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Summary

This research has been performed with the goal to set up a model for the comparison of the environmental
impact caused by the production of yachts. This model is created in such a way that it can be implemented in
the YETI, Yacht Environmental Transparency Index, which is currently under development. The model that
is created is based on a life cycle assessment methodology named Fast Track LCA. This methodology is an
adapted version of the classical full and rigorous assessment as defined by the ISO and focuses on making
comparison of the results possible.

The aim of the YETI is to assess a yacht’s environmental impact over its life span. The life span includes
activities that can be related to the production and operational use of a yacht. The impact from operational
use is outside the scope of this thesis. The life cycle of a yacht with only activities that can be related to the
production is standardized as follows: After the building, maintenance takes place every 2.5 years and con-
sists of a docking period during which the paint and hull protection system is updated. This goes on for 20
years after which the yacht requires a major refit. Because the work of such a refit is significant and the de-
preciation of the yacht indicates that the end of life value is reached at 20 years, 20 years is taken as the end
of life moment. Meaning that the life of the yacht ends and that refit activities create a new yacht.

System boundaries about this life cycle exclude all yard processes from the assessment, excluding energy
required, yard processes, transport and material efficiency. Excluding these yard processes ensures that the
YETT will underestimate the impact caused by yacht production. Results show that the effect of including
the energy used for hull construction and assembly of the yacht would increase the environmental impact by
40%.

Part of the Fast Track LCA methodology is the quantification of materials and this research presents a stan-
dardized framework for this inventory. The Framework is used to ensure that the same input is used for every
YETT assessment. The input required is based on the type and amount of materials used in the building
phases. Because of the standardized life cycle the rest of information on maintenance and the end of life
scenario is calculated automatically. For more complex items such as ship systems the material choices are
predefined in the framework for the LCI. The definition of a standardized framework with predefined ma-
terial choices makes the model more transparent, understandable, usable with minimal effort and ideal for
comparison. However it does not fulfil the requirement of having no room for manipulation. The model is
highly sensitive to the input data, meaning that if the input data is not correct, the outcome of the model is
not either. No solution is found to eliminate this form of manipulation.

The model created for the YETI to calculate the environment impact is applied on the case study of yacht
A, ayacht build in recent years by Feadship. The results were validated by comparison with a previous study.
As the YETI should show different scores for different designs, a sensitivity check was performed. The study
showed that the model is sensitive enough to design choices. Furthermore, it is likely that the impact from
production will grow due to measures to lower the operational impact from yachts. The outcome of the model
is suitable for comparison. However, the outcome itself is an underestimation of the real environmental im-
pact from yacht production. This is due to missing environmental data of used materials and the exclusion
energy for both the production and the recycling.

Concluding, the model created in this research makes it possible to compare yachts based on their environ-
mental impact from production. However shortcomings in the model are found due to the limited availability
of information of materials used in yachts. This can be solved by doing more intensive environmental stud-
ies into the materials and products used for the construction of yachts. Additionally the assumptions on the
predefined materials for ship systems have to be validated by checking the distribution of materials for other
yachts. For further use of the YETI it is recommended that yards and designers change the way they keep
track of used materials. This will make future use of the YETI more easy and accurate.
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Introduction

The maritime industry as a whole is known to be a big contributor to the total amount of Green House
Gases(GHGs) emitted. The International Maritime Organization(IMO) has estimated that over the year 2012
the total amount of CO, emitted by shipping is 938 million tons which equals 2.6% of the global total amount
of CO, emitted [37]. The shipping industry has so far not been included in the major environmental agree-
ment of the united Nations: The Paris Agreement [66]. In order to express the importance of carbon emissions
reduction of the shipping industry in another way the IMO has taken the lead by setting up a strategy on the
reduction of Green House Gases (GHGs) [38]. In this strategy three goals are highlighted: First the IMO wants
to further implement the Energy Efficiency Design Index(EEDI), second the IMO has the ambition to lower
the CO, emissions of the shipping industry by 40% in 2030 and 70% in 2050. The third, and final, goal is to
reduce emissions of all greenhouse gases by 50% in 2050. Though being a big contributor to the GHG emis-
sions shipping is also a big contributor to other environmental impacts. For this reason the international
convention for the prevention of pollution from ships (MARPOL annex VI) regulates the pollution by air of
SOy, NO, and particulate matter [36].

However, all these measures are taken in order to reduce the environmental impact of shipping and do not
take the emissions of the shipbuilding process into account. Shipbuilding is not part of the shipping industry
because it is land based, and thus falls under the Paris agreement and should therefore reduce its environ-
mental impact. But, as will be discussed in paragraph 1.2.1, there is a limited amount of information available
on the emissions from ship production. As a result there are uncertainties on the proportion of the environ-
mental impact of the ship production in comparison with the operational impact.

Although yachts are vessels, they are not really part of the shipping industry for the basic reason that their
purpose is not to ship anything. Yachts are designed for pleasure unlike other non shipping vessels like tugs.
The goal of a yacht is to provide an amount of luxury space on water at reachable places in the world. This
difference with regular vessels translates in a completely different operational profile in which energy is used
more for the comfort of guest on board than the propulsion.

In order to lower the carbon intensity of the maritime industry the IMO has made the calculation of the
Energy Efficiency Design Index mandatory in 2018 for the applicable vessels [38]. This index aims to promote
energy efficient, or in other words less polluting, solutions on board ships. The expression of the EEDI is
in CO, emissions per ton shipped over a nautical mile. Due to the difference in operational profile the ex-
pression of emissions from yachts in shipped tons over nautical miles becomes complicated and inaccurate.
From this gap between existing indices and the willingness to make yachts more sustainable the idea to make
an index for the yachting industry was born. In order to push the industry to create more sustainable designs,
to set a standard and to make different yacht designs comparable Feadship has initiated the search for the
YETI, the Yacht Environmental Transparency Index.

This chapter will give more information about the YETI, its goal and requirements. As the YETI will focus
on the assessment of the environmental impact this chapter will discuss different initiatives that have al-
ready tried to create a framework. There is regulation that will require yachts to document some materials
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that are used. It is important to take note of how this regulation get implemented. Also, there are different
in-house investigations done by De Voogt that give insight on important considerations for the assessment
of yacht specifically which will be discussed in this chapter.

1.1. The YETI

The YETI is an industry initiative with the goal to push the yachting industry to become more sustainable. To
reach that goal, one of the first steps is to chart the balance between a yacht and its environmental footprint.
The general idea is that the YETI provides an easy-to-use index that shows the environmental impact of a
yacht. At the same time it allows for comparison between yachts with the expectation that it can help the
industry towards designs with a smaller environmental footprint.

The idea of the YETI was developed in November 2018. In the past couple of months agreement was reached
about a very basic frame work for the YETIL. In a joint industry project it was agreed that the YETI should
comply with the following points as listed below. The next paragraphs explain the YETI abbreviation in more
detail.

* Easy to use method

¢ Method needs to allow for comparison between yachts

* Able to account for different yachts, in size and propulsion method

¢ Transparent

¢ Environmental impact from a life cycle perspective

* Indifferent about comfort, luxury, safety, size, top speed, number of passengers and fun

TheY

A yacht can be defined as an amount of luxury space for the pleasure of the owner, which can be relocated
under its own power. It has a certain area and volume, is cooled or heated as required, contains accommo-
dation, leisure areas and equipment. As at this level of yacht design and building every yacht is (almost) fully
custom. Because yachts are custom designed and built, the YETI should be applicable to a wide range of size,
speed character, propulsion layouts and exotic designs.

For the YETI a ship is considered a yacht when it is designed for the pleasure of both paying and non paying
passengers, is crewed all year round and needs to have the ability to cross the Atlantic Ocean independently.

The E

The YETI says something about the influence of the yacht on the environment, this is called the environmen-
tal impact of a yacht. Emissions commonly linked to the shipping industry are green house gases, SOy, NOy
and particulate matter. These emissions are part of the regulations enforced by the IMO. However, not only
emissions are environmental impacts but the depletion of resources or the radiation of underwater noise
from vessels are considered impacts as well [28, 47]. For the YETI, a list of relevant environmental impacts for
ship production and operation will have to be determined.

The T

When designing the YETI one of the challenges is how it can be designed for future use without enabling
future engineers to manipulate the index. The YETI will be designed to use for all future yachts and will thus
have to be made in such a way that it will still be considered a valid index in a few years. If in a few years a lot
ofloopholes are discovered the YETI will lose its credibility.

Transparency is one of the main requirements of the YETI and concerns many of its aspects. From every life
stage the information and data used, but also the method itself will have to be transparent. As an example the
speed power curve of a yacht is checked during the sea trial and thus says what the actual required power is.
But how can the same check be done to know if 430 or 450 ton steel is used? During the design process of the
YETI a balance has to be found between accessibility of data and sensitivity of the index. Higher sensitivity
would allow incorporation of all the small initiatives for more sustainable yachts and yacht production, but
would also require so much more documentation of data. This balance can also be influenced by a third
party, such as a classification society or an foundation like the Water Revolution Foundation.

For this research it is important that for all information and data the following three questions are answered:

¢ How can the information or data be obtained?
¢ What is done with the information or data?
¢ Is the information or data verifiable?
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Thel

In this stage of designing the YETI it is assumed that the YETI will be one index, either a score or a label based
on the calculations of environmental impacts. The YETI should be applicable to all kinds of yachts because
there are significant differences between designers, yards and even yachts. The focus on customization in
the yachting industry makes it hard to compare yachts both in size and operational use. Still, comparison
can only be done if the outcome of the YETI is expressed in the same unit for all yachts. Taking this general
description of how the YETI should look gives the expression as given in equation 1.1.

(1.1)

1.1.1. Requirements

The YETI will be further designed with a groups of super yacht builders, designer and knowledge institutes
through a Joint Industry Project. During meetings of these participants requirements for the YETT are dis-
cussed. These wishes from the industry and the requirements from literature are analyzed by Letschert [44]
and listed below.

1. The calculation method should be transparent

2. The YETI should remain as simple as possible for both understandability and minimizing the effort for
calculation

3. Design of the YETI should be in such a way that manipulation is not possible.

4. Results should be obtained through standardized processes and data has to be verified through stan-
dardized methods.

5. The YETI should be designed for comparison

These requirements have to be used for the design of the YETI framework.

1.2. Environmental impact of ships and yachts

The YETI initiative is not the first that takes a look at the impact that is caused by shipbuilding and shipping.
The emissions caused by the operational use of ships is commonly known, but the impact caused by ship
building is relatively unknown. In research, discussed in more detail in this paragraph, frameworks for the
determination of the impact from ship building are defined. However, most literature highlights that the
information about ship building is lacking and that research has not resulted in a standard for the assessment
of ship building. For the YETI the previous research can be used as input, but a new framework will have to be
defined based on the requirements of the YETI. Previous research also shows the need for an analysis of the
results gained with the framework in order to enlarge the knowledge about the impact from yacht production
and ship production in general.

1.2.1. General research

Research on the environmental impact from ship building is often found in combination with the impact
from the operational use of a vessel. This is commonly done in a Life Cycle Assessment (LCA), a method that
has been standardized by the ISO in the 14040 [39] and 14044 series [48]. Already in 2002 Fet [24] concluded
that LCA can be applied on a ship and between then and 2010 others have researched maritime applications
of LCA. In 2005 the importance and opportunities of LCA for the shipbuilding were determined by Shama [60]
and LCAs have been made for the shipbuilding and shipping industry by Gauss [26], Ellingsen [22], Michihiro
[42] and Tincelin [64]. Later Chatzinikolaou and Ventikos [18] have researched the application of LCA for a
panamax oil tanker. One of the conclusions of those studies is that the environmental impact of the ship-
building process is only a few percent of the total environmental impact of a vessel over its lifetime. An
estimation can be made that this percentage is somewhere between two and eight percent. However, there
are a lot of different ways used to express the environmental impact. For example, Ellingsen researched the
total environmental impact expressed in terms of Eco indicator 95, which gives a method to add up differ-
ent environmental impacts. On the other hand, Chatzinikolaou and Ventikos give the emissions per specific
substance, such as CO,, CO, VOC, CHy and six others. With CO,, CO, NOy and SO, having the largest con-
tributions to the total emissions measured in ton [18]. This is not the only difference between these studies,
the level of detail differs per research as well. For these reasons it is hard to make a better estimation than the
expected range of two to eight percent of the environmental impact coming from ship production.
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Figure 1.1: Structure of the ship system by Chatzinikolaou and Ventikos [18]

In 2013 another article of Fet [25] was published in which a number of initiatives to create a framework for the
calculation of the impact of ships, some including production, are discussed. Included in these initiatives are
Sustainable Ship Design(SSD) and LCA Ship, which respectively have three [22, 64, 65] and one [40] related
documents showing in an internet search. Only the document on LCA ship fully explains the method that is
developed. This shows that although these methods are developed they are not adopted into the maritime
industry. For this reason Fet concluded the paper highlighting that while there were initiatives, a holistic
approach for more sustainable ship design is still lacking. Subsequently, Chatzinikolaou and Ventikos [18]
published a holistic framework in 2015 that uses LCA to calculate the air emissions of a ship. The framework
is shown in figure 1.1 and is based on the ISO standards and Systems Theory. Their results for ship production
are split in material use for the hull material and hull protection and the hull material is split in steel produc-
tion and the basic production activity’s (welding, cutting, blasting and transport). The results are dominated
by the production of steel for all the emissions that were considered. However, it was highlighted that data
availability for production was a problem and should thus be the focus of further research. The framework
looks promising but for the YETI it should be investigated whether it is sufficient to only consider steel pro-
duction, the production processes and hull protection or that there will be other factors, such as materials for
interior and exterior, that are expected to have a large contribution as well.

Though there have been multiple attempts to create a framework for the assessment of the impact on the
environment from ship production, non have become common practice. On the other, hand all studies em-
phasize that using LCA in the shipping industry can be useful as it can locate where in the vessels life time
improvement is possible in terms of the environmental impact. Another interesting conclusion drawn in
these studies is that there is a lack of information on the production process, which is crucial for a good LCA.
The final conclusion that can be drawn is that despite previous research it is still not clear what the real impact
is from ship production.

1.2.2. Environmental product declaration

Indirect, there has been another attempt to create a framework for the assessment of yachts specific. This was
done in order to make it possible for yachts to obtain an Environmental Product Declaration (EPD). Three
different types of EPDs have been defined by the ISO. Interesting are the type III environmental declarations
which present quantified environmental information on the life cycle of a product on a voluntary base to
enable comparisons between products fulfilling the same function [32]. The basis of these comparison is a
LCA done according to the ISO14040 standards. A product that has an EPD has been assessed according to
the standards, this does not mean that the product is sustainable. The objective of these EPDs are:
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¢ To provide LCA-based information and additional information on the environmental aspects of prod-
ucts.

¢ To assist purchasers and users to make informed comparisons between products; these declarations
are not comparative assertions.

» To encourage improvement of environmental performance.

¢ To provide information for assessing the environmental impacts of products over their life cycle.

In order to obtain an EPD the product has to be assessed according to a set of rules, requirements and guide-
lines which are specific for one or more product categories, these are called Product Category Rules (PCR).
The PCR gives more information on what should be included and excluded for the assessment of a product
group. According to the ISO standard the PCR gives the specific rules for the use of a functional unit, system
boundaries and all the other items listed in the scope definition of the ISO14040.

The PCR for yachts takes both operation and production into account and provides interesting insights in
system boundaries and a product break down structure. Both will be used later in this research. The LCA
based on the PCR is a very detailed assessment. The framework from Chatzinikolaou and Ventikos in figure
1.1 gives a simplified number of systems to consider which makes the assessment easier and quicker. The
use of such a framework complies with the requirements for the YETI listed in paragraph 1.1.1. Such a more
detailed framework that has predefined which systems are in- or excluded standardizes the YETI methodol-
ogy and keeps calculations more simple. The full LCA required for the EPD will require much more time and
effort.

1.2.3. Inventory of Hazardous Materials

One of the conventions of the IMO currently waiting for acceptance is the Hong Kong Convention [35]. Part
of this convention is the requirement of an Inventory of Hazardous Materials (IHM) on board. Although this
convention has not entered into force, the European Union have made their own regulation on ship recycling
in which every ship entering an European harbor has to have an IHM. This EU Ship Recycling Regulation
[11, 12] states that from 2013 onward every ship under an European flag should have an IHM on board. Start-
ing from December 31st 2020 this will be the case for all ships under all flag states that want to enter an
European harbor.

There are two parts of the IHM, part I and II, of which part 1 refers to the design and construction phase of
yacht [33]. The substances for which it should be assessed whether they are embedded in the yacht are listed
in table A and B of the IHM. Currently the Feadship yards are working on gathering information from all sup-
pliers and investigate in which items and systems the substances from table A and B are enclosed.

The reason this regulation is interesting for the YETI is that it also requires detailed information on the ma-
terials that are used on ships. However, the best way for the yards to gather the information is asking their
suppliers about the materials that are used in their products. This process is currently starting and thus pro-
vides opportunities to gather more information that could help for the development of the YETI with respect
to information on materials.
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1.2.4. In-house research

When looking at the research done at De Voogt, LCA is also the preferred method for the investigations into
emissions from production, operation and dismantling. Two investigations took place in 2009, one on a
concept yacht and the other for a yacht that has actually been built. Both are in the same range with lengths
of 75.25 meter and 77.70 meter and have comparable breadth and draught (GT and displacement were not
available for both yachts). The results are expressed in the same unit, called eco points. Eco points will first
be explained in this paragraph after which both assessments will be analysed and compared.

Eco points

The term eco points comes from the assessment method called Eco-indicator 99 and is short for Eco Indicator
points. In the Eco Indicator 99 method the impact is calculated to different aspects of the environment,
called impact categories. More discussion on impact categories linked to the yachting sector is discussed
in paragraph 4.4.2. These impact categories all have their own unit in which the impact is expressed. As
a result it is not possible to add the impact of different categories to get one value for the overall impact.
However, the Eco Indicator 99 method is created to weigh the impact of different categories to each other.
The method developed is a weighting method which makes it possible to express all impact categories in eco
points. Adding up the eco points gives the overall impact of all impact categories.

There are multiple ways for the weighting of the impact categories which translates in a difference in the
amount of eco points that are linked to a kilogram of a resource. The weighting is based on social science
and is therefore influenced by different cultural perspectives [27]. To keep the calculations transparent more
detailed choices within the assessment method have to be defined as well.

Eco points and the Eco Indicator method were the standard for environmental impact assessments during
the early 2000s and for this reason it is used in the assessments of the actual and concept yachts discussed in
the following paragraphs. However, since then other methods have been developed and have taken the place
of Eco Indicator 99 as common practice. More about the current methods can be found in paragraph 4.4.2.

Explanation of the assessment of the conceptual yacht

During the assessment of the conceptual yacht [31], hereafter referred to as yacht X, both the building and
operational phase were included. This was because the goal was to see what the impact is of different propul-
sive methods. For both phases a base situation was defined which is taken the same as for all the different
propulsion concepts and is analysed in this paragraph. The data about the eco points per kilogram of mate-
rial come from the eco invent database, a database dedicated to Life Cycle Assessments.

The assessment of yacht X is limited to the original materials used in the yacht, including production of the
materials, transport to the shipyard, construction and the transport of furnishings. This results in an impact
from production that is approximately 1% from the total impact of the yacht over its lifetime including op-
erational use. The recycling of materials reduced this percentage by 0.53% to 0.47%. During the research a
maintenance and refit scheme was defined with the following intervals:

 Every year: Dry docking, cleaning the hull and replacing the anodes.

* Ever 4 years: Dry docking and repainting the whole yacht

» Every 10 years replacing the propellers

¢ An assumed life time of 50 years with two major refits during which the interior is replaced.

This maintenance scheme is responsible for 0.45% of the total impact of the yacht. Adding this to the 1% for
construction and to the minus 0.53% percent due to the recycling of materials the total impact for production
is 0.91% of of the impact of both production and operational use. This shows how little of the environmental
impact of the yacht is defined by its production process. However, the assessment showed that the use of
other propulsion systems (such as hybrid or diesel electric) increases the impact caused by the production
of the yacht while decreasing the total impact over both the production and operational life cycle. It indi-
cates that the share of the total impact caused by production will increase when choosing more sustainable
propulsion systems.

To analyse the materials used in the production of the yacht, an overview of the materials with the largest
impact was made. The overview is shown in figure 1.2. Striking is the influence of recycling, showing that
proper recycling will make it possible to re-use a material and thus lower the environmental impact. Though
not mentioned in the figure, the energy used for the production is actually the fourth biggest contributor to
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the environmental impact.

Influence of recycling in the F stream project
200.000
150.000
100.000

50.000

>
_ e & &
50.000 S) & ' & 04‘3' \Q\%

Impact (Eco points)
[=]

-100.000 )
-150.000 o o \\)@

» o
-200.000

® Material use Recycling m Total

Figure 1.2: Results of material use on the yacht X

The assessment of yacht X was carried out in 2009 with the Eco Indicator 99 methodology. This method has
stayed the same over the years but information on the materials used in the assessment has been improved.
In order to check the influence over time, a new the assessment is done per kilogram of material. This is
done to see the difference between the results of 2009 and when the same materials are assessed in 2019.
The Eco Indicator 99 method has also evolved over the past years and Recipe is its successor. The results of
the assessment of 2009, the results for the assessment with Eco Indicator 99 performed in 2019 and results
obtained with Recipe are shown in figure 1.3. Significant changes can be seen in the impact per kilogram of
material. This is important when comparing the results from assessments done over the years. For the YETI
this would mean that the impact of a yacht assessed in 2009 and 2019 will differ even if the same materials
and methodology is used.
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Figure 1.3: Influence of time and different assessment method on the results of the impact of materials per kilogram.

Explanation of the assessment of the actual yacht

The other investigation done in 2009 on the environmental impact from a yacht is done on a yacht actu-
ally build by Feadship [30]. This yacht will be referred to as yacht Y. The production process is researched
separately from the impact of the operational phase of the yacht. For the building phase the materials are
considered and the processing is taken into account by adding an extra percentage. The welding of steel
plates, for example, the impact from welding is taken as 10% extra on the impact of the steel as an material.
This method is not validated during the research and no sources are given to indicate on which other research
these assumptions are based. If the processing would be included in the YETI procedure more information
on these assumptions about processes is necessary.
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In the life cycle there are significant differences compared to the assessment of the yacht X. The life time of
the yacht Y is taken at 30 years and no maintenance activities are included in the life cycle. This differs from
the assessment of yacht X where the life time is 50 years and maintenance was included.

This assessment gave not only results for each material group, which will be compared in the next paragraph,
but also results per yacht system were given and shown in table 1.1. These results give an identification of the
systems that are most interesting for further investigation. As expected from previous research on ships in
general the impact from the hull and superstructure is one of the most significant. Besides steel Chatziniko-
laou and Ventikos [18] had the hull protection considered in the framework, in the results the system of In-
sulation, paint and fairing is one of the systems with a large impact. However, what makes the assessment of
a yacht interesting is that the impact from the interior and exterior is in the same order of magnitude as hull
and superstructure.

Yacht system % weight % impact [mPt]
01 - Hull 33.71% 15.89%
02 - Superstructure 12.50% 11.56%
03 - Engine room 8.00% 7.20%
04 - Propulsion 4.51% 7.64%
05 - Systems 5.37% 2.23%
06 - Electric 4.85% 3.63%
07 - Steering and mooring 2.10% 2.34%
08 - Air conditioning and ventilation  2.55% 1.46%
09 - Insulation, paint and fairing 7.03% 11.62%
10 - Interior 12.51% 18.01%
11 - Exterior 2.18% 13.43%
12 - Miscellaneous 4.68% 4.98%

Table 1.1: Impact of each yacht system

Comparison

A comparison is made between the assessments of the conceptual, yacht X, and actual yacht, yacht Y. A com-
parison is possible because of the similarities in size and the results are both in eco points. For both assess-
ments it was possible to calculate the total weight and the eco points per material of each material that was
used. This comparison shows three interesting results which will be discussed below.

The first interesting conclusion that can be drawn from the comparison is that the biggest part of the im-
pact is caused by a limited number of materials. These materials either have a high number of eco points
per kilogram of material (Bronze) or there is a lot of this material used(steel). The comparison allowed the
formation of a list of 19 materials that all have an impact larger than 1% in either one of the assessments. If
the requirement is set at a minimum of 2% of the total impact at minimally one of the assessments then the
list of materials reduces to 14. There are only 8 materials that have an impact that is higher than 5%.

The 19 materials that all have a larger impact than 1% in either one of the assessments represent 95% of the
total impact of the actual yacht and 78% of the total impact of the assessment of the concept yacht. Because
the materials represent such a large part of the total impact further analysis is focused on these materials.

The text above very explicitly states that the impact should be bigger in either one of the assessments. This is
done because the impact per materials varies significantly between the two assessments. This is the second
interesting conclusion from the comparison. To illustrate this difference figure 1.4a shows the eco points per
kilogram of material for both assessments. To better analyse this, these values have also been normalized
which is shown in figure 1.4b and displays the relative differences between the assessments better. In this
second figure it is clear that though both assessments have been done with the same method there is a big
difference in the eco points per material, which is unexpected. As shortly said in the paragraph about eco
points the weighing is partly based on social science and includes different cultural perspectives. In the as-
sessment of yacht Y there is no reference to the precise weighing method used but for the assessment of the
yacht X the Hierarchist perspective is used. This is the default method in LCA software [31, 52] and combines
effects in the long and short term. Since this is the default setting it is probable that this is also used for the



1.2. Environmental impact of ships and yachts 9

Comparison of eco point per kg

8.000
7.000
= 6.000
o
E 5000
2
E 4.000
[=3
2 3000
=1
& 2.000
- | I I | L |
0 - —— - —_—— — W W - — —_— -
N > N Q ™ & & N > > > >
'@& £ c&’b & & G& z&‘ \.'Z'# S < & ¢ é\“? ¥ O o¢ o -
\a & < & © o s & N S & * & s & A & &
& v@ & ¢ & 5 « o°t> o &5 \\D& & A
& & & S o & 2 > ¢
\\\,@ & & & & N ’e & ¥ &
v S oob » = é\(‘o
N & &
W Actual yacht  m Conceptual yacht
(a) Comparison of the impact based on eco points between yachts X and Y
Comparison of ecopoints per kilogram
100,00%
80,00%
60,00%
40,00%
- [ I [ il
0,00% - - L
L T T S R I S S S
& & o & N ¢ 8 S & <8 ) & W N © © 3 @
® & & & R i ,b@)‘ N & & & \\o‘ < R > 2 \ef’%
& © Qb@ Qb\"o N ° _‘\o"b & & o ¢ &
R 2
& o o o & o o & ¢ &
» & - N & ¥ \&o N
A & ‘_,@?’

W Actual yacht  m conceptual yacht
(b) Comparison of the relative impact between yachts X and Y

Figure 1.4: Comparison of impact per kg of material

assessment of the actual yacht.

More likely is that the variations are caused by the difference in the source of the data. The assessment of the
concept yacht Xis done with the ecoinvent database, a dedicated database, and for the yacht Y Ecolizer is used
[49], this database gave eco points based on the Eco-indicator 99 method but nowadays has implemented a
new method called Recipe. Ecolizer is a Belgian database and thus there is a possibility that localized infor-
mation is used but this is not explicitly said. This comparison between the assessments clearly shows that not
only the assessment method has to be the same but more details about the resources of information should
be documented to allow for good comparison. This is important for the YETI as the main goal is comparison
between yachts.

During the comparison not only the eco points per material are analysed but also the weight of the mate-
rials for both assessments. Therefore figure 1.5a first shows the comparison of the amount of each material
that is used on board and figure 1.5b shows the total amount of eco points of each material. The differences
in the weight per materials between the two assessments sometimes increases the differences but can also
counteract the differences in eco points per kg.
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Figure 1.5: Comparison of the used materials on eco points

1.2.5. Conclusions from literature

The requirements for the YETI given in this chapter make it hard to find a methodology in the already existing
research that is usable for the YETI. The research into environmental assessments done for ships in general
shows that the LCA methodology is promising. The research of Chatzinikolaou and Ventikos gives interest-
ing ideas about standardizing the components of a yacht that are taken into account in the environmental
assessment. However, the research done at De Voogt internally indicates that the distribution of the compo-
nents with a high environmental impact differs between yachts and ships in general. On the other hand, the
research done for the Product Category Rules, that forms the basis for environmental product declarations, is
focused on the yachts specifically. Yet this requires a much more detailed study of the yacht. Though the PCR
is constructed to allow for comparison, it needs further definition to fulfill the YETI requirements.

For the YETI there is a need for a new model, combining the strengths of previous research and adapting them
for the specific application. The creation of such a model can give more insights into the important aspects
forming the environmental impact from yacht production. Besides, if compliant with the YETI requirements
the model helps to make environmental assessments a regular practice in yachting.
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1.3. Project description

The goal of this research is to develop a method to compare the impact of yacht production between different
designs. This should result is a model that can be used for the calculation of the YETI score. Figure 1.6 shows
the life of a yacht starting in the bottom left corner with the extraction of of raw materials. The life cycle fol-
lows that bold black line to the point were the yacht is delivered and operational. It goes on to the end of life
moment of the yacht.

With documents signs it is indicated where information needs to be gathered that either influences the im-
pact or the use of the yacht. Information needs to be gathered about:

Energy used for production
Materials used for production
Energy used for maintenance
Materials used for maintenance
Recycling rates of materials
Operational profile

Operational use of resources (Fuel)

NS e W~

Because of the focus for this thesis on the environmental impact from the production of the yacht, only the
first five items will be included. To illustrate this, the intended system boundary for this thesis is shown in
figure 1.6 by the green line. Because the operational use of the yacht is outside the scope of this thesis it is
shown more simplified in the figure. Setting standards for the calculation of the environmental impact from
the five items within the system’s boundary should result in a framework that can be used for the comparison
of yachts.

In the previous paragraphs of this chapter, different initiatives have been discussed that included a way of
assessing the environmental impact from yacht or ship production. Due to the explicit requirements for the
YETI it is not possible to use either of these initiatives. On the other hand, they provide insight in common
used methods and materials that should be covered. Besides combining the strengths of these methodologies
and adapting them to the YETI requirements ensures that the design of the model does not have to be made
from scratch.

The creation of such a YETI model can help to get more insight in the important aspects of yacht, and ship,
production when it comes to environmental impact. For the yachting industry these insight will help the
industry to move towards a more sustainable future. Using the model will help yards and designers to know
what they can already do to change the environmental impact from their yachts and where further research
or innovation is required to reach the goal: a more sustainable yachting industry.

1.3.1. Research questions
As described in the project description, the aim of this research is to create a model for the yacht production
part of the YETI. This aim translates into the following main research question:

How can the environmental impact of yacht production be compared from a life cycle perspective?

To find the answer to the main question it is necessary to find the answers to different sub questions. The sub
questions are based on the analysis of what should be defined clearly before the impact from yacht produc-
tion can be calculated and compared. The sub questions are defined as follows:

1. What is the best way to apply LCA for the calculation of environmental impact from yacht production?
2. What are the life cycle stages of a yacht from a production perspective?
3. How can information on the yacht and its production process be measured and made transparent?

4. Are the results of the LCA influenced by design choices and boundary setting?
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1.3.2. Problem approach

This report aims to find the answer to the main research question as formulated above. As mentioned in the
literature in paragraph 1.2, Life Cycle Assessment(LCA) is the methodology to perform environmental assess-
ments from a life cycle perspective. As will be discussed in chapter 2 there are different ways to apply LCA.
An analysis of the differences in the methodologies is performed and the best fit for the YETI is found in Fast
Track LCA.

Before Fast Track LCA can be further defined for the application on a yacht the life cycle of the yacht in rela-
tion with production processes has to be determined. Over the different life phases building, maintenance
and end of life a standard is created for the production life cycle in chapter 3. This life cycle is important as it
creates an overview of the activities that can be taken into account for the YETT assessment.

Fast Track LCA is the chosen methodology but requires further definition to fulfill the requirements of the
YETT and the application on a yacht. Chapter 4 gives the choices made in the five steps of the Fast Track
LCA to create a standardized application of this method for the YETI. This includes choices on the system
boundaries, the use of the ecoinvent database, life cycle inventory assessment method, LCA software and a
standardized framework for the life cycle inventory that helps to gather all input data.

All the decisions made for Fast Track LCA are applied on a case study of a yacht that has been build by Fead-
ship in recent years. Using this case study, chapter 5 consists of an analysis of the applicability of the method-
ology, the results obtained and a check to see if the results shows enough sensitivity with respect to design
choices.

This research ends with chapter 6 that gives the answers on the sub questions and the main question. During
the research different aspects were found that require more research than could be done in this thesis. This
is written down in the recommendations.






Life Cycle Assessment

From the previous research about the impact of ships, as discussed in chapter 1, one method stands out when
it comes to calculating the impact on the environment, this is the Life Cycle Assessment (LCA) method. This
method can be applied to any product or service. Vogtldnder [69] distinguishes two types of LCAs:

* The classical LCA (full’, rigorous’) where every step is performed by the practitioner according to ISO
14040 and 14040 with a focus on calculation of the impact.
* The 'Fast Track’ LCA where data stored in databases is used and the focus is on comparison of designs.

This chapter focuses on the differences between these two types of LCA in order to choose the right method
to model the impact from yacht production for the YETI. After a short introduction of the method only the
parts of the assessment where the difference is made for the YETI are further discussed. The chapter finishes
with a comparison between the two methods.

2.1.1S0 14040 & 14044

The classical LCA as defined by the ISO in 14040 [39] and 14044 [48] is an in-depth assessment of the envi-
ronmental impact of a product or service. The goal is the calculation of the environmental impact and in the
standards it is highlighted that the results should not be used for the comparison [48]. The standard divides
the LCA into four phases and information on each of these phases must be given. These phases are listed
below.

The goal and scope definition phase
The life cycle inventory phase

The life cycle impact assessment phase
The interpretation phase

L N

Only for the life cycle inventory and impact assessment phase a difference is made for the YETI. Therefore
these will be discussed in more detail.

Life Cycle Inventory phase

The intent of the Life Cycle Inventory (LCI) is to collect data and calculation procedures to quantify all rel-
evant inputs and outputs of a product system [39]. LCI is the phase of the LCA that takes the most of time
and resources [2]. Though it seems to be described in ISO 14040 as three steps, namely data collection, data
calculation and allocation, the further explanation in 14044 shows the full extend of this phase [48]. In reality
this step requires a fully detailed analysis of every input and output flow of the system and not just a quan-
tification.

Life Cycle Impact Assessment phase
In the Life Cycle Impact Assessment (LCIA) the link is made between the inventory data and the specific
environmental impacts categories and their indicators. The LCIA consists of three phases:

15
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3.1 Selection of impact categories, category indicators and characterization models.

3.2 Assignment of LCI results to the selected impact categories, for example linking different greenhouse
gases to climate change. With each gas having its own Global Warming Potential. This step is called
classification.

3.3 Calculation of category indicator results, this is called characterization.

There are also four optional steps of the LCIA which are shortly explained. The first optional step is nor-
malization. Normalization means that the information of the magnitude of the category indicator is made
relative to reference information like the global or national emissions. The second optional step is an extra
grouping step which means that a sorting or ranking is applied to the impact categories. Weighting is the
third optional step and is used to add up different indicator results, this has often not a fully scientific base
but is also based on value choices. For this reason data from before weighting should be kept available as
well. The last optional step is additional data quality analysis and gives the possibility to further investigate
the results of the LCIA. Making use of either one of these steps depends on the aim of the research and how
the data will be analysed.

The additional weighting step can be of interest when looking at the goal of the YETI, comparing different
yachts. Weighting makes it possible to convert all results of impact categories to one single indicator. Though
this is will not be a fully science based result, if the same weighing is used for the yachts they both contain the
same assumptions and can thus be compared.

To perform the LCIA, standard assessment methods have been developed. A more extensive discussion on
these methods will be given in paragraph 4.4.2.

2.2. Fast track LCA

Vogtlander [69] describes that the LCA as standardized by the ISO is needed when the environmental im-
pact of a product has to be known from scratch. This means that all the complex processes included in the
production have to be analyzed in detail. By using mass and energy balances these process have to be an-
alyzed in order to know where to put system boundaries. The results of the LCIA should be analyzed per
impact category, requiring in-depth knowledge of environmental science. Because this is not something any-
one interested in LCA is capable of doing, Vogtldnder proposes the Fast Track LCA. The goal is comparison
of products and therefore a lot of simplifications can be made. The simplifications are in line with the ISO,
which states that the choices you can make during the LCA should comply with the goal of the study [39].
For the Fast Track LCA the results of previous LCAs and the available information from environmental databases
should be used. Vogtldnder advises to make use of a single indicator which makes comparison and interpre-
tation of the results a lot easier. The Fast Track LCA can be described by 5 different steps:

Establish the scope and goal of the analysis

Establish the system, functional unit and system boundaries

Quantify materials, use of energy, accuracy and allocation for the system
Enter the data into an Excel calculation sheet or a computer program
Interpret the results and draw conclusions

A o B

Even though the number of steps differs for the classical and the Fast Track LCA, the two methods are still
closely related. The first two steps of Fast Track LCA are similar to the goal and scope definition phase of the
classical LCA. The third step is similar to the Life Cycle Inventory phase and the fourth phase requires also a
choice in LCIA method. Both methods end with a phase that interpreters the results in the for the method
appropriate way.

To compare the Fast Track LCA steps with the activity’s of the different phases described by the ISO, two main
simplifications are made:

¢ Instead of going through all the LCI steps, the processes in the system are determined and data from
databases is used to determine the impact from the process.

¢ The results are analyzed in terms of "This design performs better than the other one" and do not fully
analyze the actual impact on the environment.

These simplifications reduce the amount of work to be performed and makes the LCA available for people
who do not have a background as environmental scientist. Another advantage of the less extensive approach
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of Fast Track LCA is the possibility to apply it at the beginning of the design stage [69]. This is interesting for
the YETI as designs can than be compared as well. Though keeping in mind that during the design stage the
results will be less accurate.

2.3. Comparison of the methods

The two methods differ in the depth of research they require for the LCA. The differences that are important
to create a model for the assessment of yacht production for the YETI are in two phases. First the LCI phase of
the classical LCA and the quantification of materials and energy of the Fast Track LCA are further compared.
Secondly the way LCIA are used in both methods is further analysed.

2.3.1. Comparison of the Life Cycle Inventory

Fast Track LCA has an advantage over the classical when it comes to the set up of the LCI. The standardization
of the Fast Track LCA inventory is easier than for the classical LCA because it requires less in-depth informa-
tion and more items can be predefined. Standardization is one of the requirements of the YETI as listed in
paragraph 1.1.1. Furthermore, standardization of this inventory will make the model for the assessment of
the environmental impact of yacht production comply with other requirements as well. The results will be
more transparent as it will be known what is included and excluded for every assessment. Using Fast Track
LCA makes creating the inventory easier for each assessment making it compliant with the requirement of
the YETI design being as simple as possible. Looking at the Inventory of Hazardous Materials(IHM), every
supplier has to specify if their products contain hazardous materials. It is not within the aim of the YETI that
this should also be done for all materials contained in supplied products.

As information on every yacht will still have to be gathered the requirement for no manipulation is not yet
met. How to meet this requirement is commented on in paragraph 4.5.

2.3.2. Comparison of the LCIA methods

Both methods have a different preference of the type of LCIA method that should be used. For the classical
LCA midpoint indicators are preferred while Fast Track LCA prefers a single indicator method. First the dif-
ference between these method is explained in more detail. The difference has to do with the place on the
impact pathway where the environmental impact is calculated. These different locations on the pathway are
expressed in three different types of indicators that can be used by a LCIA method, namely: midpoint in-
dicator, endpoint indicator and a single indicator. The impact pathway is shown in figure 2.1 where it can
be seen that midpoint indicators are the first along this pathway. A mid point indicator should be chosen
at the earliest point in the impact pathway after which the rest of the environmental processes are the same
[59]. Examples of midpoint indicators are GWP(global warming potential), AP(acidification potential) and
particulate matter. Midpoint indicators have an high accuracy but the impact of one midpoint can not be
compared to that of an other. Because of the high accuracy midpoint indicator LCIA methods are advised
for classical LCAs. Going further down the impact pathway it is possible to link these midpoint indicators
to endpoints. End points indicators show how the different areas of protection are affected. These areas are
human health, ecosystems and resource depletion. The uncertainties in the results increase further down the
impact pathway. However, limiting the amount of indicators makes comparison of the LCA results easier.
Going even one step further it is possible to add together the total impact into one single score using a sin-
gle indicator LCIA method. A single indicator is ideal for people without an environmental background who
want to compare the impact from yachts. Detailed information on how different impact categories influence
the single indicator is lost. But, the aim of the comparison becomes more clear: lowering the single score.
This is the reason that Fast Track LCA, designed for comparison, argues to use a single indicator LCIA method
when using the method.

2.3.3. Choice for LCA method

Fast Track LCA is chosen because of the use of a single score. This makes it more suitable for the compari-
son of different yacht designs, which is the goal of the YETI. Just as important is the simplification of the LCI
phase. Simplifying this phase will make it easier for different companies to find the information needed for
the LCI. Even though a simplified LCI can be used to determine a yacht’s YETI score, it is important that a
complete LCI is performed at some point in the design process of the YETI score to ensure that the environ-
mental of all materials is evaluated. Otherwise it is possible that the YETI will miss materials embedded in
the yacht that actually have a large environmental impact. Besides focusing on the creation of an easy to use
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model for the assessment of the environmental impact, other research should also focus on an extensive LCI
in order to make sure that no significant contributor is missed.

The choice for Fast Track LCA answers the second sub question of this research: "What is the best way to
apply LCA for the calculation of environmental impact of yacht production?”. But, it requires a bit more def-
inition. The five steps that are part of the Fast Track LCA require more choices about the way that LCA is
applied. For this reason these five steps will be discussed in more detail and the associated choices per step
will be explained. Before the Fast Track LCA can be further determined it is important to define the life cycle

of a yacht.



Production Life Cycle

That the activities on the yard should be included in an assessment of environmental impact caused by the
production of a luxury yacht will seem logical. But there are far more activities that can be considered as part
of the production of a yacht. These are mostly activities that take place in order to get the required resources
available on the yard, such as resources depletion, transportation and production of semi finished products.
When looking at production, it could be described in the most basic form as using energy to put materials
together. The effect of using materials depends on the time for which the material is used and what is done
with it afterwards. For this reason maintenance, refits and the "end of life" scenario are important phases
for the assessment of yacht production. In this chapter all important activities of the different life phases
are discussed. A life cycle will be created but it needs to be standardized for the use in the YETI. Therefore
considerations are also given on activities that can be included of excluded in the YETI assessment.

3.1. Building

The processes for building a yacht are mostly similar at different yards and can generally be described by the
following steps [55, 68]:

1. Pre-fabrication - During this phase plates and profiles are already put together into panels.

2. Section building - Different panels are put together into pre-assembled block section. These section
are already provided with equipment piping, this is called pre-outfitting.

3. Assembly of the hull - All the block sections are joint together.

4. Final outfitting - During the outfitting the interior and exterior installed and all the systems are made
ready. For yachts this phase takes considerable longer since there is much more interior work.

5. Launch - The launch can sometimes be before the outfitting is done, the rest of the outfitting is then
done when the ship is along the quay.

6. Sea trials - The sea trials mark the end of the production and the hand over to the client.

Though for every ship the production process is similar, there is a big difference with respect to where the ac-
tivities take place. For all shipyards(for shipping- and working- vessels as for yachts) there is difference on the
level of work that is done by the yard it self. Nowadays lots of yards are becoming assembly places, meaning
they integrate the parts that are build by subcontractors instead of producing everything themselves. This
high level of subcontracting is implemented because it has a positive effect on the lead time [55]. This results
in a wide spread in possible activities on the yard: "The production depth of every yard is different. While
yards that do everything in-house still exist, the other extreme, where the yard only facilitates the building of
the vessel, also exist" [56].

This difference is important in the assessment of yacht production, because it raises the question of what
needs to be considered as the yacht production process and where the impact should be allocated. Is a yard
that buys its hull and superstructure from a supplier or subcontractor assessed in the same manner as a yard
that builds in-house? These differences require strict boundary setting in order to ensure that comparison
between yachts that are built on different yards is possible.

19



20 3. Production Life Cycle

When analysing this difference in the yacht building industry it can be seen that it indeed is a relevant matter.
For example for the structure (hull and superstructure) there are three different ways seen in The Netherlands.
Royal Huisman builds their own structure, De Vries and Amels build their structure at a daughter company
and Van Lent and Oceanco build at an external company. Furthermore, interior and electrical systems are
also often produced by a subcontractor.

The use of subcontractors has a large influence on the information that is available about the production pro-
cesses. The yard does have the information on what is placed on the yacht but not how this was produced.
This means that because of subcontracting it is not possible to compare yards with each other, but only the
products. To give an example, a yard that produces the structure itself has a much larger energy bill than a
yard which subcontracts this work.

Chapter 1 described that the aim of this research was to assess the environmental impact of the produc-
tion of a yacht. Figure 1.6 shows that the system boundaries include energy use, transport, waste and the
yard processes. However, due to the different levels of subcontracting comparison of assessments including
all these building factors is not possible within the requirements of the YETI. Data can always be gathered
but the question is how much effort can data gathering require? The only way to compare yacht production
including all these factors (energy use, transport, waste and the yard processes) is if the YETI assessments in-
cluded this information on every item on board the yacht. With a yard having hundreds of different suppliers
this would require an enormous amount of work. This would be conflicting with the requirement of the YETI
assessment being as simple as possible. Including energy use, transport, waste and the yard processes for
only specific items of the yacht gives designers and yards the possibility to relocate polluting processes out-
side of the system boundaries while for others they would be included. Leading to a method that is unsuited
for comparison. This means that the system boundaries have to be adjusted to exclude energy use, transport,
waste and the yard processes. What is left are the materials and items that end up on board the yacht. Figure
3.1 shows what the system boundaries look like if the assessment only accounts for the materials and items
that end up on board. Resetting the system boundaries it is likely that a large part of the impact is excluded.
The problem is that it is not known how large this underestimation of the impact will be. In the assessment
done for yacht X (paragraph 1.2.4) the energy accounted for 10% of the total impact and it is likely that this will
be one of the biggest under estimations with the restricted system boundaries. Resetting the system bound-
aries has another disadvantage, only taking into account the materials that end up on board the yacht means
that it is more an assessment of the design than the production process. Meaning that the YETI score only
assessed the designer and not the yard as the yard can barely influence the result.

For the YETI there is a need for a standardized production life cycle in order to make fair and transparent
comparisons between yachts. This means that in the model created using Fast Track LCA in chapter 4 only
contains the information on the materials and products that end up on board the yacht. Every YETI assess-
ment will underestimate the environmental impact in the same manner. Making lowering the impact form
yacht production seem even less important than lowering the operational environmental impact. In order to
get some idea of the underestimation that is made, part of the sensitivity check in chapter 5 is to investigate
the extra impact created by including the used energy.

As will be explained explained in paragraph 4.4.1, the ecoinvent database is used to link the materials that
are used to the impact they have on the environment. The ecoinvent database contains information from
raw material(or resource) extraction up to basic material production. This includes the global average infor-
mation on the transport that is required to the location of the basic material production. However for some
materials, such as batteries, the production of the battery is also contained in the database. Though the basic
product production is excluded in general, if no better information is available this should be used, as is the
case for batteries. Transportation to the yard is excluded because the research on the actual yacht discussed
in paragraph 1.2.4 the transport of materials was 1.81% of the total impact and therefore set outside of the
system boundary. The energy used in production is calculated in that research at 9.88%, since this contribu-
tion is much larger it would be more interesting to put effort in finding a way to implement energy use on the
yard.
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3.2. Maintenance

The maintenance on the yacht is also considered in the production life cycle and consists of two components,
namely the maintenance required by the classification society and maintenance that is required to maintain
the super yacht standard.

Maintenance that has to be done according to the classification society is based on surveys. Over the life
time of the yacht it has to undergo different surveys in order to remain certified. Based on the Lloyds rules
[45] Feadship has made a Survey Cycle which is shown in figure 3.2. The different types of surveys have differ-
ent time lines but all come together for the special survey each five years. The yacht will be re-certified during
its special survey.

Survey Cycle

Year 1 2 3 4 5

Special

ITMS or ITSS Survey (SS)

AS 3 AS AS AS > AS
DS or IWS y DS
Continuous Survey Hull (CSH)
AS Annual Survey ITMS Intermediate Survey (ships 15 years and older)
DS Docking Survey IWS In-water Survey
ITSS Intermediate Survey (ships less than 15 years old) SS Special Survey

Figure 3.2: Survey cycle of a Feadship yacht [23]

Annual Surveys (AS) have to be done every year and consist of only visual inspection and can all be done
on board. One of the yacht’s captains indicated that this visual inspection normally does not result in any
additional maintenance. For these reasons it is assumed that this will not require any effort associated with
material use or energy.

Intermediate surveys are held every 2 or 3 years, so mostly every 2.5 years, and can replace the annual survey
of that year. "The intermediate survey should be an inspection of items relevant to the particular certificate
to ensure that they are in a satisfactory condition and are fit for the service for which the ship is intended"
[45]. On the same timeline as intermediate surveys are the docking surveys or, as it is called by Lloyds Regis-
ter, "inspection to the outside of the ship’s bottom of cargo ships". This survey normally takes place in a dry
dock. Due to the similar timelines the intermediate and docking survey are often combined.

The special survey is the renewal survey which has to take place every five years. "The renewal survey should
consist of an inspection, with tests when necessary, of the structure, machinery and equipment to ensure
that the requirements relevant to the particular certificate are complied with and that they are in a satisfac-
tory condition and are fit for the service for which the ship is intended [45]". Though the inspection specifies
a list of systems to be checked, the conversations with captains and employees from the Feadship refit de-
partment indicated that there is not a specific list of systems that actually need to have parts replaced.

The surveys imposed by the classification society ensure two moments every five years that the yacht has to
go into a dock, every 2.5 years. Because the yacht is already in the dock other maintenance is planned during
these docking moments. From different conversations within the Yacht Services and Refit department of
Feadship and a conversation with a captain, the following regular maintenance scheme for these docking
moments is established. They all highlighted that the maintenance done is mostly based on the budget the



3.3. Refit and end of life 23

owner wants to spend and how the yacht is used. Therefore multiple conversations were held and only the
activities over which agreement was reached and that were quantifiable are listed below. The maintenance
that is done every 2.5 years:

¢ Cleaning the underwater ship
¢ Painting the underwater ship
¢ Replacing sacrificial anodes

Every 5 years the maintenance consists of all the activity’s of the 2.5 year maintenance plus:

¢ Full paint job of the yacht

3.3. Refit and end of life

In yachting the term refit is used when not only the necessary maintenance is done but also the interior, ex-
terior or ship systems are adjusted or upgraded. While maintenance ensures the yacht is operable and safe,
refits are done for the luxury experience and the pleasure of the owner. For this reason, the amount of refits
and the work done during a refit depends on the budget given by the owner. In order to say something about
the refits, data is analyzed from both Super Yacht Times and the Super Yacht Group and the information from
conversations within the Yacht Refit and Services department of Feadship is considered. All highlight that no
two refits are the same. Depending on many parameters including operational budget, operational profile
but mostly the owners wishes, the refits schedule can vary from more smaller refits every few years to only
one of two major refits in a longer time period.

Docking time is always a factor that has to be reduced as it costs money and during that time the owner
can not use the yacht. For this reason refits are commonly scheduled at the same time as the mandatory sur-
veys for the classification society (Appendix B). This results in very small refits done almost every time a yacht
goes into a dock, which are more upgrades of the same interior . A smaller refit can mean replacing the elec-
tronics for the owner or replacing small items in the interior. Data that describes the activities per docking
is unfortunately not available, which makes it difficult to determine an interval for these activities. However,
both Super Yacht Times and Peter Schoneveld (Feadship services Appendix B) agreed that the painting activ-
ities are always combined with the surveys. Every 2.5 years the underwater ship gets cleaned, painted and
protected against corrosion. Every 5 years the whole ship is painted in addition to the underwater ship. Fur-
ther activities during these docking periods are too much at random to distinguish.

As mentioned, during the surveys smaller refits take place but it is also seen that yachts get an extensive refit.
Again the following information is based on experience and can very a lot per yacht but Schoneveld indicated
that every 15-20 years a larger refit is required. Some of the equipment on board has reached its lifespan or
the implementation of new technology requires changes to the electric infrastructure of the yacht. For ex-
ample, changing to LED lights requires redoing the entire cabling of the yacht due to a change in frequency.
Major refits therefore take much more time then just the added time to the docking period for painting.

Since direct information about refits is scarce the docking time is analyzed. To find out when larger refits
take place it is assumed, and checked with Super Yacht Times and the Feadship services department, that
major refits take more than a year. Starting from 2016, Super Yacht Times has been keeping track of the dock-
ings that take place, listing the ship’s details and the time a yacht has been in a dock. Since then 2112 dockings
have been registered by Super Yacht Times. The yachts are divided into age groups of 5 years and figure 3.3
shows how this data translates to those age groups.

Remarkable is the peak for refits that have a duration of 5 to 6 months. This is due to the mandatory docking
every five years, during which the whole yacht is painted. Painting the entire yacht normally takes about 5 to
6 months. The only other noticeable difference is that yachts with an age between 0-5 years have a relatively
large amount of 1 month docking periods, probably this is because of warranty activities. Looking at refits
with a duration of more than 1 year the 25+ years old yachts have the highest percentage. Of the 25+ years
old yachts 2.6% was docked longer than a year. How these docking are divided over the different age groups
is shown in figure 3.4. Of these recorded docking periods longer than a year, 54% was from a yacht older than
25+ years. However, since 2016 Super Yacht Times has only documented 13 yachts that were docked longer
than 1 year (against the total of 2112 docked yachts in counted in total). More data is necessary to validate
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Figure 3.3: Data of the duration of docking periods per age group of yachts [63]

the these numbers.

Other information from Super Yacht Times shows that of all the refits taken place in 2016, 2017 and 2018
the amount of refits represented by yachts older than 20 years is 17.2%, 19.1% and 20.1% respectively. But the
fleet of yachts more than 20 years old is 33% of the entire active fleet. Showing that investing in the yacht,
by maintaining it, is only done by 2/3 of this group of yachts, giving some indication that these yachts might
have reached their economic life time.

To get a clearer picture of the balance between refits and the end of life moment of a yacht the value of yachts
is also examined. By looking at the resale prices of motor yachts of different delivery years, the depreciation of
yachts can be considered. Together with Super Yacht Times the information of the second hand price per age
group is determined. In figure 3.5 the light grey line shows the average sales prices of yachts for sale against
the age in an age group, so 2.5 is taken for the group with an age between 0 and 5. This line contains infor-
mation on motor yachts for sale with a length of more than 40 meters and is based on data from 220 yachts
in total. The data on yachts between 16 and 40 year old is only 30%, so information on this group is limited.

Since Feadship is at the top of the market, the publicly available information on the Super Yacht Times web-
site is used to see how the more luxurious brands perform with respect to the market average. This is shown
by the colored dots in figure 3.5 per brand. The prices of the more luxurious brands lie above the total market
average.

Refits that took longer than 1 year

b

m(0-5yr m5-10yr m 10-15yr = 15-20yr = 20-25yr m 25+ yr

Figure 3.4: Insight in the refits that took longer than one year [63]
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Figure 3.5: Depreciation of yachts [5, 63]

The trend that both the total market data and the data from the more luxurious brands show is that they both
seem to reach an asymptote. For the total market this seems to be about €14.000 per GT for yachts older than
30 years based on the information from Super Yacht Times. For the more luxurious yachts this asymptote
seems to be more in the direction of €20.000 and it seems to be reached between 20 and 25 years.

While having conversations about refits the question was also raised when a refit is more a rebuild. This
would be the case when so much is changed that almost everything, except for the hull and some machinery,
is replaced. With this amount of work and changes it is possible to see it as a brand new yacht. This is often
the case when refits are done for yachts having an age of 20 years. Technology has changed so much that
when you install the latest technology you have to change everything because it will interfere with each other
(Appendix B). Since this also seems to coincide with the data about the depreciation of yachts after 20 years,
the end of life of yacht is modeled at 20 years. This is done instead of modelling a refit after 20 years and
taking a longer life time. After 20 years the main construction and machinery can be reused and is thus fully
recycled. The other parts are scrapped.

3.4. Life cycle of a yacht

The result from the discussion in this chapter is the yacht life cycle as displayed in figure 3.6. For the YETI
this life cycle can not contain detailed information on the basic product production and the yacht production
because the different levels of subcontracting make these steps not comparable. The result is that the use of
energy, transport, waste and the yard processes are excluded from the standard life cycle for the assessment.
The total life cycle of the yacht is taken at the time needed for the build phase and 20 years of operational use.
At 20 years an extensive refit is needed and a yacht seems to reach it’s economic end of life as well. With this
life cycle the first sub question of this research "What are the life cycle stages of a yacht from a production
perspective?" is answered.
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Figure 3.6: Production life cycle of yacht



Application of Fast Track LCA

Now that the LCA methodology is chosen and the production life cycle for yachts is determined, further im-
plementation of the Fast Track LCA is possible. Fast Track LCA is a LCA method containing five steps, and to
comply with the YETI these five steps all need standardization. How the Fast Track LCA method is standard-
ized for the application on the production life cycle of a yacht is explained in this chapter.

4.1. Step 1: Goal and scope definition

The goal and scope definition is the first step of any LCA. During the rest of the LCA choices have to be
made on system boundaries, functional unit, inventory depth and inventory assessment methodology (all
explained in this chapter) and the ISO requires these choices to be in line with the goal and scope of the
assessment [39]. For the model the goal and scope are linked to the goal of the YETI and the scope of this
research to look at the impact from yacht production.

4.1.1. Scope

This research is scoped to investigate the possibility to create a simple methodology to compare the impact
from the production of different yachts. Environmental impact from a yacht can be linked to either the pro-
duction of the yacht or its operational use, and these two vary significant. In general this is because the ma-
terials and energy used for the production of the yacht are linked to the design and yard processes. Therefore
this part of the impact is linked to the yard parameters and parameters of the yacht defining its size. On the
other hand the impact from operational use is dominated by the emissions caused by the energy generation
on board. These are linked to functions of the yacht such as hotel load and speed.

This thesis focuses on finding a methodology for the comparison of the production related activities of a
yacht. This choice is made due to time limitations for this research and the possibility to easily separate the
operational use and production. The different life phases that contain activities that can be linked to produc-
tion are discussed in in chapter 3 and will be part of the scope of this research.

4.1.2. Goal

The goal of the YETI is to push the yachting industry towards a more sustainable future. The idea is to do
this by comparing the impact of the yachts, expressed in the YETI score. The goal of this research is to create
a model to calculate the environmental impact from yacht production in a way that allows for comparison.
In this model the requirements of paragraph 1.1 are leading for design choices within the model. Since the
choices in this model should reflect these requirements of the YETI, they are listed below:

1. The calculation method should be transparent

2. The YETI should remain as simple as possible for both understandability and minimizing the effort for
calculation

3. Design of the YETI should be in such a way that manipulation is not possible.

4. Results should be obtained through standardized processes and data has to be verified through stan-
dardized methods.

5. The YETI should be designed for comparison

27



28 4. Application of Fast Track LCA

4.1.3. Case

In order to create the model for the calculation of the production related part of the YETI, information from
ayacht build by Feadship is used, named yacht A in this research. The yacht has been built in the last couple
of years. The yacht has been chosen because it is representative of the yachts built by Feadship. Furthermore
the construction was finished by the time this research started which is considered a benefit with respect
to data availability. Specific information on this yacht can be found in appendix A. The use of this case for
the creation of the model has benefits when it comes to gathering information on the production process.
However, it has some drawbacks. Gathered information and solutions are now based on the design data of
yacht A and thus they do not necessarily represent the true information for the entire fleet of yachts. Though
the model is created in such a way that it can be used for different yachts, some predefined choices will have
to validated with data from other yachts.

4.2. Step 2: Define the system, functional unit and system boundaries
Especially when comparing yachts, it is important to clearly define the system, the functional unit and the
system boundaries. These topics will be discussed separately in the following paragraphs.

4.2.1. The system
The product under investigation is a yacht, either for private use or for commercial operation but it does not
carry cargo. The yacht should have at least the following characteristics:

* Non shipping vessel

* Designed for the pleasure of the owner/customer
¢ Crewed year round

¢ Can make the Atlantic crossing on it’s own.

4.2.2. The functional unit

The functional unit defines the quantification of the identified functions of the product that is under study
[39]. As said the function of a yacht is to provide luxury for the owner, which is a hard function to quantify.
This means that another functional unit will have to be chosen based on a yacht parameter. A requirement
for this parameter is that is can be linked to both production and operational use of the yacht. Based on this
requirement different options for the functional unit will be discussed in this paragraph.

For the production of a yacht a functional unit can be defined based on the product, the yacht, or the pro-
ducer, the yard. Using a parameter that describes the yard’s efficiency, in terms of environmental impact, is
not desirable because the goal for the YETI is to compare yachts and not yards. A yacht parameter that is
frequently used to indicate ship size is gross tonnage(GT). This parameter is an indirect measure of internal
volume of a ship. For the YETI cubic meters of luxury interior is proposed as it combines the function of pro-
viding luxury to a ship parameter. Information of the yacht is available per yacht and this data should thus be
divided by the chosen ship parameter, either total GT or cubic meters interior.

Another option would be to use a parameter based on the operational profile of a yacht. Functional units
based on the operational use of a yacht could be the impact per nautical mile (based on the expression used
by the EEDI [46]) or the transport of one paying passenger(either the owner or tenant) for one hour of use
[17]. Both are easily linked to the operational use of the yacht and thus its operational profile. However, the
definition of such a standardized operational profile is the topic of a lot of discussion within the Joint Industry
Project concerned with the creation of the YETI [7, 8]. The definition of such an operational profile will most
likely be done in the future, making it possible to compare on a parameter linked to the operational use of the
yacht. This means that the impact from the production of the yacht will have to be linked to the operational
use. This is most easily done by dividing the total impact of yacht production over its life time. Meaning that
first the total impact of the yacht has to be calculated. As long as the discussion on the operational profile is
not concluded, using the production of 1 yacht as functional unit provides the most flexibility to transform it
to any functional unit that will be used for both the production and operational use.

The main difficulty for the choice of the functional unit is the uncertainty for the choice within the entire
YETT Joint Industry Project. Using one yacht as a functional unit for the framework for the impact of the pro-
duction has the main advantage of flexibility and data is already available per yacht. For this reason the one
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yacht is chosen as the functional unit for the framework.

4.2.3. The system boundaries

Setting clear system boundaries has to be done to ensure that the same is contained in every comparison
based on the YETI score. The system boundaries have to be created in such a way that it is possible for all
yacht builders to gather the information with in the boundaries. For this reason the system boundaries have
a strong connection to the differences in building processes, but also to the maintenance done and the end
of life to be included which are discussed in chapter 3. There are four different types of system boundaries
that can be defined:

* General system boundaries

¢ Building system boundaries

¢ Maintenance system boundaries
End of life system boundaries

These different types of system boundaries will be discussed in this paragraph. Besides these system bound-
aries a cut off criteria is often defined for life cycle assessments. This criteria is discussed at the end of this
paragraph.

General system boundaries

General system boundaries for this research are system boundaries that are independent of the life phases.
To create the system boundaries Product Category Rules (PCR) are analysed. There already is a PCR for yachts
but the system boundaries are not taken from this PCR as the YETI has some specific requirements. Espe-
cially the requirements to design for comparison and to keep calculation simple translates in the exclusion of
processes linked to the production of yachts. Besides the PCR for yachts a general frame work for the trans-
port equipment is analyzed together with the PCR for airplanes. These are analysed because though it is not
the main function of yacht, they are designed for the accommodation and transport of passengers. As ac-
commodation is an important function as well the PCR for buildings is analysed in addition. The resulting
system boundaries from the analysis of different PCRs are shown in table 4.1 and the analysis can be found
in appendix F.

As explained in the scope of this chapter the focus of the model created in this research focuses on the pro-

System boundary
Included Yacht production*
Included Maintenance work on the yacht*
Included End of life scenario*
Excluded Life time operational use of the yacht
Excluded Life cycle of any equipment, transportation or production facility
Excluded Production of standard items for the commercial operation of the product (food,
towels, toiletry but also tenders and toys)
Excluded Sea trials
Excluded Any impact caused by employees(waste, traveling and office activities)
Location Global

Table 4.1: General system boundaries.
*More details are given further in this paragraph

duction of the yacht. Therefore the life time operational use of the yacht is excluded but also the impact
from any equipment, transportation or facility that is used for the production is excluded. Life cycles of used
equipment, facilities and transportation are more indirect linked to production than materials and energy
as production is the use of energy and materials to create product. During the operational use of the yacht
different products are needed such as food, drinks and towels. Though these products require production
they are excluded as they depend of the operational use of these products during the operational phase of the
yacht. The production of the tenders and toys etc is excluded as these are highly complicated products, they
are designed and produced outside the yard and are not part of any ship system.
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Building system boundaries

In paragraph 3.1 a discussion is held to determine what can be considered to be part of the building life phase
of the yacht. It was concluded that due to different levels of subcontracting between different yards it is not
possible to compare yachts including the impact caused by processes on the yard and the required energy.
This results in the system boundaries as given in table 4.2. Limiting the system boundaries to raw material
extraction and basic product production creates an underestimation of the total environmental impact. For
the YETI this results in a model that only assesses the design and not the production process.

System boundary

Included | Raw resource/materials extraction

Included | Basic product production

Excluded | Energy used at yard

Excluded | Water and gas consumed at the yard
Excluded | Processes at the yard

Excluded | Transport of materials to the yard

Excluded | Transport of materials on the yard

Excluded | Production and use of material for packaging

Table 4.2: System boundaries for the construction of the yacht

Maintenance system boundaries

In paragraph 3.2 the maintenance scheme for yachts has been determined. The regular maintenance focuses
on the paint jobs and the protection of the hull. For maintenance only the materials used are considered to
be in line with the system boundaries of the building phase. This translates into the system boundaries as
given in table 4.3

System boundary

Included | Raw resource/materials extraction

Included | Basic product production

Included | Paintjobs every 2.5 and 5 years

Excluded | Energy used during maintenance

Excluded | Processes during maintenance

Excluded | Transport of materials to maintenance location

Table 4.3: System boundaries for the maintenance phase of a yacht

End of life system boundaries

The end of life scenario is described in paragraph 3.3 and includes the recycling and reuse of materials. It
translates in system boundaries for the end of life of the yacht as given in table 4.4. Including both reuse and
recycling of the materials decreases the total impact from yacht production further. How this is implemented
in the model and the effect of the model design choices will be discussed in paragraph 4.3.4.

System boundary

Include | Reuse of structure and main machinery

Include | Impact reduction due metals that can be recycled
Exclude | Impact from recycling process.

Exclude | Transport related to recycling

Table 4.4: System boundaries for the end of life of a yacht

Resulting system boundaries

The new system boundaries for the YETT assessment of yacht production vary significantly from the system
boundaries given in chapter 1, figure 1.6. Putting the new system boundaries in the same picture results in
figure 4.1.
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Figure 4.1: Adjusted system boundaries based on chapter 3
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Cut off criteria

Another system boundary is the cut off criteria, it indicates the level of detail that is required for the assess-
ment. In the assessments done by De Voogt into the environmental impact of yachts X and Y it became clear
that there are a few materials that represent the larger part of the weight of the vessels and also the larger part
of the impact, namely 19 materials that cover 78% and 95% of the total impact. For this reason the cut off
criteria is set relatively low at 75% of the weight of the vessel. In the PCR the cut of criteria is set at 99% of the
weight of the yacht [17]. Complying with this cut off criteria requires very detailed information on all systems
on board the yacht. This more detailed research on what is on board the yacht is in line with the full LCA
according to the ISO standards. For the YETI the aim is not an in depth research of every yacht but an easy to
use methodology for the comparison of yachts. For this reason a much lower cut off criteria can be chosen.
The chosen cut off criteria for the YETT is 75%.

4.3. Step 3: Quantify materials

This research focuses on the creation of a model for the calculation of the environmental impact from yacht
production that can be used for comparison. There are three requirements of the YETI that can be solved
by standardizing the quantification of the used materials. In order to compare yachts the same parts of the
yachts should be included which is done by setting the system boundaries and this can be translated into a
standard list of items to include. Secondly simplicity of the method can be set by limiting the amount of parts
of the yacht on which in formation has to be gathered. And finally the transparency of the method is enlarged
since it will be known to everyone what is included in the YETI score. For the standardization a framework is
created for the quantification of materials.

In order to create a standardized framework for the quantification of the materials, also referred to as the Life
Cycle Inventory, first the requirements for the framework are set. Next different existing breakdown struc-
tures are compared and one is chosen as the base of the framework for the YETIL. The breakdown structure is
then expanded to include the information needed for the calculation of the environmental impact of a yacht
for all three life phases.

4.3.1. Choosing a structure

To organize all the information about used materials and their weight it is necessary to choose a structure
for the framework for the quantification of materials. As there are already different breakdown structures for
ships and yachts available, these will be compared. The decision on which breakdown structure to use is
based on two requirements as will be explained.

Requirements

The choice for the structure of the framework for the quantification of the materials has two main require-
ment. The first one comes from the requirement that the YETI can be used to compare yachts of different
designers and build at different yards. Furthermore, it is important that the structure helps to organize mate-
rial and weight information.

1. It should be plausible that different yards and designers can easily relate information to the framework
2. It should contain or allow for expansion to create a link with used materials and different life phases

Breakdown structure

Using a breakdown structure as the base for the framework of the quantification of the materials complies
with the requirement to allow for expansion to create a link between a part of the yacht and a material. As
explained in paragraphs 3.1 and 4.2.3, only the materials used on a yacht will be taken into account. In
order to find a structure different product breakdown structures are compared. There are three breakdown
structures that are compared:

* Feadship breakdown structure
e UNAS breakdown structure [10]
* PCR for yachts [17]

First the breakdown structure used at Feadship represents a structure used in the industry. Second, the struc-
ture used for the "Uniforme Administratie voor de Scheepsbouw" (UNAS) is considered as it was once created
and required as structure to allocate material cost for yards in The Netherlands. It seems that yards in The
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Netherlands are still using it, Damen Shipyards uses an updated version [43]. The breakdown structure of the
PCR for yachts, developed in Italy in 2015, is the third one considered as it represents an idea of how possible
environmental assessments will be organized. The structure of UNAS is created for all types of vessels and
the PCR is created specifically for yachts. This mainly translates in a more detailed breakdown of the interior
system.

The breakdown structure of UNAS and the PCR, though being developed in different countries and about 45
years apart, show significant similarities. The breakdown structures use almost the same demarcation be-
tween different items. An example of what is meant by levels is given in figure 4.2. Meaning that there are
large similarities in first level items and the second level items per first level group are similar as well. This
makes it very plausible that when yards use either one of the breakdown structures they can easily relate in-
formation to the other structure. They both have the same amount of levels, namely three: level 0, 1 and 2,
this is an advantage as it would be relatively simple to expand the structure with an extra level to create a link
to the quantification of materials.

Comparing the structures of UNAS and the PCR to the one used at Feadship more differences can be found.
The breakdown structure of UNAS and the PCR show great similarities on all levels, however the break-
down structure of Feadship is different when looking at the first level. Yet on the second level the same sys-
tems/products are found. This indicates that it would be relatively easy to transform the structure used at
Feadship into one of the other two and vise versa. Meaning that for all breakdown structures it is plausible
that yards can easily relate information to one of the breakdown structures.

For the framework of the YETI, the choice is made to use the breakdown structure of the PCR. This is done
because it is not linked to a company and more updated than the structure of UNAS. Additionally it has the
advantage of being the structure that is used in Yachting 4.0 (see paragraph 4.4.3), a software program that is
under development for the YETI.

The information for the case study was available in the Feadship breakdown structure and thus the items
had to be linked to the structure of the PCR. This required a regrouping of some of the second level items
and since the names of the items on the second level were similar this required no further actions. The other
requirement was that it should be possible to expand the structure, this will be discussed in the following

paragraphs.
Level 0 o

| |

Machinery &
Level 1 Structure propulsion
Main propulsive :
Level 2 Hull Superstructure system Steering system

Figure 4.2: Levels used in the PCR for yachts

4.3.2. Framework for building

As a first step of the LCI an overview of the breakdown structure is made where the different levels, sys-
tems/products and materials are numbered. This numbering is done according to the system of numbering
used at UNAS. However, an extra zero is added in front to create a difference between production(0), mainte-
nance(1) and end of life(2). First the structure will be explained based on the production phase. This results
the numbering of the first level as shown in the first two columns of table 4.5. The second level that belongs
to the first level groups is also displayed but without numbering. Examples of the numbering of the second
(and third levels) are shown in 4.3b, 4.4 and 4.5.
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] | Firstlevel | Second level \
0100 | Structure Hull, superstructure, masts, main machinery foundation
0200 | Machinery & propulsion Main propulsive system, steering system, manoeuvring system,
stabilizing system
0300 | Ship systems Fuel oil system, bilge system, HVAC system, black and grey water

system, fresh water system, fire extinguishing system, sea water
system, hydraulic system

0400 | Ship systems Airvent system, exhaust gas system, pool water system, refriger-
ation system, compressed air system, waste oil & sludge system,
ballast water system, lubricating system, scrupper system

0500 | Electrical system & electronics | Energy generation system, energy storage system, cables and

wires
0600 | Deck machinery & equipment | Anchor system, cranes, doors and hatches
0700 | Paint & insulation Exterior painting system, fairing system, insulation, cathodic

protection, anti-fouling
0800 | Internal joinery & outfitting
0900 | External outfitting

Table 4.5: Structure for the LCI framework with the use of levels

So far only numbers have been added to the existing PCR breakdown structure but to link the second level to
materials an extra third level is required. For example, on the second level there is the main propulsive system
for which there are multiple options such as diesel, diesel electric, full electric and for the future there might
be propulsive systems based on other fuels. These different options all have a different use of material and
therefore it is important to add a third level in which these options are made visible and can be linked to the
right materials. An overview of the levels and an example which is based on the machinery and propulsion is
given in figure 4.3a. Besides, figure 4.3b shows what this looks like in the input sheet of the framework.

The other expansion made is a link of the third level to materials. The goal of the YETI is to keep calcula-
tions simple and therefore it was chosen to use Fast Track LCA which has an advantage that no full inventory
has to be made of every possible material used. It requires the use of the main materials used in a system.
Therefore, the choice has been made to limit the options for the material choices of the third level items.
For the structure of the yacht this is relatively simple, in general there are only three materials used: steel,
aluminium and composite. Although a steel hull contains some high strength steel it is dominated by the
use of regular steel(97%) and thus the assumption can be made that it will exist of only regular steel. On the
other hand, when looking at the main engine, it is a complex system made out of many different materials.
Using Fast Track LCA allows to make rough assumptions about these complex systems. This is in line with the
goal of the YETI to compare, since the same material will be selected for every diesel engine. The goal is not
to compare the diesel engines but to compare the yacht that uses the type of propulsion for which a diesel
engine is needed.
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Levels » Second level » Third level » Materials > Weight
: Main groups of the Main components of Specific choices for : : Amount of material
Explanation break down structure these groups that component Material choice used
Main propulsive : : g
Example system Diesel engine Cast iron % kg
(a) Overview of the LCI structure
YETI inventroy framework 0 - Build
1 | | 3 | Material Weight |Materia| details
200 Machinery & Propulsion
210 Main propulsive system | 211 Main engine(s) Castiron X

(b) Framework example for the diesel engine

Figure 4.3: Example of the diesel engine

Limiting the options for the selection of materials has another advantage. Using standard materials for sys-
tems gives more transparency as everyone knows which materials are used to model a system. In the example
of figure 4.3a the material linked to the diesel engine is cast iron. This information was obtained for the case
study. Figure 4.3b shows how this is implemented in the framework, this is the framework that the user of the
YETI score should fill in. In the orange box in the weight column the user needs to fill in the weight of the
main engine. In a yacht there are also systems the are composed of more materials where just assuming one
dominant material is not sufficient. It is possible to create combinations of materials for third level items. An
example of this is given in figure 4.4 for the fuel oil system on board. The weight that has been filled in in the
orange boxes (the input data boxes) is chosen arbitrary to illustrate how the framework works and bears no

resemblance to reality.

Predefining multiple materials for one third level item exists of four steps:

N e

Write combination in the Material choice column
Write the different materials of which the item exists in the boxes below

Write the relative distribution of materials in the Material details column
Fill in the total weight of the item in the weight column

The framework will calculate the weight per material

The weight per material will be used for the further calculations for maintenance and the end of life scenario.

YETI inventroy framework 0 - Build
1 | 3 Material weight  |Material details
300 Ship systems

350 310 Fuel oil system 311 Pumps Castiron 100,00

312 Piping Combination 200,00
steel unalloyed 100,00 50%
galvanized steel unalloy 100,00 50%

313 Appendages steel unalloyed 50,00

Figure 4.4: Example of multiple predefined materials for one item




36 4. Application of Fast Track LCA

4.3.3. Framework for maintenance

Another extension of the breakdown structure is needed to take the maintenance and end of life scenario, as
defined in paragraphs 3.2 and 3.3, into account. For the maintenance schedule the same breakdown structure
can be used as displayed in table 4.5 but replacing the 0 with a 1 for the first level. However for this research
the only maintenance taken into account is the painting and the protection of the exterior of the yacht. For
this reason only the Paint & insulation of the first level is considered and indicated with 1700 as shown in
table 4.6. Figure 4.5 shows how this is adopted in the framework, the weight given in the figure are not repre-
sentative. Because the maintenance activities take place every 2.5 or 5 years it is easy to calculate how often
they come to pass in the yachts life time, either 7 or three times. For this reason the weight information about
the material use for the maintenance does not have to be provided but can be calculated by multiplying the
weight information on paint and hull protection with the amount maintenance takes place.

] | Firstlevel | Second level ‘

] 1700 \ Paint & insulation \ Exterior painting system, cathodic protection, anti-fouling \

Table 4.6: First and second levels for maintenance

YETI inventroy framework 0 - Build 1 - Maintenance
1 2 3 Material weight Material details | Times | Summed weight
700 | Painting and Insulation
710 Exterior painting system | 711 Underwater hull paint 1.000,00 7 7.000,00
712 | Hull above WL paint 1.000,00 3 3.000,00
713 |Hull inside shell paint 2.000,00

Figure 4.5: Framework including the
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4.3.4. Framework for end of life

The inventory for the end of life scenario is based on the assumption that every yacht will get a major refit
after 20 years as explained in 3.3. This major refit will mark the end of life moment of the yacht and the start
of the life cycle of a new yacht. In this scenario the structure and main machinery will be kept, this means
that the 100 and 200 groups will be kept as well as the pumps from the 300 and 400 groups. The piping and
appendages of these groups will have to be replaced. This splits the materials in two groups, materials that
will be reused and materials that will be scrapped. Besides the option to reuse materials they can also be
recycled. Both are implemented in the life cycle and how they can be taken into account in the framework for
the inventory is discussed in this paragraph.

Reuse of materials

The structure and main machinery of the yacht will remain and be part of the new yacht while the rest of the
yacht will be stripped at its end of life moment. There are multiple options to take this into account in the
inventory of materials. The difference is mostly in the division of the impact of the used materials over the
different yachts that use the structure and main machinery. These options will be discussed before choosing
one to be implemented in the inventory.

¢ Zero impact for refitted yacht
The first option is to allocate the entire impact to the first yacht that uses the materials that will be
reused. This would mean that the impact of a refitted yacht is much lower then when the owner wants
a completely new yacht. Therefore, this option would stimulate the refit sector and give a disadvantage
to new build yachts. Implementation of this option into the inventory would mean that for refitted
yachts the weight of the materials used for the structure and the main machinery can be set at 0 kilo-
gram [51].

¢ Allocation based on the value of the hull
Allocation based on the value of the structure and its main machinery is an option as well. Figure 3.5
showed how the value of the whole yacht decreases over time and that after 20 years it stabilizes at a
price per gross tonnage that is about one third of the new build price. However, no information is avail-
able on the part of the second hand price that is for the hull of the yacht.

¢ Equal distribution

Another possibility is to divide the impact equally over the different yachts that will use the structure
and the main machinery. The lifetime of the hull and main machinery is approximated at 40 years. This
means that two yachts will use the same structure and dividing the impact means that each yacht gets
50% of the total impact. Implementation of the equal distribution of the impact to the inventory would
mean taking only 50% of the weight of the hull and main machinery into account.

There is one slight disadvantage of the equal distribution as the impact will be the same for a new build
yacht and a second hand yacht. A second hand yacht does have a smaller impact on the environment
as it does require less extraction of materials from nature.

Chosen reuse scenario

The choice has been made to use the equal distribution in the framework for the use of materials. However,
this is not the optimal solution because it does not favor refitted yachts which are more sustainable in terms
of material use. For this reason some balance between having an equal distribution and allocating the larger
part of the impact to the "first" yacht would be better. There are two main reasons why this is not imple-
mented. First, non of the previous researches used such a scenario and therefore it is unknown if the reuse
scenario has a significant influence. Secondly, as part of the YETI discussion no debate has been taken place
on this topic. Equal distribution of the reuse scenario contributes to the underestimation of the environmen-
tal impact that is also created by the system boundaries. As part of the sensitivity study the influence of the
reuse scenario can be investigated. Resulting in the possibility to make a better informed decision on the
allocation of the impact due to the reuse of materials.
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Recycling of materials

Some of the materials used on yachts can be recycled. To know for which materials it is important to obtain
the recycling rates and implement these in the framework, the assessments discussed in paragraph 1.2.4 are
used. In paragraph 3.3 the system boundaries for the end of life scenario are given. As for all processes in all
life phases the recycling process itself is not taken into account, only how much material can be recycled. The
reduction of material, meaning that because of recycling a part of the material can be reused, is accounted
for. This means that the energy required for the recycling of the material is not. Vogtlander [69] describes two
ways to take into account the recycling of materials: The first one takes the effect of recycling into account at
the end of life stage and the second option deals with it at the start of the life cycle. The second option means
that the material that is recycled is subtracted from the amount of primary material needed. The second op-
tion has an advantage because of the long life time of yachts and especially its steel parts.

When subtracting the recycled material from the amount of primary material that is needed, an unrealis-
tic situation is created for steels [69]. This is because of the growth in the production of steel over the past
decades in combination with long life time of steels. Over the past decade the steel industry has grown sig-
nificantly, the total production from 20 years ago is equal to roughly 40% of the current production of steel. If
all of the material from products that were produced 20 years ago is recycled only 40% of the steel products
that are produced today can be made out of recycled material. It is thus important to take into account the
current market ratio between scrapped material and primary material available(40/60%). According to Vogt-
lander this should be taken into account and this is easier to do with his second option of including the effect
of recycling by subtracting the effect at the beginning of the life cycle. This is adopted in the model for the use
of steel as it is one of the main materials used in the construction of a yacht. However, the growth of the steel
production has been significant in the past but since the YETI will be adopted for future use it is important to
consider the future growth of the industry. For the coming two decades it is predicted that the growth will be
about 15% [20].

This information should be combined with information on the recycling process of metals. For this study
the system boundaries exclude in the impact from energy used. Meaning, the YETI will only account for the
recycling rates and not the recycling process. Steel is a material with good recycling properties and Broad-
bent [14] estimates that that the recovery rate for steel is 85%. Combining this with the information on the
market growth the used recycling rate becomes 69%. However, excluding recycling processes contributes sig-
nificantly to the underestimation of the environmental impact of yacht production. In the same study Broad-
bent shows the difference in impact, only taking into account CO,, when energy required for the melting of
the scrapped steel is taken into account. The CO, emissions of a kilogram of new steel are 1.756 kilogram
and for a kilogram of recycled steel this is 1.405 kilogram. Meaning that when the recycling process is taken
into account the reduction, with respect to CO, emissions is only 20%. On the other hand, the other impact
categories are not taken into account in this research. The impact of recycling of steel with respect to resource
depletion is 100% as steel can completely be recycled. As information on the recycling processes with respect
to different impact categories is missing, it is not possible to implement this in the framework. For the YETI
this means that the used recycling rate are probably a overestimation as the impact of the recycling process
is not accounted for. As a result, the YETI score for the entire life cycle is likely an underestimation.

For the other metals less the recycling rates are based on literature [14, 67] and checked with the recycling
rates used for the in-house research of the conceptual yacht [31]. The recycling rates are taken as the amount
of material that is in the product at the end of life moment divided by the amount of material that is left after
the recycling process [67]. Again, the recycling process itself is excluded from the assessment. For example
the heat required for melting gold to give it a new shape is neglected. As shown in table 4.7 most of the re-
cycling rates are given as a range, since the impact from the processes is not included the used percentage is
chosen as the average.
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Metal Recycling rate range [%] | Recycling rate chosen [%]
Chromium 87-93 90
Iron 52-90 70
Nickel 57 - 63 60
Aluminium 42 -70 65 [31]
Copper 43 - 53 50 [34]
Zinc 19 -52 35
Lead 52 - 68 60
Gold 90 - 100 90
Lithium <1 0
Steel, unalloyed 77,8 [14] 77,8 [14]
Cast iron - 70
Steel, low alloyed - 60
Stainless steel 33 [41] 33

Table 4.7: Recycling rates of metals
Based on "Recycling rates of metals" [67] unless otherwise indicated

Implementation of reuse and recycling in the framework
Both reuse and recycling of materials cause a reduction of the total impact of the materials used in the yacht.
Vogtlander argues to implement the influence of recycling as a reduction of the amount of material that is
used. This is implemented in the framework for both recycling and reuse. The reduction of the recycling of
a material is defined by the recycling rate times the weight of that material used in the building and main-
tenance life phase. After the recycling weight is subtracted the reuse scenario can be calculated. 50% of the
weight that is left over after recycling is subtracted from the weight after recycling. What is left is the amount
of weight for the material that is used as input for the calculation of the environmental impact. This process
is shown in figure 4.6 where the material weight box on the right represents the input in the calculation set
up(paragraph 4.4.3). The recycling rates and reuse percentage are fixed for every YETI assessment but as said
for the reuse another percentage than 50% might be favorable. Therefore the framework is constructed in
such a way that this can be easily adjusted when necessary and set as the new standard for the YETI reuse

scenario.

End of life

Building weight

+ Maintenance weight | s Recycling weight

— Re-use weight —

Material weight

Recycling rate x

Material weight

before recycling
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50 % of weight after
recycling

[ka]

Figure 4.6: Implementation of the reuse and recycling scenario in the framework
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4.4. Step 4: Perform the assessment

To perform the assessment there are three more choices which have to be made. First there is a need for
information that links the materials to their impact on the environment. The ecoinvent database is used for
this which will be further explained in this section. There are different ways to calculate the environmental
impact and these methods are included in dedicated LCA software programs. The second choice is about the
Life Cycle Inventory Assessment(LCIA) method which is linked to the choice of impact categories, and the
last choice is that of the use of a LCA software.

4.4.1. Ecoinvent database

In order to perform the assessment there is the need for a way to link the materials that are used to the im-
pact on the environment. There are different databases that contain information about the impact caused by
the use of an unit (kg, m> etc) of resources. By combining information of different materials and energy it is
possible to calculate the environmental impact of a product with these databases.

An accredited database, which was also used in the research of TNO into yacht X, is the ecoinvent database.
This database covers over 10.000 processes and is the result of a joint effort of Swiss institutions. Experts from
these institutions are responsible for the gathering of data and another group is responsible for quality con-
trol of the database. The use of this database was highly recommended by both Lucinda Kootstra! and by
Vienna Eleuteri?.

Ecoinvent applied for a yacht

The framework is created by using the information from the case of yacht A. For the assessment a link had
to made between the third level of the framework and the used material. To do the assessment this material
had to be found in the ecoinvent database. Though this database contains over 10.000 processes the yachting
industry uses very specific materials. The result is that not all materials that are used in the yacht could be
found in the ecoinvent data. This had to be solved by either one of three ways:

¢ Choosing a similar material
¢ Simplifying the material
¢ Creating the material

Materials for which it was needed to use one of these solutions are: teak, epoxy paint, galvanized steel and
cunifer. How this was done is explained in appendix D. However, it is highly uncertain as to what extent the
solutions for the materials that were not in the ecoinvent database are correct. As an example, teak is one
of the materials that the yachting industry wants to replace because of it is made out of rare teak trees. In
the current model the impact from teak is lower then that of the use of plywood. The same holds for the
epoxy paint that was created in the eco invent database. Paint was one of the materials that was expected to
have a high environmental impact but the maintenance, only consisting of painting, in only 0.66% of the to-
tal impact(see results 5.2) showing that paint has no significant impact at all in the calculation of this research.

These uncertainties about materials used for yachts that are not included in the ecoinvent database show
a need for an extension of this database for yachts. This is necessary because the impact is now underesti-
mated and also improvements with respect to the use of paint and teak can not be assessed. Further research
should be conducted to create environmental information about these materials.

The factor of time in the ecoinvent database

In paragraph 1.2.4 the effect of different sources for the environmental data was already described to be sig-
nificant. For that reason, the ecoinvent database is selected as the environmental database for the YETI. But
even when using the same database the factor of time can influence the comparison between yachts. Over
the years more and more information on substances that are harmful to the environment is gained. The fact
that the world wide knowledge changes over times influences the environmental data. For example the IPCC
(International Panel on Climate Change) updates the values of the global warming potential every few years
[61, 62]. An update of such values get incorporated in the newest version of the ecoinvent database resulting

Lsustainability consultant at TNO
2Initiator and vice chair of Water Revolution foundation. She has coordinated several international projects in sustainable development,
human health and the environment [6]
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in differences in the impact of the same material over time. This effect is hard to overcome. A solution could
be to store the information from the framework for the life cycle inventory. Only this is the kind of information
that yacht designers and yards do not want to make public as it is information on the weight of the yachts.
An option could be to store this data with an independent third party. If it is possible to store this data the
assessments could be redone to check the influence of the updated ecoinvent database.

4.4.2. Assessment method

Within every life cycle assessment model there is a choice between different methods for the calculation of
the environmental impact. These methods are called Life Cycle Inventory Assessment (LCIA) methods. When
amaterial is selected from a database such as the ecoinvent database and the weight of that material is known
the LCIA method relates this to the environmental impact. The framework created in paragraph 4.3 functions
as the inventory that is assessed with the LCIA method. This process is shown in figure 4.7. Since the Fast
track LCA method is used for the model only single indicator LCIA methods are considered.

Material

Y

LCIA P Environmental impact

Weight [kg]

Y

From the framework

Figure 4.7: Life Cycle Inventory Assessment

Eco cost

Eco cost is an prevention based assessment method [69]. "Eco cost are the cost of the environmental burden
of a product on the basis of prevention of that burden" [69] Meaning that the eco costs are additional cost
that should be made to reduce the environmental impact to a level that the world can sustain. Per impact
category there is a level at which the emissions are in balance with the earth’s natural systems. This level is
called the no-effect-level. The eco costs are the costs to take impact reducing measures up to that level. For
example the no-effect-level for greenhouse gases is the level that the emissions and the natural absorption of
the earth are in equilibrium, with a maximum rise in temperature of 2 degrees. In the prevention curve the
relation between the cost and the level of prevention is shown. An example of such curve is given in figure 4.8
where the no-effect-level is displayed as well. The eco cost are the prevention cost at the no-effect-level.

An advantage of using eco cost to express the environmental impact of a product is that it is expressed in a
standardized value (€) which is easily understood [69], and is based on the situation in the EU.The calcula-
tion of the eco cost is the same as for other indicators up to midpoint levels. "Schaduw prijzen" is the Dutch
version of eco cost and based on a local prevention curve that gives cost of the prevention level required by
the Dutch government [69].

T Prevention costs (euro)

norm for
sustainability ~—TT—a

= no-effect-level

_k..x//

0%

—p Prevention (kg) 100%

Figure 4.8: Prevention curve [4]
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Figure 4.9: The eco cost calculation structure [69]

Recipe

Main difference with eco cost is that Recipe is a damage based assessment method. Eco cost calculates the
cost(based on known technologies) that are required to keep the impact below predefined levels. Recipe re-
lates the impact on impact categories(midpoints) to three end point categories: damage to human health,
environmental health and resource depletion(Endpoints). Hereafter normalization and weighting is neces-
sary to sum up the impacts of these three different endpoints. This means that the three categories have to
ranked to each other.

For the newest version of Recipe(2016) no normalization and weighting factors are released [53] and thus the
version from 2008 has to be used. These factors are needed to add up the impact on the damage categories
to a single indicator. As Recipe is a further development of Eco Indicator 99 method it also uses eco points to
express the impact.

Comparison on weighting method

As explained in paragraph 2.3.2 the single indicator LCIA methods have larger uncertainties. Between Recipe
and eco cost these uncertainties come from different issues. For Recipe, and also eco indicator 99 in the past,
these uncertainties come from the normalization and weighting step. Normalization is done based on the
impact of an average European person and weighting is done based on social science. Meaning that where
midpoint and endpoint indicators are calculated based on scientific models the step to go from endpoints to
a single indicator requires less certain assumptions made on social science. The difference between the eco
cost method and Recipe is the use of a different form of normalization and no use of weighting to get to the
single indicator. Normalization in eco cost is done by calculating the prevention cost of a region and weight-
ing is not necessary at all because cost can be added without the need for value choices. How this translates
to the calculation structure of the eco cost is given in figure 4.9. Here normalization is applied to go from mid-
points to eco cost for a specific end point. From there the only step is to add these cost to get the total eco cost.

Both methods have uncertainties but it is not possible to say which are more significant. But the uncertain-
ties from the eco cost, coming from the price of a prevention method, seem to be more influenced over time.
This because current technology changes rapidly and that would alter the outcome of the YETT assessment.
Over time the YETI results would than be harder to compare.

Comparison on impact categories

In order to choose a LCIA method it is checked that both methods take into account the most important im-
pact categories for yacht production. An overview of different impact categories is given in appendix E. To
get some idea of the relevance of these impact categories it is checked if they are included in the PCRs. This is
shown in table 4.8 where the X means that the impact category is included in the LCIA of that PCR. Most in-
teresting is to see that the PCR for yachts does not include the impact category for the depletion of resources.
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This means that it is not taken into account that resources get scarce, however all the emissions linked to the
further manufacturing of these resources into materials or products is taken into account through the other
impact categories.

[ 1]2]3]4 [ Impact category
X | X | X | X | Climate change / Global warming potential - The emissions of greenhouse gases
X | X | X | X | Acidification - The emissions of acidifying gases
X | X | X | X | Photochemical Ozone formation - emissions of gases that contribute to the creation of
ground level ozone
X X | Stratospheric Ozone Depletion -
X | X | X | X | Eutrophication - Emissions of nitrogen’s and phosphorus substances causing oxygen de-
pletion
X | X | Abiotic resource use - use of fossil fuels and minerals
X Water use -
X Noise

Table 4.8: Impact categories included in different Product Category Rules
1. PCR for Yachts [17] 2. PCR for Airplanes [13] 3. PCR framework for transport [3] 4. PCR for buildings [19]

The PCR for yachts asks for additional or explicit mention of the emissions covered by Marpol Annex VI,
NOy, SOy, VOC emissions and ozone depleting substances. These emissions are listed by Camprara [15] and
contribute to Acidification, Photo-oxidant formation, Eutrophication and ozone depletion [59]. This explains
why stratospheric ozone depletion is included in the PCR for yachts.

When looking further then the PCRs common sense and the results of earlier research can be used to indicate
other relevant impact categories. Chatzinikolaou and Ventikos [18] concluded that the emissions of CO,, CO,
NO, and SO, have the largest impact. These emissions are linked to the impact category climate change.
For the use of materials the impact categories for the depletion of biotic and abiotic resources should be
considered. Combining all these impact categories results in the list:

¢ Climate change

¢ Acidification

* Ozone depletion(Photochemical & Stratosheric)
* Eutrophication

¢ Biotic resources

¢ Abiotic resources

¢ Photo oxidant formation

Except for ozone depletion all these impact categories are included in both the eco cost and Recipe method.
Ozone depletion is missing in the eco cost method, which is a disadvantage. How significant this disadvan-
tage can be checked with the case study.

Chosen method

The choice is made to use the Recipe method for three reasons. First is the inclusion of all the impact cate-
gories that are considered to be of interest for the yachting industry. Second is the method is more stable over
time. And finally eco cost has the disadvantage of adding an extra price to the yacht.

However, up to mid point level the methods are very similar. Therefore it would be good to require both the
results of the single indicator but also the midpoints indicator values for each assessment. This would ensure
that if the LCIA methods change in the future a comparison on midpoint level is still possible.

4.4.3. LCA software

LCA software is used because it provides the calculation methods necessary to translate the information from
the ecoinvent database to the impact. The chosen software for the calculations is Simapro, which is one of
the leading software tools for LCAs [54]. The available license at the TU Delft provides not only the required
access to the software but also access the the ecoinvent database. As another option the open source LCA
software Open LCA was considered. However, this software does not provide a significant advantage over
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Simapro and doesn’t contain a link with environmental databases. These databases have to be manually up-
loaded when using OpenLCA.

Over the past years an environmental researcher, Vianna Eleuteri, has started to develop a LCA software ded-
icated to the yachting industry: Yachting 4.0 [21]. This software is also linked to the YETI project. It tries to
create an environmental database specified for the yachting industry with a calculation method that takes
into account the relevant impact categories for the industry. The environmental database will also be based
on the ecoinvent database but the expansion can help to solve the problems with the materials that were not
found in ecoinvent. The reason that Yachting 4.0 was not used for this research is that it is still under devel-
opment. The design of the framework for the LCI has been created in such a way that it can also be used with
the Yachting 4.0 software.

The framework that is constructed for the quantification of materials is created in Simapro as well. Doing
this makes it easier to put the information from the framework (the materials and their weights) to the pro-
cesses in Simapro.

4.5. Step 5: Interpret the results

Due to the use of the single score and the simplified assessment of the materials that are used(the framework
for the LCI) there are a few things to keep in mind when interpreting the end results.

First the outcome of the assessment can not be regarded as the real environmental impact of a yacht. Due
to the simplifications the outcome is more an estimation of the impact. The distribution of the impact over
different parts of the yacht can be analysed. It will become clear which systems are likely to have a large im-
pact. The outcome should be used only for comparison to other yachts that have been assessed according to
the same methodology. This is what the framework is designed for and can be done based on the end result
being lower (better) of higher(worse) then the result of another yacht.

One of the requirements of the YETI is not fully met, manipulation of the method is still possible. During
all meeting that were held to gather information on the materials used the question came up: Is it possible to
check the information? Very often the answer was no because not all the materials are weighted before they
are installed on the yacht. And after installation it is not possible to check individual weights of items but only
the total weight of the yacht checked when it has been launched. Meaning that both when the yacht is in the
design phase as when the construction is finished the input of the YETI can be manipulated by the designer
or yard. This can be done in either one of two ways. First it is possible to say that less of a material is used. Or
secondly by saying a different material is used. Setting predefined materials for some of the third level items
in the LCI framework was tried as a solution to prevent manipulation as much as possible. Validation of the
method with more yachts than the case study from Feadship should indicate if enough items have gotten a
predefined material or if it is necessary to predefine more materials in the framework.

4.6. Conclusions on the model

In this chapter a model is created that is based on the Fast Track LCA methodology and the production life
cycle created in chapter 3. The different steps of Fast Track LCA are further standardized to make comparison
of the outcome of the model possible. An overview of the created model is given in figure 4.10.
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Figure 4.10: Created model of Fast Track LCA
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On the left side the model starts with the information of the used materials in the building phase of the yacht
and the weight of these materials. This is input for the standardized framework for the quantification of the
materials. This framework uses this input data and the standard life cycle to calculate the weight for mainte-
nance and the amount of material that is reused and recycled. The result for every material is the total weight
that should be accounted for during the life cycle: the life cycle weight. The combination of the materials and
its life cycle weight is input for Simapro. In Simapro the materials used on the yacht can be linked to environ-
mental information using the ecoinvent database. After this step all information is documented in Simapro
and the next step is selecting Recipe as the LCIA and the environmental impact is calculated by Simapro.

The model that is created should comply with the five requirements of the YETI as given in paragraph 1.1.1.
First, this means that the model should be transparent. In paragraph 1.1 three question were defined to assess
if the used information is transparent. The first two, how van information be obtained and what is done with
this information, can be answered for input data necessary for the model. The information can be obtained
by weight calculations and because of the standardized LCI framework it is known how the information is
used. However, the third question whether the input data is verifiable can not be answered positively. It is not
possible to check the input data and this is one of the biggest flaws of the model. Meaning that the designed
model itself is transparent but how the input data is obtained is not. This leads to one other requirement that
is not met. Manipulation of the assessment should not be possible, but as input data can not be verified it is
possible. Manipulation of the model itself is not possible.

The rest of the requirements of the YETI are met. The model is designed to be understandable for users
having basic knowledge of yachts and access to the weight calculation of the yacht to be assessed. Effort is
minimized by the creation of the standardized framework for the quantification of materials (also referred to
as the Life Cycle Inventory). Next to this, the model is designed to compare the outcome of different yachts
by using Fast Track LCA and a single indicator method.






Case study & results

The previous chapters contain information on relevant topics in order to eventually come to the framework
for the Life Cycle Inventory as described in paragraph 4.3. To test the framework for the LCI, it will be applied
to ayacht that has been built by Feadship in the recent years. This yacht will be called yacht A. The assessment
serves two goals, the first goal is to check if the LCI is easy to use with the available data. The second goal is
to check if comparison based on the LCI with its current level of detail is possible. This will be done with a
sensitivity analysis were the effect of possible design choices will be investigated. The effect of design choices
has to be visible in order to compare different yacht designs.

5.1. Application of the LCI framework on the case

To check if it is possible to apply the model created in chapter 4, a case study was performed. For each first
level group an explanation will be given on how information was gathered and if any assumptions were made.
An important source of information on the yacht has been the weight calculations of De Voogt. These calcu-
lations are done in the breakdown structure that is used by De Voogt and therefore had to be adjusted to fit in
the LCI structure for the YETI.

Structure

Information on the material for the structure is available in the general information on the yacht. The struc-
ture consists of the hull, superstructure, mast and main machinery foundations. The assumption is made
that the second level items hull and superstructure consist of one of the three materials: steel, aluminum
or composite together with glass. The masts and main machinery foundations are modelled with only one
material. It was possible to get all the data from the weight calculations.

Machinery & propulsion

For the Machinery & propulsion assumptions about the materials for the main (diesel) engines, gearbox, pro-
peller shaft, rudder, bow thruster, stern thruster and stabilizers were made together with one of the naval
architects from De Voogt. The main engine and bow and stern thrusters are modelled as cast iron and other
components as unalloyed steel. For the propeller, consisting of nickel aluminium bronze material, the per-
centages are set at 5, 9.5 and 4,75 and the rest is copper [58].

Ship systems

Precise and detailed information on the materials used for the different ship systems was limited available.
For that reason information was gathered from the sheet containing material and weight information of the
design of the ship systems. This information sheet was constructed before the design of the systems of yacht
A was finished. This information was used nonetheless to calculate the percentage of a material used for
the piping, pumps and appendages. However the total weight of the systems in this sheet was slightly lower
than the weight found in the weight calculation and therefore the results are scaled. For this case study this
information is used, but for future use of the YETI the advise would be to validate the percentages for the
materials used with other vessels. As said in paragraph 4.3 this validated information on ship systems can be
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used to predefine materials. This way the user of the YETI doesn’t have to do these calculations themselves
and limiting the choice in used material gives more transparency. It is known to anyone which materials and
in which combination they are used. If for the design other materials are used the burden of proof is only for
designs using different materials.

One other difficulty was that all the information of air related systems was put together under HVAC in the
sheet that was used to calculate the percentage of materials used of the systems. For this reason it seems like
most of the air systems are not installed on the yacht but actually they are all summed up in the HVAC item.
The same goes for the fire fighting and fire extinguishing system, there was no separation between the two so
there is only the fire fighting system.

Information on the hydraulic system was only available on the miscellaneous part of this system.

Electrical system & equipment

The electrical system & equipment group consists out of three parts: Energy generation, Energy Storage and
Cables and wires. Information was easily found in the weight calculations done by De Voogt. In Consultation
with RH Marine [57] the cables for the electric system are modelled as fully copper.

Deck machinery and equipment
For deck machinery and equipment all information was found in the weight calculations performed by De
Voogt.

Paint and insulation

Detailed information was gathered on the different layers of the paint system on the yacht. The paint and
fairing used is all epoxy based but every layer is a different epoxy paint. Information on epoxy paints is not
available in the eco invent database and there was only enough information available to create one paint (ex-
plained in appendix D), therefore all the paint and fairing is modelled the same.

All the insulation of the yacht is put in one item on the weight calculation sheet. Getting more detailed infor-
mation on the different materials used for the insulation on the yacht was not possible. For this reason all the
insulation is modelled as glasswool.

Interior

The interior for the yacht is designed by an external company and therefore there are no details about the
weights or the used materials. An idea was to collect information on the material ordered by the yard to get
an indication of the amount of material used. Unfortunately this information was not complete, especially
for the luxury interior where one would expect rare materials that can have a large environmental impact.
The interior of the conceptual yacht compared in paragraph 1.2.4 was based on the interior of other Fead-
ship yachts. The goal of this design was not to optimize the interior but was more focused on new propulsive
systems. The distribution of materials of that concept yacht is scaled to the total weight of the interior of the
yacht for this case study. For this reason it was not possible to link the materials to the third level created for
the LCI whereby the model is slightly adjusted.

Exterior
For exterior all information was found in the weight calculations done by De Voogt.

5.1.1. Conclusion about the application of the framework for the LCI

Making use of the case study it is possible to check if the framework for the LCI complies with the require-
ments of the YETI as given in paragraph 1.1.1. According to these requirements the framework should be
understandable and use with minimal effort. The information from the weight calculation sheet of De Voogt
could be related to the framework’s third level items with minimal effort. Though using the framework com-
plies with the requirements for the YETI, significant difficulties were encountered with respect to data avail-
ability. Especially data availability on the materials that are used was lacking for this research. Especially



5.2. Results of base case 49

for the interior and the ship systems a more detailed investigation of the materials per third level items re-
quires significantly more effort. For the ship systems the solution is a deviation of each system into pumps,
piping and appendages and using a predefined distribution of materials. The use of predefined materials
is also adopted in the framework for the LCI. For the interior the solution of using a distribution based on
other yachts is used in the case study. However this solution allows for little variation between yachts and is
therefore not preferred for the comparison of yachts and will not be adopted in the framework. Solving this
would require a new way of keeping track of used materials at shipyards. This is also seen in the implementa-
tion of the IHM (Inventory of Hazardous Materials) were the wish is formed to get more detailed information
from suppliers about the materials used in their products. Keeping track of used materials, not only for the
IHM but in general and for all suppliers would significantly improve the availability of input data for the LCI
framework.

5.2. Results of base case

In this section the results of the case study with yacht A are given. First the results for the total life cycle are
given and compared to previous research for verification. Then the results are analysed in more detail in or-
der to indicate important impact categories and parts of the vessel with a large impact.

The results of the case study are given in table 5.1. The total impact over the entire life cycle of yacht A is
216,025.7 eco points.

Life stage Yacht A
Total 216,026
Building 790,723
Maintenance 1,430
Recycling -550,799
Re-use -25,339

Table 5.1: Results for yacht A in eco points

To check if this outcome is reasonable the result can not be compared with the assessments of yachts X and
Y because over time the data has changed significantly. In order to make this comparison possible, the infor-
mation on the building phase of yacht X is used to redo that assessment. It is not possible to do this in the
framework for the LCI as created in this research because the information in the report from 2009 is given
per material without a link to the items for which this material was used. The result for the building phase
of yacht X with recipe 2008 and the current ecoinvent database version is 1042,608 eco points and the weight
of the materials included in this assessment is [confidential] ton in total (97%of total weight). For yacht A
this is 790,726 eco points and in this assessment [confidential] ton of material is assessed (90% of the total
weight). Because of the difference in weight percentage that both assessments account, the eco points per
ton are calculated for both yachts and shown in table 5.2. The eco points per kilogram for yacht A are only
5.8% lower than for yacht X.

Yacht A Yacht X*
Impact of building 790,726 Pt | 1042,608 Pt
Weight percent that is included 97% 90%
Impact per ton 780 Pt 735 Pt

Table 5.2: Comparison between yacht A and X*
* assessed with Recipe2008

The results of the assessment are dominated by one material: Gold. To show this dominance the assessment
has been done an extra time without the use of gold for the interior and these results are shown in figure 5.1.
Gold is the material with the highest impact per kilogram but also the material that is most easy to recycle,
which is expressed with a high recycling rate. Because of these significantly higher values for gold this causes
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almost half of the total impact of the building and recycling phase. Although only 78 kilogram of gold is used
the impact of gold for the building phase is 413,131 eco points. The effect is similar with the assessment of
yacht X with EI99 where the influence of gold is 157,868 eco points. The difference is explained by the increase
of eco points per kg of gold from 1579 with Eco Indicator 99 in 2009 (when yacht X was assessed) to 5297 eco
points per kg with Recipe(2008) in 2019 for yacht A. The difference can be caused either by an update on the
impact from gold in the ecoinvent database or by a different weighting in the impact assessment methods
Eco Indicator 99 and Recipe(2008). The influence of the use of gold dominates the results, therefore some
results will also be analysed without gold to get a better view of other differences. This domination of mainly
the building and recycling phases results in a low significance for the total life cycle. This is displayed in figure
5.1 where the difference for the construction with or without gold is larger than the effect on the impact from

the whole life cycle.
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Influence of reuse and recycling

The influence of the different life phases can be seen more clearly in figure 5.2 where it is displayed per first
level group. This graph shows three interesting things. First the re-use of materials is visible for the structure
and the also for the main machinery and propulsion. However, in the end of life scenario the pumps of the
ship systems are also re-used. The influence of the re-use of the pumps is not zero, but comes very close with
just 270 eco points. This can be explained because the pumps are mostly modeled as cast iron which has a
high recycling rate and the total weight of all pumps, even before recycling, is just 7827 kilo. To simplify the
model further it would be interesting to take the pumps of the ship systems out of the re-use scenario. It is
probable that this will not show in the result as it is now 0.125% of the total impact.

Furthermore, the total effect from the implementation of the re-use scenario is a 12 to 14% reduction of the
total impact of the production life cycle depending on the inclusion of gold in the assessment. Most of the
materials that will be re-used are materials with high recycling rates(metals). The high recycling rates lower
the impact from these materials significantly and thus the impact of the re-used materials as well.

Figure 5.2 and table 5.1 show how significant the influence of recycling and reuse actually is. The total impact
from production (791 kPt) gets lowered to 216 kPt over the whole life cycle, which only 27% of the impact
from the building phase. These results are highly dominated by the effect of gold. Leaving gold out of the
assessment the impact over the life cycle gets reduced by reuse and recycling to 46% of the impact from the
building phase. The choices made in the model for recycling and reuse are thus very influential for the end
result of the assessment. And, these choices lead to a lower score for the impact form yacht production. For
comparison this is not very relevant but it gives a wrong estimation of the total impact from production. Re-
flecting on the choices for the recycling and reuse there are two things that are good to reconsider.

First, in the whole study the influence of energy is outside of the system boundary. However, the energy used
for the basic material production is included in the information from the ecoinvent database. This means
that for the steel used in the assessment the energy is taken into account. For recycling the energy required
to transform scrapped steel into steel that can be used in the next product is excluded. Broadbent [14] gives
the indication that the impact from recycling is significant, which means that the influence of recycling is
overestimated, making the effect of excluding energy even bigger on the underestimation of the impact. In-
clusion of the energy required for the recycling is possible as every yard uses dedicated recycling companies.
Meaning, that if this information becomes available, including the impact from recycling of metals could be
standardized and adopted in the framework and thus fulfill all YETI requirements.

Basic material Basic product Yacht
production production proguction

Raw material
extraction b -

2 - O

Recycling

vo—"

Energy
generation
Yacht life cycle

Figure 5.3: Simplified life cycle showing the difference between recycling and reuse

Second, the reuse scenario has a significant influence of the end result and changing the ratio of allocation
between the first (new) build yacht and the second (refitted) yacht can make a difference. If the larger part
of the impact from materials that are reused is allocated at the first yacht it will become clear from the YETI
score that this is worse for the environment then buying a second hand yacht and doing a refit. The YETI
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would in this way help to stimulate the refit market instead of the new build market. As it is expected that
non of the items that are reused needs large maintenance the second hand yacht really saves the produc-
tion of these items. For this reason it would be reasonable to allocate all the impact from these materials to
the first yacht. But, this is not entirely fair. The difference between reuse and recycling is that recycling re-
quires energy. In other words recycling creates an extra impact were reuse does not. Figure 5.3 illustrates this
difference by the different paths in the life cycle. Therefore, a better option than allocating the entire impact
to the first yacht would be to allocate only the benefit of not having to recycle the material to the second yacht.

Analysis of the different groups

Besides the influence of reuse and recycling, figure 5.2 shows the first level groups that are most impacted by
the production life cycle of yacht A. These are the electrical system & electronics, ship systems, interior and
structure. Here the difference between a yacht and the tanker researched by Chatzinikolaou and Ventikos, as
discussed in paragraph 1.2.1, becomes very clear. Where for shipping vessels the impact from the construc-
tion (the use of steel) is most significant, figure 5.2 shows that for yachts this is not the case. The impact is not
dominated by the use of steel but divided more over the different groups.
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Figure 5.4: Impact on the different impact categories

Also interesting in figure 5.2 is the very small impact caused by the exterior. In both the assessments of yacht
X and Y the exterior has a significant share in the total impact. In both assessments this was caused by the
teak deck. This does not show in the results for the assessment of yacht A. Teak wood was not found in the
ecoinvent database and other databases were used to create teak wood as explained in appendix D. However
the selected teak wood from the database has an impact that is lower per m® then that of plywood. In both
the other assessments teak wood has a larger impact and from literature it was expected that the impact from
teak is significant [50]. For further use of the model it would be beneficial to do more research on the impact
caused by teak wood.

Analysis of impact categories

With the results it is also possible an analysis can be done to see which impact categories are most affected
by the production life cycle of yacht A. There are seven impact categories that were affected the most by the
production life cycle of yacht A. The effect on these impact categories was at least 10 times larger then on the
other categories included in the Recipe 2008 method. The effect on these impact categories is shown in figure
5.4 per first level group. In this graph the influence of Gold is again significant. The entire dark blue part of
the impact category metal depletion is caused by gold. The large impact caused by the interior on agricultural
land use comes from the other materials in the interior.

The largest impact is caused to metal depletion by the metals used in ship systems and the electrical sys-
tem. In terms of weight these are not the heaviest groups but the more rare metals used for these systems
have a significant influence on the total environmental impact. One could be surprised that fossil depletion
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Figure 5.5: Comparison of effected impact categories when using the eco cost or Recipe method

is a impact category that is affected by yacht production in the same range of magnitude as the other impact
categories. The fossil depletion is likely caused by the production processes of the basic materials, as infor-
mation on these production process is included in the ecoinvent database.

The Recipe 2008 method was used because this single indicator method uses eco points. Eco points are
preferred over the euro’s used in the eco cost methodology but also because in the eco cost method ozone
depletion was missing as an impact category. However, this was one of the impact categories that was least
impacted by the production life cycle of yacht A. For this reason the same assessment of the impact over the
whole life cycle was carried out with eco cost. Since the eco point can not be compared directly with the eco
cost(euro’s) only the distribution of the impact over the different impact categories can be compared. This is
shown in figure 5.5. Interesting is the difference between the distribution of the impact over the impact cate-
gories using Recipe 2008 and the eco cost method. The impact on acidification is low when using Recipe 2008
and large when the eco cost method is used. The difference is due to different approach that both methods
have. Which one is correct requires more knowledge of environmental science.

5.3. Sensitivity to design choices

The framework for the YETI has been created using assumptions on material use. For this reason it is impor-
tant to check that the simplified version of the life cycle inventory has enough sensitivity to show a difference
in the end result due to design choices. For this reason two design choices, the use of aluminium for the hull
(1), because using aluminium requires less material, and second the application of batteries(2), because they
save energy in the operational phase, are investigated. Besides that the influence of energy used at the yard is
checked, as described in paragraph 3.1 it is complicated to create system boundaries when it comes to the use
of energy and it was therefore excluded. However this also means that in the current model only the design is
assessed and not the yard. To investigate the influence of the yard a case is created that includes energy used
at the yard.

5.3.1. Aluminium hull

The hull of yachts is normally made from steel or aluminium, and some yards build in composite as well.
Yacht A was originally made from steel but it is checked what the influence is of using aluminium. Using
aluminium has as a big advantage that it is lighter than steel. In the operational use of the yacht a lighter
yacht needs less power for the propulsion and will therefore use less fuel. A calculation has been performed
to calculate what the weight would be of the hull of yacht A when made out of aluminium instead of steel. No
effect to the propulsive system due to the lower amount of required power has been taken into account. Only
the hull material and weight are adjusted.
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Results

Using aluminium for the hull will decrease the weight of of the yacht. However, the impact of one kilogram of
steel is about one third lower than the impact from one kilogram of aluminium. One kilogram of aluminium
has an impact of 0.357 eco points and steel has 0.224 eco points per kilogram. Meaning that it is possible that
though less material is used the impact will not be significantly lower.

Life cycle [kPt]  Life cycle | Structure [kPt]  Structure w.r.t life cycle
With gold Steel hull 216 100,0% 22 100,0%
Aluminium hull | 212 98,0% 18 81,2%
Without gold | Steel hull 174 100,0% 22 100,0%
Aluminium hull | 170 97,6% 18 81,2%

Table 5.3: Decrease of impact due to the use of an aluminium hull

The results of the assessment done with the aluminium hull are shown in table 5.3. As can be seen the result
over the entire yacht and over the entire life cycle is very small. The results are split in the results when gold is
used in the interior and when gold is not used in the interior because of the large impact of gold. In both cases
the impact due to the use of aluminium instead of steel for the hull is relatively small, only a reduction of 2
and 2,4 percent on total impact. On the structure itself the reduction is 18.8% which is a significant reduction.
This difference is better visible in figure 5.6 where the impact is given per group. Aluminium thus has a lower
impact when used for the hull material.

Figure 5.6 shows the impact divided over the different groups. This result is shown to check that only the
impact of the structure has changed and the rest of the yacht remains the same. Showing that the model
works as it is supposed to.
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Figure 5.6: Results of the assessment with the aluminium hull
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5.3.2. Use of batteries

Batteries can be used for different purposes on board yachts. Two cases have been explored for the use on
yacht A, (1) for the use of peak shaving and (2) to go one night without the use of generators for the energy. A
configuration for diesel electric propulsion is given in appendix C.

Batteries for peak shaving

Installing batteries for peak shaving has an advantage in the operational use of a yacht. Because of the extra
power the diesel engine can run at a more constant power at a rpm for which the engines is efficient. The
fluctuations in required power can be delivered by the energy stored in the batteries. When the ship is sailing
the energy from the batteries is extracted when power demand is higher, and saved in the batteries again
when the power demand is lower the the output of the diesel engines. For this reason the peak shaving
batteries are power batteries, meaning that they are designed to have high charge and discharge rates(C-
rates). Information for the capacity of the batteries calculated at De Voogt and the "Corvus Orca Energy" [9]
is used to calculate the mass of the batteries required. Batteries are now sold with an life expectancy of 5 years
[57], meaning that during the life time the batteries will have to be replaced 3 times. Because the batteries
will not be used daily both the scenario with an life expectancy of 5, 10 and 20 years is modelled.

Results for the use of batteries for peak shaving

The results for the application of batteries used for peak shaving are given in table 5.4 together with the results
from the base case for yacht A. The extra impact for placing the batteries is 4% and also visible in figure 5.7.
This means that the use of energy does influence the result of the assessment of a yacht.

The increase in impact is already 4% when the maintenance of the batteries is not yet taken into account.
Table 5.4 and figure 5.7 show the influence of the life time of the batteries as well. If the life time of the bat-
teries is truly equal to 5 years and they will have to be replaced 3 times during the yachts life time the impact
increases with 16%. The 16% increase just because of the addition of batteries is quite extensive, meaning
that the amount of batteries seems to become a dominant factor.

A check is done to see if the use of the batteries changes the impact categories that are most effected. This is
not the case and therefore figure 5.8 shows the same seven impact categories as for the base case.

. Electrical system & . Electrical system &
Life cycle (kPt] Electronicsy[th] Life cycle Electronicsy
Base case 216 44 100% 100%
No maintenance | 225 53 104% 120%
1 xreplaced 234 62 108% 140%
3xreplaced 251 79 116% 180%

Table 5.4: Increased impact due to the use of batteries for peak shaving
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Figure 5.7: The growth of the impact in eco points caused by the use of batteries for peak shaving
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Figure 5.8: Impact of the use of batteries on the largest impact categories

Batteries for hotel load

A realistic design wish is to be able to go a whole night without the use of the generators to provide the yacht
of energy. A night is taken as 10 hours during which the hotel load is half of what it is during the day. The
energy that is required has to be stored for a long time and no high charge or discharge rates are necessary.
The information to translate the required power to the amount of batteries that have to be placed on board
is based on the specifications of the "Corvus Blue Whale" [1]. Due to the lower amount of charge cycles that
the hotel load batteries will undergo, compared to the peak shaving batteries, the life time is estimated at 10
year.

Results

The results show a significant increase in the impact when the batteries are installed for hotel load. With the
life time of 10 years, the batteries have to be replaced on, the total impact increases with 17%. Meaning that
the impact from the batteries starts to dominate the total impact of the yacht. If the data is extrapolated to
the energy required for the hotel load of a day the impact increases to 47%. Batteries are installed on yachts
more often in order to decrease the impact during the operational use of the yacht. If the trend for the use
of energy will increase over the coming years there is a chance that the impact from the production life cycle
is completely dominated by the amount of batteries installed. Leaving the question whether it is necessary
to put time an effort in gathering information on all the other materials used for the yacht when the result is
dominated by the batteries.
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. Electrical system & . Electrical system &
Life cycle [kPt] Electronicsy[th] Life cycle Electronicsy
Base case 216 44 100.0% 100%
No maintenance | 234 62 108.5% 142%
1 xreplaced 253 81 117.1% 184%

Table 5.5: Increased impact due to the use of batteries
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Figure 5.9: Influence on the impact over the life cycle when using batteries for the hotel load of one night

5.4. Effect of excluding energy

As discussed in section 3.1 it was not possible to find a system boundary that allows for the inclusion of en-
ergy used in the building processes and comparison. Therefore, this is excluded in the current framework.
However, the exclusion of the required energy and the processes means that only the design of the yacht is
assessed and not the yard that builds the yacht. Including energy (and yard processes) gives the builder of
the yacht an influence on the total environmental impact of the yacht as well. Another effect is that it is likely
that the impact from yacht production is underestimated when excluding energy. Unknown is the size of this
underestimation. In this sensitivity check an investigation is done to gain more knowledge about the effect
of this system boundary.

Two different types of used energy are distinguished, the used energy for the construction of the hull and
the used energy for the assembly of the yacht. This distinction is made because of subcontracting as ex-
plained in paragraph 3.1. Data for both the energy use of construction and assembly was measured at the
yards. The energy required for assembly of the yacht and construction of the hull is calculated based on the
energy demand of the yards and split over the amount of docks (production places) that the yard has.

Nowadays their are different ways available to lower the energy demand, one of those is producing your own
energy. The assembly yard has given an estimation of the energy that they could produce by placing solar
panels on the roof. With this estimation five different cases are created for the profit of solar cells in terms of
areduction in energy demand.

Results

The results of the inclusion of energy for the construction of the hull and the Assembly of the yacht are given
in figure 5.10. In other words the figure shows the current system boundaries for the assessment of yacht
production underestimate the environmental impact by 40%. This is a serious part of the impact that will not
be shown in the YETI results as long as the system boundaries exclude the use of energy.
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One of the measure the yard can take in order to lower the impact from energy, is placing solar panels. Based
on areal case of one of the yards to place solar panels, five case are created with a different amount of energy
that is generated by solar panels. The results of these five care are shown in table 5.6 and figure 5.11. Though
the energy used at the assembly yard is slightly larger, both yards are in the same range.

Scenario

BaseCase

No solar energy
5% solar energy
10% solar energy
15% solar energy
20% solar energy
25% solar energy

Materials
[kPt]
214.60
214.60
214.60
214.60
214.60
214.60
214.60

(%]

71%
71%
71%
71%
71%
71%
71%

Construction
[kPt]  [%]

0 0%
39 13%
39 13%
39 13%
39 13%
39 13%
39 13%

Table 5.6: Influence of taking into account energy and use of solar cells

Assembly
(kPt]  [%]
0 0%
46.89 16%
44.55 15%
42.20 14%
39.86 13%
3752 12%
35.17 12%

Total
[%]
71%
100%
99%
98%
98%
97%
96%

The influence of placing solar panels for the generation of energy might seem small, as it is a few percent. But,
the scenario’s with the solar cells show that if 10% of the energy can be excited from solar cells the reduction in
impact(2%) is in the same range as using aluminium as hull material, having a 2% reduction in impact as well.
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Figure 5.11: The influence of solar panels for the generation of energy
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Conclusions and recommendations

This chapter gives the conclusions and recommendations on this research about the creation of a model to
compare the environmental impact from yacht production. The chapter starts with the conclusion on the
sub- and main research questions and finishes with the recommendations.

6.1. Conclusions

As was described in chapter 1, the aim of this research was to create a model that allows for the comparison
of the environmental impact from the production of different yachts. The model composed in this research is
to be used as part of the YETI, the Yacht Environmental Transparency Index. Because of the specific require-
ments of this index, non of the currently available models could be used.

First a methodology for the assessment had to be chosen in order to answer the question: what is the best
way to apply LCA for the calculation of environmental impact from yacht production? Taking the specific
requirement for standardization and comparison of the YETI into account, Fast Track LCA is the best suitable
methodology. This method allows for the use of a single indicator assessment method, creating results that
can be compared without in depth environmental knowledge. The other advantage is the more simplified
version of the life Cycle Inventory; the quantification of materials. Standardizing this step leads to, not only a
standardized method, but also more transparency, understandability and it minimizes the effort required for
the calculation.

As the goal of this research is to compare the environmental impact from a life cycle perspective, the life
cycle is standardized in this research. Before the life of a yacht begins the yacht is constructed, the building
phase is the first life phase. When the yacht is delivered it will have a life time of 20 years. In these 20 years
it will undergo significant maintenance 7 times. After 20 years the yacht will get a major refit which indicates
the end of its life time. The structure and main machinery will go on with the next yacht and the rest will be
stripped and recycled if possible. This provides the answer on what the life cycle of a yacht is from a produc-
tion perspective? However, the aim of the YETI to compare yachts influences this life cycle significantly. The
only part of this life cycle that can be compared are the materials that are used on board the yacht. Due to
the large difference in the level of sub contraction at different yards, the used energy, transport, waste and the
yard processes could not be included in the YETI assessment. Comparison is still possible on this life cycle
but the outcome is an underestimation of the true impact from yacht production.

Both the Fast Track LCA methodology and composed life cycle are used to create a model for the assessment
of yacht production. To create transparency and minimize the possibility of manipulation of this model, the
sub question: how information on the yacht and its production process can be measured and made trans-
parent? was composed. The best way to gather data and make it transparent is by doing this based on a
standard framework for the life cycle inventory. Such a framework is created in this research based on the
Fast Track LCA methodology. This framework is designed in such a way that it can be used based on the
weight calculation of a yacht and that systems for which materials are hard to define are predefined. The
framework was tested during a case study for which it was possible to relate yacht information to the frame-

59



60 6. Conclusions and recommendations

work with minimal effort. The limited availability of data of materials used on yachts does influence the link
of the framework to the ecoinvent database.

To check the model a case study was performed in which the model was validated. The case study provided
a base for a sensitivity check in order to check if the results of the LCA are influenced by design choices and
boundary setting? The sensitivity to design choices was tested by three cases, an aluminium hull, batteries
for peak shaving and batteries for the reduction of the hotel load. All design choices were visible in the results.
Remarkable was the large increase in the impact of production when using batteries. This indicates it is likely
that the impact from production will increase in the future due to innovations for the reduction of the impact
from operational use.

The influence of boundary setting was investigated by checking how significant the exclusion of energy used
for the production is. This system boundary contributes significantly to the underestimation of the total en-
vironmental impact from yacht production. If the energy for the construction of the hull and the assembly
of the yacht would be taken into account the total impact increases by 40%. It was not possible to investi-
gate the significance of the energy required for recycling, but it is probable that including this will make the
underestimation even bigger.

6.1.1. Conclusions with respect to the main research question

The main research question that has been answered in this research is:

How can the environmental impact of yacht production be compared from a life cycle perspective?

The comparison of different yachts can be done based on the model for the assessment of yacht production
created in this research. The model shows enough sensitivity and complies with the five requirements set for
the YETIL. It is designed for comparison, transparent, simple to use, standardized and the model itself can not
be manipulated. However, the model is highly sensitive to the input data. The problem with this sensitivity
is that it is not possible to validate the input data. A solution for the validation of the input data should be
found.

Though the model that is created in this research is suitable for comparison it still has flaws. The main ones
being the lack of environmental information on the materials used (such as paint and teak wood) and the
missing information of an assessment of a yacht with a full Life Cycle Inventory. For this reason these items
are listed in the next paragraph with the recommendations.

6.2. Recommendations
In this section the recommendation for future work are given:

* By choosing Fast Track LCA the LCI phase is highly simplified. This means that more detailed infor-
mation on the materials embedded in systems is lost. The composed model for the assessment of the
environmental impact from yacht production only works if more information is gained about the pre-
cise composition of systems and product on board. For this reason it is important that future research
is performed that focuses on getting more environmental information with more detailed Life Cycle
Inventory studies. This would help to get better predefined materials coupled to this level items of the
framework

» Futureresearch is necessary to create an environmental database or complement the ecoinvent database
to a point were it contains all relevant materials for yacht production. This would require detailed LCA
studies into these specific materials.

¢ The framework for the LCI contains predefined materials for some of the third level items. These pre-
defined materials are based on the case study done in this research but need further validation based
on information from other yachts.

¢ Inthe case study difficulty was experienced to gather information on the material use in the ship system
but as engineering of these systems takes place at De Voogt information could be obtained and scaled
to be of use for the case. For the information on the interior this was not the case. In general it was
experienced that designers and yard keep track of materials that are used in a limited capacity. Future
research on how information of used materials can be gathered and stored is of interest not only for the
YETI but for regulations such as the inventory of hazardous materials as well.
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¢ The system boundaries for the model as created in this research exclude the impact from yard processes
and used energy. However, the results of the sensitivity analysis show that the impact from the energy
used for the construction and assembly of the yacht accounts for an increase in impact of 40%. Future
research should focus on getting more understanding of the environmental impact from important
yard processes. Secondly, more research is necessary to find a way to include the energy used during
the building phases.

» Following on the previous recommendation research into the impact caused by the recycling processes
is required. All yards use dedicated recycling companies for the recycling of materials. Therefore, it is
possible to standardize the recycling rates of metals including information on the recycling processes.
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Summary of conversations

B.1. Peter Schoneveld - Coordinator Yacht Services
In order to check the information that was gathered about the maintenance schedule and the moment for
end of life, two conversations were held with Peter Schoneveld.

During the first meeting the information from figures 3.3 and 3.5 was discussed. For figure 3.3 I asked Peter
Schoneveld if he saw anything that was remarkable in the figure and that could easily be explained. There
were things that were further discussed, first all age groups have a large amount of dockings that have a du-
ration of less than an month or 1-2 months. Peter explained that a docking to clean the underwater hull
normally takes about a month. The second thing noticed by Peter was the even larger peak for short dockings
for really young yachts, 0-5 years. This can be explained due to insurance work or small adjustments that take
place after the yacht has been delivered. Finally the peak for all the age groups for a docking time between
5-6 months can be explained because this is the time needed for a full paint job.

The second discussion was about the slightly larger amount of older yachts that have a docking time that
is longer than one year in figure 3.3 and the outcome of the research into second had prices shown in figure
3.5. [Confidential] . They look for this combination because the yacht will already have to be in a dock for 6
months to do a full paint job which is combined with the renewal survey. This means that both yachts will be
around 20 years when the full refit is done. Yachts, in general, that undergo a refit after 20 years have quite an
extensive list of activity’s that will have to take place, Peter Schoneveld listed the following:

¢ New interior, the materials used in the interior are of out of fashion and need a update. But even is
the owner is still happy with the design of the interior, it is often taken and and replaced with the exact
same materials. This is because the materials already reached there life time.

e New AVIT and TV’s, because technology is improving extremely fast and owners want to have the
newest technology.

* New electrical cables, this is because of regulations. The wires are becoming more brittle over time
and as soon as you touch a calbe after is has been in the yacht for more then 20 years you have to fully
replace it.

* Extra systems to comply with new regulations.

Because this basically means that the yacht is stripped and only the casco and main machinery is kept, 20
years would be a good indication on the life time of a yacht according to Peter Schoneveld.

During the second conversation with Peter Schoneveld a discussion was held to get more detailed informa-
tion on what exactly is replaced in a common refit that takes place after 20 years.

¢ Lighting and cables

¢ Equipment on the bridge

e All AVIT

¢ Interior, everything until the steel/aluminum is reached. This is actually often cheaper and more effi-
cient.
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B. Summary of conversations

All copper piping and piping for salt water and vacuum systems plus the pipe insulation.
All ventilation pipes

Tubes for hydraulic systems

Compressors for compressed air system

Stabilizers are upgraded

Exterior railings

Fire detection and fighting systems

Sewage system, because of compliance with MARPOL III

Fresh water maker

Windows

Teak deck

For pumps and machinery there is a term "RRR" meaning: Remove Repair Replace.
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Assumptions made on materials

Some materials that were used on yacht A were not found in the ecoinvent database. For this reason other
options to assess these materials were investigated and adapted, as explained in this appendix. For all these
materials further research into the composition and important substances with respect to the environmental
impact should be conducted.

Mepla

Mepla is a material produces by Geberit for water piping. It consists of three layers, first modified polyethy-
lene, aluminium and then another layer of polyethylene. Information on the thickness or the weight of the
layers is not available. For this reason an analysis is done in Simapro to compare the impact of both mate-
rials. In figure D.1 it can be seen that aluminium has a larger impact on almost all impact categories. Since
the specific weight of aluminium is larger then that of polyethylene, a plastic, Mepla will be modelled as only
aluminium.

Geberit Mepla

20-
15
10
: |
| —1 [ | p— —1 . 1 — [ ]

Global Stratosph  lonizing  Ozonefor  Finepartic  Ozonefor  Terrestrial  Freshwate  Marineeu  Terrestrial  Freshwate  Marine Human Human landuse  Mineral  Fossilreso  Watercon
ne  radiat) g

warming  eric ozo mation,  ulatematt  mation  acidificasi  reutrophi  trophicati  ecotoxict  recotoxici  ecotoxict  carcinoge i sumption

[0 Polyethylene, high density, granulate (GLO}| market for | APOS, U [ Aluminium, primary, cast alloy slab from continuous casting (GLO} market for | APOS, U

iPe HV101/C / Excluding long term emissiors
Comparing 1kg "Polyethylene, high density, granulate [GLO]| market for | APOS, U with 1 kg "Aluminium, primary, cast alloy stab from continuous casting (GLO]| market for | APOS, U,

Figure D.1: Influence of polyethylene and aluminium

Epoxy paint

In order to protect and to make the surface more smooth a system of fairing and different paints is applied on
the yacht. Fairing is only applied on the outside of the yacht but paint is used everywhere to protect the steel
and aluminium structure. Based on the safety instructions provided by International paint for every epoxy
paint an analysis is made of the paint substances in order to find which substances have a large impact. A
comment has to be made that the safety instructions only provide the substances of which it is known to In-
ternational paint that they have an impact on human health and the environment. These substances account
of approximately 60 weight percent of the substances used in the paint.

73



74 D. Assumptions made on materials

However most substances could not be found in the ecoinvent database. The result was that only one of
the paints, Epoxy GP, could be modeled. Epoxy GP coating is used as the base layer in the paint system and
the substances are almost all in the ecoinvent database, only epoxy-propane is missing. However, the results
when using Epoxy GP show a low impact from this paint. The impact was expected to be higher and because
of this and the lacking information the paint substances it is assumed that it is modelled incorrectly.

Anti-fouling and cathodic protection
Anti-fouling itself is modelled as paint because no better information was available. The same goes for the
cathodis protection.

Galvanized steel

Difference in impact could not be found in the ecoinvent database. The difference with regular steel is that
galvanised steel is immersed in a zinc bath. Galvanised steel is modelled consisting for 1% of zinc and the
other 99% of unalloyed steel.

Cunifer
Cunifer is a material that consists of 90% copper and 10% nickel and is modelled as such. (source, Feadship
ship systems drawings)

Teak deck

Teak could not be found in the ecoinvent database but the material does appear in the idematt database.
This database is created for the calculations of eco costs. With the information from the idematt database it
is modelled as 95% Teak and 5% rubber.

Marble
Created in Simapro using information from the ecoinvent database and life cycle information on marble [29]



Life Cycle Inventory Assessment methods

E.1.LCIA

& impact categories

Alist of LCIA methods and a short description is provided in table E.1. The information is based on Handbook
on LCIA [28] unless specifically said otherwise.

Assessment methods

Explanation

CML 2002

Ecoindicator 99

ReCiPe 2008 or 2016

EDIP2003

EPS 2000

LIME

LUCAS

TRACI

MEEuP

Eco cost

Dutch method that follows the 1SO14040 series and gives the results at mid-
point indicators. Normalization is an option but doesn’t weigh the results.
This method was designed to simplify the interpretation of results and use a
simple weighting method between midpoints. Because of the weighting this
is a singe-indicator method meaning that all the different impact categories
are added to each other.

Is a follow up on Ecoindicator 99 and CML 2002 by integration of midpoints
and endpoints in one framework. The data is updated from these earlier
methods. Regional information is based on Europe. This methods has one
of the biggest lists of substances that are taken into account.

EDIP 2003 is a updated version of the EDIP97 which includes emission re-
lated impacts as well as resources and working environment. It is also possi-
ble to do an assessment based on regional, non global, information.

The fist endpoint method which is designed to be used in combination with
Monte Carlo simulations. Weighting can be added is a single score is desired.
A Japanese method which use Japanese regional information for categories
that have local impacts. This method is mainly used in Japan.

Developed for use in Canada and uses regional data that is based on infor-
mation from Canada.

Was developed as a midpoint method based on the environmental condi-
tions in the United States.

Method developed for the European Commission to evaluate whether energy
using products comply with criteria for environmental labeling.

The eco cost method has been developed in the Netherlands and is based
on the cost necessary to undo the damage to the environment caused by a
product.

Table E.1: Overview of LCIA methods based
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E. Life Cycle Inventory Assessment methods & impact categories

E.2. Impact categories

The effects that people, products, processes or businesses have on the environment are called environmental
impacts. These impacts are subdivided into different categories and an overview based on the books Hand-
book on Life Cycle Assessment [28] & Life Cycle Impact Assessment [59] is given in table E.2.

Impact category

Explanation

Depletion of abiotic resources
Depletion of biotic resources
Land use

Climate Change

Stratospheric ozone depletion
Human Toxicity

Ecotoxicity

Photo-oxidant formation

(Summer smog)

Acidification

Noise

Ironising radiation
Casualties
Eutrophication

Depletion of natural non living resources such as minerals and fosil fuels.
Depletion of natural living resources such as plants

impacts on the resources aspect of land and the impact on biodiversity
and life support functions.

Impact of anthropogenic GHG emissions on the radiative forcing of the
atmosphere, resulting in a temperature rise.

Impact anthropogenic emissions that result in the thinning of the strato-
spheric ozone layer. This results in a higher amount of solar UV-B radia-
tion that reaches the earth and is harmful.

Impact of toxic substances in the environment to human health.

The impact of toxic substances to aquatic, terrestrial and sediment
ecosystems.

Photochemical oxidants are the product of an reaction of nitrogen oxides
and non-methane volatile organic compounds(NMVOC). The main im-
pact is caused by elevated tropospheric ozoneOs levels which are toxic
for humans and plants.

Acidification of soils and surface waters as a result of elevated sulphur (S)
and nitrogen (N) deposition [16]. The main pollutants are NOy, SO, and
NH;.

The impact of both underwater and above water noise.

Impact of radioactive substances and direct exposure to radiation.
Impact to human life due to accidents.

Impact of anthropogenic increase of nitrogen and phosphors that cause
changes in the ecosystem due to over supply of nutrients.

Table E.2: Commonly referred to impact categories[28][59]




EPD & PCR

E1. Environmental Product Declaration

The ISO has defined different types of Environmental Product declarations(EPD). Interesting are the type
III environmental declarations which present quantified environmental information on the life cycle of a
product on a voluntary base to enable comparisons between products fulfilling the same function[32]. The
basis of these comparison is a LCA done according to the ISO14040 standards. A product that has an EPD has
been assessed according to the standards, this does not mean that the product is sustainable. The objective
of these EPDs are:

¢ To provide LCA-based information and additional information on the environmental aspects of prod-
ucts.

¢ To assist purchasers and users to make informed comparisons between products; these declarations
are not comparative assertions.

* To encourage improvement of environmental performance.

* to provide information for assessing the environmental impacts of products over their life cycle.

In order to obtain an EPD the product has to be assessed according to a set of rules, requirements and guide-
lines which are specific for one or more product categories, these are called Product Category Rules (PCR).
The PCR give more information on what should be included and excluded for the assessment of a product
group. According to the ISO standard the PCR gives the specific rules for the use of a functional unit, system
boundaries and all the other items listed in the scope definition of the ISO14040.

Since the PCR give an overview of what should be included in the LCA they are analyzed in order to get a
sense of the difference between different products. There is a PCR for yachts but it is compared with other
PCRs to get and idea of how inclusive the PCR for yachts is. Also the scope of this research is to keep calcula-
tions comprehensible to meet the requirements of the YETI. System boundaries are included in the PCR’s and
analyzed below because PCRs are one of few documents where system boundaries are actually written down.
there is already a PCR for yachts, however no applications of this PCR are available yet, giving the perception
that it is not a commonly used document. For this reason it will not be copied but analyzed and compared to
other PCRs. Besides the PCR for yachts also the PCRs for transport in general, the PCR for passenger commer-
cial airplanes and the PCR for buildings are analyzed. These are chosen because in the EPD system a yacht is
part of the transport sector and the PCR is based on the standard PCR for general transport. The differences
are thus showing were the yacht differs from general transport since it has the goal of providing luxury more
than providing transport. The PCR of an airplane is chosen in order to look at the differences of an other
capital intensive means of transport. Lastly the building PCR is included because of the hotel functionality of
ayacht.

Most of these PCR are divided into upstream , core and downstream processes. Only the PCR of buildings is
divided into more stages but these are linked to upstream , core and downstream processes in order to allow
for comparison. The link between this division and the life cycle of a yacht is given in figure E1. The system
boundaries are given in table E1 for the upstream processes, in table E2 for the core processes, and in table E3
for the downstream processes. The four most left columns represent the different PCR and indicate whether
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78 E EPD & PCR

an system boundaries is included (In) or excluded (Ex) in the PCR. If nothing is filled in, so an empty spot in
the table, the PCR did not give clarity on that precise system boundary.

Water Consumption } Energy Consumption ’MineralConsumption

& s o

Rawanatedal Lo o
extraction 3
UPSTREAM ——e——— 5

PROCESSES mmmmmeed Wi :
(Only electricity consumption, | Part manufacturingor |
if available) ! assembly

B | vessetssenoy |
PROCESSES :

[ Productlo}\ofspare
part
vl

[ crudeoil
extraction

| Refinery |------ { Operation J------------ooo

DOWNSTREAM
PROCESSES

| Vesseldisassembly

‘ :
Landfill | Recyclingcompany

Incineration

Water Emissions l ‘ Waste Generation ‘ | Air Emissions

Figure F1: Relation between deviation in processes and life stages, better picture is necessary

E1.1. System boundaries of upstream processes

The system boundaries in table E1 show that two system boundaries are the same for all the PCRs. The use
of material and production of all main parts and components and the energy generation. The first one states
that all the material used in the product has to be determined, also from product bought at suppliers. The
generation of energy for main components requires information on the production process of suppliers of
the yard. As most yard buy there main component and assemble it into a yacht it is hard to get this informa-
tion.

The difference is mostly made in what is explicitly excluded. The upstream processes all take place at sup-
pliers. Gathering information on all these processes would require a lot of work and time, which leaves two
options: creating standard values or leaving the processes at suppliers out of the LCA.

E.1.2. System boundaries of core processes

Though the production of the different products is slightly different, the core process is considered the as-
sembly of the product. The system boundaries are given in table E2

There are three system boundaries that are included in all the PCRs, the assembly of the final product and
the impact of the generation of energy needed for the core processes and the treatment of waste. Transporta-
tion to the core process and within the core process are mostly included. Including transport allows yard to
have more influence on the result of the assessment of the production process. Including life cycles of used
transport vehicles is not in line with the YETI requirement to keep the assessment understandable and to
minimize effort.

The production of packaging is an interesting factor that requires some extra attention. Protection to equip-
ment that is placed in a yacht before delivery is often done with a wooden box. The amount of wooden waste
generated by De Vries is in weight by for the largest waste flow with 42%.

System boundaries are also defined in PCRs. For this reason three different PCRs are analysed(yachts[17],
airplanes[13] and buildings[19]) together with the PCR framework for transport[3]. Use PCR!
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[1 ]2 [3 [4 | Systemboundary
In | In In In Extraction and production of raw material for all main parts and components
In | In | Production of auxiliary products
In In Production of semi products used in the core process
Ex | Ex | In | In | Production of packaging
In |In |In In Generation of energy used for the production of main components
In Transport to assembly plant
In Water consumption of tier 1 suppliers and or original equipment manufacturer
In Generation and treatment of waste at tier 1 suppliers and or original equipment
manufacturer
Ex | Ex Transportation of raw and basic materials to suppliers manufacturing plants
Ex Production plants infrastructure life cycle
Ex Suppliers manufacturing facilities infrastructure life cycle
Ex Production, maintenance, dismantling and disposal of transportation vehicles
Ex Transportation of maintenance materials and spare parts
Ex Production of standard items for the commercial operation of the product (food,
beverage, toiletry, towels etc)
Ex All infrastructure life cycle (EPD airplane) -> general boundaries: Exclude infras-
tructure en transportation life cycles.
Ex Production, maintenance, dismantling and disposal of vehicles used for trans-
port
Ex Energy consumption for the production/assembly of parts by sub-tier-1 suppli-
ers

Table E1: Upstream system boundaries from different Product Category Rules
1. PCR for Yachts[17] 2. PCR for Airplanes[13] 3. PCR framework for transport[3] 4. PCR for buildings [19]

E.1.3. System boundaries of downstream processes

Though this research only focuses on the cradle to gate assessment the PCR’s take into account the opera-
tional use as well. The system boundaries are shown in tableE3 because the material use during the opera-
tional life phase of a yacht is still of interest for this research.

Because the life cycle of a building is given more detail to the use phase and the interest of this research is
only for production, only system boundaries associated with maintenance, repairs and end-of-life are given
in table E3.

E.1.4. Other system boundaries

Boundaries towards nature

All PCRs define the boundaries to nature as the flows of material and energy resources from nature into the
system. Emissions to air, water and soil cross the system boundary when they are emitted from or leaving the
product system.

Boundaries towards time

The PCR for yachts and passenger commercial airplanes give a system boundary that the Life Cycle Inventory
data is representative for a time of three years. This means that is you want to publish a EDP in 2019 the data
should be representative for 2016, 2017 or 2018.

Boundaries towards geography

It is possible to limit the application of the use of the PCR to specific regions. A more commonly used geo-
graphical boundary setting is to require all data for the up, core and downstream processes to be represen-
tative for the site /region there the process takes place. In the PCR for yachts this requirement is only set for
core processes meaning that for these processes location specific data should be used.

Boundaries towards other technical systems
This boundary comes forward in the framework for transport PCRs and is adopted into the PCR of yachts and
airplanes. In all PCRs it indicates how to deal with recycled materials. The generator of waste is responsible
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1 2 | 3 | 4 | System boundary
In | In | In | In | Assembly of the final product
In | In | In | In | Impacts due to the production of electricity and fuels
In In | In | External transportation to the core processes
In | Ex In | Transportation inside the manufacturing site/plant
In In | Production and use of water consumed for final assembly of the product.
In | Allimpact and aspects related to losses due to transportation (life cycle of products
damaged during transportation)
Ex Ex | Packaging of Yachts
In | In | In Testing in own establishment
In In Maintenance activities to the machines used in production with varying extra re-
quirements on frequency of the maintenance activity
Ex All infrastructure life cycle
Ex Manufacturing of production equipment, buildings and other capital goods
In | In | In | In | Waste treatment of waste generated during manufacturing
In | Life cycle of product and materials lost during construction
Ex Waste generated by employees
Ex | Ex | Ex Business travel of personnel
Ex | Ex | Ex Travel to and from work by personnel
Ex | Ex | Ex Research and development activities
Ex Ex | Manufacturing of production equipment, buildings and other capital goods

Table E2: Core process system boundaries from different Product Category Rules
1. PCR for Yachts[17] 2. PCR for Airplanes[13] 3. PCR framework for transport(3] 4. PCR for buildings [19]

for that waste until it reaches a waste processing site. The user of waste or recycled material has to include the
processing of the material and the transportation to it’s production process. All the impacts of the material in
earlier life stages are excluded for the user of waste or recycled material.



System boundary

In
In
In | In
In
In
In
In
Ex | Ex
Ex | Ex
Ex
Ex
Ex
Ex
Ex
Ex
Ex
Ex
Ex

In

In
In
In

In

Lifetime operation of the product EXCLUDE

End-of-life processes of the product after use

Maintenance and production of replacements/spare parts, during lifetime
Transportation of spare parts or replaced parts (exclude in my research)
Transportation from manufacturing to retail or customer EXCLUDE since delivery
to customer takes place at the yard

Transport to end of life facility/company EXCLUDE

Fuel production for the operation of the product

Infrastructure (ports, harbours etc) life cycle

Treatment and disposal of waste generated from passenger during operation
Maintenance/Repair infrastructure life cycle

Recycling company infrastructure life cycle

Energy recovery from waste incineration

Yacht disassembly and waste treatment facilities infrastructure life cycle
End-of-life processes of packaging waste

Consumables used during operation for the airplane (de-icing, lubricants)
Non-revenue flights in/flight emissions

Consumption of consumables during maintenance( lubricants, solvents...)
Production of goods consumed by the passenger (Catering, food, potable water ...)
Cleaning process of the product

Table E3: Downstream system boundaries from different Product Category Rules
1. PCR for Yachts[17] 2. PCR for Airplanes[13] 3. PCR framework for transport[3] 4. PCR for buildings [19]
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