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Abstract
Environmental impact analyses have not been popular in
ship design due to the complexity of both the analysis it-
self and the ship system. This study proposes a framework
for life cycle assessments (LCA) for ship design, using a
foundation in systems engineering to position the assess-
ment method in the design process. By limiting the analy-
sis to comparing the differences between design alternatives
and accepting lower result precision, the effort and level of
expertise required is significantly reduced. Reducing the re-
quirement on precision allows for approximate input data
as well, enabling the naval architect to use simple methods,
e.g. the Holtrop-Mennen method, to provide input data.
Despite this imprecision, it is shown that one can observe
trends in the result that point toward a design concept with
lower impact than its contestors. Further, one must select
an evaluation model and database, both determined by ex-
perts, that support the analysis well, and a software to
present the naval architect with an interface with which he
can easily interact. The benefits of such simplified analyses
are that little LCA expertise is required, only a few param-
eters must be modelled and most of the input data is de-
termined, allbeit approximately, through the initial regular
ship design process and is readily available. The pitfalls are
a low degree of transparency due to the evaluation model
and risk for misinterpretation and misuse of the results be-
cause of the limit on modelled parameters and assessment
precision. Using this framework, with its limitations, lowers
the threshold to implementing an LCA as a design review
tool in early design stages, a front-end tool, allowing the
environmental assessment to affect earlier design decisions
in a greater extent than today.



Sammanfattning

Inom skeppsteknik har analyser av miljöpåverkan inte va-
rit populära, mycket på grund av både av analysens och
fartygs allmänna komplexitet. Här läggs det fram ett ram-
verk för hur man kan använda sig av miljömässiga livscy-
kelanalyser (LCA) för marina system. Det tar stöd från
etablerade metoder inom systemarbete för att placera ana-
lysen i projekteringsprocessen. Om analysen begränsas till
att jämföra skillnaderna mellan olika designalternativ och
om man dessutom accepterar lägre noggrannhet i resulta-
ten kan man reducera både insats och kraven till exper-
tis. Om man reducerar kraven till noggrannhet, kan man
använda approximativa metoder för att bestämma inda-
ta, exempelvis Holtrop-Mennens metod. Vidare måste man
välja en evalueringsmodell och en databas, båda utveckla-
de av experter inom miljöpåverkan, som kan stödja ana-
lysen, samt förvärva en mjukvara som ger skeppsbyggaren
ett gränssnitt som gör det enkelt att arbeta med databasen
och evalueringsmodellen. Trots att man offrat noggrannhet
i resultaten visas det här att man kan utläsa trender som
pekar mot det mer miljövänliga alternativet. Vinsten den-
na förenklad analysen är att nästintill ingen LCA expertis
är nödvändig, endast några få parametrar måste modelle-
ras och till större delen finns redan indata tillgängligt till
följd av andra analyser i projekteringsprocessen. Fällan som
finns är dels bristen på genomsynlighet i analysen till följd
av att man väljer en annans evalueringsmodell och risken
för att resultaten kan misstolkas eller missbrukas till följd
av deras låga noggrannhet eller det faktum att det represen-
terar bara delar av systemet. Att använda detta ramverk,
med sina begränsningar, reducerar tröskeln för att imple-
mentera LCA som ett utvärderingsverktyg i tidiga projek-
teringsfaser, vilket låter miljömässiga bedömningar komma
till tals i större utsträckning än idag.
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Chapter 1

Introduction

Environmental awareness has been on the agenda for several decades, to a large ex-
tent placed there by concerned individuals, organizations and some times extremist
actions. In recent years however, the public awareness of questions concerning global
warming, polar melting, acid rain and other environmental changes has increased
to the point where it has become a factor in product and company branding to
maintain a good environmental profile. This, along with stricter regulations on en-
vironmental impacts has resulted in an evolution into technical systems with lower
ecological footprints. As the system context, the Earth, is of such immense size
and complexity, it is despite these efforts still difficult to assess what solution is the
environmentally best option up front.

Environmental impacts are today to a large extent measured by the momentary
emissions, some times in the absolute, others in relation to the production. When
concerning ourselves with the emissions relative to the amount of transported cargo,
ships are superior, not only ecologically but even economically. Shipping requires
surprisingly low amounts of manpower and fuel compared to its cargo capacity and
distances travelled, and therefore is the normally chosen transport alternative for
long distance, large volume transports when time spent in transit is not critical.

It is not only of interest to consider the transport work by itself as the contributor
to environmental impact. To acquire a better picture of the impact of introducing
any technological system, one has to consider the whole system life cycle from cradle
to grave. Such a consideration or life cycle assessment (LCA), is a procedure which
translates the system into environmental impacts which then can be assessed by
different evaluation methods. Several different methods exist and the International
Organization for Standardization has provided a series of standards to support this
procedure and comparability between analyses (ISO 2006a, ISO 2006b). These stan-
dards do however only provide a framework for the procedure and documentation
and does not take a stand on what is positive or negative in terms of environmental
impacts. They leave this to the analyst or his customer to define by the selection
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CHAPTER 1. INTRODUCTION

or design of an environmental impact assessment method.

Ships are normally designed and built for long-term operation and thus the life
cycle perspective is of significant interest. Some effort have been invested to bring
ship design and LCA together, but mostly by studying specific cases and in high
detail. In Bengtsson et al. (2010) a comparative LCA between four different types
of fossil fuel alternatives for ship applications was performed and in Lampa (2009)
aluminium and composite hull materials were compared for a troop transport boat
for the Swedish navy. In France there is currently a project in progress where the
goal is to create a tool for eco-design of ships (Prinçaud et al. 2010).

Using LCA for decision support at early stages in a project would allow for the
possibilities of greater environmental life cycle savings as less of the solution de-
sign is fixed as is the case for a more mature design. To facilitate this, systems
engineering, SE, could be applied, as this interdisciplinary branch of engineering
has well established processes and activities to determine the feasibility and matu-
rity of a system. Its purpose in the design process is to balance the stakeholder’s
requirements against the provided resources to provide an acceptable system de-
sign. In essence, one could determine requirements in the form of an LCA result.
By combining prioritized system requirements, environmental and otherwise, with
the design assessments, among others an LCA, of the current alternatives, one can
make supported design decisions. However, it is not straightforward to implement
life cycle assessments into the SE sphere as different ”dialects” of the engineering
language is used to describe the same aspects and thus care must be taken to ensure
that every participant is on board before starting an analysis.

Despite the efforts so far in the area of implementing LCA in ship design no practical
breakthrough has been accomplished. As the environmental factor of design is
expected to reach new heights of importance within short, it is critical that ship
designers become able to do environmentally sound designs. The question thus
remains, as to whether the use of life cycle assessments could be applied practically
by naval architects without the need for expert knowledge of LCA, and if so, how
such an application could be done. The purpose of this study is to propose a
general framework for life cycle assessments of ships performed as decision support
in early stages. Support for the framework is found in systems engineering where
it is applied as one of several assessments performed at design reviews. The goal
is to provide front-end or early design support, and therefore focus is placed upon
achieving reasonable results with little and possibly imprecise input data, as larger
gain in environmental impact can be achieved earlier in the design process. The
aim is thus not to provide exact measures of environmental impacts, but to point
out the design alternatives that are better off.

"The beginning is the most important part of the work."
Plato, 4th Century B. C.
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Chapter 2

Systems Engineering and Life Cycle
Assessments at a glance

This chapter is an introduction to the systems engineering and life cycle assessment
methods. It is included partly to provide definitions of relevant concepts, roles and
processes for the sake of the rest of the study and partly to provide a foundation
for the novice reader within these disciplines.

2.1 Systems engineering

Systems design is both an art and a science, combining the freedom and creativity
of the architectural approach with knowledge of the engineering sciences, and pro-
vides us with unique systems never seen before. The discipline systems engineering
(SE) has grown to importance as the technological development has resulted in a
higher level of complexity. In smaller projects, the systems engineering is taken care
of by one or more of the persons involved alongside other work, whereas in larger
projects it is not uncommon to allocate this coordinating work to a separate group
or individual.

These practitioners of systems engineering are commonly denoted the systems en-
gineers but may even be referred to as systems architects. Throughout this text
the former will be utilized and no differences between the systems architect and
systems engineer are considered. The systems engineer is not a specialist in any
discipline except his own, but has a general understanding of the involved disci-
plines to ensure that communication with both engineers and clients will be clear
and effective. For a more comprehensive description of the SE roles, processes and
methods, there are several publications to study such as Maier & Rechtin (2000),
Kossiakoff & Sweet (2003) and Oliver et al. (1997). The International Organization
for Standardization has also provided a framework for the Systems engineering life
cycle to provide engineers with a quality assurance reference (ISO 2008).
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GLANCE

The purpose of systems engineering is to break down the responsibilities of an
organization into what results are required to fulfill these responsibilities. These
requirements can then be delegated upon others, within or outside the organiza-
tion, to provide the necessary results. This is done in all organizations more or less
formally and consciously. A common situation is the relation between a customer
and a supplier. Both use systems engineering to find a system design that balances
cost, requirements, time and function and thus is acceptable for both. The cus-
tomer is to decide what is desired by the system, i.e. the system objectives, and
what resources will be invested in the system. The system supplier is to produce
the system and has certain limitations to what can be delivered and when. Thus,
the system design is both dependent on the desires and resources of the client and
the capabilities of the builder of the system. The systems engineering processes are
used to bridge the gap by balancing the resources with the capability and acquire
a good systems solution.

Apart from the client and the builder, other stakeholders are almost without excep-
tion involved with the system. It could be anything from governmental agencies,
environmental organizations, citizens of the system’s area of operations or future
generations of people who feel the consequences of the system long after its termi-
nation. Their influence over a systems design is of varying extent, and it falls upon
the system engineering processes to consider these into the equation.

2.1.1 What is a System?

A system is a combination of interacting elements organized to achieve one or more
stated purposes (ISO 2008) In other words, a system utilizes the synergy of parts to
perform more complex tasks than what has previously been possible or in a better,
more effective manner. A system may be concrete or abstract, may be a combination
of subsystems and could be a component of a larger system. For examples, refer to
Maier & Rechtin (2000).

2.1.2 System Function

The system purpose is the system function, which may be a collection of functions.
According to the International Council of Systems Engineers (INCOSE) a function
is a characteristic task, action, or activity that must be performed to achieve a
desired outcome. The goal of the design is thus to accomplish sufficiently good
system function.

2.1.3 System of interest

In every systems analysis, it is important to define the system of interest and limit
ones views for the purpose of a project, a meeting or corporate strategy. By con-
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2.1. SYSTEMS ENGINEERING

straining the system one introduces the system context in which the system is to
operate and thereby the external stakeholder requirements upon the system.

2.1.4 System Life Cycle

Depending on the system function, composition and circumstances of procurement
of the system, its life cycle may look significantly different. ISO has set an example of
six life cycle stages in ISO (2011) which are the Concept, Development, Production,
Utilization, Support and Retirement stages. The first includes requirement analysis
and concept exploration, the second includes engineering design and integration and
last four include the system production, operation, maintenance and decommission.
These are not always to be done in series, but overlap and some may even run
concurrently during parts of the system life cycle. Naturally, life cycle stages have
different names in different publications and other examples can be found in ISO
(2008) and Kossiakoff & Sweet (2003). An illustration of the stages can be seen in
figure 2.1.

Retirement

Figure 2.1. An illustration of the systems engineering life cycle stages according to
ISO 15288.

2.1.5 Design assessment

To determine the feasibility of a system design, there are at all stages a number
of design reviews. Here, the current design solutions are reviewed with respect
to the requirements and how well they provide the system function. Depending
on the assessment result, the design is updated and new reviews are performed.
The process is illustrated through a number of activities in figure 2.2. It has a
number of feedback loops included to symbolize the review feedback to an earlier
activity. For this study, focus is set upon the loop between the 3rd and 4th activities.

As this process progresses, the design grows more mature and converges upon the
final solution. Systems engineering is thus an iterative and recursive process to find
the best compromises. The assessment is the link between the suggested design
solutions and the posed requirements upon the system, and life cycle assessments
are, as the name suggests, a method of assessing the environmental impact of a
system through its life cycle.

5



CHAPTER 2. SYSTEMS ENGINEERING AND LIFE CYCLE ASSESSMENTS AT A
GLANCE

Figure 2.2. An illustration of the systems engineering activities during a design
phase. Note the feedback loops pointing back to the previous activity and from
design validation to requirement analysis. These loops contain the assessments of
the results from the preceding activity. Focus in this study is upon the 3rd and 4th

activities. Illustration from (Kossiakoff & Sweet 2003).

2.2 Life Cycle Assessments

One assessment tool in product development is the life cycle assessment (LCA). It
is a methodology to determine the ecological impact of a system. It includes the
whole life cycle of a system and one often names this a cradle to grave study. LCA
studies take into account environmental loads coming from raw material acquisition,
transport, manufacturing, operation, consumption and decommission. Even the full
life cycle of any consumed material, fuel or other substance should be included.

Its accuracy and precision depends on the resolution and certainty with which the
model is built and the quality of the input data, but, given the complexity of
environmental impacts, it also strongly depends on the chosen method of evalua-
tion. Significant research efforts are put into such analyses and the methodology
is explained an presented in several publications, e.g. Baumann & Tillman (2004).
ISO has also provided a framework for this process through a number of standards
outlining the necessity of definition and transparency, as well as requirements for
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internal and published LCA studies to bear the ISO brand of quality assurance.
(ISO 2006a, ISO 2006b). The purpose of an internal LCA study is to present a de-
cision support within a company and is thus less required to have total transparency
and accuracy, whereas a published study presented to the public is required to have
a much higher degree of foundation, precision and transparency to ensure that the
public is not deceived.

2.2.1 A four-stage process
Generally, an LCA study is a four-stage process. The first is a definition of the scope
and goal of the study, determining what is to be included and for what purpose.
The second is an inventory analysis, where the parts of the system of interest are
examined to determine what materials they are built from and what processes are
relevant to manufacture, sustain and decommission the system. The third stage
is an impact assessment, where one uses databases of materials and processes to
determine how much energy and raw material are consumed and what emissions
are produced during the life cycle of the the system. Concluding the assessment,
a model is utilized to determine the environmental consequences caused by the
system. The fourth and final stage is review and interpretation of the results and
acts as input to the next cycle in the design process.

2.2.1.1 Scope and goal

Defining the scope of an LCA study, a selection similar to choosing the system
of interest above, is critical. The scope constrains what aspects of the system to
model, establishes the beginning and end of the life cycle, defines the boundaries
of the system and describes the allocation of shared impacts that are applied. For
example one could limit an analysis to only concern the hull of a ship as is done
in Lampa (2009) and perform a comparative LCA for different hulls, or during a
complete LCA one would deem certain aspects to be negligible and perform a cutoff
at a certain impact level. Such action should be well documented and motivated in
the scope definition.

In addition to defining the scope, one must define the goal of the study: To what
purpose is the study performed, that justifies the focus and omissions utilized to
limit the analysis effort. Such a definition is necessary and in many respects unique
to each study. The important fact to retain is that the LCA practitioner decides
the level of significance and is thus a factor in the accuracy and precision of the
results.

2.2.1.2 Life Cycle Inventory analysis - LCI

The system is likely to be of a physical nature in an LCA study, so by using the
physical description of the system the parts can be identified and studied for con-
tributions to the impact of the system.
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2.2.1.3 Life Cycle Impact Assessment - LCIA

Translating the system inventory into emissions, energy consumption and raw ma-
terial consumption is necessary to determine the environmental consequences of the
introduction of a system. Extensive efforts have been put into determining the life
cycle impact of many materials and processes. This information is accessed through
databases where the use of a certain process or consumption of a raw material im-
plies a certain type of impact. This impact acts as the input to the assessment
model.

The assessment model is essentially an algorithm which accepts input in the form
of the life cycle impacts and returns an evaluation in terms of e.g. resource cost in-
crease, human health reduction and ecosystems damage as is the case of the ReCiPe
model (Goedkoop et al. 2009) in figure 2.3. A number of these models have been
developed, each prioritizing a little differently resulting in different output results
(e.g. Guinée et al. 2002, Hauschild & Potting 2005, Jolliet et al. 2003).

Figure 2.3. A representation of the ReCiPe model with the impact analysis as input
and its three output categories. Illustration from Goedkoop et al. (2009).

Some models incorporate weighting which turns all emissions into a specific score
or indicator (Goedkoop & Spriensma 2001, Goedkoop et al. 2009). Such indicators
are practical for decisions but are very controversial as the ”value” of different envi-
ronmental impacts have been compared, a matter which is strongly subjective. For
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a business decision, a single indicator is valuable, as it also allows backtracking to
a single type of emission - e.g. CO2 for which emission allowances are traded inter-
nationally even today - and an economical cost of a concept could be determined.

2.2.1.4 Review and interpretation

The interpretation of the results is critical as it is what is presented to the review
of the system design. It is thus important to be of similar structure as the other
assessments involved and should leave a recommendation for the system design in
response to the system requirements.

2.3 Discussion
The use of LCA-methods is sometimes questioned as they are strongly reliant upon
the quality and honesty of input data as well as the science and reasoning behind the
databases and assessment models. The ISO standards refuse any use of weighted
results to be presented to the public as such weighting has a low degree of trans-
parency. In addition, different assessment models have different characterization
schemes, resolutions and output factors so comparison is difficult at best.

While systems engineering and life cycle assessments both take the product life
cycle into consideration, the difference in goals, purposes and characters of these
efforts has resulted in a divergence in language between the two. What a systems
engineer would name the integration and implementation processes (ISO 2008) an
LCA practitioner would speak of as the production phase. Without saying that
these terms are interchangeable, or exactly covers one another, it is without doubt
that the inconsequence of naming raises the threshold of interaction between these
groups. To allow these practitioners to communicate well, an important step would
be merging the system of interest with the scope and goal definitions of the LCA.
The life cycle assessment would benefit from a better integration with the systems
engineering as many questions of e.g. impact allocation could perhaps more easily
be answered.

All design decisions are, or should be, supported on assessments of the conformity
to the system requirements. This is true for all aspects of the system design, and a
design review would include several different assessments, where an LCA could be
one, as illustrated in figure 2.4. As environmental requirements grow more common,
environmental impact studies are increasing in necessity, but are often expected to
be time- and resource consuming. However, as will be shown in the following sec-
tions, reasoning can significantly reduce both the amount of effort involved and the
necessary acquaintance with environmental studies when comparing different solu-
tions. By selecting good methods of analysis and focusing on the significant factors
one may acquire early support for the significant environmental life cycle savings
and argue for an environmentally sound design. While it is up to the acquirer of the
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Figure 2.4. A flow chart over a design review in a systems engineering context. The
life cycle assessment is one of several assessments performed to support the design
feasibility and selection. If no feasible designs are presented, a return to the system
design is necessary.

system do decide how important the environmental issue is to the design through
the requirements, the supplier is challenged to provide the opportunity to evaluate
environmental impact. As such evaluations grow mature, perhaps environmental re-
quirements could be formulated in the form of life cycle impacts. But, for the time
being, focus should be put upon acquiring experience in environmental assessments.
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Chapter 3

Method

In this chapter, the proposed methodology for ship life cycle assessments to support
an SE design review is presented generally, whilst the illustrating application in
chapter 4 will constrain the scope of the study even more. As focus is upon life cycle
assessments, statements regarding significance or relevance are made in relation to
such an analysis in ship design.

3.1 System of interest

For the sake of a ship LCA study, the natural selection of a system of interest is the
ship itself. This includes the ship components, its operation profile and its energy
supply chain. A common use for assessment in ship design is to evaluate different
designs against one another and in this case one may exclude those parameters that
are equal or equivalent in all design concepts with respect to the life cycle inventory.
This significantly reduces the necessary input data and analysis effort involved in
such a study without compromising the results. However, the comparison of the
results must be done with care as the absolute difference may be very small whilst
the relative difference may seem large.

The administration surrounding the ship meaning its owner and operating organi-
zations are not considered part of the system of interest. Also outside this frame
are the transported cargo and the surrounding community and environment. This
implies that the major parts of the system context are the water and air through
which it travels, the cargo, the community through its laws and regulations and
finally its owners, operators and customers with economic, environmental and ser-
vice interests. These are illustrated in figure 3.1.
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CHAPTER 3. METHOD

Figure 3.1. The context of the system of interest and examples of interaction with
the system.

3.2 System Life Cycle

The life cycle stages of a full life cycle are illustrated in figure 2.1, and for LCA
purposes, the considered stages are production, utilization, support and retirement.
The system life cycle processes found to be of interest for these stages are listed below
in accordance with ISO 15288 (ISO 2008). The processes may run concurrently and
through several stages.

• Implementation process

• Integration process

• Operation process

• Maintenance process

• Disposal process

This limits the system life cycle to that of the physical representation of the ship
and neglects any impacts on the environment through e.g. the project management
and system design processes. Below, the processes and their relevance to the LCA
perspective are described shortly.
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3.2.1 Implementation and integration processes

The manufacturing and assembly of system components is where the main con-
sumption of raw materials is in shipbuilding. The realization of the system parts
constitutes the implementation process, whereas the assembly of parts into the final
system or subsystems are constitutes the integration process. These processes also
include energy and chemical consuming activities such as welding, cutting steel,
sandblasting and painting which could be considered. Mid-life modifications should
also be included here if it is applicable.

3.2.2 Operation process

The process of operating the vessel will, with the long life expected from a ship,
often become the dominating factor for traditional oil-fueled vessels. This is where
the majority of the energy consumption is expected, but this is dependent on the
operational profile and the vessel design.

3.2.3 Maintenance process

Maintenance during the service involves a number of chemicals e.g. paint and lubri-
cants, which will contribute to the environmental impacts. Major expected repairs
or part replacements should also be included in this process, e.g. battery replace-
ments.

3.2.4 Disposal process

The choice of disposal methods is significant as it determines whether other systems
may utilize the materials or if new raw materials are needed. Thus one may have
a reduced impact if material is recycled or reused as the penalty for raw material
consumption is divided between products. The possible gain is heavily dependent
on the choice of materials in the components as some are easier to recycle than
others. The amount of non recyclable materials is significant as they may be left at
landfills to deteriorate. This impact is likely to turn out to be negligible compared
to the other processes.

3.3 Operational profile

There is large dependency on the operational profile; the description of how the
ship is to be used. As the main function of a transport vessel is transport and it
normally has a long operational life, the energy consumption is expected to be large
during operations compared to the other stages.
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3.3.1 Speed and acceleration

Speed is a significant factor in ship design as it governs the energy consumption and
the shape of the vessel. As consumption and speed are not linearly relating to one
another, a relatively small reduction in speed may provide a very large reduction in
consumption and environmental loads. Thus, the opposite is true for an increase of
speed - the increase in impact and consumption will increase relatively more than
the speed.

Accelerating a ship to a certain speed is also very energy consuming, and due to
transient conditions, high rates of acceleration are often more prone to losses than
low rates of acceleration. For short distances a very high rate of acceleration could
be necessary to acquire the service time required, thus requiring momentary high
power outtakes and mechanical losses during the transition period. A high rate of
acceleration would reduce the need for high speed, whereas a low rate of accelera-
tion would increase it. Here a comparison of the total energy consumption for each
case would be necessary to include.

Turnaround at the harbor is also important when time spent loading and unloading
is a significant part of the total time in transit. If the time spent in harbor is re-
duced, one may fulfill the same transport work requirement with a lower speed, thus
reducing environmental impact and cost as long as the harbor solution functions.

3.3.2 Frequency

The required frequency of operation depends on the cargo capacity of the ship, the
rate of supplied cargo and possibly even politics. Possibly it could be better to
operate several smaller vessels at lower speed rather than one larger vessel at high
speed. Increasing speed reduces the need for capacity, and vice versa.

3.3.3 Utilization of capacity

This is of significance if one has ship concepts with differing capacities or which are
expected to have differing utilization of the capacity. To compare the concepts it
would then be best to study environmental impact per cargo unit, e.g. per passenger.
This requires knowledge of the expected cargo flow.

3.4 Ship Product Breakdown Structure

A ship can be broken down into a number of significant subsystems or components.
This allows the different parts to be examined and evaluated, not independently,
but with identified dependencies. The breakdown structure used here is established
in Military Handbook 881 (US DoD 1998) and is illustrated in figure 3.2.
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Figure 3.2. An diagram illustrating the first level of the ship product breakdown
structure according to US DoD (1998).

3.4.1 Hull

3.4.1.1 Hull Concept

The choice of hull concept, e.g. catamaran or monohull, can be observed as a differ-
ence in impact from both the production and the operation phase of the life cycle.
Different hull concepts need to be structurally different to comply with strength and
stiffness requirements and provide different expectations with respect to resistance.
For instance, a catamaran hull has larger wet surface than a comparable monohull
and thus has a larger viscous resistance component. In contrast, a catamaran often
has less wave resistance. The importance of these resistance components depend
on the speed of the vessel and renders the choice of hull selection closely related to
the operating profile. Subsequently the selection will affect the amount of power
required and the final energy consumption.

3.4.1.2 Hull material concept and structural design

As the hull is a very large part of the ship system, it is likely to be of high signifi-
cance if it is included in the study. The structural design, along with the material
concept, determines the structural weight, i.e. how much material is needed as an
efficient structural design utilizes less material than an inefficient one. Producing
construction materials requires both energy and a supply of raw materials. Thus,
reducing the structural weight may reduce this impact. However, as some materials
bring about a larger impact through raw material depletion and energy consumption
during production than others, they will have an increased impact. In addition, the
structural weight is without exception coupled with the ship resistance and propul-
sion energy consumption. A lighter weight allows for higher speed or reduced energy
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consumption. Finally, the interesting fact is that of disposal. If a material is easily
recyclable when others are not, it will gain an advantage due to a lower disposal
impact. The most common materials in ships are aluminium, steel and fibre rein-
forced plastics, and whereas the metals are easy to reuse, the plastic is not and is
often burnt to regain some energy as heat.

3.4.1.3 Superstructure

The superstructure of a ship is not always required to be built in the same material
as the hull, a fact which provides a possibility reduce the mass of material used. The
shape is often not of great significance for the resistance of the ship as wind resistance
is seldom dominating in the propulsion resistance, but may become significant if
wind drift may cause longer or more energy consuming journeys.

3.4.1.4 Insulation

Depending on the material selection and requirements on fire resistance, noise and
temperatures it may be necessary to insulate the hull structure. Insulation mate-
rials are different, and may be of significance in special cases where insulation is
paramount, but in many cases this could possibly be neglected as the amount of
insulation material is small and its impact low compared to e.g. fuel consumption
impact.

3.4.2 Propulsion plant

3.4.2.1 Energy source

To provide energy to the system a number of energy sources are applicable such
as e.g. diesel, hydrogen or electricity. Though not all of these are energy sources
in the general term, they are with respect to the system of interest. Each energy
source requires a storage facility which for instance would be tanks, pressure vessels,
batteries, condensators or fly-wheels (Karlsson 2012). These facilities and the fuel
itself have to be taken into consideration both in terms of their direct impact and
the impact due to extra resistance from the increased displacement due to increased
mass.

3.4.2.2 Prime mover

Selecting the energy source and the type of engines and motors, or prime movers,
required is done simultaneously and is naturally closely linked. Combustion engines
are henceforth referred to as engines whereas electric motors are referred to as mo-
tors. Here one may take into consideration the emission performance of the engines,
the mass of the engine and motors and the copper content of the motors. Naturally
this includes transmissions, cables and generators in the propulsion drivetrain.
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3.4.2.3 Propulsor

Apart from the propulsor components themselves, i.e. pods, propellers and gears,
the efficiency of the propulsor is significant for this study as it will relate to the
energy consumption.

3.4.3 Electric plant
Electric energy is needed for lighting, control and surveillance purposes. Normally
electricity is supplied by means of an auxiliary engine or, in the case of a diesel-
electric plant, by tapping into the electric resources available from the main engines.
Without a combustion engine, or other mechanical power sources, an electricity
storage system is necessary and would normally be in the form of batteries.

3.4.4 Command and surveillance
This subdivision contains all systems that relate to communication and navigation
information such as radios, radars and GPS-trackers to enable the ship to acquire
and deliver information to its surroundings. In other than military vessels, these
systems are likely to have a very limited impact upon the LCA as they are small in
size and require little power compared to other onboard subsystems.

3.4.5 Auxiliary systems
Ship control, provisioning, safety and habitability are supported by the auxiliary
systems, of which only a selection is listed below. For the complete list, see MIL-
HDBK 881 (US DoD 1998).

3.4.5.1 Hotel and accomodation

Necessity of life support facilities such as cabins, galleys, food storage and water
provisions are naturally dependent on the profile of operations, but in longer trans-
ports they are critical to support the crew and passengers throughout a journey.
In cruise vessels these facilities constitute the bulk of the vessel as passengers are
the main cargo and therefore all possible space is utilized to maximize the revenues
possible from the passengers. In contrast, the simplest RoRo-ferries crossing rivers
require no such facilities. Depending on the vessel, this part may have a significant
contribution to the LCA impact, and care has to be taken to include this if it has.

3.4.5.2 Environmental control

Many types of cargo requires certain environmental conditions and this must there-
fore be taken into consideration. Heating systems as well as cooling systems con-
tribute to significant energy consumption in such cases. Reefer ships, cruise ships
and LNG carriers are all ships that require significant environmental control. Pas-
sengers require heating in cold weather, cooling in hot weather and fresh air in
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their cabins. These processes require enormous energy efforts, not to mention large
amounts of cooling media which almost without exception are damaging chemi-
cal substances and must be taken into consideration if they are significant for the
project at hand.

3.4.6 Outfit and furnishings

The outfit in a vessel is of great variety depending on the task and purpose of
the ship. While in offshore supply and cruise vessels the outfitting and furnishing
is dominating the design with respect to displacement and size, bulk and general
cargo vessels do not require as much equipment to perform their task and its impact
is thus reduced with respect to the LCA. This subdivision will hence be significant
in some types of vessel, and not at all in others. Its impact will be rendered com-
pletely uninteresting in a comparative LCA if the outfit is identical in all cases,
independently of its significance in the complete impact of the ship.

3.4.7 Ship Assembly and Support Services

The manufacturing of the vessel would naturally require some effort in transporta-
tion, assembly and engineering. This includes e.g. welding work, raw material
transportation, machining and heating of assembly areas. Further the maintenance
of the ship system is dependent on paintwork, lubricants and other consumables
which are critical to ensure the system operation. These are numbers difficult to
assess without detailed knowledge of the manufacturing plant, material type, sub-
contractors and a series of other factors, but are also likely not to be of large
significance.

3.5 Introduced limitations to LCA model

With an increased knowledge of what aspects generally become insignificant for an
LCA study for ships, or perhaps a class of ships, the possibility arises to exclude
even more aspects from the study to further reduce the modelling effort. Essen-
tially one would state what level of impact reduction is of interest and anything
that contributes with less than this level is excluded. This is called a cut off, and
requires the LCA practitioner to be well acquainted with the environmental life
cycle impact of the type of system at hand. An example is the impact of trans-
porting goods between manufacturing plants and the allocated impact of installing
long distance electricity transmission cables, which both may be very low compared
to the total impact of the modeled study. The question to be answered is: What
could be removed without compromising the result of the study? As long as the
result is expected to be imprecise and only to provide trends or indications of what
is good, a great amount of detail may be neglected. For some examples, refer to
section 5.1.2 where some observations of dominance and negligibility in the example
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are discussed.

Such knowledge and experience can be utilized to build a limited ship design life
cycle impact database. By using a limited database where less options are available
for modelling, one also improves the efficiency of the study at the cost of precision.
As long as only insignificant aspects are neglected, i.e. aspects that would very likely
not have lead to a change in design, the assessment recommendations would be the
same.

3.6 Ship Design Extensions to LCA model
This section presents extensions of specific relevance to ship design that are used
to utilize the LCA model. As purpose is to practice front-end design support, it
is necessary to limit the analysis to the available early design tools used by ship
designers. Main particulars and general concept selections are available, whereas
well defined hull geometries or outfitting details are not. At later stages, the LCA
may be refined, but the aim is to capture the significant gains in environmental
impact early on which would render later analysis of the whole system unnecessary.

3.6.1 Resistance modeling

As mentioned in section 3.4.1 a lot is dependent on the hull concept. For ships of
conventional design a common method to determine the towing resistance in early
design stages is Holtrop & Mennen (1982), which is based upon statistics for other
ships. For more generality, other methods have been developed such as Newman
(1977), Tuck & Lazauskas (1998) and Day et al. (2003). The advantage of the
Holtrop-Mennen method is that it is commonly known and accepted as a good
early estimate and requires merely the main particulars. The disadvantage is that
uncommon hull shapes are not likely to achieve good estimates with this method.
The Newman method on the other hand requires a much more detailed description
of the ship geometry and is suitable for more complex hulls and in later stages.

3.6.2 Hull weight

Estimating the steel weight of a ship at an early design stage is difficult at best
and much effort has been made to present models that provide good estimates
and a number of models exist today (e.g. Schneekluths & Bertram 1998, Stenius
et al. 2011, Karayannis et al. 1999).

3.6.3 Efficiency and fuel consumption

Drivetrain efficiency is highly relevant to the energy consumption during opera-
tions. To determine the required engine- or motor efficiency, a reasonable estimate
for the drivetrain efficiency is necessary. For vessels mainly operating at constant
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speeds, e.g. international shipping services, propeller efficiencies can be estimated
by experimental results for standard propellers. For operations with a dominance of
transient conditions, estimates are much more uncertain. Transmission or electrical
resistance losses should also be taken into account.

3.6.4 Disposal process
When decommissioning a ship, the different parts may have different disposal sce-
narios. Generally speaking, there are only a few different options; landfill, incin-
eration, reuse and recycling. Different assumptions for the ratios of landfill and
reused/recycled materials could have a significant effect and should thus be eval-
uated but is outside the scope of this study. One should consider that, given the
long lifetime of a ship, recycling methods may well have developed significantly and
could yield better results than existing methods. The disposal processes do however
have a very low impact compared to the total load of an operating ship, but in some
cases it may be significant nonetheless.

3.7 LCA methodology
To study ships, it is hereby suggested that a comparative LCA is used to reduce
complexity and the amount of required knowledge of the ship system. This is ex-
pected to enable earlier design assessments in a far greater extent than complete
LCA studies. To maintain quality assurance, the study should conform to ISO
14040 and be intended for internal review. Thus the use of a single weighting factor
is permitted and the ISO requirement for transparency and well motivated choices
is reduced significantly. Weighting is used to provide a single measure to deter-
mine the degree of environmental impact instead of a set of output parameters.
Weighting is very practical to study general trends and to make decisions as is the
purpose of this method, but one should keep in mind that this weighting has been
performed. Similar trends could possibly be observed in several indicator categories
as well. When a public study is to de performed, care should be taken to include all
major impacts to reduce risk of misinterpretation and to have a well documented
process.

The method chosen for evaluation in this study is called ReCiPe. It is illustrated
in figure 2.3 and was presented in Goedkoop et al. (2009). The ReCiPe method
presents results in a three-category evaluation which may be weighted to a single
number or environmental indicator with the disadvantages discussed in section 2.2.1.
In appendix E more details on the ReCiPe method are presented, and in appendix
F the utilized software ECO-it is described.
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An example

This chapter demonstrates application of the presented method in a case study
of a river shuttle service scenario in Gothenburg harbor. Four design cases are
evaluated for their environmental impact according to the ReCiPe method using
the ECO-it software. The weighted ReCiPe indicator number is used to present
the results, where a lower number means less impact. The results are presented for
the implementation and integration processes combined, operation and maintenance
processes combined and the disposal process. The design cases can be studied in
detail in appendices A through D.

4.1 River shuttle service scenario
A large number of people need to cross the river Göta älv in the middle of Gothen-
burg during their commute. A river shuttle service has been introduced and new
ships are being acquired. The vessels should accommodate 300 passengers and
make a round-trip in 15 minutes, essentially bridging the river. The prospected
route, shown in figure 4.1, is 1220 meters long.

Figure 4.1. The route of the applied transport scenario across Gothenburg harbor.
The distance between the berthings is 1220 meters.
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4.2 System of interest
The system of interest is limited to the vessel itself as defined in section 3.1. Further,
the system has been limited to include only the system components that are different
in the cases to reduce the analysis effort involved. The included components are the
hull, the propulsion plant and the ship assembly and support services (see section
3.4). Some of these aspects have proven to be difficult to model well with the
software at hand as the ECO-it database is very limited in some respects. For
details, please refer to appendices A through D.

4.3 System Life Cycle
The system life cycle is defined as in section 3.2, and the operation life time of this
vessel is set to 30 years of operation.

4.3.1 Implementation and integration processes

The implementation and integration processes have been taken to include materials
and processing work which is required to set the ship into initial operation. The
entities taken into consideration in this study are hull, propulsion plant and support
services.

4.3.2 Operation and maintenance processes

These processes include the fuel or electricity consumption as well as servicing paint
and battery replacements where applicable.

4.3.3 Disposal process

The modelling software allowed for five different disposal scenarios for the products
involved: municipal, household, recycling, incineration and landfill. The first two
were neglected as they bear little significance to the case at hand, and the other
three were used according to table 4.1 where the modeled materials are presented.
Landfill was used for the estimated materials consumed by corrosion and wear during
the life cycle and not possible to recycle. The author’s discretion was used to select
these ratios between different waste scenarios, as little consistency was found in
studies on the matter. As will be shown, they are of little significance to the big
picture due to the dominance of the operation and implementation processes.

4.4 Case 1: Reference
The reference vessel is a 32 m long passenger vessel shown in figure 4.2. The vessel is
to be built in steel, carry 300 passengers, cruise at 8 knots and have a diesel-electric
propulsion system. In total this means a theoretical capacity of 48,000 passengers
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Table 4.1. Disposal processes used for the modeled materials.

Material Recycling Incineration Landfill
Steel, unalloyed 90% 10%
Steel, chromium, 18/8 90% 10%
Aluminium, primary 90% 10%
Cast iron 80% 20%
Copper 100%
Lithium 50% 50%
Alkyd paint 100%

per day. It is very similar to the vessel being procured by Västtrafik at the moment.
The full case presentation can be studied in appendix A.

Figure 4.2. The general arrangement of the reference vessel as published in the
tender documents.

After modelling the hull, propulsion plant and support services according to the
method, the resulting ReCiPe indicator impact was retrieved for the three cate-
gories of implementation and integration, operation and maintenance, and disposal.

The total impact was shown to be 1.32 million indicator points, which will be our
reference point. As is shown in figure 4.3, the largest contribution to the total
impact, actually 98.9%, is from the operation and maintenance of the vessel and
consists mainly of diesel consumption. It was not surprising that the diesel con-
sumption was to dominate the impact of the vessel as diesel scores high in both the
resource depletion and eco system damage categories of the ReCiPe model. The im-
plementation and integration impact is very small by comparison at approximately
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14,000 points, and the disposal impact is practically non existent by comparison
as was suspected earlier. The propulsion plant and the support services are in the
same order of magnitude in the total life cycle impact.

Implementa)o
n	  and	  

integra)on	  

Opera)on	  and	  
Maintenance	   Disposal	   Total	  

Hull	   12	  000,0	  	  	  	  	   -‐	  	  	  	  	  	  	   6,7	  	  	  	  	   12	  006,7	  	  	  	  	  

Propulsion	  plant	   1	  500,0	  	  	  	  	   -‐	  	  	  	  	  	  	   0,5	  	  	  	  	   1	  500,5	  	  	  	  	  

Support	  Services	   540,0	  	  	  	  	   3	  200,0	  	  	  	  	   95,0	  	  	  	  	   3	  835,0	  	  	  	  	  

Diesel	  fuel	   -‐	  	  	  	  	  	  	   1300	  000,0	  	  	  	  	   -‐	  	  	  	  	  	  	   1300	  000,0	  	  	  	  	  
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Case	  1:	  Reference	  

Figure 4.3. LCA results for the reference case. As can be seen, the diesel consump-
tion greatly dominates the overall impact with the implementation of the hull in
second place. Observe that the vertical scale is logarithmic, which leads to a negative
result for the disposal of the propulsion plant as it scores at less than 1 point.

4.5 Case 2: Reduction in speed

The simplest of modifications to our reference, is to modify the service speed. In
this case the cruising speed was set to 7 knots and the acceleration rate requirement
was decreased, increasing the time for a round trip to 17.5 minutes and the daily
passenger capacity was reduced by 13.8% to 41,400. In all other means this case was
identical to the reference case. The case results are shown in figure 4.4 and the case
details may be studied in detail in appendix B. The total impact was reduced from
1.32 million to 975,000 points, a reduction of 26% with a 16% increase penalty for
the reduction in transport work. Even in this case, the operation and maintenance
processes dominate the total result. The diesel consumption itself constitutes 97.9%
of the total impact and is still dominating the environmental impact of the design.
By comparison, again, the implementation and integration impact is very little and
the disposal process impact is negligible. The support services and the propulsion
plant impacts excluding the fuel are of similar magnitude in this case as well.
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Implementa)o
n	  and	  

integra)on	  

Opera)on	  and	  
Maintenance	   Disposal	   Total	  

Hull	   13	  913,0	  	  	  	  	   -‐	  	  	  	  	  	  	   7,8	  	  	  	  	   13	  920,8	  	  	  	  	  

Propulsion	  plant	   1	  739,1	  	  	  	  	   -‐	  	  	  	  	  	  	   0,6	  	  	  	  	   1	  739,7	  	  	  	  	  

Support	  Services	   626,1	  	  	  	  	   3	  710,1	  	  	  	  	   110,1	  	  	  	  	   4	  446,4	  	  	  	  	  

Diesel	  fuel	   -‐	  	  	  	  	  	  	   955	  362,3	  	  	  	  	   -‐	  	  	  	  	  	  	   955	  362,3	  	  	  	  	  
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Case	  2:	  Reduced	  speed	  

Figure 4.4. Results from the reduced speed case, where the cruising speed is reduced
to 7 knots and acceleration to 7 knots is to take 30 seconds. Observe that the vertical
scale is logarithmic.

4.6 Case 3: Plug-in monohull

A more severe modification to the reference was done by replacing the diesel-electric
propulsion plant with a pure plug-in electric system. 19 tonnes of lithium-ion bat-
teries were inserted to store electricity onboard, and the generator and diesel engine
was removed. This would provide 1700 kWh of onboard battery capacity. The
battery capacity is insufficient to support the ship through a full day of operations,
but with intermittent short charging at every landing during the day, it should be
possible to support the ship and maintain a ten year battery life. It will thus be
necessary to use three sets of batteries throughout the life cycle of the ship. In
all other aspects this case is held identical to the reference case. Unfortunately
the complexity of lithium batteries is such that the modelling was not possible in
great detail in the modelling software ECO-it. The batteries were modelled using
only the required lithium metal, which renders 18 tonnes of battery and electronics
unaccounted for in the modelling result.

Due to the increase in displacement and draft, the resistance was increased and a
larger power outtake was required to maintain the service speed. The results, shown
in figure 4.5, indicate that the use of hydropower electricity places the energy source
impact at 43% of the total impact. This is extremely low compared to both cases
above which use diesel fuel, which could amount to the fact that a kilogramme of
diesel fuel contains 12.5 kWh of energy. With 193 tonnes of diesel per year for the
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reference case, this constitutes a 2.6 times higher consumption of energy in kWh
than this plug-in monohull case. If transmission losses between the power station
and ferry were taken into account, this number would further decrease. For com-
parisons with other sources of electricity, refer to section 4.8. As the energy source
contributions are reduced, the impact from the implementation and integration pro-
cesses are now of similar magnitude to the operation and maintenance processes.
The largest contribution from the disposal process constitutes 0.26% of the total
impact. At a total impact of 37,242 indicator points, this is the best choice among
the modelled cases.

Implementa)o
n	  and	  

integra)on	  

Opera)on	  and	  
Maintenance	   Disposal	   Total	  

Hull	   12	  000,0	  	  	  	  	   -‐	  	  	  	  	  	  	   6,7	  	  	  	  	   12	  006,7	  	  	  	  	  

Propulsion	  plant	   1	  800,0	  	  	  	  	   3	  600,0	  	  	  	  	   0,5	  	  	  	  	   5	  400,5	  	  	  	  	  

Support	  Services	   540,0	  	  	  	  	   3	  200,0	  	  	  	  	   95,0	  	  	  	  	   3	  835,0	  	  	  	  	  

Electricity	   -‐	  	  	  	  	  	  	   16	  000,0	  	  	  	  	   -‐	  	  	  	  	  	  	   16	  000,0	  	  	  	  	  
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Case	  3:	  Plug-‐in	  monohull	  

Figure 4.5. The results from the plug-in electric monohull case. The implemen-
tation and integration processes are now of similar magnitude to the operation and
maintenance ones, and constitute the more than half of the total impact. Please,
observe that the vertical scale is logarithmic.

4.7 Case 4: Plug-in aluminium catamaran
For the final case, a radically different design was chosen for method illustration; a
25 meter long catamaran. The equivalent design parameter was chosen to be the
deck area of 200 m2 to accommodate the passengers. The vessel was to be built
from aluminium and be driven by a plug-in electric propulsion system supplied
by hydropower. It fulfills the reference operational profile and shares the battery
propulsion properties of the plug-in electric monohull vessel above. The full de-
scription of the case is presented is appendix D. In figure 4.6 it is shown that the
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hydropower electricity impact is again low, whereas the impact of the implementa-
tion of the hull is significantly increased compared to the other parts of the process
which are identical to earlier cases. The disposal process is a mere 0.20% of the
total impact and the hull constitutes 49% of the impact. The case even represented
a somewhat larger energy consumption than Case 3 despite an 18% lower displace-
ment, probably due to higher resistance during the cruising state from a larger wet
surface, a common phenomenon for catamarans at low speeds. It did however have
a lower power requirement for acceleration than Case 3 due to its lower mass. The
total impact was 48,641 indicator points, also a very low impact compared to cases
1 and 2, but it is mainly due to the penalty of producing aluminium rather than
steel that it overshoots case 3.

Implementa)o
n	  and	  

integra)on	  

Opera)on	  and	  
Maintenance	   Disposal	   Total	  

Hull	   24	  000,0	  	  	  	  	   -‐	  	  	  	  	  	  	   5,8	  	  	  	  	   24	  005,8	  	  	  	  	  

Propulsion	  plant	   1	  800,0	  	  	  	  	   3	  600,0	  	  	  	  	   0,5	  	  	  	  	   5	  400,5	  	  	  	  	  

Support	  Services	   540,0	  	  	  	  	   1	  600,0	  	  	  	  	   95,0	  	  	  	  	   2	  235,0	  	  	  	  	  

Electricity	   -‐	  	  	  	  	  	  	   17	  000,0	  	  	  	  	   -‐	  	  	  	  	  	  	   17	  000,0	  	  	  	  	  
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Case	  4:	  Plug-‐in	  aluminium	  catamaran	  

Figure 4.6. Results for the aluminium plug-in catamaran. Observe that the vertical
scale is logarithmic.

4.8 Comparison
Comparing the four cases, shown in figure 4.7, it is obvious that the reference case
has the largest total impact, with the case of reduced speed in second place with
a 26.4% lower impact . The plug-in electric cases are significantly lower in impact
with their use of hydropower electricity rather than diesel oil and an onboard diesel
generator. The catamaran receives a severe penalty for the higher impact process
of producing the aluminium hull, despite it being about a third of the steel mass
used in cases 1 through 3. Producing primary aluminium from raw ore is very en-
ergy consuming so this is not completely unreasonable. Finally, the operation and
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maintenance phase points itself out as the dominant and critical difference between
these cases, as the diesel-electric vessels both are penalized a hundred times more
for their energy consumption than their plug-in electric counterparts.

Implementa)on	  and	  
integra)on	  

Opera)on	  and	  
Maintenance	   Disposal	   Total	  

Reference	   14	  040,0	  	  	  	  	   1303	  200,0	  	  	  	  	   102,2	  	  	  	  	   1317	  342,2	  	  	  	  	  

Reduced	  speed	   16	  278,3	  	  	  	  	   959	  072,5	  	  	  	  	   118,5	  	  	  	  	   975	  469,2	  	  	  	  	  

Plug-‐in	  monohull	   14	  340,0	  	  	  	  	   22	  800,0	  	  	  	  	   102,2	  	  	  	  	   37	  242,2	  	  	  	  	  

Plug-‐in	  alu	  catamaran	   26	  340,0	  	  	  	  	   22	  200,0	  	  	  	  	   101,3	  	  	  	  	   48	  641,3	  	  	  	  	  
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Figure 4.7. A comparison of the life cycle impact results for all four cases. The
significant differences are observed for case 4 in the implementation and integration
processes and for cases 1 and 2 in the operation and maintenance processes. In the
disposal process, the difference is negligible. Please observe that the vertical scale is
logarithmic.

Finally, a comparison of different sources of electricity was performed for case 4. As
is shown in figure 4.8, using hard coal or oil power to supply the catamaran plug-in
vessel provides a 188 times larger impact from energy consumption compared to the
hydropower and a 67 times larger impact than nuclear electricity. Using fossil fuel
generated electricity yields a total impact about 66 times larger than hydropower
and 40 times larger than nuclear power for the modelled factors. This is three times
worse than both diesel electric cases, and this points to that an environmental
gain is only achievable if renewable or nuclear electricity is chosen to supply the
ferry. The use of coal or oil renders a worse result than having an onboard diesel
generator. One should however keep in mind that these relative difference will be
further reduced if a complete LCA of the whole ship was to be done.
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Opera&on	  and	  Maintenance	   Total	  
Hydropower	   17	  000,0	  	  	  	  	   48	  641,3	  	  	  	  	  

Nuclear	  power	   48	  000,0	  	  	  	  	   79	  641,3	  	  	  	  	  

Oil	  power	   3200	  000,0	  	  	  	  	   3231	  641,3	  	  	  	  	  

Hard	  coal	  power	   3200	  000,0	  	  	  	  	   3231	  641,3	  	  	  	  	  
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Figure 4.8. A comparison of four different sources of electricity for case 4. Hy-
dropower is, as expected, the best alternative with regards to environmental impact,
whereas coal is worse off at a 188 times larger impact when comparing only the energy
consumption. Observe that the vertical scale is logarithmic.

29





Chapter 5

Discussions and Conclusions

5.1 Conclusions

5.1.1 Strengths and Weaknesses

The proposed method has proven strengths in modelling ease and effort. Large
portions of the input data is information already procured through the ship design
process, and rules of thumb may even be used in very early stages to determine the
input data. The level of LCA expertise required has been shown to be low as well,
as long as the modelling software provides simple databases and process modelling
trees. Its biggest strength is also its biggest weakness: precision. The low precision
in the input data allows for simplified models to estimate e.g. resistance and hull
mass, but this also leads to imprecise output data.

Despite the low precision and certainty in the input data, the results of the example
indicate trends in the impact as a result of the different modelling results. The se-
lection of the modelled parameters has been critical, and an incorrect definition of
the system of interest may both yield very high work loads and exclude significant
parameters. Also, the results are sensitive to interpretation, as they will only in-
clude the modelled parts of the complete system. An apparently very large relative
difference in the modelling result may be a very small relative difference for the
whole ship.

The environmental indicator has shown a possibility to compare environmental loads
from very different sources, but questions has been raised as for the transparency
and clarity with which this can be used. If some transparency can be sacrificed,
modelling effort is significantly reduced and this method is most likely applicable
in a large extent.
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5.1.2 Dominating Factors

It has through the example shown to provide indications as to what modelled parts
of the ship system are dominating the design with respect to the environmental
indicator score. The energy source has a clear dominance in the diesel-electric
cases, and based upon other work (e.g Lampa 2009), this seems to be a normal case
for fossil fueled ships. Despite reducing the speed and daily transport capacity a
very high impact resulted. Even for the plug-in electric catamaran, it was shown
that the energy source could dominate the modelled impact if a fossil source for
electricity was chosen. The hull was shown to dominate the implementation and
integration processes due to its sheer size compared to the other modelled parts. It
was not of any significance in the case of fossil energy sources, but a dominating
part in the plug-in cases. The dominant parts of a comparative LCA according
to this method is in other words largely dependent on the concept at hand, and
the nature with which the necessary parameters are determined. For conventional
designs, it could be possible to determine general dominating factors given the vast
number of existing ships, but the large gain is possibly not in conventional but in
revolutionary design which makes it very difficult to find the dominating aspects.

5.2 Discussion

5.2.1 Systems engineering as an LCA framework

Conscious application of system engineering processes contribute to stating which
parameters are subject to change, as these relate to requirements in all aspects of
ship design, e.g. stability, cargo capacity and navigational properties in addition to
the environmental aspect. Life cycle analyses could be used an assessment method
to determine conformity to environmental requirements formulated for the system
life cycle. Using it in conjunction with other assessment models seems to be the
way to go in the quest for environmentally sounder designs.

In symbiosis with the framework of systems engineering, the system of interest
should be defined similarly for the life cycle assessment and the other evaluation
methods. A strong systematic approach, considering the design options provided
through analysis, strengthens the accuracy of any assessment and the life cycle as-
sessment is no exception. However, there are several concepts within these two
branches of engineering which are very similar but utilize very different definitions,
a matter which significantly increases the threshold to implement life cycle assess-
ments in a systems engineering context. An example would be the system of interest
in the SE sphere and the goal and scope definition in a life cycle assessment. As
confusion easily arises during projects utilizing engineers from different branches of
engineering, unifying the language would lower the threshold for the use of environ-
mental assessments in systems design.
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5.2.2 Excessive formalism?

A challenge encountered during the study, was the apparent need for formalism in
a life cycle assessment. To certify an assessment with an ISO label or any other
quality assurance, there are literally hundreds of requirements upon the studies to
ensure that a study is documented and correct. This does seem to reduce the in-
terest in life cycle studies, as the amount of administrative work overshadows the
benefit of such an assessment and it is neglected. If one was to reduce the level of
ambition at early stages of the application of environmental analysis and accept un-
certainties and minor inaccuracies in projects where these are not of importance, the
experience gained will most likely lead to better assessments. Ultimately, designers
would gain an intuitive feel for environmentally sound design, just as experienced
ship designers have a feel for an effective structural arrangement.

Environmental assessments become increasingly important as more requirements
are put upon systems to improve their environmental performance. When per-
forming life cycle assessments on ships, it has shown to be necessary to perform
comparative LCA studies, due to the inherent complexity of a ship system. This is
both to limit the amount of effort involved in analysis and to limit the number of
uncertainties in the input data. Great care should be used when interpreting and
reporting results, as even the models for life cycle impacts have uncertainties and
one may acquire very different results with a different assessment model. The good
thing is that the results can still be used to evaluate different ideas, as long as either
the recipient is aware of the limitations in the results or all significant parameters
are kept in the loop. Without these significant parameters, the results may only
describe the difference between the modelled parts of the system which could be
negligible compared to the total environmental impact.

Neglecting to include the whole ship in the system of interest entails that the abso-
lute and total environmental impact is not available as output. It is thus necessary
to keep in mind that an apparent very large gain in environmental impact from
this analysis could be very small for the whole system. It could at a design review
be argued that the total environmental gain is too small to be worth the extra
investment as one lacks the whole picture. For instance, if only diesel propulsion
had been used with identical consumption for all the studied cases, the majority
of the reference case indicator points would have disappeared. If one was able to
determine the ship aspects constituting the bulk of the environmental impact, one
could ensure always to include these and thus render other omitted aspects less
significant. This would increase the precision of the results significantly and make
them even better support for design decisions. For ships, and most other means
of transport, the fuel or energy source seems likely to be a significant factor and
could thus be included in the system of interest to provide a better indication of
the total differences between concepts. However when using renewable electricity,
the energy consumption was shown to be nearing insignificance compared to the
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implementation and integration impact which would increase the significance of all
other aspects instead. How realistic this is, is naturally a question that arises, and
to gain an answer one has to question the databases which form the foundation of
the modelling, but this is left alone in this case.

5.2.3 The use of a weighted indicator
To conclude this section, a short discussion on the value and uncertainty of the
weighted indicator number is necessary. The whole point of using an environmental
indicator, a single or several, rather than the pure amount of steel or emissions
themselves, is that the indicator tries to provide a measure of the consequences
of the consumption and emissions. The value for the engineer of using these in-
dicators is that the design can be evaluated with ease, comparing materials with
processes and consumption with production. Thus it becomes more clear what is,
according to the indicator, the better way to go for an environmental design. The
indicators must despite this be used with care and understanding that they are a
representation of the values and priorities of the designer of the indicator model.
By comparing different models, it is surprising how different the indicator results
can be. Perhaps by combining several of these, one could determine a common con-
sensus a trend discerning what direction to move in the design process to improve
the environmental aspects of the system at hand.

5.3 Future extensions
To establish or to rebuke the presented method, an analysis utilizing it completely
and performing a more thorough life cycle assessment according to the presented
principles would be necessary. To further improve the ability to perform life cycle
assessments on ships, an effort should be made to determine what parameters are of
such significance that they should be included to get an indication of the complete
impact of a system. To achieve better precision, a database specialized for ship
designers where common materials and processes used in shipbuilding and ship
operation are included. To improve assessment effectivity, the design of parametric
life cycles of common system parts would be beneficiary, and allows the analyst to
quickly adapt the design and include them in the system life cycle.
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Appendix A

Case 1: Reference

Here is a presentation of the reference vessel used in chapter 4. It is based upon the
suggested design by SSPA and Västtrafik (Västtrafik AB 2011) which is currently
out for tender in reality. Below the relevant information for the study is listed
through the operational profile and the ship product breakdown structure. Any-
thing not included with reference to chapter 3 is assumed equivalent on all examples
and is thus not included in this comparative study.

The transport scenario is a river shuttle project in Gothenburg harbor where a
floating ship bridge is to be made. The crossing is 1220 meters long and should be
completed at about 5 minutes and have a 2,5 minute turnaround at each end, i.e.
a round trip every 15 minutes. A map is shown in figure A.1.

A.1 Operational profile

The operational profile is presented as required by Västtrafik in the tender (Västtrafik
AB 2011).

A.1.1 Speed and acceleration

Speed and acceleration requirements are described in table A.1.

Table A.1. Speed and acceleration requirements on reference hull

Cruising speed [kn] 8
Maximum speed [kn] 11
Acceleration to 8 kn [s] 20
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Figure A.1. A map of the crossing to be analysed.

A.1.2 Frequency

The frequency of journeys is described in table A.2. Essentially the ship is to make
a journey every 7,5 minutes.

Table A.2. Frequency of travel applied to reference case

Number of journeys/hour 8
Hours of operations/day [h] 20
Hours of steaming/day [h] 13.5
Ratio of operation time at full power [%] 8.6%
Ratio of operation time at 8 knots [%] 59.1%
Ratio of operation time at quay [%] 32.3%

A.1.3 Utilization of capacity

This vessel will transport a total of 48,000 passengers per day. This is set as the
reference level with a functional unit of 1. In case 2, this number will be reduced,
whereas it in cases 3 and 4 will be set to 1 as they have equal capacity.
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A.2 Ship Product Breakdown Structure

A.2.1 Hull
A.2.1.1 Hull concept

The reference vessel has a longitudinally symmetric monohull according to the gen-
eral arrangement shown in figure A.2. The main particulars are presented in table
A.3 and were used for resistance calculations using Holtrop-Mennens method.

Figure A.2. The general arrangement of the reference vessel as published in the
tender documents.

A.2.1.2 Hull material concept and structural design

Unalloyed regular steel was chosen as the hull material concept. Assuming the
ship was built with a traditional structural arrangement, the steel weight could be
estimated using Karayannis et al. (1999) to be 55 tonnes. A 10 % scrap allowance
was used so that the total steel consumption for the hull was 60,5 tonnes.

A.2.1.3 Superstructure

The superstructure was assumed to be built in steel and included in the estimate
for hull weight above.
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Table A.3. Main particulars for reference vessel.

Length over all [m] 32
Perpendicular length [m] 30.5
Breadth over all [m] 8.5
Waterline breadth [m] 8
Cargo deck area [m2] 200
Wet surface [m2] (Guldhammer & Harvald 1974) 185
Displacement [tonnes] 147
Design draft [m] 1.4
Block coefficient [-] 0.44
Mid section area coefficient [-] 0.78
Waterplane area coefficient [-] 0.80

A.2.1.4 Insulation

As all cases utilize metal hulls, the same insulation was assumed and hence not
included in the study.

A.2.2 Propulsion plant
The vessel has a diesel-electric propulsion plant. The resistance and power re-
quirements were determined using the Holtrop-Mennen method (Holtrop & Mennen
1982) and a drivetrain efficiency ηD. This was determined according to Garme
(2008) as

ηD = η0ηHηRηEL (A.1)

where the propeller efficiency η0 was assumed to be on average 0.5 due to the
varied working conditions of the propeller. The rotational efficiency factor ηR was
assumed close to 1. The hull efficiency factor ηH , defined as

ηH = (1 − t)/(1 − w) (A.2)
w = 0.5CB − 0.05 (A.3)

t = 0.6w (A.4)

was determined to be 1.08. Due to the diesel-electric conversion, the electrical
efficiency ηEL is introduced and assumed to be 0.9. The total efficiency of the driv-
etrain is thus ηD = 0, 486.

To model the acceleration power requirement, different engine powers were tested
by simulating an acceleration to the service speed and observing the time. To model
this acceleration an assumption was made that the ship can perform a bollard pull
TB [N] of 60 times its engine power in horsepower at zero speed, one of many
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rules of thumb for estimating bollard pull. The propeller efficiency η0 at this point
was assumed to be 1/3. The propeller thrust force was then linearly interpolated
between this value at zero speed and the resistance force at the maximum achievable
speed with the given engine power according to Holtrop-Mennen. The resulting
power ratings of effective power PE and determined delivered power PD using ηD

are presented in table A.4.

Table A.4. Power requirements for reference vessel at continuous speeds and to
accelerate to 8 knots in 20 seconds.

Tow resistance power requirement PE [kW] PD [kW]
8 knots continuous speed 24,5 50,4
11 knots continuous speed 79,4 163
Acceleration to 8 knots in 20 s 146 300,4
Total power requirement PEngine [kW] -
Cruise at 8 knots 88 -
Acceleration to 8 knots 375 -
Electricity at quay 30 -

To allow for ice and bad weather conditions, another 15% is added to the propulsion
power requirement and 30 kW is added to allow for the electrical power required
to support onboard subsystems, see section A.2.3. The maximum required engine
power is thus 375 kW, and the cruising engine power at 8 knots speed is 88,0 kW.

A.2.2.1 Energy source

Diesel fuel is used and the fuel consumption is taken according to the motor data
below.

A.2.2.2 Motors and engines

To fulfill the power requirement a modern diesel-electric generator from Kohler
Power Systems was selected with the technical data presented in table A.5. The
fuel consumption for the two cases was linearly interpolated and extrapolated from
the technical data for the power loads in the case.

A.2.2.3 Propulsion units

The propulsion pods shown in the GA were not considered as they are assumed
equal in all concepts.

A.2.3 Electric plant
Electricity is delivered through the propulsion plant and is not considered separately.
The continuous power rating was increased by 30 kW to supply the required elec-
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Table A.5. Technical data for the selected generator for the reference case. The
calculated fuel consumption were determined by interpolating and extrapolating the
given fuel consumption for the generator. The data was retrieved from Kohler Power
Systems (2012).

Generator type Kohler Power Systems 400EFOZC
Continous power rating 400 kW
Total mass 3130 kg
Assumed cast iron mass 1600 kg
Assumed steel mass 1300 kg
Assumed copper mass 230 kg
Provided fuel consumption
100% load 103,2 L/h
75% load 75,3 L/h
50% load 51,7 L/h
Calculated fuel consumptions
375 kW 96,1 L/h
88 kW 25,3 L/h
30 kW 11,6 L/h

tricity for e.g. navigational equipment, lighting, engine control and other auxiliary
systems. The assumption is taken from Karlsson (2012).

A.2.4 Command and surveillance

These systems were assumed to be equal for all concept and were hence not taken
into account in this study.

A.2.5 Auxiliary systems

A.2.5.1 Hotel and accomodation

The accomodation and hotel systems were assumed equal in all cases, and were thus
not considered.

A.2.5.2 Environmental control

40 kW heating is necessary for heating and is here supplied by spill heat from the
engine. Assumption from (Karlsson 2012).

A.2.6 Outfit and furnishings

The outfit was assumed similar in all cases and is thus excluded from the study.
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A.2.7 Ship Assembly and Support Services
The considered factors from assembly and support are shown in table A.6.

A.2.7.1 Diesel consumption

Using the generator data and operational profile from tables A.2 and A.5, we have
that the diesel consumption will be 193 tonnes/year. Consumption due to bollard
pull work at the quays is not included, as it was assumed that the quay was built with
a locking system keeping the ship in place when loading and unloading. Electricity
production at the quay is however taken into account at 30 kW.

A.2.7.2 Meters of weld

An estimate of 3000 meters was taken at the author’s discretion to separate the
different cases of hull materials considered.

A.2.7.3 Painting

This estimate was also taken at the author’s discretion, based upon normal paint
consumption of epoxy paint. With an assumption of 1 square meter of paint coverage
per kg enamel, paint the total paint consumption was assumed to be 1200 kg during
the implementation process and a further 200 kg/year for maintenance.

Table A.6. Assembly and support factors taken into consideration. *Enamel paint
modelled as alkyd paint due to limitations in software database.

Meters of weld [m] 3000
Epoxy paint*, initial construction [kg] 1200
Epoxy paint*, support [kg/year] 200
Diesel consumption [tonnes/year] 193
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Case 2: Reduced speed

To make the easiest of alternatives, the speed and acceleration requirements have
been reduced for the reference vessel, and thus this case is identical to the reference
case with the exception of the power requirements and fuel consumption.

B.1 Operational profile

The operational profile has been modified to represent a lower speed.

B.1.1 Speed and acceleration

Speed and acceleration requirements are described in table B.1.

Table B.1. Speed and acceleration requirements on reference hull

Cruising speed [kn] 7
Maximum speed [kn] 9
Acceleration to 7 kn [s] 30

B.1.2 Frequency

The frequency of travel is described in table B.2.

B.1.3 Utilization of capacity

Due to the reduced service speed, the maximum capacity per day is reduced to
41,400 people, 86,25% of the reference case. The resulting impact should thus be
increased by 16% to account for this.
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Table B.2. Frequency of travel applied to reference case

Number of journeys/hour 7
Hours of operations/day [h] 20
Hours of steaming/day [h] 14.1
Ratio of operation time at full power [%] 11.5%
Ratio of operation time at 8 knots [%] 59.2%
Ratio of operation time at quay [%] 29.3%

B.2 Ship Product Breakdown Structure

B.2.1 Hull

The hull is identical to the reference case.

B.2.2 Propulsion plant

The same efficiency and methods to assess power has been used as in the reference
case. The resulting power ratings of effective power PE and determined delivered
power PD are presented in table B.3. As before, 15% was added to account for bad
weather and 30 kW to supply electricity. Hence the maximum required power is
222 kW and the cruising power at 7 knots is 60.6 kW.

Table B.3. Power requirements for reduced speed according to the operating profile
and to accelerate to 7 knots in 30 seconds.

Tow resistance power requirement PE [kW] PD [kW]
7 knots continuous speed 12.8 26.6
9 knots continuous speed 33.5 68.9
Acceleration to 7 knots in 30 s 84.0 175
Total power requirement PEngine [kW] -
Cruise at 7 knots 60.6 -
Acceleration to 7 knots 232 -
Electricity at quay 30 -

B.2.2.1 Motors and engines

The same engine and motors are applied as in the reference case to display what
effect a simple reduction in speed would have and to reduce the modelling effort
involved. The fuel consumption rate was taken from table B.4.
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Table B.4. Technical data for the selected generator for the reference case. The
calculated fuel consumption were determined by interpolating and extrapolating the
given fuel consumption for the generator.

Calculated fuel consumptions
232 kW 59.3 L/h
60.6 kW 18.8 L/h
30 kW 11.6 L/h

B.2.3 Electric plant
Electricity is provided as in the reference vessel.

B.2.4 Ship Assembly and Support Services
The paint consumption was taken equal to the reference case, as well as the number
of welding meters. The diesel consumption was reduced according to the reduced
power requirement and landed at 122 tonnes per year. See table A.6.
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Case 3: Battery powerplant

This case provides an example of a plug-in electric ferry, using the same operational
speed and hull as the reference case. This is to illustrate the comparison between a
diesel and a plug-in system and to evaluate the modelling difficulty.

C.1 Operational profile
The operational profile is identical to the reference case.

C.2 Ship Product Breakdown Structure

C.2.1 Hull

The hull is identical to the reference case, but has an increased displacement due
to the added mass of the batteries which leads to a higher resistance. The resulting
changes in the main particulars is shown in table C.1.

Table C.1. Main particulars for the plug-in electric vessel. Only the parameters
differing from the reference case are included. See table A.3.

Wet surface [m2] (Guldhammer & Harvald 1974) 197
Displacement [tonnes] 163
Design draft [m] 1.5
Block coefficient [1] 0.46

C.2.2 Propulsion plant

The Holtrop-Mennen method was applied here as well, and the efficiency ηD was
determined as in section A.2.2. As the electricity is already stored in batteries,
electricity losses are very low inside the system and is assumed to have an efficiency
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of ηEL = 0, 95 where the 5% loss is due to high power outtakes and motor losses in
the propulsion units. The total efficiency of the drivetrain is thus ηD = 0, 513.

The resulting power ratings of effective power PE and determined delivered power
PD are presented in table C.2. An additional 15% was added in case of ice and
adverse weather conditions, 30 kW was added for electricity for other onboard sys-
tems and 40 kW was added for heating. Hence the maximum required power is 429
kW and the cruising power at 8 knots is 119 kW.

Table C.2. Power requirements

Tow resistance power requirement PE [kW] PD [kW]
8 knots continuous speed 21,8 42,5
11 knots continuous speed 85,8 167,3
Acceleration to 8 knots in 20 s 160 312
Total power required [kW] -
Cruise at 8 knots 119 -
Acceleration to 8 knots 429 -
Electricity and heating at quay 70 -

C.2.2.1 Energy source

Hydropower electricity is to be used, and is stored onboard the ship in lithium-ion
batteries. According to Tahil (2010) 571 grammes of pure lithium metal is required
to provide a battery capable of storing 1 kWh energy, assuming that the battery
production consumes 30% of the lithium. The energy density of installed lithium
batteries, including casings, electrolytes, control electronics and other infrastruc-
ture, is 11,2 kg/kWh (Karlsson 2012).

For the ship to be able to operate a full day without recharging 2590 kWh is re-
quired, including electricity and heating. Batteries containing 1700 kWh are pro-
vided, adding 19 tonnes of mass to the ship. As the combustion engine generator
may be removed from the reference case, 3100 kg mass is removed from the ship
before adding the batteries. Fuel was not considered as the onboard fuel varies
during service. Thus, only 16 tonnes are added to the displacement.

By recharging the ship partly every time it connects to the shore, the ship may have
less battery capacity than a full day of operations requires and a lower discharge
is achieved, extending the battery life. A lifetime of the batteries of 10 years is
assumed. According to battery data in Karlsson (2012), lithium-ion batteries may
have thousands of discharges as long as the batteries are not emptied out. Thus it
is important that the ship is partially recharged at every opportunity to maintain
the lifetime of the batteries. Three sets of batteries are thus required through the
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life cycle of the ship. Unfortunately the database limitations of ECO-it prevents
a detailed analysis of the lithium batteries, but the lithium metal itself has been
included to give an indication. This implies that 18 tonnes of battery components
are not modelled, which could be a critical amount in the comparison. The battery
information is summarized in table C.3.

Table C.3. Battery park information

Battery technology Lithium-Ion
Installed battery capacity 1700 kWh
Battery park mass 19 tonnes
Increase in displacement 16 tonnes
Lithium metal required per battery set 970 kg
Battery set life time 10 years

C.2.2.2 Motors and engines

No generators and engines are necessary, apart from the propulsion units, as the
ship is run as a plug-in electric ship. The only motors are the propulsion units.

C.2.3 Electric plant
Delivered through the propulsion plant and is not considered separately. The electric
power requirement is 30 kW and is added to the required power output.

C.2.4 Auxiliary systems
C.2.4.1 Environmental control

40 kW power is necessary for heating and is here required to be drained from the
batteries. The assumption is taken from Karlsson (2012).

C.2.5 Ship Assembly and Support Services
The paint consumption was taken equal to the reference case, as well as the number
of welding meters. See table A.6. The total power consumption, modeled as hydro
power as it is easily available in Sweden, was determined to be 946 MWh per year
according to the operational profile and the required power.
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Appendix D

Case 4: Aluminium plug-in catamaran

To illustrate that even severely differing concepts could be modelled, a radically
different design was modelled to see what results could be acquired. This is placed
beyond the limit of validity of some modelling methods used and this case is there-
fore only an illustration of the possibility of LCA analyses in ship design.

The case in question is an aluminium catamaran with equivalent cargo capacity
which should perform the same level of service as the reference case.

D.1 Operational profile

The operational profile is identical to the reference case.

D.2 Ship Product Breakdown Structure

D.2.1 Hull

D.2.1.1 Hull concept

A longitudinally symmetric catamaran hull was used, utilizing transversally sym-
metric demihulls. The main particulars are presented in table D.1 and were used for
resistance calculations using the Holtrop-Mennen method for each demihull. This
resistance estimation is not generally valid for catamarans and thus these results
may be compromised with respect to their validity. In the design, the aim was to
maintain the same cargo deck area to allow the same number of passengers to use
the vessel as in the reference case. The displacement was taken by assuming the 88
tonnes of the reference case not constituting the hull or propulsion machinery to be
required in this case as well, and adding the hull and battery masses.
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Table D.1. Main particulars for reference vessel.

Length over all [m] 26
Perpendicular length [m] 25
Breadth over all [m] 9
Depth [m] 8
Demihull waterline breadth [m] 3
Hull separation [m] 3
Cargo deck area [m2] 200
Total Wet surface [m2] (Guldhammer & Harvald 1974) 260
Displacement [tonnes] 133
Design draft [m] 1.7
Block coefficient [1] 0.55
Mid section area coefficient [1] 0.79
Waterplane area coefficient [1] 0.98

D.2.1.2 Hull material concept and structural design

Aluminium was chosen as the material concept. Assuming the ship was built simi-
larly to existing catamarans, its structural weight could be estimated using Karayan-
nis et al. (1999) to be 25 tonnes of steel. As aluminium is chosen as the material,
the aluminium mass was assumed at 70% of the steel mass. A 10 % scrap allowance
was applied so that the total aluminium consumption for the hull was 19,3 tonnes.

D.2.1.3 Superstructure

The superstructure is assumed to be built in aluminium and was included in the
estimate for the hull mass above.

D.2.2 Propulsion plant

Using the Holtrop-Mennen method the resistance and power requirements were
determined using the same efficiency factor ηD as in the case of the plug-in electric
monohull in appendix C. However, the interference effects between the two cata-
maran hulls were not taken into consideration and thus the resistance figures in
this analysis are likely to be imprecise. For more detailed analyses, a better model
would be recommendable such as e.g. (Tuck & Lazauskas 1998). For the sake of
this study, an illustration is of interest and Holtrop-Mennen is expected to do well
enough for this purpose.

The resulting power ratings of effective power PE and delivered power PD are pre-
sented in table D.2. An additional 15% was added in case of ice and adverse weather
conditions, 30 kW was added for electricity for other onboard systems and 40 kW
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was added for heating. Hence the maximum required power is 429 kW and the
cruising power at 8 knots is 119 kW.

Table D.2. Power requirements

Tow resistance power requirement PE [kW] PD [kW]
8 knots continuous speed 34.0 66.1
11 knots continuous speed 123 239
Acceleration to 8 knots in 20 s 143 279
Total power required [kW] -
Cruise at 8 knots 146 -
Acceleration to 8 knots 391 -
Electricity and heating at quay 70 -

D.2.2.1 Energy source

For the ship to be able to operate a full day without recharging 2850 kWh is required,
including electricity and heating. As in the previous case, 1700 kWh of batteries
is provided, at a total of 19 tonnes of mass. A similar recharging scheme is also
assumed which yields the same life cycle for the batteries. Refer to table C.3 for
details. As no diesel machinery is removed, the batteries constitute a full 19 tonnes
of displacement.

D.2.2.2 Motors and engines

No generators and engines are necessary, apart from the propulsion units, as the
ship is run as a plug-in electric ship.

D.2.3 Electric plant

Delivered through the propulsion plant and is so not considered separately. The
power requirement is increased by 30 kW similarly to the reference case.

D.2.4 Auxiliary systems

D.2.4.1 Environmental control

40 kW power is necessary for heating and is here required to be drained from the
batteries. The assumption was taken from Karlsson (2012).

D.2.5 Ship Assembly and Support Services

The considered factors from assembly and support are shown in table D.3.
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D.2.5.1 Energy consumption

Heat production and electricity consumption at the quay is taken into account at
70 kW. This yielded a total yearly energy consumption of 1040 MWh/year.

D.2.5.2 Meters of weld

An estimate of 5000 meters was taken at the author’s discretion to account for the
increased necessity of supporting aluminium structures compared to steel. This
leads to more stiffeners needed in the structure and thereby an increased amount
of welding. A different welding process compared to the steel cases was used as
aluminium requires this.

D.2.5.3 Painting

This estimate was also taken at the author’s discretion, based upon normal paint
consumption of epoxy paint. An assumption of 1 square meter of paint coverage per
kg enamel paint the total paint consumption was estimated to be 1200 kg during
the implementation process and a further 100 kg/year for maintenance. During
support, the paint consumption is lower as there is less requirement on a perfect
coating at all times as aluminium is much more corrosion resistant than steel.

Table D.3. Assembly and support factors taken into consideration. *Enamel paint
modelled as alkyd paint due to limitations in software database.

Meters of weld [m] 5000
Epoxy paint*, initial construction [kg] 1200
Epoxy paint*, support [kg/year] 100
Energy consumption [MWh/year] 1040
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Appendix E

The ReCiPe assessment model

The ReCiPe model from Goedkoop et al. (2009) is a life cycle assessment model
based upon the models CML2001 (Guinée et al. 2002) and Eco-indicator ’99 (Goedkoop
& Spriensma 2001). It provides the opportunity, as opposed to other models, to
both read out a very detailed evaluation of impact in the form of 18 midpoint impact
categories and three endpoint indicators. It has even been extended into producing
a single weighted ecological indicator number in the software ECO-it by Pré Con-
sultants in the Netherlands. In figure E.1 a flow-chart illustrates the categories and
complexity of the ReCiPe assessment model.

Figure E.1. The ReCiPe model illustrated by a simplified flow-chart.
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E.1 Input data source and precision
ReCiPe is, as all other assessment models, dependent on a life cycle inventory (LCI)
as input to generate any results. This inventory consists of amounts of basic re-
sources consumed, emissions and waste contributions. The LCI is acquired from
databases containing information on what consumption and emissions result from
producing certain basic products and performing manufacturing processes. After
the product and processes are sufficiently defined, one can acquire the resulting
emissions and resource consumption from such a database and input this into the
ReCiPe model. The precision in the input data naturally affects the output, and
some data is more significant than others. It would be beneficiary to the credibility
of the study to perform a sensitivity analysis where the different input parameters
are varied slightly to see how it affects the output.

E.2 Midpoint vs. Endpoint vs. Ecological indicator
Weighting of the different kinds of impact is highly controversial, and ReCiPe offers
no less than two built-in ways to evaluate the impact. The advantage is obvious; one
can have the model weight the different impact categories so that the information
is easier to comprehend, but details are lost in the process. There are as mentioned
controversies concerning such weighting as it combines completely different envi-
ronmental mechanisms and states how bad each is in comparison with the other,
when they in themselves could be close to independent and affect different sides of
the ecosystem. The weighting factors are naturally well documented and reasoned
for in the documentation of the method (Goedkoop et al. 2009). As mentioned
above, there is even a single indicator implemented in certain software, which is
very practical for evaluation purposes. But, unless one has a clear understanding of
the weighting reasoning performed or the reader is made aware of the uncertainty
in this number, the use of this might be better to avoid.
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ECO-it as a ship designer tool

Throughout this study, a software named ECO-it, version 1.4, has been utilized.
It is manufactured by Pré Consultants in the Netherlands. It has been developed
with product screening in mind and makes it very simple to get an impression
of a product life cycle impact. As opposed to fully fledged life cycle assessment
software, e.g. SimaPro, ECO-it requires a very low level of knowledge to get
started. However, some knowledge of life cycle assessments in general would be
recommended to fully understand the reasoning behind the software design. It is
not designed with ship design in mind, however, so a number of limitations were
encountered during the study which reduced the impact precision.

F.1 Product modeling

The product is modelled by building up the constituent parts and components
through a breakdown structure, e.g. the ship breakdown structure described in sec-
tion 3.4. By adding materials and manufacturing processing one may quickly and
easily review the production impact.

Further on, the use-phase allows for consumption of energy and the use of trans-
port and infrastructure. In this phase, one may even insert separate life cycles for
consumables or replacement parts. For instance, one may model the life cycle of
a specific replacement engine separately, and later insert this engine into any later
ship project. Unfortunately this score is counted as the operation and maintenance
processes, and it is not possible to import other products in the production phase
at this time.

Finally, the disposal model is limited to distributing the parts of the product be-
tween five different categories. Very simple and effective, but there is unfortunately
no support as for how much of any material is normally possible to recycle. This
would have further increased the ease of modelling, but is not included in this ver-
sion.
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The modelling result may in this version be viewed in two different evaluation
models. The formerly introduced ReCiPe model (Appendix E) and IPCC 2007
which presents the result as CO2 equivalents.

F.2 Interface
The interface in similar to a spreadsheet and is easy and intuitive to work with.
An example is shown in figure F.1, where even the automatic diagram is included.
Given the simple calculations in the evaluation model, the program works in real-
time, updating the impact as the indata is inserted. Unfortunately it is not possible
to copy the modelling information for further analysis in an other mathematical
program. This unfortunately has to be done manually which significantly reduces
the usefulness of the program.

Figure F.1. An illustration of the interface of ECO-it. The product breakdown
structure is shown alongside an automatically generated chart showing the distribu-
tion of the production phase impact.

F.3 Encountered limitations
During this study, several limitations were encountered when trying to model a ship.
The first was the lack of materials normal for modern ship design in the database,
e.g. polyester, carbon fibres and industrial paint. The second severe limitation was
the apparent impossibility of consuming fuel in the operation and maintenance pro-
cesses. This was resolved by modelling a tonne of diesel in a separate life cycle and
importing into the ship system model. Thirdly it was not possible to link a project
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to other projects in the implementation and integration processes. Hence, one can-
not model a modular design in a convenient way and still maintain the information
on the contribution of the different life cycle stages. This is very unfortunate.

F.4 Necessary extensions
The software manufacturers provide a separate tool to extend the database of ECO-
it, but this requires a much higher degree of expertise than using the program itself.
If this program was to be used in ship design, one would have to invest in a special-
ized ship design database which may be provided by the software manufacturers or
by acquiring the necessary software and competence and performing this database
modification in-house. Either way it would be necessary to overcome the limita-
tions and provide a better range of ship design modelling. With these changes in
place, and a possibility to use modular products, the software will have increased
its potential in ship design many times over.
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