatic eco toxicity potential – with Cu, Ni and V emissions to air.  
During the operational phase of the ferryboat a great quantity of NiMH batteries will be used and changed after 
the end of each pack's functional life. Having in mind the environmentally consuming elements LaNi5 and nickel 
for the cells it is important for the life cycle to have a secure materials recovery option as an EoL scenario, 
nevertheless that NiMH batteries aren't treated as hazardous waste, (Tenorio et al. 2002). In a study by Bertuol 
et al. 2006 where the material's separation was carried out in experimental conditions, the level of separated 
material pointed up to 90% and the authors presume that if the process takes place in specialized factory 
conditions the numbers will be even higher. The authors estimate that a well-developed process could recover 
86 percent of the Ni-containing metals, which on their own represent 36 percent of the whole weight of the 
battery pack given as example in their study.  
Technologies on rare earths and metals recovery from NiMH batteries have been advancing with time. A study 
carried out in 2011 by Innocenzi and Veglio states that by applying a technology involving sequential sulfuric 
acid leaching could recover more than 99 percent of the specific elements in the examined NiMH battery. A 
100% recovery rate was accomplished for Mg, Co, Zn and the remaining rare earths and a 99 percent for the 
nickel. Based on those facts it can be assumed that for the future a relatively high quantity of the materials 
comprising the batteries of the BE power train would be recovered. However no accurate information in the 
studies is available regarding energy intensity of the processes therefore they cannot be applied directly. In 
relation to this thesis, it becomes clear that there are two things that have to be clear in batteries EoL to 
construct a simple LCI: recycling potential, and quantity and energy demand to do it. For the purposes of this 
study, only one is available – recyclability potential, which is insufficient for the completeness of this certain 
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aspect of the thesis.  

4. Life cycle inventories 

 
The life cycle inventory of both options: BE and DE power trains are formed around the three main phases of 
their life cycle. The study has as priority consistency, thoroughness and comprehensiveness. For that reason, 
the amount of information collected concerning the power trains is the maximum that could be acquired. 
Both options are going to be thoroughly described and divided into modules, those into sub-modules. This will 
facilitate calculations in the progress of the study. The LCIs will be accounted per functional unit; later to receive 
the overall results the relevant results from the sub-modules will be summarized.   
 

4.1. Electrical power charging station LCI and system boundaries 

The BE power train and the infrastructure around it are divided into three modules which contain several sub-
modules each, or for the reasons of sensitivity analysis a module may be represented by two or more options at 
a time. The first module is Charging station which is the small building close to which the BE Djurgårdsfärjan is 
supposed to port and get charged with electricity. The LCI of the charging station covers the building and its 
electric machinery content, the maintenance and the components to be replaced with time and the end-of-life 
phase which represents the treatment after the end of the charging station's functional life (fig. 7). 
 

 
Figure 7: Life cycle stages and system boundaries of the electrical power charging station 
 
On the figure also expressed is the substance, materials and energy flows as outputs and inputs. For every 
process there is a certain requirement of energy, usually in the form of electricity and a multitude of materials 
to receive the final products. During the lifetime of the structure there will be also dissipation of 3 kinds of 
emissions: to air, water and soil. Those are not specified whether they are global or local. The inflows and 
outflows apply for all three stages of the charging station’s life cycle. Internal transportation burdens are usually 
met during the manufacturing processes, for transportation of the components from the manufacturing facility 
to the retailer and then to the end client. Additional transportation is also present at the end of the functional 
life of the component when it is either disposed freely into the environment or sent for material recovery at a 
recycling facility. The entire environmental model on which the LCI of the electrical power charging station is 
based upon, can be seen in appendix 1 and the unit processes involved in the inventory are presented in table 
25A1 
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4.2. Battery electric power train  LCI and system boundaries 

The following part of the life cycle inventory of the BE power train is the power train itself. It consists of 
manufacturing the pod drives and the electrical system that controls the propulsion function (fig.8). The LCI 
describes the components and the three main phases of their lifecycle.   
 

 
Figure 8 Life cycle stages and system boundaries of the battery electric power train 
 
An important part for this study is the BE’s use phase and especially the electricity consumption during it. That 
is the reason it is mentioned separately and it will be assessed in detail, as well as several types of electricity 
will be ran as parameters in a sensitivity analysis. The entire environmental model on which the LCI of the BE 
power train is based upon can be seen in appendix 1 under Electrical system environmental model and pod 
drive environmental model. The unit processes involved in the inventory are presented in tables 10A1 to 14A1. 
 

4.3. Main batteries LCI and system boundaries 

The last remaining module of the BE power train are the batteries. They are modeled separately because of the 
expected large impact on the power trains environmental impact. The batteries to run Djurgårdsfärjan consist 
of three sub-modules: battery pack, battery management system (BMS) and battery rack. The battery pack 
represents the major building unit of the entire battery system that accumulates the electricity that propels the 
ferry boat. The BMS is the electronic system that handles a rechargeable battery. In our case every single 
battery pack is equipped with one of its own. The BMS monitors the state of the battery, computes additional 
data, communicates the later, as well as takes care of the battery protection and its environment. The LCI of the 
battery describes the three substantial stages of its life cycle and the incoming and outgoing flows of materials 
and energy that are required during its entire life cycle (fig 9). The observed life time is purposed for a single 
battery pack where the battery is mounted, and exploited until it finishes its functional life after 8 years, and 
then it is discarded and put down for materials recovery. During the use phase no scheduled maintenance is 
projected. Also the electricity used to charge the batteries is allocated as an inflow of energy for the power 
train. In fact the types of electrical energy examined in this study have individual LCIs due to impact 
importance. Regarding maintenance in the broader perspective the single battery packs and their compliant 
BMSs are changed every 8 years. The battery rack is not changed throughout the life cycle of the ferry. The 
entire environmental model on which the LCI of the main batteries is based upon can be seen in appendix 1 
under Battery pack environmental model and Battery rack environmental model. The unit processes involved in 
the inventory are presented in tables 1A1 to 9A1. 
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Figure 9 Life cycle stages and system boundaries of the main battery pack 

 

4.4. Diesel engine power train LCI and system boundaries 

The LCI of the DE power train includes several components as sub-modules. Those are the engine, the 
gearboxes, the propeller shafts, the propellers, the rudders, the steering systems, the fuel tanks and other 
inclusive machinery. The life cycle presents the three main stages of the DE power train, where the first stage 
involves manufacturing of the power train, the use phase includes the maintenance procedures, consumables 
(engine oil, hydraulic oil, consumable parts), the fuel consumption, the change of worn out parts including sub-
modules like the engine e.g. and the final phase describes the end of life scenarios of all the components and 
consumables used (fig. 10).  
 

 
Figure 10 Life cycle stages and system boundaries of the diesel engine power train 
 
Similarly to the electrically powered ferry, the diesel version also requires fuel stations to be refueled. In this 
study they are not going to be assessed since the refueling pumping stations are a parts of the fuel’s LCI in the 
Ecoinvent 2.0 database. The reason that the electrical charging station is assessed in the study is that electricity 
purposed for transportation is still not a popular concept, thus standard sized power stations are not usually 
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included in the LCIs of electrical power. The entire environmental model on which the LCI of the DE power train 
is based upon can be seen in appendix 1 under diesel engine drive train environmental model. The unit 
processes involved in the inventory is presented in table 26A1. 
 

4.5. Production energy – LCI and system boundaries 

The electricity is a significant parameter in the sensitivity analysis of the current thesis. This is the reason that 
separate LCIs of it are considered in the current study. The electrical power, up to be examined, is the one 
purposed for propulsion since it is the largest share of any electrical energy used. The electrical energy used for 
production purposes is comparatively low in quantity and is unevenly dispersed throughout the production, 
maintenance and recycling processes and toughly traceable. For that reason and for the reason that its impact 
is not going to be substantial enough for any particular bias in the overall results it will not be assessed. The 
electrical energy used for production purposes for both versions is assumed to be Nordel mix, because most of 
the processes included in the lifecycle of both options were and are to be engaged in the Scandinavian region. 
The electrical mixes to model the three scenarios for “electricity for fuel” are: Nordel, electricity from 
renewable sources in Swedish perspective, and solely coal based electricity again suited for Swedish conditions.  
The LCI of electrical mixes and fuels in this study will be displayed in form of tables extracted from Ecoinvent 2.0 
database. The reason for this approach is because the nature of the energy and material flows, the processes 
involved into the electricity production are extremely diverse in nature (Appendix 1 – tables 15A1 – 21A1).  
 

4.6. Battery electric power train – use phase LCI and system boundaries 

The use phase of the BE power train consists of the use of electrical energy throughout its entire LC. As an 
addition to the use phase of the BE power train a specific share from the impact of the electrical charging 
station must be added. The main research however falls upon the electricity used in the operation of the 
electrically propelled ferry. A number of electrical mixes are used, based upon which sensitivity analysis is 
developed. The mixes of choice are found in the Ecoinvent 2.0 database and represent the following electricity 
mixes: high voltage electricity Nordel – electricity mix; high voltage electricity mix from home production in 
Sweden, high voltage electricity mix from home production in Sweden including imported electricity, electricity 
mix produced solely from coal power plants  within the former Nordel electricity market, electricity mixes 
originating from sustainable sources – hydropower, wind-power, nuclear- power. The respective energy 
processes from the Ecoinvent database are:  
 

- Electricity, high voltage, production NORDEL, at grid/NORDEL U - for NORDEL electrical mix 

- Electricity, high voltage, production SE, at grid/ SE U  - for Sweden’s home  electricity production 

- Electricity, high voltage, at grid/ SE U - for Sweden’s home electricity production + imported electricity 

- Electricity, hard coal, at power plant/ NORDEL U + Transmission network, long-distance/UCTE/I U + 

Transmission network, electricity, high voltage/CH/I U – for coal based electricity production. 

- Electricity, hydropower, at power plant/ SE U+ Transmission network, long-distance/UCTE/I U + 

Transmission network, electricity, high voltage/CH/I U – for hydropower electricity production. 

- Electricity, nuclear, at power plant/UCTE U + Transmission network, long-distance/UCTE/I U + 

Transmission network, electricity, high voltage/CH/I U – for nuclear power based electricity 

production 

- Electricity, at wind power plant/RER U + Transmission network, long-distance/UCTE/I U + 

Transmission network, electricity, high voltage/CH/I U – for wind power based electricity production.  

It is obvious that the electricity rating is chosen to be high voltage, the reason behind this pick is that the BE 
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ferry is charged with electricity rating of 400kV which by definition is considered high voltage since it is above 
72.5kV it is defined as medium-voltage(www.iaei.org 2013). The chosen electrical mixes represent the 
sensitivity analysis variable under focus in the study. The Nordel electrical mix is chosen as primary choice and 
baseline scenario for the study. The results derived from the calculations with Nordel electricity mix will be a 
part of the final result and the one taken in consideration at the comparison stage of the study. The main 
reason for choosing this mix is that it is the most relevant choice and represents most closely the market mix 
that is currently functioning in the Scandinavian region – Nord Pool. Moreover it allows the recognition of 
capital goods for electricity generation transmission costs via using the Ecoinvent database for capital goods 
(Schmidt and Watson 2013). The home production electricity mix represents Sweden as a closed market system 
where electricity solely from internal sources is used. The next choice represents the same system including 
import electricity. Two extreme cases are chosen to represent the maximal and minimal environmental impact 
that can be exerted from the BE version of Djurgårdsfärjan. The worst case scenario (WCS) is modeled by 
utilization solely of coal based electricity. The best case scenario (BCS) is delivered by electricity from 
sustainable and so called environmentally friendly sources, such with no major CO2 impact throughout the 
years. Three such sources are chosen: 1) hydropower electrical mix - the inventory corresponds to the Swedish 
hydropower production; 2) nuclear power generated electricity – the inventory for the nuclear production 
applies to Swiss nuclear technology mix (water pressure reactor, and boiling water reactor) where the emissions 
inventory corresponding to the average of the UCTE group and 3) wind power electrical mix – the data set is 
generic for Europe. Additionally the process share in the inventory is recalculated so that it can match Swedish 
nuclear energy production. Wind generated electricity is represented by average European technology mix and 
its respective emissions inventory. The last three choices each one of which represents a BCS for the study lack 
transmission burdens in their correspondent datasets. They are being supplemented with those additionally 
with the same quantities from the inventories for Nordel, Swedish home production and Swedish electricity 
mix.  
The entire environmental model on which the LCI of the BE power train’s use phase is based upon can be seen 
in appendix 1 under Use phase of battery electric power train environmental model. The unit processes 
involved in the inventory are presented in tables 15A1 to 24A1. 
 

4.7. Battery electric power train  - maintenance and infrastructure LCI and system boundaries 

The maintenance procedures regarding change of parts due to the ending of their functional life are allocated 
to the manufacturing phase. This concerns the whole propulsion system: pod drives, electrical system and the 
battery units. There are no other known maintenance procedures that include the inclusion of additional 
processing or substances that need to be changed for preventative maintenance purposes. 
The same rules regarding man-maintained waterways and canals apply to the BE propelled boat as the ones for 
the DE ferry. However, a specific piece of inventory is used in the case of the electricity powered vessel and it is 
the charging station that is unique for the case. It is purposely built to charge the BE option of Djurgårdsfärjan 
and is commissioned by Echandia Marine. The charging station is modeled in SimaPro since there is no such or 
similar infrastructure included in the electricity production, as it is for the diesel fuel production.  
 

4.8.Battery electric power train – EoL of specific components’ LCI and system boundaries  

Specific for the study are unique components that represent potential for reusing recycled material originating 
from the same ones after functional EoL waste treatment. Such are the batteries and the propulsion motors 
from the BE version. The magnets used in the motors contain boron and neodymium and an alloy as such is 
hard to reverse engineer back to its initial substances. Instead current technologies available can dismantle and 
separate the magnets from the assemblies which give opportunity for reuse for similar purposes and 
assemblies (Mitsubishi Electric 2013). The other components with case specific materials, the batteries are 
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communicated to have a recyclability recovery rate of 99%, by the manufacturer Nilar AB. The recycled 
materials will be accepted by the same company in the future for building new similar units. A possible waste 
treatment/manufacturing scenario for the batteries for propulsion is that the initial materials will be accounted 
as primary production, while the second and third use the materials will be accounted as secondary. The fourth 
and the last batch of batteries installed will end their functional life at approximately the same time as the ferry 
does. The environmental impacts from those will be allocated to the next battery product manufactured (fig 
11). Non-the less due to insufficiency of information regarding the energy use to re-acquire the materials from 
the batteries, no such scenario will be examined. Instead every battery pack, including the first installed, will be 
modeled as if it undergoes recycling but for the manufacturing of the next, raw materials will be used (fig 
12).The environmental burdens from the dismantling and disposal will be included in the system boundary of 
the battery pack. To model the end of life phase the following process from Ecoinvent 2.0 database is used: 
Disposal, NiMH batteries /GLO. To best suit the purposes of the study the process is tuned to match the 
current case requirements. The recovered materials are calculated with a rate of 99%. The full environmental 
model including the EoL procedures can be seen in Appendix 1 – Main batteries environmental model. 
 

 
Figure 11 Main battery system boundaries, scenario for production from re-acquired materials.  
 

 
Figure 12 Main battery system boundaries, scenario for production only from raw materials 
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4.9. Battery electric power train – EoL of propulsion components, controls and electronics LCI and 

system boundaries 

Having the specific for this mechanism components in mind the remaining part of the BE power train also 
undergoes EoL procedures. Similarly to the battery packs some of the parts are replaced due to scheduled 
maintenance and predicted lifetime, others will remain on the boat until the boat’s end of life. The parts that 
are subjected to scheduled replacement are all electrical components from 0.2 kg up to 2 kg. The share of 
electrical components that are not disposed is represented by various transformers weighing up to 70kg. The 
chosen unit processes to model the EoL treatment for the electrical components and the mechanical 
components that make up the BE power train, from SimaPro’s databases, are: 
 

- Recycling of aluminium basic, EU27  - for the electrical components  (recovery quality – N/A) 

- Recycling of copper basic, EU27 – for the electrical components and transformers (recovery quality – N/A) 

- Recycling of metals basic, n.e.c., EU27 – for the electrical components (recovery quality – N/A) 

- Waste incineration of plastics (PE, PP, PS, PB), EU-27 – for the electrical components  

- Disposal, capacitors, 0% water, to hazardous waste incineration/CH U – for the electrical components 

- Waste incineration of  metals, EU-27 – for the types of metals that had no available recovery option 

for recovery in Ecoinvent 2.0  

- Waste incineration of plastics (PET, PMMA, PC), EU-27 – for the electrical components 

 
The chosen processes for EoL treatment for bulky parts such as the pod drives and the battery rack are:  

- Recycling of aluminium basic, EU27 – for the pod drives  

- Recycling PVC SW /RER U – for parts in the pod drives 

- Recycled steel SW – for the pod drives and the steering system 

- Bronze, at plant/CH U(applied with - sign) – For the propellers  

- Aluminum extrusion profile, primary prod. Mix, aluminum semi-finished extrusion product(ELCD) – 

for the battery rack  

Neither in the use phase nor in the production phase’s replacements due to certain components being 
outdated and replaced because of the appearance of new superseding technologies is taken into account in this 
study. Information originating from the product environmental profile (PEP) of the majority of small electrical 
components disposes with already calculated emissions for their EoL phase. For that reason the emissions are 
directly input in the impact assessment phase of the study without unnecessary modeling of the components in 
SimaPro. The amount of recovered materials is included in the study as avoided production and is calculated by 
the provided in the PEP recycling potential. 
 

4.10. Diesel engine power train use phase – LCI and system boundaries 

The complexity of the operation phase of the DE power train requires thorough examination and 
representation. Following the LCIs in Ecoinvent 2.0, not only the airborne emissions will be accounted for. 
Figure 13 shows the full set of pollutions sources for an average combustion propelled vessel. In this work 
certain pollutions sources however are not relevant. The reason for that is that they do not originate from the 
propulsion system. Hence only the following will be examined: 
 

- Exhaust emissions  

- Pollution due to mechanical maintenance 
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- Propeller tubes leaks 

- Bilge water related wastes  

The rest of the sources on fig. 13 are related to human pollution, except noise. Nevertheless the noise 
emissions from operations will not be included in the scope of this study.  
 
 
 

 
Figure 13 Pollution sources from the operation of the DE power train 
 
The current DE propelled Djurgårdsfärjan is equipped with a Scania DI12 41 M02E diesel engine. The ferry 
operator company Waxholmbolaget informs through its annual report (Waxholmbolaget miljöredovisning 2011) 
that the engines mounted after the year 2001 comply with the standard Tier 2. The current power plant is 
mounted in 2002 (Waxholmbolaget - Scania certificate – own communication). There are different categories in 
the Tier 2 standard, each one corresponding to a certain group of engines similar in specific parameters: power, 
RPM and displacement per cylinder. Having a cylinder displacement of 1.94 dm3, maximum of 1800 rpm and 
power greater than 37kW, the Scania engine used on Djurgårdsfärjan corresponds to the following category 
described in table 2: 
 
Table 2 Tier 2 standard (www.dieselnet.com 2013) 

Power ≥ 37kW Cylinder displacement 1.2 ≤ D ≤ 2.5 dm
3
 Engine speed: 130 ≤ n ≤ 2000 rpm  

CO (g/kWh) NOx + THC (g/kWh) PM (g/kWh) 

5.0 7.2 0.2 

 
A specific fact in the transportation sector differentiates Sweden from the rest of the world and that is the use 
of MK1 diesel fuel (miljöklass 1 – environment class 1) for being the official commercial diesel fuel. It is 
characterized by low sulfur content and obligatory has a share of approximately 5% biodiesel 
(www.gronabilister.se 2012). It is delegated from the boat company operator that the DE propelled version 
currently runs on MK1 diesel. The MK1 diesel’s environmental model will be constructed with a 5% RME 
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content. Because the Ecoinvent 2.0 database does not embrace passenger transportation via ferry or other 
means of naval transport the combustion and operational environmental burdens in this thesis are built 
manually. The basic facts and figures regarding the MK1 diesel combustion are used to achieve the combustion 
model: 
 

- Density of MK1 diesel = 830kg/m3 (St1 refinery AB 2012) 

- Energy content of MK1 diesel = 9.8 kWh/ liter at 15 deg Celsius (www.gronabilister.se 2012) 

- CO2 content of MK1 diesel = 2.540 kg/liter at 15 deg Celsius (Petersson 2012) 

- Sulfur content in MK1 diesel = 10mg/kg fuel (Handbok för vägtrafikens luftföroreningar 2012) 

The second source of environmental pollution from the operation of the DE ferry examined in the study is the 
emissions to the water that the boat is travelling in. From the yearly report of Waxholmbolaget it can be 
derived that a passenger ferry of the size of Djurgårdsfärjan uses up to 40 liters of stern pipe oil. Stern pipes and 
the polluting oil leaks from them are well known source of pollution when it comes to shipping. However there 
is no information regarding the exact quantity of annual oil loss to water from the operation of Djurgårdsfärjan. 
For the reason that leaking seals of the propeller shafts is a well-known global problem in maritime, a minimal 
of 0.5% loss to water can be assumed, which adds to the environmental model 0.2 liters annually per boat. The 
process used to model the effect on the environment from Ecoinvent 2.0 is:  
 

- Oils, unspecified – (kg); category: Waterborne emissions.  

The next aspect from the use phase of the boat is bilge water accumulation and its waste treatment. 
Waxholmbolaget reports that its fleet accumulates 1 m3 per boat annually (Waxholmbolaget miljöredovisning 
2011). It is also known that the ports of Stockholm dispose with bilge water collection facilities hence all bilge 
water generated from the ferry is collected and treated. The treatment technology for bilge water after it is 
transported from off the port is not known, so to model the waste treatment scenario a process from Ecoinvent 
2.0 is chosen 

- Disposal, bilge oil, 90% water, to hazardous waste incineration/kg/CH – (kg) – modified for Swedish 

conditions.   

During the operations phase there are different substances used and disposed due to wear out during the 
ferry’s operation. Those are the machine oils, the propeller tube oils and the hydraulic oils. The turnover of 
operational fluids’ production and waste treatment, in this study, are accounted for the manufacturing and EoL 
phases, and will not be handled in the use phase analysis as maintenance burdens.  
For a fair assessment, the burdens from production of the fuels used in the DE option are taken into 
consideration and further added to the combustion and to the rest of the environmental burdens from the 
operation phase. By definition, the MK1 diesel comprises of 95% low sulfur content diesel and 5% or more 
biodiesel. The processes materials chosen to model the fuels from the Ecoinvent 2.0 database are: 
 

- Rape methyl ester, at regional storage/CH U - (kg) – modified for Swedish conditions 

- Diesel, low – sulfur, at regional storage/ CH U – (kg) – modified for Swedish conditions 

The maintenance procedures regarding the DE power train are delivered by Waxholmbolaget. They concern the 
oil changes of the different power train components and the change of the coolant fluid. The substance used to 
model the lubricant fluids in the engine and gearboxes, and also the hydraulic oils used in the steering system is 
Lubricating oil, at plant/RER U. Another maintenance fluid that is frequently replaced during the functional 
lifecycle of the DE power train and practically every liquid cooled engine is the antifreeze fluid. Since the most 
common substance 1,2 – ethanediol is banned from use in Sweden , 1,2 – propanediol is used for the 
purpose(http://apps.kemi.se  2013). The production of the substance is modeled with the process Prolpylene 
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glycol, liquid, at plant RER/U, found in the Ecoinvent 2.0 database. The end of life treatment of the substance is 
modeled via the Ecoinvent’s 2.0 process Disposal, antifreezer liquid, 51.8% water, to hazardous waste 

incineration /CH U. 
 

4.11. Diesel engine power train - infrastructure  

As previously mentioned the infrastructure defined by the maintained water pathways and canals are not 
included in this study. However the fuel stations that service the refilling needs of the vessel have to be 
included in the scope. For that reason it is important to mention that the fuel stations are included with their 
equal share calculated, into the LCI of the fuels used. That is why there is no specific piece of information 
outstanding from certain environmental impact database regarding the diesel fuel stations. 
The entire environmental model on which the LCI of the DE power train’s use phase is based upon can be seen 
in appendix 1 under DE use phase environmental model. The unit processes involved in the inventory are 
presented in table 28A1. 
 

4.12. Diesel engine power train EoL – LCI and system boundaries 

During the lifecycle of the diesel engine power train a number of maintenance replacements are done. 
Additionally the end of life treatment of all the drive train parts is described in this chapter. The maintenance 
procedures are usually directly connected with a necessity of waste treatment. In the DE power train those are 
the disposal of engine fluids – motor oils, hydraulic oils, bilge oils and coolant fluids. The processes chosen from 
Ecoinvent 2.0 used to model those operations are:  

- Disposal, antifreezer liquid, 51.8% water, to hazardous waste incineration /CH U – for coolant fluids; 

- Disposal, used mineral oil, 10% water, to hazardous waste incineration/CH U – for engine and 

hydraulic oil; 

- Disposal, bilge oil, 90% water, to hazardous waste incineration/ CH U – for bilge oil; 

- Recycling of iron basic, EU27 – for all steel and iron parts comprising the power train; 

- Recycling of aluminium basic, EU27 – for aluminium parts comprising the system. 
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5. Results and impact assessment  
 

This chapter presents the results from the accomplished LCA in the study, which are calculated in accordance 
with the described inventories of the systems. At first, the results will be presented in separate manner, after 
that the comparative stage will follow.  
First, the impacts from both propulsion options, including the scenarios for the BE use phase will be presented 
in each impact category. The impact from each scenario is calculated for one person kilometer as it is the 
functional unit. The impacts will be presented in separate labels that represent the main life cycle stages. 
Additionally the various scenarios are going to be arranged according to their energy source. They come in the 
order as follows: DE MK1 diesel, BE Nordel mix, BE Swedish home production, BE Swedish home production + 
imports, BE coal based Nordel plants, BE wind power, BE nuclear power, BE hydropower.  
As mentioned previously, for the purposes of this study, the impact assessment method of choice is ReCiPe, 
Midpoint (Hierarchist). The impact indicators used to assess the studied power trains are all eighteen midpoint 
categories included in the method mentioned in the methods chapter. The impacts from the different 
categories are assessed in normalized manner after conveying the characterization stage. At first the impacts 
are presented and compared on midpoint level. Represented in normalized way, it is the higher score that 
causes higher impact on the environment.  
Evaluating via ReCiPe gives a good base for interpretation and comparison of the results from the study. It also 
provides the study with the broadest range of categories which on their hand allow a full and thorough 
overview on the results. By far, ReCiPe is the only method created by teams that have in the previous years, 
independently developed also other popular evaluation methods - CML 2001, Eco-indicator 99. Another asset 
that makes ReCiPe the preferred method of choice is that it is the most up to date method with improved and 
corrected evaluation mechanisms.   
Broken down, the representation of the two propulsion power train’s lifecycle impacts will be as such: the BE’s 
consists of five life cycle stages respectively four impact bars: 1)raw materials acquisition and manufacturing of 
the power train, 2)raw materials acquisition and manufacturing of the main batteries, 3)additional 
transportation 4)use phase and 5)EoL - to be understood waste treatment. As mentioned earlier in this chapter 
several scenarios regarding the use phase of the BE power train will be observed, which will be represented by 
applying different electricity mixes as propulsion energy: from the cleanest to the most polluting at the 
moment, as well as the one that most closely applies to the real case studied. The DE power trains life cycle will 
be presented in the following stages: raw materials acquisition/manufacturing, use phase and maintenance and 
EoL.  
It can be argued that the raw materials acquisition stage and the manufacturing stage are two separate stages 
and should be represented separately. The reason for choosing and aggregative approach is that some unit 
processes and materials in the Ecoinvent 2.0 database are given in a way that the researcher cannot segregate 
the different stages that a product undergoes before becoming the final product. Also the level of detail of the 
study will become unnecessarily complicated and the study – time consuming.  
Mentioned earlier in the chapter LCI and case study, the case of the purely electrical propulsion power train will 
be examined more sensitively by simulating seven different scenarios and compare them in a holistic view with 
the DE power train’s impact. In this sense the only difference between the seven scenarios are the use phases 
or more specifically the applied electricity mixes. Other than that the rest of the phases: raw materials 
acquisition, manufacturing, additional transportation, and EoL are the same.  For that reason the comparative 
analysis will be carried out in the following manner: first the share of the different stages in each scenario will 
be assessed to gain an impression on the results in characterization fashion (figure 14). Following, a comparison 
in between the use phases of both power train options will be conveyed and represented this time in 
normalized values. After that the raw materials acquisition and manufacturing, additional transportation and 
EoL stages will be compared alone. The last is called out of no necessity to compare seven different scenarios in 
which only one variable, the use phase impact, changes throughout and the rest are constant. The results are 
presented in terms of the functional unit – 1 person kilometers.  
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Figure 14 Characterized impact, BE power train LC – Nordel electricity mix scenario 

 

Presented on fig.14 is the impact from the life cycle of the BE driven ferry in a characterized way. This graph 
approaches the closest to the real life case because currently Sweden is a part of the Nord Pool energy market 
and as previously mentioned is modeled by Nordel electricity mix’s LCI. The characterized results are presented 
in 100%-ted bars in order to be able to observe closely the emissions dissipated from the different stages and 
conclude what are the shares with respect to the other stages. The current graph depicts the scenario where 
the all the battery packs used throughout the LC of the ferry are manufactured from naturally acquired raw 
materials and at their end of life are transported and recycled in a recovery facility according to the LCI in 
chapter 4.  
It can be seen that the predominant quantity of emissions originates from the use phase. In the rest of the 
midpoint categories the impact from the other stages: manufacturing of the power train, additional 
transportation, EoL treatment and battery EoL treatment summed up represent less than 1%. The same applies 
for the negative impact from recycling where emissions are avoided from the avoided production of raw 
materials – the EoL treatment of the power train drive. In all the categories the manufacturing of the battery 
packs utilized throughout the life cycle of the ferry represent an average of 1.5%, where the highest impact 
from that stage falls into the category Ozone depletion – 10% due to a specific material in the negative 
electrode – tetrafluoroethylene, and more precisely for its production. The big difference between the impact 
of the stages – use phase and the rest summed up is highly likely to be so because of the life span of the vessel 
and the components it is composed of. Dominance of the impact from the use phase from a BE vehicle can be 
also observed in the study by Helms and Pehnt 2009 on sustainable transportation. The difference there is not 
so big though, due to a not so extensive life span of the vehicle as it is for the vessel in this thesis.  
Figures from 15 to 21 show the normalized impact results from the 7 different scenarios of electricity used for 
propulsion. It can be immediately seen that there are 4 single midpoint indicators that have almost no impact 
on the environment – water depletion, natural land transformation, urban land occupation, agricultural land 
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occupation. They have both the least impact and relevance to the case of sustainable transportation and will 
not be discussed further in this study (Leon 2013). The typical highest impact midpoint categories for each 
scenario can be observed in the figures: for the Nordel production mix (fig. 15) those are the Human toxicity, 
the Ionizing radiation and the Marine eco toxicity from which Human toxicity is the highest contributor. In 
Swedish home production mix (fig. 16) the prevailing impacts are represented by Ionizing radiation and Human 
toxicity. The same impression is gained by the Swedish home production mix including imported electricity (fig. 
17) where, also Marine eco toxicity shows a higher impact contribution. The common line between the three 
mentioned scenarios is that all of them have higher impact indication regarding the midpoints - Ionizing 
radiation and Human toxicity. The high value from Ionizing radiation originates from the higher share of nuclear 
power from the Swedish electricity production mix. The high level of Human toxicity impact comes from the 
dominating electricity production from ORC cogeneration from wood chips in Finland’s share. On the other 
hand the indicators relevant to transportation climate change, Ozone depletion, photochemical oxidant 
formation, particulate matter formation and fossil depletion represent values that are fairly low, around 5% 
each, from the highest midpoint for the scenario.  
 

5.1. Life cycle stages impact assessment 

Regarding the distribution of the impact among the different life cycle stages for the calculated midpoints, for 
the three scenarios: Nordel electricity mix, Swedish home production electricity mix and Swedish home 
production electricity including imports mix, it is in between 0.02% and 11%, where the higher value shares 
belong to the midpoint ozone depletion (figures 15--17). Regarding the five most relevant to transportation 
impact categories the combined impact from all the LC stages except the use phase is as follows: between 
0.24% and 0.99% from climate change score, 1.5 to 2,1% from human toxicity score, 0.7 – 1.3% from 
photochemical ozone formation, 1.4 – 1.9% from particulate matter formation and from 0.25 up to 1.26% from 
Fossil depletion. For the rest of the impact categories, less relevant to transportation, the impact does not 
exceed 7.8%.   
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Figure 15 Normalized impact, BE power train LC – Nordel electricity mix scenario 

 

 
Figure 16 Normalized impact, BE power train LC - Swedish home production electricity mix scenario  
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Figure 17 Normalized impact, BE power train LC - Swedish home production electricity mix, imports included 

scenario 

 

The coal generated electricity represented by the scenario Nordel coal power plant, is the highest contributor 
to environmental pollution from all the available scenarios (fig. 18) simulated for the life cycle of the BE power 
train. It surpasses all the scenarios in the Marine eco toxicity, freshwater eco toxicity, Freshwater 
eutrophication, Human toxicity, Climate change and Fossil depletion. The scenario is also referred to as the 
worst case scenario among all scenarios for electricity used as propulsion source. Similar results are observed in 
the study from Helms and Pehnt 2009 where the largest emissions of CO2 are dissipated namely in the case of 
coal based electricity powered BE vehicle. Although obvious, according to the Ecoinvent 2.0 database the main 
pollution source in the case of coal based electricity is the combustion of coal fuel.  
The environmental impact from the life cycle stages excluding the use phase represent less than 1% of the 
impact in all the significant midpoint indicators for transportation. It is only in ozone depletion score where the 
impact from those stages reaches 31% and it is because the coal based electricity production has relatively 
small impact in the aspect of ozone depletion substances formation (figure 17). 
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Figure 18 Normalized impact, BE power train LC - coal produced electricity mix from Nordel coal power plants 

scenario 

 
Following are the three best case scenarios which represent one CO2 clean and the two renewable energy 
sources of electricity: nuclear power, wind power, hydropower. It can be observed that in the two sources of 
renewable electricity the major environmental impact contributor categories are marine eco toxicity and 
human toxicity (figures 19--21). The main reasons for the relatively high levels, with respect to the other 
midpoint indicators, of those categories are the chromium steel and copper use in the wind power plants and 
the Low alloyed steel utilized in the hydropower plants. Ionizing radiation indicator is the major impact 
contributor in the nuclear power electricity mix. It owes its environmental intensity due to the fuel production 
processes and materials in order to power the plant. Regarding the impact categories that are most relevant to 
transportation: climate change, ozone depletion, human toxicity, photochemical ozone formation, particulate 
matter formation and fossil depletion, the three scenarios present relatively low environmental impact. It is 
only the human toxicity midpoint from all indicators most relevant to transportation that indicates the highest 
impact from all 3 scenarios. Further in the results chapter (fig. 23) it will be seen that in comparative view the 
impact from the renewable scenarios is the smallest, hence the unit processes causing impact in the three 
aforementioned midpoints can be seen as marginal burdens and are usually treated as cut-offs in the visual 
representation in SimaPro. However in terms of consequentiality, those impacts may change for worse if a 
larger share in the demand of such electricity is increases over time. Changes may appear in the origin, supply 
chain and processing of those materials which will definitely change the input and output of the unit processes 
that define the materials in the databases.   
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Compared to the other four scenarios the life cycle stages manufacturing, EoL of the power train, additional 
transportation, battery manufacturing and battery EoL treatment represent a higher share in the scenarios, 
where the use of electricity from low CO2 sources and renewable power is used as main propulsion energy. The 
aggregated impact from those stages is between 3.3 and 6.3% in the climate change single score indicator. In 
the ozone depletion indicator the impact from those stages is 83.5% and 66.2% respectively for the hydropower 
and wind power scenarios and 7.2% for the nuclear power scenario. The reason for this is that the electricity 
production from the two renewable sources is not environmentally intensive in terms of ozone depleting 
substances production. Regarding human toxicity, the share of the processing life cycle stages is 2.5% and 7.5% 
respectively for the wind power and nuclear power scenarios and 35% for the hydropower scenario. This later is 
due to the low intensity in this indicator of the hydropower produced electricity. With respect to the 
photochemical oxidant formation the lifecycle stages except use phase range from 5.5% to 11% of the whole 
impact in that particular category for the three scenarios. Remaining is the particulate matter formation 
midpoint where the impact from the 5 processing life cycle stages ranges from 5.8 to 14.5 percent and fossil 
depletion category where the impact from the aforementioned stages range from 2.9 to 9.3%  
 
 
 

 
Figure 19 Normalized impact, BE power train LC - wind power electricity mix scenario 
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Figure 20 Normalized impact, BE power train LC - hydro power electricity mix scenario 

 

 
Figure 21 Normalized impact, BE power train LC - nuclear power electricity mix scenario 
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Presented in fig. 22 is the normalized impact, in Ecopoints, from the operation of the DE power train for one 
functional unit. It can be observed that the use phase of the power train has the largest share among all the 
impact categories. In all the impact categories the share of the use phase is between 99.7 to 99.99 %. As 
previously mentioned the relatively high environmental burden comes from the extensive time period of 
operation of the vessel. Similar results are can be seen in the study by Schmidt et al. 2013 where the use phase 
is the main contributor to environmental depreciation.  
In the DE case studied in this thesis, the highest impact on the environment appears in the terrestrial eco 

toxicity score followed by freshwater eco toxicity, marine eco toxicity, photochemical oxidant formation, 
particulate matter formation and human toxicity. Respectively those represent 52.22%, 47.31%, 47.87%, 
42.28% and 34.81% from the size of the impact from the highest contributor indicator – terrestrial eco-toxicity.  
As previously mentioned, the main contributor to the environmental impact in all impact categories is the use 
phase. Practically the reason for almost the whole impact is the use phase which encompasses the mentioned 
pollution sources, processes and substances, in chapter 4.3.2. The production of RME contributes the most in 
terms of terrestrial eco toxicity, the production of low-sulfur diesel for marine eco toxicity and human toxicity. 
For the increased values of photochemical oxidant formation and particular matter formation responsible is the 
impact from the combustion of the fuel.  
 

 
Figure 22 Normalized impact, DE power train LC  

 

The next part of the results will present the results from the lifecycles of both power trains in a comparative 
manner. As mentioned earlier, throughout the scenarios for the BE power train the values for the life cycle 
stages: manufacturing and raw materials acquisition, additional transportation, EoL, batteries manufacturing 
and batteries EoL are not changed and served as tool for presenting the impact from the different electricity 
mixes more clearly. Because of that in the comparison between the environmental impacts of both power 
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trains will be carried out in 2 stages: comparison of the use stages and comparison of the materials and 
processing stages or manufacturing, and EoL stages. The comparison analysis of the use phase scenarios will 
begin with pointing out the best and worst case for all impact categories and then more thoroughly focusing on 
comparing the DE power train’s operation with the closest to reality case – utilization of Nordel electricity mix 
LCI for propulsion energy. The results in all graphs are calculated per functional unit.  
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Figure 23 Normalized impact, use phases of BE and DE power trains, comparative view 
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On figure 23, is the graphical representation of the comparison between the BE use phase scenarios and the DE 
scenario. It can be observed that the worst case scenario for the BE option – Coal power generated electricity 
from a Nordel power plant, (medium blue), passes the impacts from the other scenarios in most of the 
transportation relevant impact categories. It is the highest in fossil depletion, marine eco toxicity, freshwater 
eco toxicity, fresh water eutrophication, human toxicity and climate change categories, where its impact is 
larger than the other scenarios’ with more than 100%.  The scenarios utilizing renewable and CO2 clean energy: 
Hydropower, Wind power and nuclear power display one of the lowest environmental impacts among all 
scenarios and midpoint indicators. Hydropower has the lowest impact in Fossil depletion, marine, freshwater 
and terrestrial eco toxicities, marine and freshwater eutrophication, terrestrial acidification, particulate matter 
formation, photochemical oxidant formation, human toxicity, ozone depletion and climate change. The use 
phase of the DE power train is among the highest contributors to environmental pollution in the transportation 
relevant midpoint indicators. It shows the highest impact in photochemical oxidant formation, particulate 
matter formation, terrestrial acidification, and also has the second in ranking impact after coal based electricity 
use in climate change, and fossil depletion.  
Peaks in negative environmental impact can be observed in the not so relevant to transportation activities 
categories of ionizing radiation. The scenarios that mark the highest impact there are Nuclear based electricity, 
Swedish home electricity production + imports mix, Swedish home production electricity mix, and Nordel mix. 
Mentioned earlier in this chapter the reason for this is the production of nuclear fuel process. Also relevantly 
high share on the environmental impact in marine eco toxicity indicator comes from Swedish home production 
mix + imports and Nordel scenarios and it is because of the coal based electricity production that represents a 
certain part of those production means.  
On fig. 24 is a limited comparison between the closest to reality BE operation scenarios and the DE operation 
with respect to the most relevant midpoint indicators when it comes to LCIA of electric and conventional 
transportation. The electricity production scenarios taken into account are:  

- Nordel - it is the researched mix of preference 

- Sweden home electricity production mix – if the electricity grid in Sweden is considered as a closed 

network. This consideration is taken into account in the sensitivity analysis for the reason that, due to 

own communication with a representative from Fortum AB it is communicated that the amount of 

electricity required for the operation of the electrically powered ferry can be provided solely by 

Swedish resources with no import required. 

- Sweden home electricity production + imports mix – this option is chosen to model the inclusion of 

marginal electricity into the Swedish system 

- Hydropower – this option is picked to represent the CO2 free electricity production.  

- DE power train operation as modeled in this study 

Additionally not all impact categories from the graphics above are going to be examined, but just the most 
relevant to electric transportation and fossil fuel based transportation:  

- Climate change  

- Ozone layer depletion 

- Human toxicity  

- Photochemical oxidant formation 

- Particulate matter formation 

- Terrestrial acidification 

- Freshwater and marine eutrophication  

- Terrestrial, marine and freshwater eco toxicity 
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- Metal and fossil depletion 

 
Figure 24 Normalized impact, use phases of BE and DE power trains, limited categories evaluation, comparative 

view 

 
It can immediately be seen that the operational phase of the DE power train indicates highest impact in most of 
the impact categories (fig. 24): climate change, ozone depletion, photochemical oxidant formation, particulate 
matter formation, acidification, marine eutrophication, terrestrial and freshwater eco toxicity and fossil 
depletion. Its impact in most of the indicators surpasses the impact from the other scenarios by at least a 100% 
except in freshwater eco toxicity. It is 1.95 higher in climate change, 3.4 times higher in ozone depletion, 24.29 
times higher in photochemical oxidant formation, 8.6 times higher in particulate matter formation, 19.73 times 
higher in marine eutrophication, 14.32 times higher in terrestrial eco toxicity, 1.15 times higher in freshwater 
eco toxicity, 2.67times higher in fossil depletion than the next highest contributor to the environmental impact 
– the Nordel scenario. In the scores freshwater eutrophication and human toxicity the DE power train’s 
environmental impact is lower than that of the Swedish home production plus import’s mix by respectively 
42.58% and 23.75%. The scenarios concerning the suggested electrical mixes: Nordel, Swedish home 
production and Swedish home production plus import present the highest impacts on the environment in the 
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human toxicity category and marine eco toxicity categories. As previously mentioned the highest contributor 
among those scenarios surpass by impact the DE power trains operation scenario. The other two scenarios 
follow closely. The best case scenario modeled in this limited comparison is the electrical power generated by 
hydropower. Its purpose is to model an energy supply contract for green electricity between the project owner 
and the electricity supplier. Nevertheless that administrative sources (electricity certification system 2011, 
Ministry of Environment, Sweden 2014) state that green electricity contracts do not include conventional 
hydropower production, it is assumed that energy from wind power, solar power and small scale hydro plants 
cannot fulfill the demand for the electric ferry operation for the reason that it is not in the focus of the study. 
Regarding the environmental impact from hydropower electricity it holds the lowest values among all scenarios 
in all impact categories with at least 0.5 times lower than the next lowest scenario.  
 

5.2. LCIA of all the power trains’ phases except the use phase  

Figure 25 presents a head to head comparison between the impacts from the lifecycles of the manufacturing, 
additional transportation, and EoL phases of both power trains. Separately are presented the phases 
manufacturing and EoL of the batteries used for propulsion energy storage of the BE power train, since they are 
a component that differs largely by mass and materials composition and production than the rest of the power 
train, hence its impact is preferred to be in a phases of its own. The presented impacts account for the entire 
life cycle of the power trains which means that included is the full number of various units and parts that have 
to be changed throughput the thirty years of operation expected.  
On the figure (fig. 25) it can be seen that the BE power train LC stages have the greatest impact in all impact 
categories. In some of them it surpasses the impact from the DE drive train by larger than 100% values. The 
times the BE’s power train impact from manufacturing and EoL, batteries included varies from 4.5 to 223, 
where fossil depletion has the lower value and ozone depletion indicators has the higher value. The main 
reason for the establishing the processing stages of the BE power train as a dominant depreciator of 
environmental quality is the production of the batteries which expresses large negative impact in the impact 
indicators: human toxicity, freshwater eutrophication, freshwater eco toxicity, marine eco toxicity , metal and 
fossil depletion. The main factor for that happening is, as previously in this chapter mentioned, the production 
of mischmetal containing in the negative electrode, for the high value in human toxicity and fossil depletion, 
the nickel production containing in the negative and positive electrode, for freshwater eutrophication, 
freshwater eco toxicity, marine eco toxicity and metal depletion. The second highest impact comes from the 
manufacturing of both power trains (dark blue). This life cycle phase will be discussed and assessed in detail in 
the next step of the results chapter. It is noticeable that the additional transportation and EoL stages of both 
power trains do not contribute sensitively to the overall impact of the power trains.  
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Figure 25 Normalized impact, BE and DE power trains - processing life cycle phases  

 

5.3. LCIA of the power train systems’ processing stages, excluding the battery packs 

Figure 26 presents the environmental impact of both power train’s processing stages with the exclusion of the 
manufacturing and EoL stage of the battery pack for propulsion energy storage. The purpose of the following 
representation is to examine more in detail the impact from the power trains solely as mechanisms.  
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Figure 26 Normalized impact, BE and DE power trains processing stages, main battery manufacturing and 

disposal - excluded 

 
The highest environmental impacts from both power trains fall into the categories: Human toxicity, freshwater 
eutrophication, freshwater and marine eco toxicity, and metal depletion. In the other categories the processing 
stages of the power trains demonstrate relatively low environmental impact. In the fossil depletion category the 
DE drive train displays an increased impact because of the bronze production in the drive train or more 
precisely the manufacturing of the propellers.  Also in this category the BE power train’s EoL stage marks a 
higher contribution to environmental wealth. Regarding the metal depletion midpint the BE power train’s 
manufacturing stage is higher than the one of the DE power trains since there is an increased number of 
electronic components production for the devices in the electrical system, while its EoL phase has a higher 
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positive contribution due to the higher rate of avoided materials production and energy recovery. The BE power 
train’s processing lifecycle phases are higher in both marine, freshwater eco toxicity, freshwater eco toxicity and 
human toxicity which is again due to the production of electronic components for the needs of the electrical 
system, while in the same categories the BE power train EoL phase indicates an improving effect on the 
environmental impact because of the avoided materials production and energy recovery in the waste treatment 
processes suggested. Looking at the DE power trains impact regarding the aforementioned four impact 
indicators its increased impact on the environment in those is mainly because of the high quantities of steel 
production to manufacture the parts needed for the entire lifecycle of the ferry.  
On fig. 27 is given a representation of the life cycle impact from the entire life cycles of both power trains – raw 
materials acquisition and manufacturing, use phases, EoL phases as well as the specific main batteries 
manufacturing and EoL of the BE power train. The operational burdens of the BE options is represented by the 
limited scenarios and impact categories selection from fig.25. First it can be observed that the burdens from the 
processing stages of manufacturing and EoL represent a very small share of the overall impact in all impact 
indicators. Second, the highest environmental impact is caused in the human toxicity category by the BE 
scenarios using Nordel, Swedish home electricity production and Swedish home electricity production + 
imports mixes. The second in size impact marks its peak in the terrestrial eco toxicity category by the operation 
of the DE power train and similar in size impact is caused in the marine eco toxicity category by the three 
aforementioned electricity mixes. While not having the greatest overall effect, looked in the line of global 
warming potential, resources depletion, and toxicity and effects on ecosystems, the DE power train has 
prevailing negative environmental impact on eight out of the thirteen impact indicators, respectively: climate 
change, photochemical oxidant formation, particulate matter formation, terrestrial acidification, marine 
eutrophication, terrestrial and freshwater eco toxicity and fossil depletion. Since it is now established that the 
processing stages play only marginal role in the environmental performance, the main contributors of those 
effects are the same as the ones discussed in the limited categories evaluation in fig. 24. 
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Figure 27 Normalized impact, comparative view of the LCIA of the life cycles of BE and DE power trains, limited 

view 
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5.4. Sensitivity analysis  

The results show that when using the baseline electricity mix the BE and DE power trains share the minimal and 
maximal impacts among the different categories. Therefore it cannot be claimed that neither of the 
technologies is more environmentally beneficial. In order to discover how much does it take for one of the 
power trains to be more or less environmentally preferable than the other a sensitivity analysis is carried out. It 
examines how much should the percentage of electricity from renewable resources be so that the 
environmental footprint from the BE power train is lower than that of the DE one in all of the impact categories.  
First a survey is ran to capture the categories with the most impact, those that are as high as the maximal 
impact from the overall scale or at least higher or equal to 50% from out of the highest impact. Table 3 shows 
the most relevant to transportation sustainability impact categories and relation between the use phases of the 
BE baseline scenario, the Nordel electricity mix, and the DE power trains. In the table N and DE are respectively: 
the baseline scenario’s use phase and the DE’s use phase. It can be observed that the focus of the sensitivity 
analysis has to fall on two impact indicators: marine eco toxicity and human toxicity, where human toxicity 
represents the highest impact from all and the impact in marine eco toxicity is just above the 50% previously 
established lower limit.     
 
Table 3 Normalized impact size comparison in 13 categories 

Impact category Impact comparison  Status  

Fossil depletion N<DE Under 

Metal depletion N>DE Under 

Marine eco toxicity N>DE 50% 

Freshwater eco toxicity  N<DE Under 

Terrestrial eco toxicity N<DE Over 

Marine eutrophication  N<DE Under 

Freshwater eutrophication N>DE Under 

Terrestrial acidification N<DE Under 

Particulate matter formation N<DE Under 

Photochemical oxidant formation N<DE Under 

Human toxicity N>DE Over (highest) 

Ozone depletion - Under  

Climate change N<DE Under 

 
The second step of the analysis is to build and solve the two equation systems. The systems are two because 
two options of renewable electricity sources are used to lower the BE’s impact in the simulation: hydropower 
and wind power. The aforementioned equation systems are modeled in systems 1 and 2:  
 
 

�1� ��
���.
.�!�"
��# + 	 ��.
.���"��& < 	 ��.
.�()���.*.�!�"
��# +	 ��.*.���"��& < ��.*.�()�# + & � 1#, & ≥ 0  

 
  

�2� ��
���.
.�!�"
��# + 	 ��.
.�/��"�& < 	 ��.
.�()���.*.�!�"
��# +	 ��.*.�/��"�& < ��.*.�()�# + & � 1#, & ≥ 0  
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The constants: im.e. ; h.t.; (Nordel), (hydro) and (DE) in system 1 are the impacts per pkm for the categories marine eco 
toxicity and human toxicity from the use phases respectively of the BE ferry on Nordel and hydropower mix and 
of the DE ferry. X and y are the shares from the electrical mixes Nordel and hydropower. The constants im.e.; h.t.; 

(Nordel), (wind) and (DE) in equations 2 are the impacts per pkm for the same categories  from the use phases 
respectively of the BE ferry on Nordel and wind power electricity and of the DE ferry. X and y represent again 
the solutions but for system 2.Summed up those should give one or less in order for the constraints to hold. The 
full solution of the equations system is situated in appendix 2.  
The solutions from the first equations system say that the shares for the Nordel and hydropower electricity 
mixes should be respectively:  x< 0.251337; y > 0,748663, or less than 25.1337 % of Nordel mix and more than 
74.8663% hydropower electricity.  The solution from the second equations system state that the share of 
Nordel electricity should be equal or less than 7%, hence the share of renewable wind power electricity should 
be 92.9% or more in order to lower the impact of the BE power train in all categories under that of the DE 
powered boat.  
After establishing the respective shares, they were used in a simulation of the thirteen most relevant to 
transportation midpoint indicators from fig 24. Graph 28 shows a comparative analysis between the use phases 
of the two propulsion options. The stacked column represents the impact from the use phase of the BE power 
train and it can be seen that in certain categories it is equal or less than that of the DE’s. Similar indication can 
be seen on figure 29 where the indication colors are the, but this time the green color bar represents the 
hydropower share.   
 

 
Figure28 Normalized impact, use phases of DE and BE power trains, limited categories evaluation, comparative 

view DE vs. wind power + Nordel mix  
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Figure 29 Normalized impact, use phases of DE and BE power trains, limited categories evaluation, comparative 

view DE vs. hydropower + Nordel mix 
 

6. Interpretation of results 

Provided the surplus of studied scenarios throughout the results and analysis part, it would be difficult to 
estimate whether the use of electrical power for personal transportation via water would be a preferable 
compared to the conventional combustion technology. Because of the vast variety of mid-point indicators 
according to which both systems were examined the answer cannot be definitive and therefore it will be 
provided in two lines of thought. The environmental impact will be looked from global warming point of view, 
resource depletion and toxic effects and damage to ecosystems. As the results chapter presents the impact on 
the environment from the entire life cycle of both power trains, it early became clear that the impact from the 
processing life cycle phases, raw materials acquisition and manufacturing, EoL and additional transportation 
burdens resemble marginal values that do not influence the final results highly except for the scenario – 
electricity from hydropower. Nevertheless looked from a broader perspective the processing life cycle phases 
had minimal effect on the overall environmental performance of both power trains and were excluded in the 
intermediate evaluation stage. However since the main purpose of the study is to thoroughly examine both 
technological solutions those stages were studied separately and compared in between. For the 
aforementioned reasons the use phases and processing stages were not compared all together. Another 
decisive step during the comparative stage in presenting the results was to remove certain scenarios that were 
not applicable in the certain geography under focus and also to exclude some of the eighteen midpoint 
categories which indicated impact not directly related to transportation in environmental terms. 
The scenario that models the LCI of the DE power train has clearly shown greater impact on the environment 
respectfully in the climate change, photochemical oxidant formation and fossil depletion which are categories 
closely relevant to the global warming potential where the last of those 3 also defines the shortening of natural 
fossil based resources. Contrasting to that the BE power train’s life cycle presents much lesser impact in those 
indicators. On the other hand the BE power train’s scenarios demonstrate the highest influence in the marine 
eco toxicity, freshwater eutrophication and human toxicity and metal depletion. The result for that originates 
from the fact that the energy demand for operation of the BE power train mainly consists of nuclear power 
which if looked in separately closely reflects the impact profile. If the energy supply conditions in the area were 
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to be mainly from hydro power the BE power train would be the preferable choice and represent no significant 
impact compared to the DE power train in all impact categories. It is also the DE power train that has significant 
negative environmental contribution to certain eco system depreciation and toxicity indicators. The DE option 
surpasses the impact of the BE in particulate matter formation, terrestrial acidification, and terrestrial and 
freshwater eco toxicity indicators, where particulate matter formation is closely related to worsening effect on 
human health.  
Regarding the impact from both power train options it is important to mention the origin of the caused impacts 
and the area of influence. As previously mentioned the BE power train scenarios have their highest effects in 
the human toxicity, freshwater eutrophication and marine eco toxicity. The responsible processes for the 
increased effect in human toxicity are the ORC cogeneration plants entering the inventory from the Finish 
electricity import to Sweden, the production of nuclear fuel, and a small share from the coal based electricity 
imported from Poland. Referring to Ecoinvent 2.0 it can be argued that the pollutants from the production of 
nuclear fuel and lignite combustion at a Polish power plant are emitted in a low population area, hence not 
being a direct threat to human health. Unfortunately not the same can be told about the ORC cogeneration 
emissions, which are emitted in a highly populated area, nevertheless it is not the region which this study 
mainly concerns. With regard to freshwater eutrophication the main pollution source are the emissions to 
water due to lignite mining activities. The prevailing over the DE option, impact of the BE power train in terms 
of marine eco toxicity originates mainly from pollutants emitted to water from the enrichment of nuclear fuel 
and from mining lignite. Improvement in the environmental performance of the BE powered ferry can be 
achieved via increasing the share of renewable energy – wind, hydro or solar power. As it can be seen, the 
impact from a renewable source as hydro power is barely sensible standing among all the other more relative 
to reality electricity mixes.  
On the other hand, a great deal from the pollution substances in throughout the lifecycle of the DE ferry are 
emitted during its operation, which accounts for the combustion of diesel fuel. Emissions from combustion put 
the DE option as the major from the two options impact factors in climate change, photochemical oxidation, 
particulate matter formation, terrestrial acidification marine eutrophication, terrestrial eco toxicity and 
freshwater eco toxicity. It must be taken in mind that the operation of the ferry takes place in a highly 
populated area, where some of the emitted pollutants have a direct impact on human health, like, for instance, 
the particulate matter formation. Also the effect of the pollution with respect to global warming would 
contribute to the development of this phenomenon as well in the area of operation. Considering the toxic 
effect and effects on eco systems, the operation of the diesel ferry owes the dominant impact in the 
comparative analysis to the production of low sulfur diesel fuel for terrestrial eutrophication and to the 
production of RME for marine eutrophication, terrestrial eco toxicity and freshwater eco toxicity. It can be 
argued that via sensitively regulating the percentage content of RME and low sulfur diesel a decrease in the 
impact can be achieved, which demands the development of another case specific LCIA.  
None the less that the impacts from the operational phases of both power train options are dominating the 
impact effects on the environment, it is necessary for the consistency of the study to consider the impacts from 
the processing stages of the two options regardless their marginal effect. The major reason that the BE power 
train causes greater environmental impact is the batteries manufacturing and more specifically certain 
materials characteristic for them – mischmetal production which is a substance important for the production of 
lanthanum that is used in the negative electrode. Another contributor to pollution intensity of the batteries is 
the nickel content in the positive electrode which is the main reason for increased values in freshwater 
eutrophication, freshwater eco toxicity, marine eco toxicity and metal depletion. It has become obvious that the 
impact from the battery production is a main contributor to environmental health. As a subject of future 
research, the batteries may appear to be the main parameter in a sensitivity analysis scenario where newer 
technologies can be applied. These in the direction of general technological development and popularization of 
BE transportation have the potential to become lighter and more efficient per kilogram which will also have its 
effect on the electricity for transportation demand. 
In the results chapter an additional comparison was conveyed which envelops only the manufacturing and EoL 
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phases of the power trains, for deeper understanding of the pollution sources there. It turned out that the BE 
power train showed superiority in the impact contribution despite that it is lighter, and less maintenance 
intensive. More in detail the most environmentally intensive materials used in the construction are the bronze 
used in the manufacturing of the propellers of the DE power train and the amount of electronic components 
used in the BE power train, being base reasons for the most environmentally intensive indicators – human 
toxicity, freshwater eutrophication, fresh and marine eco toxicity.  
The additional transportation burdens did not show up any significance in the overall performance of the two 
cases studied, even when narrowing the assessment by excluding major impact contributors. This means that in 
a similar study for a similar lifespan it may not be accounted for.  
From the sensitivity analysis it was established that a real option exists where the operation of the BE ferry, 
respectively its life cycle, impacts the environment less than the DE powered vessel. That was achieved by 
calculating the shares of pure renewable electricity that has to substitute some of the Nordel power primarily 
used in Sweden. It was estimated that the electricity mix used to propel the ferry should contain no less than 
74% hydropower, or 92% wind power generated electricity besides the Nordel mix in order to depreciate less 
the environmental health in all midpoint indicators.  
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7. Discussion 

Discussed in this chapter will be the possibilities for future research, data uncertainty, robustness of results and 
the specific questions and ideas that have risen during the process of the study. The study’s initial purpose was 
to evaluate a state of the art BE technology in terms of environmental performance, but alone the absolute 
values from the impact assessment cannot be as sufficient and convincing result as if they were compared to a 
conventional technology used for the same purpose. Also such manner of development is characteristic for 
other studies developed around electric transportation. Facilitating the choice of subject of comparison is the 
case specific conventional technology that is to be replaced with the new one. Purposely the BE option is 
examined more thoroughly since it is a pilot technology and like every new solution it needs to be well 
argumented in all its aspects. 
In the analysis part a variety of scenarios were used to model and cover thoroughly the possible ways of 
operation of the BE ferry. However some of the scenarios were obviously impossible in reality for the specific 
geographic region in focus. Scenarios such as electrical supply from coal based sources or pure wind energy as 
well. Cases like that were inserted in the study to supplement the entire diversity of electrical supply and to 
visualize the extreme cases and point out their benefits and draw backs. Therefore it was seen that if the BE 
option had to rely only on coal based electricity it would have been far environmentally intensive and definitely 
not the preferable option. On the other hand if the energy supply originated only from renewable sources a 
definitive decision could be taken, according to all midpoint indicators, that the BE option is the more 
environmentally beneficial choice. The utilization of such electricity mixes however can be put into action as a 
base for a sensitivity analysis. Researched in this study as a worst case scenario is the imaginary case where all 
the electricity supplied to propel the BE vessel is derived from coal based power plants. Despite that this 
scenario is inapplicable for the geographical region under study, there are still such economies where the main 
share of electrical supply originates from coal fired power plants. In this study the coal based electricity 
propelled boat is not only the WCS among all the electrical supplies simulated but among all propulsion options 
– the DE power train included. Focused on global warming potential the WCS surpass the next most damaging 
category, the DE option, four times. Studies on electrical road transportation show similar results – Hawkins et 
al. finds also that the coal electricity powered transport option is the most damaging from all sensitivity analysis 
scenarios, in that number – a few diesel powered cars. From the results in this study it can be easily calculated 
that about, no less than 11% of renewable, wind or hydropower, electricity supply, in a fully coal based 
economy, is required to break even on the GWP front with the DE power train. Other categories are not 
researched in this manner, but those ones that are negatively dominated by the WCS are also fossil depletion 
and freshwater eutrophication.  Conclusively in fully coal based economies electric mobility is still not the 
feasible option for people transportation but still it is a step forward to GWP mitigation for two reasons. First if 
electric mobility is implemented according to the aforementioned estimations, it will be a driver towards the 
development of the sustainable energy sector in a sustainably oriented economy. Second, even if the required 
green energy share is not met to reach the break-even point, still the dissipation of emissions will be relocated 
from urban areas to more distant, point emitting sources – the coal fired power plants.  
Based on the argument that the BE power train is problematic in human toxicity and ecosystem quality impact 
categories one can estimate the minimal percentage of renewable energy that lowers the impact of the BE 
ferry. Such an analysis was carried out and gave results that the share of renewable electricity should be 75% or 
more for a comparatively sounder BE powered vessel. The same, but with coal based electricity, can be done to 
figure at what point, the environmental effect of the electrically propelled vessel surpasses the impact from the 
diesel version, hence estimating the maximal marginal coal based electricity share. This line of thought brings 
the important question whether there will be, on one hand, sufficient renewable supply (in the region of the 
discussion) to keep the pollution impact of the BE ferry under that of the DE ferry or, would the electricity 
supply with its current source mix be sufficient enough to supply the operation of the ferry, and if not - what 
would be its share, respectively the impact from marginal coal based electricity. This potential issue was 
brought up during a discussion with the commissioner of the project and a representative from the energy 
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company Fortum AB, who claimed that the boat can be propelled with the current electrical mix without any 
need of interference from marginal electricity supply. Nevertheless that this was taken into account from the 
beginning of the study and treated as a given condition it has the potential for an interesting research.  
The robustness of the results in this study is in direct proportion with the trustworthiness of the impact 
presented by each midpoint category. Discussed in the upcoming chapter will be the uncertainty in the results 
in some impact categories, with what level of trust should they be perceived, and how strong do they influence 
an exemplary decision up to be based upon this LCA. While the BE option expresses an undoubted potential for 
improving the environmental wealth in most categories it can be seen that the conventional choice DE has 
lower potential in some toxicity technologies, examined in normalized manner. This study being one of the few 
on assessing the environmental implications of marine people transportation with BE and DE power trains from 
environmental point of view, there are few studies on electric mobility in general, revealing such wide variety of 
impact categories (Daimler AG 2009; Duvall 2005; Mccleese and Lapuma 2002; Parks et al. 1997; Wang et al. 
1997). Detailed LCA studies on electric versus combustion mobility, similarly to this one, also show that toxicity 
effects on the environment are higher from the BE option rather than the combustion option (Hawking 2012). 
In the long run human toxicity may seem an inevitable problem shifting threat, from the tending switch from 
combustion to BE transportation. However the difference in the studies reveals when the sources of the 
increased toxicity effects are examined. While in the studies (Hawkins et al. 2012) of BE road vehicles those 
stem always from the production phase of the vehicle, independently on the electricity source, in the current 
case of the BE power train for the ferryboat the major part of them is due to the specifics of the electricity 
mixes. Having a stand-out nature, in the results of this thesis, human toxicity is widely discussed in the way it is 
being interpreted and communicated towards the audience interested (Hawkins et al. 2012). Unlike other 
impact categories it is not clearly defined what are the direct or indirect effects from the substances attributed 
to the human toxicity category. It is argued that in contrast with most categories, such as the established and 
accurately interpreted GWP, a high uncertainty exists in the evaluation of the toxicity categories’ release 
inventories, concerning exposure; and characterization factors, regarding direct evaluation. Thus toxicity 
categories, human toxicity included, are still under debate and currently represent a great challenge for every 
LCA (Goedkoop et al 2009). These facts clearly call for further development of the LCA methodologies which on 
the other hand undoubtedly displays the serious attitude of industries and academia towards LCA, in private, 
and the environment in general. Further on the research topic regarding credibility and trustworthiness of 
toxicity results a study by Huijbregst et al. 1999, suggests that a probable source of uncertainty are the limited 
set of parameters, concerning the input inventory – involved in describing chemical transport, degradation in 
both water and soil, and in the derivation of no-effect level. Concluded in the study, (Huijbregst et al. 1999) is 
also that parameters describing indirect human exposure routes may cause a significant spread in the level of 
human toxicity category. This being said from a point of view, that by definition human toxicity concerns the 
direct potential from harmful chemicals on the human health (Goedkoop et al. 2008). Given the 
aforementioned arguments it can be argued that the environmental impact from the toxicity categories cannot 
be trusted in the same manner as others, well-established ones, such as global warming potential, particulate 
matter formation or acidification. Nevertheless its existence as one of the important categories in impact 
assessment of transportation the level of its effect may not be considered with the same robustness as for 
other categories, this stemming from the arguments on uncertainty stated above. Therefore in the process of 
decision making, toxicity categories and in particular human toxicity may not be considered the decisive voice 
of technology choice. In order to strengthen the certainty of those impact categories, further and more 
advanced research is required. 
In this thesis the DE power train’s operation also had shown to be the most influential part of its lifecycle for 
the environment. However no multiple scenario cases were developed in order to simulate its effect towards 
improvement of its environmental performance. Given that it is an obligatory framework condition that all 
diesel fuels sold on the territory of Sweden should contain 5% volumetric RME, the issue can be tackled by 
simulating greater shares of the additive to estimate whether it depreciates or improves its environmental 
aspects and  could it establish the DE power train as the preferable option for transportation.  
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This study revolved around a strong focus on the lifecycle of a vessel’s power train which demanded the 
thorough examination of both options and evaluating the power trains to the smallest detail possible. Provided 
though that the lifespan of the use of the vessel is more extensive compared to the more popular means of 
transportation as cars and busses, it was found that the impact from the processing phases related to the 
power trains play insignificant role compared to the burdens from the use phase. This brings up three questions 
that could be answered after conveying a sensitivity analysis. The first is how low ought to be the impact from 
operation so that the burdens from manufacturing and EoL start to influence substantially the total impact of 
the vessel. This was partially answered when investigating the case where renewable energy was simulated as 
the primary source of propulsion electricity. Regarding the DE power train, the results could vary if there were a 
greater share of RME which could be considered as a carbon neutral fuel.  The second question is how the 
environmental impact would be influenced, if included in the assessment, respectively in the system boundary 
was the battery recycling. Provided that the battery manufacturing dominated the impact scale of the BE power 
train manufacturing, one may guess a lot. Initially it was communicated that the manufacturer Nilar AB and the 
most advanced in the area company for recycling Stena AB have estimated that the recovered materials from 
the battery packs could be 99% of the initial mass. The sensitivity analysis with scenarios “batteries from 
primary materials” and “batteries from secondary materials” was not conveyed though for that there was no 
available information on the energy demand of the processes involved in the recycling of every single material. 
Despite that the EoL phase of the batteries was not left out unattended and was simulated with generic data 
which insensitively contributed in a negative fashion to the overall environmental impact of the BE ferry. The 
third question brings the discussion into a consequential context: how would water electric transportation in 
the region of Stockholm bay influence the energy mix’s nature supplied there. It has been justified in this and 
other studies (Hebermacher 2011) that e-mobility is a right choice in the battle for global warming mitigation 
but, as mentioned earlier, in certain environmental aspects it is not the preferable choice. This is mainly due to 
the still strong dependency of Swedish electricity production of nuclear power. Assuming that the project of 
conversion to electrical power trains gains beneficial momentum and results in the conversion of 
Waxholmbolaget’s entire fleet, followed by other actors on the market, the electricity demand of the area will 
change for good. Additionally to that it is expected for road e-mobility to get even more popular following the 
environmental frameworks established by authorities. With increased electricity demand, if the same energy 
mix is kept unaddressed, in the near future questions regarding the rest of the environmental aspects will be 
brought up. In that line of arguments, the one available solution at current is improving the energy mix with 
greater share of renewable power. A fact, that will expect the development of renewable energy sources as a 
large technical system. From the finding that for the processing stages from the LCIA of both options could be 
applied a cut off rule, similar to the generic case it can be concluded that the follow up of the study on the 
manufacturing and EoL proves to be trustful. Another operational burden from the lifecycle of the power trains, 
that can also be cut off, is the additional transportation required, nevertheless that is was modeled in detail to 
utmost match the case specific geo economical region. For similar reason the impact from the charging station 
was not applied during the evaluation stage. Additionally, given that more vessels from Waxholmbolaget’s fleet 
could be converted in the near future, the impact from the charging station could easily be neglected. 
From a more general point of view, possible outcomes if the battery electric transportation gains more 
popularity in the near future will result in changes in different socio-technical aspects. How and what is 
foreseeable to be changed cannot be said with a high level of certainty. However certain topics may be engaged 
while discussing what may be the consequences of the successful BE passenger ferry project. Seeing the 
financial and environmental benefits from the project it is not only commuter transport companies that may 
express interest of converting to electrical propulsion. Such transportation method could be suitable for 
practically all internal port operating vessels – cargo and service. Simultaneously with this happening the 
number of charging stations will be increased securing the finished trip. In order for building more charging 
stations on the other hand will stimulate the development of the electricity networks because there might be 
cases of under developed ports with less advanced networks. From economic point of view such a development 
towards sustainable transportation will generate revenue in multiple industries, create new economic branches 
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and add value to inter-industrial relationships.  
On the other hand, provided that for the near future a good percentage of the transportation sector converts to 
electrical propulsion, pressure will be taken off the owners, looking into emissions restrictions and regulations. 
And those are not only emission’s-wise but also purely polluting sources such as inevitable leaks and generation 
of wastes such as bilge water, which are regulated not from a reasonable LCA perspective. What history and 
experience show is, that such governmental frameworks tend to become tighter and more demanding with 
time, and the combustion technology that they envelop is restricted by nature, of course such are introduced 
regarding electrical mobility as well. Another aspect that would ease up and further mitigate environmental 
impact, even if marginal, is the fossil fuel supply chain which has a lot of personnel involved and a vast variety 
of actors involved. Speaking from systems perspective, the substitution of such supply chain with an automatic 
network would lead to innumerous improvements – environmental as well as economical.   
Despite striving for this LCA to be as complete as possible the goal would have been achieved if there weren’t 
certain limitations. On one side those are due to general lack of specific information and on the other from 
unintentional industrial lack of transparency. LCA as, an inseparable to every industries profile, evaluation 
method will definitely change the industries for good. For improving the quality of the report or continuation of 
the study could serve more detailed information on the electricity mixes, how are they forecasted to change in 
a complete environmental perspective, which will automatically insert a note of consequentiality in the study’s 
nature. Another aspect which would make future studies better in quality is the availability of process 
information in the databases. Still data on energy demand for recycling, recycling potential and materials 
quality after waste treatment is scarce also despite the calculations efforts still self-generated environmental 
models could be questioned.   Such data is now constrained somehow to the most popular technologies, but as 
technology updates it can be assumed that databases also update. 
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8. Conclusions 

According to the final representation of the results it was clearly seen that the processing phases from both 
lifecycles represent almost no impact on the overall environmental performance and within the framework of 
this study this can be explained with the fact that the life span covered is too large and if in a shorter life span 
situation it could be possible that the manufacturing and EoL stages can change their marginal now character to 
a more significant variable in the sensitivity equation of the impact. Therefore, if the scope of the current study 
did not require a thorough examination of the entire power trains, case specific data as such could be 
substituted with generic, which even in Ecoinvent’s 2.0 transportation processes is a cut off below the 3% limit 
according to the setup of the ReCiPe method. When considering the overall impact from both power train 
options the BE scenarios possess the highest environmental impact, but it is present in only one category. It was 
discussed earlier in this chapter that this impact is not direct and is expressed in low populated areas. More 
over current trends show that large attention is paid in the environmental performance improvement of 
electricity mixes in Sweden which tells that rather keeping the same environmental score the electricity mix 
profile will lower in impact and would slowly mimic the profile of the hydro power mix, which is an example of 
a renewable source. Moreover certain contracts for electrical supply are available on the Swedish market that 
guarantee that the supplied mix consists only of renewable sources, which will immediately change the impact 
from the BE ferry to closely resemble the one from hydropower and the rest of the renewable sources. Taken 
on the other hand is the fact that the DE propulsion option causes major impact in eight out of thirteen 
midpoint indicators, in some with factor more than 100%. As previously mentioned most of the emissions 
dissipation respectively contributors in the midpoint, are taking place in the specific geographical area, 
downtown Stockholm, that is highly populated, which fact clearly supports the preferability of the BE power 
train as the propulsion means of choice.  
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Appendix 1 Environmental models 
 

1.Battery pack environmental model 

 

Description 

The battery pack serves as the main onboard power source. It preserves the electrical energy required so that 
all systems on board function properly. It serves for the optimal operation of the propulsion and steering as well 
as supplying with electricity the hotel loads. The battery pack consists of a certain number of battery bodies 
and a battery management system. A 10 module, 120V 11Ah is the main building unit of the whole battery 
system, manufactured by Nilar AB. The type of the batteries used is NiMH.  The battery management system 
(BMS) is designed again by Nilar AB and uses electrical components from a variety of manufacturers.  The BMS 
monitors the batteries proper operation, accomplishes the communication between the battery units and a PLC 
controller, maintains high capacity and maximum voltage and regulates the charging cycles.  
 

Raw materials acquisition and manufacturing 

In its environmental model the battery system is separated in 2 main components: the battery body and the 
BMS. They are described one by one because of their difference in nature, construction and availability of 
environmentally related information. Further on the battery body is examined by its two distinguishable parts – 
the electricity accumulating part – electrodes and electrolyte and the structural frame.  
The first sub model is the BMS which is designed by Nilar AB but consists of different electrical and electronic 
components manufactured by different manufacturers.  Environmental information regarding those 
components is not available, neither from the manufacturer’s specification nor by other sources. Then it was 
suggested by the designer, Nilar AB that for this study the components can be substituted by similar in function, 
but ones that dispose with environmental information about themselves. Hence, components from the 
manufacturer Schneider Electric were chosen. Those are accompanied with their own PEPs, created for families 
of products. The PEP contains readily calculated and characterized data for four LC stages of the product – 
manufacturing, use phase, end of life phase and distribution, as well as their constituent materials content in 
percentages per unit mass. The information available at Schneider was not fully suitable for the study but 
emission numbers concerning the main categories under interest are available: Climate change (kg CO2 eq.), 
Ozone depletion (kg CFC-11 eq.), Human toxicity (kg 1,4-DB eq.), Photochemical oxidant formation (kg NMVOC). 
The data was converted via SimaPro and RCP impact method to fit the order and the type of impacts in interest 
RCP terms. Also using the same method normalized data for the emissions was gained, which is the actual data 
of conclusive importance. 
The second sub model in the battery system represents the 120V 11Ah battery unit in environmental 
perspective. The information about the content and mass ratios inside the battery unit was provided directly 
from the manufacturer Nilar AB.  
Certain processes both production and EoL waste treatment processes from the Ecoinvent 2.0 database had to 
be modified and adapted in order to achieve a more precise environmental model of the Nilar battery pack. 
Detailed information on the composition of the battery is delivered by the manufacturer Nilar and further 
clarification on the nature of the materials in the battery. The essential and unique in terms of quantity and 
composition components for the battery are the positive electrode, the negative electrode and the electrolyte. 
Available in the Ecoinvent 2.0 database is process that represents the production of a NiMH battery, prismatic 
in shape, applied in laptop computers and other electronic devices. The battery up to be used in 
Djurgårdsfärjan differs from a conventional electronics’ device battery by physical construction. The Nilar 
battery pack has a solid and rigid structure which consists of an aluminum – steel – polymer frame.  For that 
reason the NiMH battery production process available in Ecoinvent 2.0 is not directly applied in the current LCA 
but is used as a base model: 



Master thesis  Comparative LCIA of two power train options for a passenger ferryboat 

82 
 

 

 
- Battery, NiMH, rechargeable, prismatic, at plant/GLO U – (kg) 

The first material to be re-modeled is the positive electrode. As a base model for building the model for Nilar is 
the material process: 
 

- Electrode, negative, Ni, at plant/GLO U – (kg) 

Case specifically the quantities of the composition materials are not the same so they had to be recalculated. It 
is stated that Nilar’s positive electrode has 0.186 kg of Ni(OH)2 and 0.05 kg of pure nickel. The quantity of nickel 
content in the nickel base’s mass is 76.5% (webqc.org. 2012). This ratio is important because inside the base 
model a Ni(OH)2 substance is not included, but only the nickel content is required, the base is a product of the 
processes included in the LCI. The base model in Ecoinvent 2.0 contains cobalt, hence only the quantity is 
readjusted. The base model contains also transportation burdens which are respectively adapted to Swedish 
conditions – using MK1 diesel for road transportation.  
The respective mass share ratios given from the battery manufacturer Nilar are kept and used to readjust the 
base model: 
 
[Ni (OH)2 + Ni (pure)] / el+ = [76.5% Ni(OH)2 + Ni(pure)]/el+ = 0.786520 

Co/el+ = 0.0207625281 

 

The new material used to model the positive electrode in the current project is called:  
 

- Electrode, positive, Ni, at plant/kg/GLO/Nilar – (kg) 

To substitute the values the calculated share factors are multiplied with the desired output mass of the whole 
newly modeled positive electrode. The material unit process used to model the nickel is Nickel, 99.5%, at 

plant/GLO U – (kg). It is used due to similarity in the purity levels with Nickel 225, which is firstly the material 
used by Nilar in its batteries, secondly, represents a nickel powder with high purity used in the battery industry 
(Novamet 2012).  
The next newly created model from an already existing model is the negative electrode of the battery pack. The 
base model used to create the model used in Nilar’s batteries is: 

- Electrode, positive, LaNi5, at plant/GLO U – (kg) 

To set up this model to match Nilar’s specifications and to fit in the already existing model in Ecoinvent 2.0 the 
similar approach is used. The nickel content in the LaNi5 alloy is 67.87% giving a mass of 0.1438kg nickel 
content in the alloy. Additionally 0.0235kg of nickel is used for the negative electrode. The remaining share is 
lanthanum. The respective mass shares of the materials according to Nilar’s specification are:  
 

- [Ni(LaNi5) + Ni(pure)]/el- = 0.7108 

- La(LaNi5)/el- = 0.2891  

Lanthanum as a substance is not mentioned in the base model. The necessary quantity of lanthanum is 
modeled by using the unit process  
 

- Mischmetal, primary, at plant/GLO U – (kg) 

In its description it is defined that the content of lanthanum is 21% of the whole mass produced. Therefore to 
receive the necessary quantity of La in the newly built model a recalculation is done with the aforementioned 
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factor and again mischmetal product is used as an input material. The calculated mass factor for nickel is 
multiplied with the desired output mass of the substance modeled in the new unit material process. The 
developed model is named: 
 

- Electrode, negative, LaNi5, at plant/kg/GLO/Nilar – (kg) 

The next substance used in the battery pack is the electrolyte. The unit processes and materials used to model 
the substance are:  
 

- Lithium hydroxide, at plant/GLO U –(kg) 

- Potassium hydroxide, at regional storage – (kg) 

- Water, ultrapure, at plant/GLO U – (kg) 

The remaining components of the battery pack concern the structural frame of the battery. The following unit 
processes are used to model those: 
 

- Synthetic rubber, at plant/GLO U – kg – for EPDM rubber (Green et al. 2003) 

-  Nickel, 99.5%, at plant /GLO U – kg 

- Aluminum alloy, AlMg3, at plant/RER U – kg for aluminum SS4152Al (Aluselect. 2011) 

- Polypropylene injection moulding E – kg 

- Glass fibre reinforced plastic, polyamide, injection moulding, at plant/RER U – kg 

- Chromium steel fasteners/kg/Nilar – (kg) 

- Aluminum product for battery pack/kg/Nilar – kg 

- Electricity, medium voltage, at grid/JP U – kWh 

- Electricity, medium voltage, at grid/CN U – kWh 

The processes for production chromium steel fasteners and aluminium products included in the battery pack 
LCI are aggregative and cover both the production of the metal and the manufacturing of the goods needed 
(tables 3A1 and 4A1). The rest of the processes include the production of the raw materials as well as the 
manufacturing processes to achieve the substances and their primary market state, like shape and physical 
state. The electrical power required for the battery production process is kept with the same values since there 
is no specific information from the manufacturer (table 2A1). 
 
Use phase  
The impact during use phase of the battery system is mainly represented by electrical losses during the 
operation of the electrical parts. In the PEPs there is available data concerning those. Nevertheless the latter is 
not included in the environmental model because the emissions during the use phase are accounted in the use 
phase of the EV. Accounted for there are as well heat losses due to operation of the battery units and the BMS.  
 
End of life  

The end of life procedure, methods of modeling and considerations regarding the electrical and electronics 
components is the same as the one used to model the charging station’s and the boat’s main electrical system 
(Appendix 1, Main electrical system environmental model). Additionally those are listed in the current 
environmental model in table 1A1. 
As the heaviest component of the entire EV’s drive train system the battery units undergo mandatory recovery 
of materials for future use. Provided information by the manufacturer Nilar AB, states that the materials used in 
the battery pack can be recycled with up to 99% of recovery rate. That means that for modeling the recovery 
process the by-products represent 99% of the weight of the input materials to manufacture the battery pack 



Master thesis  Comparative LCIA of two power train options for a passenger ferryboat 

84 
 

 

and the remaining part of it is the energy input for recycling and transportation to the recycling facility.  
The process used from the Ecoinvent 2.0 database used is a tuned version of Disposal, NiMH batteries/GLO U. 
The modification concerns the fact that not the whole battery pack has to experience the specific procedures to 
reclaim the charge accumulating materials. For that reason the mass of the battery frame and other purely 
mechanic functional components is excluded from the process, which leaves for 55% of the total battery pack 
mass for purposed battery recycling and 45% for conventional materials recycling. For the materials recovery of 
the frame and other structural components the following unit process from the Ecoinvent 2.0 database are 
used: 
 

- Dismantling, industrial devices, manually, at plant/CH U – (kg) 

The second process describes the manual disassembly of industrial devices and it is assumed that a single 
battery pack resembles closely an industrial device. The mass treated by the first process is the mass of both 
electrodes and the electrolyte and the mass treated by the second process are calculated to be the mass only of 
the casing and frame. A manual process is chosen for that activity because the assembly CAD model is available 
and is assumed that by fulfilling a few simple manual operations the pack can be put apart. Shredding is not an 
option in this case because it is assumed that further segregation processing will only make the process time 
consuming and energy, hence environmentally intensive.  
Provided by the manufacturer Nilar, an internal consultation with Stena AB has been conveyed which showed 
that 99% of the battery pack’s mass can be recovered in terms of useful materials in similar battery packs 
production. This information serves to further construct the model and estimate the avoided production. No 
further waste flows are available as information from the manufacturer.  
 
Transportation 

All transportation involved in the manufacturing, raw materials acquisition and later recycling is included in the 
unit processes of manufacturing the components that are modeled in SimaPro. It is not known by what means 
the full number of battery units is going to be transported from Gavle to Stockholm that is why it was assumed 
that the cargo will be transported by freight train. The freight train process was modeled to suit best Swedish 
power supply conditions, where freight transport is primarily achieved by electrical vehicles. Provided by the 
manufacturer it is also known that the assembly of the components will take place in Turku, Finland so 
additional transportation burdens for the race are described by the unit processes: Transport, barge tanker 

/RER U; Transport, lorry 16 - 32t EURO5/RER U and Transport, lorry 28t rape methyl ester 100%/ CH U, where 
the latter two are combined in a newly created process simulating the 5% RME used in every diesel transport 
means in Sweden.  
 
 
Table 1A1 Environmental model of the electrical components by Schneider electric in the main battery’s BMS 

Phase  

             Part 

Electrical components by Schneider Electric 

Raw materials 

acquisition 

PEP ReCiPe normalized 

Manufacturing PEP ReCiPe normalized 

Use phase PEP ReCiPe normalized 

End of life PEP ReCiPe normalized; Recycling of aluminium basic, EU27  ; Recycling of copper 
basic, EU27; Recycling of metals basic, n.e.c., EU27; Waste incineration of plastics (PE, 
PP, PS, PB), EU-27; Disposal, capacitors, 0% water, to hazardous waste incineration/CH 
U;  Waste incineration of  metals, EU-27; Waste incineration of plastics (PET, PMMA, 
PC), EU-27; Recycling of iron basic, EU27 
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Electricity mix Average European/ Nordel 

Transportation PEP ReCiPe normalized; Transport, barge tanker /RER U; Transport, lorry 16 - 32t 
EURO5/RER U and Transport, lorry 28t rape methyl ester 100%/ CH U; 

Geography Europe, Sweden 

  
 
Table 2A1 Environmental model of the main battery 

Phase  

                       Part 

Main battery 

Raw materials 

acquisition and  

Manufacturing 

Battery, NiMH, rechargeable, prismatic, at plant/GLO U 

Electrode, positive, Ni, at plant/GLO U Nilar 

Mischmetal, primary, at plant/GLO U 

Electrode, negative, LaNi5, at plant/kg/GLO/Nilar 

Lithium hydroxide, at plant/GLO U 

Potassium hydroxide, at regional storage 

Water, ultrapure, at plant/GLO U 

Synthetic rubber, at plant/GLO U 

Nickel, 99.5%, at plant /GLO U 

Aluminium alloy, AlMg3, at plant/RER U 

Polypropylene injection moulding E 

Glass fibre reinforced plastic, polyamide, injection moulding, at plant/RER U 

Chromium steel fasteners/kg/Nilar 

Aluminium product for battery pack/kg/Nilar 

Electricity, medium voltage, at grid/JP U 

Electricity, medium voltage, at grid/CN U 

Use phase N/A 

End of life Disposal, NiMH batteries/GLO U 

Dismantling, industrial devices, manually, at plant/CH U 

Electricity mix Nordel; CENTREL; Japan; China 

Transportation Transport, barge tanker /RER U; Transport, lorry 16 - 32t EURO5/RER U and 
Transport, lorry 28t rape methyl ester 100%/ CH U 

Geography Sweden, Europe 

 
Table 3A1 Inventory of the aluminium products used in the frame of the main battery 

Process name Aluminium product for battery pack /kg/ Nilar 

Products Unit category 

Aluminium product for battery pack /kg/ Nilar 1kg Metals\General manufacturing 

Resources   

Materials/fuels   

Aluminium product manufacturing, average metal 

working/RER U 

1kg  

Aluminium, production mix, at plant/RER U 1kg  

 
Table 4A1 Inventory of the chromium fasteners used in the frame of the main battery pack   

Process name Chromium steel fasteners/kg/Nilar 

Products unit Category 

Chromium steel fasteners/kg/Nilar 1kg Metals\General manufacturing 
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Resources   

Materials/fuels   

Chromium steel product manufacturing, average 

metal working/RER U 

1kg  

Chromium steel 18/8, at plant/RER U 1kg  

 
Table 5A1 Inventory of the negative electrode used in the battery pack 

Process name Electrode, negative, LaNi5, at plant/kg/GLO/ 

Nilar 

Products Unit Category 

Electrode, negative, LaNi5, at plant/kg/GLO/ Nilar 1kg Electronics\Devices\Module\Com
ponent 

Resources   

Materials/fuels   

Electricity, medium voltage, at grid/CN U 0.003035kWh  

Electricity, medium voltage, at grid/JP U 0.002023kWh  

Hydrogen, liquid, at plant/RER U 0.7047kg  

Mischmetal, primary, at plant/GLO U 1.376838kg  

Nickel, 99.5%, at plant/GLO U 0.710863kg  

Tetrafluoroethylene, at plant/RER U 0.03kg  

Transport, freight, rail/RER U 0.63482tkm  

Transport, lorry 16-32t, EURO5 on 5%RME (MK1 

diesel)/RER U 

0.17047tkm  

Emissions to air   

Heat, waste 0.018207MJ  

 
Table 6A1 Inventory of the positive electrode used in the battery pack 

Process name Electrode, positive, Ni, at plant/kg/GLO/ Nilar 

Products Unit Category 

Electrode, positive, Ni, at plant/kg/GLO/ Nilar 1kg Electronics\Devices\Module\Com
ponent 

Resources   

Materials/fuels   

Nickel, 99.5%, at plant/GLO U 0.786521kg  

Zinc, primary, at regional storage/RER U 0.03kg  

Cobalt, at plant/GLO U 0.020763kg  

Heat, natural gas, at industrial furnace >100kW/RER 

U 

0.44MJ  

Polyurethane, flexible foam, at plant/RER U 0.004755kg  

Sodium hydroxide, 50% in H2O, production mix, at 

plant/RER U 

0.140503kg 
 

 

Transport, freight, rail/RER U 0.56621tkm  

Transport, lorry 16-32t, EURO5 on 5%RME (MK1 

diesel)/RER U 

0.24952tkm  

Electricity, medium voltage, at grid/JP U 0.264kWh  

Electricity, medium voltage, at grid/CN U 0.396kWh  
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Waste to treatment   

Disposal, polyurethane, 0.2% water, to inert 

material landfill/CH U 

0.001712kg  

Disposal, polyurethane, 0.2% water, to municipal 

incineration/CH U 

0.004755kg  

 
Table 7A1 Inventory of the main battery by Nilar AB 

Process name NiMH Nilar prismatic raw mat 

Products Unit Category 

NiMH Nilar prismatic raw mat 1kg Electronics\Devices\Module 

Resources   

Materials/fuels   

electrode, positive, Ni, at plant/kg/GLO/ Nilar  0.242562kg  

electrode, negative, LaNi5, at plant/kg/GLO/ Nilar 0.235537kg  

Potassium hydroxide, at regional storage/RER U 0.041297kg  

Lithium hydroxide, at plant/GLO U 0.001627kg  

Water, ultrapure, at plant/GLO U 0.036364kg  

Synthetic rubber, at plant/RER U 0.041322kg  

Nickel, 99.5%, at plant/GLO U 0.065083kg  

Aluminium alloy, AlMg3, at plant/RER U 0.137397kg  

Polypropylene injection moulding E 0.008006kg  

Glass fibre reinforced plastic, polyamide, injection 

moulding, at plant/RER U 

0.103306kg  

Chromium steel fasteners/kg/ Nilar 0.012991kg  

Aluminium product for battery pack /kg/ Nilar 0.067149kg  

Electricity, medium voltage, at grid/JP U 0.2176kWh  

Electricity, medium voltage, at grid/CN U 0.3264kWh  

 
Table 8A1 LCI of the recycling process of the main battery  

Process name Recycled battery from NiMH Nilar prismatic 

raw mat 

Products Unit Category 

Recycled battery from NiMH Nilar prismatic raw mat 1kg Electronics\Devices\Module 

Avoided products   

NiMH Nilar prismatic raw mat 0.99kg  

Materials/fuels   

Resources   

NiMH Nilar prismatic raw mat 0.01kg  

Waste to treatment   

Disposal, NiMH batteries/GLO U 0.557386kg  

Dismantling, industrial devices, manually, at 

plant/CH U 

0.435176kg  
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2. Battery rack Environmental model 

 

Description 
The battery rack is the element that preserves the main battery in one place. It is required because the main 
battery is composed of a number of smaller units. The battery rack is manufactured out of aluminum profiles 
and then assembled using standard fasteners. The rack itself weighs 650 kg and is assumed by the researcher 
that it uses 5kg of fasteners, those included in the whole weight.  
 

Raw materials acquisition and manufacturing 
Since the nature of the aluminum profiles is not yet known an average unit process for manufacturing 
aluminum profiles is used: Aluminum extrusion profile, primary prod. Mix, aluminum semi-finished extrusion 

product (ELCD) at ELCD project library. The unit process is found in the ELCD database. In the process 
description it is stated that the process includes both the burdens and the benefits associated with the 
recycling of aluminum scrap. For that reason in the process tree of the lifecycle of the rack no EoL scenario for 
the aluminum is included. The unit process aggregates also the acquisition of raw materials, the manufacturing 
of the profiles, and all burdens by intermediate transportation. The fasteners used in the assembly are 
represented by Steel product manufacturing, average metal working (Ecoinvent). The unit process can be found 
in the Ecoinvent library. The process encompasses the manufacturing of an average steel product and its 
adjacent internal and external transportation needs.  To comply with the study's conditions it is suited for 
Swedish electrical conditions - electricity mix for production is Nordel. In order to have the production of steel 
and unit process of steel production is included in the process tree: Steel, low alloyed, at plant. This process is 
also suited for the study's requirements from Ecoinvent in its original option by substituting its electrical with 
Nordel.  
 

Use phase  
The whole rack assembly does not cause any pollution and does not emit emissions to air, water or soil during 
its lifetime since it is a passive product.   
 

End of life 
As mentioned previously the unit process selected for the aluminum share of the rack has its end of life 
included in the calculations. The recycling rate used in the unit process is 88% recovery (EAA European 
Aluminium Association 2009), where the recycling is accomplished by average European technology. The end of 
life of the iron elements was selected by advice found in the Ecoinvent database. By their specifications a unit 
process was created having as output recycled steel, as avoided production pig iron, at plant/ RER U and as 
inputs from the techno sphere Iron scrap, at plant/RER U. The recycling rate is 90% as suggested by the 
Ecoinvent recommendations.  
 

 

Transportation 
All transportation involved in the manufacturing is included in the unit processes of manufacturing the details. 
It is known from the assigner of the project that the manufacturing of the some components and the assembly 
will take place in Finland. The rack itself will be manufactured in Finland so it will have one race back to Sweden 
to the port of operation. The transportation of the rack components to and from will be accomplished by truck 
and a ferry. Specifically for Swedish conditions the fuel utilized for the lorry transport contains 5% biodiesel 
(RME). The process used to simulate the transportation burdens is designed as a combination of two transport 
means:  Transport, lorry 16 - 32t EURO5/RER U and Transport, lorry 28t rape methyl ester 100%/ CH U. they 
have a share of respectively 95% and 5% in the new process to simulate a transportation model with RME 
content in the diesel of 5% as regulated for Sweden.   
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Table 9A1 Environmental model of the battery rack 

Phase / Part Aluminium rack (645kg) Fasteners (5kg) 

Raw materials acquisition Aluminum extrusion profile, 

primary prod. Mix, aluminum 

semi-finished extrusion 

product(ELCD) 

Steel, low alloyed, at 

plant(Ecoinvent), adjusted by 

researcher  

Manufacturing Aluminum extrusion profile, 

primary prod. Mix, aluminum 

semi-finished extrusion 

product(ELCD) 

Steel product manufacturing, 

average metal 

working(Ecoinvent),adjusted by 

researcher 

Use phase 0 emissions(passive product)  

End of life Aluminum extrusion profile, 

primary prod. Mix, aluminum 

semi-finished extrusion 

product(ELCD) 

Recycling of iron scrap: 
I: Pig iron, at plant/ RER U 
Avoided: Iron scrap, at plant/RER 

U (Ecoinvent) 

Electricity mix Average European Nordel 

Transportation Transport, barge tanker /RER U 
(66.3km) 
Transport, lorry 28t MK1 

(5%RME) 
 

Transport, barge tanker /RER U 
(66.3km) 
Transport, lorry 28t MK1 

(5%RME) 
 

Geography Sweden Sweden 

3. Electrical system, environmental model 

 

Description 
The electrical system on the battery electric ferry serves the purpose of electrical management and control, 
propulsion drives, batteries, directional steering installation. It consists of multiplicity of electrical components, 
cables and motors and transformers. 
 

Raw materials acquisition and manufacturing 
Due to the diversity of components and the types of approaches to define their environmental models the later 
will be described separately.  
The motor controllers and inverters information concerning its environmental impact was gained in two ways: 
some motor controllers came along with PEPs. The information available at Schneider's PEPs was not fully 
suitable for the study but emission numbers concerning the main categories under interest are available: 
Climate change (kg CO2 eq), Ozone depletion (kg CFC-11 eq), Human toxicity (kg 1,4-DB eq), Photochemical 
oxidant formation (kg NMVOC). The data was converted via SimaPro and RCP impact method to fit the order 
and the type of impacts in RCP.  
Another part came with detailed CAD models, pictures and technical specifications from which one can easily 
determine the composing materials and closely assume the weight distribution of the components inside. The 
description of those was kept simple and involved the following comprising materials: Aluminium, polyamide, 
steel, electronics and copper. Those were modeled using the unit processes: Aluminium, production mix, cast 

alloy, at plant/RER U; Copper, primary, at refinery/RER U; Wire drawing, copper/RER U for copper wire; 
Electronic component, active, unspecified, at plant/GLO U; Printed wiring board, through-hole mounted, 
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unspec., Pb free, at plant/GLO U for  electronics; Nylon 66 GF 30 compound (PA 66 GF 30), production mix, at 

plant RER for  polyamide; Steel product manufacturing, average metal working/RER U for steel. 
An additional, third part, of several units came with no specs sheets or PEPs, just with mass specifications for 
the entire unit provided by the system's designer. For solving that issue, a PEP of a motor controller was used. 
The mass parameters ratio was kept the same and the overall mass was changed to match the ones on focus. 
The weight of the motor controllers and inverter models is provided by the designer of the whole system; 
hence the mass of the adjacent chokes can be calculated.   
Chokes and transformers were modeled as a 50/50 percent copper wire/ferrite core mass ratio. The process of 
manufacturing the wire comprises of two sub unit processes available in the Ecoinvent database: Copper, 

primary, at refinery/RER U and Wire drawing, copper/RER U which are the manufacturing process and the 
acquisition of raw materials process. The unit process for modeling the ferrite cores is Ferrite, at plant/GLO U 
which includes manufacturing and acquisition of raw materials as well as transportation burdens adjacent to 
both.  
The main motors' environmental model is based on specifications sheet of the devices' rotor and stator, and 
data about neodymium magnets as known from the designer. [e-Magnets UK 2013]. The weight of each 
compound is estimated by mass and volume calculations based on the specifications sheet provided by the 
manufacturer which includes the weight of the entire unit and dimensions description. The unit processes used 
to model the motor are: Boron carbide, at plant/GLO U for boron; Wire drawing, copper/RER U for copper wire; 

Cast iron, at plant/RER U for iron; PVC injection molding E for PVC plastic; Neodymium oxide, at plant/CN U for 

neodymium. The burdens from the manufacturing and assembling the unit are not known, hence not included. 
The steering motor as provided by the designer consists of copper windings, steel housing, shaft and a gear 
reductor. The weight by composition ratios were assumed by externals, the mass of the motor assembly is 
available by specifications sheet. The unit processes used from SimaPro to model the assembly are: Wire 

drawing, copper/RER U; Copper, secondary, at refinery/RER U for copper; Chromium steel product 

manufacturing, average metal working/RER U for steel parts.  
The remaining part of the components included in the electrical system are all provided by Schneider electric 
and come with their compliant PEPs. The emissions from them represent characterized values for Europe, via 
SimaPro they were converted into normalized emissions.  
 
Use phase  
The emissions dissipated due to heat losses during operation of the whole electrical systems are unknown but 
are included in a more general way in the boat's operational profile energy consumption. Because that fact no 
use phase emissions were assigned to the different components comprising the electrical system.  
 

End of life 
The end of life of the electrical system is scrutinized from a number of different perspectives in order to 
describe thoroughly the whole stage of the diverse in nature system. The components that come with PEP have 
already assigned environmental burdens for EoL procedures. It is important to mention also that the materials 
comprising the electrical parts of Schneider are pure by nature and every mixture and alloy is notably pointed 
out in the PEPs.  Additionally the materials quantities were calculated and divided in two categories: the first 
one, above 1kg per boat's life cycle of separable material, which was later, modeled to be recycled and material 
under 1kg per boat's life cycle that was modeled - subjected to waste incineration. The recycling rate for all the 
materials is assumed to be 80% after shredding. The recovered materials from the components and the unit 
processes chosen from SimaPro to model those are : aluminium , copper, ferrite, Recycling of aluminium basic, 

EU27 for aluminum ; Recycling of copper basic, EU27 for copper; Recycling of metals basic, n.e.c., EU27 for the 
ferrite cores. The second category based on the minimal quantities of composition are modeled to be 
incinerated, the unit processes chosen from SimaPro are : Waste incineration of plastics (PE, PP, PS, PB), EU-27 
for SEBS, PB, PE, PP ; Disposal, capacitors, 0% water, to hazardous waste incineration/CH U for polyacetal;  
Waste incineration of  metals, EU-27 for bronze, stainless steel , zinc, invar, copper-silver alloy, zamak, Cr-Zn 
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alloy, Zn - carbon steel alloy, Zn alloy; Waste incineration of plastics (PET, PMMA, PC), EU-27 for PBT, POM, 
EDPM ; The data used in the latter unit processes is applicable to the European conditions. Also included in the 
processes is an average transportation burden to the recycling facilities.  The copper, aluminium, steel, and 
ferrite derived from the chokes transformers and sine wave filters is modeled via the following processes: 
Recycling of aluminium basic, EU27 for aluminium; Recycling of copper basic, EU27 for copper;  Recycling of 

metals basic, n.e.c., EU27 for ferrite. The recycling rate of those is assumed to be 80% in overall. The same 
processes apply to for the motors used in the system regarding the copper wire and the steel components. The 
procedure on separating the rare earth materials included in the neodymium magnet is unknown hence not 
included in the study. It can be assumed that the specific parts are shipped back to a subcontractor interested 
in reusing the substances as they are. Due to the diverse nature of the electronic components in the system the 
EoL approach to them described in the study extends as long as shredding. The unit process used to model that 
is Shredding, electrical and electronic scrap /GLO U. Because of lack of information it is not clear what and how 
much material can be recovered from them.  
 
Transportation 
All transportation involved in the manufacturing and raw materials acquisition is included in the unit processes 
of manufacturing the components that are modeled in SimaPro.  The distribution of the Schneider electric 
components is included in the PEPs hence it is included after conversion to comply with the RCP impact 
categories. It is known from the assigner of the project that the manufacturing of the some components and 
the assembly will take place in Finland. The transportation of all the components back and forth will be 
accomplished by truck and a ferry. Specifically for Swedish conditions the fuel utilized for the lorry transport 
contains 5% biodiesel (RME). The process used to simulate the transportation burdens is designed as a 
combination of two transport means:  Transport, lorry 16 - 32t EURO5/RER U and Transport, lorry 28t rape 

methyl ester 100%/ CH U. they have a share of respectively 95% and 5% in the new process to simulate a 
transportation model with RME content in the diesel of 5% as regulated for Sweden.  The transport process 
used to simulate the marine transportation to Turku is: Transport, barge tanker /RER U. 
 
 
 
Table 10A1 Environmental model of the motor controllers 

Phase / 

Specific 

parameter 

Motor controllers 

Raw materials 
acquisition 

PEP ReCiPe normalized, Aluminium, production mix, cast alloy, at plant/RER U; Copper, 
primary, at refinery/RER U; Nylon 66 GF 30 compound (PA 66 GF 30), production mix, at plant 
RER 

Manufacturing PEP ReCiPe normalized, Wire drawing, copper/RER U for copper wire; Electronic component, 
active, unspecified, at plant/GLO U; Printed wiring board, through-hole mounted, unspec., Pb 
free, at plant/GLO U; Steel product manufacturing, average metal working/RER U;  

Use phase PEP ReCiPe normalized, N/A 

End of life PEP ReCiPe normalized, Recycling of aluminium basic, EU27  ; Recycling of copper basic, 
EU27; Recycling of metals basic, n.e.c., EU27; Waste incineration of plastics (PE, PP, PS, PB), 
EU-27; Disposal, capacitors, 0% water, to hazardous waste incineration/CH U;  Waste 
incineration of  metals, EU-27; Waste incineration of plastics (PET, PMMA, PC), EU-27; 
Recycling of iron basic, EU27 

Electricity mix Average European/ Nordel 

Transportation PEP ReCiPe normalized, Transport, barge tanker /RER U; Transport, lorry 16 - 32t EURO5/RER 
U and Transport, lorry 28t rape methyl ester 100%/ CH U 
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Geography Europe, Sweden 

  
 
Table 11A1 Environmental model of the transformers, chokes and sine wave filters 

Phase / 

Specific 

parameter 

Transformers, Chokes, Sine wave filters  

Raw materials 
acquisition 

Copper, primary, at refinery/RER U 

Manufacturing Ferrite, at plant/GLO U; Wire drawing, copper/RER U 

Use phase N/A 

End of life Recycling of copper basic, EU27;  Recycling of metals basic, n.e.c., EU27; Recycling of iron 
basic, EU27 

Electricity mix Average European/ Nordel 

Transportation Transport, barge tanker /RER U; Transport, lorry 16 - 32t EURO5/RER U and Transport, lorry 
28t rape methyl ester 100%/ CH U;  

Geography Europe, Sweden 

  
 
Table 12A1 Environmental model of the main electric motors 

Phase / 

Specific 

parameter 

Main electric motors 

Raw materials 
acquisition 

Boron carbide, at plant/GLO U; Cast iron, at plant/RER U; Neodymium oxide, at plant/CN U 
Copper, secondary, at refinery/RER U 

Manufacturing Chromium steel product manufacturing, average metal working/RER U; Wire drawing, 
copper/RER U; PVC injection molding E 

Use phase N/A 

End of life Recycling of copper basic, EU27; Recycling of iron basic, EU27 

Electricity mix Average European/ Nordel 

Transportation Transport, barge tanker /RER U; Transport, lorry 16 - 32t EURO5/RER U and Transport, lorry 
28t rape methyl ester 100%/ CH U; 

Geography Europe, Sweden 

 
 
Table 13A1 Environmental model of the electrical components by Schneider electric 

Phase / 

Specific 

parameter 

Electrical components by Schneider Electric 

Raw materials 
acquisition 

PEP ReCiPe normalized 

Manufacturing PEP ReCiPe normalized 

Use phase PEP ReCiPe normalized 

End of life PEP ReCiPe normalized; Recycling of aluminium basic, EU27  ; Recycling of copper basic, 
EU27; Recycling of metals basic, n.e.c., EU27; Waste incineration of plastics (PE, PP, PS, PB), 
EU-27; Disposal, capacitors, 0% water, to hazardous waste incineration/CH U;  Waste 
incineration of  metals, EU-27; Waste incineration of plastics (PET, PMMA, PC), EU-27; 
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Recycling of iron basic, EU27 

Electricity mix Average European/ Nordel 

Transportation PEP ReCiPe normalized; Transport, barge tanker /RER U; Transport, lorry 16 - 32t EURO5/RER 
U and Transport, lorry 28t rape methyl ester 100%/ CH U; 

Geography Europe, Sweden 

4. Pod drive environmental model 

 

Description  
The pod drive is the main means of propulsion for the electric boat. It consists of 2 identical pod drives; one 
below the stern and one below the bow. Integrated in the pod drives are the steering systems, one in each pod. 
The pod drive consists mainly of bulky mechanical parts - propellers, castings, gears, bearings, fastening 
elements.  
 

Raw materials acquisition and manufacturing 
All the information regarding the comprising materials and structure of the parts in the pods is provided by the 
assigner of the project except for the bearings used. Later conversation via e-mail with the different 
subcontractors was established to familiarize ourselves with the manufacturing methods of the parts, hence to 
create the most accurate models possible. The data about the parts comprises of original CAD drawings, 
materials specifications, and manufacturing process definitions. The casted parts include the burdens of 
production and disposal of polyurethane and silica sand which are used in the process. The utilized unit 
processes from SimaPro are: Aluminium, primary, liquid, at plant SW /RER U; Polyurethane, flexible foam, at 
plant SW /RER U; Silica sand, at plant/DE U. The information about the type and the quantities of the 
substances given above is provided by the manufacturer of the parts. Three main parts from the assembly are 
manufactured using the latter technology of casting. The remaining part of metal parts is manufactured by 
metal machining, which is modeled by the following unit processes: Turning, aluminium, CNC, average SW /RER 
U for the cylindrical aluminium parts; Casting, bronze SW /CH U; Milling, BRONZE , large parts  SW /RER U for 
the bronze propeller; Milling, chromium steel, large parts SW /RER U for the propeller shaft and other 
cylindrical parts; PVC injection moulding E  for the PVC seal parts; Natural rubber based sealing, at plant/DE U 
for the rubber seal parts; Chromium steel product manufacturing, average metal working SW/RER U for the 
steel fasteners used; Aluminium product manufacturing, average metal working SW/RER U - for aluminium 
fastening parts. The processes marked with SW are adapted for Swedish conditions via changing the electricity 
supply mix to Nordel. Environmental information about the precise model of bearings used was not available. 
Instead the required environmental data was acquired for similar in construction and model bearings 
manufactured by the same company (CMP Chalmers 2013). The environmental parameters were equalized by 
mass ratios adjustment. The available impact categories for evaluating the bearing's environmental impact 
were adjusted to suit the purposes of the study and meet the requirements of the RCP method. The categories 
disposed with characterized data which was later converted through SimaPro to normalized data.  
 

Use phase  
Provided by the manufacturer of the components and the assigner of the project it is known that no emissions 
to the environment are exerted during the use of the pod mechanisms.  
 
End of life  
By specifications the pod drive is not subjected to any major parts change throughout its life cycle. The only 
components with preventative maintenance schedule are the rubber and PVC seals for which additional 
quantities were inserted in the production calculations. It provided that after the functional life of the assembly 
it will be subjected to disassembly and recycling. Given the fact that the the pod drive has design for dis 
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assembly it will be possible for the different parts to be recycled in separate recycling streams with minor 
material losses. It is assumed that the recycling rate for those processes is 95%. The unit processes used to 
model the recycling scenarios is the following: Recycling of aluminium basic, EU27 for aluminium, Recycling PVC 
SW /RER U for PVC, Recycled steel SW for steel. No suitable recycling process was found for defining the 
recycling of bronze, instead a production unit process was applied with negative sign and 95% production rate: 
Bronze, at plant/CH U.  
 
 
Transportation 
All transportation involved in the manufacturing, raw materials acquisition and later recycling is included in the 
unit processes of manufacturing the components that are modeled in SimaPro. It is not known where from and 
by what means the ready manufactured components will travel to the Stockholm municipality so it is assumed 
that the transportation distance is the average industrial distance traveled for Sweden and it is achieved by 
freight train. The freight train process was modeled to suit best Swedish power supply conditions, where freight 
transport is primarily achieved by electrical vehicles. Provided by the manufacturer it is also known that the 
assembly of the components will take pl1ace in Turku, Finland so additional transportation burdens for the race 
are described by the unit processes: Transport, barge tanker /RER U; Transport, lorry 16 - 32t EURO5/RER U and 
Transport, lorry 28t rape methyl ester 100%/ CH U, where the latter two are combined in a newly created 
process simulating the 5% RME used in every diesel transport means in Sweden.  
 
Table 14A1 Environmental model of the pod drives  

Phase / Specific 

parameter 

Pod drive assembly 

Raw materials 
acquisition 

Aluminium, primary, liquid, at plant /RER U; Polyurethane, flexible foam, at 
plant/RER U; Silica sand, at plant/DE U 

Manufacturing Turning, aluminium, CNC, average /RER U; Casting, bronze /CH U; Milling, 
BRONZE , large parts  EM /RER U; Milling, chromium steel, large parts /RER U; 
PVC injection moulding E; Natural rubber based sealing, at plant/DE U; 
Chromium steel product manufacturing, average metal working 
SweELmix/RER U; Aluminium product manufacturing, average metal working 
SweELmix/RER U; 

Use phase N/A 

End of life Recycling of aluminium basic, EU27, Recycling PVC SW /RER U, Recycled steel 
SW. Bronze, at plant/CH U (applied with - sign) 

Electricity mix Nordel; CENTREL 

Transportation Transport, barge tanker /RER U; Transport, lorry 16 - 32t EURO5/RER U and 
Transport, lorry 28t rape methyl ester 100%/ CH U 

Geography Sweden, Europe 
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5. Use phase of the BE power train environmental model 

 

No special considerations and readjustments had to be made to model the electrical mixes used for charging 
the main batteries, hence for propulsion, in order to apply them into the LCI of the use phase. Tables [15A1 to 
22A1] present the LCIs for all the electricity mixes, from Ecoinvent 2.0, used in the use phase scenarios for the 
electricity propelled ferry.  
 
Table 15A1 Inventory of Nordel electricity mix 

Process name electricity, high voltage, production NORDEL, 

at grid/kWh/NORDEL 

Products Unit Category 

Electricity, high voltage, production NORDEL, at 
grid/NORDEL U 

1kWh Electricity country mix\High 
Voltage 

Resources   

Materials/fuels   

Electricity, production mix NORDEL/NORDEL U 1.0095kWh  

Transmission network, long-distance/UCTE/I U 3.17E-10km  

Transmission network, electricity, high voltage/CH/I U 8.44E-09km  

Emissions to air   

Heat, waste 0.03241MJ  

Ozone 4.5E-06kg  

Dinitrogen monoxide 0.000005kg  

Emissions to soil   

Heat, waste 0.001706MJ  

 
 
Table 16A1 Inventory of Swedish home production electricity mix 

Process name electricity, high voltage, production SE, at 

grid/kWh/SE 

 

Products Unit Category 

Electricity, high voltage, production SE, at grid/SE U 1kWh Electricity country mix\High 
Voltage 

Resources   

Materials/fuels   

Electricity, production mix SE/SE U 1.0103kWh  

Transmission network, long-distance/UCTE/I U 3.17E-10km  

Transmission network, electricity, high voltage/CH/I U 8.44E-09km  

Emissions to air   

Heat, waste 0.035318MJ  

Ozone 4.5E-06kg  

Dinitrogen monoxide 0.000005kg  

Emissions to soil   

Heat, waste 0.001859MJ  
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Table 17A1 Inventory of Swedish home production electricity mix plus imports 

Process name electricity, high voltage, at grid/kWh/SE 

Products Unit Category 

Electricity, high voltage, at grid/SE U 1kWh Electricity country mix\High 
Voltage + import 

Resources   

Materials/fuels   

Electricity mix/SE U 1.0103kWh  

Transmission network, long-distance/UCTE/I U 3.17E-10km  

Transmission network, electricity, high voltage/CH/I U 8.44E-09km  

Emissions to air   

Heat, waste 0.035318MJ  

Ozone 4.5E-06kg  

Dinitrogen monoxide 0.000005kg  

Emissions to soil   

Heat, waste 0.001859MJ  

 
 
Table 18A1 Inventory of electricity from coal power (Nordel market CHP power plants) 

Process name electricity, hard coal, at power 

plant/kWh/NORDEL 

Products Unit Category 

Electricity, hard coal, at power plant/NORDEL U 1kWh Electricity by fuel\Coal 

Resources   

Materials/fuels   

Hard coal, burned in power plant/NORDEL U 8.66MJ  

 
 
Table 19A1 Inventory of hydropower electricity mix 

Process name electricity, hydropower, at power 

plant/kWh/SE 

Products Unit Category 

Electricity, hydropower, at power plant/SE U 1kWh Electricity by fuel\Hydro 

Resources   

Materials/fuels   

Electricity, hydropower, at reservoir power plant, non- 
alpine regions/RER U 

0.2kWh  

Electricity, hydropower, at run-of-river power 
plant/RER U 

0.8kWh  
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Table 20A1 Inventory of nuclear power electricity mix 

Process name electricity, nuclear, at power plant/kWh/UCTE 

Products Unit Category 

Electricity, nuclear, at power plant/UCTE U 1kWh Electricity by fuel\Nuclear 

Resources   

Materials/fuels   

Electricity, nuclear, at power plant pressure water 
reactor/UCTE U 

0.9kWh  

Electricity, nuclear, at power plant boiling water 
reactor/UCTE U 

0.1kWh  

 
 
Table 21A1 Inventory of wind power electricity mix  

Process name electricity, at wind power plant/kWh/RER 

Products Unit Category 

Electricity, at wind power plant/RER U 1kWh Electricity by fuel\Wind 

Resources   

Materials/fuels   

Electricity, at wind power plant 800kW/RER U 0.98kWh  

Electricity, at wind power plant 2MW, offshore/OCE U 0.02kWh  

 
The quantitative LCIs built upon the aforementioned environmental model and calculations in SimaPro can be 
seen in tables 23A1 and 24A1. It can be observed that in table 23A1 an additional transmission burdens are 
added to the inventory. This is because those initially are not a part of those specific electricity mixes but do 
figure in the mixes from table 24A1.  
 
Table 22A1 Battery electric power train ran on hydropower electricity; nuclear electricity; wind power 

electricity; environmental models quantitative LCI 
Process name Djurgårdsfärjan BE hydropower operation 

Products Unit Category 

Djurgårdsfärjan BE hydropower operation 1personkm Transportation/water 

Resources   

Materials/fuels   

Transmission network, electricity, high voltage/CH/I U 4.33E-13km  

Transmission network, long-distance/UCTE/I U 1.63E-14km  

Electricity/heat   

Electricity, hydropower, at power plant/SE; 
Electricity, nuclear, at power plant/UCTE U; 
Electricity, at wind power plant/RER U; 

5.13E-
05kWh 

 

Emissions to air   

Carbon dioxide 1.29E-08kg  

Methane, trichlorofluoro-, CFC-11 1.07E-15kg  

Benzene, 1,4-dichloro- 6.95E-14kg  

NMVOC, non-methane volatile organic compounds, 
unspecified origin 

7.81E-12kg  
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Table 23A1 Battery electric power train ran on coal produced electricity; Nordel electricity mix; Swedish home 

production + imported electricity mix; Swedish home production electricity mix; environmental model 

quantitative LCI 

Process name Djurgårdsfärjan BE hydropower operation 

Products Unit Category 

Djurgårdsfärjan BE hydropower operation 1personkm Transportation/water 

Resources   

Electricity/heat   

Electricity, hard coal, at power plant/NORDEL U;  
Electricity, high voltage, production NORDEL, at 
grid/NORDEL U; 
Electricity, high voltage, at grid/SE U; 
Electricity, high voltage, production SE, at grid/SE U; 

5.13E-
05kWh 

 

Emissions to air   

Carbon dioxide 1.29E-08kg  

Methane, trichlorofluoro-, CFC-11 1.07E-15kg  

Benzene, 1,4-dichloro- 6.95E-14kg  

NMVOC, non-methane volatile organic compounds, 
unspecified origin 

7.81E-12kg  

 
 

6. Charging station environmental model  

 

Description 
The charging station for the boat consists of a few main components: a building, the electrical components 
configuration.  The structure is modeled with its constituent materials and structural parts: the support tubular 
structure for the charging cable, the walls of the building.  
 

Raw materials acquisition and manufacturing 
Provided by the manufacturer the materials used in the structure are known to be steel plates and steel tubes. 
Using the Ecoinvent database a suitable unit processes were found to represent in environmental parameters 
all of those. The processes of manufacturing the pipes and the plates do not include the manufacturing of the 
steel used in them, so an additional unit process of manufacturing the steel as raw material had to be added in 
the LCI. The electrical components that serve the purposes of the charging station were modeled as a 
combination of two types of data. The first type concerns the electrical components inside the building which 
are available by manufacturer and model. Those specific components are accompanied with environmental 
information - PEPs , concerning all of their lifecycle stages as well as their constituent materials  content in 
percentages. Not all of the components are manufactured by Schneider Electric who provided the PEPs, but for 
the reasons that they are a  complicated piece of technology and the necessity to be included in the study, the 
ones with unavailable information were compared in terms of similar functionality to Schneider ones and 
suitable from the same manufacturer were acquired. The information available at Schneider was not fully 
suitable for the study but emission numbers concerning the main categories under interest are available: 
Climate change (kg CO2 eq), Ozone depletion (kg CFC-11 eq), Human toxicity (kg 1,4-DB eq), Photochemical 
oxidant formation (kg NMVOC). The data was converted via SimaPro and RCP impact method to fit the order 
and the type of impacts in RCP.  The second type of electrical parts modeled is a certain type of contactors used 
in the assembly and a transformer. For those parts the information available was derived by different sources. 
The transformer composition was described by receiver of the order Echandia Marine, and the contactors 
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needed parameters were derived from a technical specifications spreadsheet. Both were characterized by 
weight and materials composition. The transformer was modeled via a single unit process in SimaPro since a 
process of production of an average high voltage transformer was readily available in the database: 
Transformer, high voltage use, at plant/GLO U. included in that are the raw material acquisitions and the 
burdens from production. The contactor is modeled as a combination of copper wire and a ferrite core. 
Manufacturing of copper wire was modeled using the unit process Wire drawing, copper RER U and the ferrite 
core - Chromium steel product manufacturing, average metal working /RER U.  
 

Use phase 
The impact during use phase of the station is mainly represented by electrical losses during the operation of the 
electrical parts. In the PEPs there is available data concerning those. It was converted via SimaPro and ReCiPe to 
match the required characterization and normalization of the impact. Numbers for the impact from the 
transformers and contactors was unavailable hence it is not provided by the manufacturer. Information on 
maintenance procedures of the building and the charging cables was unavailable and it is not included in the 
study.  
 

End of life  
The materials composition in the PEP of the components was used to decide and model the EoL of the 
materials taking into account the avoided production. The calculations made for the end of life concern the 
number of units hence all the material's flow for an entire lifetime. The materials derived from the PEPs are 
grouped in 7 groups that suited specific end of life unit processes available in simapro:  Group 1 - metals (invar, 
bronze, brass, copper- silver alloy, stainless steel, silver, aluminium hydroxide, iron, nickel, tin) Group 2 - plastics 
(polyethylene, polypropylene , polystyrene, polybuthene) Group 3 plastics: (PET, PMMA, PC) Group 4 plastics 
(PVC), Group 5 (plastics from industrial electronics) , Group6 (glass), Group 7 (hazardous ). The quantities of 
those materials were low enough to presume that they can be incinerated with energy recovery - under 2kg of 
material for an entire life cycle. Other than those another few groups based on contain quantity was modeled 
to be recycled regarding the Schneider electric parts - aluminium, paper and cardboard, basic structural 
plastics(polycarbonate, polyamide), polyester.   In the PEPs there are also available emissions from the end of 
life treatment of those products but no scenario was specified, retrieval of materials or incineration, so the 
more secure option - incineration with energy recovery and recycling was used. The end of life of the iron 
elements from the building, the contactors, and transformer was modeled by advice found in the Ecoinvent 
database. By their specifications a unit process was created having as output recycled steel, as avoided 
production pig iron, at plant/ RER U and as inputs from the techno sphere Iron scrap, at plant/RER U . The 
recycling rate is 90% as suggested by the Ecoinvent recommendations. The end of life scenario for the copper 
wire found in the transformers and the contactors was chosen to be recycling including avoided production 
benefits. The process used is found in the EU & DK Input Output Database.  
 

Transportation  
All transportation involved in the manufacturing and raw materials acquisition is included in the unit processes 
of manufacturing the components that are modeled in SimaPro.  The distribution of the Schneider electric 
components is included in the PEPs hence it is included after conversion to comply with the RCP impact 
categories. It is not known where from and by what means the ready manufactured components will travel to 
the Stockholm municipality so it is assumed that the transportation distance is the average industrial distance 
traveled for Sweden and it is achieved by freight train. The freight train process was modeled to suit best 
Swedish conditions, where freight transport is primarily achieved by electrical vehicles.   
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Table 24A1 Environmental model of the EPCS 

Phase / Specific 

parameter 

Schneider electric 

parts 

Transformer Contactors Building 

Raw materials 
acquisition 

Given, converted to 
ReCiPe categories 
with SimaPro 

Transformer, high 
voltage use, at 
plant/GLO U(Ecoinv) 

Wire drawing, 
copper /RER U 
(Ecoinv) 
Chromium steel 
product 
manufacturing, 
average metal 
working /RER U 
(Ecoinv) 

Steel, low-
alloyed, at 
plant, /RER U 
(Ecoinv) 

Manufacturing Given, converted to 
ReCiPe categories 
with SimaPro 

Transformer, high 
voltage use, at 
plant/GLO U(Ecoinv) 

Wire drawing, 
copper /RER U 
(Ecoinv) 
Chromium steel 
product 
manufacturing, 
average metal 
working /RER U 
(Ecoinv) 

Drawing of 
pipes, steel 
/RER U 
(Ecoinv) 
Sheet rolling, 
steel RER U 
(Ecoinv) 

Use phase Given, converted to 
ReCiPe categories 
with SimaPro 

N/A N/A None 

End of life Waste incineration 
of glass/inert 
material, EU-27 S; 
Disposal, 
capacitors, 0% 
water, to hazardous 
waste 
incineration/CH U; 
Waste incineration 
of ferro metals, EU-
27;  Waste 
incineration of 
plastics (PET, 
PMMA, PC), EU-27 
S; Waste 
incineration of 
plastics (PE, PP, PS, 
PB), EU-27 S; Waste 
incineration of 
plastics 
(unspecified) 
fraction in 
municipal solid 
waste (MSW) EU-

Recycling of copper 
basic, DK(EU & DK 
Input Output 
Database) 
Recycled steel 
(Individual project) 

Recycling of 
copper basic, 
DK(EU & DK 
Input Output 
Database) 
Recycled steel 
(Individual 
project) 

Recycled 
steel 
(Individual 
project) 
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27 S; Recycling of 
waste paper, EU27; 
Recycling of 
plastics basic, 
EU27; Recycling of 
plastics basic, 
EU27;  

Electricity mix N/A Nordel Nordel Nordel 

Transportation Given, converted to 
ReCiPe categories 
with SimaPro 

Transport, freight, 
rail, electric, Nordel 
(302km) 

Transport, 
freight, rail, 
electric, Nordel 
(302km) 

Transport, 
freight, rail, 
electric, 
Nordel 
(302km) 

     

Geography N/A Sweden Sweden Sweden 

 
 

7. Diesel engine drive train environmental model 

 

Description 
The diesel drive train provides propulsion force to the ferry. It consists of the parts serving for a proper 
operation of the engine and the power train from the engine delivering torque to the propeller blades. The 
engines main components modeled are: cylinder block, camshafts, pistons and cylinder linings, connection 
rods, oil sump, flywheel, crankshaft and oil as lubricant. The main components of the power train modeled are 
the following: gearboxes for the front and back propeller and gearbox oil, propeller shafts front and aft, diesel 
tanks in the front and aft part of the boat, front and aft propeller, front and aft rudders and their respective 
stocks and steering machines, cooling system, electricity generator, and exhaust system.   
 

Raw materials acquisition and manufacturing 
The information regarding the diesel engine parts were not available in environmental parameters. 
Composition materials and their relative weight were acquired from specification sheets. Certain parts of the 
engine were modeled in CAD for better accuracy in weight measurement, based on specifications sheet 
parameters. As delivered by the company that owes the boat all the materials from which the power train is 
built are known. The processes used to model the manufacturing all of the parts do not include the process of 
acquiring and producing the metal as raw material. Therefore 3 different raw materials processes are used to 
model those: Cast iron, at plant EM SW /RER U; Aluminium, primary, at plant SW /RER U; Casting, bronze 

SW/CH U. Lubricating oil, at plant SW/RER U. In order to model the manufacturing of all the components 
comprising the engine and the power train the unit processes from SimaPro were used: Drawing of pipes, steel 

SW/RER U for the exhaust and cooling pipes; Milling, steel, large parts SW/RER U for the generator, the rudder 
stocks, the steering machines, both front and aft prop shafts; Milling, chromium steel, large parts SW/RER U for 
the connection rods, camshafts, crankshaft, gearbox; Milling, cast iron, large parts EM SW/RER U for the 
cylinder block, flywheel; Milling, aluminium, small parts SW /RER U - for the oil sump, pistons and cylinder 
linings; Milling, bronze, large parts  EM SW/RER U - for the propellers;  Hot rolling, steel SW /RER U - for the 
diesel fuel tanks and rudders. This process is chosen because of the planar character of the parts where it is 
most likely that hot rolled steel sheets were used to construct the units; welding, arc, steel SW /RER U - for the 
diesel fuel tanks. The stitch length welded was estimated and may not comply with absolute reality. In the 
specifications sheet of the engine some composition materials were defined as 2 or 3 component metal 
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alloys[Scania 2013], since no exact material unit processes are available the database an estimation and a 50/50 
percent mass combination between two materials was created to model those parts. Similarly the 
manufacturing unit processes were combined too, to match the case of machining an alloy consisting of two 
types of materials. The surface treatment and coating procedures and material, if any are applied to the 
assembly, are not known therefore not applied. All the manufacturing and raw materials processes are 
reworked in such a way that they best suite Scandinavian electricity mix conditions - instead of ENTSO - E, 
Nordel electricity mix is used in the latter.  
 
Use phase  
During the use phase of the drive train, except emissions to air, which are addressed in results analysis chapter, 
there are emissions to water originating from different leaks - oil, fuel, waste water. A detailed environmental 
model of the DE’s use phase is available in appendix [Environmental model: DE power train use phase].  
 

End of life  
The final stage of the functional life cycle of the diesel power train including the engine and the change of all 
the known consumables is modeled in a holistic way. The end of life scenario is chosen to be recycling where 
possible and incineration. The used unit processes are: Recycling of iron basic, EU27; Recycling of aluminium 

basic, EU27; Disposal, used mineral oil, 10% water, to hazardous waste incineration/CH U; Bronze, at plant/CH 

U. The latter is applied with a negative sign in order to balance the avoided production character of the system 
allocation chosen. The recycling scenarios are chosen to have an average of 80% recycling rate. The recycling 
unit processes were reworked so to match Scandinavian electricity supply conditions, by applying Nordel 
electricity mix, instead of another more general.  
 

Transportation  
All transportation involved in the manufacturing, raw materials acquisition and later recycling is included in the 
unit processes of manufacturing the components that are modeled in SimaPro. It is assumed that the 
transportation distance that all the components are transported to, is the average industrial distance traveled 
for Sweden and it is achieved by freight train. The freight transport process was modeled to suit best Swedish 
power supply conditions, where freight transport is primarily achieved by electrical vehicles. The unit process 
designed to simulate the freight rail transport uses the average Swedish electrical consumption per tonkm of 
load [Ecoinvent Transportation services 2007]. 
  
Table 25A1 Environmental model of the DE power train 

Phase / Specific 

parameter 

Diesel drive train assembly 

Raw materials 
acquisition 

Cast iron, at plant EM SW /RER U; Aluminium, primary, at plant SW /RER U; 

Casting, bronze SW/CH U; Lubricating oil, at plant SW/RER U; 

Manufacturing Drawing of pipes, steel SW/RER U; (Ecoinvent database, modified) 
Milling, steel, large parts SW/RER U; (Ecoinvent database, modified) 
 Milling, chromium steel, large parts SW/RER U;(Ecoinvent database, modified)  
Milling, cast iron, large parts EM SW/RER U; (Ecoinvent database, modified) 
Milling, aluminium, small parts SW /RER U; (Ecoinvent database, modified) 
Milling, bronze, large parts  EM SW/RER U;(Ecoinvent database, modified) 
Hot rolling, steel SW /RER U; (Ecoinvent database, modified) 
Welding, arc, steel SW /RER ; (Ecoinvent database, modified) 

Use phase Refer to appendix [Environmental model: DE power train use phase] 

End of life Recycling of iron basic, EU27;(Input Output\EU27 2003) 
 Recycling of aluminium basic, EU27; (Input Output\EU27 2003) 
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 Disposal, used mineral oil, 10% water, to hazardous waste incineration/CH U; 
(Ecoinvent database) 
Bronze, at plant/CH U. (Ecoinvent database, applied with - ) 

Electricity mix Nordel; 

Transportation Transport, freight, rail SW /FR U(Ecoinvent database, modified) 

Geography Sweden, 

 
 

8. Diesel engine power train use phase environmental model 

 
Description 

 
Since the DE power train serves as a propulsion source for the ferry only the emissions dissipated due t its 
operation will be accounted in the use phase of the ferry. Since the main topic of the research is a comparison 
between two power train technologies only the environmental aspects of the propulsion will be accounted for. 
The DE power train’s use phase consists of a number of different processes and activities. The harmful effect on 
the environment is described by both emissions released to the air and water environment as well as the 
generation of by-products that are to be treated as waste later. The airborne ones are exhaust emissions from 
fuel combustion and the waterborne are small oil leaks originating from the propeller shaft shafts. The other 
environmental burdens related to the operation of the DE ferry are the production of the fuel used to power 
the engine, treatment of the accumulated bilge water. The last part of the diesel drive train environmental 
model is burdens related to the production and disposal, respectively waste treatment of maintenance parts 
and fluids. Available information from own communication with Waxholmbolaget delivers that those are the 
oils: engine and hydraulic and oil filters.  
 
Emissions to air 
The diesel engine used to propel the DE ferry currently operating is compliant with the Stage 2 (Tier 2) 
environmental standard, in the class over 37kW, cylinder displacement in-between 1.2 and 2.5 dm3 and engine 
speed between 130 and 2000 rpm. The standard states that such engines must not produce more than the 
stated emissions [table 1]: 
 
 
Table 26A1 Emission regulations for Tier 2 diesel engines 

CO (g/kWh) NOx + THC (g/kWh) PM (g/kWh) 

5.0 7.2 0.2 

  
The CO2 produced by the operation by the engine is defined by the carbon content of the fuel. The same 
applies for the SO2: 

- CO2 content of MK1 diesel = 2.540 kg/liter at 15 deg Celsius [ref in folder] 

- Sulfur content in MK1 diesel = 10mg/kg fuel [2 sources in folder] 

 Provided by the owner of the project the fuel consumption of the DE powered ferry is provided in liters of fuel, 
as well as is the data available in the Ecoinvent 2.0 database, hence the emission factors must be recalculated in 
g (type of substance)/liter of fuel: 

- CO: 5g/kWh //*9.8kWh = 49g/liter MK1 diesel 

- NOx + THC: 7.2g/kWh //*9.8 = 70.56g/liter MK1 diesel 

- PM: 0.2g/kWh //*9.8 = 1.96g/liter MK1 diesel 
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- CO 2 : 2.54kg/liter MK1diesel 

- S: 0.01g/kg MK1; SO2 content = 0.02g/kg MK1 [http://www.webqc.org/mmcalc.php]; = 0.0166g/liter 

MK1 diesel 

Mechanical maintenance 
As mentioned, the mechanical maintenance of the diesel engine installed in Djurgårdsfärjan consists of oil 
changes and filter replacement. The unit process used to model the production of the oil chosen from 
Ecoinvent 2.0 is:  

-  Lubricating oil, at plant/ RER U (kg)  

A suitable material and environmental profile for the oil filter and air filter as well as the rest of the 
maintenance parts replaced during maintenance are not found in Ecoinvent 2.0, hence they will not be included 
in the study. 
The service fluid used for engine cooling is 1,2 – propanediol. This is an analogue for the more common 
throughout the world antifreeze liquid or 1,2 – ethanediol. The reason it is used is because of Swedish 
environmental regulations due to high toxicity in 1,2 – ethanediol. The process used to represent this substance 
in the study is: 

- Propylene glycol, liquid, at plant RER/U – (kg) 

 
Emissions to water 
The annual quantity of used propeller axel oil used by Waxholmbolaget’s fleet is 1 m3. That makes an average of 
40liters per boat since the fleet comprises of 25boats [ref the report of WHB 2012]. In this study a minimal of 
0.5% loss to the water environment is assumed, because leaks from propeller axel seals are a common problem 
for the shipping industry. The chosen substance chosen to model the pollutant is:  

- Oils, unspecified – (kg), category: waterborne emissions 

Bilge water accumulation 
The accumulated bilge water for the annum provided in the Waxholmbolaget’s report for 2012 is 24 m3. This 
dictates that the average accumulation of bilge water per vessel (25 in the fleet) is 0.96m3 per boat annually. 
The treatment of the collected bilge water will be addressed later in the EoL phase of this model.  
Fuel production 
Included in the study and respectively in the environmental burden from the DE ferry’s operation is the fuel 
production. It is delegated that the content of RME in MK1 diesel is 5% volumetric [ref: drivmedelsfakta 2012]. 
A production process is designed to model the diesel fuel used in Sweden by combining a low sulfur diesel fuel 
and biodiesel fuel in the appropriate ratio. The materials from Ecoinvent used are:  

- Rape methyl ester, at regional storage/CH U/modSwe (kg) 

- Diesel, low-sulfur, at regional storage/RER U/modSwe (kg) 

The “modSwe” stands for a specific modification done to fit the transport conditions in Sweden, specifically the 
use of MK1 in road transportation and the appropriate freight transportation.     
EoL phase 
The EoL phase engages with the waste treatment of substances that are disposed during the operation’s life of 
the DE ferry. Those are the waste treatment of depreciated engine and hydraulic oils, engine coolant liquid and 
the accumulated bilge water. The chosen suitable processes from Ecoinvent 2.0 to model the treatment of 
those substances are:  

- Disposal, used mineral oil, 10% water, to hazardous waste incineration/CH U/ (kg) 

- Disposal, bilge oil, 90% water, to hazardous waste incineration/CH U/ (kg) 

- Disposal, antifreezer liquid, 51.8% water, to hazardous waste incineration /CH U (kg) 
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Table 27A1 Unit processes used to model the DE power train use phase 

Phase / Specific 

parameter 

Diesel drive train use phase  

Raw materials 
acquisition 

 

Manufacturing Lubricating oil, at plant/ RER U (kg)(Ecoinvent 2.0 database);  
Rape methyl ester, at regional storage/CH U/modSwe (kg)( Ecoinvent 2.0 
database) ;  
Diesel, low-sulfur, at regional storage/RER U/modSwe (kg)( Ecoinvent 2.0 
database) 
Propylene glycol, liquid, at plant RER/U 

Use phase Calculated emissions from external sources 
Oils, unspecified (Ecoinvent 2.0 database) 

End of life Disposal, used mineral oil, 10% water, to hazardous waste incineration/CH U/( 
Ecoinvent 2.0 database); ,  
Bilge oil, 90% water, to hazardous waste incineration/CH U/( Ecoinvent 2.0 
database)  
Disposal, antifreezer liquid, 51.8% water, to hazardous waste incineration /CH 

U (Ecoinvent 2.0 database) 

 
 
The quantitative LCI built upon the aforementioned environmental model and calculations in SimaPro can be 
seen in table 28A1 
 
 
 Table 28A1 Diesel engine power train environmental model quantitative LCI 

Process name Djurgårdsfärjan DE power train operation 

Products Unit Category 

Djurgårdsfärjan DE power train operation 1personkm Transport\Water 

Resources   

Materials/fuels   

Lubricating oil, at plant/RER U 1.04E-08kg  

Rape methyl ester, production RER, at service 
station/CH U 

2.43E-07kg  

Diesel, low-sulfur, at regional storage/RER U 4.45E-06kg  

Propylene glycol, liquid, at plant/RER U 1.99E-08kg  

Emissions to air   

Carbon dioxide, fossil 1.35E-05kg  

Carbon monoxide 2.7E-07kg  

Sulfur oxides 9.16E-11kg  

Nitrogen oxides 4.17E-07kg  

Particulates, < 10 um 1.08E-08kg  

Emissions to water   

Oils, unspecified 8.58E-12kg  

Waste to treatment   

Disposal, bilge oil, 90% water, to hazardous waste 
incineration/CH U 

4.75E-08kg  



Master thesis  Comparative LCIA of two power train options for a passenger ferryboat 

106 
 

 

Disposal, used mineral oil, 10% water, to hazardous 
waste incineration/CH U 

1.04E-08kg  

Disposal, antifreezer liquid, 51.8% water, to hazardous 
waste incineration/CH U 

1.99E-08kg  
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Appendix 2 Sensitivity analysis equation systems solutions 
 
Equations system 1: sensitivity member additive is hydropower electricity mix. The equations in systems 1 to 6 
below represents the sensitivity case where the electricity mix provided for propulsion of the BE ferry consists 
of both Nordel electricity mix and hydropower electricity.  Figure 1A2 displays all the solutions plot for 
sensitivity case 1.  
 

�1� ��
���.
.�!�"
��# + 	 ��.
.���"��& < 	 ��.
.�()���.*.�!�"
��# +	 ��.*.���"��& < ��.*.�()�# + & � 1#, & ≥ 0  

 

(2)01.377094 − 08# + 1.145874 − 09& < 8.773634 − 092.342934 − 08# + 7.629584 − 10&	 < 	6.459854 − 9# + & � 1#, & ≥ 0  

 
 
Alternate forms 
 

�3� :#	 + 	0.0832095	&	 < 	0.637114#	 + 	0.0325643	&	 < 	0.275717#	 + 	&	 � 	1  

 

�4� :&	 < 	7.65674	 − 	12.0179	#&	 < 	8.46685	 − 	30.7085	#&	 � 	1	 − 	#  

 
Alternate forms assuming x and y are positive 
 

�5� :#	 + 	0.0832095	&	 < 	0.637114#	 + 	0.0325643	&	 < 	0.275717#	 + 	&	 � 	1  

 
Alternative form assuming x and y are real  
 

�6� :�0. +	0. �� 	 + 	1.377094 − 8	#	 + 	1.145864 − 9	&	 < 	8.773634 − 9�0. +	0. ;� 	 + 	2.34294 − 8	#	 + 	7.629584 − 10	&	 < 	6.459854 − 9#	 + 	&	 � 	1  

 
Solution 1 <#	 < 	0.251337&	 ≈ 	1 − 	#  

 
 
 >#	 + 	&	 � 	1?; >#, −0.55, 1.2?; >&, −7.1, 14? 
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Figure 1A2 Equation system 1 solutions plot  
 
 
 
Equations system 2: sensitivity member additive is wind power. The equations in systems 7 to 11 present the 
sensitivity case where the electricity mix provided for propulsion of the BE ferry consists of both Nordel 
electricity mix and wind power electricity. Figure 2A2 displays all the solutions plot for sensitivity case 2. 
 

�7� 01.377094 − 08# + 8.206614 − 09& < 8.773634 − 092.342934 − 08# + 5.163524 − 09& < 6.459854 − 09# + & � 1#, & ≥ 0  

 
Alternate forms 
 

�8� :#	 + 	0.595939	&	 < 	0.637114#	 + 	0.220387	&	 < 	0.275717#	 + 	&	 � 	1  

 

�9� :&	 < 	1.06909	 − 	1.67803	#&	 < 	1.25106	 − 	4.53747	#&	 � 	1	 − 	#  

 
Assuming that x and y are positive 
 

�10� :1. #	 + 	0.595939	&	 < 	0.6371141. #	 + 	0.220387	&	 < 	0.275717#	 + 	&	 � 	1  

 
Assuming x and y are real 
 

�11� : �0. +	0. �� 	 + 	1.377094 − 8	#	 + 	8.206614 − 9	&	 < 	8.77364 − 9�0. +	0. �� 	 + 	2.342934 − 8	#	 + 	5.163524 − 9	&	 < 	6.459854 − 9#	 + 	&	 � 	1  
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Solution 
 <#	 < 	0.0709704&	 ≈ 	1	 − 	#  

 
 >#	 + 	&	 � 	1?, >#, −0.37, 0.94?, >&, −0.85, 1.9? 
 

 
Figure 2A2 Equation system 2 solutions plot 
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