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Executive Summary
This report aims to perform a comparative life cycle analysis (LCA) of a conventional ferry and an electric
ferry. Currently, Ærø municipality makes use of a conventional diesel-driven ferry, and would therefore
like to know how well the E-Ferry will fare in comparison to a conventional diesel driven ferry, which has
same operational profiles. The study results will also be used to promote the idea of constructing and using
electric ferries. Initially, the report will be used internally by the stakeholders.
To perform this analysis, the report has been divided in five sections. The first section starts with a
description of the goal of the analysis, the reasons to carry out the study, the target audience and the
commissioners of the study. The second section includes a definition of the obligatory properties of a
general ferry and the properties that makes the ferry more appealing. These have been identified in order to
state the main functions of a ferry, taking into consideration the context of the study. The main function
includes transporting a number of cars and passengers from Søby to Fynshav during the average lifetime
of a ferry.
After defining the main functions of the ferry, the boundaries of the study were specified. The boundaries
of the study only include the propulsion system of each of the ferries, because this is the main difference
detected. The third section includes a detailed description of the data gathered to model the propulsion
systems. It is important to point out that various sources of information were used, the primary source was
the project coordinator of the project and the second source the Ecoinvent database. In the fourth section,
the results of the two systems are presented taking in terms of environmental impacts. The results showed
a significant difference between the two propulsion systems. Moreover, it was acknowledged that the main
environmental impacts, for both cases, appear in the use stage of the propulsion systems. The fifth section
includes the interpretation of the results obtained above in terms of consistency and sensitivity of the
analysis, to assure robustness of the outcomes obtained.
In the last section of the report, conclusions, limitations and recommendations are provided. It is important
to point out that the origin of electricity used to charge the battery has a significant impact on the
environmental performance of the propulsion system of the E-Ferry.
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Technical Summary
The following report was developed to document a comparative life cycle analysis performed for two
different ferries; an electric ferry and a conventional diesel ferry. To carry out the study the different phases
established in the ISO standards 14040 and 14044 have been followed. Complying with the structure
presented in the ISO standard 14044, the goal of the study has been defined as a comparative study which
target audience is the internal stakeholders of the E-Ferry project, whose results will be used to promote the
implementation of E-Ferries in other communities. Moreover, the functional unit of a ferry has been
defined, taking into consideration the context of the study, as:
“Transport 157,108cars and 869,1621 passengers a year from Søby to Fynshav for 30 years.”
The following Figure A presents the boundaries of the system that was studied. The boundaries of the
analysis are limited to the processes colored in dark blue, the processes colors in green represent the
crediting and the process colored in light blue are the ones that have not been considered.

Figure A: Flow diagram of the boundaries of the studied system.

As illustrated in Figure A, only the propulsion system of the ferry has been analyzed in this report, because
it has been assumed that the other components are similar in both ferries. After the system boundaries were
defined, a model was constructed using relevant sources of information, like LCI database processes or data
from literature specific to the actual processes, generic literature and judgement by experts. The following
Figure B presents the normalized impact indicators of four different scenarios.
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considering 362 days of operation (3 days out of service a year), 7 return trip a day, with a maximal capacity of 147 passengers
in winter and 196 passengers in summer and 31 cars.
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Figure B: Internal normalization impact indicator score for the four different scenarios, using maximum value as

reference system.

After performing the LCA analysis, it can be concluded that the propulsion system of the E-Ferry, using
either electricity from the danish electricity mix or wind energy, have a significant lower environmental
impact compared to the propulsion system of the conventional ferry.
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I. Description of the Life Cycle Assessment methodology
Life Cycle Assessment (LCA) is a tool used to evaluate the environmental impacts of products and services.
Due to the high increase in environmental awareness, LCA provides a method to identify opportunities to
improve the environmental performance of products or services in the different stages of the life cycle. This
is done by identifying key processes that have the major environmental impacts known as “hotspots”, which
can be recognized either at midpoint or endpoint impact categories. Midpoint impact categories includes
categories like climate change, land use and human toxicity, having a specific unit for each category e.g.
kg CO2 eq for climate change. Endpoint evaluates the importance of each midpoint that are modelled. The
analysis ends up with a score for three areas of protections; Human health, ecosystems and resources.
Human health concerns loss of life [DALY], Ecosystems concerns loss of species [PDF.m3.yr] or
[Species.yr] and resources concerns loss of future availability [USD]. LCA can additionally provide a basis
to inform decision-makers about the performances of their products or services in terms of their
environmental impacts. Furthermore, it assists organizations in marketing their products and implementing
ecolabelling schemes. A LCA study consists of four phases: the goal and scope, inventory analysis, impact
assessment and interpretation. A further explanation of the phases is provided below.
First phase - The goal and scope definition: The goal definition includes six components. The first
component is the recognition of the intended applications of the results, the second component is the
limitations that may emerge due to methodological choices. The third component is the decision context
and reasons to carry out the study recognition. According to Hauschild, Rosenbaum, & Olsen (2017) there
are two dimensions that need to be considered to classify the type of the decision-context of the situation.
The first dimension is whether the study will be used for decision support, the second dimension refers to
the kind of impact or changes the study will have in the processes that are not specific to the main function
of it. The following Table A summarizes the different decision contexts.
Table A: Different decision context in LCA studies.
Dimension 1:
Decision
support?

Yes

No

Dimension 2: Kind of process-changes in background system / other systems

None or small-scale

Large-scale

Situation A "Micro-level decision support"

Situation B "Meso /macro-level decision
support"

Situation C " Accounting"

The fourth component is the target audience of the study, the fifth is a statement about comparatives studies
to be disclosed to the public and lastly the identification of the commissioners of the study and other
influential actors.
On the other hand, the scope definition consists of nine different components. The first component is a
description of the deliverables that the study will contain. The second component is the statement of the
objective of the assessment, were the obligatory and positioning properties are described. An obligatory
property is a characteristic that a product must possess to be perceived as a product by any user, whereas a
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positioning property is an optional feature that a product process to make it look more attractive. After these
are established the functional unit (FU) of the product (or system) can be defined. The FU defines the
qualitative and quantitative aspects of the product answering questions like “what?”, “how much?”, “for
how long/how many times?”, “where” and “how well?”. With the FU comes the reference flow; describing
the amount of product that is needed to fulfil the functional unit, including in- and output flows for the
process. The third component is the Life Cycle Inventory (LCI). The LCI involves creating a list of the
activities that are going to be assessed and the different flows of this activities e.g. energy, releases to air,
land and water. The third component is the identification the LCI modelling framework and defining
multifunctional processes. The framework can be classified as two types; consequential or attributional. A
consequential model, describes the changes that may occur in the economy due to the introduction of the
product being studied. On the other hand, an attributional model represents a product system segregated
from the rest of the economy. Furthermore, a multifunctional process is a process that delivers more than
one product or provides more than one service. The fifth component is the preparation of the basis for the
impact assessment. The sixth component is the identification of the system boundaries and completeness
requirements. Here, it is important to distinguish between foreground and background processes. A
foreground process is a process specific to the system being studied whereas a background process is not.
The seventh component is the qualification of the representativeness of LCI data, where the data required
to carry out the study is evaluated in terms of how relevant it is in time, technology and geography. The last
three are the recognition of specific requirements for system comparison, the need of critical review and
the planning of reporting results.
Second phase - Inventory analysis: The life cycle inventory analysis is part of the LCA study, and involves
the collection of data related for the inputs and outputs within the product system. The data includes the
energy, raw material and other physical inputs, such as co-products and waste, emissions to the air,
discharges to the water and solids, and other environmental aspects. In this phase, multifunctional processes
are being handled according to the ISO hierarchy. The multifunctional processes can either be resolved
through subdivision, system expansion or allocation. Subdivision is done by breaking down the process
into minor units, increasing the details in the modelling. This solution is the most desirable of the three.
System expansion is done so that two comparative products or systems provide the same functions. Finally,
for allocation all relevant impacts are divided between the different functionalities, however this solution
is the least recommended.
Third phase - Impact assessment: The life cycle impact assessment (LCIA) evaluates the significance of
potential environmental impacts of the product using the data obtained in the LCI. It is important to point
out that this cannot predict effects, because the LCA is only measuring impacts. The LCIA includes four
phases; classification, characterization, normalization and validation, where normalization and weighting
are optional steps in the LCA. The classification step is done by the LCA software SimaPro (8.4.0.0, 2017).
For characterization modelling the focus is to quantify the contribution to the different impact categories.
The characterization step is also carried out in SimaPro. In this step, SimaPro calculates to which degree
the elementary flows in LCI contribute to each impact category, giving them only one unit. To see detailed
information about the formula used, see appendix A2 Calculations.
Normalization can be carried out as internal or external normalization. Normalization is done in order to
control consistency and reliability of the results and are also often a good tool to communicate the results.
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Internal normalization is carried out using either the maximum value or the comparative study as a
reference, using equation 2 (appendix A2 Calculations). External normalization is based on using a study
which have already been conducted.
Weighting is the final step in the impact assessment. With weighting, each impact category is assigned a
weight to reflect their importance. Weighting is done in order to support the interpretation of the impact
profile. When performing weighting the results can be interpreted from different cultural perspectives;
Individualist, Hierarchist or Egalitarian. The differences between these perspectives are related to: time
perspective, manageability and required level of evidence.
Finally, it is important to differentiate between the different methods to perform the impact assessment.
The ReCiPe method translates emissions and resource extractions into a limited number of environmental
impact scores. The ILCD 2011 Midpoint+ method uses standardized methods to perform calculations and
provides a framework to weight results.
Fourth phase - Interpretation: The interpretation of the results is a summary of all the findings from the
inventory analysis, where the interpretation of the results should be coherent with the goal and scope
definition. Furthermore, identification of significant issues in terms of methodological choices and
assumptions are listed. An evaluation made through sensitivity, robustness and consistency checks are also
stated in the interpretation, ending with conclusions. Additionally, recommendations to the decision-makers
can be included. For sensitivity analysis the objective is to quantify the effect of changes in single inputs
on the outputs, also defined as Quantified sensitivity analysis. Moreover, the sensitivity analysis is
performed to identify key parameters for the product system and to construct scenario analysis to evaluate
the robustness. On the other hand, a robustness check analyses what will happen to the results obtained in
case some of the assumptions are violated.

II. Background of the study
The E-Ferry project is an innovative project situated on the island Ærø, being supported by the European
initiative “Horizon 2020”. The E-Ferry is 100% electrically driven and will be tested in March 2018,
transporting passengers, cars, trucks and other cargo between Fynshavn and Søby. Currently, Ærø
municipality makes use of a conventional diesel driven ferry, and would therefore like to know how well
the E-Ferry will fare in comparison to a conventional diesel driven ferry, which have the same operational
profiles. Ærø municipality would like to investigate how well the E-Ferry fares when it comes to the
production, use and disposal processes compared with their conventional ferry (Heinemann and
Aifadopoulou, 2015; Heinemann, N.D).

III. Introduction to the study
Based on the background, the following report aims to perform a comparative LCA study of the two ferries.
For this study, it is assumed that the two ferries and the associated components are identical for the
exception of the propulsion systems; motors and batteries. Based on this, the LCA focuses only on the
propulsion system and the distance between Fynshavn and Søby. Therefore, the scope of the study includes
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only the modelling and analysis of these. Finally, the different stages required for a comparative LCA study
have been taking into consideration.

LCA study of the E-Ferry
1) Goal Definition
1.1 Intended applications of the results
This LCA is a comparative case study that aims to evaluate all environmental impacts of the propulsion
systems of the E-Ferry and the conventional ferry with similar operational profile used by Ærø
Municipality. Hence, the results of the LCA will be used as an evaluation of how the E-Ferry fares compared
to the conventional ferry to promote the idea of constructing electric ferries. Recommendations will be
considered in the promotion of the E-Ferry to suggest changes that can further improve the environmental
impact of future E-Ferries (Heineman 2017). For this, environmental hotspots will be identified for the
propulsion systems of the ferries.

1.2 Method Assumptions and Impact Limitations.
The E-Ferry is currently being prepared for test drives, and to make the study as reasonable as possible
regarding the time of production, the comparison is made with a conventional ferry (Fåborg III) delivered
in 2012 to Fåborg (Krause, B. N.D.). However, this ferry does not operate between Fynshavn and Søby,
but this is the best proxy for the ferry operating at this distance. As previously mentioned, only the
propulsion systems of the two ferries are compared. This means that the results cannot be used to assess the
entire environmental impact of the E-Ferry nor for other distances, since this is a specific case in Denmark.

1.3 Decision context and reasons for carrying out the study
The goal of the E-Ferry project is to design, build and demonstrate a fully electric powered ‘green’ ferry
(E-Ferry project, 2017) for which the current model, Ellen, is the proof-of-concept. This LCA will serve as
an evaluation of how the E-Ferry propulsion system fares in comparison to the conventional ferry’s
propulsion system for the route between Søby and Fynshav. Identification of the ‘hotspots’ could be used
to further reduce the impacts of future E-Ferries for Ærøfærgerne, which means this study could be used as
support for micro-level decision (Situation A). Infrastructural changes that would be required for a full shift
to electric ferries and ships are not assessed in this report, but would support meso/macro decisions
(Situation B).

1.4 Target audience
The results of the study are intended to be used internally for the main stakeholders involved in the
development of the E-Ferry project. The audience has experience in using LCA reports in the development
of the project, but limited knowledge in conducting an LCA which will require clear details and discussions
regarding the methodology. An explanation of the LCA is provided in the section Description of the LCA
methodology.
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1.5 Commissioner of the study and other influential actors
The E-Ferry project is a consortium with nine partners, who all have an influence on the project:

Figure 1: All involved partners in the E-Ferry project - http://e-ferryproject.eu/Partners1

The European Commission is the project commissioner as a part of the H2020 Program, while the
municipality of Ærø acts as coordinator. The Horizon 2020 is the main financial instrument for funding the
project, in cooperation with Ærø municipality and the state of Switzerland. The individual contribution is
carried out as presented in Table 1.
Table 1: Main stakeholders and budget for the E-Ferry project.

EU Horizon 2020

113 mio. kr.

Ærø Municipality

78 mio. kr.

State of Switzerland

6 mio. kr.

Total budget

197 mio. kr.

1.6 Comparative studies to be disclosed to the public
The LCA study is not intended to be disclosed to the public but only for internal use for the people working
on the E-Ferry project. Disclosure of results to the public could be considered.
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2) Scope Definition
2.1 Object of the assessment
In order to define the functional unit of the E-Ferry, obligatory and positioning properties have been
determined for ferries in general. Table 2 summarizes these properties.
Table 2: Obligatory and positioning properties for a general ferry

Obligatory properties

Positioning properties

Maritime transport of passengers and cars

Speed (knots)

Comply with maritime transport traffic and safety

Maintainability and maintenance costs
Comfort → e.g. air quality, noise, seats and
vibration criteria.
Design
Capacity

Taking into consideration the properties listed above, the functional unit for the E-Ferry is defined as:
“Transport 157,108 cars and 869,1622 passengers a year from Søby to Fynshav for 30 years.”
Since the study will focus only on the propulsion system of both ferries, the reference flow for the
conventional ferry will be two propulsion systems to correspond to three propulsion systems of the E-Ferry.
This is assuming that the two ferries have the same capacities and the same lifetime of the hull, but with a
lifetime of the propulsion systems of 15 years for the diesel motors and 10 years for the batteries (based on
assumptions discussed with the project coordinator).

2.2 LCI modelling framework and handling of multifunctional processes
Based on the decision context and the fact that this is a comparative study the framework that will be used
is attributional modelling. This means that the background system is modelled using average processes and
that multifunctional processes that occur during the life stages of the ferries are modelled using system
expansion due to the decision context, as recommended by ILCD. For this study, this is only relevant for
the background processes, since no multifunctional processes are taken into account in the foreground
processes (see Figure 2 and Figure 3). For the modelling in SimaPro, the Ecoinvent 3.3 (October 2016)
libraries has been used.

2

considering 362 days of operation (3 days out of service a year), 7 return trips a day, with a maximal capacity of 147 passengers
in winter and 196 passengers in summer and 31 cars.
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2.3 System boundaries and completeness requirements
The boundaries of the study will be from the material stage, production stage, use stage and to the disposal
stage of the propulsion system of the ferries, which is also referred to as cradle to grave. Figure 2 presents
the system boundaries for the conventional ferry and Figure 3 represents the system boundaries for the EFerry. Based on the flowchart (see appendix C2 Chart of component: conventional and E-Ferry) provided
by the project coordinator, this study only focusses on the parts that are different between the two propulsion
systems. Hence, the propeller and thruster motors are excluded from the model because they are the same
for both ferries (Turquoise processes in Figure 2 and 3).
Furthermore, piping, cabling, filters, pumps and the tank are excluded from the conventional ferry and the
power and type of motors are adjusted according to product specification sheet (Krause, B. N.D; Scania,
2017). The charger, shore connection panel and DC grid are moreover excluded from the E-Ferry modeling.
This exclusion can be relevant regarding the very small weight of these components in comparison to the
battery weight (17,282 tons). As for the completeness requirements, since hotspot analyses of the ferry
propulsion systems will be conducted, it would be good to include the components listed above. However,
these exclusions are made due to lack of data and assuming the impact of the excluded components has no
significant impact compared to the main parts of the propulsion system.

Figure 2: Conventional ferry system boundaries. The dark blue processes represent the propulsion system being
analyzed. The green boxes indicate crediting and the turquoise boxes are processes that are part of the system
boundaries but have not been modeled in this study, as they are assumed to be the same for both the conventional and
the E-Ferry. The foreground processes have been modeled specifically for the system and the background processes
are from the Ecoinvent database.
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Figure 3: E-Ferry system boundaries. The dark blue processes represent the propulsion system being analyzed. The
green boxes indicate crediting and the turquoise boxes are processes that are part of the system boundaries but have
not been modeled in this study, as they are assumed to be the same for both the conventional and the E-Ferry. The
foreground processes have been modeled specifically for the system and the background processes are from the
Ecoinvent database.

2.5 Representativeness of LCI data
The representativeness of the LCI data are been presented in Table 3, containing information used for the
propulsion systems in the four stages; material, production, use and disposal.
Table 3: Representativeness of the LCI data used for the propulsion system for the E-Ferry and conventional ferry.

E-Ferry

Stage

Geographical

Temporal/Technological

Material

China

Data extrapolated from year 2010
to 2016, the uncertainty has been
adjusted accordingly.

Production

China

2011 data extrapolated to 2016.
The technology includes the
production of a lithium ion single
cell.

Use

Denmark

Data from 2012 to 2016, the
uncertainty has been adjusted
accordingly.
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The technology used is high
voltage level above 24kV (large
scale industry).

Conventional
ferry

Disposal

Global average recycling
processes

Data extrapolated from year 2005
to 2016, the uncertainty has been
adjusted accordingly. The
technology represents two different
technologies involved in the
treatment of Li-On batteries.

Material

Global production of raw
material.

Technology extrapolated from year
2011 to 2016, the uncertainty has
been adjusted accordingly.
Technology of electric arc furnace
for melting.

Production

Produced in Germany,
assumed valid in Europe.

Technology from the end of 1980s.
Technology from a component
from a specific cogeneration unit
installed in Switzerland.

Use

Global combustion of diesel

Technology extrapolated from year
2014 to 2016, the uncertainty has
been adjusted accordingly.
Technology used based on the
diesel burned in diesel-electric
generating set.

Disposal

Global recycling

Technology from 2016. General
technology used in the treatment
and recycling of pig iron.

For all stages of the ferries, the technologies will likely change significantly within the next 30 years, that
this study assesses. This is especially true for the technological representativeness of the batteries, since
battery technology is rapidly evolving.
● Also, true for material extraction/procurement (maybe more can be recycled materials), production
facilities, electricity production and recycling processes.
● Geographical representativeness is acceptable for the use stage, but other stages are not very
representative. For example, Europe has high tech recycling facilities and production of
components of Leclanche batteries come mostly from Europe and Japan, hence production in China
probably uses less cutting-edge technology.
The batteries that are used in the E-Ferry are innovative, highly effective and its components are produced
in mainly European and Japanese facilities. This is similar to the data used for the modelling. Recycling
processes are not likely as representative considering Europe has well developed recycling processes.
However, the temporal representativeness is not as high, considering battery technology is fast evolving,
and significant changes could have happened from 2011 to 2016. Furthermore, since this study considers
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that the batteries modelled in SimaPro are used for 30 years, a lot of changes can occur in terms of raw
materials procurement, battery technology, electricity production, recycling processes.
For the whole study, the danish electricity mix to charge the battery during the lifetime of the E-Ferry has
been considered in order to give an overall impression for Denmark. In an in-depth analysis, wind energy
has been considered for the use stage, to be more specific to Ærø.
For the representativeness of data of the conventional ferry, it is important to point out that the technology
used in the production of motors and the mechanism than combust the fuel are probably going to be more
efficient and less polluting in a couple of years due to highly evolving technology. Additionally, the type
of fuel used in the combustion might become less pollutant. In terms of geography representativeness, it
can be concluded that this category clearly characterizes the data used in the propulsion system modelling.
Moreover, the time in which the data was acquired represents the last update of the database (2016).

2.6 Preparation of the basis for the impact assessment
The basis for the impact assessment would be to establish the potential environmental impacts of the EFerry during a lifetime from cradle-to-grave. The impact assessment will be performed for 17 different
impact categories, using the LCIA models; ReCiPe 2016 Midpoint (H) and ILCD 2011 Midpoint+ (which
have 11 impact categories). Both models are available in the SimaPro software.

2.7 Special requirements for system comparisons
The study compares the LCAs of a conventional ferry and an E-Ferry, the same functional unit and the
same methodology is used. Nevertheless, as it has been mentioned before, the study includes only the
comparison of the propulsion systems of both ferries, the other components have been omitted from this
analysis since they are considered similar.

2.8 Needs for critical review
Since the study is not intended for disclosure to the public there is no obligation for a critical review by a
third-party panel.

3) Life Cycle Inventory Analysis
3.1 Data Collection
3.1.1 Conventional Ferry
In order to model the life cycle of the conventional ferry’s propulsion system, the data required are; type of
fuel used, processes involved in the engine production and material used. Based on supplier’s description
and documentation, different sources were used to obtain this data. The summary of this is presented in
Table 4.
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Table 4: Sources and specificity of data required and obtained
Life
stage

Process of
single data
point

Specificity

Very
High

High

Medi
um

Low

Type/Unit

Source

Access

Observatio
ns

Propulsion

Scania (2017)

Online
database

Includes
outputrange,
displaceme
nt weight

LCA report
Aalborg
University
(Schmidt &
Watson, 2014)
/Ecoinvent

Online
report/Da
tabase

Includes
materials
used

Very
low

Material

Engine type

Productio
n

Diesel
Motor
Production

Use

Type of fuel
used

x

Diesel

Primary data
from project
coordinator

Database

Consumptio
n fuel

x

Liters per
hour

Primary data
from project
coordinator

Database

260
liters/hour

Percentage

American Iron
and Steel
institute

Online
report

100%

Disposal

Percentage
of waste
treated

x

x

x

It can be seen in Table 4, that three out of five sources of information are classified as medium specific,
coming from the LCI database, Ecoinvent processes or data from literature specific to the actual processes.
On the other hand, the other two sources come from generic literature (Low) and judgement by experts
(Very low). Higher specificity of data could be obtained by improving the sources of the data for these last
two.
3.1.2 E-Ferry
In order to model the life cycle of the E-Ferry propulsion system, the data required are: type of battery,
processes involved in the battery production, material used and electricity consumption. Based on supplier’s
description and documentation, different sources were used to obtain this data. Table 5 summarizes the
sources and specificity of the data required and obtained.
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Table 5: Sources and specificity of data required and obtained
Life stage

Process of
single data
point

Specificity

Very
High
Material

Battery
weight

High

Medi
um

Low

Type/Unit

Source

Access

Observations

Battery
component
s weight
(kg)

Primary data
from project
coordinator

Excel
sheet

Include
materials and
weight used
for all the
battery
components

Very
low

x

Battery
composition

x

Compositi
on and
material
(kg)

Ecoinvent
database

Database
search

Converter
composition

x

Compositi
on and
material
(kg)

Ecoinvent
database

Database
search

Ecoinvent
processes

Ecoinvent
database

Database

Energy
(Mwh)

Primary data
from project
coordinator

E-Ferry
confident
ial report
on power
requirem
ents

Distributio
n

Ecoinvent
database

Database

Productio
n

Propulsion
system
production

Use

Electricity
consumption
/Charge of
the ferry

Disposal

Percentage
of battery
recycling/wa
ste treatment

x

x

x

Flowchart
provided by
the project
coordinator
with two
converters

100%

Table 5 presented above, shows that two out of five sources of data, classified as medium specific, come
from the LCI database, Ecoinvent, and data from literature specific to the E-Ferry propulsion system.
Higher specificity for the battery and converter would be achieved if the materials and processes relevant
to the battery were more geographically and technologically representative.

3.2 System Modelling Per Life Cycle Stage
The following includes details of the system modelling for the conventional and E-Ferry. As the decision
context is situation A, use of average data is suggested. In SimaPro, the consequential library is used which
means marginal data is processed. The allocation library (which uses average data) has not been used for
the entire model to avoid system expansions in all processes. For the full list of assumptions, see appendix
A1 Assumptions.
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3.2.1 Conventional ferry
Raw materials
The raw materials that are extracted, produced and considered in the study are only those used for the
production of the conventional ferry propulsion system. For this process, the material inputs come directly
from predefined Ecoinvent processes. Moreover, the main raw materials are steel and iron and the total
amount of raw material used in the model can be seen in the appendix A2 Calculations.
Production
The modelling of the conventional diesel ferry propulsion system is based on the Fåborg III ferry (Krause,
B. N.D), which is powered by one reciprocating 748 kW diesel engine and two 850 kW assisting diesel
engines. The main and assisting engine were modelled taking as a basis the predefined process in the
Ecoinvent database “Conventional Diesel motor, 206kW {RER}| production | Conseq, U”. Since the
predefined process is for an engine with a power of 206kW the weight has been modified to the actual
weight of the specific engine given from the supplier, by increasing the reference weight with 16 percent.
The percentage difference has been used to scale all input categories for the production of the engine, which
includes inputs from technosphere and outputs to technosphere to emission. The detail description of the
model can be seen in appendix A5 Model inputs for conventional ferry. The assistant 850 kW diesel engines
have the same weight as the main engine, and therefore they have been modelled based on the same
assumptions. The calculations that have been conducted to scale the modelled engine can be referenced to
appendix A2 Calculations.
Usage
In the usage stage, the objective for the conventional ferry is to model the diesel consumption in
correspondence with the functional unit, in addition with the emissions from the production of engines. The
total amount of diesel used over the life cycle of the propulsion system is calculated based on the
assumption, that the ferry consumes 260 liter/hour and operates 76020 hours during the entire lifetime. The
amount of 260 liter/hour is provided by Ærø Municipality. The total amount is considered in kilograms and
converted by using the formula for average density of diesel to make it applicable in SimaPro (see appendix
A2 Calculations).
The lifetime of the ferry hull is 30 years and it is assumed that throughout these years, the propulsion system
will be replaced once, which means that the ferry uses two diesel engines and four assisting diesel engines
during its lifetime. The diesel combustion has been modelled based on the existing Ecoinvent process
“Diesel, burned in diesel-electric generating set, 18.5kW {GLO}| diesel, burned in diesel-electric
generating set, 18.5kW | Conseq, U”. To model only the combustion, the inputs (i.e. production of fuel) has
been removed, and only emissions were kept. The MJ of energy required have been calculated considering
that in the existing process 1 MJ of energy is produced by using 0.067 kg of Diesel. In this case, the total
value of MJ required is 2.51E+08 MJ.
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Disposal
The main materials used in the production of the engines are cast iron and steel, and as mentioned in the
assumptions (see appendix A1 Assumptions), it is assumed that these two materials are also disposed. The
total amount of material disposed equals to 19,920 kg that represent 100% of the amount of iron and steel
used. Furthermore, the existing process in the Ecoinvent database “Steel and iron (waste treatment) {GLO}|
recycling of steel and iron | Conseq, U” was used. It is important to point out that the output of the waste
treatment process is pig iron. Pig iron is an intermediate form of iron, that can be refined and converted to
steel, which means that the steel and iron disposed can be recycled.
3.2.2 E-Ferry
As the study only focus on the propulsion system of the E-Ferry, the model includes the batteries and their
disposal, the converter and the electricity needed during the use stage. The propeller and thruster motors
are not included in the modelling because they are similar in both conventional and electric ferries.
Raw material
The raw materials that are extracted, produced and considered in the study are only those used for the
production of the battery and converters. For these two components, the material inputs come directly from
predefined Ecoinvent processes (i.e. battery and converter production).
Production
The batteries and converters production are modelled with the Ecoinvent processes “Battery cell, Li-ion”
and “Converter, for electric passenger car” which are processes for electric cars. These processes are given
as a function of kg device.
Modelling the batteries was done using the battery composition given from the project coordinator, a total
weight of 17,28 tons have been calculated for one battery. There are two batteries in the E-Ferry, and to
fulfill the functional unit, three pairs of batteries are needed over 30 years due to their lifetime of 10 years
implying six batteries are needed during the entire lifetime of the ferry. Therefore, the overall simulated
weight for the modelling is 104 tons (6*17,282 tons). To model the converter, a specific Ecoinvent
converter was used for this dataset weighing 4.5 kg and which is suitable for a 100kW electric drivetrain.
There are four converters in the E-Ferry case and according to the flowchart in appendix C2 Chart of
components: Conventional and E-Ferry, they are suitable for a 1000kW (ten times more than the Ecoinvent
process) electric drivetrain (i.e. a 750 kW propeller motor and a 250 kW thruster motor). The assumption
made here is that the weight and power are proportional, thus the weight used for modelling the converters
is 180 kg (10*4,5 kg*4 converters).
Usage
The use stage for the propulsion system of the E-Ferry includes mainly the electricity consumption. To
model the electricity mix, the danish electricity mix (process in SimaPro) using average data has been
implemented into the electricity unit processes (see appendix A4 Model inputs for E-Ferry). The amount
of electricity which is modelled is the overall consumption of the batteries during the lifetime of the EFerry, i.e. 30 years. With the energy balance of the battery pack and the daily spread of power consumption
(see appendix C1 - E-Ferry power consumption) provided by the project coordinator, the daily energy
consumption can be calculated. In this case, seven return trips from Søby to Fynshav are considered, hence

19

six daily charges and one nightly charge. As the ferry is charged with a power of 4 MW in Søby at every
return trip for 20 minutes, the energy for each charge is 1,33 MWh (4MW*(20 min/60 min)) and it arrives
at the end of the day with 1,5 MWh left. At the end of the night, the batteries are fully charged. Thus, during
the night charge, the energy used is 2,8 MWh (4,3 MWh - 1,5 MWh). The total daily energy consumption
is equal to 10,8 MWh (6*1,33MWh + 2,8 MWh). The ferry works 362 days a year for 30 years, so the
overall electricity consumption of the E-Ferry propulsion system is 1,17E+05 MWh (10,8 MWh * 362 days
* 30 years).
Disposal
For this stage, it has been assumed that the disposal of the converters is insignificant regarding their weight
in comparison to the batteries (180 kg <<< 104 tons). Thereby, the only waste treatment in the modelling
is the one for batteries. For this, the existing process in Ecoinvent “Used Li-ion battery {GLO}| market for
| Conseq, U” has been used, assuming 100% of the batteries are recycled.

3.3 Calculated LCI Results
Each unit process has been scaled according to the functional unit and have been assembled in Appendix
A4 - Model inputs for E-Ferry and A5 - Model inputs for conventional ferry.

3.4 Basis for Sensitivity and Uncertainty Analysis
The sensitivity and uncertainty analyses for the ferries were conducted mainly based on the results found
in SimaPro (see appendix A6 - Impact Assessment from SimaPro). Equation 3 was used to quantify the
sensitivity of the impact score:

% 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 =

𝐼𝑆𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 −𝐼𝑆𝐵𝑎𝑠𝑒𝑐𝑎𝑠𝑒
𝐼𝑆𝐵𝑎𝑠𝑒𝑐𝑎𝑠𝑒

⋅ 100 %

(3)

Where % relative change representing sensitivity of impact score to the change in input (tested scenario),
ISScenario is the impact score for the chosen scenario and ISBasecase is the impact score for the baseline scenario
in the study.

4) Life Cycle Impact Assessment
4.1 Characterized results
4.1.1 Internal normalization
The life cycle impacts are listed in characterized form in Table 7. Four scenarios are represented: two for
the E-Ferry; in one case using electricity from the danish electricity mix and from 100% wind energy for
the second case and two for the conventional ferry; using in one case regular diesel and low sulfur diesel in
the other case.
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Table 7: Overview of the internal normalized impact categories for four different scenarios calculated using Recipe
2016 Midpoint (H). The red colors present the highest impacts (dark red = highest) and the green present the lowest
impact (light green = lowest) between the scenarios.

Impact category

Unit

E-Ferry
Conventional ferry
Electricity
Diesel with
Low sulfur diesel
country mix Wind energy combustion
with combustion

Global warming
Stratospheric ozone
depletion

kg CO2 eq

4,07E+07

3,04E+06

5,51E+08

5,52E+08

kg CFC11 eq

9,50E+01

1,42E+01

4,68E+02

4,67E+02

Ionizing radiation
Ozone formation, Human
health
Fine particulate matter
formation
Ozone formation, Terrestrial
ecosystems

kBq Co-60 eq

7,49E+06

-1,92E+04

-7,95E+04

-5,08E+04

kg NOx eq

5,10E+04

4,69E+03

1,01E+07

1,01E+07

kg PM2.5 eq

2,10E+04

6,76E+03

1,39E+06

1,39E+06

kg NOx eq

5,17E+04

5,00E+03

1,01E+07

1,01E+07

Terrestrial acidification

kg SO2 eq

9,21E+04

1,23E+04

4,11E+06

4,12E+06

Freshwater eutrophication

kg P eq

3,41E+04

6,23E+03

3,88E+03

4,32E+03

Terrestrial ecotoxicity

kg 1,4-DCB eq

2,65E+04

2,38E+04

1,27E+05

1,28E+05

Freshwater ecotoxicity

kg 1,4-DCB eq

3,45E+06

1,40E+06

-3,87E+05

-3,86E+05

Marine ecotoxicity

kg 1,4-DBC eq

4,60E+06

1,87E+06

-2,20E+05

-2,17E+05

Human carcinogenic toxicity kg 1,4-DBC eq
Human non-carcinogenic
toxicity
kg 1,4-DBC eq

2,24E+06

7,28E+05

1,63E+05

1,95E+05

2,62E+09

1,04E+09

-7,54E+07

-6,64E+07

Land use

m2a crop eq

1,62E+06

3,23E+03

3,71E+06

3,92E+06

Mineral resource scarcity

kg Cu eq

-1,66E+05

-1,50E+05

2,15E+04

2,57E+04

Fossil resource scarcity

kg oil eq

8,98E+06

5,97E+05

2,27E+07

2,30E+07

Water consumption

m3

5,02E+05

1,76E+04

4,39E+05

4,57E+05

Figure 5 depicts the normalized impact indicator in percentages for the four scenarios that are depicted in
Table 7. This internal normalization uses the maximum value as reference, hence for each impact category,
the different scenarios are compared to the scenarios with the greatest impact.
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Figure 5: Internal normalization impact indicator score for the four different scenarios, using maximum value as
reference system from calculations with Recipe 2016 Midpoint (H).

As seen, there are some significant differences observed between the different scenarios. For nine of the
impact categories, the conventional ferry scenarios perform significantly worse than the E-Ferry scenarios.
However, for four of the toxicity categories (except for terrestrial ecotoxicity), as well as ionizing radiation
and freshwater eutrophication, they appear to have lower impacts than the E-Ferry using danish electricity
mix. When comparing the two E-Ferry scenarios, Table 7 illustrates that the E-Ferry using wind energy
performs better than the E-Ferry using danish electricity mix, for every impact category with the exception
of mineral resource scarcity.
4.1.2 External normalization
The external normalization was carried out using the LCIA method ILCD 2011 Midpoint+ in SimaPro. The
impacts are calculated in person equivalent, in this case they have been calculated for one person in one
single trip. The result is presented in Table 8, illustrating which scenario has the highest and lowest impact
on the representative impact category. Table A9 in appendix A9 presents the values corresponding to the
functional unit (i.e. person equivalent per 30 years).
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Table 8: Overview of the external normalized impact categories for four different scenarios calculated with ILCD
2011 Midpoint+. The unit for all the impact categories are in person equivalent (PE). The results have been divided
by 30 years * 869,162 passengers to bring it to one person. The red colors present the highest impacts (dark red
=highest) and the green present the lowest impact (dark green = lowest) between the scenarios.
E-Ferry
Impact category

Unit

Electricity
country mix

Conventional ferry

Wind energy

Diesel with
combustion

Low sulfur diesel
with combustion

Climate change

PE

3,16E-04

2,60E-05

2,95E-03

2,95E-03

Ozone depletion

PE

7,79E-06

5,65E-07

3,77E-05

3,79E-05

Human toxicity, noncancer effects

PE

4,78E-03

2,08E-03

1,82E-03

1,88E-03

Human toxicity, cancer
effects

PE

1,01E-02

3,34E-03

9,29E-04

1,08E-03

Particulate matter

PE

5,75E-05

2,24E-05

4,08E-03

4,09E-03

Ionizing radiation HH

PE

1,66E-03

2,56E-07

5,25E-04

5,32E-04

Photochemical ozone
formation

PE

5,36E-05

6,76E-06

9,04E-03

9,04E-03

Acidification

PE

9,25E-05

1,19E-05

5,51E-03

5,51E-03

Terrestrial eutrophication

PE

5,94E-05

4,86E-06

9,91E-03

9,91E-03

Freshwater eutrophication

PE

2,00E-04

3,65E-05

2,38E-05

2,64E-05

Marine eutrophication

PE

3,32E-05

3,39E-06

4,88E-03

4,88E-03

Freshwater ecotoxicity

PE

9,52E-03

3,96E-03

-9,35E-04

-9,28E-04

Land use

PE

2,59E-07

1,15E-07

1,39E-06

1,42E-06

Water resource depletion

PE

-1,15E-04

-1,75E-05

1,94E-04

2,03E-04

Mineral, fossil & resource PE
depletion

-4,47E-04

-1,23E-04

1,07E-04

1,31E-04

Figure 6 depicts the impact in person equivalent for the four, before mentioned, scenarios. Supported by
the information in Table 8, it can be seen that the E-Ferry is worse than the conventional ferry in five out
of 15 impact categories, again, in the toxicity categories, freshwater eutrophication and ionization radiation.
Focusing on the E-Ferry using wind energy, it performs better that the E-Ferry using danish electricity mix
except for one; Mineral, fossil & resource depletion.
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Figure 6: External normalization in person equivalent [PE] per person per single trip for the four different scenarios,
using the LCIA method ILCD 2011 Midpoint+.

To estimate the impact of one person in one year, it is assumed that an average person working on the
mainland, travels 5 return trips a week during the whole year to and from Ærø, resulting in 520 single trips
in a year. Multiplying the results provided in Table 8, by 520 gives an estimation of how much the ferry
contributes to the environmental impact of one person for one year. For example, the climate change impact
of an average commuter going from Søby to Fynshavn would be 1,88E-05 % of his average budget for
climate change for one year, if the E-Ferry is charged by wind, which seems quite reasonable.

24

4.2 Contribution Analysis
The following analyses focus on the E-Ferry scenarios to depict what is contributing to the high impact
scores and at what stage these impacts are generated. The process contribution is initially analyzed for the
E-Ferry using danish electricity mix to represent the contributions if the E-Ferry was used anywhere in
Denmark. Secondly, the same is analyzed for the E-Ferry using only wind energy, which is especially
relevant for Ærøfærgerne.
4.2.1 Process contribution
To identify in which stage the contributions are coming from, the process contribution for the E-Ferry is
analyzed. Figure 7 depicts the contribution distribution for the E-Ferry using danish electricity mix, between
the material and production stage (Propulsion system), the use stage (Electricity medium voltage {DK}) and
the disposal stage (Used Li-ion battery {GLO}). As illustrated it is the use stage which contribute the most
to the impacts found in the characterized results.

Figure 7: Process contribution for the E-Ferry using danish electricity mix using ReCiPe 2016 (H).

Figure 8 depicts the contribution distribution between the material and production stage (Propulsion
system), the use stage (Wind energy {DK}) and the disposal stage (Used Li-ion battery {GLO}), for the EFerry using wind energy. Here the distribution is not as distinct as for the E-Ferry using danish electricity
mix. The contribution is mainly from both the use stage, and material and production stage. It should be
noted that crediting accounts for a larger proportion of the contributions for the E-Ferry using wind energy.
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Figure 8: Process contribution for the E-Ferry using wind energy using ReCiPe 2016 (H).

When looking at the process contribution with the danish electricity mix scenario, the use stage is clearly
the environmental hotspot. The result is not as evident for the wind energy scenario, as the process
contributions are shared rather equally between the production and manufacturing stage and the use stage.
Since the objective of the E-Ferry project is to use only green certified energy (MedVind Erhverv - provided
by Syd Energy), the last scenario is the best representation of the situation on Ærø. The next analysis will
then focus on the E-Ferry using wind energy. Finally, a process contribution of the conventional ferry was
also conducted and concludes that the manufacturing and production stage (Diesel) and the use stage (Diesel
combustion) are the hotspots of the scenario (see Appendix A7).
4.2.2 Substance contribution
As described in the characterized results, the impact categories were the two E-Ferry scenarios perform
worse than the conventional ferry are mainly the toxic impact categories. The substance contribution
analysis of the E-Ferry using wind energy is therefore performed only for these toxic impact categories in
order to highlight where the more important impacts come from. Moreover, only the top contributors to the
selected impact categories are identified.
Figure 9 depicts the substance contribution for the E-Ferry using wind energy produced in Denmark,
analyzing the toxicity impact categories. The results show that copper and zinc each are top contributors
for two impact categories, as well as chromium VI for one category. The main contribution comes from the
propulsion system of the ferry and secondly from the electricity used. The used Li-Ion battery are recycled
implying the contributions are purely crediting.
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Figure 9: Substance contribution for the toxicity impact categories, relative to the total contribution in percentage for
the E-Ferry using wind energy produced in Denmark.

The results of the contribution analysis show that energy is the main contributor for the E-Ferry using danish
electricity mix, but that the propulsion system (mainly the battery cells) contribution becomes more
significant in the E-Ferry using wind energy scenario.
The next step is to investigate where the substances come from. For the terrestrial ecotoxicity and freshwater
ecotoxicity impact categories, the copper is contributing the most and its origin is mainly the anode, i.e. the
negative electrode of the battery cells. For the marine ecotoxicity and human non-carcinogenic toxicity, the
zinc is contributing the most and it also comes from the battery cells. The human carcinogenic toxicity is
the only toxic impact category where the electricity in the use stage of the lifecycle of the ferry is
contributing the most with the Chromium VI.

4.3 Characterized results at endpoint level
Using ReCiPe2016, a mid- to endpoint analysis was carried out for the E-Ferry using wind electricity.
Figure 10 depicts the contribution to endpoint scores for the three main processes included in the system,
which are representing the material and production stage for the “Propulsion system” process, the use stage
for the “electricity wind medium voltage {DK}” process and the disposal stage for the “Disposed Li-on
battery {GLO}” process. The largest impacts are from the process: Electricity wind medium voltage {DK}
for all three endpoints. The negative scores for disposed Li-on batteries are due to the assumption that 100%
of the batteries are being recycled. The main midpoint impact category contributing to Human health are
human non-carcinogenic toxicity contributing 42%, fine particulate matter formation and global warming
contributing 25.8% and 17%, respectively. For the Ecosystems the impact category global warming,
terrestrial ecosystems contributing 46.6% followed by freshwater eutrophication and terrestrial
acidification contributing 14,3% and 20.8% respectively. Only two categories are contributing to Resources
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being mineral resource scarcity and fossil resource scarcity, which are the top three contributors to each
end-point impact level.

Figure 10: Endpoint analysis for the E-Ferry using wind energy, done with Recipe 2016 Endpoint (H).

5) Interpretation
5.1 Completeness and Consistency Checks
In order to check the consistency of the results obtained for the comparison between the ferries, the
characterized global warming results for both ferries were compared to the existing process in Ecoinvent;
Transport, freight, sea, transoceanic ship {GLO}| processing | Conseq, U. In order to proceed with this
comparison, the global warming characterized results were calculated in kg CO2-eq/km (see Appendix A2
Calculations). The results show that the conventional ferry has a climate change impact of 1.78E+02 kg
CO2 eq/km compared to 1.32E+02 kg CO2 eq/km for the Ecoinvent transport, freight process. These two
figures have the same order of magnitude, which is positive for the consistency of the calculation and
modelling. Moreover, the impact score for climate change of the E-Ferry using wind energy is 9.83E-01 kg
CO2 eq/km, comparing this value with the one presented above for the conventional ferry, it can be seen
that this is significantly lower.

5.2 Comparison between E-Ferry and conventional ferry
Based on the results found in section 4, using internal normalization, it is evident that the conventional ferry
performs worse than the E-Ferry in 9 out of 17 impact categories. However, it should be pointed out that
the E-Ferry using wind energy performs worse in the toxicity impact categories except for terrestrial
toxicity. Though, the E-Ferry using wind energy performs better for the E-Ferry using danish country mix
electricity, which have higher impacts for ionizing radiation and freshwater eutrophication. For the process
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contribution, the use stage is one hotspot for both conventional and electric ferries, though the E-Ferry using
wind energy also has its material and production stages as main contributors.

5.3 Main drivers of impacts
5.3.1 Main drivers
Once it has been assessed that the E-Ferry performs better than the conventional ferry on a general point, it
is interesting to point that performing better does not mean performing well. Regarding this, the objective
is to evaluate and quantify the environmental impacts of the E-Ferry and then to identify where they come
from and why. To answer these questions, contribution analyses have been carried out. The first one was a
process contribution to highlight the hotspot in the life cycle of the ferry. In a general case, when the
electricity used to charge the ferry during its life comes from the danish electricity mix, it has been showed
that the use stage is clearly the hotspot in the life cycle of the ferry. Indeed, for 14 of 17 impact categories,
the use stage, i.e. the electricity used to charge the ferry, is contributing to more than 80% of the impact
score. The only category where the battery production and material have a significant impact (more than
30%) is the terrestrial ecotoxicity. In the case of the study, the electricity used to charge the batteries is not
the danish electricity mix but electricity coming from wind energy, as the batteries are charged on the island
Ærø. Thus, another process contribution analysis has been performing with the wind scenario in order to
carry out an in-depth analysis. When 100% of the electricity used to charge the ferry comes from the wind,
as the electricity has a smaller impact, the process contribution is different. For 15 of 17 impact categories,
the contribution of the material and production stage of the propulsion system is more than 30% of the total
impact score and thus both production and use stages have significant impacts. Considering this, the
analysis has been extended to a substance contribution analysis on the E-Ferry charged with wind energy
to raise the main substance and see how they contribute. Only the toxic impact categories have been
analyzed, as the E-Ferry performs worse than the conventional ferry especially in these impact categories.
The analysis points out that metals are contributing the most to toxic impact categories, especially those in
the battery cells composition. For example, copper from the anode is contributing to more than 70% on the
terrestrial ecotoxicity category.
These multiple analyses have been performed in order to go from an overall view with the comparison of
all the scenarios for both ferries to a deeper view with a substance contribution analysis for the scenario
that the study focus on. These results must be checked and one of the possibility to do this is to perform
some sensitivity analyses.
5.3.2 Key parameters for sensitivity analysis
The key parameters being studied are; electricity, type of diesel and model of battery used in the E-Ferry
model. Table 8 provides an overview of the key parameters being analyzed through a sensitivity analysis.
Sensitivity analyses were carried out, comparing different parameters. For the E-Ferry, the first chosen
sensitivity parameter was the electricity used for charging the ferry, using danish electricity mix as reference
scenario (being an average scenario) and comparing it with wind energy scenario (analysis 1). The second
analysis is comparing the E-Ferry using danish electricity mix and electricity coming from hard coal
scenario (Electricity, high voltage {DK}| electricity production, hard coal | Conseq, U) (analysis 2). The
reason for carrying out this analysis, is to evaluate whether a change in electricity supply (e.g. if the E-Ferry

29

was used in a different country) will have an impact on the impact result. However, it is important to notice
that sensitivity analyses cannot give detailed results and are carried out in order to determine if a parameter
is sensitive or not. The last parameter which is analyzed for the E-Ferry modelling is the battery composition
and its modelling in SimaPro. For the conventional ferry modelling, a sensitivity analysis has been
performed with fuel type as a parameter.
Table 8: Sensitivity parameters tested and chosen scenarios for the E-Ferry and conventional ferry.
Sensitivity parameters

Reference scenario

Sensitivity scenario

E-Ferry
Electricity

Battery

Country mix, DK

Wind electricity scenario

Country mix, DK

Hard coal, high voltage

Original model for the battery

Batteries 2020 LCA process

Diesel

Low-sulfur diesel

Conventional Ferry
Fuel type

5.4 Influence of electricity grid mixes
For the comparison between the wind energy and the danish electricity mix, the result showed that 15 out
of 17 impact categories were sensitive towards a change in electricity, with more than 30% (average
sensitivity score is -73%). The impact categories which did not have a relative change over 30% were
terrestrial ecotoxicity and mineral resource scarcity. The same order of magnitude was shown for the
analysis comparing the danish electricity mix (medium voltage) and the hard coal electricity, with an
average sensitivity score of 82%. Table A3 in appendix A3 provides the result in a more detailed form.
These results show that the origin of electricity used to charge the batteries is a very sensitive parameter.
As shown in Figure 9, the relative change utilizing wind energy rather than country mix has an overall
positive change in the impact assessment. The impact categories that contribute the most to this positive
change is the ionization radiation and land use. This sensitivity parameter has a great influence on the
impact category ionization radiation, due to crediting in wind energy, which is not the case for country mix
electricity. More generally, as expected, this is an important sensitivity parameter, as almost all this impact
all the categories (except terrestrial ecotoxicity and mineral resource scarcity) by more than 60%.
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Figure 9: Sensitivity analysis for the E-Ferry, using danish electricity mix as reference scenario and wind energy
produced in Denmark as case scenario.

5.5 Influence of type of battery used
The second key parameter that is being analyzed through sensitivity analysis it the type of battery used,
Table A4 in Appendix A3 present the sensitivity scores. The reference scenario is the model of the battery
adapted from an existing Ecoinvent process and used for this study, which is depicted in section 3.2.1. The
comparative battery is a prototype of the Nickel Manganese Cobalt (NMC) cells that resemble the types of
batteries that will be used in the E-Ferry (Olivera et al., 2016). The model was run with the battery from
Battery 2020 (see table C1 in Appendix C3 and Appendix A6 for details model) and compared with the
study-battery. The results show that for 12 of the 17 impact categories, the sensitivity score is inferior to
30%. For freshwater eutrophication, human non-carcinogenic toxicity and terrestrial ecotoxicity, the
sensitivity score is between 30% and 45%. For ionizing radiation and land use, the sensitivity score is
respectively -151% and 831%. Hence, the model of battery parameter is not a sensitive parameter in this
study, except for these two categories.

5.6 Influence of diesel type
In addition, the sensitivity analysis carried out for the E-Ferry, a sensitivity analysis for the conventional
ferry was done to evaluate if there is a significant difference between using diesel and low-sulfur diesel.
However, the combustion has not been modified according to the type of diesel, only the impact of the
material and production stages has been accounted. The sensitivity analysis for the conventional ferry is
depicted in Figure 10. The result showed that by changing from diesel to low-sulfur diesel, there were no
significant change in the impacts, implying that the parameter is not sensitive. The only positive change
found were towards ionizing radiation (36%), marine ecotoxicity (1.7%) and human non-carcinogenic
toxicity (12%).
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Figure 10: Sensitivity analysis for the conventional ferry using low-sulfur as baseline scenario and “regular” diesel
as case scenario.

5.7 Uncertainty analysis
Since the batteries used in the E-Ferry is a new technology, their exact composition is not modelled in the
databases. Adding data from the battery manufacturer to the model will increase the data specificity and
improve the precision of the impact assessment.
The fuel, amount of fuel and number of hours in operation for the E-Ferry could be studied and further. The
modelled values for the conventional ferry only addressed the fuel required for the specified distance
travelled, but do not consider fuel required for the heating system. Such calculations should be included in
further studies.
Lastly, the performance of the ferries in varying weather conditions, water height, and the impact that the
weight of the ferries can have is not considered but would be interesting to address.
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5.8 Robustness check
When comparing two methodologies for LCIA, Recipe 2016, Midpoint (H) and ILCD 2011 Midpoint+
V1.10/EC-JRC Global, equal weighting, the E-Ferry still performs better with the exception of Freshwater
eutrophication, Ionizing radiation and all toxicity categories (except terrestrial ecotoxicity for Recipe and
human toxicity, cancer effect for ILCD). For both methodologies, the difference factors when comparing
the E-Ferry with the conventional ferry are important enough (i.e. superior to two) to make a significant
difference between these alternatives. Table A10.1 and A10.2 in appendix A10 provides the characterized
results for both ferries, including the factor that they have in difference. For both methodologies, the only
category where the difference factor between the two ferries is inferior to two is water consumption (which
is called water resource depletion in ILCD). For midpoint characterization, both LCIA methods provide
similar results, making the interpretation relatively robust against the choice of LCIA method, since the
conclusion would be the same.

6) Conclusions
This study has shown some relevant results, being:
I.

It was highlighted that in many categories, basically non-toxicity impact categories, the E-Ferry
perform better than the conventional ferry. Furthermore, in most of the categories, the E-Ferry with
electricity coming from wind energy, seems to perform better compared to its alternatives, thus, as
it was expected, this seems to be the preferable option from an environmental perspective. This
conclusion, however, might change if toxicity impact categories or ionizing radiation (where the
E-Ferry performs worse) are given a higher weighing than the rest of the impact categories.

II.

The global warming characterized results have been compared, using a freight in Ecoinvent and
the conventional ferry model. The results have the same order of magnitude, which add consistency
to the model developed in this study.

III.

One major result obtained for both systems is that in the use stage, basically the electricity
consumption for the E-Ferry and the combustion of diesel for the conventional ferry, is an
environmental hotspot. However, in the case of the E-Ferry with electricity coming from wind
energy, the impact from the material and production stage is still significant.
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7) Limitations
The major limitations of this LCA study are:
I.

One major limitation for both ferries is the detail of the modelling, this can be more exhaustive,
especially for the use stage where the main environmental hotspot was found, and the modelling of
the propulsion system with correct sourcing of materials, production, assembly and disposal
processes.

II.

Since electricity from the use stage has the largest impact on the results for the E-Ferry, its total
environmental performance will be significantly affected by a change in the electricity grid mix.
Hence the results of this study apply uniquely to Danish scenarios and especially to Ærø, due to the
functional unit being the core of this study.

III.

Only two iterations of the analysis have been performed due to the available time, more iterations
would have improved the accuracy of the models constructed and data collected.

8) Recommendations
Recommendations for further analysis and improvement in the accuracy of the models will be drawn in this
section. In terms of the model built for the conventional ferry, new data collection can be processed with
the project coordinator to have more information about its components and its diesel combustion. A new
model for the conventional ferry may include the amount of diesel required reflecting the route profile
(water depth, real operation time and sailing speed). Moreover, the use of low sulfur diesel can be included
as a base line of the analysis.
On the other hand, for the E-ferry, further research and a more precise modelling should be done, especially
for the electricity used and its production in Ærø. Since, the E-Ferry project aims to buy 100% green
certified energy coming from windmills: another challenge for the future can be the electricity modelling
in case of a shortage in wind energy. Additionally, a hard coal scenario was used solely for the sensitivity
analysis. An analysis of the characterized results compared to the conventional ferry using diesel would be
able to suggest whether using E-Ferries in any part of the world would still be a better alternative to using
diesel.
As this study highlighted that the E-Ferry seems to perform better than the conventional ferry in general, a
future study can focus on how to improve the E-Ferry propulsion system, especially for the impact
categories where the E-Ferry impact scores are worse. To be able to evaluate the environmental impact of
the entire E-Ferry, a LCA which focuses uniquely on the E-Ferry using wind energy would allow to identify
the true hotspots of the E-Ferry and could be used to address whether the propulsion system really does
have the largest impact, or if another component or process could be improved on. Furthermore, it could be
interesting to evaluate how many E-Ferries Ærø can implement before they would no longer be able to be
self-sufficient in 100% green energy.
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7. Annex (Public)
A1 Assumptions
Modelling assumptions for the conventional ferry
●
●
●
●
●
●
●
●
●
●
●

Steel is the main material used in the production of the engine.
The specification amount of steel used is proportional to the weight of the engine.
The brochure for engine 736 kW and 846 kW, have been used since the specification for 748 kW
and 860 kW were not found.
There is no difference in the weight of the 850 KW engine and the 748 KW engine. Based on the
engine specifications given by the supplier.
The Gas motor, 206kW (RER) production, consequential ,u as a reference and modify the
categories base in the percentage of weight increase (16%).
Since there is not a weight increase between the two type of engines the same percentage 16% was
used for the 748 kW and 860 kW engines.
The conventional ferry consumes 260 liters of maritime diesel per hour.
The ferry operates 7 hours per day, 362 days a year.
Marine diesel oil density (15'c) g/cm3 - 0.85
The main material going to waste treatment is steel. The total value 100% of steel used in
production is going to waste.
To fulfilled the life time 2- 748 kW engines are needed and 4- 860 kW engines are required.

Modelling assumptions for the E-Ferry
●
●
●
●

●
●

●

●

The propeller and thruster motors are not included in the modelling, since it is the same for e-ferry
and conventional ferry.
For the batteries, the data used comes from ecoinvent “Battery cell, Li-ion {GLO}| market for |
Conseq, U” which has been scaled so it has the same weight and capacity as the e-ferry batteries.
Since the motors need 2000 kW, it has been assumed that 4 converters of 1 MW each are needed
(2 before battery, 2 after).
It is assumed that every day, the e-ferry is charged at a high power of 4 MW during 20 minutes
(energy = 1.33 MWh) and this six times a day. During the night, the batteries are fully charged,
thus energy needed for one day: 6*(20 min/60 min)*4+2,8 MWh = 10.8 MWh a day
For the baseline of this case, it has been assumed that regular electricity is used (not specifically
green).
The energy mix that has been used for the modelling is the average energy used in DK. This has
been done by taking the processes in the ecoinvent allocation library and copying these processes
in the consequential library.
Since hard coal, natural gas and oil processes (from Allocation database) are not available in the
consequential database, processes similar are used. However, these processes do not take into
account the heat that is produced and reused at these plants (the crediting specific to these
processes) (See excel file Allocation to contributional electricity country mix).
We energy required to power the heating and electricity system in the ferry is included in the data
on power consumption of the E-Ferry (Leclanche, 2015)
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A2 Calculations
Characterization calculations
The characterization is calculated using equation (1):

𝐼𝑆𝑐 = ∑𝑖(𝐶𝐹𝑐 ⋅ 𝐸𝑖 )

(1)

Where 𝐼𝑆𝑐 is the impact score for the environmental impact category
𝐶𝐹𝑖 is the respective characterization factor
𝐸𝑖 is the elementary flows classified within a specific impact category
Normalization calculations
The normalization is calculated using equation (1):
𝑠𝑦𝑠
𝑁𝑆𝑖
𝑠𝑦𝑠

Where 𝑁𝑆𝑖

𝑠𝑦𝑠

=

𝐶𝑆𝑖

𝑟𝑒𝑓

𝐶𝑆𝑖

(2)

is the normalized impact indicator score for impact category i of the system,

𝑠𝑦𝑠
𝐶𝑆𝑖 is the
𝑟𝑒𝑓
𝐶𝑆𝑖 is the

characterised impact indicator score for impact category i of the system,

characterised impact indicator score for impact category i of the reference system (also
called normalization reference for the impact category i).
Quantified sensitivity analysis
Relative percent change for parameters:

△ 𝑛 = 100 ×
Where

𝐼𝑆𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 − 𝐼𝑆𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒
𝐼𝑆𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒

△ 𝑛 is representing sensitivity of impact score to the change in input n, measured in percent

𝐼𝑆𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 is the impact score in tested scenario,
𝐼𝑆𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 is the impact score in baseline scenario.
Conventional ferry propulsion system modelling
The following calculations were made to model the diesel engine:
1. Difference in weight between 206Kw(Ecoinvent) and 748 Kw:
1400 𝑘𝑔
1600 𝑘𝑔

= 1566 ⋅ 100 = 16 %

This means that the 748 Kw motor weights 16% more than the available in the database. Moreover,
as it was mentioned in the assumption, since the weight of the 860 Kw engine is the same as the
748 Kw this percentage was also used for the second type of engine. After obtaining this percentage,
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the values of inputs from nature, inputs from technosphere, emissions, and output to technosphere
were calculated for the 748 and 860 Kw motor were calculated and are presented in the following
table:
Table A1: values used for the modelling of the engines.

Parameter
Water
Cast iron
Steel-low-alloyed
Steel, chromium
Reinforcing steel
Heat (Other than natural gas)
Electricity
Heat (Natural gas)
Water emission to air
Water emission to water
Water from pig iron (Europe)
Wastewater from pig iron production
(CH)

206 Kw
2,10
1000,00
200,00
100,00
100,00
7486,00
161,00
7486,00
3,15E-01
1,05E-01
1,29E+00

748 Kw
2,43
1185,71
237,14
118,57
118,57
8658,51
186,22
8658,51
3,64E-01
1,21E-01
1,50E+00

860 Kw
2,43
1185,71
237,14
118,57
118,57
8658,51
186,22
8658,51
3,64E-01
1,21E-01
1,50E+00

Units
m3
kg
kg
kg
kg
MJ
KWh
MJ
m3
m3
m3

3,87E-01

4,47E-01

4,47E-01

m3

2. Diesel consumption: in order to calculate the total amount of diesel consumed to fulfill the
functional unit in kilograms, the density of diesel was used. Moreover, it was also considered that
the engine consumes 260
formula of density 𝜌 =

𝑚
,
𝑣

𝑙𝑖𝑡𝑒𝑟𝑠
ℎ𝑜𝑢𝑟

and during the lifetime it will operate 76020 hours. Using the

the total mass of diesel is:

𝑚 = 𝜌 ⋅ 𝑣= (0.85 ⋅ 260 ⋅ 76020) =16,800,420 kg.
3. Steel and iron dispose: to calculate the total amount of steel and iron dispose, the sum of these
two materials was obtained taking into consideration the functional unit. The following table shows
the calculations:
Table A2: Calculations of total amount of steel and iron disposed.

Parameter
Cast iron
Steel-low-alloyed
Steel, chromium
Reinforcing steel
Total amount
Total of material dispose (functional
unit)

Unit
Kg
Kg
Kg
Kg
Kg
Kg

748 Kw
1186
237
119
119
1660

860 Kw
1186
237
119
119
1660

9960
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Consistency check
To perform the consistency check the following information was required:
1. Kilometers traveled during the lifetime of the ferry:
The available information shows that each return trip has a length of 22 sea miles and 7 trips are made
each day. Moreover, it was considered that 1 sea mile equals 1.85 km. Additionally, considering the ferry
works 362 days a year and has a lifetime of 30 years, the total kilometers can be calculated performing the
following operation:
(22 𝑠𝑒𝑎 𝑚𝑖𝑙𝑒𝑠 ⋅ 7 𝑟𝑒𝑡𝑢𝑟𝑛 𝑡𝑟𝑖𝑝𝑠 ⋅ 30 𝑦𝑒𝑎𝑟𝑠 ⋅ 362 𝑑𝑎𝑦𝑠 ⋅ 1.85 𝑘𝑚/𝑠𝑒𝑎 𝑚𝑖𝑙𝑒𝑠)= 3.09E+06 km.
2. Using the climate change impact category, total value in kg CO2 eq emitted by each
propulsion system for both ferry:
Conventional ferry: 5.51E+08 kg CO2 eq.
E-ferry: 3.04E+06 kg CO2 eq.
Using these two inputs the values of kg CO2 eq per km were calculating. These calculation are presented
below:
Conventional ferry:

5.51𝐸+08 𝑘𝑔 𝐶𝑂2 𝑒𝑞
3.09𝐸+06 𝑘𝑚

= 1.78𝐸 + 02 𝑘𝑔 𝐶𝑂2 𝑒𝑞/𝑘𝑚

E-ferry:

3.04𝐸+06 𝑘𝑔 𝐶𝑂2 𝑒𝑞
3.09𝐸+06 𝑘𝑚

= 9.83𝐸 − 01 𝑘𝑔 𝐶𝑂2 𝑒𝑞/𝑘𝑚
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A3 Sensitivity analysis
Table A3: Sensitivity analysis for two different scenarios, evaluating the relative change in percentage. The first
scenario are analysing Denmark mix electricity scenario as a baseline to wind electricity scenario. The second analysis
is comparing Denmark country mix electricity scenario as a baseline towards hard coal electricity scenario (medium
voltage).
Impact category

Analysis 1 (%)

Analysis 2 (%)

Climate change

-92,5%

207,3%

Stratospheric ozone depletion

-85,1%

-34,4%

-100,3%

-98,1%

Ozone formation, Human health

-90,8%

84,9%

Fine particulate matter formation

-67,8%

282,4%

Ozone formation, Terrestrial ecosystems

-90,3%

83,6%

Terrestrial acidification

-86,6%

188,4%

Freshwater eutrophication

-81,7%

44,0%

Terrestrial ecotoxicity

-10,1%

-8,3%

Freshwater ecotoxicity

-59,5%

-26,5%

Marine ecotoxicity

-59,4%

-25,1%

Human carcinogenic toxicity

-67,5%

36,2%

Human non-carcinogenic toxicity

-60,3%

-12,8%

Land use

-99,8%

-28,0%

-9,6%

11,7%

Fossil resource scarcity

-93,3%

170,6%

Water consumption

-96,5%

-58,3%

Ionizing radiation

Mineral resource scarcity
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Table A4: Sensitivity analysis for the parameter battery modelling.
Impact category

Unit

Sensitivity score (%)

Global warming

kg CO2 eq

8,5

Stratospheric ozone depletion

kg CFC11 eq

0,6

Ionizing radiation

kBq Co-60 eq

-151,4

Ozone formation, Human health

kg NOx eq

Fine particulate matter formation

kg PM2.5 eq

Ozone formation, Terrestrial ecosystems

kg NOx eq

22,1

Terrestrial acidification

kg SO2 eq

-28,9

Freshwater eutrophication

kg P eq

Terrestrial ecotoxicity

kg 1,4-DCB eq

-45,9

Freshwater ecotoxicity

kg 1,4-DCB eq

29

Marine ecotoxicity

kg 1,4-DBC eq

29,5

Human carcinogenic toxicity

kg 1,4-DBC eq

16,3

Human non-carcinogenic toxicity

kg 1,4-DBC eq

44,2

Land use

m2a crop eq

831,2

Mineral resource scarcity

kg Cu eq

-16,9

Fossil resource scarcity

kg oil eq

8,1

Water consumption

m3

23,8
-19,2

38,1

17,8
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A4 Model inputs for E-ferry
Inventory of the unit process “Ferry propulsion system iteration 1”
Output (main product or
function)

Amount

Unit

Ferry propulsion system iteration 1

1

p

Inputs (materials, energy,
resources)

Amount

Unit

Battery cell, Li-ion {GLO}| market
for | Conseq, U

2*3*17,282 = 104

ton

Converter, for electric passenger car
{GLO}| production | Conseq, U

4,5*4*10 = 180

kg

Inventory of the unit process “Use/charge by denmark country personalized mix medium voltage”
Output (main product or
function)

Amount

Unit

Use/charge by denmark country
personalized mix medium voltage

1

p

Inputs (materials, energy,
resources)

Amount

Unit

Ferry propulsion system iteration 1

1

p

Electricity e-ferry, medium voltage
{DK}| market for | Conseq, U

10,8*362*30 = 1,17E5

MWh

Output: Waste treatment

Amount

Unit

Used Li-ion battery {GLO}| market
for | Conseq, U

6*17,282 = 104

ton

Inventory of the unit process “Electricity e-ferry, medium voltage {DK}| market for | Conseq, U”
Output (main product or
function)

Amount

Unit

Electricity e-ferry, medium voltage
{DK}| market for | Conseq, U

1,0

kWh

Inputs (materials, energy,
resources)

Amount

Unit

Transmission network, electricity,
medium voltage {GLO}| market for
| Conseq, U

1,86E-8

p (reference simapro)

Sulfur hexafluoride, liquid {GLO}|

1,13E-7

kg (reference simapro)
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market for | Conseq, U
Electricity, medium voltage {DK}|
market for | Conseq, U

0,0034

kWh (reference simapro for losses)

Electricity e-ferry, medium voltage
{DK}| electricity voltage
transformation from high to
medium voltage | Conseq, U

1

kWh

Emissions to air

Amount

Unit

Sulfur hexafluoride

1,13E-7

kg

Inventory of the unit process “Electricity e-ferry, medium voltage {DK}| electricity voltage
transformation from high to medium voltage | Conseq, U”
Output (main product or
function)

Amount

Unit

Electricity e-ferry, medium voltage
{DK}| electricity voltage
transformation from high to
medium voltage | Conseq, U

1,0

kWh

Inputs (materials, energy,
resources)

Amount

Unit

Electricity e-ferry, high voltage
{DK}| market for | Conseq, U

1

kWh

Electricity, medium voltage {DK}|
market for | Conseq, U{GLO}|
market for | Conseq, U

0,0055

kWh (reference simapro for losses)

Inventory of the unit process “Electricity e-ferry, high voltage {DK}| market for | Conseq, U”
Output (main product or
function)

Amount

Unit

Electricity e-ferry, high voltage
{DK}| market for | Conseq, U

1,0

kWh

Inputs (materials, energy,
resources)

Amount

Unit

Transmission network, longdistance {GLO}| market for |
Conseq, U

3,17E-10

km (reference simapro)

Transmission network, electricity,
high voltage {GLO}| market for |
Conseq, U

6,58E-9

km (reference simapro)
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Electricity, high voltage {DK}|
market for | Conseq, U

0,0250

kWh (reference simapro for losses)

Electricity, high voltage {DK}|
electricity production, hydro, runof-river | Conseq, U

0,0004

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}|
electricity production, oil | Conseq,
U

0,0013

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}|
electricity production, wind, <1MW
turbine, onshore | Conseq, U

0,0943

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}|
electricity production, wind, >3MW
turbine, onshore | Conseq, U

0,0228

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}|
electricity production, wind, 13MW turbine, offshore | Conseq, U

0,0517

kWh (reference taken from
allocation library)kWh (reference
taken from allocation library)

Electricity, high voltage {DK}|
electricity production, wind, 13MW turbine, onshore | Conseq, U

0,0645

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}|
import from DE | Conseq, U

0,0337

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}|
import from NO | Conseq, U

0,0337

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}|
import from SE | Conseq, U

0,2026

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}| heat
and power co-generation, biogas,
gas engine | Conseq, U

0,0087

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}|
electricity production, hard coal |
Conseq, U

0,2254

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}|
electricity production, natural gas,
at conventional power plant |
Conseq, U

0,0895

kWh (reference taken from
allocation library)

Electricity, high voltage {DK}|
electricity production, oil | Conseq,
U

0,0073

kWh (reference taken from
allocation library)

Heat, district or industrial, other
than natural gas {DK}| heat and

0,0728

kWh (reference taken from
allocation library)
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power co-generation, wood chips,
6667 kW, state-of-the-art 2014 |
Conseq, U
Emissions to air

Amount

Unit

Dinitrogen monoxide

5,0E-6

kg (reference simapro)

Ozone

4,16E-6

kg (reference simapro)
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A5 Model inputs for conventional ferry
Inventory of the unit process “Conventional Diesel motor, 748kW and 850kW iteration 1”
Output (main product or function)

Amount

Unit

Coventional Diesel motor, 748 kW
{RER}| production | Conseq, U

1

p

Inputs from nature

Amount

Unit

Water, unspecified natural origin,
RER

2,4

m3

Inputs from technosphere:
materials/fuel

Amount

Unit

Cast iron {GLO}| market for |
Conseq, U

1186

kg

Steel, low-alloyed, hot rolled {GLO}|
market for | Conseq, U

237

kg

Steel, chromium steel 18/8, hot rolled
{GLO}| market for | Conseq, U

119

kg

Reinforcing steel {GLO}| market for
| Conseq, U

119

kg

Inputs from technosphere:
electricity/heat

Amount

Unit

Heat, district or industrial, other than
natural gas {RER}| market group for |
Conseq, U

8659

MJ

Electricity, medium voltage {RER}|
market group for | Conseq, U

186

kWh

Heat, district or industrial, natural gas
{RER}| market group for | Conseq, U

8659

MJ

Outputs: Emissions to air

Amount

Unit

Water/m3

0,3643

m3

Outputs: Emissions to water

Amount

Unit

Water, RER

0,1214

m3

Outputs to technosphere: Waste
and emissions to treatment.

Amount

Unit

Wastewater from pig iron production
{Europe without Switzerland}|
market for wastewater from pig iron

1,4956

m3
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production | Conseq, U
Wastewater from pig iron production
{CH}| market for wastewater from
pig iron production | Conseq, U

0,4475

m3

Inventory of the unit process “Diesel Combustion”
Output (main product or function)

Amount

Unit

Combustion of Diesel

1

MJ

Outputs: Emissions to air

Amount

Unit

Mercury

1,33E-9

kg

Sulfure dioxide

1,00E-04

kg

Benzo(a) pyrene

2,85E-10

kg

NMVOC, non-methane volatile
organic compounds, unspecified
origin

2,63E-04

kg

Carbon dioxide, fossil

2,08E-01

kg

Nitrogen oxides

3.93E-03

kg

Cadmium

6.67E.10

kg

Particulates, < 2.5 um

4,84E-04

kg

Dinitrogen monoxide

1,71E-05

kg

Benzene

5,70E-08

kg

Chromium VI

6,67E-12

kg

Copper

1,13E-07

kg

Nickel

4,67E-12

kg

Carbon monoxide, fossil

1,94E-03

kg

Zinc

6,67E-12

kg

Chromium

3,33E-09

kg

Selenium

6,67E-10

kg

Methane, fossil

4,76E-07

kg

Outputs to technosphere: Waste
and emissions to treatment

Amount

Unit
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Waste mineral oil {Europe without
Switzerland}| market for waste
mineral oil | Conseq, U

3,48E-05

kg

Waste mineral oil {CH}| market for
waste mineral oil | Conseq, U

8,06E-07

kg

Waste mineral oil {RoW}| market for
waste mineral oil | Conseq, U

1,55E-04

kg

Inventory of the unit process “Use of propulsion system”
Output (main product or function)

Amount

Unit

Use stage of Diesel Ferry

1

p

Inputs from technosphere:
materials/fuels

Amount

Unit

Coventional Diesel motor, 748 kW
{RER}| production | Conseq, U

2

p

Coventional Diesel Motor, 850kW
{RER}| production | Conseq, U

4

p

Diesel, low-sulfur {Europe without
Switzerland}| market for | Conseq, U

1,68E+07

kg

Combustion of Diesel

2,52E+09

MJ

Outputs to technosphere: Waste
and emissions to treatment

Amount

Unit

Steel and iron (waste treatment)
{GLO}| recycling of steel and iron |
Conseq, U

9,96E+03

kg

48

A6 Model inputs for the E-ferry battery modelling for the sensitivity
analysis
Inventory of the unit process “E-ferry battery model 2”
Output (main product or function)

Amount

Unit

E-ferry battery model 2

1

kg

Inputs from technosphere:
materials/fuel

Amount

Unit

Anode, graphite, for lithium-ion
battery {GLO}| market for | Conseq,
U

0,094

kg

Cathode, LiMn2O4, for lithium-ion
battery {GLO}| market for | Conseq,
U

0,23

kg

Electrolyte, KOH, LiOH additive
{GLO}| market for | Conseq, U

0,12

kg

Negative electrode substrates E-ferry
battery model

0,083

kg

Positive electrode substrates E-ferry
battery model

0,036

kg

Separator E-ferry battery model

0,033

kg

Cell container and tabs E-ferry
battery model

0,201

kg

Module and Battery Packing E-ferry
battery model

0,17

kg

Battery management system E-ferry
battery model

0,03

kg

Inventory of the unit process “Negative electrode substrates E-ferry battery model”
Output (main product or function)

Amount

Unit

Negative electrode substrates E-ferry
battery model

1

kg

Inputs from technosphere:
materials/fuel

Amount

Unit

Copper, from solvent-extraction
electro-winning {GLO}| market for |
Conseq, U

1

kg
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Transport, freight train {Europe
without Switzerland}| diesel |
Conseq, U

0,2

tkm

Transport, freight, lorry 16-32 metric
ton, EURO4 {RER}| transport,
freight, lorry 16-32 metric ton,
EURO4 | Conseq, U

0,1

tkm

Sheet rolling, copper {RER}|
processing | Conseq, U

1

kg

Inventory of the unit process “Positive electrode substrates E-ferry battery model”
Output (main product or function)

Amount

Unit

Positive electrode substrates E-ferry
battery model

1

kg

Inputs from technosphere:
materials/fuel

Amount

Unit

Aluminium, primary, ingot {CN}|
production | Conseq, U

1

kg

Transport, freight train {Europe
without Switzerland}| diesel |
Conseq, U

0,2

tkm

Transport, freight, lorry 16-32 metric
ton, EURO4 {RER}| transport,
freight, lorry 16-32 metric ton,
EURO4 | Conseq, U

0,1

tkm

Sheet rolling, aluminium {RER}|
processing | Conseq, U

1

kg

Inventory of the unit process “Separator E-ferry battery model”
Output (main product or function)

Amount

Unit

Separator E-ferry battery model

1

kg

Inputs from technosphere:
materials/fuel

Amount

Unit

Polyethylene, low density, granulate
{RER}| production | Conseq, U

0,5

kg

Polypropylene, granulate {RER}|
production | Conseq, U

0,5

kg

Transport, freight train {Europe
without Switzerland}| diesel |

0,2

tkm
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Conseq, U
Transport, freight, lorry 16-32 metric
ton, EURO4 {RER}| transport,
freight, lorry 16-32 metric ton,
EURO4 | Conseq, U

0,1

tkm

Injection moulding {RER}|
processing | Conseq, U

1

kg

Inventory of the unit process “Cell container and tabs E-ferry battery model”
Output (main product or function)

Amount

Unit

Cell container and tabs E-ferry
battery model

1

kg

Inputs from technosphere:
materials/fuel

Amount

Unit

Aluminium, primary, ingot {UNEUROPE}| production | Conseq, U

1

kg

Transport, freight train {Europe
without Switzerland}| diesel |
Conseq, U

0,2

tkm

Transport, freight, lorry 16-32 metric
ton, EURO4 {RER}| transport,
freight, lorry 16-32 metric ton,
EURO4 | Conseq, U

0,1

tkm

Sheet rolling, aluminium {RER}|
processing | Conseq, U

1

kg

Inventory of the unit process “Module and Battery Packing E-ferry battery model”
Output (main product or function)

Amount

Unit

Module and Battery Packing E-ferry
battery model

1

kg

Inputs from technosphere:
materials/fuel

Amount

Unit

Polyethylene terephthalate, granulate,
amorphous {RER}| production |
Conseq, U

1

kg

Transport, freight train {Europe
without Switzerland}| diesel |
Conseq, U

0,2

tkm

Transport, freight, lorry 16-32 metric

0,1

tkm
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ton, EURO4 {RER}| transport,
freight, lorry 16-32 metric ton,
EURO4 | Conseq, U
Injection moulding {RER}|
processing | Conseq, U

1

kg

Inventory of the unit process “Battery management system E-ferry battery model”
Output (main product or function)

Amount

Unit

Battery management system E-ferry
battery model

1

kg

Inputs from technosphere:
materials/fuel

Amount

Unit

Integrated circuit, logic type {GLO}|
market for | Conseq, U

0,1

kg

Copper, from solvent-extraction
electro-winning {GLO}| market for |
Conseq, U

0,5

kg

Steel, chromium steel 18/8 {GLO}|
market for | Conseq, U

0,4

kg

Transport, freight train {Europe
without Switzerland}| diesel |
Conseq, U

0,2

tkm

Transport, freight, lorry 16-32 metric
ton, EURO4 {RER}| transport,
freight, lorry 16-32 metric ton,
EURO4 | Conseq, U

0,1

tkm

Wire drawing, copper {RER}|
processing | Conseq, U

0,5

kg

Sheet rolling, steel {RER}|
processing | Conseq, U

0,4

kg
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A7 Process contribution

Figure A7: Process contribution for the conventional ferry using diesel using ReCiPe 2016 (H).

Figure A7 depicts the contribution distribution between the material and production stage (divided into
Conventional Diesel motor, 748 kW {RER}| production | Conseq, U; Conventional Diesel Motor, 850kW
{RER}| production | Conseq, U and Diesel {Europe without Switzerland}| market for | Conseq, U), the use
stage (Combustion of Diesel) and the disposal stage (Steel and iron (waste treatment) {GLO}| recycling of
steel and iron | Conseq, U).
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A8 Network
Propulsion system for the conventional ferry, 14 nodes out of 7483.
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Propulsion system for the E-Ferry, 14 nodes visible of 7479.

55

A9 External normalization
Table A9: Overview of the external normalized impact categories for four different scenarios calculated with ILCD
2011 Midpoint+. The unit for all the impact categories are in person equivalent (PE) for 30 years. The red colours
present the highest impacts (dark red =highest) and the green present the lowest impact (dark green = lowest) between
the scenarios.
E-Ferry

Conventional ferry

Impact category

Unit

Electricity
country
mix

Wind energy

Diesel with
combustion

Low sulfur
diesel with
combustion

Climate change

PE

8,23E+03

6,77E+02

7,70E+04

7,70E+04

Ozone depletion

PE

2,03E+02

1,47E+01

9,82E+02

9,89E+02

Human toxicity, noncancer effects

PE

1,25E+05

5,44E+04

4,75E+04

4,89E+04

Human toxicity, cancer
effects

PE

2,64E+05

8,72E+04

2,42E+04

2,81E+04

Particulate matter

PE

1,50E+03

5,83E+02

1,06E+05

1,07E+05

Ionizing radiation HH

PE

4,32E+04

6,68E+00

1,37E+04

1,39E+04

Photochemical ozone
formation

PE

1,40E+03

1,76E+02

2,36E+05

2,36E+05

Acidification

PE

2,41E+03

3,09E+02

1,44E+05

1,44E+05

Terrestrial
eutrophication

PE

1,55E+03

1,27E+02

2,58E+05

2,59E+05

Freshwater
eutrophication

PE

5,22E+03

9,52E+02

6,19E+02

6,88E+02

Marine eutrophication

PE

8,66E+02

8,84E+01

1,27E+05

1,27E+05

Freshwater ecotoxicity

PE

2,48E+05

1,03E+05

-2,44E+04

-2,42E+04

Land use

PE

6,75E+00

3,00E+00

3,62E+01

3,70E+01

Water resource
depletion

PE

-3,00E+03

-4,56E+02

5,06E+03

5,30E+03

Mineral, fossil & ren
resource depletion

PE

-1,17E+04

-3,20E+03

2,80E+03

3,41E+03
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A10 Robustness check
Table A10.1: Characterized result using ReCiPe 2016 for the E-Ferry and the conventional ferry
Recipe 2016

Impact category

Units

E-ferry

Diesel ferry

Factorin
difference

Global warming

kg CO2 eq

4,07E+07

5,51E+08

1,35E+01

Stratospheric ozone depletion

kg CFC11 eq

9,50E+01

4,68E+02

4,93E+00

Ionizing radiation

kBq Co-60 eq

7,49E+06

-7,95E+04

-9,42E+01

Ozone formation, Human health

kg NOx eq

5,10E+04

1,01E+07

1,98E+02

Fine particulate matter formation

kg PM2.5 eq

2,10E+04

1,39E+06

6,63E+01

Ozone formation, Terrestrial ecosystems

kg NOx eq

5,17E+04

1,01E+07

1,96E+02

Terrestrial acidification

kg SO2 eq

9,21E+04

4,11E+06

4,46E+01

Freshwater eutrophication

kg P eq

3,41E+04

3,88E+03

8,78E+00

Terrestrial ecotoxicity

kg 1,4-DCB eq

2,65E+04

1,27E+05

4,79E+00

Freshwater ecotoxicity

kg 1,4-DCB eq

3,45E+06

-3,87E+05

-8,91E+00

Marine ecotoxicity

kg 1,4-DBC eq

4,60E+06

-2,20E+05

-2,09E+01

Human carcinogenic toxicity

kg 1,4-DBC eq

2,24E+06

1,63E+05

1,37E+01

Human non-carcinogenic toxicity

kg 1,4-DBC eq

2,62E+09

-7,54E+07

-3,47E+01

Land use

m2a crop eq

1,62E+06

3,71E+06

2,29E+00

Mineral resource scarcity

kg Cu eq

-1,66E+05

2,15E+04

-1,29E-01

Fossil resource scarcity

kg oil eq

8,98E+06

2,27E+07

2,53E+00

Water consumption

m3

5,02E+05

4,39E+05

1,14E+00
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Table A10.2: Characterized result using ILCD 2011 Midpoint+ for the E-Ferry and the conventional ferry.
ILCD 2011 Midpoint+

Impact categories

Units

E-ferry

Diesel ferry

Factor in
difference

Climate change

kg CO2 eq

5,82E+07

5,44E+08

9,35E+00

Ozone depletion

kg CFC-11 eq

2,48E+00

1,20E+01

4,84E+00

Human toxicity, non-cancer effects

CTUh

1,93E+01

7,36E+00

2,63E+00

Human toxicity, cancer effects

CTUh

3,27E+00

3,00E-01

1,09E+01

Particulate matter

kg PM2.5 eq

7,61E+03

5,40E+05

7,10E+01

Ionizing radiation HH

kBq U235 eq

1,04E+07

3,30E+06

3,15E+00

Ionizing radiation E (interim)

CTUeq

3,78E+01

2,61E+01

1,45E+00

Photochemical ozone formation

kg NMVOC eq

6,33E+04

1,07E+07

1,69E+02

Acidification

molc H+ eq

1,35E+05

8,06E+06

5,95E+01

Terrestrial eutrophication

molc N eq

2,54E+05

4,24E+07

1,67E+02

Freshwater eutrophication

kg P eq

3,41E+04

4,05E+03

8,43E+00

Marine eutrophication

kg N eq

2,63E+04

3,87E+06

1,47E+02

Freshwater ecotoxicity

CTUeq

9,28E+08

-9,12E+07

-1,02E+01

Land use

kg C deficit

3,51E+07

1,88E+08

5,36E+00

Water resource depletion

m3 water eq

-2,07E+05

3,49E+05

-1,69E+00

Mineral, fossil & ren resource depletion

kg Sb eq

-2,25E+03

5,40E+02

-2,40E-01
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