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UNIVERSITY OF SOUTHAMPTON

ABSTRACTSCHOOL OF ENGINEERING SCIENCESSHIP SCIENCEDoctor of PhilosophyA LIFE CYCLE ASSESSMENT METHOD FOR ALTERNATIVEMATERIAL SELECTION STRATEGIES IN BOAT STRUCTURES.By Raphaël Régis Bardet
In general the use of composites results in shorter production time, lightweight and lower main-tenance costs to the marine industry in the leisure, fast and fishing boats sectors. The social andeconomic benefits of using composite materials have made users complacent about the pollution andthe health and safety issues associated with these materials. As the perception of environmentalproblems changes with time, alternatives with lower emissions allowing for cleaner production andeasier disposal must be investigated. Glass Reinforced Thermoplastics (GRTP) have been in use formany years in the automotive industry and aerospace. These materials are fast to process, solventfree, have an unlimited pot life and demonstrate better mechanical properties such as improved tough-ness compared to aluminium and Glass Reinforced Thermoset (GRTS). However, building boats withGRTP requires massive investment in equipment that ship builders do not currently undertake, suchas curing ovens, autoclaves and plastic welding equipment. It is, thus, necessary to define a methodto measure the environmental performance of this material in the context of marine structure. Thepresent research presents a comparative study of four materials, namely steel, aluminium, GRTS andGRTP, in the above context . The outcome of the research defines a material selection framework formarine structures focusing primarily on environmental performance. The study focused on life cycleenergy and material flows to represent environmental impact over the entire life of a boat and themethodology used respects Life Cycle Assessment (LCA) standards. The influence of the conventionalmarine structure design approach on LCA results was highlighted by the result of a grillage and aboat design study. These two studies also showed that the contribution of in-service fuel consumptionto the life cycle energy has the most significant environmental impact. This impact is two to threeorders of magnitude larger than the manufacturing environmental impact of the candidate materials.A boat study taking into account the results of the two above mentioned studies overcame this limi-tation. This boat study, referred as a boat synthesis, uses a constant fuel consumption as a designconstraint for each material. It demonstrated that in some part of the studied design space, GRTPcould offer the best material alternative, whereas in some other part, aluminium is the best alternative.In addition, the study also showed that steel could also be the least environmentally damaging mate-rial under some conditions, which goes against the common practice to build all small boats in GRTS.
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Chapter 1

Introduction

Material selection is an important stage in any design. However, small boats are almost exclusivelymade out Glass Reinforced Thermoset (GRTS). Composite materials are very popular in ship buildingwith applications such as sailing boats, sport boats, rigid inflatable boats (RIB), underwater vehicles,passenger vessels, fishing vessels, pilots or hovercrafts but also in marine components such as pipes,masts or offshore structure modules [1, 2, 3]. GRTS is the most common choice for small boats andother material such as steel or aluminium are rarely considered.
The development of the glass fibres and resin in the 1930s [1] preceded the introduction of com-posites in ship building in the 1950s. It led to an increase in number and market share of smallcomposites boats which in return increased the confidence and understanding of the material. As aresult, new application developments and larger structures were built [2]. The vast majority of smallboats (less than 15 metres) are currently built in composites since composites allowed the transitionfrom custom built, labour intensive wood sailing boats to repetitive production. The low startinginvestment attracted new entrepreneurs to respond to the demand of a vigorous and growing marketof first owners [1]. It is in the 1960s that production of GRTS boats accelerated with, for instance,the first Janneau GRTS hulls and a fleet of South African GRTS fishing vessels being built. Sincethen composite material technology developed fast. Technology first used for high performance boatstransferred soon to mass production market and from small to large boats [1]. Naval minehunterbuilding illustrates the scale increase e.g. the 46.6 metres HMS Wilton (1973) was the first minehunter entirely built in composites [2], followed by other large volume production mine hunter suchas the hull of the 51.5 m Tripartite class used in several countries [2]. The composite superstructureof the Lafayette class [2], and more recently the super yacht Mirabella V [1] show the adaptation ofcomposites to large scale. During the same time, composite small boats, more generally non-oceangoing ships, pleasure and working boats, boats usually produced in large number, held the vast
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majority of the market share in marine composites.
Marsh [1] argues that most of the composite boats ever built have yet to be disposed. It is clearthat boats were overdesigned in the past. The marine industry is therefore left with the huge task ofdisposing several generations of composite boats, recent as well as old. GRTS composites currentlydo not have a clear recycling path making the disposal of boat, an even harder task. In addition,GRTS production releases volatile organic compounds for which increasingly severe regulations ex-ist. There is a need for cleaner and more versatile alternatives to traditional materials such aswood, steel or aluminium but maintaining the advantages of composites. Thermoplastic resins arean alternative to thermoset resins. The advantage of thermoplastics over thermoset resins is thatthermoplastic are melted at high temperature, bond to fibres and harden while cooling without theneed of manipulating reactive and potentially harmful chemicals such as in the curing of thermosetresins. Thermoplastics are recyclable, do not release solvent and are not toxic in their raw materialform. Cogswell [4] reviewed Glass Reinforced Thermoplastic (GRTP) successfull applications in do-mains such as aeronautics, biomaterials and the automotive industry as a replacement to thermosetcomposites. GRTP demonstrated [4] mechanical capabilities for a large number of applications, withadditional properties such as fast processing, chemical inertia and temperature toughness in cryo-genic applications. The automotive industry is a mature market where cars are regularly renewedand scraped, thus much could be learnt from experiences in this industry sector.
GRTPs are considered in the present research as a possible alternative to conventional materialssuch as steel, aluminium or GRTS because GRTP will reduce future disposal problems. It will bemore easily disposable whilst keeping most of the advantages of traditional thermoset based GRTS.In order to assess whether it is worth investing in GRTP, one must assess the traditional materials ofboat building i.e. steel, aluminium, GRTS. These four candidate materials are all implemented withthe same objective to minimise environmental impacts. Material selection strategies have been widelystudied and will be used in the current research in order to compare the performance of materialsat the conceptual stage of a design taking into account the life cycle performance of material. Thisnew design paradigm itself must be compared with traditional approaches in order to assess whetherthe new approach brings a decrease of life cycle impact. Life cycle impact will be studied using thedefinition of Life Cycle Assessment (LCA) from ISO 14040 [5].
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Chapter 2

Aims and Objectives

The aim of the present research is to develop a methodology for material selection using LCA. Thisresearch focuses on the issues of material selection at the conceptual stage of marine structuraldesign. The research is concerned with the understanding of the interaction between boat structuresand the material in a design for life cycle approach. This will be achieved through the followingobjectives:
A The development of a mathematical model including life cycle assessment, material selectionand the design of marine structures. The model aims to understand what the design require-ments are and the design complexity needed to select a material when comparing GRTP withGRTS, steel and aluminium. The model will aim to understand how LCA can influence thedesign approach of marine structures, i.e. a grillage using first principles (Chapter 5), a boatwith a fixed topology using Lloyd’s Register rules (Chapter 6) and a boat study with a freetopology using Lloyds Register rules and taking into account the results of the two previouschapters. This study is referred as a boat synthesis (Chapter 7).
B The collation of the life cycle information for four candidate materials in order to define the bestlife cycle practice, e.g. for manufacturing, in-service, etc. The definition of these life scenariosfor each material will be achieved by critically reviewing the literature. The research will focuson the life cycle of composites qualitatively in section 3.2 and quantitatively in Appendix Aalong with the two other materials, i.e. steel and aluminium. This is will be the basis of theLCA impact inventory.
C The development of a material selection strategy. Its aim is to lower the life cycle environ-mental impact of boat structures. This material selection strategy will ensure that the possiblebenefit of one candidate material compared to the others will be highlighted. The same designobjectives and constraints will be used for the four candidate materials.
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D The boat synthesis uses the outcome of the critical review of a grillage and a boat with a fixedtopology studies. These outcomes definet new constraints such as the boat fuel consumption inorder to fulfil environmental objectives for the four candidate materials. It is considered as anapproach to design to life cycle. The model developed in Chapter 7 aims to define the workingprinciples of this approach to design to life cycle.
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Chapter 3

Critical review of previous research

The present research covers a wide range of disciplines from material science, which is at the verycore of mechanical engineering, to environmental impact assessment which is more at the margins ofmechanical engineering. Previous research has explored much of these areas but independently. Thepaper of Hedlund-Astrom et al. [6] studied material science and impact assessment independently.The authors compared the life cycle assessmnet (LCA) result of two boats sharing the same topologybut built with two different materials. However, the authors focus mainly on the life cycle impactcharacterisation rather than on material selection at the conceptual design stage. Their paper lackedconsistency because:
• It ignored the implication of the material change on the design. Indeed the material changelead to a decrease in weight. The authors reported that they kept the same topology for thetwo materials. The variation in weight could have lead to a variation in loading which in returncould have lead to a change in the internal geometry of the boat such as spacing betweenstiffeners.
• It used LCA as a material selection criterion but the authors mentioned that they did not takeany advantage of the LCA result to optimise the design.

The present research aims at developing a LCA based material selection framework. In this selectionprocess, the LCA results for each material influence the design. In addition, the LCA results dependon the design implementation of each material.
The literature review has been grouped into the following areas:

The role of material selection in design : This section explains the benefits of material selection atan early stage of a design, the possible methods and the common practices in material selectionwith environmental perspectives. It also defines the requirements to conduct a well argumented
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selection strategy. These requirements are used in the present chapter as well as in the entirethesis (section 3.1)
The current use of thermoplastic composites : The review focuses on an introduction to the currentstructural applications of GRTP, the suitability of the current manufacturing processes to boatbuilding and a comparison between the thermoset and thermoplastic composites in a life cycleperspective. This section is a qualitative evaluation of the readiness of GRTP technology tobe applied to boat building, the possible area of the life cycle of boats where benefit can begained with GRTP being a candidate material for ship building (section 3.2).
Critical review of life cycle approach for environmental impact assessment : The review of the cur-rent practice in life cycle analysis for environmental impact management. This section showsqualitative results on the best practices in composites technology and performance measure-ment with a thorough analysis on how the LCA can be used in the present research (section3.3)
A theoretical foundation of boat ship design : The presentation of the specifics of ship design andall the definitions required for later stages of the research (section 3.4). It also covers the topicof optimisation using genetic algorithms.
3.1 The role of material selection in stuctural design

Material selection is an important stage of any structural design as each material has specificfunctionalities, physical properties and manufacture possibilities. Any design has constraints andobjectives. The constraints can be regarded as function which should be accomplished by the designe.g. maximum deflection, quantity of heat to evacuate, conduction of electricity, while the objectivesare the level of performance to be attained e.g. minimizing cost or weight. The best solution (there-fore the best material) would be the most effective with regards to the objectives. It is not possibleto test all these materials to a given set of design requirements, but it is possible to extract fromthe design requirement some mechanical / physical model or principle by which it is possible tochose a set of materials that fulfil the constraints or function and which can be ranked by mechanicalproperties (e.g. specific strength).
It is necessary to understand the interaction between material and life cycle environmental impactin order to optimise structural design to better environmental impact. The working principles of the
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material / environmental life cycle model derives from the understanding of this interaction. Thefollowing critical review of the literature attempts to highlight:
• The good selection practices and the reasons for selecting materials, the possible approachesand required stages of material selection (section 3.1.1).
• An overview of some selection practices with emphasis on the most popular (section 3.1.2).
• The current state of the art of material selection with environmental considerations (section3.1.3).

3.1.1 Good selection practices

Deng and Edwards [7] described the material screening stage of a design. Screening aims at select-ing the possible candidate materials at an early stage of design, namely the conceptual stage. A goodscreening allows a greater number of possible solutions to a problem as these possible solutions de-pend on (1) ’the design specification’, (2) ’material domain knowledge’ and (3) ’working principle’ [7].The knowledge on material functional capability e.g stiffness, thermal insulation, chemical resistance,piezzo electricity properties, etc. and level of performance e.g. young modulus, etc. forms a domainof knowledge which size derives directly from the screening extensivity. This domain influences thepossible answers the design problem.
Deng and Edwards [7] cited Kota and Lee [8] who stated that 70% of the cost of a product isdecided in the early stages of the design. It is the best time to gather the material informationneeded to conduct the design. The working principle and design concept depend on the functions,e.g. thermal insulation, which have to be fulfilled by candidate materials.
Deng and Edwards [7] described five situations under which materials have to be selected:

1. Design with functionality when a function needs to be fulfilled by the material e.g. conductingelectricity
2. Design with physical requirement when a particular physical properties is required e.g. smartmaterial, piezo electric material, etc. The design takes advantage of these phenomena toachieve a functionality.
3. Design requiring a material solution when a material solution is sought as an alternative toa complex system. For example, a piezo electric material implementation may be preferred toa system with structural and electronic components.
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4. Design with functional integration when the interaction between the structure and the materialis studied in order to achieved a sum of function
5. Design with tailored material when several materials can be combined in order to achieved acompromise between their properties e.g. composites material such as GRTS.
The authors [7] claim that it is more cost efficient to achieve a function with a material solutionthan a mechanical or electronic system because the later is more complex to build and maintain.Therefore, it is important to note that point 3 and 4 are ’material oriented’ design solutions and arepotentially cheaper than ’structure oriented’ solutions.
The first four points draw attention to the fact that a material solution can be used in place ofa structural system. Therefore it is essential to intensively gather all the properties of the mate-rial. The examples mentioned are very specific to engineering, mixing physical phenomenon such aselectrical conduction, vibration damping, insulation, electronics, smart material, etc. In the presentresearch, materials must carry a structural function. The candidate materials are implemented usingclassification society rules. These rules are not purely mathematical and are the result of years ofexperience resulting in empirical rules. Therefore the environmental performance of these materialis measured from the environmental performance of artefacts designed using these rules.
The last case (5) is a more familiar situation of material selection in boat design as it may beregarded as the adaptation of composite materials to a given application. For example Zehnder etal. [9] studied the optimum composition and lay up configuration of composites for a sail boat. Inthe present research, the present focus is on a family of materials such as GRTP rather than thecomposition or architecture of the material itself.
It has been discussed that there is a need for a strong interaction between the material functionalcapability and the design working principle. Therefore good practice in material selection shouldhighlight the functional capability of material and design working principle. Section 3.1.2 is con-cerned with how the methods in the literature can answer the problem of making sure that a largematerial candidate pool can help in finding a solution.
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3.1.2 Material selection methods

This section aims at reviewing methods of material selection. Material selection methods have beenwidely studied and are still the subject of numerous publications. Ashby is one of the most influencialauthors in this area with several of his publications on material selection being cited more than 70times.

(a) Performance metrics stiffness and damping [10] (b) Performance metrics with cost [10]

(c) Performance metrics with environmental im-pact Holloway [11] (d) Value function [10]
Figure 3.1: Example of Ashby method

Figure 3.1 shows some examples of graphs at the core of Ashby’s material selection method [10].Each of the graphs (a) to (d) are examples of his selection methods. Each material or materialfamily is presented in the graph in an ellipse highlighting the performance of the material for agiven pair of parameters. In (b) the red line is the trade off surface. When one parameter is fixedit is not possible to find a material with better performance on the other parameter than the mate-rial in contact with the trade off line at the level of the fixed parameter. For a parameter P1, e.g.
9



Density/Y oung′smodule1/3 fixed at 1.2, it is not possible to find a material with a lower value ofthe parameter P2 e.g. Cost ∗ Density/Modulus1/3, than grey cast irons. Therefore the trade offline is where the best possible performance can be achieved. If the selection is based on only oneparameter performance e.g. best P1 or P2 there is no optimisation and the best solution is chosenregardless of the other parameter. However the parameters tend to be in conflict and the cheapestbike might not be the lightest as seen in (d). The concept of value function is added in order toselect the best possible material.
Graph (d) shows the cost value function and shows the best material for any given application.It highlights the value for money of a given upgrade in material for a potential customer. As beingshown by the red line, a ’passionate’ cyclist would find it easy to justify the payment of $2000 fora one kilogramme reduction in bike weight. Therefore the titanium grade at the tangent point of thetrade off line and the red value function would be the best solution. The other red line, parallel tothe red line tangent to the trade off line has the same value function. On this line a 10.5 kg CFRP(B) option for $5000 will have the same value as an 11 kg steel (A) bike as this latter bike wouldcost $4000 less. However each material above this line and on the right of the steel (A) such asthe CFRP (C) would demonstrate a far too modest decrease in weight for the additional cost, butany material below the line on the left of (A) such as (D) would show a greater weight decrease fora smaller amount of money than any other solution on the line increasing therefore its value to theeye of the ’passionate’ cyclist. This demonstrates why the tangent to the line is the best solution asno other solutions can have a better value for money than this one as there is no material below theline. For an ’average’ cyclist (green line) for whom any expense greater than $20 for kg lost on hisbike would be too high, steel is therefore the best material.
In addition with this method Ashby [10], also presents some examples of cost value function inseveral industrial areas. Although this method does not give ambiguous results, the material choicebeing obvious, it still requires a strong expertise in materials as well as an even stronger insighton several industrial sectors. The work of collecting the value function is, by itself, a big challenge.Ashby [10] presented the value function for several sectors of industry. For family cars, the fuelsaving of a lighter car is estimated as being between $0.5 and 1.5 per kg added or substracted. Incomparison, in the aircraft industry each kg would worth between $100 and 500.
Apart from Ashby other methods have also been used for instance Zhou et al. [12] used a neural
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network and genetic algorithm and the authors cited the following three works. Sirilee et al. [13]used a pareto set to search for the best solution. Beiter et al. [14] documented an expert systemapproach which performs reasoning for the selection of the best material. Yang et al. [15, 16] pre-sented a genetically optimized neural network helping the decision making. All these methods arebased on pure mathematical models.
Zhou et al. [12] and Yang et al. [15, 16] demonstrated that neural networks are flexible becausethey can be applied to any objective function. Neural networks produce a great accuracy in the mod-elling of the potential performance of material. It is limited by the candidate material pool in input.Flexibility and accuracy are the advantage of neural network. Ashby’s method is less flexible as itcannot be applied to multidisciplinary optimization. It is however easier to implement. In additionit is readily available in the material selection software package CES. Ashby’s method is largelydocumented in books, articles and CES. It provides an extensive source of information for materialselection. It is possible to select material from a very large pool of candidate material already storedin CES database.

3.1.3 Material selection for environmental impact

Deng and Edward [7] argue that further investigation is needed in the area of material selectionwith a life cycle environmental perspective. The authors referenced only two papers, a 1998 paperfrom Holloway [11] and 2005 papers from Guidice et al. [17]. These papers are both highly cited, 16and 26 times [18] respectively. These two papers have several limitations in their implementation ofmaterial selection to environmental impact. A solution to these limitations have been suggested inthis thesis.
Holloway [11] further developed Ashby’s methodology (see section 3.1.2 for detail on Ashby’swork), in order to include in the graph several environmental impact factors, and applied it to drinkcontainers. The author highlighted that Ashby mostly focused on material energy use and Hollowaysupported this view and considered it the most important factor. However he also reviewed more im-pact parameters. Indeed a range of environmental information is readily available and can be used toprovide a more precise impact picture. The author recognized that collecting the information for oneimpact type is a complex task but it is even more difficult when it comes to the overall environmental

impact. The limitations pointed by the author stressed that the sources for environmental information
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are an average for many manufacturing processes and may not be completely representative for avery specific process.
In this thesis, the environmental impact information collection sometimes deals with manufactur-ing processes which have never been studied with respect to environmental impact before, such asaluminium laser welding or friction stir welding as well as all the processes related to GRTP man-ufacture. In this case focusing on energy is necessary because no impact information is available.The issues on information inventory and quality are treated in more depth in section 3.3.
Guidice [17] used an LCA methodology to compare materials for a car brake disk application(Section 3.3 defines thouroughly LCA). The design of the disk is adapted to the material as thegeometry is changed for each material to the best of their physical properties. This is contrary toa general tendency to ignore the topology in the specific implementation of a material such as inHedlund-Astrom’s paper [6], already commented on in the introduction of this thesis. On the otherhand the number of materials is limited to cast iron and squeeze cast aluminium alloy. The outputshows that producing the aluminium brake is more expensive, requires more energy to be producedbut it is lighter and therefore over a long time saves car fuel consumption. Each cast iron disc is 6kgand each aluminium disc is less than 4kg, saving more than 8kg per car. Cars (as well and aircraft andboats) are extremely sensitive to weight saving as it acts directly on the fuel consumption. Thereforeany sensible decrease in weight for any part of a vehicle will result in a better environmental impactin the long run whatever the initial energy requirement, however there are problems, namely:
• Cost equality: The extra initial cost for the aluminium alloy disc could be better spent ondesign change.
• Studied system limit: In this case studying the disk as part of the entire car system shows alack of consistency between the detailed modelling of the brake and the more shallow modellingof the car. Indeed the disk is a minor part of the car and the same kind of weight decreasecould have been achieved in many ways such as smaller tank with less fuel. The uncertaintieson the life of a car for such a small gain are very very large. In this case a 1% change in weight(8kg saving for a car of 1000kg) is not significant at the car scale and such small variationshould be excluded from the system boundary.
Numerous other papers can be found on material selection and environmental impact analy-sis. Huang et al. [19] studied the air conditioner support plate to illustrate environmental design.
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Ljundberg [20] focussed on the development of sustainable design and design management systems.He emphasised on the need to reduce material and energy consumption, increase recyclability andreusability and move forward to a more function-oriented business model. Manufacturing companycan product as both services and products. By doing so, they may reduce production need for thesame income as they are not so dependant to selling hardware product only. The author of the paperalso drew attention to the properties of composite materials to decrease impact as each constitutivematerial of the composite is implemented in an optimal way.
Xu et al. [21] studied the LCA of wood fibre reinforced polypropylene. The authors comparedmaterial with several fibre weight contents and pure polypropylene. They used LCA to support ma-terial selection. The main outcome of the study is the definition of a material selection criterioncalled material service density. It is used as the functional unit of the presented LCA. In an LCA,the functional unit is the measure of the performance for which the input and output of the systemare measured. It serves as a reference for comparing solution. In the present research, the functionalunits are defined in details in chapter 4. Xu et al. [21] defined the functional unit or performanceof a material as the mass or volume of material required to perform a task. Therefore a differentmass for each candidate materials can be used in the LCA when calculating the overall impact. Theauthors used eco indicator 99 to assess the impact. The result of the study demonstrated that impactis mostly influenced by the PP content. Indeed PP has a much larger specific impact than woodfibres. The comparison of composites with polypropylene shows that less material (in weight andvolume) is required to withstand the same mechanical constraints. The environmental impact of PPsolution is therefore higher than the composite alternatives because it requires more material of ahigher specific impact. The study is also of particular interest because it provides a reference forcomparing the result of the present study (see Chapter 5 and 6). The paper is reviewed in greaterdetails in the conclusion of these chapters and compared with the result of the present research.
Song et al. [22] studied the LCA of fibre reinforced composites. The authors applied LCA to atruck and a bus component. They compared the relative performance of composites with recycledsteel and recycled aluminium. The authors presented and extensive collection of energy values forthe life cycle of the candidate materials. These values are used in the present research to validatethe results. The author showed that the composite and aluminium components were much lighterthat the steel. As a result the in service energy was much lower for the lightweight materials thanksto lower fuel consumption. The manufacturing energy difference between steel and composites is
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negligible in comparison with the in service. The aluminium and composite structure are close inweight. The aluminium structure is lighter than the composites structure. It generates a small savingin service. The composite structures require less energy than aluminium to be manufactured. Theauthors clearly highlighted the influence of the length of use. Indeed the truck life is small and thesaving during manufacture of composites compensates largely the extra in service energy consump-tion. The coach life is long and the extra energy consumed mile after mile by the composite structureis larger than the saving from manufacturing. The aluminium structure has therefore better results.The study also showed that composites end of life treatment required more energy that the metalalternatives. In the present research it is important to carefully consider the in service life length inorder to have the correct balance between in service and manufacturing impact.
Zhou et al. [12] studied multiobjective optimization of material selection for beverage containers.The author used LCA with the Eco-indicator [23] as an impact measurement and a genetic algorithmand neural network for the optimization. Although the study is rather intensive the limitation tobeverage containers gives little insight for a large structural application such as a boat. The designis very simple and the information on readily available and commonly used materials and processesis very accessible. In the present research on structural grade GRTP, the information availability isconsiderably lower.
Rydth et al. [24] summarized and grouped the environmental information from Eco-Indicator 99[23] for several materials. The work focused on grouping materials in families and provides moreaccurate information than energy for the environmental impact. The Eco indicator 99 is a measureof the impact providing information reflecting the state-of-the-art in impact measurement for severalphenomena such as climate change, resource depletion and eutrophication (the detail on LCA impactinformation inventory is detailed in section 3.3.2). Although the information is very accurate in com-parison with energy as extensively used by Ashby [10], it must be mentioned that it is difficult to getthis level of accuracy over a wide range of industrial processes. This has been the case in the presentresearch for instance for processes such as composite boat recycling. One of the motivations for thestudy of GRTP is recycling potential compared with GRTS and little is known about the processesassociated with GRTP. One objective of the research is therefore to balance the need for an accurateimpact parameter but also to insure a consistency in the quality of data. Section 3.3.2 covers boththe issue of data quality as seen in the ISO standard for LCA and section 3.3.4 provides an insightinto the consequence of the inacuracy on LCA results.
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In terms of applications, Weaver et al. [25], Bovea et al [26] and Vidal et al. [27] studied re-spectively fridge insulation, wood configuration for furniture and a bio composite for aquacultureapplication. These three papers showed three material studies where material selection tended to beof minor importance in comparison with impact assessment. The first paper highlighted the balancebetween material insulation and energy consumption over the life of the fridge. The thickness ofthe insulation is fixed therefore the issues are to balance life cycle and manufacturing cost. Thesecond work dealt with the wood configuration such as plywood or compressed wood. While it showsthe impact differences between the products are relatively different, it fails to compare alternativeshaving similar mechanical properties. The second issue with this study is that that the environmentalimpact of natural materials is very controversial especially for land use. It is extremely difficult tofind a measure of the environmental consequence of land use. Vidal et al.’s [27] paper highlightedthis fact well in doubting the benefit of bio composites to traditional oil based composites, for whichprocesses are much more optimized than the bio composites and on which it is difficult to assess thereal cost in terms of land use.
3.1.4 Conclusion and opportunities for research

As seen in the introduction of the thesis, composite materials are by far the most common materialin small boats. A large amount of work has been done in order to design composite materials andenhance the laying up for instance, as discussed in the paper of Zehnder [9]. However, the focushere is on the life cycle as a whole and therefore aspects other than the manufacture should betaken into account such disposal and materials can be compared using a larger family such as steel,aluminium or GRTP each having different qualitative properties in terms of weight, recycling andimplementation in the Lloyd’s Register special service craft rules and regulations.
3.2 Current use of thermoplastic matrix composites

Glass Reinforced Thermoplastic matrix composites (GRTP) are considered in the present study as analternative for Glass Reinforced Thermoset matrix composite (GRTS). As presented in the first section3.1 the possible structural design depends on the knowledge of the material. As a first approach,the advantage of GRTP over GRTS is the recycling potential and the clean production. Indeed, theenvironmental performance of thermoset composites is impaired by the presence of Volatile Organic
15



Compounds (VOC) and regulations aim at lowering VOC emissions. European legislations on VOCsare becoming increasingly strict. Some major directives such as the one of 1999 on the global useof VOC (1999/13/EC) and the directive on paints and coatings (2004/42/EC) illustrates the banningof products with high organic solvent content. The elimination of VOCs by using thermoplastic com-posites and the desire to consider the life cycle of a product, including manufacture is a key focus ofthe present research.
3.2.1 Composites life cycle

Studying composite life cycle means to study the entire life of the materials i.e. from raw materialmanufacture to complete disposal. The best way to improve a system is to identify, at the earlieststage, all the useful mechanical and material requirements. The present through life study has thesame aim. It has to take into account, very early, the issues which are not service issues such as themanufacturing wastes, dismantling, recycling and repair.
The life cycle properties of the thermoplastic need to be investigated in order to evaluate the realcost (economical and environmental) of the final product. The final goal of this action is to decreasethe negative impact of the product economically, socially and environmentally. From an engineeringpoint of view, this deals with the selection of:
• the resin and the matrix
• the raw material configuration e.g. fibre configuration, prepreg, commingled yarn of thermo-plastic and glass fibre, etc.
• the processing variables
• the processes and the elimination of consumables as it counts for a non negligible materialflow in the LCA
• the use
• the reuse or refurbishment
• the recycled material production method
• the suitable recycling alternatives
• the monitoring method
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• the suitable time for landfill
The properties of the resin make the main difference between the GRTS and GRTP. There is alarge number of resins available and used in the manufacture of fibre reinforced composites. Table3.1 provides the qualitative properties of a selection of the most commonly treated thermoplastics asseen in literature. The GRTP resins need to have a structural grade i.e. virgin, be cheap, and aseasy to implement as thermoset resin. It must be mentioned that the quality of the finished productdepends on the processing. The control of the process should tend to an optimum quality of GRTPfinal product that balances cost with crystallinity requirement versus residual stress and void content.The slower the cooling, the higher is the crytallinity but increasing time in the oven makes it moreexpensive. The quicker the cooling the higher the residual stress.

Table 3.1: List of GRTP resinResin detail PRO CON ref.
PP Poly propylene. Extremely current in a vari-ety of consumer application Large range of manufacture temperatureAvailable in a large variety of configuration(GMT, commingled yarn,consolidated tape,etc.)Price

Low heat resistance

PET Poly ether terephthalate. Technical thermo-plastic. Extremly current in a variety of con-sumer application.
High mechanical properties Relative difficulty to process due to highermelting point

PA poly amide. Also known as nylon Good wettability and manufacturability Heat sensitive
PEEK Poly ether ether ketone. Mostly used in highperformance application such as aerospaceand bioengineering

Highly studied in aeronautical and aerospaceapplication Difficult to process due to high melting pointVery high cost (in comparison to PPS for in-stance)
[28, 29, 30, 4]

PEKK Poly ether ketone ketone. Very close toPEEK but easier to process. Gardiner con-sidered it has potential[30]
Heat resistanceHigh mechanical propertiesRelative ease to process

id PEEK [30]
PES Poly ether sulphide Heat resistanceSuitable for sandwich core material difficult to process
PEI Poly ether imide. PEI is an amorphous ther-moplastic Heat and fire resistanceToughnesssuitable for sandwich core material

Low chemical resistance [28, 29, 30, 4]
PPS Polyphenylene sulfide. High performanceresin. The higher chemical resistance of PPSin comparison with PEI for relatively similarproperties will probably increase its use inthe aircraft industry [30]

Heat resistanceHigher chemical properties in comparisonwith PEI
[28, 29, 30, 4]

PBT Poly butylene terephthalate Good wettability
POM Also known as Acetal. Technical resin. High mechanical properties

PEI (polyetherimide), PPS (polyphenylene sulfide) and PEEK (poly ether ether ketone) are themost commonly reviewed in the literature [28, 29, 30, 4]. These matrices have as a common point, avery complex chemical structure compared to the linear structure of low performance thermoplastics.Their aromatic and/or imide rings and crystallinity give them very good chemical inertia (PEI is anamorphous imide thermoplastic), improved toughness and excellent fire resistance. These propertiesare not common to all thermoplastics. Offringa[28] stated that PEI is the most used matrix due to itsratio of price to performance but predicted that the utilization of PPS will increase because of the
17



future need of chemically resistant material in aircraft applications (resistance to hydraulic fluid forinstance). Gardiner[30] cited Offringa from Stork Fokker, who found that PEEK is attractive becauseof its high temperature resistance but too expensive to purchase and process. However he consideredthat PEKK (poly ether ketone ketone, relatively similar to PEEK but with easier processing) revealeda better potential[30]. Even with these drawbacks, PEEK remains intensively studied in academicliterature because of its outstanding thermomechanical and chemical properties[29, 4]. PEEK appli-cations can be found in engineering applications as varied as cryogenic tanks for aerospace, satellitestructures and hip prosthesis[4].
3.2.2 Current application

Table 3.2 shows a selection of application of GRTP in the aeronautical, automotive and ship indus-tries highlighting the reason for the introduction of GRTP in these areas.
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In the aircraft industry the consolidation potential, increased toughness and weight decreasepotential in comparison with aluminium makes GRTP an attractive alternative to aluminium [28].The fuel saving due to its lightweight and the manufacturing cost decrease due to the decrease offastening operation time makes it easy to overcome the high investment requirement and the costof raw material. In the automotive industry the potential cost decrease was the main trigger for theintroduction of GRTP. GRTP compressive moulding is a fast processing method [42, 43, 44, 45]. It iscost effective for series between 10,000 and 100,000 parts a year. For similar components, steel iscost effective for series larger than 100,000 parts a year and GRTS is most cost effective for seriesinferior to 10,000 [36].
The consolidation properties of GRTP allow a decrease in the need of fasteners. This is a majoradvantage in the aircraft industry in comparison with aluminium structure but brings little benefit toboat hull building as the thermoset structure uses few or no fasteners in the manufacture of a hull.
Fast processing is one of the most important aspects of GRTP which influence its introductionin the automotive industry through the higher productivity due to compressive moulding. In the caseof boat building, the decrease in the actual consolidation time is not such a big advantage as thenumber of boats built is much lower than vehicles in the automotive industry. Higher productivitycan however be gained through easier lay up as seen in table 3.2 line 14. This can be an advantageas it makes up for the extra investment required for the introduction of GRTP in the boat industry.The same application also showed that extra toughness can be expected from the introduction of GRTP
Although GRTP is recyclable[40], no marine application of recycled material was found in pastliterature. The recycling of GRTP should therefore be treated in the same way as the recycling ofGRTS to provide a fair comparison between the two materials.
It has been shown in this section that GRTPs have been used in a large number of applicationsand there are no indications that the possibility of a larger GRTP structure is not feasible. In addi-tion, improved toughness and lower laminating time will be of great benefit to manufacturers of boatsif GRTP is introduced. GRTP will therefore be considered as a candidate material in the selectionprocess at the conceptual design stage of a boat.
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3.2.3 State of the art of GRTP manufacturing process

The industries using GRTP, such as automotive industries or aircraft industries have objectives suchas aiming for faster and cleaner processing. In the following section the manufacturing processesdealing with GRTP is studied. One objective is to identify what processes can use a recyclate fromboat dismantling and the conditions in which this recyclate will have some value for another company.
Table 3.3 shows the manufacturing processes that can be used in a recycling perspective. Eachcomposite material and raw material configuration require a different method of recovery and dis-posal. Each recyclate, resulting from a specific recovery method, can be of interest for reuse byanother company’s specific processes. Marine application of GRTP studied in the present researchare structural which means the primary material would have a high reinforcement content and longfibres. As a result only the matrices suitable for engineering applications are considered.
Composite material properties are largely influenced by their manufacturing conditions. This sec-tion presents the manufacturing processes suitable for marine structures. This study considers onlythe influence of the manufacturing process of composites on the quality of the final laminate ratherthan its cost efficiency and focuses on continuous fibres composites. The peculiarity of thermoplasticsis that they are very viscous melting and the flow of the resin through the reinforcement is difficultwithout high pressure. Such pressures are quite difficult to reach for large parts and need a suitablemould. These specialised moulds can be very expensive and not very economically suitable for thesmall volume production of large parts.
The configuration of the material can be as a sheet or tape, of uni- or multi-directional consol-idated material, tissues of commingled yarn of thermoplastic and reinforcement fibres or separatedthermoplastic and fibre sheets. The raw material can be pre- or post- consolidated. The main ideais that the raw composite configuration must minimise the flow distance of the matrix[42] during themelting and consolidation. The material selection has to consider the implicit pressure needed foreach kind of material by looking how intimately the matrix and the fibre are in contact with eachother and how the raw material can be fitted in the mould. For example a commingled yarn processrequires less pressure to be manufactured than a separated film stacked process[4] (vacuum moulding,compressive moulding, autoclave. . . ) because the resin and fibres are intimately in contact. It is alsoexpected that consolidated tape requires less time to be consolidated as the matrix flow does nothave to wet the reinforcement fibres as they are already preimpregnated.
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Table 3.3: Manufacturing processes for GRTP. SLP: suitable for large component, SR: suitable forsmaller recyclate, RMC: raw material configuration
Process Definition SLP SR RMCVacuummouling The raw material is pressed into amould thanks to vacuum made in aairtight bag. It takes place in an oven

Y N Commingled yarn, tape, on site mixing
Autoclavemoulding Same process as vacuum mouldingbut extra pressure is applied with theuse of an autoclave

Y N Commingled yarn, tape, on site mixing
Compressionmoulding The most versatile. The cost of themould however limits the size of thecomponent

N Y All compound (virgin raw materialor recyclate) can processed throughcompression mouldingInjectionmoulding A screw mixes, heats and injects themelted material in a mould. Complexcomponents are possible but the sizeis limited.
N Y The injection uses pellets

Pultrusion Fibres and the resins are injectedthrough a die and cooled off. Creatingstraight or moderately curved beam.The reinforcement is only in one di-rection. This process is related to thegranulation

Y Y This process is best used with longfibre tape or TP and glass fibre rovingcan be used

RTM The melted resin is injected in the re-inforcement in a closed mould. N N It is the only GRTP process whichdoes not use prepreg but separatedresin and fibre. Only few resins spe-cially treated can be considered forthis process. Recycled resin cannotbe consideredFilamentwinding Filament of fibre and resin or tape ofpreconsolidated materials are winded. N N
Welding The assembly of material through lo-cal heating Y Y Resistive mesh (This local contamina-tion of the material results in difficultrecycling)Shredding The waste material is shredded incase of smaller chips in order to berepocessed, shipped or incinerated.

- Y
Compounding This process converts a material toa raw material configuration suitablefor a given process i.e. granulating

Y -
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It is advantageous to chose a matrix for which mature composite recycling route exists i.e. athermoplastic matrix use extensively in car industry such as PP. The legislation on car recycling [46]should push car manufacturers to develop methods for their composite material disposal. As PP isprobably the most common thermoplastic matrix in the car industry and the recycling route for carcomponent exists, making it of major interest for ship building.
The most extensively studied material used for large thermoplastic parts is commingled yarnand TWINTEX from St Gobain Vetrotex is the best example. TWINTEX is PP/E-glass compositewhich raw unconsolidated configuration is a fabric made of interwoven fibre of E-glass and PP. Thismaterial is consolidated under pressure and temperature. It is easy to implement and lay up [40] inthe context of a large hull manufacture compared to consolidated tape. The use of vacuum baggingis the only possible process for the building of a boat. The mould is not loaded and as the matricesfibres are closely mixed with the thermoplastic fibres the flow of melted resin is small. The processfor laying up and bagging TWINTEX is similar to that used for thermoset composites.
The production of thermoplastic structures generates waste: vacuum bag, breather, sealant, mould,mould backing structure. The backing structure may be in steel and is recyclable. The mould canbe recycled through fluidised bed and the fibres recovered. The resin is subject to repeated heat-ing and cooling cycle that can damage the integrity of its properties. The other consumables arecomposed of several layers of thermoplastic, thermoset, glass fibres and contaminated by chemicalssuch as release agents and adhesives such as sealant. Their disposal is complex but represents arelatively low volume of material. The effort for collection (in term of impact) may be very high forlittle recovery. Suitable incineration process could be considered.
The recycling depends on the quality and contamination of the recovered material. The massiveuse of the exact same material for the entire structure could contribute to an easy and automaticdismantling (e.g. press and automatic crushing). Non permanent joint has to be implemented whenjoining dissimilar materials. The sandwich can be easily recycled if the core is PP (honeycombe orfoam). PP/E glass skin with PP honeycomb material has been recycled on a laboratory scale inorder to produced new pellets[47]. Monolitique composites need to be shredded.
The mechanical recycling has the advantage over ’glass only recovery’ by not deteriorating the
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mechanical properties of the glass fibre. The drawback of glass fibre recovery from heating processis that mechanical properties are lost at high temperature. Pickering et al.[48] demonstrated a 67%recovery of tensile strength. Surface treatment and washing are undesirable and can be avoided byreusing the resin in the same configuration. Indeed recyclate can be considered as prepreg.
When recovery is not possible the value of the scrap is very low. This is the case when the recy-clate glass fibres are short, the resin has already been reprocessed and therefore cheap processes ofrecovery are to be used. Incineration can be used with city waste and takeing advantage of the highcalorific value of the recyclates and energy recovery in the output. The remaining product is mainlymade of non organic waste ashes which must be suitably disposed in a landfill.

3.2.4 Comparison between GRTS and GRTP recycling

Thermoset composites cannot be remelted and reprocessed. The problems related to thermoset com-posite recovery, and the state of the art of the technology related to their recycling, is addressedin the following section. In the context of boat recycling, two strategies can be found which are,the development of dedicated recovery equipment for composites specific to the needs of the boatbuilding industry, and the adaptation of the boat building industry to new materials more suited torecycling. Using a material such as GRTP could be beneficial to the disposal strategy. Much canbe learnt from the automotive industry and automotive component recycling. At the same time, theboats are much larger than automotive components and need to be partially dismantled. Dismantlingmethods are similar for both GRTS and GRTP.
Table 3.4 shows the possible route for the recycling of thermoset and thermoplastic matrix com-posites. The processes dealing with composite recycling in general deal with low volumes of rein-forcement and resin and large volumes of filler.
Energy recovery is another alternative for the disposal of composites. In general the reinforce-ment and fillers in composites have a low heat release during incineration compared to the relativelyhigh value obtained from the plastic resins. This works against composite materials, as higher per-formance composites tends to contain higher fibre volume fractions effectively reducing the amountof energy per tonne of material. Glass fibres, calcium carbonate and other fillers are responsible fora high amount of ash. Fire retardants have a relatively low impact on heat release[49]. Recycling
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Table 3.4: Comparison between thermoset and thermoplastic matrix composites recycling
Process Definition subproduct Ref.Mechanical recycling(GRTS powder) GRTS scraps are shredded in small fraction The recyclate is used as a filler [49]
Mechanical recycling(GRTS large chip) GRTS Scrap are shredded The result is used as a reinforcement [49]
Mechanical recycling(GRTP shredded scrapcompressive moulding)

GRTP scraps are shredded in small fractionand directly reused as prepreg The recyclate is a prepreg readilyavailable
Mechanical recycling (GRTP shredded scraprecompounding)

GRTP scrap are shredded and mixed with in ascrew and the material can be injected. Mainapplication would be to blend new raw mate-rial that can be used in standard conditions
Pellets can be obtained.

Pyrolysis (GRTP andGRTS) Heating under controlled atmosphere of thecomposites and separate resin and fibre Fibre can be recovered. Monomer aretheoretically possible to be separatedbut very difficult in reality
[50]

Fluidised bed Temperature controlled combustion of thecomposites Short glass fibres are recovered withan average of 67% recovery in tensilestrength
[48]

Chemical recovery The matrices is dissolved in a special solventand is separated from the fibre Resin and fibre can be recovered butthe separation of monomer is difficult.Incineration The scraps are burnt in regular incinerator.Less pollution is expected from GRTP, espe-cially for simple linear carbonated chain suchas PP
Energy [49, 50]

Cement Kiln (ofcalcium carbonatecharged GRTS)
Highly filled composites generate high levelof ash due to the calcium carbonate content.This filler can be valorised as a desulphuri-sation agent for coal in cementery

Energy and desulphurisation [49]

can appear as the best solution to reduce the environmental impact of material of a structure andreduce the consumption of new materials. Recycling is a high adverse environmental impact processespecially for composite materials. The level of ash is very high and moreover the resulting materialshave low mechanical properties. At the early stage of recycling, the amount of recycling materialused in a new product (fibre and matrix) is commonly close to 20% and the question of using a largevolume of recycled material is an important issue. Reuse is the best solution for waste prevention. Asuitable reuse depends on the calculation of the property loss (after aging, repair, re-melting, etc.).Heldung-Aström[51] referenced K.A. Olson et al. [52] who demonstrated that reshaping thermoplasticmatrix composites resulted in better properties than virgin GRTP. This could be explained by betterimpregnation of the fibres after re-heating and re-shaping.
In order to ensure ease of recycling the materials should be clean and separated, i.e. having nomixed materials. Easy dismantling can be achieved by the following [53] :
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• Implementation of a modular solution.
• Application of material with more pronounced recyclability.
• Using alternative assembling technique such as clips and avoid permanent joints and mechan-ical fasteners.
• Avoiding hybrid structures.
the last two points go against some composite adavantages. Indeed, weight efficient design withcomposites is based on consolidation, sandwich structures and permanent structural joints. Thesetypes of structure have poor recyclability potential but result in lighter more efficient structures. Theimpact on fuel consumption may be larger with design for recycling therefore not being the mostenvironmental friendly method overall.
The recyclability heavily depends on screening. One way to ensure recycling is to referencecomponents. The British Standard 22628-2002[54] presents a method for the accounting of the re-cyclability and recovery rate of automotives. It takes into account the design, the material propertiesand the existing technologies for recycling and recovery. The evaluation has to be conducted beforethe arrival of the vehicle on the market. It also gives the mass of material which could be recycledfor one given method. Jankovic et al.[53] introduced in his paper an initiative with the same purpose,from GRUNDIG, which labels every part bigger than 100 grammes with recycling information.
Boat disposal in Japan has been implemented and documented in Hedlung Astrom[55] where theshredding of an 8 metre long boat has been presented. In addition, Hedlung Astrom[50] studied dif-ferent ways to recycle polymer composites using a case study consisting of a sandwich constructionfor a Royal Swedish Navy vessel. Every single feature of the boat is included in the model fromthe bulk material recycling to wire recovery. Some parts of this study are based on the SwedishVAMP 18 project which deals with the recycling and recovery of polymer composite materials. Inthis project five materials have been investigated for the recycling and recovery potential includinga GMT (Glass Mat Thermoplastic usually polypropylene/glass composites), a GRTP relatively closeto TWINTEX. The other studied materials are carbon fibre reinforced plastic, sandwich with GRTSskin and PVC core, a SMC (thermoset/glass fibre), and polypropylene/flax fibres (flax is a naturalfibre). This study provided a good evaluation of a thermoplastic (reinforced with glass or flax) foraspects including, such as the ease of grinding (tool specification and energy consumption) or energy
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recovery (high [energy recovered/ash] rate).
Several possible life cycle ’scenarios’ are presented. One of them showed that ‘material recyclingof GMT results in both cost gains and decreased environmental impact’. In the present research, thedesign has to be sensitive to possible scenarios, design paradigm and duly consider their environ-mental impact. Therefore, the question is what is the best boat design approach: Design for lowweight, low investment, ease to manufacture, ease to dismantle, etc.
The end of life model should take into account EU legislations imposed on industry to processwaste treatment as close as possible to the production site. Composite materials are not on the“green list” for shipment (1999/816/EC) and so permission is needed to allow waste to travel fromone country to another[50]. The present research focuses on the UK and takes into account theglobal laws that highlight the responsibility of the waste producer, the amount of waste that needsto be recovered by law and the current state of the facilities.
In the case of thermoset composite materials, mechanical material recycling can be considered asthe most obvious and effective way of recovering material. Scrap is ground or cut and the resultingrecyclate is used as reinforcing material. Pickering [49] highlighted the fracture mechanic issues be-cause large recyclate particles create hard points in the new material. Powder reinforcement makesthe resin more viscous and lowers the mechanical properties[49]. If the waste management is themain cause of recycling and the mechanical properties are a lower concern, possible reuse can benew automotive parts, telephone kiosks, or cable boxes. It has to be noted that, some small leisureboats containing 40% recycled material[50] have been investigated.
Evidence of the application of recycling outside packaging is sparse and the general level oflandfill in UK is very high. According to DEFRA (Department for Environment, Food and Rural Af-fairs) [56] industrial waste represents 13% of the total waste in the UK to compare with the householdwaste (8%) or commercial waste (29%). 44% of industrial and commercial waste is landfilled and 45%are recycled. In general, plastics are recycled at a rate of 10% in the UK which is much lower thanmore expensive material such as lead (60%) or paper (38%). Recycling figures include a high portionof composting which makes the actual recycling of plastic low. However, composite materials are notconsidered as a material in the same way as plastic or lead.
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Energy recovery reduces the volume to landfill while releasing some energy. Landfilling compa-nies have to limit the landfilling of biodegradable waste and carbon based waste and incineration is agood solution as composting composites is not possible. However in the case of composite materials,the higher the fibre and filler content, the higher the ash content. For instance the ash of SMC(Sheet Moulding Compound) is almost 70 - 80% of the material and the question is whether thepollutant emission is worth the energy and volume recovered. In the case of structural thermoplasticand thermoset materials, it is less critical because the energy recovery is higher thanks to a lowerfiller content. It is possible to blend the composites with municipal waste to keep a limit on the pol-lutant in the smoke. The cleaning of contamination (oil, fuel etc.) is not required. Only 8% of Britishmunicipal waste is incinerated including a low proportion of industrial and commercial waste[56].
For both energy recovery and chemical recovery recycling methods, the main aim is to removethe matrix from the fibre. The heating in absence of oxygen (pyrolysis) decomposes the matrix intoliquid and gaseous components which can be used as fuel or as a basis for new polymers. The costof the fibre obtained is 80% of the price of virgin fibre. 20% of recycled fibres can be introduced inBMC (Bulk Moulding Compound) without significant loss of properties. Hydrolysis, alcoholysis andglycolysis are the chemical routes for monomer recovery. The fluidized bed technique is similar topyrolysis. A hot flow separates the resin from the fibre and the gas is burnt releasing energy forsustaining the burning and creating some energy [49, 48]. Separation and burning at lower tem-peratures allows a decrease of smoke and avoids overheating of the fibres, which may reduce theirphysical properties. These fibre are suitable for low performance, long term applications and largevolume applications such as city furniture (bus stops, phone kiosks) and cements [50]. These kindsof applications have potential in terms of cost and volume of recycled material.
Recycling of matrices by monomer recovery for virgin matrix manufacturing while keeping thefibre mechanical qualities is difficult. The solution would ensure the recycling loop of the materialbut is very expensive and may cause substantial pollution due to the use of chemicals for the matrixdigestion.
This section has dealt with thermoplastic usage, production and recycling, that latter two aspectsare part of the life cycle and will therefore have an impact. Quantification of these processes is akey aspect of life cycle analysis and will be considered in the present research.
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3.3 Critical review of life cycle approaches

3.3.1 Introduction to the life cycle approach of materials

Y. Leterrier[57] presented the life cycle of composites. He introduced a closing loop of composite

materials concept in which he demonstrated that a loop could be based on waste minimisation andresource efficiency. Figure 3.2 shows this loop. Several loops can be found such as (raw material- refining - material - recycling - raw material). Reducing the impact implies the time extension ofthe last loop (product - use - waste - cleaning - product). It shows for instance that a designer canoptimize the resource consumption and the waste production by decreasing the weight of a system.In the same way, the waste minimisation by recycling has an impact on the resource, keeping in mindthat ’recyclable’ does not imply ’recycled’ and ’recycled’ does not imply ’environmentally friendly’ [57].

Figure 3.2: Life cycle of composites [57]
In order to improve environmentaly the life cycle of a material, Y. Leterrier[57] presented andranked a list of actions beneficial to a more environmentaly friendly life cycle (table 3.5). This studymade the link between Design, Composites Material Science and Environmental Science. Durabilityand waste prevention could be considered as key aspects. In other words, the longer the system isused, the smaller the volume of waste and therefore easier the treatment, and thereby reducing theimpact of the system on the environment.
Table 3.5 shows that it is possible to improve product life cycle. However as seen in the presentsection, the relationships are qualitative more than quantitative and depend mostly on the goodwillof the stakeholders to be implemented. For example, dematerialization and reuse require users andmanufacturers a lot of efforts in order to move toward a business model based on selling services e.g.
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Table 3.5: Hierarchy of action lowering life cycle impact (Leterrier [57]
Action CommentsDematerialization This process tries to limit the material consumption in different ways such asconsolidation. It is difficult to implement.Life extension This is the core of the durability aspect, the more a system is used the less im-portant the manufacturing impact will be. Nevertheless this is also quite difficultto achieve because it demands a strong preliminary study to avoid the limit-ing factor such as aging, degradation, improper design, manufacturing cycle andobsolescence.Maintenance Maintenance and upgrading are useful tools to increase the life of system innormal service conditions.Repair In addition to maintenance the repair can avoid the problems due to accidents.Reuse When the system is too degraded or if no upgrade can be done the reuse of partsor the total system in another application is a good solution. The dismantlingor some disposition for a further reuse has to be taken into account during thedesign.Recycling It may be surprising but recycling is not really the best solution because of itstechnical aspects, the loss in properties of most of the recycled material andenergy consumption required. It acts mainly on resources.Energy recovery The incineration with energy recovery is a less interesting method for the wastemanagement. The large amount of ash and pollutant emission limits its use forcomposites. It includes also resin recycling in fuelIncineration / landfill These last two solutions have to be used only if no other solution can be used.Landfilling would be probably very difficult for bulk material in the future and itshould be considered as an increase in cost.

maintenance rather than products. Material selection strategies widen the possible solution pool ofa given problem by increasingly taking advantage of each material’s characteristics, as presented insection 3.1.1. In the following section Life Cycle Assessment (LCA) is presented as it is a way tocompare different solutions with an environmental impact emphasis. Application of LCA to materialselection were reviewed in section 3.1.3).
3.3.2 The Life Cycle Assessment (LCA) methodology

The Life Cycle Assessment (LCA) is a technique for assessing the environmental aspect and potentialimpact of a product by compiling an inventory of the relevant input and output of a system, evaluatingthe impact and interpreting the results. LCA has been examined by a wide range of organisations.This methology is at the boundaries of design, science, legislation and trade. This section presentsthe LCA according to ISO standard 14040[5].
Most of the time the design focuses on the in service life. Environmental impact measurement also
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Figure 3.3: Phases of the LCA (from ISO14040)
reflects complex interrelated phenomena (green house gas emission, global warming and biodiversityfor example). The accumulation of environmental damage over a product’s life is also an importantinput to design decisions. A product can be acceptable to people for a variety of reasons (technical ornot) and material selection can play a great role. The life cycle understanding of a given material in-tegrates every environmental damage created over the life of the structure, from resource consumptionto complete disposal. Designs that integrate life cycle understanding would benefit from significantenvironmental advantage over traditionally designed alternatives, as environmental impact is a keyparameter in societal decision making. There are two approaches to deal with material selection:Ashby [58] considered that it is generally the design that dictates the material choice, however thenew properties of the ever growing number of new materials can make design improvement possiblefrom an existing product / material design.

Recycling is a specific stage in the life of an industrial product. The life cycle understandingcan assess the benefit of recycling in comparison with virgin material production. At any stage ofthe life of a product, its performance should be assessed. The Life Cycle Assessment (ISO 14040)is a standardised tool which can assess the potential environmental impact of a manufactured prod-uct. Its framework is presented in figure 3.3 which shows the recursive process and flexibility ofthe framework as the interpretation at each stage of the study may change the way the problem isconsidered. LCA has the advantage of focusing on a product (or a function) over its entire life andtries to encapsulate a selected number of environmental damages into an impact score. The damageselection is a compromise between a large number of parameters that give an accurate image of theenvironmental impact and the time and effort allocated to the LCA study. The major advantage ofLCA over other environmental tools, such as Environmental Impact Assessment (EIA) or environmental
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auditing, is that by focusing on the product over its life, it may deal with information from outsidethe design office or manufacturing company [59] i.e. the material shipping from mining source, to re-cyclate stockholder, and through material manufacturer, product manufacturer, repair contractor, etc.It can be applied in design whereas the environmental management system (ISO 14001-4) is morerelated to firm management, environmental auditing (ISO 14010-12) and environmental performance(ISO 14031) are oriented to organization assessment [59]. These 3 ISO tools miss the interrelation oflife induced impact. Using LCA in design can be adapted to the current state of the art of productiontools with a life cycle point of view. EIA cannot be considered because it tends to assess accurate,local, possible environmental consequences of projects and presents mitigation to an existing design.It is not suitable as a design tool because it is not as flexible as LCA for measuring the impact andit does not include a critical review highlighting design corrective actions.
LCA can be used for material selection, whose intrinsic properties may have an impact on howthey are implemented in the design. Recyclability shows an increasing interest whereas landfillingis viewed quite negatively. Waste management has been a key societal concern for a long time. The1970s saw an increase of awareness on the topics of waste treatment due to a number of seriouspollution events[60]. The 1972 cianide leakage at Nureaton[60] UK, is one example of the needs foremission treatment, leakage control and constant monitoring of hazardous waste over a long termand in some cases long after the closure. In order to reach a sustainable waste management, efforthas to be made on the reduction, reuse, and recovery (via recycling, composting and energy recovery)of waste before disposal in landfill. The societal input in design with respect to the customer andthe manufacturer is a key concept of sustainable development. The use of new materials has tobe in accordance with landfilling regulation, recyclate demand and efficient use of existing wastetreatment equipment such as incineration plants. Even if recycling is desirable, as it saves primaryresources and prevents waste, it does not necessarily mean environmentally friendly, demonstratingthat any positive or negative points should be forecasted. The material selection and its disposalprocess as well as the life cycle understanding need to be investigated at an early stage of design.It can be related to ’design for production’ by Balwing and Niebel, 1957, and described by Ring [61],separating design into two functions: “the product design function” fulfilling customer requirementand the “process design function” developing the manufacturing in a cost effective, timely and goodquality way. Both of the concepts are linked together. The present study aims to extend the conceptof the process design function to include raw material and end of life issues, incorporating the viewsof the finished product manufacturer, customer and community.
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LCA is a relatively recent method that measures environmental performance and has increasedin popularity and has gained wider acceptance as a management tool [62]. It has been applied inmany sectors for materials, complete systems or components. The literature reviews application inthe process industry, nuclear, water, electronic [62], aluminium [63], composites [64, 6] , boats [64],and also discusses paper recycling vs incineration assessment [65].The LCA derived from the ’netenergy analysis’ aimed to report the entire energy consumption related to a product[62]. Later actiontends to standardise the approach and includes more inflows and outflows, impact characterisationand normalisation measurement. The Society for Environmental Toxicology and Chemistry (SETAC)created a LCA framework in the nineties[62], later ISO created another framework [62]. Embodiedenergy remains a very important parameter for LCA study and is always included in every LCA study[65]. As presented before energy was the approach to life cycle assessment in the 70s [62]. Howeverthe LCA frameworks modernised it in order to benefit the decision making process.
The 4 main aspects of the life cycle assessment are (see figure 3.3):
• Definition of the problem and the objective by defining the function, the functional unit and thereference flow.
• Inventory of relevant inputs and outputs of a system.
• Potential environmental impacts of those outputs.
• Interpretation of all this information in relation with the study.
The result of such an approach has to be used to improve the design through the life of theproduct. It is also very relevant to decision making, marketing issues (ecolabel, environmental com-munication, etc. . . ).
The global framework of LCA given by the standard ISO 14040 emphasises the necessity to definethe function and functional unit, reference flow, system boundaries and data quality requirements,with a sufficient accuracy in goal and scope definition. Assumptions and limitations of the study haveto appear clearly at this early stage. The next stage is the data collection and the impact evaluationon the designs. The life cycle interpretation is the final stage of the study and is vital in decisionmaking. It is not an easy process but at this stage, social and economic aspects can be introducedin order to make conclusions easier.

33



The key aspects of the critical review of an LCA in accordance with ISO 14040 are verified if:
• The strategy is valid.
• The data is appropriate and reasonable for the goal of the study.
• The results reflect the goals and the limitations are identified.
• Comprehension is easy enough and the study is credible.
The main difficulties are related to impact assessment because of subjectivity and data interpre-tation. The scale of the study must be suitably chosen to limit interpretation difficulty. LCAs mayhave to incorporate several environmental damages. It results in a composite score which is difficultto interpret because they are highly dependent on the weighting factor applied to each damage. Thedifficulty of weighting individual results is especially true when damage is as varied as biodiversitydepletion, green house effect, etc. and are presented in a single score. One adverse effect could bethe consequence of another impact and weighting them individually is difficult. There is no absolutevalue of damage hence comparative studies are the most effective way to ease the decision makingprocess.

3.3.3 Environmental impact and characterisation factor

One essential advantage of LCA is it brings to light the issue of multicriteria comparison study andhelps to bring about a single value result. The calculation of the impact follows a complex approachwhich is going to be detailed hereafter using an example taken from [66].
The first step is to decide the physical flow the user will focus on. In reference [66] the physicalflow is the emission of NOx , NH3 and SOx . The second step is the selection of the physical phe-nomenon. The two most noticeable effects of these emissions are eutrophication and acidification.These are the two phenomena the authors used in their LCA study. It highlights the large influence ofauthor’s choices on the LCA conduction by selecting the focus. The model for the impact calculationis the loss of biodiversity using models from Eco indicator 99. The final step in this LCA is to weightthe results by applying a conversion method to monetary value. In this case it is possible to assessthe cost for the reconversion of damaged area.
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In conclusion it must be noted that the models are extremely complex and require a high level ofexpertise. On one hand, it has been seen in section 3.1.2 that the level of expertise for the determi-nation of value function is high. On the other hand, while being extremely insightful on the materialselection side, Ashby [58] focused mainly on energy for environmental impact leaving aside the LCAdriven method as presented in section 3.1.3. LCA is heavily dependent on information and modelavailability. Mature technology benefits from the better information availability and are sometimeselected over newer technology due to this reason [66].
If material selection and environmental assessment is to be used together the level of data qualityrequirement on both side needs to be equivalent and therefore simplification is needed. Another re-quirement would be to have complete access and control over all the information used in the researchmodel therefore the collection of fewer but well trusted information. This might be a way to overcomethe difficulty presented in the previous paragraph.

3.3.4 Treatment of uncertainties in LCA

In her survey Bjorklund [67] reviewed the possible causes of uncertainties and inaccuracies in LCA.The main causes of uncertainties are:
• Data gaps, unrepresentative data
• Model uncertainties
• Uncertainties due to choice
• Spatial and temporal variability
• Variability due to sources and objects
• Epistemological uncertainty
• Mistakes
• Estimation of the uncertainties
From the above problems it is noted that 3 are of particular interest in the present research, theyare data gaps and unrepresentative data, model and epistemological uncertainties.
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The selection of embodied energy as an impact parameter solves the problem of data gaps andunrepresentative data. There is little missing information on this parameter and most of the time,it is possible to estimate the energy consumption for a given process. The representativeness ofenergy as an impact is however subject to discussion [68, 69], but the energy variability betweeninformation sources is lower than any other physical flow such as NOx or CO2. This is shown byFinnveden [65] in its review of data quality for PVC. Moreover the use of commercial databases onenvironmental impact can show significant variation [70] even if their impact results are a compoundof several pieces of information.
3.3.5 Case studies

The analysis of some case studies illustrates the use of the LCA. The first case study presents theadvantage of the use of LCA for well defined alternatives comparison. This is not the case in thepresent research where the GRTP boat is not designed yet. However it presents the approach andtools used in situations where the LCA is very effective and their relevancy to the present research.
The first example can be the simple case of the use of expanded polystyrene or recycled paperin egg packaging from Zabaniouto and Kassidi[71]. It is summarized in table 3.6. It is relativelysimple because the product is made of one single material roughly in one operation but on a countryscale, it can demonstrate a non negligible impact. It has to be noticed that paper and expandedpolystyrene are very different materials creating very different types of pollution and the correct useof LCA can be used for the comparison. Eventually it also clarifies the affirmation of Letterrier[57]about the environmentally friendliness of recycled material.
Zabaniouto and Kassidi[71] presented their study on packaging and used an impact assessmentdatabase to assess the environmental impact. Table 3.6 gives the global result of the study. Theconclusion on this study is that the impact for egg packaging is that the recycled paper showed alower pollution potential. In this case the result on the advantage of paper over plastic is straightforward because the case study is simple, in a domain where the data is readily available. The datafor the egg packaging study was obtained from the software “Simapro” which contains a database ofinformation from Pré Consulting, a specialist company in LCA tools. The result of the LCA study wasalmost entirely based on this data for the polystyrene boxes. In the case of the recycled paper a largeamount of data was provided by a paper industry company who was directly involved in the research

36



project. The authors commented that “quality of the LCA can only be as good as the quality of data”.However, one drawback of the study is that data came from several sources but the author do notreview critically if they are consistent with one another in term of accuracy, collation methodology, etc.
On a more specific point of view the targeted audience and the use of the result are not pre-sented. It is said that this is only a comparative study. This is the main drawback of this kind of studywhere the alternatives are relatively well documented and the result can only be obtained for impactcomparison. There is no possibility to assess the possible action as there is no information aboutthe needs of the study which is a requirement of the ISO 14040. In addition, there is no assump-tion on the cost which pushes the reader to consider that both of the alternatives have the same price.
For the second case study, Lenzen et al.[72] presented what can be indirect variability in thecase of the wind turbine LCA. The authors compared two identical types of wind turbine producedin Germany and Brazil. The towers and nacelles were in steel, the blade in epoxy/glass composites.The study was carried out with a focus on the energy and CO2 emission. Three alternatives ofmanufacture and operation are taken into account for the comparative study:

1. The wind turbine is manufactured in Germany and produces electricity in Brazil
2. The wind turbine is manufactured in Brazil and produces electricity in Brazil
3. The wind turbine is manufactured in Brazil and produces electricity in Brazil (assuming a largeproportion or recycled steel)
The function is production of electricity and the functional units were the primary energy neededfor the production of one kilowatt-hour of electricity.
The result of this study showed that the production and operation of the wind turbine in Brazilprovided the lowest impact. This was possible because the authors[72] collected information on thestructure of the industry, the energy structure and supplies in both of the countries. Steel productionindustry structure gave Brazil an advantage over Germany because of its larger secondary steel madeusing electric arc furnaces (further detail on steel structure in Appendix A). Furthermore in Brazil theelectricity is produced from hydroelectric sources decreasing the CO2 emission result. The energyrequirements to build the wind turbine per unit of electricity produced are lower in Brazil than inGermany.
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Table 3.6: Zabaniotou LCA study
Polystyrene (PS) Recycled paper

BackgroundThe PS gives a good protection to shock andhas a good resistance to moisture. How-ever there is some concern about some styrenetransfer to the eggs, the amount of waste cre-ated, the rain acidification potential and aboutthe amount of energy needed to manufacturethe material

The protection of paper is much lower than thePS box. However the production does not re-quire as much energy as the PS and is a solu-tion to some paper waste. There is some con-cern about the carcinogen material used in theprocess.
Goal and ScopeFUNCTION AND FUNCTIONAL UNIT: packaging 300,000 eggs (in 50,000 boxes)BOUNDARY OF THE SYSTEM: the study focuses on the production and excludes transportationof the box, use and maintenance of the production site. For simplification reason both of theboxes are disposed in landfill. The study takes place in Greece. The energy data are based onthe European energy mix because of lacking data in this domain. (there is no comment on thetargeted audience but that it is in Greece)The production requires 750kg of PS and 1,100kg of Paper whose transportation is taken intoaccount Data inventoryData used: BUWAL 250, ETH Energy version 2 and Simapro 4, various papers on the impact oftransportation and a company producing recycled paper boxes. These databases are dealing withthe energy production, transport solid, liquid and gas emissions and waste. The OUTPUT is acomplete review of the physical flow for both of the alternatives according the calculation conditionImpact assessmenteco-indicator95 is the impact assessment methodology used. It is available in Simapro. Both ofthis tools are release by Pré consulting, The Netherland. It brings along normalisation coefficientfor the comparison between the value of different unit and weighting coefficient for the perception ofthe targeted audience for a given type of result (ozone depletion, acidification, etc). The followingnumbers are the most relevant results normalised and weighted (no unit)Green House Gas: 0.4 GHG: 0.3Acidification Potential: 10.5 AP: 1Winter Smog: 5 WS: 1Heavy Metal: 0.3 HM: 0.4Critical reviewThe paper boxes have a lower environmental impact than the PS in the framework of the study.It is however difficult to assess which one is really the most environmentally friendly. The resultdepends mostly on the quality of data and most data are not easily available

In conclusion, this paper shows that it is relevant to consider fewer parameters but to describethem with the integration of heavy industry and electricity production local policy. The product isassumed not to have a significant impact on the heavy industry and electricity production.
The third case study presents the use of LCA by Alcan[73]. Alcan applied the LCA with a manage-ment point of view. Alcan is a leading company in aluminium packaging and in aluminium composites.The authors presented the application of LCA in Alcan for the impact assessment of manufacturingprocedures and took the example of an aluminium floor.
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At first it is important to present how the author[73] (and so Alcan) considers the utility of LCA.The first statement is that the LCA should be able to help management, be practical and stop beingan academic “one time study”. It should make a clear statement of the actual pollution problem. Inaddition, the statement of Lenzen et al.[72] showed that geographic considerations must be included.Alcan followed the recommendation of the ISO 14040, “the LCA study should be as detailed asneeded and as simple as possible”. The depth of an LCA study can be very large and this has tobe decided in accordance to its relevancy to the audience, decision maker, resources available anddelivery time.
The experience of Alcan in LCA and its involvement to make this tool a key aspect in their lifecycle management policy lead to the following conclusions:
• The results must be delivered in a timely way and the goal, scope and data quality must bechosen to meet this aim.
• The results must be usable by a decision maker and so easy to interpret. Very detailed studieswhich can be understood only by LCA specialists are irrelevant because they are not decisionmakers. It is important to choose output parameters easy to understand for a non-specialist.
• Commercially available database software provides a single number result as output in order tohelp non specialist to assess the impact after the data inventory. This is nevertheless difficult tointerpret and Alcan chose internally, a set of parameters in a commercially available database(eco indicator 95) and from bulk data from internal databases of flow and emission to assessbest procedures.
The presented case study[73] is a comparison of two sandwich structures with honeycomb cores(skin and core are in aluminium) with two different manufacture procedures and a wood floor for anautomotive application. The new procedure was the cutting of the skin and core before the assembly.It avoided the problem of sandwich sawing wastes which are difficult to recycle. The parameters se-lected are primary energy, greenhouse potential, Eco indicator 95 (excluding greenhouse gas effect,and energy as it is studied separately) and waste generation (generally water consumption is usedin the general life cycle management of Alcan but here it is excluded in the scope of the study). Theresults show that the new method has a lower impact than the previous method. However the mostimportant result remains that an easy to understand result leads to an easy decision. This tool hasdemonstrated such a clear advantage in quality management that it was recommended to be used in
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purchase and design for environmental strategies.
Three LCA studies were critically reviewed in this section. The understanding of the economics,industrial and environmental surrounding situation is important in order to provide good managementsolutions to environmental problems. It is even more important than having a clear understanding ofthe technical aspects of environmental science. It provides a good idea of the variability of outputsand the possible actions for the decision makers.

3.3.6 Previous work on boat life cycle.

Fet[74] investigated ship related pollution. She used the definition of sustainability including thesocial, environmental and economic aspects. She firstly presented the usefulness of effective report-ing prior to any assessment of the impact. The author considered the LCA as a tool which can beeffectively used for this need of reporting. However LCA tends to focus on the object and so moregeneral operational decisions are not always considered in LCA.
Hedlung-Astrom et al.[6] studied in the framework of an LCA, a 20m aluminium patrol boat and aGRTS sandwich alternative. However the result of the study did not change the design with respectto the material and the author subsequently claimed the GRTS alternative to be non-optimal. Thefocus was on weight and clearly on the fuel consumption. Five tonnes can be saved with the sand-wich structure over the 12 tonnes of aluminium used in the in-production design (the study ignoresall the other components) the fuel saving is relatively modest, only around 7% but over 25 years itrepresents 200,000 litres of fuel. This LCA study remains relatively difficult to interpret. First of alla 25 year ship life is relatively long and no consideration of upgrade or refit is made. In the caseof a bulk carrier, the ship can be rebuilt or upgraded once or twice in 25 years[75]. It is expectedthat a proper upgrade of machinery can lead to a decrease in fuel consumption comparable to thedecrease seen in cars in the past few years. The operational aspect of the ship life is not studiedand this is a very important aspect.
An opposite approach was taken by Latorre[76]. He studied the impact of marine operation onthe environment of fishing boats. The focus was on fuel consumption and NOx emissions. The authordemonstrated that NOx emissions are directly related to fuel consumption. This can be significantlyreduced by decreasing the load on the engines. The proposed solution incorporates hull and pro-
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peller blade cleaning and an on-board operation monitoring system. Latorre[76] presented monitoringparameters directly related to the boat activity or fishing operation, for example the fuel consumptionper mass of caught fish. It showed that dredging and seining fishing methods are much more effectivethat bottom trawling (in the particular case of the US fleet studied). The study also revealed the“typical fisherman perspective” of increasing engine power to increase the size of fishing apparatus.This impairs the LCA impact result as it increases the fuel consumption.
Kameyama et al.[77] developed a software package for the life cycle inventory applied to a bulkcarrier. This tool allowed very precise data acquisition on ship construction. The high level of detailin the database demonstrated that the energy consumed in lighting the shipyard was similar to theenergy required to do the welding of the ship. This demonstrates that clear system boundaries mustbe defines in the present research and the level of details that is requires by the LCA goal and scope.Chapter 4 defines which energy input goes in the LCA impact inventory and which do not.
In addition with the general literature on LCA, the section on ships shows that all the stake-holders during the life of the boat have an impact on pollution and more generally on the energyconsumption. Indirect contribution, such as workshop lighting, can be very high but difficult to assess.The advantage of life cycle assessment is that it deals with technical aspects during the entire life ofthe boat and so it is capable of dealing with several points of view (customer, manufacturer, society).However, a high level of detail at each stage of the life of the boat requires a high level of expertiseand access to operational stakeholder databases.
The literature review on GRTP showed that there is no working boat made of GRTP except aHalmatic RIB prototype and a GRTP troop carrier. It can be expected that very little data is availablein workshop data, operational data. Therefore the indirect contribution to the global result is likelyto be ignored as not available.

3.3.7 Critical review of LCA and opportunities for research

LCA is a major milestone in the measurement of environmental impact in a fair and reasonable man-ner, using well documented techniques and well adapted information such as commercial databases.It can be considered as well adapted to engineering problems in the field of environmental engineer-ing. However, this topic is young and lightly studied despite the enormous volume of publications
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on the subject as each study tends to fill a relatively narrow gap in a very large field of knowledge.In addition the discussion primarily focuses on the application of the model and the creation of newenvironmental models linking physical flow to environmental impact.
The reader and practitioner of LCA can gain quickly sufficient level of understanding to use LCA.Indeed, LCA has been applied to many systems but have been rarely applied in validation analy-sis. The large number of assumptions needed can make people uncomfortable about the use of agiven LCA. Frischknecht et al. [66] noticed this issue in a 2009 publication. The LCA community ofpractitioners is reluctant to engage in the discussion and request for simple decision tools, limit thedissemination of LCA studies that have high uncertainties. They demand that LCA maintains a highlevel of reputation. Finnvedenn [65] also reported critics of LCA. The lack of reproducibility [65], thelarge gap in results for inflows other than energy and the misuse of some models difficult to applyfrom an engineering point of view are often criticized [65].
In the present research LCA has a major influence on how the research was conducted. Indeedthe progression of the design artefact is based on the LCA result of the previous artefact. Howeverthe understanding of the reason for choice is at its core and a database is not sufficient in order toselect one material over another. One of the key aspects associated with a successful LCA is thequality of the data used. This was clearly indentified by Zabaniotou et al. [71] in section 3.3.5.For the present research data associated with the four candidate materials, steel, aluminium, GRTSand GRTP need to be collected. One of the the key outputs of this thesis is the gathering of dataand the creation of a database which will be used as the core of the LCA analysis. This materialdatabase is presented in Appendix A. Within this appendix the details of the sources of the data isprovided, the data itself is presented in tabular form and forms part of the LCA design tool used inthe present research. Within the assembled database a closer look at steel or aluminium showedthat the relatively poor performance of some country in manufacturing steel or aluminium are due toa lack of access to high quality ore. This is the case of the Chinese aluminium which environmentalresults are impaired by low quality ore. This is also the case of the Indian and South African steelmanufacturer which tends to take advantage of their large resources in non coking coal by usingalternative process less effective than the regular coking coal route. It seems important to keep inmind that the resources are finite and to be shared fairly and the selection of a given alternative inthis appendix is based on the understanding of the reason why an alternative is more polluting thananother rather than on pure quantitative performance.
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In addition the environmental impact of GRTP manufacturing of large components is not studiedat all and the information can only be the information from manufacturer. In this case the energy con-sumption is the only possibility. Finally, the weighting factors are ignored and energy consumptionis chosen for the selection whatever the level of controversy which can be seen on the publication ofFrischknecht [69].
The success of the introduction of environmental issues depends on competence, motivation, com-mitment and enthusiasm. High environmental performance projects have to be carried out as a commonproject or rather as an innovative project needing cross functional involvement. The LCA approachwhich will be used further in the research, will take advantage of the learning from the literature butthe ultimate goal is to develop a material selection methodology highlighting the working principleof design with material incorporating the Lloyd’s Register design rules and environmental impact.

3.4 Boat design and optimisation techniques: an LCA perspective

The following section reviews the literature related to ship design and optimisation. It takes intoaccount the current research aim which is to integrate LCA in a material selection process in shipdesign. This section discusses the basic principles of ship design, the general theory of geneticalgorithms and their application to ship design. Genetic algorithms are a very common technique ofoptimisation. It has been applied to both the fields of material selection and LCA. Its popularity isdue to its robustness. There are many parameters which can influence the selection of one materialover another. As seen in section 3.4, Zhou et al. [12] presented a genetic algorithm (GA) for theselection of material for a plastic drink container of various shapes and sizes in which the selectioncriteria were LCA impact based. However the simplicity of the bottle design model is not relevant tothe complex system that is the design of a boat.
3.4.1 Genetic algorithm theory

Ship design is based on the interaction of a large number of parameters and it is a recursive process.In order to assess the best design using all the possible solutions, the use of optimisation or searchmethod may be useful. Genetic algorithms can be used in order to find the best design in the searchdomain. The general form of a GA is presented in figure 3.4.
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Figure 3.4: Genetic algorithm theory
Genetic algorithms are numerical optimisation algorithms inspired by natural selection and ge-netics. wrote a comprehensive review of genetic algorithms from which the following description isinspired [78]. The main idea originated in the 1950s and 1960s. John Holland [79] was the mostprominent contributor to the theory of GA during that period. A population of solutions was con-sidered in order to solve a complex problem with a large number of parameters. This techniquesrequires (see figure 3.4):
• A population of possible solutions of the problem represented as binary strings (Initialisation)
• A method for assessing which individuals describe the best solution or the fittest and whichindividual needs to be kept or withdrawn from the population (Selection)
• A method to mix the best population individuals and create a new generation of population(Crossover)
• A mutation method ensuring the diversity of the population (Mutation)
The relative ease of use and the robustness of the approach enabled the GA to be applied toa large variety of problems such as image processing, spacecraft trajectory, facial recognition, shipdesign (discussed later), etc.
The advantage of GA over other techniques is to find the global optimum of the possible solu-tions. The algorithms will converge to a global optimum provided that the diversity of a possiblesolution population is large enough and maintained for a reasonable number of generations so that
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the entire domain is thoroughly searched. Figure 3.5 (a) shows a function with two local optimaand one global optimum. The properties of natural evolution is to converge to the best solution withthe genetic information in the initial population. However if the initial population carries a largenumber of individuals close to a local optimum i.e. low genetic diversity, the population will convergeto this local maximum (such as Max 2 in figure 3.5). The development of an algorithm should takeinto account that a slow evolution and an appropriate genetic diversity make the algorithm convergetoward the best solution e.g. figure 3.5 (b) case 1 [78].

(a) Example of function with local op-timum (b) case 1: convergence to the global optimum, case
2 : convergence to a local optimum

Figure 3.5: Non convergence problem and lack of genetic diversity
There are many ways to implement each stage of a GA. The selection is a key process becausea high selection pressure will result in a stagnation of the maximum fitness on a local optimum[78]. The convergence toward a solution result in a loss of diversity and the first generations shouldensure that the diversity is high enough. The suitable selection of crossover, mutation and selectiontechniques can increase the efficiency of GAs and they are necessary for setting up of any GA. Threeselection methods are widely used: rank based, roulette wheel and tournament (see table 3.7). Rankbased selection is the simplest selection method to implement in a GA. Its drawback is that it makesno distinction between good and very good solutions. Conversely the probability of an individualto be selected using the roulette wheel selection method depends on its fitness. The roulette wheelselection method takes into account the fitness of individuals and not only their rank as in rank basedselections, therefore roulette wheel selection method overcomes the limitations of the rank based se-lection method. Indeed with the roulette wheel selection method, an individual much fitter than theother individuals would have a much larger chance to be selected but its selection is not guaranteed.The fittest individual may occasionally not be selected. The fact that the fittest individual is not se-lected each time may have beneficial effects on the GA in ensuring a higher diversity of solutions by
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not converging to quickly to any highly fit individual. Coley [78] said that ensuring a higher diversityallows the GA to explore more of the search domain. Coley [78] also wrote that balancing the needfor the search domain exploration with the exploitation of the discoveries is a recurrent topic in thearea of GA. The more the exploitation, the faster the convergence [78]. Therefore it may beneficialto the speed of convergence of the GA, to select the fittest individual and ensure that no mutation orcrossover change it in the following generation. This is called Elitism and GA may need to implementit depending on the case study. The drawback of elitism is that it increases to probability of the GAto fail to find the global optimum. Elitism may be implemented with the tournament selection method.
Three crossover methods are generally used: single, two and uniform (see table 3.7). Thesemethods are ranked in order of their ease to be implemented. The limiting factor of a crossover is theability to create a large variety of new individuals from a given pair of parents. In this case, singlepoint crossover is the method which gives the least number of possible children. The other methodreduced this risk of diversity stagnation or inefficient domain exploration [78].
The mutation maintains some diversity by flipping randomly a binary bit in some individualsdefining binary string [78]. It has to be mentioned that mutation on its own cannot guaranty alarge population diversity, i.e. an efficient domain exploration, if the chosen selection and crossovermethods result in a rapid convergence toward a local optimum. It is essential to define an optimalmutation rate in order to efficiently converge on the best solution [78].

Table 3.7: Selection crossover and mutation example (Coley [78])
Process Example CommentsSelection The first X fitter population individuals are kept Rank based selectionThe probability of a member to be selected is propor-tional to its fitness Roulette wheel selection

The population is divided into subsets. From each ofthese subsets the fitter element is selected Tournament selection
Crossover 0010,0101,0111 and 1101,1010,1010 initial pair of parents

0010,01/10,1010 and 1101,10/01,0111 single point crossover
00/01,10/01,0111 and 11/10,01/10,1010 two point cross over
0/101/,01/01,0/111 and 1/010/,10/01,0/010 uniform crossoverMutation 1101,1010,1010 Mutation1101,1010,0010

The search ends when the maximum fitness and general fitness of the population reach a leveldefined by the user or when the average fitness stagnates.
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As seen in the present section there is a large number of parameters which can be modified ina GA. Chapter 7 will include an application of GA in ship design with an LCA based selection criteria.
3.4.2 Ship design

Ships are a complex system i.e. composed by many subsystems which interact with each other andtheir respective environment. Mistree et al. [80] pointed out that there is an apparent antithesisbetween the need to focus on ’ the properties of a system as a single entity and the collective prop-

erties on the systems and its subsystems in their intrinsic environment’.

In general boats and ships can be of two types named after their main operating mode at sea:
• Displacement when the hull support is mainly hydrostatic, e.g. cargo ships, ferries, submarines.
• Non displacement when the hull support is mainly hydrodynamic, e.g. planing hull, hydrofoils.
The most important parameter describing the operation mode is the Froude number (given in eq.6.1 in section 6.3) that links speed and length. The faster the boat the higher the Froude number andthe longer the boat the smaller the Froude number. It is widely accepted that Froude numbers over 1- 1.2 boats operate in non-displacement mode whereas below this level they operate in displacementmode. The limit between the two modes is however not clear. For a given Froude number (or agiven speed and length), it is possible to select a boat design that would benefit from the hydrostaticsupport and adapt its drawbacks. For a Froude number below 1.3, Watson [81] considered that mono-hulls are generally more effective in terms of construction, power requirement and operation. Thisis the configuration that is used in most of merchant ship such as tanker, bulk carrier and warship.Other alternative should be considered at higher Froude numbers. Around 2 SWATHs are possiblealternatives to monohull, around 2.5 wave piercing catamarans are efficient, above 3, hydrofoils andhovercrafts should be considered. For example, low motion at sea with improved comfort would leadto the selection of SWATHs at high speed (high Froude number). This type of ship remains moreexpensive to produce and less fuel effective but has a higher speed and improved passenger comfortbecause the sections of the area of the two hulls at waterline is small and as a result this kind ofboat is less sensitive to waves. This area is the main cause of passenger discomfort. The presentresearch focuses on monohulls in non displacement mode because monohulls are cheap to design andproduce. The application planing monohull to merchant and passenger ships is limited but planing
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monohulls are playing a major role in leisure boat, life boats, rigid inflatable boats and patrol boats.
The complexity of design due to the numerous features requires a design method. Classificationsocieties encourage the designer to use prescriptive design [80]. A prescriptive design includes:

1. Analysis: Decomposition of the system into subsystems defining their function and relationshipto each other
2. Synthesis: Integrating the subsystem into a whole and assessing its properties
3. Evaluation: Assessment of how the requirements are met by the design
The iteration of analysing, synthesising and evaluating makes the design converge toward a so-lution. The design of a subsystem can be sequential or concurrent, meaning that the task are notcompleted one after the another but with a time overlap.
It is generally accepted that the design of ship follows an iterative process which is probablybest visualised in the spiral representation of Evans’ ’general design diagram’ [80, 82] (see figure3.6). This diagram shows a possible sequence of tasks for the conduction and a convergence towardthe solution with a number of iterations. Some design inputs may be changed while the design isprogressing. The experience of the ship designer is essential in order to start the design with somesuitable requirements i.e. main objectives of the boat, such as dimension, speed and kind of operation.
There is an extensive range of literature on the design of ships and boats [83, 84] and althoughthis thesis aims to integrate LCA and ship design and incorporating environmental impact to aidmaterial selection, it does not intend to have a complete and rigorous representation of ship designwithin the modelling approach. The details of the methodology adopted is a simplified one and isoutlined in detail in Appendix B. As the present research aims to develop an LCA framework incor-porating design details, future work could involve the further development of the ship design aspectsto make them more rigorous. However, it should be noted that within this research the simplifiedship design approach is based on the principles of naval architecture.

3.4.3 Genetic algorithms and ship design

GA have been used in ship design in many areas such as composite materials, boat shapes, fluiddynamics, structure and sea keeping.
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Figure 3.6: Ship design spiral

Zehnder et al. [9] used a GA for selecting the optimum material composition and lay up of acomposite in a sailing boat. GA were previously used in the area of composites laminate design[85]. The composite materials were made of patches whose dimension, orientation and material wereoptimised for stiffness. Cirello et al. used GA to study the sailing yacht hull shape [86] and thekeel [87]. Boulougouris et al. [88] used GA for the sea keeping and wave attenuation of LNG floatstructure. Maneepan et al. [89] optimised a composite marine grillage for lower weight. Boyd et al.[90] used GAs to optimise the structural connection between steel hulls and composite superstructures.
In the domain of fluid dynamics, Poloni et al. [91] used a GA as a general purpose optimiser. GAwere selected for their robustness though the computational cost may be high. To the authors’ pointof view the high robustness of GA and the increasing power of computers will lead GA to be the mostprominent optimisation technique. Their research dealt with the combination of a multi-objective GAwith a neural network and gradient-based optimisation for increasing the computational cost effi-ciency. The design was applied to a keel. The designer however pointed out the very high computerdemand of such a model.
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3.4.4 Conclusion

The present study will extend the body of knowledge by studying the interaction of LCA and materialselection in ship design. The GA robustness in finding a global optimum will be used to find thebest possible material implementation through the assessment of their environmental friendliness.GA is used in chapter 7 as a tool for finding the design of the most adapted boats to the LCA studyand the implication of design in material selection. This will be done on the basis of environmentalperformance. The above literature review section showed that GAs have been applied to both shipdesign and LCA but not with the aim of understanding how LCA and ship design interact with eachother in a material selection process. This is a novel aspect of the present research.
3.5 Discussion and conclusion.

The through life issues are very important for increasing the effectiveness of a structure. A goodunderstanding of the life cycle can make a product highly optimized for a given application byintegrating real load, statistical damage, fire accidents, aging and maintenance and resulting in suit-able reliability. With increasing environmental concerns, GRTPs have a good potential for solvingproblems raised by thermoset composites. In addition, GRTPs have been used in the past in highperformance applications with success. It creates a cost effective alternative and the novelty of thework is to focus on environmental effectiveness.
Waste prevention, resource effectiveness (material, water and energy) are a now an importantaspect of design. “End-of-pipe” policies begin to be obsolete because it is more and more difficult tofind technical solutions and legislation is becoming more strict. The recycling of composites (ther-moset and GRTP) material is difficult to implement. There is a large variety of composition, the scrapultimately create a large amount of ash and recycled materials are not as good as the virgin mate-rial resulting in low quality composites, i.e. phone kiosks with ground composite as reinforcement.Therefore what can be done with this new low performance material? Life extension and reuse leadto less negative impact on the environment. These techniques must be accompanied by a high level ofinnovation, reliability and dismantling possibility to avoid obsolescence. This is important in order todevelop a strong understanding of through life issues and the relation with risk, reliability and main-tenance. The integration of the customer in that process is also a key aspect which has to be studied.
The literature review highlighted a lack of knowledge in the quantification of the environmental
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impact assessment of marine structures and the implementation of more environmentally conscioussolution improving through life in boat building and marine artefacts. The areas of knowledge whereweaknesses encourage further research are:
1. GRTP manufacturing processes for short production of large components such as boats are notwidely investigated. It is largely empirical and results are rarely the main subject of scientificliterature. The state of the art of large structures in GRTP is presented in the section 3.2.2.
2. The modelling of large structure in composites are not widely studied except for direct contextof mechanical modelling and production.
3. The lack of environmental concern in boats. The state of the art of the life cycle of compositesis presented in the section 3.3.
4. The disposal of marine structures particularly in composites. The state of the art of the disposalis presented in the section 3.2.4.
A key source of literature in LCA is the International Journal of Life Cycle Assessment and is aninfluential journal for LCA practitioners. The journal covers complete or partial use of LCA and coversa variety of subject related to LCA. Articles can present LCA case studies, improvement of methods,extension of knowledge for numerous damage in various geographical area and update of the mod-elling of the relationship of pollutant emissions and damage to the environment. Numerous sectorsof industry are dealt with: waste and waste treatment, automotive industry, aluminium, chemicals,agriculture, food and fisheries. A review of the 368 papers available to download, published fromJanuary 2005 to July 2008 demonstrated the lack of publications on structures, boats and marineartefacts with only one paper on material selection in the automotive industry [92]. This evidenceindicates that very little has been published in the area of LCA applied to structural materials and/orto the marine industry pointing to the need and relevance of research in this field.
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Chapter 4

Life cycle assessment of marine structures:
methodology

The main objective for the research is to define an LCA framework which can be use for materialselection for structural application. Chapter 3 highlighted the need for further research in:
• The development of LCA for material selection based on structural artefacts.
• The application of LCA based on the embodied energy of four materials, i.e. how the LCAbehaves when applied to a selection of materials whose implementation in marine structure isof a different level of confidence.
• Influence of the material on life cycle energy consumption.
• Enhancement of the interpretation i.e. how to make use of the LCA results.

The ISO 14040 [5] defines LCA as a technique for assessing the environmental aspect and potentialimpact of a product by compiling an inventory of the relevant input and output of a system, evaluatingthe impact and interpreting the results. Figure 3.3 summarises what the LCA ISO standard requiresthe user to do:
• The study goal and scope definition
• The life cycle inventory of the relevant physical flow i.e. the flows which could lead to anenvironmental impact
• The evaluation of the environmental impact deriving from the physical flow collated in the lifecycle inventory
• The interpretation the result

The present chapter aims at defining the each of these steps in the context of the present researchwhere a new LCA framework is defined to better incorporate structural design and material selection.
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4.1 Studied framework

Figure 4.1: Methodology
Figure 4.1 shows the chosen approach for conducting the LCA in the present research. It isan adaptation of the general framework of the ISO 14040 LCA (figure 3.3). This new frameworkemphasises material selection in the context of marine structures. In the general framework the goaland scope, data inventory, impact assessment and critical review are conducted recursively. The maindifferences between the original and the new framework are:
• The goal and scope definition respects the LCA standard. In the present study, it focusesmore on the framework itself than the impact results for the candidate material because theframework aimed at being reused.
• The design of the three marine structures, i.e. a grillage, boat components and a boat synthesis,is added to the general framework. In the modified framework, including structural designemphasises the fact that design objectives derives directly from the critical analysis of the
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result.
• The data inventory is changed in the modified framework. It includes three steps, the collationof energy information for a large number of possible processes from different sources (box 4b).In the general framework the processes are selected before conducted the LCA. A life cyclescenario is chosen for each structural artefact on the basis of the critical review (box 5) of thedetailed impact information collection (box 4a) for the four studied materials. The final impact,i.e. energy used over the life of each of the three structures, is calculated with compoundedenergy for the chosen life scenarios of each material (Box 3). Conversely to the present research,LCA is conducted on a system for which every aspect e.g. geometry, manufacturing methodsare known.
• In the present research impact assessment is simplified because energy is used as the impactranking criteria. No normalisation is required.
• The critical review of the impact results influences not only the regular steps of the general LCAframework but it also influences the design objective and complexity, of the modified framework.

4.2 Problem statement

A complete environmental impact analysis would be extremely time consuming and it would requirea fully documented product (design and life cycle specifications), but it would be very precise. Theuse of LCA as described in the ISO and supported by a large practitioner community allows thelife cycle impact analysis to be more flexible, less time consuming and more credible. The proposedframework overcomes these limitations and it makes environmental impact available at an early stagefor material selection and it can be reused for other applications.
4.2.1 Early impact result availability

The availability of an early impact result at an early stage of design, with little or no informationon the final product, is a drawback of the LCA methodology. This is especially true when littleinformation is available due to the lack of design information and published LCA in a given context,e.g. GRTP in marine structures. In the case of material selection in a design process it is essentialto have some information to start the selection process.
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The modified framework integrates three design specimens requiring few design specifications. Itallows the use of the modified framework at an early stage of the design because it minimises timeand effort for the impact assessment. The present research uses this modified framework and studiesthe following:
Design development requirement for easy interpretation of the result (Box 2): Design withseveral levels of complexity are studied in chapters 5, 6 and 7. They cover a range of complexitiesfrom simple structures such as a grillage (representing a small portion of a marine structure topology)to more complex structures like a boat deck and hull and finally a boat synthesis. It also covers arange of constraints from fully fixed to fully free topologies. The topology is fixed for the grillage(chapter 5,) and for the boat components (chapter 6). The length, width and stiffener spacing of thegrillage are fixed. For the boat, the general dimensions i.e. length, breath, deadrise angle, draft andfreeboard and detailed geometry i.e. stiffener spacing are fixed. No dimensions is fixed in the boatsynthesis (Chapter 7), they derives from the design model.
Impact assessment strategy (Box 3 and 4): Energy is the impact ranking criteria. Energyconsumption for engineering processes such as welding are readily available and the results usingenergy as the input are relatively easy to interpret. Its limitations are presented in section 3.3 andstudied along with the three design scenarios.

4.2.2 Reusability

The reusability of LCA studies is a known drawback of the technique as each LCA is very casespecific. For each new product a new LCA needs to be conducted on a different basis with the littleconnection with other studies. The outcome of the present research is not a specific product but aframework for a specific type of problem i.e. to select a material for a marine structure. Thereforeeach new application should derive from the method presented in the present research and not beconducted on a different basis as it is often the case with LCA.
Integrating specimen design and life scenario selection data within the framework allows it tobe easily reusable as a design tool for material selection for marine structure design. It includesthe basis for the design and the life scenario selection. The critical review process for the energyvalue allocation is also a reusable feature of the modified framework. The validity and reusability ofthe impact assessment result and its critical analysis for material selection will be one output of the
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present research.
The present research targeted audience is worldwide, however the research is conducted with theUK boat/marine industry in mind. The study is relevant to the customer, manufacturer and societyand aims to develop a more sustainable material selection approach.

4.3 Outline of the method

The research follows the following sequence based on figure 4.1:
4.3.1 Box 1: Goal and scope

The goal of the study is to define a LCA framework for material selection. The present researchaims at demonstrating how this framework can be used for material selection. This methodologyincorporates the design of structures. As stated before, the framework must be defined so that it canbe used at an early stage of the conceptual design of structure and it can be applied to any kind ofstructures. The chosen application are marine structures for which results are presented. Indeed, itis considered that marine structures have been developed so far with little insight on their potentialenvironmental impact. Their design has excluded ,most of the time, resource management and endof life issues. The increasing use of composite materials due to their high strength-to-weight andstiffness-to-weight characteristics, their low maintenance advantages and aesthetics, have led to acomplacent attitude towards disposal at end-of-life. It is difficult to assess whether in service life orend of life has the most adverse effect, particularly when fuel consumption is included in in-servicelife. However it is certain that boat users have a direct economical benefit from the lower fuel con-sumption of a GRTS boat compared to a heavier metallic alternative and it has played a great role inthe success of GRTS in boat building. The goal of the study is to understand the potential impact ofboat structures when materials are best implemented with regards to life cycle environmental impact.
The scope of the LCA is as follow:

Function of the system: The system is required to keep its structural and physical integrity underload in marine conditions. The definition of the structure requirement is different for each artefact.
Functional unit: The functional unit is a measure of the performance of the product. The impactfigures derive from the physical input and output to the functional unit. One functional unit is
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defined for each structural artefact for the comparison of the materials.
• The grillage study functional unit is the grillage itself hence during the information collectionand analysis the impact figures are given in energy unit per grillage.
• The boats study functional unit is the boat. The impact results are given for a year of boat use.
• The boat synthesis functional is the boat. This boat is designed in such a manner that the fuelconsumption is ignored in the result.

Product system: The current research studies the following structures: a grillage (chapter 5) , a boat(chapters 6 and boat synthesis7)
System boundary: The system relates to the material and energy flows associated with the directcontributions. Direct contributions are strictly the physical flows in or out a studied process. Inthe case of energy, it is the energy needed for a process. This energy can be converted from akilogramme of coal to MJ but it would ignore the transport of this coal to the process as it not strictlyin the process studied. The impact inventory includes the energy input and output for the processesassociated with:
• Primary resources extraction and refining
• Raw material manufacture
• Structure manufacture
• Structure use
• Structure repair and maintenance
• Structure dismantling
• Structure disposal
The study excludes equipment manufacture and off-site indirect contribution to global environ-mental impact. For reasons of simplification, the study is limited to four materials suitable for use inship building: steel, aluminium, GRTS and GRTP. The detailed energy information for each materialis in Appendix A.

Type of impact assessment: The present research focuses on energy as an environmental impactranking criteria. Energy information for each material is widely available in scientific and technicalliterature. Gaps can be easily filled with the use of operational data, physical modelling or data
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interpolation. The energy availability and easy assessment helps to fulfil the objectives presentedin 4.1 bullet 1 to minimise time and effort for conducting the LCA.
Data requirement and quality: The data comes from external sources mainly as scientific literatureand supplier documentation. The data is the material and energy flows required through the life ofthe artefact in order to calculate the embodied energy.
Assumption and limitations: Geometry assumptions needs to taken in order to design each structuralartefact. The results are only valid for the geometry presented. Energy is assumed to be representa-tive of the environmental impact intensity. The pollutant emissions are not studied. The present LCAaims at the understanding material / design interaction and compares different candidate materials.The study does not aim at having a very complete emission list since it would be difficult to integratein the design.
Type of report: The report is part of an academic research which focuses on the quality of the inter-pretation rather than its adaptation to a specific application or on the application of environmentalimpact model.
4.3.2 Box 2: Design algorithms

A structural design study is conducted for each design, with the assumptions on geometry and sim-plification presented in the relevant chapters. For the boat structures, the design includes engineselection to meet the installed power requirements. The power derives from the resistance whichis influenced by material and topology selection. The output of the design study is to assess thesuitable parameters for the conduction of the impact assessment studied, e.g. weight, length of join,surface to be painted, mould manufacture, powering etc.
The present study includes the following three designs in order of increasing complexity:

1. A grillage with a fixed length, width and stiffener spacing (chapter 5). The first principles areused to determinate the plating thickness, height, width and thickness of the stiffener for agiven load. Weight, surface and length of joint are derived from these dimensions.
2. A boat hull and deck with a fixed topology (chapter 6). In comparison with the grillage thisartefact is a more realistic structural model. However, in the present case, design constraintsare high and simplifications are used to decrease the design effort. Lloyd’s Register rules andregulations are the basis for the structural design presented in this research. The embodiedenergy for the material use and the in service fuel consumption are used to measure the
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performance of each boats as it is defined by the functional unit. Powering is included in thestudy in order to get in service life cycle impact due to fuel consumption. It overcomes thegrillage limitation for which little in service life is studied.
3. A boat synthesis is the most complex structure studied in the modified LCA framework (chapter7). This structure is very close to an existing structure. The boat synthesis design is constrainedfor in service environmental performance. It aims to overcome the lack of interpretation onthe boat hull and deck study, reasons explained in section 6.5. The dimensions are free.The in-service fuel consumption, payload, service restriction and speed are fixed. A geneticalgorithm optimisation approach is adopted for obtaining the main dimensions of the boat andthe structural scantling.

4.3.3 Box 3: Life scenario

The life scenario reflects the best possible life cycle practices for each material almost independentlyfrom their implementation in the three design artefacts. The life stages are material manufacturing,boat manufacturing, in service and end of life. The life scenario is defined from the critical review ofthe detailed life cycle information collection (box 4a). The associated database is in Appendix A. Forthis detailed information collection, the intermediate stages defined in ’system boundaries’ (section4.2.1) such as primary resources extraction and primary resources refining, are included in the LCA.Once the life cycle scenario is defined, it is used in box 4b where the suitable environmental impactfigures are allocated.
4.3.4 Box 4: Impact information collection

The information collection has two objectives:
The development of life cycle efficient life scenario (box 4a) This requires detailed qualitative andquantitative data on the processes involved in the life of the studied artefacts. The selection isconducted from a UK boat/marine industry perspective. The alternative processes are selectedfor their low in energy consumption, e.g. UK steel, Twintex, CO2 welding, most efficientlyproduced aluminium, composite incineration, etc.
The impact calculation (box 4b) The energy result is the specific energy consumption of the processchosen to be part of the life cycle defined above. The processes and the associated energy werecarefully selected and critically analysed to assess the quality of the data collected in each of
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the presented publications. The quality of the data is therefore close across all the candidatematerials and processes. It is assumed to be better than the average of data of different qualityrequirement. It is therefore more realistic than an average of the information collected.
The energy information used in the present research is collected from several sources which helpsto validate the result namely published and peer reviewed scientific papers, environmental reportsincluding LCA published by the government, associations of manufacturers or other agencies. Datafrom theoretical books that present theoretical energy consumptions and material databases has alsohelped in filling data gaps. The information derived from the above sources is mostly presented forlarge scale, i.e. per country or continent. The method of acquisition and interpretation varies fromsource to source. The main differences are whether the energy calculation includes indirect contri-bution from manufacturing processes and if it was conducted using physical or economical models.One of the major outcomes of this research is a database of energy data associated with the fourcandidate materials and the process involved with their manufacture, use and disposal. This datawas collected and is presented in tabular form in Appendix A. This database forms the core of dataused in the impact assessment in the present research and could be further added to if additionalmaterial and processes are developed
On the grillage manufacture, there are a large number of processes that have been investigated.These are, for example, oxygen cutting, plasma welding, bonding, sawing, CO2 welding, resin in-fusion, GRTP welding, etc. There are two aspects in these selection processes: the applicabilityand the energy consumption. The information is collected wherever possible from practice manualse.g. the book The Modern Welding Technology[93] which collects working parameters (power inputand process speed). These parameters are later converted into primary energy when required. Inthe case of an electrical device, every electrical joule is converted to three joules of primary energywhich is assumed as the conversion rate of electricity plants. The internal conversion of equipmentis however difficult to assess and has been estimated. When manuals are not available, commercialmanuals are used in the same way. These can be accessed through corporate websites or directlyfrom the companies. Finally some information has been estimated from production parameters usedon site given by a member of the consortium supporting the research at an earlier stage.
The major problem of impact assessment and data acquisition is the data inventory. This limita-tion comes from the boundaries of the system defined at the earliest stage of the life cycle assessment.The effort required for an LCA study may be relatively high, but suitable boundaries aim to create a
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suitable system for the study and helps to limit the amount of detail to be included in the study andhence affects its cost. Indeed a direct calculation method may be very time consuming as it is derivedfrom the physical or chemical laws on which industrial processes depend. Indirect contributions arenot taken into account in this research. These indirect contributions, sometimes called higher ordercontributions [94] are related to processes that are not directly part of the system e.g. transport ofsub-products, lighting of the shipyard, etc. These are maybe the most obvious but very often not theeasiest to collect. Although their individual contributions to the final results are low, the sum of allthese contributions may be non negligible. It is assumed that these contribustion are equal for eachmaterial as each shipyard needs heating, lighting, etc.
4.3.5 Box 5 : Critical review

The critical review makes the study more flexible and credible by making each box of the modifiedframework interact with each other. The critical review aims to assess the limitation of the impactresult and the material selection. The process is entirely recursive and tends to the best design withthe best life scenario and impact calculation for the best final result. The main difference of thepresent research with a regular LCA is that the critical review influences the complexity gradationfrom artefact to artefact.
4.4 Summary and discussion

The current chapter presents the problem statement and adopted methodology for the present re-search. This research is based on a modified LCA framework specifically adapted to the materialselection stage of a more global design of a complete marine structure. This represents a newapproach and no previous publication has been found in this area e.g. the development of LCAframeworks incorporating the structural design for material assessment. It addresses specifically thequestion of LCA methodology reusability. The problem investigated within this research is the in-tegration in a time effective manner LCA, design development and life scenario analysis in order toselect a material in a marine structure design context. A detailed energy information database hasbeen collated in Appendix A and is used for both life scenario analysis and impact modelling.
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Chapter 5

Modified LCA framework: Structural
grillage

Chapter 4 presented a modified approach of the general LCA framework where the design of threestructural specimens, in the order of increasing complexity, are studied. This new LCA methodologyaims at measuring the environmental impact of four candidate materials with a view to material se-lection. The present chapter focuses on the grillage, the least complex structural artefact proposed tobe studied in the modified LCA framework. The work sequence follows the flow as shown in figure 4.1.
5.1 Goal and scope

A grillage is a structural element made of a combination of stiffening beams intersecting orthogonallyand attached to a plate. Figure 5.1 shows the general configuration of the flat grillage studied here.Figures 5.2 (a) and (b) show grillages implemented in typical marine structures. A grillage studyis relevant because it is a key element in almost all thin plated structures used in aircrafts, ships,boats, offshore structures, steel bridges, etc.

(a) Example of grillage topology for compositesshowing a typical top hat stiffener geometry (b) Example of grillage grillage topology for metalshowing a typical extruded/rolled T profiles
Figure 5.1: Example of grillage in a boat

The present research focuses on four materials: steel, aluminium, GRTS and GRTP. The topologyof composite material grillages differs from metallic grillages. Figure 5.1 (a) shows a typical top hat
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(a) Aluminium boat (b) Grillage of rectangular and T beam
Figure 5.2: Grillage structure of the boat

configuration which uses beams laminated over the plating. Figure 5.1 (b) shows a typical metalconfiguration which uses rolled or extruded beams. The flexibility of extrusion and / or rolling ofmetal can result in a large number of metallic profiles and shapes commercially available. Bulbs andLs are some other example of shapes that can be considered for grillage stiffeners but the presentresearch only considers T-sections.
Figure 5.3 and 5.4 show the main dimensions used in this chapter for the design algorithm (sec-tion 5.2). In this figure, f is the plating thickness and b is the thickness of the top of the T beam andthe top hat, e is the specific width of an individual stiffener base. The grillage dimension calculationmethod is derived from first principles and the Vedeler [95] resolution approach.

Figure 5.3: Panel dimension: in the present case there is one transverse and two longitudinalstiffeners. L/B = 2
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Figure 5.4: Studied section

Figure 5.5: Effective breath

5.2 Design algorithm

The comparison between the grillages for each material requires the selection of a modelling methodwhich ensures that each of these grillages responds in an equivalent manner to an externally appliedload. The response of the grillage to the load can be investigated numerically or analytically. Theanalytical approach of the Navier method used by Vedeler is chosen in the present chapter. It is theexact solution of a rectangular grillage of evenly spaced beams simply supported on each edges. Itis approximated as a mesh where only the properties of beam are used in the calculation.
The LCA framework presented in chapter 4 stated that the candidate materials must be comparedusing a grillage with the same geometry in order to be compared fairly. Therefore a common topologyis chosen to be 2m long and 1m wide, to have 1 stiffener in the length and 2 stiffeners in the widthand to have a spacing between stiffeners equal to B/r+1 for the longitudinal stiffener and L/s+1 forthe transverse stiffener.
It is necessary to introduce an effective width of the beam in place of the panel of plating. This ise on the nomenclature figure 5.4. As it is part of the panel of plating, the associated thickness to el(longitudinal stiffener) and et (transverse stiffener)is f i.e. the thickness of the plating. It is assumed
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that the spacing is equal to 20% of the spacing between stiffeners. Figure 5.5 illustrates the principle.
The aim of the design algorithm is to search for the lightest panel where the deflection underload is less than 1 % of the width of the grillage, i.e. 1 cm and when the maximum stress is less than60% of the yield stress of the material from which the grillage is constructed.
The lateral load is 150 kPa. This value is derived from the design load for RNLI life boats wherethe design load for a side panel is between 100 and 350 kPa depending on the position of the panelon the hull [96]. 150 kPa would be used in the design of a near aft grillage, and is used to providea realistically arrived external pressure.
The search domain can be described with 7 variables. A first analysis was run in order todefine one dimension range in which it is possible to find the best solution for the four candidatematerials. Dimensions in percent are given when particular constraints are sought after. For example,it ensures that the height of the transverse stiffener is always smaller than the longitudinal one. Foreach material the possible dimensions are:
• The thickness f is 5 or 6 mm
• The width of the top of both stiffeners al and at are equal to 10 - 40% of the effective breathof the beam el and et , in 10% intervals.
• The thickness bl and bt of the top of the stiffeners are equal to each other and range from 3 to8mm in 1mm intervals.
• The thickness cl and ct of the web of the stiffeners are equal to each other and range from 3to 8mm in 1mm intervals.
• The height of the longitudinal stiffener dl ranges from 4 to 24 cm in 1 cm intervals.
• The height of the transverse stiffener dt ranges from 50 to 90% of dl in 10% intervals.
Equation (5.1) to (5.20) define the governing equations for the determinations of deflections,bending moments and stresses in the grillage structure and is based on the method used by Vedeler[95] and modified for use in the metallic and composite topologies presented here.
The calculation of the lateral deflection of the panel at the point of coordinates x, y (see figure5.3)is in the form of:
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ω = ∞∑
m=1

∞∑
n=1 amn sin mπxl sin nπyb (5.1)

With equation 5.1, the deflection of the qth longitudinal stiffener at x = ql
r+1 ( Eq. 5.2) and thedeflection of the pth transverse stiffener at y = pl

s+1 ( Eq. 5.3) can be calculated as:
ωx=xq = ∞∑

n=1 bqn sin nπyb with bqn = ∞∑
m=1amn sin mπqr + 1 (5.2)

ωy=yp = ∞∑
m=1 cpm sin nπxl with bqn = ∞∑

n=1 amn sin nπp
s+ 1 (5.3)

The strain energy for all girders is then:
V = ∫ l

0
E.Ir2

(
∂2ω
∂x2

)2
y=yp dx + ∫ b

0
E.Is2

(
∂2ω
∂y2

)2
x=xq dy (5.4)

The geometric properties and structural properties of the profiles can be described as below withthe dimensions used in figure 5.4. The main information required are the second moment of area andthe position of the centroidal axis. As there are two types of profiles the properties for T beam andtop hat are different.
For metal, e.g. steel, aluminium:

Yc = abb2 + cd(b+ b2 ) + ef (b+ d+ f2 )
ab+ cd+ ef (5.5)

I = ab312 + ab(Yc − b2 )2 + cd312 + cd(d+ d2 − Yc)2 + ef312 + ef (b+ d+ f2 − Yc)2 (5.6)
For composites:

Yc = abb2 + 2[cd(b+ b2 )] + ef (b+ d+ f2 )
ab+ cd+ ef (5.7)

I = ab312 + ab(Yc − b2 )2 + 2[cd312 + cd(d+ d2 − Yc)2] + ef312 + ef (b+ d+ f2 − Yc)2 (5.8)
Then replacement, derivation and integration to obtain the strain energy:
V = ∫ l

0
E.Ir2

(
∂2
∂x2

∞∑
m=1 cpm sin nπxl

)2
y=yp

dx + ∫ b

0
E.Is2

(
∂2
∂y2

∞∑
n=1 bqn sin mπyb

)2
x=xq

dy (5.9)
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V = π4E.Ir2l4
∫ l

0
( ∞∑
m=1 cpmn

2 sin nπxl
)2
y=yp

dx + π4E.Is2b4
∫ b

0
( ∞∑
n=1 bqnm

2 sin mπyb
)2
x=xq

dy (5.10)
The principle of Navier’s method is to take advantage of the orthogonal functions which have thefollowing properties [95] ∫ l0 sin mπx

l sin nπx
l dx is 0 when m 6= n and l2 when m = n. Then only the

bmn and cmn are kept:
Vone = π4E.Ir2l3 ∞∑

m=1n
4b2

pn + π4E.Is2b3
∞∑
n=1m

4c2
qn (5.11)

If the same principle is applied to all stiffeners then:
Vall = π4E.Ir2l3 r∑

p=1
∞∑
m=1n

4b2
pn + π4E.Is2b3

s∑
q=1

∞∑
n=1m

4c2
qn (5.12)

The work of an uniform pressure p can be expressed as:
W = ∫ l

0
∫ b

0 p
∞∑
m=1

∞∑
n=1 amn sin mπxl sin nπyb dxdy (5.13)

Minimising the potential energy (∂V/∂amn)and equating it to the work:
∂V
∂amn

∂amn = ∂amn
∫ l

0
∫ b

0 p
∞∑
m=1

∞∑
n=1 sin mπxl sin nπyb dxdy (5.14)

π4EIs2b3
s∑

q=1 bqm sin mπqs+ 1 + π4EIr2l3 r∑
p=1 cpm sin nπp

r + 1 = 4Plb
π2mn with m and n odds (5.15)

Then solving and rearranging, amn:
amn = 16pl4b/EIr

π6mn[m4(r + 1) + Is
Ir
l3
b3n4(s+ 1)] (5.16)

With Is and Ir , the moment of inertia of the longitudinal and the transverse stiffener respectively.These parameters can be calculated with equations (5.5)(5.7) which give the centroid of the area andequation (5.6)(5.8). The dimensions given in figure 5.4.
The deflection of grillage is then equal to:

ω = ∞∑
m=1

∞∑
n=1

16pl4b/EIr
π6mn[m4(r + 1) + Is

Ir
l3
b3n4(s+ 1)] sin mπxl sinnπpb (5.17)
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From the moment calculation it is then possible to get moment values for the pth longitudinalstiffener:
M = −EIr ∂2ω

∂x2 = ∞∑
m=0

∞∑
n=0

16pl2b
π4 n

m [m4(r + 1) + Is
Ir
l3
b3n4(s+ 1)] sin mπxl sin nπpr + 1 (5.18)

For the qth transversal stiffener:
M = −EIs∂2ω

∂y2 = ∞∑
m=0

∞∑
n=0

16plb2
π4m

n [n4(s+ 1) + Ir
Is
b3
l3 m4(r + 1)] sin mπqs+ 1sinnπyb (5.19)

The calculation of the deflection and moment depends on a large number of geometric properties.The solution can be obtained through trial and error. This is very time consuming and authors haveused genetic algorithms[89] in order to get an optimum design for weight. The present study aims tocompare materials in a structural application and design under the same mathematical model. For allthese reasons, geometry simplifications have been chosen in order to reduce calculation time. It hasto be noted that the current method applies only to the bending of beams and not to the panel directly.
The maximum stress on the longitudinal stiffener, using the beam bending equation the stresscan be obtained:

σmax = Mmaxy
I (5.20)

Where y is the distance from the neutral axis to the point where the maximum stress occurs I isthe second moment of area, and Mmax the maximum bending moment obtain from equation(5.18)(5.19).
The equations for the grillage analysis and the seven geometric variables defined earlier wereused in an exhaustive search to provide the deflection, maximum stress and a weight calculation,based on calculated volume and the density of the material as presented in Table 5.1. The materialproperties for steel and aluminium are from LR-SSC rules. The GRTS is an epoxy / E-glass (wovenfabric) composite chosen from the CES material selector database [97]. It is a prepreg with a weightfibre fraction of 50% and suitable for vacuum bagging. Using this method, these GRTS mechanicalproperties are high. LR-SSC[98] rules would estimate the ultimate tensile strength at 125 MPa (200

Gc + 25 Mpa with Gc the fibre content in weight) and tensile modulus of 9.5 GPa (15 Gc + 2 GPa).The values used for the research are optimistic. The GRTP is made of Twintex [99]. Twintex is com-mingled yarn of PP and E-glass fibre with a 60% weight fibre. This material is suitable for vacuumbagging. In Chapter 6 and 7, the material properties are calculated using LR-SSC as requires by
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the rules. It is assumed that both composite are anisotropic in the model.
Table 5.1 also summarises the material mechanical properties, the geometric parameters, the de-flection and stress under load and the weight of the lightest grillage for each material, respecting thelimits on stress and deflection presented earlier. The topology of the grillage with one larger beamin the x direction was chosen so that the maximum deflection and stress happens in the middle of thelongitudinal stiffener in the centre of the grillage. The deflection derives from equation 5.17 in whichthe second moment of area for metal alternatives i.e. T-section derives from equation 5.5 and 5.6 andthe second moment of area of the composites alternatives i.e. top hat derives from equation 5.7 and5.8. The maximum stress is used for the calculation with equation 5.20. The moment is calculatedin the middle of the longitudinal stiffener using equation 5.18 and the same equation for the secondmoment of area than for the calculation of the deflection. y is obtained by subtracting the height ofthe centre of mass to the overall height of the stiffener ( al + bl + f). All possible combinations ofvariables were tested and the lightest grillage for each material is presented graphically in figure5.6 and in detail in table 5.1. Table 5.1 shows that the grillage deflection is the most significantcontraint for the present design objective to lower the weight. For the four materials any furtherweight decrease from the presented solution would lead to an unacceptable deflection while thestress would remain far from the maximum allowed limit.

Table 5.1: Calculation resultParameter Steel Alu GRTS[97] GRTP[100]E (GPa) 200 69 26.4 13.4
σmax (MPa) 235 240 375 276Density (kg/m2) 7800 2700 2000 1485f (mm) 5 5 5 5al (mm) 10 10 10 10bl (mm) 4 3 3 3cl (mm) 3 3 3 3dl (mm) 80 120 140 170el (mm) 100 100 100 100at (mm) 13 13 13 13bt (mm) 4 3 3 3ct (mm) 3 3 3 3dt (mm) 40 60 70 85et (mm) 133 133 133 133Deflection (mm) 9.4 9.5 8.7 9.8Stress (MPa) 11 3 6 5Weight (kg) 86 31 23 18
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Figure 5.6: Weight of the structure
The influence of the number of stiffeners on the weight was investigated and the results for alu-minium are presented in figure 5.7. The calculation is conducted under the same conditions presentedpreviously, only the number of stiffener changes. By increasing the number of stiffeners, the stiffenerspacing was reduced therefore for a given load the moment of inertia for each stiffener can be reducedto get the same panel stiffness. The increase in weight due to an increased number of stiffeners istherefore compensated by reduced geometry of each stiffener. The results therefore shows that byincreasing the number of stiffeners does not dramatically influence weight (3% in standard deviation).

Figure 5.7: Influence of the number of stiffener on the weight of the grillage
The influence of the effective breath on the weight of the grillage is presented in figure 5.8 anddemonstrates that the weight of the panel is not affected much by this parameter. The greatest weightis only 4% heavier than the lightest. It is noticed that the greater the effective breath, the greater theweight, and the contrary would have been expected because the second moment of area increaseswith e. The stress on the top of the stiffener must increase with the centre of gravity moving (see
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equation 5.20) closer to the panel plate when e increases.

Figure 5.8: Influence of effective breath on the weight of the grillage
Figure 5.9 shows the relationship between the applied load and the weight of the grillage. Ide-ally as the load tends to zero the weight would also tends to zero. However due to the dimensionalconstraints, the design space is constrained providing a limited minimum weight. This minimumweight is not far away from the weight of the panel design for 150 kPa. The lighter case with noload is the lightest case of the search domain as expected. The little change in weight shows thatthe minimum dimensions of the search domain are sufficient to result in a structure which can resistsome load. Table 5.1 shows that the thickness of plate, webs and top of the beam and the ratio ofthe longitudinal beam to the transverse beam height are the smallest possible values of the searchdomain. These values can probably be made thinner but it may appear unrealistic to decrease themas they would be unrepresentative of a real marine structure.

Figure 5.9: Influence of the lateral load on the weight of the grillage
This section has presented the structural design algorithm for a representative part of a marine
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structure, i.e. a grillage. The results of the exhaustive search of the domain show that realistic resultsare obtained from the algorithm and the topologies differ significantly from material to material. Thenext phase is to examine the grillage design with a life scenario incorporating impact assessment.The combination of traditional engineering functions of stiffness, strength and weight will be sup-plemented with an assessment of environmental impact providing a societal contribution to decisionmaking in material selection.
5.3 Life scenario and impact assessment inventory

This section details the collation of life scenario data for the manufacture of each grillage structureoutput from the design stage in order to create an impact value for each. The information used toprovide this environmental assessment has been collected from a wide range of sources as discussedin chapter 4. The database can be found in Appendix A.
Each of the materials are dealt with individually, outlining the relevant data from the databaseto complete the impact assessment.

5.3.1 Steel

Table 5.2 and 5.3 show respectively the the energy consumption of the primary steel and recycledsteel grillage over their complete lives. For each grillage, the result of the LCA is presented in a tablewhere the first column presents the most effective processes from a selection of processes (presentedin appendix A) for the life described in section 4.3, i.e. system boundaries. The second column is thespecific energy consumption (SEC) of the processes. The values used can be referred to in appendixA and the condition of use of these SEC figures is described in the comments associated with eachtable in part D of appendix A. The third column is the variable associated with the grillage andconverts the specific energy consumption into an energy per functional unit and as discussed earlierthe functional unit for this analysis is a single grillage assembly. The variable can be weight, lengthof the beams, surface area, etc. The energy per functional unit is equal to the variable parametertimes the SEC. This same logic is applied to the other three candidate materials.
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Table 5.2: Life cycle scenario and impact calculation of the steel grillageProcess name SEC Variable Energyimpact Comment
Material acquisitionUk primary steel 22 MJ/kg 86 kg 1900 MJ

Grillage manufacturingOxycutting 0.25MJ/m 1m x 5mm 0.25 MJ Cut in the middle of the panel of plating
CO2 welding 1.9 MJ/m 1m x 5mm 1.9 MJ Weld in the middle of the panel of plating0.7 MJ/m 7m x 3mm 4.9 MJ Stiffener weld

In service10% of material re-newval 22 MJ/kg 8.6 kg 190 MJ The material is assumed to be recycled
Paint underwater 38 MJ/m2 1 m2 38 MJ Half of one side of the panel is supposedto be above the waterPaint above water 25 MJ/m2 1 m2 25 MJ Half of one site of the panel is supposedto be below the waterPaint subject towear 5 MJ/m2 2 m2 10 MJ one full side of the panel is supposed tobe subject to wear

End of lifeOxycutting 0.25MJ/m 8 m 2 MJ
2100 MJ Virgin material

Table 5.3: Life cycle scenario and impact calculation of the recycled steel grillageProcess name SEC Variable Energyimpact Comment
Material acquisitionUk primary steel 8.6 MJ/kg 86 kg 740 MJ

Grillage manufacturingOxycutting 0.25MJ/m 1m x 5mm 0.25 MJ Cut in the middle of the panel of plating
CO2 welding 1.9 MJ/m 1m x 5mm 1.9 MJ Weld in the middle of the panel of plating0.7 MJ/m 7m x 3mm 4.9 MJ Stiffener weld

In service10% of material re-newval 8.6 MJ/kg 8.6 kg 74 MJ The material is assumed to be recycled
Paint underwater 38 MJ/m2 1 m2 38 MJ Half of one side of the panel is supposedto be above the waterPaint above water 25 MJ/m2 1 m2 25 MJ Half of one site of the panel is supposedto be below the waterPaint subject towear 5 MJ/m2 2 m2 10 MJ one full side of the panel is supposed tobe subject to wear

End of lifeOxycutting 0.25MJ/m 8 m 2 MJ
960 MJ Recycled grillage
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In the steel grillage life, the largest energy consuming processes are the manufacture of theprimary steel, recycling at the manufacture stage and in service damaged area renewal. The nextmost energy consuming process is painting. The paint thickness is about half a millimetre, i.e. 10%of the grillage plating thickness. Even if in terms of weight it is much lower than 10% of the grillage,the high energy consumption of the paint main component, the epoxy resin (see table A.6) makesthe energy consumption contribution of paint higher than the grillage manufacture stage. Energyconsumption associated with grillage manufacture is low thanks to a very low steel oxy cutting SEC.In the model used in the current research, the grillage requires to be cut and welded. A one metrecut is made in the middle of the 5 mm thick panel of plating. The amount of welding energy dependson the length of the beam to be welded and the length of plating to be welded and their respectivethickness. In the current case one metre of the 5 mm thick panel of plating (f in the table 5.1) and7m of the 3mm thick beam (cl and ct in the table 5.1) need to be welded.
In comparison with all the other processes, material manufacture is by far the most significantprocess for the calculation of the energy and energy must be allocated coherently so as to aim forcredible results. By default the material used for the manufacture of the grillage is manufacturedfrom primary resources which consume a lot of energy. However if the grillage is recycled at life endan offset of 13 MJ per kilogramme of steel recycled is subtracted from the overall energy consumedover the life of the grillage. If the steel is fully recycled, it leads to energy per grillage of 800 MJinstead of 1900 MJ when the steel is not recycled. This demonstrates that if the correct means ofdismantling and recycling of the steel are in place, the embodied energy of the manufacture of theoriginal grillage can be offset by using recycled steel.

5.3.2 Aluminium

Table 5.4 and 5.5 show respectively the energy consumption of a primary aluminium and recycledaluminium grillage over their lives. The topology of the table follows the same principle as table 5.2for steel. The calculation of energy follows the same methodology. The data used in table 5.4 isobtained from Appendix A.
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Table 5.4: Life cycle scenario and impact calculation of the aluminium grillageProcess name SEC Variable Energyimpact Comment
Material acquisitionUK primary alu-minium 220MJ/kg 31 kg 6800 MJ

Grillage manufacturingWaterjet 27 kJ/m 1 m 0.027 MJ Cut in the middle of the panel of platingFriction stir welding 0.15MJ/m 8 m 1.2 MJ Weld in the middle of the panel and stiff-eners
In service10% of material re-newal 220MJ/kg 3.1 kg 680 MJ

Paint underwater 28 MJ/m2 1 m2 28 MJ Half of one side of the panel is supposedto be above the waterPaint above water 15 MJ/m2 1 m2 15 MJ Half of one side of the panel is supposedto be below the waterPaint subject towear 10 MJ/m2 2 m2 20 MJ one full side of the panel is supposed tobe subject to wear
End of lifePlasma cutting 0.42MJ/m 1m x 5mm 0.42 MJ

0.42MJ/m 7m x 3mm 1.5 MJ
6900 MJ Virgin material

Table 5.5: Life cycle scenario and impact calculation of the recycled aluminium grillageProcess name SEC Variable Energyimpact Comment
Material acquisitionUK primary alu-minium 20 MJ/kg 31 kg 620 MJ

Grillage manufacturingWaterjet 27 kJ/m 1 m 0.027 MJ Cut in the middle of the panel of platingFriction stir welding 0.15MJ/m 8 m 1.2 MJ Weld in the middle of the panel and stiff-eners
In service10% of material re-newal 20 MJ/kg 3.1 kg 62 MJ

Paint underwater 28 MJ/m2 1 m2 28 MJ Half of one side of the panel is supposedto be above the waterPaint above water 15 MJ/m2 1 m2 15 MJ Half of one side of the panel is supposedto be below the waterPaint subject towear 10 MJ/m2 2 m2 20 MJ one full side of the panel is supposed tobe subject to wear
End of lifePlasma cutting 0.42MJ/m 1m x 5mm 0.42 MJ

0.42MJ/m 7m x 3mm 1.5 MJ
700 MJ Recycled grillage
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As with the steel grillage, the largest energy consuming process of aluminium is also the materialmanufacture and recycling followed by the in service painting and damaged area renewal. The endof life grillage dismantling is the third most energy consuming process due to the large energy con-sumption of the plasma cutting. Finally the grillage manufacturing processes have the lowest energyconsumption. In general it can be said that mechanically driven manufacturing processes use lessenergy consuming than electrically / thermally driven processes. This can be illustrated by waterjetand friction stir welding (FSW) that use little energy in comparison with plasma cutting for instance.
The method for the allocation of energy for the material manufacture follows the same principleas for steel. However the energy involved in the manufacture of aluminium is much larger thanfor production of steel and the energy requirement for the manufacture of aluminium from recycledmaterial is smaller than for the recycling of steel. Aluminium shows a very large range of possibleenergy consumptions for material acquisition and a very low energy requirement for the manufactureof the grillage. It is essential to collect and recycle aluminium to decrease the embodied energy inthe grillage. The sorting of aluminium per grade (in the present case marine grade), cleaning andpaint removal in order to limit the possible contamination needs to be conducted in order to achievean efficient recycling of this sensitive material. In comparison steel is less sensitive to contamination.

5.3.3 GRTS

Table 5.6 shows the energy consumption of the epoxy / glass grillage over its life. The topology ofthe table follows the same principle used for steel, depicted in table 5.2. The calculation of energyfollows the same methodology. The information collected in table 5.6 can be referred to in appendixA and the condition of use of these SEC figure is described in the comments associated with eachtable in the GRTS section part D of appendix A.
In the case of GRTS, the material acquisition and grillage manufacture requires a lot of materialfor the vacuum bag, the mould and the backing structure of the mould. As seen before in the case ofsteel and aluminium material production requires a lot of energy. The reuse of the mould, however,can decrease the relative energy impact for each grillage. In addition to material requirements theoven curing adds more energy to the final result. Despite its low density, the energy requirement forthe GRTS grillage is higher than either the steel grillage and the recycled aluminium grillage. Theonly way to decrease slightly the energy is to offset some energy by incinerating the composites at
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Table 5.6: Life cycle scenario and impact calculation of the GRTS grillageProcess name SEC Variable Energyimpact Comment
Material acquisitionGRTS raw materialmanufacture 70 MJ/kg 23 kg 1600 MJ

Grillage manufacturingMould 51 MJ/m2 2 m2 100 MJ Mould curing is assumed to be withoutany energy input. The mould is 5 mmthick and reuse 10 timesSteel backing struc-ture 10 MJ/m2 2 m2 20 MJ Assumed to be in recycled steel
Vacuum bag 7 MJ/m2 2 m2 14 MJ Not reusableCuring 430MJ/m2 2 m2 860 MJ

In service10% of material re-newal 70 MJ/kg 2.3 kg 160 MJ
Paint underwater 28 MJ/m2 1 m2 28 MJ Half of one side of the panel is supposedto be above the waterPaint above water 15 MJ/m2 1 m2 15 MJ Half of one site of the panel is supposedto be below the waterPaint subject towear 10 MJ/m2 2 m2 20 MJ one full side of the panel is supposed tobe subject to wear

End of lifeShredding 0.92MJ/kg 23 kg 21 MJ
Incineration - 30MJ/kg 11.5 MJ - 350 MJ Energy released per kg of resin inciner-atedIncinerated compos-ites 2500 MJ
non incineratedcomposites 2800 MJ

the end of their usable life. However this has the disadvantage of creating a large amount of ashdue to the glass content.
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5.3.4 GRTP

Table 5.7 show the energy consumption of the GRTP grillage over its life. The topology of the tablefollows the same principle used for steel and depicted in table 5.2. The calculation of energy followsthe same methodology. The information collected in table 5.6 can be referred to in appendix A andthe condition of use of these SEC figure is described in the comments associated with each table inthe GRTP section part D of appendix A.
Table 5.7: Life cycle scenario and impact calculation of the GRTP grillageProcess name SEC Variable Energyimpact Comment

Material acquisitionGRTP raw materialmanufacture 60 MJ/kg 18 kg 1100 MJ
Grillage manufacturingMould 51 MJ/m2 2 m2 100 MJ Mould curing is assumed to be withoutany energy input. The mould is 5 mmthick and reuse 10 timesSteel backing struc-ture 10 MJ/m2 2 m2 20 MJ Assumed to be in recycled steel

Vacuum bag 7 MJ/m2 2 m2 14 MJ Not reusableCuring 430MJ/m2 2 m2 860 MJ
Welding 0.125MJ/m2 14 m 1.8 MJ Top hats are welded on both side of theirbase.

In service10% of material re-newal 60 MJ/kg 1.8 kg 110 MJ
10% of material re-newal curing 430MJ/m2 0.2 m2 86 MJ
Paint underwater 28 MJ/m2 1 m2 28 MJ Half of one side of the panel is supposedto be above the waterPaint above water 15 MJ/m2 1 m2 15 MJ Half of one site of the panel is supposedto be below the waterPaint subject towear 10 MJ/m2 2 m2 20 MJ one full side of the panel is supposed tobe subject to wear

End of lifeShredding 0.92MJ/kg 18 kg 17 MJ
Incineration - 30MJ/kg 7.2 MJ - 220 MJ Energy released per kg of resin inciner-atedreprocessing 59 MJ/kg 18 kg 1100 MJIncinerated compos-ites 2100 MJ Once shredded GRTP can be landfilledor reprocessednon incineratedcomposites 2300 MJ
Reprocessed andincinerated compos-ites

3200 MJ Once reprocessed the raw material canbe sold and used as a raw material
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The material contribution to the energy result is very high for the same reason as for the GRTSgrillages. The energy consumption for the mould and the consumables is also high. However thelower density of GRTP in comparison with GRTS allows the impact result to be lower than GRTSbut higher than recycled aluminium and primary and recycled steel. The curing is surface dependenthence the energy is equal for GRTS and GRTP. The renewal of material requires curing hence addingup more energy for the in service life of the GRTP than for the GRTS. At life end the incinerationallows for a small decrease of the overall energy. The shredding of GRTP can create a new ready touse raw material but the GRTP fibre content used in demanding marine structure is high. It is mostlikely that the resulting shredding recyclate would require an addition of resin in order to ease themanufacturing of non structural applications in which the amount of resin is low. The curing and theaddition of the resin can increase the energy for recycling. As a case study, an end of life scenariowhere GRTP is recycled under the responsibility of the marine structure manufacturer in order tocreate a high value reprocessed GRTP recyclate is presented in table 5.7. In this scenario, the marineGRTP structure is shredded and reprocessed with addition of resin into a marketable product, e.g.a consolidated panel or pellet. The LCA resulting energy is very high, the second highest after thenon recycled aluminium structure, but the value of the new recyclate and the waste saving can beconsidered as not negligible for a material such as composites where end of life solutions are most ofthe time limited to incineration. It is observed that energy based LCA does not show any particularadvantage to this end of life scenario however good it might be in terms of waste management andrecyclate monetary value.
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5.4 Critical analysis

Figure 5.10: Panel Results
Figure 5.10 provides the results of the energy analysis of the 4 candidate materials. Primaryaluminium is the least energy effective material and recycled aluminium is the most effective. Twogroups can be isolated: the low energy use of recycled metal and the relatively constant but highenergy consumption of composites. Primary steel demonstrates a level of energy consumption closeto composites. The energy result for the grillage does not take into account any time scale. Itshows the large influence of the recycling of material to the end result especially on aluminium. Thereprocessing of GRTP in order to manufacture a secondary raw material such as pellets for injectionmoulding or a preconsolidated panel requires a lot of energy however it is assumed to be valuableon the market and reduces waste. The quantification of market value and waste management areoutside the scope of the study but if it were to be quantified and included these GRTP secondaryproducts may be very attractive.
Xu et al. [21] (paper reviewed in section 3.1.3) used LCA to measure the performance of PP com-posites materials. The authors reviewed several functional units: constant volume, constant mass, orthe material service density. For each candidate material at constant volume or when the materialservice density is calculated and used, composites performed better than plain polypropylene. Theyfocused on material service density (volume and weight of material required to fulfil a function) as afunctional unit. This is the approach taken in the present research but the result are not as conclu-sive. They demonstrated that for their candidate materials an increase in fibre content would lead to
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a decrease in material service density. This decrease led to a lower impact. In the present study itis not possible to draw a conclusion on the material service density because the lighter structure i.e.GRTP is not the most environmentally friendly, it is recycled aluminium. However it is clear that forany given material the structure requiring the least amount of material is the most environmentallyfriendly. Therefore it is correct to seek the lighter structure configuration for each candidate material.Xu et al. [21] reviewed only on type of composites for a simple sheet structure. The larger variety ofcandidate materials in the present research and the structure complexity make it particularly difficultto conclude on which material is the best for all application. The current results are only valid forthe grillage. A new functional unit with a new design model is studied in the next chapter as thegrillage does not give as clear answer on what material to chose as Xun et al. [21] and Song et al.[22] shows different result than the one presented in the previous section.
The values of the impact used in the present research are in a similar range of order as thosepresent in the literature. Song et al [22] studied the life cycle energy analysis of glass fibre reinforcedcomposite compared to recycled steel and recycled aluminium. For the manufacture of material theauthors presented a range of value for steel of 30 - 60 MJ/kg, for aluminium of 196 - 257 MJ/kg, forepoxy of 76 - 80 MJ/kg, for PP of 53 - 80 MJ/kg and for glass fibre 13 - 32 MJ/kg. The recyclingcredit for steel is 21.9 MJ/kg and 172 MJ/kg for aluminium. The values are close to the value usedin the present chapter. It is representative of the value collected and presented in appendix A. Asfor the present research, the authors presented an energy analysis for a structural artefact in threedifferent materials. It shows that the manufacturing it with composite structure had a lower energydemand than with steel or with aluminium. Conversely in the present research, the steel and alu-minium structures require less energy to be manufacture. It shows clearly that for the same inputvalues, energy result energy result can change dramatically. The design of marine structure shouldbe studied in greater detail to be more specific to marine application and give a clearer answer onwhich material is best. This will be done in the next two chapters.
Finnverden [65] discussed three point of LCA application i.e. the impact evaluation, the com-parison of similar products of function (e.g. maturity of alternative, investment requirement) and thereproducibility [65, 101]. The present study is theoretical and access to pollutant emissions is limited.Physical flows other than energy flow inventories are subject to gaps and the selected parametermay differ from one study to another whereas energy is always used in LCA with minor uncertainties[65]. With the energy approach, values are more easily accessible and energy encapsulates a large
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amount of information and is responsible for a large part of the environmental impact. The energy ishowever considered on a large definition basis: coke in steel manufacturing processes, oil as basisof and processing energy associated with polymer resins. In the later case it should be noted thatthis definition of the energy may lead to paradox due to the oil being considered twice, once as apolymer basis and once as a combustible if the polymer is incinerated.
The comparison of similar products is complex. Physical flow can be close from one given pro-cess to another but the impact associated may differ greatly. Finnvedenn [65] stated that it is veryimportant to study the exact same function. Hence in their comparison of incineration with energyrecovery and landfilling of paper, the author presented the function broadening concept where thestudy compares ’incineration with energy recovery’ and ’landfilling + energy production with alter-native energy source’. This alternative energy production uses a very large assumption about whatit is replacing that may lead to uncertainties and the material origin from recyclate may not be asefficient as current virgin production. The subfunction of the grillage system has the same properties.Incineration with energy recovery, landfilling and recycling are three ways to dispose of the grillage.However they would not have the same function as defined by the LCA standard and Finnvedenn[65]. Indeed some processes are net energy producers whereas others are net energy importers. Inthe present research on the grillage this is ignored and only material flow and energy are taken intoaccount.
The result of the LCA can be applied in future designs of complete structures such as boats oraircrafts. It will be useful in order to assess the effect of specific design rules such as those used inthe marine industry which are not using first principles for designing the structure as in the presentgrillage study. In addition the in service life of these complete structures will need to be consideredas well as the main function. The functional unit will be different as energy would not be given pergrillage unit but per function, i.e. energy per tonne of freight carried or per passenger. The presentgrillage study will be the basis of the material selection. It is clear that no material shows a greaterbenefit and that recycling will play a major role.
The present chapter investigated a structural artefact design in a fixed topology and presented ascenario with the lowest embodied energy for each material. Chapter 6 will aim to assess how otherdesign methods (Lloyd’s Register Rules and Regulations) and a more detailed in service scenariowill affect the embodied energy result.
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Chapter 6

Modified LCA framework: planing boat
components

Chapter 5 showed the behaviour of a relatively simple grillage assembly to be studied in the modifiedLCA framework depicted in figure 4.1. The present chapter is an extension to the design of a boathull and deck for a fixed topology.
6.1 Goal and scope

The present research deals with material selection and how it influences the environmental life cycleperformance of a boat. Size, speed, cargo types and operational route can result in very differentship designs. Moreover, the study is part of an LCA and the results depend on the physical prop-erties of the boat. The scantlings and the power requirements have a major impact on the weight,fuel consumption, and quantity of material used. The quantity of material plays a major role on theenvironmental impact measurement. The following sections highlight design decisions and materialimplications in a general ship design process. It addresses the basic scantling of a boat according tothe Lloyd’s Register special service craft (LR-SSC) rules and regulations. The design method takesis based on details obtained from the literature review on ship design (section 3.4.2).
As described in chapter 4 section 4.3, the environmental impact measurement parameter is theembodied energy of the boats per functional unit. In the present case the functional unit is a yearof use. The embodied energy is the sum of the energy required for the manufacture of the material,the manufacture of the boat and its disposal and the fuel consumption in service. The calculation ofthe embodied energy per functional unit is conducted following the sequence:

1. Section 6.2 deals with the scantling of the boat. The result of this section is the amount of
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material required and the amount of assembly, manufacturing or curing. The structure weightcalculated is used in section 6.3.
2. Section 6.3 deals with the calculation of the power requirement for the boat for each candidatematerial. Each of these boats has the same geometry but a different total weight. The totalweight is the payload, constant for each material, and the structure weight which is calculatedin section 6.2.
3. Section 6.4 combines the result of section 6.2 and 6.3 by calculating the SEC for each aspectof the life of the boats (material manufacture, boat manufacturing, fuel consumption, etc.) andby normalising it for a year of use.
Sections 6.2 and 6.3 aim to define the scantling of the hull and deck and the installed power foreach candidate material. It should be noted that the design algorithms used are not considered tobe perfect. A large number of approaches could be adopted to obtain the principal characteristics ofthe boat. The novelty of the research is the use of the output from the design algorithm in an LCAenvironment to assess the impact of the design.

6.2 Structural definition

The LR-SSC rules and regulations can be applied to high speed boats. The two basic componentscovered in the regulations and used in the present section are platings and stiffeners. It must bementioned that there are two concepts that can be assessed on the basis of structural design: Theship girder and the local structural definition. Ship girder studies assume that boats behave likebeams under bending moment loads. Large vessels are modelled as long beams for which stressescan be large due to larger bending moments. However, it is assumed that small boats behave likeshort beams, for which stresses are small enough not to reach the maximum strength of the materi-als, therefore it is assumed that the ship local design fulfils strength requirements. In the presentresearch the ship is assumed to be small enough that only local definition is required.
The material mechanical properties are defined directly in the LR-SSC rules. There is no materialinformation input for the four materials apart from the material type i.e. steel, aluminium or for boththe composites, the fibre weight content and the reinforcement configuration. The fibre content is 50%and the configuration is a woven fabric for both the GRTS and 60% for the GRTP. The composites
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are manufactured using a vacuum bagging technique.
The main dimensions of the ship are presented in table 6.1. These dimension are assumed to berepresentative of a fast patrol boat. the results are therefore only valid for these dimensions. Thestiffener spacing, height and width of the top hat are set as constant and are equal to those set forthe grillage study (see chapter 5).

Table 6.1: Dimension of the boatRegulation length 20 mBreadth 5 mDraft 1 mFreeboard 2 mSpeed of the boat 30 knDisplacement of the boat 20 tonnesCb 0.4Fn 2.11Deadrise angle 28 degSide panel deadrise angle 75 degPanel length 0.66 mPanel width 0.5 m
The details of the calculation of the scantling is defined in appendix B. The design algorithms ofthe current section deal with 6 design variables, 4 for the metal alternatives and 2 for the compositesalternatives. For the metal alternative the calculation deals with the following parameters:
• The thickness of plating for hull and deck
• The section modulus of the stiffeners
• The stiffener second moment of area
• The web area
Once all these variables are calculated, standard commercially available sections are chosen tomeet these requirements and the weight, length of stiffener, thickness to weld are calculated andused in the life scenario impact assessment.
In the case of composite materials, the design algorithm deals with:
• The thickness of plating for hull and deck
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• The thickness of the stiffener skin
The weight and other parameters can be deduced straight from the calculated dimensions as nostandard section are available as in the case of steel or aluminium.
The scantling is derived from design load and pressures on the hull. These pressures are relatedto several phenomena (static load, dynamic load, impact, etc.) and the scantling is conducted usingthe largest of these pressures. Appendix B, section B.2 describes how the pressures can be calcu-lated. As it can be seen in the appendix, the pressure depends on the area where it is calculated. Itis chosen to calculate the pressure at mid length of the boat. Calculating the pressure at only oneplace reduces considerably the calculation time but reduce the accuracy. Conversely, pressure arecalculated along the full length of the boat in chapter 7. It is assumed that calculating the scantlingof a boat using this pressure results in a boat of average weight. The calculated pressures arepresented in table 6.2. The largest pressure is the bottom impact and this is used for the scantling.The design pressure used in the present chapter is much lower that the design pressure used in thegrillage study (150 kPa [96]).

Table 6.2: Design pressure resultThe shell envelope pressure (Ps) 25 kPaThe bottom impact pressure (PdL) 63 kPaThe forebody impact pressure (Pf ) 8 kPaThe pressure on weather deck (PwL) 21 kPaThe cargo deck design pressure (Pcd) 8 kPa
A scantling study was conducted using the method presented in appendix B, section B.3. Theresult of the scantling is presented in the tables 6.3 and 6.4. The calculation of dimensions for themetal alternative is straightforward because in the LR-SSC rules, the dimensions are derived directlyfrom equations (B.3.14) to (B.3.17). In the case of composite materials a proposed plating and beamlay-up sequence is studied. The thickness of these sequences is at least the thickness calculatedin equation (B.3.18) for the plating and (B.3.19) for the stiffener. The stress is calculated in eachlayer in order to assess whether it is below 60 % of the yield stress. The calculation process usesequation (B.3.20) to (B.3.28) in order to populate a table such as the example given in table B.2from which the maximum stress can be calculated following the process presented in table B.3. Thesteel profile selection is taken from Corus and Dent steel stockholders. Aluminium profiles are not soreadily available since aluminium’s ease of extrusion gives more freedom in the choice for sections.
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The selection is based on a calculation for a T profile where the web height is equal to 1.5 timesthe top width and where the thickness of the web and the top is equal to 0.1 times the top width.For the steel deck, the calculated inertia is very low and standard T beams cannot be purchased forsuch dimensions and standard bulb sections were selected in the place of standard T because theirsecond moment of area are smaller.
Table 6.3: Dimensions for metallic structuresMaterial Steel AluminiumBottom plating thickness 9 mm 9 mmDeck plating thickness 3 mm 3 mmPosition Longitudinal Transverse Longitudinal TransverseBottom inertia (cm4) 257 338 733 968Bottom web area (cm2) 11.2 14.7 10.9 14.4Bottom section selection 102x127x14 152x127x13 99x149x10 106x159x10Deck inertia (cm4) 47 62 134 177Deck web area (cm2) 2.1 4.3 2.1 4.2Deck section selection 100x6x15.5 100x6x15.5 65x98x7 70x105x7

Table 6.4: Dimensions for Composites structuresMaterial Epoxy/glass PP/glassBottom plating minimum thickness 13 mm 12 mmBottom plating stress verification 51% 45%Deck plating minimum thickness 8 mm 7 mmDeck plating stress verification 21% 23%Bottom stiff. dimension 70x70 70x70 70x70 70x70Bottom minimum thickness 2 mm 2 mm 2 mm 2 mmStress verification 17% 12% 14% 2%Deck stiff dimension 70x70 70x70 70x70 70x70Deck minimum thickness 2 mm 2 mm 2 mm 2 mmStress verification 3% 12% 3% 10%
The main plating area, stiffener lengths, specific weight of sections are presented in the table6.5. The weight units are metric tonnes.

6.3 Power requirement

The study focuses on the “steady behaviour of a planing vessel on a straight course” as describedin Faltinsen [102]. This behaviour depends on the trim moment, vertical force and horizontal force.The boat studied is a planing vessel i.e. monohull in non displacement mode. This type of vessel isused for variety of applications, e.g. patrol boat, sport fishing, service craft, and recreational craft.
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Table 6.5: Weight summary (tonnes)Dimension Steel Aluminium Epoxy/Glass PP/GlassBottom plating 125 m2 17 5.95 6.37 4.38Bottom long. 245 m 3.09 1.64 0.723 0.538Bottom trans. 189 m 2.34 1.49 0.558 0.415Deck plating 88 m2 2.03 0.713 1.41 0.917Deck long 175 m 1.01 0.539 0.516 0.384Deck trans 132.5 m 0.759 0.436 0.389 0.290Total 26.2 10.8 9.95 6.92
A vessel is considered as planing when the hydrodynamic load (lifting force) is greater than thebuoyancy. Trim angle is also modified during the lift process. Mathematically, this would mean thatthe length froude number (equation 6.1) is greater than 1.2 (from Faltinsen [102]) In equation 6.1, Uis the speed in knots, L is the submerged length in feet and g is the acceleration of gravity.

Fn = U/
√
L.g (6.1)

Figure 6.1 details graphically the geometric parameter of a prismatic planing hull.
Faltinsen introduced [102] Savitsky’s extensive experimental work which results in the calculationof the lift coefficients given is equation 6.2, 6.3 and 6.4 ( β is the deadrise angle):

CLβ = CL0 − 0.0065βC0.60
L0 (6.2)

Where β is the angle of deadrise of planing surface in degrees, CL0 is the lift coefficient for zerodeadrise angle (β = 0) and CLβ is the lift coefficient.
CLβ = FLβ0.5ρU2B2 (6.3)

Where B is the beam of planing surface, FLβ is the lift force, ρ is the density of salted water(1026 kg/m3) and FnB = U/(gB)0.5 is the beam Foude number.
CL0 = FL00.5ρU2B2 = τ1.1

deg

(0.012λ0.5
W + 0.0055λ2.5

W /Fn2
B

) (6.4)
FL0 is the lift force for zero deadrise angle (β = 0), λW is the mean wetted length to beam ratio(valid when λW ≤ 4 ) and τdeg is trim angle of planing area in degrees (valid for 2≤ τ ≤ 15). Themean wetted length-to-beam ratio λW is equal to:
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(a) Boat geometry (b) beta

(c) boatforce
Figure 6.1: Boat detail

λW = 0.5(LK + LC )/B (6.5)
Where LK is the keel wetted length and LC is the chine wetted length. The resistance component

RP is then:
RP = FLβτ (6.6)

When τ is in radians. The centre of pressure respects the following equation.
lp
λWB

= 0.75− 15.21Fn2
B/λ2

W + 2.39 (6.7)
There are two cases for the determination of the resistance and then the power requirementcalculation. The first case is the particular case when the force acts through the centre of gravity.The second case is the general case when there no assumptions on where the force acts. When theforces act through the centre of gravity, Faltinsen [102] detailed the calculation in 4 steps based on
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Savitsky’s formula.
1. The calculation of the average wetted length-to-beam ratio (λ)
2. The calculation of the trim angle
3. The calculation of the wetted length
4. The calculation of the effective horsepower
The calculation of the average wetted length-to-beam ratio (λ)

The centre of pressure is assumed to be at the position of the centre of gravity (lc = lcg) asdescribed above. The present study focuses on the structure of the boat and how the material affectsthe impact on the environment. In this case the position of the centre of gravity may change from oneboat to another. The centre of pressure is chosen and it is assumed that there are enough featuressuch as the engine and tanks whose position may vary to be able to make this assumption realistic.
lcg
λWB

= 0.75− 15.21Fn2
B/λ2

W + 2.39 (6.8)
The numerical solution of λ can be found.
The calculation of the trim angle

Considering that the lifting force is balancing the weight of the boat, CLβ can be obtained fromequation 6.3.
CLβ = Mg0.5ρU2B2 (6.9)

CL0 can be obtained by solving the equation 6.10
CLβ −

(
CL0 − 0.0065βC0.6

L0 ) = 0 (6.10)
And then the trim angle τdeg can be obtained from equation 6.4

τdeg = 1.1
√

CL00.012λ0.5
W + 0.005λ2.5

W /Fn2
B

(6.11)
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The calculation of the wetted length

Lets define xs as LC − LK . The figure 6.1 gives
xs = 2B tanβ2τπ (6.12)

λW = 0.5(LK + LC )/B = 0.5(xs + 2LC )/B (6.13)
Equation 6.12 provides LC LK and then the draft D of the keel at transom is:

D = LK sinτ (6.14)
The calculation of the effective horse power

The figure 6.1 provides the details of the force on the boat. T is the thrust, N is the force due tohydrodynamic pressure on the hull, δ is the vessel weight and RV is the viscous friction force on thehull. The viscous friction is given as:
RV = 0.5ρCFSU2 (6.15)

With Reynolds number being equal to Rn = ULK /ν, ν being the kinematic viscosity coefficientand the S being the wetted surface CF , the coefficient of friction. CF for a smooth hull surface is
CF = 0.075(lgRn − 2)2 (6.16)

The surface S can be divided in the wetted area from x up to where the chine is wetted (S1 inequation 6.18) and the rest toward the transom where the entire width of the boat is wetted (S2 inequation 6.17). The latter surface is:
S2 = Bcosβ LC (6.17)

At the front portion of the submerged surface (x ≥ 0 see fig. 6.1)the flow does not separatefrom the chine, hence creating a wetted zone due to the spray of water that is in addition to thesubmerged area. Faltinsen [102] introduced the dimensionless slamming parameter zmax/V t where
V is a vertical speed and t is the time (fig. 6.2). In the present case V t is equal to xτ , Faltinsen[102] cited that Zhao and Faltinsen who published on these parameters.
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Figure 6.2: Slamming parameter
The vertical distance d(x) from the top of the wetted area to the bottom of the keel is V t+zmax =(1 + zmax
V t )V t is defined as a function of the slamming parameter. V t at any x can be defined as xτ ,then S1 can be defined as:

S1 = 2∫ xs

0
d(x)sinβdx = 1sinβ

∫ xs

0 (1 + zmax
V t )xτdx = τsinβ (1 + zmax

V t )x2
s (6.18)

At x = xs the entire width of the boat is wetted and following the same demonstration as before,
xs can be define as:

B2 tanβ = (1 + zmax
V t )xsτ (6.19)

Then S1:
S1 = tan2 βsinβ

(
B24(1 + zmax/V t)τ

) (6.20)
The effective power is then the product of RT = RV + RP the longitudinal drag with U beingthe boat speed. The longitudinal drag is the sum of frictional force (RV ) given by equation 6.15 andthe lift induced force (RP ) given by equation 6.6. The efficiency of the engine can be defined bycomparing the currently available boats to the specimen studied here.
In the present study, the boat is assumed to be 20 metres long and 5 metres wide with a deadriseangle of 25 ◦. The speed is 30 Knots. The mass of the boat is different for the four studied materials.The centre of gravity does not change from one boat to another. The engine is different for eachmaterial. Payload and crew requirements are assumed to be constant.
The effective power requirement and the engine selection is presented in the table 6.6. Theengines selected are the lightest possible for a corrected displacement of the boat. The calculationis conducted according to Faltinsen [102] with a boat displacement of 20 tonnes. However table 6.5showed that the weight for each candidate material is different. As discussed, the payload for eachcandidate material is constant at 10 tonnes. This will be formed from the weight of tanks, engines,
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cargo and passengers. This provides totals displacement for the four candidate materials as thesum of the structural weight from table 6.5 and the payload. The aluminium and epoxy/glass boatsdisplace 20 tonnes, PP/glass 17 tonnes and steel 36 tonnes.
The effective power (PE ) is the power necessary to tow the ship hull but the power at the shaftend of the engines (PS) must be higher than the effective power to overcome the loss e.g. in thetransmission mechanism, at the propeller, etc. As seen in equation 6.21 , the ratio between theeffective power and the shaft power is the propulsive efficiency (ηD) [103].

ηD = PE
PS

(6.21)
ηD can be defined by eq 6.22 as a product of hull efficiency (ηH ), propeller efficiency (ηO) andrelative rotative efficiency (ηR ) and the shaft transmission efficiency (ηS) [83, 103].

ηD = ηH .ηO.ηR .ηS (6.22)
Faltinsen [102] gives some efficiency values for the high speed boat i.e. ηR is generally between1 and 1.2, ηH is generally between 1 and 1.1 and ηO is inferior to 0.8. Neuman considered thatmaximum propeller efficiency (ηO) are between 0.6 and 0.8 [104]. However in the example takenby Faltinsen [102] and used for the validation of the model presented in section 7.2.2 ηO is 0.699.

ηS should be taken as to 0.98 for machinery aft as this is the position taken for the present boatspecimens. [83]. In the present section ηR , ηH and ηO are respectively taken as equal to 1.05, 1.1and 0.7 therefore ηD equals 0.8.
Table 6.6: PowerMaterial Eff. power shaft. power Engine Power ConsumptionSteel 735 HP 918 HP Yanmar 2 x 480 HP 2 x 95L/hrAluminium 560 HP 700 HP Yanmar 2 x 380 HP 2 x 70 L/hrEpoxy/glass 560 HP 700 HP Yanmar 2 x 380 HP 2 x 70 L/hrPP/glass 539 HP 673 HP Yanmar 2 x 380 HP 2 x 70 L/hr
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6.4 Life scenario and impact assessment inventory

As for chapter 5 on the life cycle of a structural grillages, this section details the collation of thelife scenario data for the manufacture of a boat with the design output from the structural definitionsection and for each candidate materials. The information used to provide this environmental assess-ment has been collected from a wide range of sources as discussed in chapter 4. The database canbe found in appendix A. Each of the material are dealt with individually outlining the relevant datafrom the database to complete the impact assessment.
6.4.1 Steel

Table 6.7 and 6.8 show respectively the energy consumption of a primary steel boat and a recycledsteel boat over their complete lives. For each material, the result of the LCA is presented in a tablewhere the first column presents the most effective processes from a selection of processes (presentedin appendix A) for the life described in section 4.3, i.e. system boundaries. The second column isthe SEC of the processes. The values used, were obtained from the database in appendix A and thecondition of use of these SEC figures is described in the comments associated with each table inpart D of appendix A. The third column is the variable associated with the process e.g. length ofweld, area of painted surface, etc. The fourth column i.e. the energy impact, is the result of variabletimes SEC divided by the number of years of use ( assumed life of the boat is 20 years). The energyis given per functional unit which is a year of use. In other words, the third column is the yearlyenergy contribution of each process. It has to be noted that the paint system for steel lasts only 5years while other systems last 1 year. The overall logic presented above is the same for the tablesof results for each of the other candidate materials.
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Table 6.7: Life cycle scenario and impact calculation of the steel boat componentsProcess name SEC Variable Energyimpact /year
Comment

Material acquisitionMaterial manufac-ture 22 MJ/m 26000 kg 29 GJ Primary steel
Grillage manufacturingOxy cutting(plates) 0.25 MJ/m 105 m 13 MJ

CO2 welding (hulltrans. stiff.) 4.7 MJ/m 189 m x 13mm 44 MJ
CO2 welding (hulllong. stiff.) 5.5 MJ/m 245 m x 14mm 67 MJ
CO2 welding (decktrans. stiff.) 6.0 MJ/m 132.5 m x15.5 mm 40 MJ
CO2 welding (decktrans. stiff.) 6.0 MJ/m 175 m x 15.5mm 53 MJ
CO2 welding (hullplating) 3.3 MJ/m 62 m x 9 mm 10 MJ
CO2 welding (deckplating) 0.7 MJ/m 43 m x 3 mm 1.5 MJ

In service10% material re-newal 22 MJ/kg 2600 kg 2.9 GJ The material is assumed to berecycledPaint underwater 38MJ/m2/5yr 125/2 m2 480 MJ Half the hull is under water
Paint above water 25MJ/m2/5yr 125/2 m2 310 MJ Half the hull is above water
Paint subject towear 10MJ/m2/5yr 88 * 2 +125 m2 150 MJ The inside of the hull and bothside of the deck are paintedFuel consumption 40 MJ/l 500h/yr,190l/h 3800 GJ

End of lifeDismantling 0.25 MJ/m 846 m 11 MJ Oxycutting of the weld jointRecycling -13 MJ/kg 26000 kg 17 GJPrimary steel 3.8 TJ with fuelPrimary steel 33 GJ without fuel
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Table 6.8: Life cycle scenario and impact calculation of the recycled steel boat componentsProcess name SEC Variable Energyimpact /year
Comment

Material acquisitionMaterial manufac-ture 8.6 MJ/kg 26000 kg 11 GJ Primary steel
Grillage manufacturingOxy cutting(plates) 0.25 MJ/m 105 m 13 MJ

CO2 welding (hulltrans. stiff.) 4.7 MJ/m 189 m x 13mm 44 MJ
CO2 welding (hulllong. stiff.) 5.5 MJ/m 245 m x 14mm 67 MJ
CO2 welding (decktrans. stiff.) 6.0 MJ/m 132.5 m x15.5 mm 40 MJ
CO2 welding (decktrans. stiff.) 6.0 MJ/m 175 m x 15.5mm 53 MJ
CO2 welding (hullplating) 3.3 MJ/m 62 m x 9 mm 10 MJ
CO2 welding (deckplating) 0.7 MJ/m 43 m x 3 mm 1.5 MJ

In service10% material re-newal 8.6 MJ/kg 2600 kg 1.1 GJ The material is assumed to berecycledPaint underwater 38MJ/m2/5yr 125/2 m2 480 MJ Half the hull is under water
Paint above water 25MJ/m2/5yr 125/2 m2 310 MJ Half the hull is above water
Paint subject towear 10MJ/m2/5yr 88 * 2 +125 m2 150 MJ The inside of the hull and bothside of the deck are paintedFuel consumption 40 MJ/l 500h/yr,190l/h 3800 GJ

End of lifeDismantling 0.25 MJ/m 846 m 11 MJ Oxycutting of the weld jointRecycled steel 3.8 TJ with fuelRecycled steel 14 GJ without fuel
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The largest energy consuming process is the in service fuel consumption. It is so high that anyother process energy consumption is negligible in comparison. The second largest energy consumingprocess is the material manufacture, this value is high but much lower than the fuel consumption andthe accuracy of the collected data and the limitation of the result to two significant figures makesthe material manufacture invisible in the final result if fuel is included. The other processes energyconsumption is 2 to 3 orders of magnitude lower than the material manufacture. Similar to the steelgrillage study, a large amount of energy can be saved with the use of recycled the material. Theprevious chapter introduces that good practices in waste management such as recycling does notnecessarily appear in the figures of energy based LCA. It is especially true when energy savingsare low. For instance, the recycling of GRTP demonstrates this problem because it is good practicebut has a large energy consumption. In chapter 5 it was concluded that the functions of end of lifeprocess lack equivalence, e.g. landfilling, recycling, incineration plus energy recovery, show thatsome figures are difficult to compare because they focus on different actions. In the present case thewaste management aspects of the recycling or incineration does not appear significant due to thelevel of fuel consumption and the fact that little energy is involved in the end of life treatment for aspecific function, the associated energy is invisible to the LCA reader.
The result of the LCA on the boat is extremely difficult to interpret and use. It is reasonableto consider that energy is one of the most important parameters in an environmental assessmentstudy. The environmental impact is proportional to the energy consumption. However, some en-vironmental impact, such as those solely due to chemical exposure are not included in the energyparameter. The comparison between SEC and ecoindicator (a compounded impact parameter froma commercially available database) shows that the two impact figures of material are in the samerange keeping in mind the uncertainties on energy which has been raised in the appendix A. Ta-ble 6.9 shows the comparison between material manufacture SEC and ecoindicators, which is madeby non dimensionalising the ecoindicator and SEC data using the values obtained from primary steel.
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Table 6.9: Ecoindicator 99 impact valueMaterial Ecoindicator(in millipoint) Non di-mensionalEcoindicator
Energy value(Gj) Non dimen-sional energy

Primary steel 94 1 22 1Recycled steel 24 3.9 210 2.5Primary aluminium 780 0.12 0.12 0.1Recycled aluminium 60 23 1.56 0.95Glass 58 - - -Platic (average value) 390-630 - - -
interpolation to GRTS 225-345 0.41-0.31 70 0.31

From the results from the steel structure it is apparent that in order to draw comparison betweenthe energies for all the materials fuel consumption must be neglected. Here, recycled and primarysteel have the same fuel consumption. The fuel consumption does not influence the selection of amaterial as it is the same for both candidates, the fuel consumption can be ignored for this partialcomparison. The LCA therefore suggests that recycled steel has a lower embodied energy, as onewould expect.
The grillage study (chapter 5) showed that the design pressure has little impact on the weightof the structure because of the minimum thickness requirements (see figure 5.9). A small weightdecrease may however decrease the fuel consumption but any fuel consumption is more likely to beinfluenced by operational decisions rather than design change in the way steel is implemented (seefigure 5.7). A decrease in operation time of one percent per year shows a bigger impact decrease thanrecycling the material or not. Society traditionally deals with the end of life of a product, landfilling,incineration and recycling and still faces the problem of disposal of the boat scrap. Therefore societyis probably more interested in having a more environmentally friendly and energy efficient methodof disposing of the boat. There is a divergence in concern between customer, society and the boatbuilder and the LCA based energy does not show much sensitivity with regards to these stakeholders.

6.4.2 Aluminium

Table 6.10 and 6.11 show respectively the energy consumption of a primary aluminium boat and arecycled aluminum boat over their complete lives. The topology of the table follows the same princi-ple as table 6.7. The calculation of energy follows the same methodology. The data used to createthe results in table 6.10 is obtained from appendix A.
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Table 6.10: Life cycle scenario and impact calculation of the aluminium boat componentsProcess name SEC Variable Energyimpact/year
Comment

Material acquisitionMaterial manufac-ture 220 MJ/kg 10000 kg 110 GJ
Grillage manufacturingWaterjet hull cut-ting 62 m x 9 mm 66 kJ/m 4 MJ

Waterjet deck cut-ting 43 m x 3 mm 15 KJ/m 650 kJ
FSW (hull anddeck) 105 m 1.2 MJ/m 6.3 MJ
FSW (hull longstiffener) 245 m x 10mm 1.2 MJ/m 15 MJ
FSW (hull transstiffener) 189 m x 10mm 1.2 MJ/m 11 MJ
FSW (deck longstiffener) 175 m x 7mm 1.2 MJ/m 11 MJ
FSW (deck transstiffener) 132 m x 7mm 1.2 MJ/m 7.9 MJ

In service10% material re-newal 220 MJ/kg 1000 kg 1.1 GJ The material is assumed to berecycledPaint underwater 28 MJ/m2/yr 125/2 m2 1.8 GJ Half the hull is under waterPaint above water 15 MJ/m2/yr 125/2 m2 940 MJ Half the hull is above waterPaint subject towear 10 MJ/m2/yr 88 * 2 +125 m2 3 GJ The inside of the hull and bothside of the deck are paintedFuel consumption 40 MJ/l 500h/yr,140l/h 2800 GJ
End of lifeDismantling(plasma cutting) 860 kJ/m 803 m x 7-9mm 690 MJ Plasma cutting of the weldjointDismantling(plasma cutting) 200 kJ/m 43 m x 3 mm 8.6 MJ Plasma cutting of the weldjointPrimary al. 2.8 TJ with fuelPrimary al. 130 GJ without fuel
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Table 6.11: Life cycle scenario and impact calculation of the recycycled aluminium boat componentsProcess name SEC Variable Energyimpact/year
Comment

Material acquisitionMaterial manufac-ture 20 MJ/kg 10000 kg 10 GJ
Grillage manufacturingWaterjet hull cut-ting 62 m x 9 mm 66 kJ/m 4 MJ

Waterjet deck cut-ting 43 m x 3 mm 15 KJ/m 650 kJ
FSW (hull anddeck) 105 m 1.2 MJ/m 6.3 MJ
FSW (hull longstiffener) 245 m x 10mm 1.2 MJ/m 15 MJ
FSW (hull transstiffener) 189 m x 10mm 1.2 MJ/m 11 MJ
FSW (deck longstiffener) 175 m x 7mm 1.2 MJ/m 11 MJ
FSW (deck transstiffener) 132 m x 7mm 1.2 MJ/m 7.9 MJ

In service10% material re-newal 20 MJ/kg 1000 kg 1000 MJ The material is assumed to berecycledPaint underwater 28 MJ/m2/yr 125/2 m2 1.8 GJ Half the hull is under waterPaint above water 15 MJ/m2/yr 125/2 m2 940 MJ Half the hull is above waterPaint subject towear 10 MJ/m2/yr 88 * 2 +125 m2 3 GJ The inside of the hull and bothside of the deck are paintedFuel consumption 40 MJ/l 500h/yr,140l/h 2800 GJ
End of lifeDismantling(plasma cutting) 860 kJ/m 803 m x 7-9mm 690 MJ Plasma cutting of the weldjointDismantling(plasma cutting) 200 kJ/m 43 m x 3 mm 8.6 MJ Plasma cutting of the weldjointRecycled al. 2.8 TJ with fuelRecycled al. 18 GJ without fuel

From the design point of view the implementation of LR rules and regulations results in anincrease in the weight of aluminium structure. The aluminium grillage weight is 36% of the steelgrillage (chapter 5) whereas the aluminium boat component weight is 42% of the steel boat weight.The main difference between the steel and aluminium LCA conduction is the selection of commerciallyavailable profile in the boat study. However the impact of this selection is supposed to be negligibleas commercial profiles would be chosen to be as close as possible to the calculated dimension. The
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difference is due to the difference in the design methods.
Similar to the recycled steel structure, which shows a lower energy consumption, the recycledaluminium structure shows a much lower energy consumption than its primary alternative when fuelconsumption is excluded. Again with fuel consumption being included the impact of the material iscompletely masked by the impact of the fuel. The aluminium structure’s low weight is beneficial tothe fuel consumption which is much lower than for the steel boat. The fuel consumption is howeverso high that the energy requirement for the manufacture of primary aluminium is negligible i.e. therecycling of aluminium does not show any significant energy gain. No extra investment can be ex-pected for the manufacturer to use recycled aluminium, if aluminium is chosen over steel, becausethe energy saved by this decision is about 1.4 TJ per year, much more than the energy required torecycle steel or aluminium.
Similar to the grillage, manufacturing processes for the structure consume relatively little energywhereas the plasma cutting during the dismantling shows a significantly higher energy intensity.The thickness of the paint is thinner than for steel and it has to be renewed on a yearly basis. Therelative contribution of paint to the overall boat is however lower than for the grillage because forthe same thickness of paint the thickness of the boat plating is much larger.
The aluminium structure study shows that the design method influences the relative energy con-sumption of one material from another. LR-SSC boat design (chapter 6) and the first principlesbased grillage design (chapter 5) give two different relative weights and therefore different embodiedenergies. The difference in design requirements and associated results demonstrate that design witha material cannot be based only on specific stiffness, specific strength, stiffness to SEC and strengthto SEC ratios. The design method should be included in the material decision making process, andthe present research aims to assess how design influences the LCA results. This comparison betweensteel and aluminium and the 4 grillages start to validate the assumption of the modified LCA frame-work (figure 4.1) that several designs should be used in order to evaluate the potential environmentalimpact and select the best material candidate. However the SEC of fuel, the material manufacture,boat manufacture and paint cover three order of magnitude in SEC, i.e. the manufacture SEC is athousand times less than of the fuel SEC. The LCA result is insensitive to design variation as fuelmakes it comparatively negligible.
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6.4.3 GRTS

Table 6.12 shows the energy consumption of a GRTS boat over its life. The topology of the tablefollows the same principle as table 6.7. The calculation of energy follows the same methodology.The data used to create the results is obtained from appendix A.
Table 6.12: Life cycle scenario et impact calculation of the GRTS boat componentsProcess name SEC Variable Energyimpact /year

Comment
Material acquisitionGRTS raw mate-rial manufacture 70 MJ/kg 10000 kg 35 GJ

Grillage manufacturingMould 51 MJ/m2 213 m2 540 MJ 5 mm thick mould ??Steel backingstructure 10 MJ/m2 213 m2 110 MJ
Vacuum bag 7 MJ/m2 213 m2 75 MJCuring 430 MJ/m2 213 m2 4.6 GJ

In service10% material re-newal 70 MJ/kg 1000 kg 3.5 GJ The material is assumed to berecycledPaint underwater 28 MJ/m2/yr 125/2 m2 1.8 GJ Half the hull is under waterPaint above water 15 MJ/m2/yr 125/2 m2 940 MJ Half the hull is above waterPaint subject towear 10 MJ/m2/yr 88 * 2 +125 m2 3 GJ The inside of the hull and bothside of the deck are paintedFuel consumption 40 MJ/l 500h/yr,140l/h 2800 GJ
End of lifeShredding 0.92 MJ/m 10000 m 11 MJIncineration -30 MJ/kgof resin 5000 kg - 7.5 GJ

Incinerated GRTS 2.8 TJ with fuelIncinerated GRTS 44 GJ without fuelNon inc. GRTS 2.8 TJ with fuelNon inc. GRTS 51 GJ without fuel
As with steel and aluminium the life cycle energy including fuel consumption is extremely high incomparison with material manufacture. The main difference between the boat studied in this chapterand the grillage from chapter 6 is that the aluminium boat weight and the GRTS boat weight aresimilar. As a result the fuel consumption of GRTS and aluminium boats are equal because the engineselection is the same, the calculated effective power is the same. The GRTP alternative have thesame installed power than aluminium and GRTS. However the calculated effective power is smaller
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and therefore the fuel consumption should be smaller. Considering the large difference in range oforder between fuel consumption and material SEC figures it is expected that the small decrease infuel consumption of GRTP would result in a dramatic decrease in environmental impact making itdifficult to compare GRTP with aluminum and GRTS. The GRTS and aluminium both perform betterthan steel from an energy consumption perspective and should be preferentially selected to lowerthe impact of a boat. The fuel consumption is not significant for both comparison between the GRTSand aluminium because it is same.
GRTS takes advantage of its low density and its medium material manufacture SEC to be moreenergy efficient than primary aluminium. However the relatively small decrease in energy whenGRTS is incinerated, makes the recycled aluminium more energy efficient than any GRTS structure.
For a large boat such as that considered in the present research, a production volume of 10boats may be viewed as large, but it is the assumption taken for the grillage in chapter 6 and thesame assumption is kept in for the boat. The mould thickness remains 5 mm such as proposed byVetrotex for the vacuum bagging of TWINTEX [99] even if it may appear too thin to a industrialapplication. The amount of steel for the backing structure is the same as that of the grillage. Theenergy contribution of the mould stiffening is ignored because it is low. The top hat stiffeners of theboat are very small and the mould structure is not loaded during the curing apart from the weightof the composite system. The shredding of the boat and the hull contributes to about 1% of the totalenergy when the fuel consumption is ignored.
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6.4.4 GRTP

Table 6.13 shows the energy consumption of a GRTP boat over its life. The topology of the tablefollows the same principle as table 6.7. The calculation of energy follows the same methodology.The data used to create the results is obtained from appendix A.
Table 6.13: Life cycle scenario et impact calculation of the GRTP boat componentsProcess name SEC Variable Energyimpact /year

Comment
Material acquisitionGRTP raw mate-rial manufacture 60 MJ/kg 6900 kg 21 GJ

Grillage manufacturingMould 51 MJ/m2 213 m2 540 MJ 5 mm thick mould ??Steel backingstructure 10 MJ/m2 213 m2 110 MJ
Vacuum bag 7 MJ/m2 213 m2 75 MJCuring 430 MJ/m2 213 m2 4.6 GJWelding 1500 m 0.125 MJ/m 9 MJ Ignoring mesh material

In service10% material re-newal 60 MJ/kg 690 kg 2 GJ The material is assumed to berecycledPaint underwater 28 MJ/m2/yr 125/2 m2 1.8 GJ Half the hull is under waterPaint above water 15 MJ/m2/yr 125/2 m2 940 MJ Half the hull is above waterPaint subject towear 10 MJ/m2/yr 88 * 2 +125 m2 3 GJ The inside of the hull and bothside of the deck are paintedFuel consumption 40 MJ/l 500h/yr,140l/h 2800 GJ
End of lifeShredding 0.92 MJ/m 6900 kg 320 MJReprocessed 59 MJ/kg 6900 kg 20 GJIncineration -30 MJ/kgof resin 2800 kg -4.2 GJ

Inc. GRTP 2.8 TJ with fuelNon inc. GRTP 2.8 TJ with fuelReproc. GRTP 2.8 TJ with fuelInc. GRTP 30 GJ without fuelNon inc. GRTP 34 GJ without fuelReproc. GRTP 50 GJ without fuel
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The in service fuel consumption for the GRTP structure is also very high, in the same order ofmagnitude as the three other candidate materials. GRTP is expected to have the lowest life cycleenergy of the four candidate materials when fuel consumption is included because the calculated ef-fective power is smaller than for the other materials and therefore the figure presented in table 6.13are overestimated. Therefore GRTP could be considered as the best material alternative. Howeverthe structural definition of the hull and the deck is based on LR-SSC where the material propertiesof the material depend only on the fibre content in weight. The fibre content parameter is veryhigh in the case of PP/glass structural grade composites because the PP has a very low density incomparison with the unsaturated polyester and epoxy. LR-SSC rules are based on the latter tworesins. The weight of the structure as seen in this section, may appear extremely optimistic. Indeed,the aluminium and epoxy/glass boats have a similar weight but chapter 5 showed the GRTP grillageweight is also lighter than both the aluminium and GRTS grillages.
The comments on the manufacture of GRTS apply to GRTP. Indeed these energy impacts arerelated to surface parameters and not to weight. The mould, vacuum bag and curing of GRTP area function of the surface unit and not laminate weight, as in the case of steel and aluminium (seeappendix A). The only difference is that it is possible to weld the stiffener to the deck and the hullin the GRTP boat. The GRTP welding energy is low. The incineration recovered energy of GRTPis lower than for GRTS due to the lower weight of the structure and higher fibre weight content.The possible treatment of the boat into a valuable recyclate requires a lot of energy as seen in thegrillage study. In chapter 5, the energy requirement to process GRTP grillage scraps into a finishedproduct is the responsibility of the manufacturer and requires a lot of energy. In the case of boatstructures, the life cycle energy is negligible in comparison with the energy saved through fuel savingfrom a possible migration from GRTS or aluminium to PP/glass.

6.5 Critical analysis

The fuel consumption is by far the largest contribution to the impact. It is directly influence by theweight of the boats and therefore it would be expected that GRTP would be the best material. Theresult can be compared to Xun et al. [21] and Song et al. [22] researches. Their paper alreadygave a reference to compare manufacturing figure in the previous chapter. In the present chaptertheir publications can give a reference for the in service figure. Indeed both publications includein service aspects. Xu et al. [21] claims that lighter structures are beneficial to the impact during
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use. However the authors mostly focus on comparing weight and mechanical properties. Song etal. [22] highlight more clearly that composite material creates large amount of energy saving inuse compared to steel for transportation application. The authors compared two structures, a truckapplication with a 190,000 km life time and a bus application with a 3,200,000 km life time. Thebus application shows the largest difference between composites and steel or aluminium becauseenergy saving occurs over a longer life time. The longer is the distance, the larger is the savings.Comparatively the energy decrease for manufacturing is the same for the bus and the truck becauseit is independent from life use choice.
For the bus application, manufacturing the studied structure with composite requires 15.3GJ lessthan with steel. In service the saving of composites needs 461GJ less energy, 30 times higher than formanufacturing. In the present research, the difference in yearly fuel consumption is 1000GJ. Recycledsteel requires 16GJ less than composites. The energy saving in service of composites in service istherefore 60 times higher than the energy saving from manufacturing with steel. This figure is largerthan the figure presented by Song et al. [22] . It is however the same range of order. It makesthe figure of the present research acceptable. It should be kept in mind that the weight decreasefor the bus application is 400kg on the overall weight of the bus (probably less than 10%) whereascomposites save between 16 to 20 tonnes on the structures (45 to 55%).
Aluminium and epoxy/glass structures, calculated with the LR-SSC rules have a very similarstructural weight and hence the same fuel consumption. The two material can be compared ignoringthe fuel cosumption contribution because it is equal for the two material. Recycled aluminium canhave significantly lower environmental impact (low energy consumption). In addition the recycling ofa large and thick aluminium structure is very attractive because thick structures show relatively lowoxide contamination (only a thin film on the surface) and create less waste. Recycled aluminium em-bodied energy is lower than composite embodied energy but it is not the case for primary aluminium.It could be expected that as the recycling industry for composite materials matures, the efficiency ofthe process will increase reducing the energy required. The results show clearly the importance ofrecycling and dismantling of the boat structure in order to reduce the embodied energy of the boatwith respect to embodied energy. The involvement of the manufacturer in recycling and dismantlingplays a great role in having low life cycle energy results because it decides how to dispose the boatwith respect to embodied energy.
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With direct calculation, the epoxy/glass structure would be lighter than aluminium (chapter 5)and require less energy to be manufactured and less energy to be propelled. However, the LR-SSCrules use large safety factors for the design of composite structures. This safety precaution is mostevident in the difference between the composite grillage thickness studied in chapter 5 and the lam-inate thickness of the boat studied in chapter 5. Encouraging Lloyd’s Register to accept laminatethickness based on direct calculation derived from first principles would benefit Epoxy/glass. Thisstructure would have a lower weight that would benefit by decreasing its fuel consumption and ma-terial manufacture energy consumption. The high mechanical properties of PP/glass based on theLR-SSC rules using fibre weight fraction would disappear and the weight of this structure wouldincrease. Its fuel consumption will increase as well as its material requirements.
The comparison between materials on the basis of their impact on the environment was difficultbecause the embodied energy of fuel consumption hides the contribution of the material to the finalresult. However in the particular case of aluminium and epoxy/glass boats, it was possible to have adiscussion on only the material’s environmental benefit, the reason being that the fuel consumptionwas constant. Chapter 6 focused on a design method where the main dimensions (beam, length, etc.)of the boat were fixed design inputs. In the present research the LCA focused on the material withan environmental insight. However the main impact was fuel consumption, and the material variableinfluenced the LCA result not because of any environmental properties gathered in appendix A butdue to the weight to stiffness ratio of the four candidate materials. Any variation of the embodiedenergy due to material induced process is associated with an even greater variation of the fuel con-sumption, masking the former. The variation of the fuel consumption must be avoided by constrainingfuel consumption in the design. In this case it is not possible to fix the main dimensions and thepower requirements because the weight of the structure changes due to the material stiffness toweight ratio. Design and decisions within design must be a compromise. One way of assessing theinfluence of material choice and eliminating the contribution of the fuel consumption on embodiedenergy is to supply a single installed power and required speed. The design would compromise onspace variability as length and breadth would become variable.
This chapter is a clear addition to the incremental development of the modified LCA framework.It introduces two new design approaches, one for boat design and one for calculating boat powerrequirement. The present chapter demonstrated that the modified LCA framework is robust enoughto give results even with more complex design approaches. The grillage study showed that each
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material can give an answer to a simple problem in a reasonable range of order in term of weight,structural capability and environmental performance. The change in design from Chapter 5 to 6shows that the comparative material requirement for each material varied. The detailed geometry isdifferent and the thicknesses are larger than for the grillage study. The grillage study could havebeen misleading in the case of material selection for boat structure. In the case of aluminium andGRTS, recycled aluminium is more energy efficient in the grillage study but the two materials areequal for the boat study. Real boat designs are indeed more likely to tend towards the LR-SSCrules than the grillage approach. The approach is clearly incremental because the efforts shift froma LCA intensive work which focused on energy information inventory (Chapter 5) towards a workfocusing more on the design activities (Chapter 6). The results are more convincing because thereare closer to a possible application. In chapter7, the impact inventory and system boundaries werechanged and in service environmental impacts are added. The incremental approach can be furtherdeveloped in the next chapter. The output used for the next chapter is that that both scantling andpower requirement depends on the geometry. The knowledge on impact is completed and the effortsare on the design optimisation with new geometry considerations.
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Chapter 7

Modified LCA framework: LCA boat
design synthesis

Chapter 7 details the development stage and critical analysis of the design algorithm of a boatsynthesis. It is the last and most extensive design algorithm proposed to be studied within themethodology of the present research (see figure 4.1). It extends the goal and scope of chapter 5 i.e.grillage study and chapter 6 i.e. fixed topology boat study. Chapter 5 demonstrated the relevanceof life cycle study for material selection but lacked in service information such as fuel consumption.Chapter 6 continued the demonstration by adding the influence of fuel consumption. It highlightedthe overshadowing effect of fuel consumption over material induced impact. The present chapter aimsto articulate the modelling approach around a fuel consumption constraint i.e where fuel consumptionis constant across all boat designs. It shows a general structural / LCA interaction for a part of adesign domain.
7.1 Motivation

The material selection result of the grillage and the boat with fixed topology highlighted contradic-tory results. The main difference between the two previous studies is the change in the structuralprinciples used for the grillage and the boat. The concept of work principles is explained in section3.1.2.
Table 7.1 shows the properties of the four candidate materials. The first part of the table mentionstheir general properties and the second part describes the same properties normalised to densityand specific energy consumption for manufacturing. These two set of properties are thought to beof major importance in differentiating the working principle of the two previous algorithms. This is
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discussed in this section. The normalised properties are represented on graph 7.1 and 7.3. Thesetwo graphs are an attempt to adapt the Ashby material selection [58] to the present context.
Steel Aluminium GRTS GRTP[100]

E(GPa) 200 70 26.4 13.4
σ (MPa) 235 240 375 276
η (kg/m3) 7800 2700 2000 1485

SEC (MJ/kg) 9 20 70 60
Es (MNm/kg) 25.6 25.9 13.2 9
σs (kNm/kg) 30.1 89 187 186

Es/SEC (MNm/MJ) 2.84 1.28 0.189 0.15
σs/SEC (kNm/MJ) 3.34 4.45 2.67 3.1

Table 7.1: Material properties
On the one hand, the grillage study demonstrated that recycled aluminium followed by recycledsteel are the materials most likely to be selected when focusing on the environmental impact of thegrillage. On the other hand, the boat studied with a fixed topology showed that GRTP is the materialmost likely to be selected. In the grillage study design context, the selecting parameter would bethe ratio of specific mechanical properties to specific environmental impact. Figure 7.1 shows clearlythat recycled aluminium, the material most likely to be selected, is at the top of the graph of σs vs

σs/SEC , and the composite materials at the bottom. The material with the best specific strength toSEC ratio has the smallest life cycle energy consumption which increases with descending σs/SEC .It must be mentioned that the graph comparing Es with Es/SEC shows the metal alternative mostlikely to be selected and composites the least likely to be selected, but the ranking between ma-terials is different than for the graph Es / Es/SEC . It would have been expected that this stiffnessgraph would be more useful to select a material since the limiting design factor of the grillage is themaximum deflection. It is therefore surprising to find that the strength parameters are more influentialfor material selection.
The environmental impact would be measured as the specific energy consumption as defined inthe LCA framework in figure 4.1. The steel has a very low SEC but its specific properties are impairedby its high density. Recycled aluminium shows good performance on both specific stiffness, specificstrength and SEC. Composite materials have a high specific strength but a very high SEC thereforea low σS/SEC.
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(a) Es vs Es / SEC (b) σs vs σs / SEC
Figure 7.1: Material selection criteria for the grillage

Chapter 6 shows that GRTP is the best alternative for the presented application. Figure 7.3 (b)shows that specific strength is the most decisive criteria. Figure 7.3 (a) cannot be used as a criteriabecause it lacks physical meaning. There is no reason why a decrease young modulus would bebeneficial to impact. Conversely, it is common sense that higher specific strength materials wouldresult in lighter structure. The chapters 6 showed that lighter structures have smaller impacts be-cause of smaller in-service energy consumption. The SECs is not decisive because they relates tomanufacturing only. The contribution of manufacturing is two range of order smaller than the in-service contribution i.e. fuel consumption.

(a) Es vs Es / SEC (b) σs vs σs / SEC
Figure 7.2: Material selection criteria for the boat with fixed topology

It is clear therefore that the design approach influences the mechanism of material selection andthat the two designs have two different working principles.
The specific research question for this chapter is therefore to develop a design context in which
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the selection is based on a compromise between SEC and specific mechanical properties for agiven fuel consumption.
The research questions are :

• What is the design domain in which the approach is valid?
• What is the material selection paradigm?
• What is the contribution of the design approach to life cycle?

The approach is based on the following assumptions :
• It is possible to define the geometry from Faltinsen’s model starting from the fuel con-sumption or installed power.
• It is assumed that the fuel consumption difference, required to reach the same speed, forboat of different weight, is ignored. The in-service energy consumption is defined as thefuel consumption of a boat at full speed in straight line.
• The boat is designed with the same payload, speed, installed power and service restric-tions are compared for the purpose of material assessment.
• The manufactufacturing processes assumed for chapter 5 and 6 are used in the boatsynthesis.
• Only the material manufacture figures are used in the present chapter as it has beendemonstrated that boat manufacture processes are negligeable. Fuel consumption is ig-nored as it is equal for each candidate material.

Finally, it is expected that the selection process will be based on a compromise between the strictspecific properties and environmental properties. Figure 7.3 shows an example of a possible solu-tion strategy. The line represents an objective function which takes into account SEC and specificmechanical properties. It follows the same principle displayed in figure 3.1 (d) where the objectivefunction taking into account take into account weight and cost. All materials, whose properties fallalong the line, are equally desirable. In this case not only a variation of one parameter such as σsand σs/SEC give equivalent solution but a variation of both specific mechanical properties and theratio of specific mechanical properties to strength.
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Figure 7.3: Example of possible selection strategy with a boat synthesis design context
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7.2 Methodology

7.2.1 Outline

A model for the analysis of a systematic boat design was developed in order to assess the influenceof material on the life cycle environmental impact of boats. The objective of the design model isto minimize the environmental impact of the boat structure for each material at different points of arelevant design domain. The domain is defined at different stages of the analysis. The main design
constraint is the fuel consumption limitation. In terms of design input it means that the installedpower is fixed. In section 6.3, Faltinsen’s model [102] took geometry information as an input andreturned this power. In the present chapter, the model is adapted to power as an input parameterand returns the geometry of the boat as an output. An application was developped in C# .NETand compiled on a PC using Microsoft Visual Studio 2008 (professional edition). The advantage ofthis language is that it is object oriented. Each of the following work packages is encapsulated indifferent sets of classes (or objects) which allow the code to be easy to maintain. Indeed each modi-fication only affects one class and not the rest of the program. Each point was therefore developedindependently. The advanced debugging capability of Visual Studio was of great help in analysisthe intermediate calculation step. At last the .NET library includes classes allowing the applicationto export the results into Microsoft excel documents.

Figure 7.4 shows the design algorithm for the present study. The model is divided into modulein which the design tasks are grouped coherently in order to make sure that each module can bestudied and validated before proceeding to the next module. The modules are:
Power module: this module is articulated around the power calculation model of Faltinsen [102] butused in an alternative way. The aim of this module is to define a large and dense design areain which it is possible to conduct a systematic boat design study.
Geometry module: this module aims at creating a realistic and detailed geometry from which it ispossible to assess the draft of the boat and also plating surface and stiffener length.
Design pressure calculation and scantling module: This module focuses on the use of LR-SSC rules.It defines the design pressure and scantling along the full surface of the boat for the hull andthe deck.
Other feature module: this module aims at defining the position of the engine and bulkheads aswell as the scantlings of the bulkheads, flooring and superstructures. The specification of the

114



bulkheads, the flooring and the superstructure are derived from the surrounding structure byensuring continuity from previously designed hull and deck structure.
Specification module: this module aims at calculating the weight of the boat and the surface plating.The selection of commercially available beam sections is conducted in this module. The se-lection is based on the geometric properties of the stiffener which are calculated in the designpressure and scantling module. The boat is divided into four sections for which the thicknessof plating is equal.
Information inventory: This module aims at defining the interaction between permanent data suchas commercial profile dimension and scantling.
Loop module: This module ensures that the estimated weight input in the model and the calculatedweight returned at the end of the specification module are equal.
Energy module: This module returns the embodied energy of the structure.
GA module: This module deals with the minimization of the embodied energy of the entire boatstructure. A sensitivity analysis is presented in appendix C
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Power, speed, payload, servicerestriction factor
?Estimated weightStiffener specifications Power Module(sect 7.2.2)

Main dimention i.e. Breath,deadrise angle, position of CoG andwetted length?Geometry Module(sect 7.2.3)
Detailed geometry i.e. boat length,surface coordinate and draft (seesection draft)?Design pressurecalculation andscantling module

Plate thicknesses and stiffenerrequirements
?Specification module(sect. 7.2.6)

Profiles and plating selection,total weight and surface
?Other features module(sect. 7.2.8)

Position of the engine and bulkhead,cog structure, scantling of flooring,bulkhead and superstructures

-

Loop module(sect. 7.2.7 )

total weight
6=est. weight

6

�

Information inventory(sect. 7.2.4 and app. A)

�

6

GA module( sect. 7.2.11)

?Energy module(sect. 7.2.9)
?Total environmentalimpact i.e. energyconsumption

Figure 7.4: Boat synthesis analysis methodology
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7.2.2 Module Power : Main dimension

The power module is based on the equations of chapter 6. It follows the same four step resolutionfrom Faltinsen [102]. The model aims to define the beam, position of the centre of gravity and thedeadrise angle from the input power, speed and displacement of the boat design requirement.
The best {beam (B), centre of gravity position (CoG), desadrise angle (β) } parameter set wassearched in the entire domain defined in table 7.2. Chapter 6 showed an approach where the 5 inputs{B, CoG, β, speed (U), displacement (M) } resulted in a power (P). In the present case only threeparameters are input { M, U, P } in order to get as output set {B, CoG, β } therefore a selectioncriteria must be used to find the optimum set and this is the minimum bottom impact pressure. Thecalculation method is given by Lloyds Register (see equation B.2.8).

Table 7.2: Powering module search domainParameter Min Max Step CommentsOutput parametersB (m) 3.5 6 0.5
β (o) 5 40 1CoG a = 1.5 a = 4 0.1 CoG = a * BValidation parametersP(kW) 800 5600 200U (kn) 20 40 5M (t) 30 100 1

The approach was validated in 2 ways:
• The program ability to provide result over the full search domain (domain described in table7.2).
• The reproducibility of Faltinsen’s case study within the present research model. Figure 7.5shows how the two models are used.
The first validation made use of the case study of Faltinsen. The module calculates the powerfor a full set of parameter {B, CoG, β, U, M } such as the approach explained in chapter 6 and theselection of the best alternatives output set {B, CoG, β } for given input set { M, U, P }. There arethree tests for the selection:
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Figure 7.5: Comparison between Faltinsen method and the current method
• A Froude number larger than 1.2 ( Fn = U/

√
g ∗ Lk with Lk the wetted length). It must bementioned that in this equation the speed is in knots and length in feet.

• A power between 0.95 and 1 times the power of the input set.
• A minimum bottom impact pressure.
The program main methods or functions are:
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• The calculation of the wetted length to beam ratio. It solves numerically equation (6.5) usinga bisection search algorithm. The function was graphically assessed in order to check itscontinuity and monotony. Figure 7.6 shows the result. The specific case study of Faltinsen[102] is on the curves.

Figure 7.6: Wetted length to beam ratio function study
• The calculation of the trim angle. It solves numerically equation 6.6 and 6.7 using a bisectionsearch algorithm. A graphical validation was conducted in order to assess if a solution can befound for each case over the search domain. Figure 7.7 shows the result. It must be mentionedthat there has been a slight difference between the book trim angle result and the calculatedtrim angle result.
• The power calculation method gives the same output power as the case study of Faltinsen[102].
• The selection of a particular set of parameters {B, CoG, β} is validated by looking at thefull search domain using the three tests described above. Table 7.3 shows the output of thevalidation process. The boat sample from Faltinsen [102], which can reasonably be thought asa realistic design, is close to the result of the current model. The difference between the tworesults is due to the algorithm used in this calculation (Figure 7.5), that uses the minimumbottom impact pressure as a selection method. Chapter 6 showed that the bottom impactpressure was the maximum design pressure which played a major role in the calculation of the
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Figure 7.7: Trim angle study
scantling. Lowering this value results in a lighter structure requiring less raw material. It isassumed that the case study is representative of a real boat where limiting the weight of thestructure is important. The result is encouraging and demonstrates the validity of the methodand the result with the miminum bottom impact pressure criteria provides a realistic set ofvalues.

Table 7.3: Comparison between model and developed modelFaltinsen result Present modelU (knots) 40 40M (t) 27 27B (m) 4.3 4CoG (m) 8.9 11.2
/beta (o) 10 8P (kW) 840 840
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The calculation gives an output only for a part of the search domain. Figure 7.8 indicates thesolution for the power / speed domain. The figure represents the ratio between the number of weightsfor which a [beam, deadrise angle, position of the centre of gravity] set can be found. The graphedoutput is 1 when a solution exists for the full weight domain and 0 when there is none. The graphshows that there is no solution for the smaller speed and power on the left hand side of the graph(blue). The right hand side shows that there the model provide a solution for all hull weights. At thecentre of the graph a band shows a transition where solutions are possible only for part of the domain.It is noted that while the power increases more speed is required to have solution over the full domain.

Figure 7.8: Study of the solution existence
Detailed graphs were automatically produced for each set of [P, W, U] giving non zero answers.Figure 7.9 highlights the three types of behaviours found in the validation process. The study ofthese graphs show three types of behaviours whose understanding is used in the following sectionsto highlight the most relevant domain for the study of the modified LCA. The three behaviours are:
• Large variation on the full domain such as for 2000 kW and 23 m/s conditions. It appears asnormal with regard to the extreme weight variation
• Little variation such as for the 5000 kW and 22 m/s conditions. In this case this behaviourappears less natural with regard to the weight. In addition the 3800 kW and 18 m/s conditionsreturn solutions only for part of the domain (highest weight). It can be seen that this set ofparameters is on the transition band described in Figure 7.8 whereas all the other graphswould be on the right hand side of the graph.
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• A intermediary case for the 800 kW and 20 m/s

(a) Transition area (b) Little variability

(c) Partial variability (d) Large variability
Figure 7.9: Beam, deadrise angle and centre of gravity position with several behaviours

In Figure 7.10 (a) and (b) shows a study of the deadrise angle mean and variation as a func-tion of power, speed and boat weight. This study aims to characterize the domain for which thepresent module is valid. In figure 7.10 (a) the surface graph indicates the average deadrise an-gle for the entire weight domain as a function of speed and power. It has been shown in figure7.8 that when the deadrise angle reaches 40o, the variation of {B, CoG, β} is very small for anylarge variation of the speed, the power and the weight of the boat. The planning behaviour of theboat can be questioned even though the Froude number is higher than 1.2 as fixed in the selectiontest. The bottom right corner of figure 7.10 (a) shows β values small to medium which means thatthe module can be applied. Figure 7.8 showed that for this space domain a solution can be foundfor any weight. The behaviour expected in this area is depicted in figure 7.9 (d) as it shows amedium β average. However for low power and high speed, the β average is very small for the fullweight domain. These high speed and low power solutions appear as unrealistic as the solutions ofhigh power and low speed, but for these latter case the average deadrise angle test discriminatesthem. Therefore a new approach is needed to discriminate the solution for low power and high speed.
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A second approach is presented figure 7.10 (b). It shows the standard deviation of the deadriseangle. This test is selected because figure 7.9(c) and (d) showed that smaller deadrise angle showslarge variations whereas larger weight shows smaller variation with increasing weight. High stan-dard deviation solutions are in green and purple in the graph and conversely average deadrise angle,solutions at lower power and high speed are excluded.

(a) Average deadrise angle (b) Standard deviation
Figure 7.10: Example of grillage in a boat

In the approach taken by Faltinsen [102], his demonstration fourth step indicates that the powerderives directly from the wetted surface. The drag increases with the wetted surface and for a givenbeam and wetted length, the wetted surface increases with the deadrise angle. The direct perceptionof these assertions seem to be in contradiction with figure 7.9 where higher speeds show extremedeadrise angles without any apparent continuous relationship. The explanation lies in the fact thatthe dynamic lift cannot be created at such speeds and the geometry adapts itself to a low lift geom-etry with a high deadrise angle geometry, thereby increasing the drag of the boat. It must be addedthat the wetted area is even larger at zero speed than in motion and the chines, which aim to detachthe water flow from the hull in the normal planning mode, may not be suitable. In consequence, thestudy of high angles may appear irrelevant because it may reveal a speed not reachable for a lowlift geometry especially because a lower speed / high lift geometry shows the best results.
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7.2.3 Module Geometry: Main dimension and geometry

The objective of the geometry is to describe a full design using the three parameters {B, CoG, β}selected from the first module. This step is necessary to obtain additional parameters for the scant-ling of the boat. These parameters are the length at the waterline, and the draft.

(a) Freeship geometry (b) Adapted geometry
Figure 7.11: Ship coordinate for the ’Freeship’ software (a) and adapted model (b)

Figure 7.11 shows the starting point of the geometry on (a) and the model adapted (b) to theneed of the present research. (a) shows a geometry example from the editor corporate website of the’Freeship’ software. It can be downloaded as a freeware with limited features in comparison withthe fully licensed version. The community of users upload examples of geometries on the websiteand the editor states it can be used as a base for new design. The boat studied in this chapter isa 27m patrol boat whose detailed geometry is taken from the Freeship website. Figure 7.11 (b) isthe modified version where the chines go up to the very end of the keel instead of reaching the keelmidway between the waterline and the top of the keel. It allows one to keep the same profile typealong the entire boat whereas the front of the original boat can only be described as a triangle.Table 7.4 shows the transformation used to adapt the geometry of the boat sample to the beam anddeadrise angle constraints from the power module. The result is a new boat with a suitable beamand deadrise angle to be powered by the installed power from the powering module.
The coordinates of the boat are modified in order to be proportional with the beam and deadriseangle figure, calculated in the power module. The simple indices are for the new boat and the indiceswith ’s’ are for the boat sample. Figure 7.4 gives two examples of the new boat coordinates and thechange is most noticeable in the rise of the chine (Z3).
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Table 7.4: Transformation equationsTransformation equation comment
Y1,i Ys1,i ∗ B/2

Ys3,15 The beams of the beam are taken as directly propor-tional to the calculated beam B. The sample max innerchine beam is at station 15 of 54 and taken equal tothe calculated beam. The coordinate is half the beam
Z1,i Zs1,i

Ys3,i ∗ Y3,i The ratio Z1 / Y3 is assumed constant from the sampleto the new boat.
Y2,i Ys2,i ∗ B/2

Ys3,15 See Y1,i.
Z2,i Z3,i The chines are at the same height. See Z3,i.
Y3,i Ys2,i ∗ B/2

Ys3,15 See Y1,i.
Z3,i β26−,i = ( 12 + i52) ∗ βs,i

βs,54 = βs,i+β26+,i
βs,54−βs,26 ∗ βs,54

Z4,i + Y3,i ∗ tanβ26±,i
The 26 station β equals to the calculated β. Towardaft β linearly decrease to the half. Toward bow β itrises from the calculated β to the sample 54th stationangle proportionally to the raise of the sample.

Y4,i 0 On the longitudinal symmetry axis.
Z4,i Zs4,i

Zs1,i ∗ Z1,i The ratio Z4/Z1 is assumed constant from the sampleto the new boat.

Figure 7.12: Examples from the geometry module
The calculation of the draft is an essential step for the definition of the boat. However severalapproaches were tested to get a suitable method.

7.2.3.1 Method 1

As seen in chapter 6, the waterline length (LWL) is required for the scantling of the boat. Thewaterline length depends on the cross section of the boat at each section, the displacement of theboat and at which station the keel line reaches surface. In the example taken from the ’Freeship’software, the first 23.5 meters are below water which is the 47th station in the present model. In otherwords the keel line (Z4 in figure 7.11) reaches the surface at the 47th station or the z coordinate of
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station 47 is the draft of the boat. It ensures that the same relative amount of surface area is belowthe water. The volume below waterline can be calculated as a function of LWL which equals to thedisplacement. The calculation indicated that an LWL value can be found for the domain where thepower module returns medium β values. Figure 7.12 shows the results for boats with 3m and 5m beam.

Figure 7.13: Waterline length study
Figure 7.13 shows a large number of extreme values either much too short or much too long tobe reasonably accepted. In order to sort the acceptable value from the unacceptable, the calculatedwaterline length is compared with the wetted length of the powering module. Table 7.5 and table7.6 show the result for a 40 tonne and 70 tonne hull displacement. In table 7.5, the grey cells havethe calculated length in a range close to the wetted length.

Table 7.5: Ratio waterline length to wetted length for a 40 t boat1000 kW 1500 kW 2000 kW 2500 kW 3000 kW 3500 kW 4000 kW 4500 kW 5000 kW13.0 m/s 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.014.0 m/s 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.015.0 m/s 37.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.016.0 m/s 17.7 32.3 0.0 0.0 0.0 0.0 0.0 0.0 0.017.0 m/s 11.2 20.2 31.1 0.0 0.0 0.0 0.0 0.0 0.018.0 m/s 7.0 11.8 13.0 17.0 35.9 0.0 0.0 0.0 0.019.0 m/s 2.7 10.0 13.4 14.0 14.0 23.1 56.6 0.0 0.020.0 m/s 3.4 2.2 12.2 15.7 9.7 9.6 12.9 16.1 29.321.0 m/s 1.2 2.4 12.5 14.2 8.0 9.4 8.1 9.1 10.322.0 m/s 2.2 1.2 1.7 14.5 15.6 8.9 12.7 5.9 6.6

Table 7.6: Ratio waterline length to wetted length for a 70 t boat1000 kW 1500 kW 2000 kW 2500 kW 3000 kW 3500 kW 4000 kW 4500 kW 5000 kW13.0 m/s 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.014.0 m/s 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.015.0 m/s 0.0 84.0 0.0 0.0 0.0 0.0 0.0 0.0 0.016.0 m/s 37.1 36.5 87.2 0.0 0.0 0.0 0.0 0.0 0.017.0 m/s 21.1 27.3 33.2 55.2 0.0 0.0 0.0 0.0 0.018.0 m/s 12.4 21.0 17.1 25.4 30.0 46.7 0.0 0.0 0.019.0 m/s 14.9 10.8 23.5 16.6 21.6 19.9 28.4 36.6 206.920.0 m/s 12.9 5.7 7.5 23.9 13.5 17.0 16.4 15.7 22.121.0 m/s 10.9 8.7 6.0 24.6 26.4 14.9 16.5 11.9 13.322.0 m/s 8.9 3.5 6.0 4.4 25.0 13.5 15.7 17.3 10.4
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Figure 7.13 and tables 7.5 and 7.6 show that it is not practical to use a constant index stationto calculate the draft of the boats. This is because of the very large variety of boat designs whichresult from the approach taken to calculate the power. Boat designs, that are unrealistic, are takeninto account in the present study because the material selection is the focus of the research. Thebehaviour of the model for each tested material is of prime interest, in comparison with the boat.Very often these boats have a small beam and a relatively shallow draft resulting in the length toincrease. In addition to having a length at zero speed much larger than the wetted length at cruisespeed, the centre of gravity position would be impossible to maintain at the level calculated withthe sole addition of tanks, engine and other features. It is necessary for these extreme designs to befeasable that there is an increase in the draft of the boat.
7.2.3.2 Method 2

The second approach considers that the draft is equal to either the z coordinate of the keel at station47, 48 or half way between these two stations. It is decided to choose the station with the highestkeel coordinate. As a result the draft tends to increase over the full search domain and the lengthof the boat decreases for the same wetted length. It should be noted that the wetted length doesnot depend on the geometry but only on the power calculation. The criteria for the selection of thestation number takes into account the centre of gravity position. The model requires that LWL is atleast twice the distance from the stern to the centre of gravity. Tables 7.7 and 7.8 show the ratio ofwaterline length/wetted length. The positive effect of this approach is that it corrects the excessivedistortion between the waterline length and wetted length illustrated in figure 7.5 and 7.6 by anincrease of gray cells in comparison with figures 7.5 and 7.6. These two parameters are in the samerange. However, abnormal situations where the wetted length (cruise speed length) is longer thanthe waterline length (zero speed length) are in red in figures 7.7 and 7.8. It is due to a very smallLCG value.
Table 7.7: Ratio waterline length to wetted length for a 40 t boat (LCG constrained)1000 kW 1500 kW 2000 kW 2500 kW 3000 kW 3500 kW 4000 kW 4500 kW 5000 kW13.0 m/s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0014.0 m/s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0015.0 m/s 2.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0016.0 m/s 1.92 2.02 0.00 0.00 0.00 0.00 0.00 0.00 0.0017.0 m/s 0.96 1.28 1.35 1.29 0.00 0.00 0.00 0.00 0.0018.0 m/s 0.91 1.79 1.88 1.45 1.18 0.99 0.00 0.00 0.0019.0 m/s 0.78 0.86 1.56 0.94 1.28 1.03 0.86 0.82 0.0020.0 m/s 1.25 0.81 0.87 1.57 1.65 1.25 0.96 0.85 0.7221.0 m/s 1.17 1.05 1.00 1.19 1.10 1.54 1.27 0.77 0.7922.0 m/s 1.13 0.79 0.66 0.80 1.64 1.46 1.56 1.29 0.71
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Table 7.8: Ratio waterline length to wetted length for a 70 t boat (lcg constrained)1000 kW 1500 kW 2000 kW 2500 kW 3000 kW 3500 kW 4000 kW 4500 kW 5000 kW13.0 m/s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0014.0 m/s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0015.0 m/s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0016.0 m/s 2.80 3.55 2.82 0.00 0.00 0.00 0.00 0.00 0.0017.0 m/s 3.18 0.00 3.18 2.22 0.00 0.00 0.00 0.00 0.0018.0 m/s 2.81 1.88 2.75 2.40 2.31 1.56 0.00 0.00 0.0019.0 m/s 2.83 1.95 1.24 2.77 2.25 1.66 1.70 1.38 1.2620.0 m/s 2.18 2.25 1.31 0.96 1.60 2.29 1.60 1.50 1.4121.0 m/s 2.68 2.47 1.25 0.99 0.76 2.22 2.34 2.04 1.2722.0 m/s 2.54 0.99 1.49 0.81 0.77 0.94 2.64 2.37 2.07

7.2.3.3 Method 3

The waterline length is constrained further in order to ensuredthat the LWL / Lk is greater than one,whenever it is possible. It follows the same principle as in method 2 but if LWL /Lk < 1 then the draftis reduced and LWL increases. Table 7.9 and 7.11 show relatively few values below one. By defaultthe value of the draft is below the height of the keel at station 47 regardless of any constraints onthe position of the centre of gravity or the ratio LWL / Lk.
Table 7.9: Ratio waterline length to wetted length for a 40 t boat (LCG and LWL/Lk constrained)1000 kW 1500 kW 2000 kW 2500 kW 3000 kW 3500 kW 4000 kW 4500 kW 5000 kW13.0 m/s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0014.0 m/s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0015.0 m/s 2.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0016.0 m/s 1.92 2.02 0.00 0.00 0.00 0.00 0.00 0.00 0.0017.0 m/s 1.45 1.28 1.35 1.29 0.00 0.00 0.00 0.00 0.0018.0 m/s 1.46 1.79 1.88 1.45 1.18 1.44 0.00 0.00 0.0019.0 m/s 0.78 1.18 1.56 1.40 1.28 1.03 1.26 1.19 0.0020.0 m/s 1.25 1.15 0.87 1.57 1.65 1.25 1.39 1.23 1.0421.0 m/s 1.17 1.05 1.00 1.19 1.10 1.54 1.27 1.12 1.1522.0 m/s 1.13 0.79 0.66 0.80 1.64 1.46 1.56 1.29 1.04

Table 7.10: Ratio waterline length to wetted length for a 70 t boat (LCG and LWL/Lk constrained)1000 kW 1500 kW 2000 kW 2500 kW 3000 kW 3500 kW 4000 kW 4500 kW 5000 kW13.0 m/s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0014.0 m/s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0015.0 m/s 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.0016.0 m/s 2.80 3.55 2.82 0.00 0.00 0.00 0.00 0.00 0.0017.0 m/s 3.18 0.00 3.18 2.22 0.00 0.00 0.00 0.00 0.0018.0 m/s 2.81 1.88 2.75 2.40 2.31 1.56 0.00 0.00 0.0019.0 m/s 2.83 1.95 1.24 2.77 2.25 1.66 1.70 1.38 1.2620.0 m/s 2.18 2.25 1.31 1.41 1.60 2.29 1.60 1.50 1.4121.0 m/s 2.68 2.47 1.25 1.49 1.14 2.22 2.34 2.04 1.2722.0 m/s 2.54 1.85 1.49 1.30 1.17 1.26 2.64 2.37 2.07

7.2.3.4 Method 4

This method comes in correction to an adverse effect of method 3 and it is shown in section 7.2.7.It was demonstrated in section 7.2.7 that the design weight loop was an extremely unstable processsince there was a big difference between very close designs, the draft would jump from the heightof the keel at station 47 to station 48 or the virtual station 47.5. The need for a more continuousdraft calculation in order to loop the design on itself for a smooth convergence to a weight outputwas clear. In this case any draft, providing it is between station 46 and 48, could be accepted. Thepossible draft was extended to station 46 because it allows more boat solutions to be accepted in
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the model than the more restrictive draft interval. The constraint system must be different becausethe selection of the draft is not being done between 3 possible drafts but infinity. The new constantconstrain is that LWL is equal to 1.05 Lk. In this case the focus is to decrease the difference betweenplanning and non planning wetted surface. It is mentioned that the LCG constrains is irrelevant inthis case because there is no more distortion between LWL and LCG as LWL is now close to Lk. Lkand LCG are calculated in the same module and follow the same model. Therefore the two valuesare better related. Table 7.11 shows the new result for the 40 tonne boat where the ratio of LWL toLk is constant as it is fixed in the current draft calculation method. For simplification reasons, LWLis calculated as station 47 as the keel reaches the surface between station 46 and 48. It is assumedacceptable because the volume contribution between sections near the intersection of the keel lineand the surface is much smaller and therefore negligible in comparison with the volume contributionat the centre of the boat where beam and draft are maximum.
Table 7.11: Ratio waterline length to wetted length for a 70 t boat (LCG constrained)1000 kW 1500 kW 2000 kW 2500 kW 3000 kW 3500 kW 4000 kW 4500 kW 5000 kW13.0 m/s 0 0 0 0 0 0 0 0 014.0 m/s 1.05 0 0 0 0 0 0 0 015.0 m/s 1.05 1.05 0 0 0 0 0 0 016.0 m/s 1.05 1.05 1.05 0 0 0 0 0 017.0 m/s 1.05 1.05 1.05 1.05 1.05 0 0 0 018.0 m/s 1.05 1.05 1.05 1.05 1.05 1.05 1.05 0 019.0 m/s 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.0520.0 m/s 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.0521.0 m/s 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.0522.0 m/s 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05 1.05

7.2.4 Module Text file: Design input, material and engines files

The control data of the model are stored in text files, this allows one to store information in separatefiles in a permanent way and to modify them in a text editor or even in Microsoft Excel as commaseparated values. These files are used in order to instantiate class i.e. material and engine. It makethe use of the I/O (input / output) class and more precisely the C# standard streamreader method[105]. In addition it is possible to write information to additional files or to modify files in a mucheasier way. The use of Microsoft Excel files is interesting for the validation of module such as loopingbut the source of this script is long and technical to implement and are more suitable when a verylarge amount of data needs to be processed in a workbook. Ultimately the sensitivity analysis andthe genetic algorithm which are presented in appendix C use text files extensively .
The Figure 7.14 shows the structure of an example of a comma separated text file. The table 7.12
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defines each vairable in figure 7.14 with the rows and columns in figure 7.14 corresponding to therows and colums in table 7.12. It must be mentioned that the 0 in the aluminium and steel line areset to 0 for technical reason but are not used in the instantiation of any class of the model. Indeedthe last figures of the GRTS and GRTP line define the top hat stiffeners whereas the dimension ofsteel and aluminium stiffeners are taken from commercially available database.

Figure 7.14: Example of a design control text file
Table 7.12: Details of the design control text filespeed(m/s) Servicerestrictionarea Payload(kg) Plythickness(mm) Engineindexestim.struct.weightsteel

Nb. trans.stiff. steel Nb. long.stiff. bottomsteel
Nb. long.stiff. sidesteel

Nb. long.stiff. halfdeck steel
metalindexsteel 0 0 0 0

id. alu. id. alu. id. alu. id. alu. id. alu. id. alu. 0 0 0 0id. GRTS id. GRTS id. GRTS id. GRTS id. GRTS id. GRTS Compositeindex Heighttrans. stiff. Widthtrans. stiff. Heightlong. stiff. Widthlong. stiff.id. GRTP id. GRTP id. GRTP id. GRTP id. GRTP id. GRTP id. GRTP id. GRTP id. GRTP id. GRTP id. GRTP

Table 7.12 is the index for materials and engines. These are the indexes of the elements in thefollowing tables. The metals are selected in table 7.13 and composites in table 7.14. The enginesare selected in table 7.17.
There are two steels (regular marine grade and high strength), one aluminium, one GRTP andone GRTS (50%). The high strength steel has not been investigated but it shows how the model canimplement other materials.
As seen in table 7.14, the table for the definition of the composites collect very few values. SECand density derive from the energy collected for both fibres (table 7.15)and resins (table 7.16) and areinstantiated with specific method in the composites class. It must also be noted that the mechanicalproperties of the composites do not really derive from the respective properties of the fibre and resin
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Table 7.13: Metal selectionPaint Paint PaintName E (GPa) σ (MPa) Density SEC under water above water subject to Recycling(kg/m3) (MJ/kg) (MJ/m2) (MJ/m2) wear (MJ/m2) (MJ/kg)Steel 200 235 7800 22 38 10 10 13Steel HS 200 255 7800 22 38 10 10 13Aluminium 70 235 2700 220 28 10 10 200
Table 7.14: Composite selectionPaint Paint PaintName Gc Fibre Resin under water above water subject to Recyclingindex index (MJ/m2) (MJ/m2) wear (MJ/m2) (MJ/kg)Epoxy/E-glass 0.5 0 0 28 10 10 30PP / E-glass 0.6 0 1 28 10 10 30

but depends only on the fibre content on the LR point of view. The density and SEC are calcu-lated from the value of fibre, resin and glass weight content (gc). Although these rules give a goodapproximation for GRTS mechanical properties, it gives a relatively poor one for GRTP properties.Therefore the actual properties of GRTP are used in the model instead of the LR-SSC approximation.
Table 7.15: Fibre selectionName Type E (MPa) SEC (MJ/kg) Density (kg/m3)epoxy TD 3500 80 1380PP TP 800 60 900

Table 7.16: Resin selectionName E (GPa) SEC (MJ/kg) Density (kg/m3)E-glass 69 50 2560aramid 124 50 1450
A selection of engines which are commercially available or purely virtual are collected in a textfile. Table 7.17 shows the information in the text file. It presents the name of the engine starting byits brand followed by it specification.

Table 7.17: Engine selection FuelName Length (mm) Width (mm) Height (mm) Weight (kg) consumption Power (kW)(l/h)Specimentest1 2000 1000 1000 1500 140 450test2 2000 1000 1000 1500 140 475... ... ... ... ... ... ...test16 2000 1000 1000 1500 140 825test17 2000 1000 1000 1500 140 850Commercially availlable boatsVolvo D12 650 1950 1027 1067 1400 122 478Yanmar SY 530 1910 870 1038 1280 140 530Yanmar SY 662 1860 1000∗ 1000∗ 1906 180 662
∗ = estimation
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7.2.5 Module scantling: Design pressures, scantling

Lloyd’s Register provides all the necessary rules for the scantling of steel, aluminium and GRTSboats. Minor changes are required for the calculation of the strength and stiffness of GRTP as theuse of the glass fibre weight content for the calculation of mechanical properties tends to distort theproperties of GRTP. A linear correction factor was used in order to have a better correlation betweenGRTP fibre content and mechanical properties.
The basic object manipulated by the program used for the simulation of the model is the area be-tween two transverse stiffeners and two longitudinal stiffeners. The design pressure is calculated atthe centre of the plate and this pressure is used for the calculation of the two stiffeners attached, onetransverse stiffener at the fore side of the panel and one longitudinal at the bottom side of the panel.Figure 7.15 shows each panel with indices i and j, i being the number of the fore tranverse stiffenerattached to the panel and j being the number of the bottom longitudinal stiffener attached to the panel.

Figure 7.15: Structural component panel division for part of a structural artefact
These basic elements are grouped in several tables, one for each main component:
• Side panel
• Bottom panel
• Deck
• the watertight bulkhead
• Inner deck floor
• superstructure
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The design pressure calculation is presented in the chapter 6. In this chapter the approach toscantling was to define one pressure and to apply it to the entire boat. As a result, the thickness ofthe plating and the stiffener were the same over the entire length of the boat and the scantling in theaft area of the boat was overestimated. Graph 7.16 is an example of the pressure pattern for a steelboat bottom plating. It has been decided in this example to use 7 longitudinal stiffeners therefore7 ’lines’ of plate calculation elements. It shows clearly the increase in load toward fore end. It isnoticed that between transverse stiffener 15 to 40 for the panel close to the keel and stiffener 15 to35 for the panel close the chine, the pressure is relatively linear, identical in the transverse directionof the component and peaks around station 30. The very end of the curve is very irregular becausethe fore end of the boat is out of the water and the shape of the panel may be very distorted (longand narrow panel, see Figure 7.16 at the front of the boat where keel, chine and deck line intersect).In the present chapter the scantling is detailed in order to optimise the weight of the boat.

Figure 7.16: Design pressure study
The output of this module is a list of all the dimensions for each panels made by the intersectionof a transverse and a longitudinal stiffener. This list is used in the specification module in order todefine the thickness of the plating and the geometry of the stiffeners for four sections of the boats.
Table 7.18 shows an example of a stress verification result for a bottom panel. This panel is abottom panel, the most aft and the closest to keel. It would be the [0,0] panel using the system ofcoordinate of table 7.15. The design variables are 1100 kW, 21 m/s, 45 t of payload, 40 transversesstiffeners, 6 longitudinal stiffeners on the bottom hull. The calculation method follows the sequencepresented in table B.2 and table B.3 in appendix B. In the scantling process used to create thefollowing table, the first estimation of the laminate thickness was to use only one ply of 1 mm. The
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stress verification showed that it was not satisfactory and the stress reached an acceptable level with9 plies. Table 7.18 shows the results for each ply. Table 7.19 summarises the stress and momentresults. It shows that the maximum stress is at the centre of the panel and that the stress is inferiorto one quarter of the ultimate stress (safety factor) of the composite laminate (147 MPa).
Table 7.18: Loading criteriaPly no Description Gc t Lever E E * t E * t * x I E * I(mm) (mm) (N/mm2)1 WR 0.5 1 8.5 14500 14500 123250 723 104883002 WR 0.5 1 7.5 14500 14500 108750 563 81683003 WR 0.5 1 6.5 14500 14500 94250 423 61383004 WR 0.5 1 5.5 14500 14500 79750 303 43983005 WR 0.5 1 4.5 14500 14500 65250 203 29483006 WR 0.5 1 3.5 14500 14500 50750 123 17883007 WR 0.5 1 2.5 14500 14500 36250 63.3 9183008 WR 0.5 1 1.5 14500 14500 21750 23.3 3383009 WR 0.5 1 0.5 14500 14500 7250 3.33 48300SUM 9 130500 587000 35 106

Table 7.19: Loading criteriaStep description Value Comments1 Moment (plate centre) 11.2 Nm B.3.22Moment (at the stiff.) 17.1 Nm B.3.232 Position of the neutral axis 4.5 mm B.3.243 Tensile Modulus of the section 14500 N/mm24 Stiffness about neutral axis 881 Ncm4/mm2 B.3.265 Tensile stress (center, dry side) 31 N/mm2 B.3.27Compression stress (center, wet side) 32 N/mm2 B.3.28Tensile stress (stiff., wet side) 21 N/mm2 B.3.27Compression stress (stiff., dry side) 20 N/mm2 B.3.28
7.2.6 Module specification: Weight and linear dimension

The specification module of the present model aims to select commercially available sections for themetal stiffeners, select areas where the dimensions are constant for composites and metals. Thereare three structural artefacts going from the aft to fore end of the boat. These are:
• Deck
• Side plating
• Bottom plating

134



For these three structural artefacts it is decided to divide the length in four equal areas forwhich the plate thickness is constant, each longitudinal stiffener has a constant section geometry(though the section geometry may change while the distance of the stiffener to the keel increases).Each transverse stiffener along the length of the boat has a different value. These stiffeners are onlyconstant along the bottom hull, the side hull and the deck.
For the metal boats, the chosen stiffener types are bulb sections taken from the online catalogueof Dent Steel [106]. Standard bulb sections cover a more relevant set of structural specificationsfor boats studied in the present research than standard T bars. T bars have a much higher secondmoment of inertia and are more adapted to a ship with stiffener spacing in the order of metres. Inthe present boat the distance between stiffeners is in the range of a metre to half a metre. Thesection for aluminium is much less standardised and more custom made because of the flexibility ofaluminium extrusion. It is one advantage of aluminium to provide better stiffness to section area ratiothan steel standard sections. In the present research, the ease for extrusion of aluminium is ignoredand the same section specifications are used for steel and aluminium. The section has the densityof aluminium.
For the composite structure the geometry of the stiffener is an input to the model. There is noneed to select any commercially available component and the weight of the boat derives from thesurface and thickness of the hull plating and stiffeners.
The specification module returns the weight of the structure, the position of its centre of gravityand the collection of stiffener section dimensions.

7.2.7 Module Design looping

Ship design is an iterative process as can be seen in figure 3.6. Any boat design, in the presentapproach or in the traditional approach, requires a weight estimation of the boat to define power, fullgeometry, scantling and specifications. The scantling definition results in a set of parameters such asthe plating thickness and stiffener section geometry from which a new weight can be calculated. Thetested design is accepted only if estimated weight and calculated weight are equal. In the presentresearch the design is accepted if the calculated weight is between 0.975 and 1.025 times the es-timated one. If these two weights are not within this range, the newly calculated weight becomes
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the estimated weight of the following design model run. This operation is to be repeated until theconvergence of the two weights. It must be mentioned that the design process may not converge toan acceptable weight or not converge at all. In the case of a non or bad convergence, the traditionalapproach of ship design would be to impose a change in power but little or no constrains on thegeometry.
A change in power for a constant geometry is the opposite of the approach taken in the presentresearch. Here, the power is constant and the geometry varies. In the traditional design approach,experience gained on a given design geometry can be used to define beforehand the range of weightconverging without design geometry modification. In the present design model, each run of the modeluses a different geometry on which little is known on its convergance potential with regards to thedesign model. The work conducted for this section highlights the reason why a change in geometryhas a big influence on the convergence of the model. The section focuses with a particular emphasison the evolution of the model development. It shows how the geometry module was improved byusing the draft calculation method 4 instead of the 3 and why the power module was improved inorder to ease the convergence of the model.

7.2.7.1 Improvement of the geometry module

The model was run for many {estimated weight, speed, power} set ({M, U, P}) and in some casesthe model neither converged nor diverged completely. Using the step by step debugging capabilityof MS Visual Studio, it appeared that the only values consistently balancing from run to run werethe draft and more precisely the station at which the draft was calculated. The third draft calculationmethod was used at this stage of the model development. In this draft calculation method (section7.2.3.3) only three values of the draft for a given geometry can be used. These are the height of thekeel at station 47, 48 and virtual station 47.5. This calculation method had a major adverse effect onthe convergence of the model for many {M, U, P} set and an aluminium boat with 1050 kW installedpower running at an operation speed of 21 knots is considered. Only the deck and the hull aredesigned for the purpose of the demonstration ignoring any other components of the boat. This boatdoes not converge toward any weight and run after run the calculated weight switched constantlybetween 51.1 and 57.7 tonnes. The structural weight was 16.1 and 22.8 tonnes and the payload was35 tonnes. The initial weight estimation for the first loop was 15 tonnes. Only a few digits changedin each loop, beyond the 100 kilos digit, without any sign of convergence even after a large number
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of runs. Most converging cases returned a value within 10 runs.
Observations on the present model showed that boat displacements are much more sensitive todraft and waterline length than beam and deadrise angles. In other words, two different testedweights are more likely to show large waterline length and draft variation rather than beam or dead-rise angle. For the rest of the demonstration the weight is assumed to depend only on waterlinelength (Lwl) and draft (Tx) in order to simplify the concept. At constant draft, the longer the boat themore material is needed and the boat gets heavier. At constant LWL, heavier boats have a larger draft.
Figure 7.17 shows the draft variation in cm (a) and the station number at which the draft iscalculated (b) for a weight range from 30 to 60 tonnes, for an aluminium boat with 1050 kW installedand cruising speed of 21 m/s. At constant station number the draft in cm shows little variations dueto geometric parameter variations, in comparison a change in station number shows a large variationin cm. The figures shown in figure 7.17 are calculated using only the power and geometry module.These figures do not depend on scantling module and no loop control module is implemented. Whenthe loop control module is implemented, observations on the present design model behaviour showedthat model convergence occurred more easily when estimated and calculated weight are situated,run after run, in a weight interval where the draft is calculated at a fixed station number. This is thecase between 40 and 50 tonnes in figure 7.17 (b).

(a) Draft (b) Station Number where the draft is calculated
Figure 7.17: Draft study

However between 50 and 60 tonnes, the convergence is more difficult to reach. The draft iscalculated as station 47.5 and 48 and convergence issues appear. Table 7.20 shows a non converging
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scenario, detailed in the following points. The boat tested is an aluminium boat with 35 t payload,1050 kW installed power and running at 21 m/s. The weight collected in the table is the weight ofthe structure only. This is the result at the end of the specification module. In order to use graph7.17, the payload must be add to the structural weight.
Table 7.20: Non converging example (aluminium boat 1050 kW, 21 m/s, 35 t payload)Run number estimated weight (kg) Calculated Weight (kg) Draft (cm) Station Lwl (m) Beam (m) Deadrise angle (o)1 15000 22327 74.1 47.5 33.4 4.3 112 22327 15800 86.1 48 30.6 3.9 173 15800 22800 74.1 47.5 34 4.3 114 22800 16100 86.1 48 30.8 3.9 175 16100 22800 74.1 47.5 34.1 4.3 116 22800 16100 86.1 48 30.8 3.9 177 16100 22800 ... ... ... ... ...8 22800 ...

1. In run 1, the initial estimated structural weight input in the present model is 15 t. It returns acalculated weight of 22.3 t.
2. In run 2, the estimated weight is 22.3 t and the calculated weight is 15.8.
3. In run 3, the estimated weight is 15.8 and the calculated weight is 22.8 t.
4. In run 4, the estimated weight is 22.8, therefore the total weight is 57.8 t. Graph 7.17 associates57.8 to a draft calculated at station 48, which is the largest possible draft. The calculatedweight is 16.1 t for a total weight of 51.1 t. Graph 7.17 associates 51.1 to a draft calculatedat station 47.5. The looping problem starts at this point
5. In run 5, the estimated weight is 16.1 and the returned weight is 22.8. The drafts are identicalto the draft of the previous run. The relatively little difference in weight between estimationand calculation results but the large draft difference has a major impact on the result. Graph7.17 shows that 51.1 and 57.8 are on both sides of a step. The following runs will always followthe same pattern, the larger weight (22.8 t) is associated with a large draft which requires asmall LWL and small LWL return a small weight (16.1 t) but as this weight is associated witha smaller draft, LWL increases and weight result increase and the following run is conductedwith a larger weight and smaller draft.
In comparison table 7.21 shows a very quick convergence of a similar set of input where onlythe payload is changed to 26 t. In this case most of the calculation is conducted at constant draftnumber, because the total weight of the boat is between 40 and 48 tonnes and figure 7.17 showsthat the draft is calculated at station 47.5 for these weight. In the run 3 and 4, draft and draft stationnumber does not change and only LWL changes. Estimated and calculated weights are in the 5%
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range decided as acceptable in the present model.
Table 7.21: Converging example (aluminium boat 1050 kW, 21 m/s, 26 t payload)Run number estimated weight (kg) Calculated Weight (kg) Draft (cm) Station Lwl (m) Beam (m) Deadrise angle (o)1 15000 15900 77.6 47.5 25 4.5 112 15900 24300 55.8 47 33.3 4.5 93 24300 22400 74.1 47.5 33.6 4.3 114 22400 21700 74.1 47.5 32.4 4.3 11

Method 4 was developed in order to have a smooth increase of the draft instead of the large stepseen in figure 7.17. The method is explained in details in table 7.2.3. Table 7.22 shows the that thenew draft calculation allows a convergence for results which would not converge otherwise. Figure7.18 illustrates that the draft is more linear than the draft on Figure 7.17. The other parametersi.e. beam, deadrise angle and the centre of gravity are more influential and the draft is directlyproportional to these parameter and the displacement.
Table 7.22: Converging example (aluminium boat 1050 kW, 21 m/s, 35 t payload)Run number estimated weight (kg) Calculated Weight (kg) Draft (cm) Station Lwl (m) Beam (m) Deadrise angle (o)1 15000 15410 80 47 23.8 4.3 112 15410 15410 80 47 23.8 4.3 11

(a) Draft (between station 46 and 48) (b) Draft (between station 46 and 49)
Figure 7.18: Draft study (method 4)

This new draft method was tested to a larger search domain for masses from 30 to 60 tonnes,speed from 21 to 26 knots and power from 900 to 1400 kW. It showed that a large number of sets ofparameters were not converging and a closer look at some example convergence steps showed thatthe estimated and calculated mass were flipping between two values in the same manner describedearlier in this section. The problem was very different as values of beam, deadrise angle and positionof the centre of gravity were picked in a large search domain whereas the draft was calculated. Thetable of results showed that only few values of parameter were found in the acceptable solution. The
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details of the results are all grouped in the next section
To conclude, the present subsection highlights two results:
• In order to decrease the irregularities due to the draft calculation, the method described insection 7.2.3.4 was developed and used in the present model.
• The extreme sensitivity to the refinement and smoothness of the search area needs to beassessed in order to have as many weights as possible converge and to be used ultimately,for the purpose of the study in assessing the life cycle performance of materials. Indeed thecoarse treatment of the draft using method 3 (Section 7.2.3.3) lead to dramatic convergenceproblems. It must be noticed that the same convergence pattern was found using the method4 of the draft calculation. The draft problem being solved, the origin of these new issues wasexamined for the accuracy needed for the calculation of beam, LCG and deadrise angle in thepowering module.

7.2.7.2 Improvement of the power module

The previous section showed that it was necessary to address the question of poor convergence witha change of approach for the calculation of the draft. In the present section, the non convergenceproblem is considered over a large part of the search domain in order to ensure that a large part ofthis domain will provide solutions in the further development of the model. The domain is howeverlimited to the lower right corner of figure 7.9. It is known that the deadrise angle and deadrise anglestandard deviation (the solution fitness criteria for this section) are in a moderate range synonymof viable solutions. In comparison, larger deadrise angles with small standard deviations are ques-tionable in their feasibility (see last paragraph of section 7.2.2). In this particular case a study wascarried for the four studied materials. The results are shown in table 7.23.
Table 7.23 shows a study of the convergence of the weight of the boat in the model. The totalis the sum of the structural weight and a payload constant for each material case study. The firstand sixth column shows the installed power in kW. At this particular stage of the development onlythe plating of the deck, side and bottom plating and transverse stiffener are taken into account. Thezeros are set for non converging solutions. For each material, these solutions tend to show threeareas:
• at low power there are a large number of missing solutions, e.g. between 900 and 1000 kWfor steel and GRTP. This is due to the fact that in the model, lightly powered craft tend to
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Table 7.23: Converging example for each materialPower (kW) Steel (kg) Alu (kg) GRTS (kg) GRTP (kg) Power (kW) Steel (kg) Alu (kg) GRTS (kg) GRTP (kg)900 0 0 0 0 1160 0 0 0 0910 0 12462 0 0 1170 27552 0 13822 0920 19010 0 0 9012 1180 0 17806 0 12909930 0 0 0 0 1190 0 17207 0 0940 19014 13377 11054 0 1200 27975 0 0 0950 0 13377 11047 0 1210 0 19581 0 11769960 19796 12755 11568 0 1220 0 0 14490 0970 20024 0 11858 9107 1230 0 0 14490 0980 0 14481 11203 9107 1240 0 18306 14490 13954990 0 14481 11203 10130 1250 0 0 0 01000 0 14481 12420 9835 1260 0 0 0 144361010 22247 15034 12261 0 1270 0 0 0 144361020 22247 15736 12261 0 1280 0 22906 0 148601030 22980 15736 0 10787 1290 0 22906 0 150641040 22980 15736 0 10787 1300 0 0 0 01050 0 15736 12943 10787 1310 0 0 0 01060 0 16685 12943 10792 1320 0 0 0 152041070 23088 16685 12943 0 1330 0 0 0 152041080 23083 16685 11975 10946 1340 0 0 0 150311090 24451 0 13318 10946 1350 0 0 0 155391100 24554 17468 13318 10946 1360 0 0 0 01110 24476 17468 13318 10946 1370 0 0 0 01120 24476 17468 13301 11437 1380 0 0 0 161651130 24535 15456 0 0 1390 0 0 0 01140 0 15456 0 0 1400 0 0 0 167731150 27569 15456 0 0

be shorter. The displacement of boat is relatively constant therefore these shorter boats needlarger draft. It has been seen in section 7.2.3.4 that the draft is bounded and outside theselimits no solutions are accepted.
• an area where very few solutions are missing, e.g. for steel the power between 1000 and 1150kW or for aluminium between 950 kW and 1150 kW.
• at higher speeds, the number of missing solutions increased to a level where no solutions arefound. One reason may be that the weight is constantly increasing for reasons difficult toassess, as neither the weight nor the payload increase (these two parameters are of primeimportance to calculate the design load, see appendix B). The larger amount of energy todissipate requires a larger wetted surface. However section 7.2.4 showed that the number ofstiffeners are given regardless of the length therefore the spacing increases with higher power.This problem will be addressed in the sensitivity analysis and the genetic algorithm, where abetter weight will be part of the fitness / selection criteria therefore an extension of the seconddomain is expected because a reduction of the weight over the full search domain will be theobjective.
The aim of the refinement is to lower the number of missing solution and to show clearly theboundary between solution and non solution domains.
The first attempt was to increase the number of runs of the model (loop), where estimated weightis set to equal to the calculated weight of the previous run, after which the search is stopped. Bydefault this number is set to ten and the previous section showed that solutions converge quickly,
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e.g. as seen in table 7.21 and 7.22. The computational time increased dramatically with no impacton the number of zeroes whatever the number of loops.
The refinement of the search domain was conducted by increasing the number of intervals be-tween solutions. For the table 7.23, the interval for each parameter were divided in 10 steps and ineach loop 1000 solutions were tested to get the optimum bottom impact. It must be noted that higherdeadrise angles ( >25o) were supposed to be filtered from the solution because the search domainselection. The search domain described in table 7.2 apply in the present study but the deadriseangle are searched between 5 and 25 o. The flipping phenomenon seen on the draft and solved inthe previous section was seen in for the beam, deadrise and CoG parameter for which only a verylimited number of values were found in the detailed result. The refinement for the search solutionwas increased ten times. As a result 1,000,000 parameter sets were search to get the best solu-tion. The number of zeros decreased dramatically with computing time hugely increasing. Figure 7.5highlights that the algorithm made the use of computationally ineffective FOR loop for each param-eter. The FOR loops are symbolised by the arrows starting from the diamond shaped test box goingup to a start box of the Faltinsen algorithm. The results were good but the method was not acceptable.
It was decided to refine the study around a selected number of points giving the best resultsaccording to the initial power method. Little is known on the points surrounding any given pointand even if a point is a global minimum for the bottom impact pressure a surrounding point may bethe real global optimum. Six points were chosen as it increased little the computational time. Thequalitative impact on the result was not studied. For each of the six selected points, a refined studyaround the point of 1 interval unit of the previous run is conducted. This can be repeated the sameway several times. The set giving the lowest value is selected and used in the next module. Thestudied power were extended from 900 - 1400 kW to 900 - 2500 kW.
Table 7.24 and 7.25 grey area shows the relevance of selecting several points for the refinementstudy. While the values for these two tables are relatively close up to 1100 - 1200 kW, for higherpowers another set of parameter seems to give better results with one refinement run showing thatthe optimum parameter set for the grey area of table 7.25 is only a local optimum.
Table 7.26 shows that the refinement does not only have a beneficial impact on the reductionof the zeroes. The red figure shows that there is a decrease of the number of zeroes but the green
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Table 7.24: Converging example for each material (24m/s, 1 power refinement loop)Power (kW) Steel (kg) Alu (kg) GRTS (kg) GRTP (kg) Power (kW) Steel (kg) Alu (kg) GRTS (kg) GRTP (kg)900 10958 0 0 0 1750 30138 22124 16477 13382950 0 0 0 0 1800 0 23151 16836 133331000 0 0 0 0 1850 32361 22965 17259 141381050 0 0 0 0 1900 33422 22694 17243 143911100 14550 8734 8304 6727 1950 35076 24449 17257 01150 14423 0 9478 7628 2000 37090 26499 17431 141971200 0 11585 9623 8047 2050 36895 24791 16636 139171250 17463 12710 10438 8625 2100 0 26276 16284 132831300 18283 12870 10775 8692 2150 42164 23266 16337 134031350 20164 13288 10862 9176 2200 39261 24306 16452 138581400 20255 14414 11639 9729 2250 37915 24382 14617 128171450 22848 15202 11805 9788 2300 43334 24193 0 01500 23321 15687 12711 10923 2350 34627 24793 0 142121550 25503 17030 13835 11799 2400 34603 0 0 148151600 24939 18214 14302 11348 2450 39176 20217 16740 145321650 25882 0 14385 0 2500 36467 22150 17507 150421700 27218 19177 14927 12616

Table 7.25: Converging example for each material (24m/s, 0 power refinement loop)Power (kW) Steel (kg) Alu (kg) GRTS (kg) GRTP (kg) Power (kW) Steel (kg) Alu (kg) GRTS (kg) GRTP (kg)900 0 0 0 0 1750 0 0 0 0950 0 0 0 0 1800 33132 0 17700 147271000 0 0 0 0 1850 36928 0 0 01050 0 0 0 0 1900 36963 24772 0 145541100 0 0 0 0 1950 0 0 0 01150 0 0 0 0 2000 41144 0 0 01200 0 0 0 0 2050 42975 0 0 01250 0 0 0 0 2100 44064 0 0 01300 0 0 0 0 2150 44064 25554 0 01350 22119 0 11610 0 2200 45711 27910 0 01400 0 16568 12456 10102 2250 45731 28887 0 01450 24004 16691 13116 0 2300 45731 29396 0 01500 24760 0 0 0 2350 43262 29396 0 01550 25040 18144 0 0 2400 46189 24713 0 01600 25995 17188 0 12517 2450 45624 24713 0 01650 29485 0 15806 12800 2500 47711 26067 0 151941700 0 0 0 13259

Table 7.26: Convergence comparison several power refinement loop numbers
Power (kW) Nb loop Speed (kn) Steel (kg) Alu (kg) GRTS (kg) GRTP (kg)1900 1 21 28593 21142 0 01950 1 21 0 20982 0 148531900 2 21 38977 20860 18055 01950 2 21 30220 20372 18542 144021900 3 21 27830 20816 18046 01950 3 21 29763 20385 18537 14389

1900 1 24 33422 22693 17242 143911950 1 24 35076 24449 17257 01900 2 24 33756 22620 17315 136801950 2 24 33323 23665 18057 01900 3 24 0 22569 17312 136241950 3 24 0 23626 18034 0
1950 1 26 26916 19071 14278 119872000 1 26 27386 0 14791 123872050 1 26 27779 21955 15070 122961950 2 26 26840 18520 14203 117722000 2 26 26998 20467 14738 122282000 2 26 0 20787 14875 122581950 3 26 26731 18488 14175 116402000 3 26 26925 20378 14720 122062050 3 26 0 20709 14845 12165

value shows otherwise. Indeed, the green figures show that the number of missing values remains thesame, but, the position of this missing values changes. In addition three values of power are givenfor this example, 1950, 2000 and 2050 kW. It shows that the results are not linear and it would bedifficult to interpolate missing values as centre of the interval. It must be accepted that some missingvalues will remain in areas where it might be expected that values should converge. The results aresensitive to stiffener parameters and estimated weight, given in the text file and some variation ofthe these values in the sensitivity analysis and genetic algorithm will reduce the problem. It must
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be mentioned that one value (grey) background is unexpected.
The refinement of the search domain shows a beneficial impact in increasing the number of con-verging solutions. However some values are still missing in areas for no evident reasons. Thesemissing values are expected to be found with a better model information input, e.g. the estimatedweight, the payload or minimum beam, and this question will be addressed in the sensitivity analysis/ genetic algorithm section.

7.2.8 Module Secondary component geometry

This section presents the design algorithm for the definition of the bulkhead, transom plating andsuperstructures, the calculation of which is conditioned on the successful search of the position ofthe engine. The engine is considered as the main equipment which ensures that the position of thecentre of gravity calculated at the power module stage coincides with the position of the centre ofgravity from the specification module.
7.2.8.1 Machinery position

The power studied so far is representative of typical fast boat such as a patrol boat. The enginespecifications are presented in the text file module (section 7.2.4). It highlights the difference be-tween the weight of the structure, which is between 12 and 25 tonnes depending on the material,and the weight of two engines, which is between 2 and 3 tonnes. It shows the difficulties to movethe position of the gravity of the group { structure weight + machinery }. The engine is assumed inthe present research not to be further aft than the first 10 % of the boat length from transom. Theposition of the engine test is very selective and it is difficult to assess its influence as easily as thelooping problem. The influence will be studied in the sensitivity analysis.
7.2.8.2 Bulkhead and transom

The bulkheads and transom can be calculated for the boats for which an engine position is acceptable.Although the position of the bulkhead must be as evenly spaced as possible, it is difficult to ensureit. Their influence on the position of the centre of gravity is however limited because the weight ofthese features are small (about 10% of the weight of the hull and deck) and their positions are eitherside of the position of the centre of gravity. The bulkheads are situated in following sequence
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• Two bulkheads, one metre far from each end of the engine e.g. for most engines these twobulkhead are about 3.5 to 4 metres apart. Their influence on the centre of gravity are small.
• One bulkhead at the fore end of the waterline length which counteracts the effect of transom onthe centre of gravity. The power calculation module shows that the centre of gravity is aroundthe middle of the wetted length. The draft calculation (section 7.2.3.4) show that the waterlinelength is 1.05 times the wetted length therefore transom and bulkhead at waterline length areevenly spaced around the centre of gravity. It must be mentioned that the bulkhead is thickerthan the transom part but the bulkhead surface is smaller as it is at the converging end of thehull.
In addition, boats larger than 24 metres required to be fitted with a fourth bulkhead. This bulk-head is supposed to be fitted in the larger space created between the transom and engine room orLWL and engine room.
The bulkhead scantling must be at least equal to the one of the shells attached. In other wordsno calculation is needed. The bulkheads are divided in two areas:
• The bottom part of the bulkheads, which is attached to the bottom plating from keel to chine

Plating: The plating thicknesses of the bottom part of the bulkheads are equal to the attachedbottom plating thickness.
Vertical stiffeners: The geometry of these stiffeners is equal to the closest transverse stiffenerattached to the bottom plating. It is the same spacing as the transverse stiffener spacingalong the boat.
Horizontal stiffeners: These stiffeners are aligned to the longitudinal stiffeners of the bottomhull. The spacing is smaller than the spacing of the longitudinal because for the samenumber of stiffeners the length in which they are fitted is smaller by a factor equal to thetangent of the deadrise angle. The bulkheads are much stiffer than the attached platingbecause the bottom plating deadrise angle is small.
• The upper part of the bulkheads, which is attached to the side plating from chine to deck

Plating: The plating thicknesses of the upper part of the bulkheads are equal to the attachedside plating thickness.
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Vertical stiffener: The geometry of these stiffeners is equal to the vertical stiffener of the bottompart of the bulkhead or transom plating.
Horizontal stiffener: It follows the same principle as the bottom part but the stiffener is lessaffected because the deadrise angle is much higher.

The weight of the bulkhead is integrated in the loop module. In the design control text file (seefigure 7.12), the payload weight is decreased and the structure weight estimation is increased. Thebehaviour of the convergence remains stable. However fewer boats converged because the modelwas unabled to find a machinery position.
7.2.8.3 Other features

These features include the deckhouse, the covered deck and the inner floor.
The experience gained in the scantling module was used in the present chapter in order tospeed up the scantling process. The scantling module allowed the understanding of the behaviourof pressure and thickness along the boat. It required an extensive calculation of design pressureand scantling between each stiffener. It also required an extensive ranking and selection module i.e.the specification module to deal with this large number of results. It showed that the design loadincreased with the distance from the transom.
It was decided not to calculate the scantling at the centre of each panel as it has been done inthe scantling module and only one panel of flooring was checked for each boat quarter. This is themost forward panel of each quarter. The result for this panel was multiplied by the floor area of eachthe boat quarter.
The panel of the deckhouse was designed with properties equal to the surrounding deck.

7.2.9 Module Energy calculation

Chapter 5 and 6 showed that the most significant energy consuming processes are manufacture of thematerials. The specific energy consumption of each material are described in tables 5.2 to 5.7 andfrom table 6.7 to 6.13 and in appendix A. Table 7.1 summarises the material manufacturing results.The fuel consumption is excluded because it is equal for each candidate material (i.e. equal installed
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power). The energy calculation takes into account the paint and the materials manufacture for thefour materials. It excludes all the manufacturing process as the previous study on the grillage and theboat with fixed topology showed that the contribution of manufacturing processes is very small. It alsoignores the curing process of the composites even though it is not so small. The energy information oncuring is uncertain and not backed up with any elements from literature. They rely only on industrialmeasurements for which the methodology is unknown. The model focuses, therefore, with a particularemphasis on the material manufacture influence on the life cycle energy consumption. These energyconsumptions are larger and validated by a large volume of literature as it can be seen in appendix A.
7.2.10 Module Sensitivity analysis

A sensitivity analysis was conducted on the model. It showed that all the parameters have an in-fluence on the energy result. The details on the analysis are presented in appendix C, where eachparameter is studied for each of the four candidate materials.
The present boat synthesis design model depends on six input parameters:

Installed power, speed and payload : They are assumed that they influence the results as seen insection 7.2.2. Indeed, any power, speed or payload modification changed the geometry andtherefore the energy used during the life of the boat.
Service restriction : The results are presented in graph C.1 and shows that it influences the energyused during the life of the boat.
Number of stiffeners : The results are presented in graphs C.4, C.5 and C.6.
size of the stiffeners : The results are presented in graphs C.7 and C.8.
Estimated weight : The results are presented in graph C.2.

The first four parameters are design input and they are required to define a boat in the presentdesign approach. They are referred as the specification parameters hereafter. The following twoparameters define the stiffener properties as a design input. These parameters are referred as the
stiffener parameters hereafter.

The most noticeable result is that the stiffener parameters and service restriction influence theresults significantly showing that they need to be included in the calculation process. Each of these
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parameters has a major influence in the calculation of the design pressure and the plating thickness.The detail of these calculations is given in appendix B.
The estimated weight has a minor influence on the energy result. The slight variations are due tothe numerous convergence level which are all at about 5 %, and therefore draft and loop convergencecriteria may lead to slightly different results each time. In addition there is only a limited numberof possible geometry e.g. beam, deadrise angle, but also a limited number of possible thicknesse.g. metal thickness have 0.5 mm steps as required from Lloyd’s Register and the composite layerthickness is limited to 1 mm, 1 mm being the thickness of a Twintex layer. It is decided to excludethe estimated weight from the study and to use the minimum estimated weight tested in the sensi-tivity analysis study (25 tonnes) as it allowed a greater number of solution to converge. This canbe explained by the fact that when the weight is too high it is not possible to calculate the draftand therefore the looping process stops. It is necessary to avoid an early loop stop of a heavy boat.Indeed if a draft can be calculated, it is possible to conduct a second run of the program in which amore suitable estimated weight is used.
The time for calculation of non null points (a point which returns an energy value) is in generalbetween 30 seconds and 1 minute. The calculation length depends on how quickly the draft is calcu-lated (the draft calculation is described in section 7.2.3) and how fast the weight convergence takesplace (described in section 7.2.7). This time is relatively large considering that genetic algorithmsassess each member of each population, at each generation, for each candidate material.

7.2.11 Module Genetic algorithm

As shown in the previous section the design parameters are of two types, (1) parameters derivingdirectly from the customer specifications for a given service e.g. power, payload (2) and the inter-nal parameters required for the conduction of the design model e.g. the stiffener properties. Thesestiffener parameters influence the boat life cycle energy consumption and should be optimized forthe best material used. In addition, the four materials have different properties and therefore theirimplementation should differ. In the present section the best set of stiffeners properties is studiedin order to adapt the design to specific mechanical properties of each material within the designmodel of Lloyd’s Register. The adaptation of the stiffener size and number are an improvement ofthe design algorithm implemented in chapter 6 where the stiffener topology was fixed, therefore not
148



taking advantage of the difference in properties of each material. It must be mentioned that in thepresent boat design model, the differences in implementation for the four materials are strictly basedon the mechanical properties and not on cost or manufacturability.
As shown in the methodology, a genetic algorithm (GA) was implemented. Section 3.4.1 gavethe theoretical background for GA. The present GA uses a tournament selection with subsets oftwo individuals. The probability of passing two parents to the next generation without crossover is0.6. The mutation is probability is 0.01. The GA made use of a double point crossover. The fit-ness criterion is the inverse of energy consumption. The fitness of non converging boats is set to zero.
The time necessary for a complete boat optimization is relatively large. It was decided to focuson the GA’s speed of execution instead of the accuracy of the results. As a consequence, the searchdomain was limited to a minimal size which resulted in short strings for the coding of chromosomes.The population size for the metal alternatives is 16 individuals and the model converges after 18generations. For the composite materials the population size is 20 and the number of generationsused is 18. It provides a relatively good approximation while limiting the calculation time to aminimum, generally between 2 to 4 hours. A comparison between the four materials for one set ofparameters took more than 10 hours of calculation when the 4 materials were converging. Whena boat is not converging it takes about 20 to 30 minutes to calculate each individual of the firstgeneration population and to pass to another set of specification parameters.
Table 7.27 shows the search domain and the coding of each individual for the metal and compositecandidate materials for the number of stiffener.

Table 7.27: Coding of the number of stiffeners
Parameter Minimum Maximum Step Number of digit used to code the parameter

Number of transverse stiffener 29 45 1 Coded on the first four digits of the individual
Number of longitudinal stiffener on the bottom plating 2 9 1 Coded on the three following digits
Number of longitudinal stiffener on the side plating 2 9 1 Coded on the three following digitsNumber of longitudinal stiffener on half deck plating 2 9 1 Coded on the two following digits
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Table 7.28 shows the search domain and coding of each individual for the composites alternativesfor the stiffener size.
Table 7.28: Coding of the size of the stiffeners

Parameter Minimum Maximum Step Number of digit used to code the parameter

Height of transverse stiffener 120 200 10 Coded on the first three digits
Width of transverse stiffener 50 90 5 Coded on the following three digits
Height of longitudinal stiffener 0.5 0.9 0.05 Calculated as a percentage of the traverse stiffenerheight. Coded on the following three digitsWidth of longitudinal stiffener 0.5 0.9 0.05 Calculated as a percentage of the traverse stiffenerheight. Coded on the following three digits

Table 7.27 and Table 7.28 shows that each metal individual is coded over 12 digits and eachcomposite individual over 24 digits.
The most noticeable effect of the use of a genetic algorithm is the dramatic decrease of nonconverging boats. Indeed, it was noticed that a slight change in payload could make a boat designconverge to a solution. In the present case the change in number of stiffeners may change the thick-ness of the plating and consequently the weight. In the initial population the number of boat designsconverging to a solution may be small but the results were more continuous with less disruption onthe power, speed, payload, service restriction space.
As it has been seen there are three reasons of non convergence:

1. A boat that is too heavy makes the ’geometry module’ fails to return a draft (described insection 7.2.10). The number of stiffeners and their dimensions are not taken into accountfor the calculation of the draft in the first iteration of the boat design because the draft iscalculated using the estimated weight. It is used thereafter for the calculation of total weightin the scantling and specification module.
2. A boat that is too light makes the ’other features module’ fails to return an engine position(described in section 7.2.10).
3. For some input data the boat is not converging due to the search domain refinement problem.This phenomenon is described in section 7.2.7.
The first two non converging problems are not improved by the GA. The draft calculation veryrarely fails on the first run of the loop because the estimated weight chosen is as relatively low.The effect of the estimated weight is shown in appendix C and the weight was chosen to be 25,000
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Table 7.29: Design domain investigated in the modelParameter Min Max StepInstalled power (kW) 1110 1230 30Speed (kn) 21 23 2Payload (t) 10 20 5Service restriction 2 6 2
kg, which is a very low weight. The position of engine can be calculated for a large design domainbecause it is likely that at least one set of stiffener parameters would result in an artificially highweight. For this parameter set, the model would converge by avoiding the problem of convergenceof light boats. In case (3), when the model is stuck between two values but still returning a value,a small change in weight can make a large difference to the model convergence as seen in section7.2.7. Indeed, table 7.20 and table 7.21 show how a change in weight (payload in this case) canmake the model converge.
7.2.12 Running and storage of the result

The model was run on a PC equipped with dual core processor for about a month. It provided resultsfor 90 different sets of specification parameters. In total 360 boats were optimized. Table 7.29 sum-marises the design parameter for which the model was run. As the model was very time consumingto run, only a small design domain was calculated.
The results for each boat were continuously stored in text files in order to avoid any accidentalloss of information. The raw data was analysed using the streamreader object of the .NET frameworkwhich is associated with the C# language. The data was grouped automatically with a C# macroin an .xlsx document (Excel 2007) and was analysed using a pivot table. The results for the domaininvestigated are presented in table 7.30.

7.3 Critical analysis of the result

Table 7.1 shows the results of specific energy consumption per kilogramme of material for steel,aluminium, GRTS and GRTP .
Table 7.30 summarises the result for a search domain presented in table 7.29. The figure pre-sented is the life cycle energy consumption, in MJ, for each material. It shows that, when a recycled
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Table 7.30: Model resultsPower (kW) Speed (m/s) Payload (t) Serv Rest Aluminium GRTS Steel GRTP
1110 21 10000 2 0 0 0 11724774 0 0 0 11815546 0 0 0 015000 2 606916 1404074 380235 10659974 789962 1654463 0 12216836 0 1928909 0 128758620000 2 485774 1462387 292198 10071644 900991 1684450 0 11798806 788026 1594231 0 131841123 10000 2 477676 1205655 236792 7784114 732229 1498084 351063 9885086 674621 1454428 0 100273115000 2 497894 1062721 255771 7625444 612555 1469526 296363 9629416 630103 1394626 0 95881520000 2 467974 1074327 230161 7267364 0 1366257 0 10119216 0 2928155 0 1914661
1140 21 10000 2 0 0 0 04 0 0 0 06 0 0 0 015000 2 557077 1438288 328351 10593554 836045 1752941 0 11318056 828347 1729262 0 115664520000 2 535100 1477053 279250 9223704 794704 1650251 0 11880446 796113 1898467 0 126184623 10000 2 507311 2368662 235660 16144544 736907 3096800 316489 21058406 701383 2997855 0 197432515000 2 474035 2291475 261337 15597874 599822 2982219 0 19990806 644222 3213515 0 202205220000 2 494481 2156584 229301 16648764 0 2845446 0 19521556 0 2993469 0 1939443
1170 21 10000 2 0 0 0 04 0 0 0 06 0 0 0 015000 2 576515 1387373 0 10837514 0 1633043 0 12164926 0 1587051 0 121625720000 2 573504 1408034 0 9362474 0 1702593 422321 11050866 950258 1703141 0 109961123 10000 2 520847 1180416 243064 8535624 701026 1503395 0 11196536 807264 1527912 0 107449015000 2 498682 1196147 247890 8610204 749167 1404408 385485 10179316 782324 1481506 0 102104120000 2 488913 1138554 242628 8043194 630419 1437651 0 10064196 0 1505684 0 1044755
1200 21 10000 2 0 0 0 12982844 0 0 0 06 0 0 0 015000 2 596805 1608165 0 11622004 0 1736468 0 12807776 0 0 0 136691620000 2 577489 1453437 243130 11215764 739484 1782916 0 11969286 774623 1659476 0 118293623 10000 2 558732 1237345 275368 9154344 749114 1571507 0 10899836 841548 1617921 0 109531315000 2 510178 1314429 267776 8449984 758097 1476773 0 10700916 808194 1566633 408768 106742320000 2 511282 1243535 270563 8996734 772650 1638746 0 10271696 788027 1569840 0 1051818
1230 21 10000 2 0 0 0 04 0 0 0 06 0 0 0 015000 2 0 0 0 12228094 0 0 0 14043586 0 0 0 130687220000 2 579053 1353829 0 11339524 0 1701660 0 14162546 0 1713745 0 132936523 10000 2 573916 1377817 0 9583154 817231 1614437 0 11372736 0 1662460 0 110655315000 2 555435 1353666 273212 8701074 745177 1605099 0 11120466 727836 1640987 0 117204620000 2 528814 1256897 240851 8731984 641443 1548048 0 11145746 0 1746061 0 1154960
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steel solution can be found, it is always the best results. However the steel is impaired by its weightand it gives a solution for fewer cases than the other materials. When no recycled steel solutioncan be found, but an aluminium solution is available, it is the best solution. GRTP conversely has agenerally higher life cycle energy than aluminium and steel but has a solution for the largest numberof design parameter sets, almost all. It is the best material alternative when the boat synthesisdesign model failed to return a solution for steel and aluminium.
The results are analysed in details for two sets of parameters: figure 7.19 for 1140 kW and 23m/s and figure 7.20 for 1230 kW and 23 m/s. The values are taken from table 7.30.

(a) Energy

(b) Boat length
Figure 7.19: Energy value and boat length for 1140 kW and 23 m/s

Figure 7.19 shows in color the best material for a given set of payload and service restriction.In this figure, blue is steel, grey is aluminium and green is GRTP. It shows that steel is the bestsuited material for the least demanding conditions e.g. most restricted area of operation and low
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payload. Conversely GRTP are better suited for the least restricted area of operation and largepayload. In these cases there is no solution for steel and aluminium as it can be seen in table 7.30.The boat design model also converged to a GRTS solution but with a higher energy level than GRTP.
Figure 7.19 also shows the quantitative figure for life cycle energy (a) and boat length (b). Theenergy result shows that for the least demanding conditions i.e. low payload and small servicerestriction parameter G2, the life cycle energy requirements are relatively low because of the steelenvironmental performance. The boat life cycle energy increases dramatically for the most demandingcondition, high payload and unlimited restriction area, for the GRTP boat design solutions becauseof the larger structural requirements and the higher specific energy consumption of GRTP. It canbe seen that the length of the boat tends to decrease with an increase in payload and/or servicerestriction parameter (G2 to G6). This can be seen for the steel boats. Indeed, the length decreasesfrom 24.8 m to 24 m and to 23 m for increasing payload at a service restriction constant and equalto 2. For a constant payload of 10 tonnes, the steel boat length decreases from 24.8 m to 22.6 m.When the material selected changes from one material to another e.g. from steel to aluminium oraluminium to GRTP, the length of the boats tend to increase and this is followed by a decrease oflength until a new material change. Overall the length of boat is relatively constant over the designdomain considering the very large changes in payload and service restrictions.
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(a) Energy

(b) Boat length
Figure 7.20: Energy value and boat length for 1230 kW and 23 m/s

Figure 7.20 shows the result for another set of parameters: 1230 kW and 23 m/s. It shows thesame kind of pattern which is representative of the present model, for the least demanding conditionssteel has the lowest energy level and therefore is selected, for the more demanding condition GRTPhas the best results, and aluminium is suited for the more intermediate conditions.
Figure 7.20 presents the results in terms of life cycle energy and boat length. In figure 7.20 (a)energy level are within a much closer interval than in figure 7.19. It shows that from power/speedset to set, the overall energy requirement can vary considerably (in the first figure GRTP SEC isequal to 1900 GJ and in the second to 1100 GJ). In this case the result on the boat length showsthe same pattern as in figure 7.19 demonstrating the reproducibility of the approach.
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7.4 Conclusion

The key aspects of material selection are to be able to judge which solution is the best. Howeverit has been seen in the critical review of previous research that many solution can be consideredas equivalent (solution with on the same value function line as described by Ashby [58, 10]). Theinteraction between design and mechanical properties, shape possibility and manufacturability arevery important in order to assess the best material.
It has been seen in the present chapter that not only is it possible to find equivalent solutionswith regards to fuel consumption but it showed that using the LCA standard allows one to broadenthe design paradigm to better assess material and take advantage of their specific life cycle energyconsumption and specific mechanical properties.
In this case the materials are not selected strictly on their intrinsic performance but on theirability to provide a solution within the boat design model. This is the case of steel. Indeed, it re-quires little energy to be manufactured and should be a natural choice when it comes to build a boat.However, if the design starts with a fixed geometry, materials with a higher specific strength arebetter suited to limit the life cycle impact as it is the fuel consumption that is the most discriminatingfactor (see chapter 6). In the least demanding conditions, boats in steel can be designed with alength similar to other materials for the same power and speed. This goes against common practiceto build small boat in light weight composites. However, with the introduction of energy impact aspart of the design criteria this percieved opinion is reversed with small boats in steel and larger incomposites.
The boat synthesis is the last design implemented in the incremental approach defined in themodified LCA framework. The following summarises the work conducted and highlights the contribu-tion of the boat synthesis to the modified LCA framework.

1. The grillage demonstrated that incorporating design in LCA allowed the definition of the rel-evant functional unit in order to measure the performance of each candidate material. Eachgrillage was designed according to the material property. The relevance of integrating designwas supported by Xu et al [21] and Song et al. [22]. The impact inventory and figure validationis conducted during the grillage study that is the least complex design. It showed that theimpact results were close and that it was possible to further investigate the influence of design
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on the environmental impact.
2. The boat with fixed topology showed that a change in design would result in different resut. Theboat study showed that fuel consumption was by far the biggest impact and that the materialwith the highest specific mechanical properties are the best. However, it shows it ignores thespecific environmental properties of material and any material with a high specific
3. The boat synthesis is not a suitable design candidate for the first study in the modified LCAframework because it was to extensive. Indeed, the energy value collection is time consumingand the amount litterature reviewed to gather all the relevant information can be seen inappendix A. Conducting both design optimisation and impact inventory activities at the sametime would be uncertain. Moreover, it is not possible to defined the design constrains i.e.constant fuel consumption and weight minimisation without the boat study. The boat synthesisposition in the modified LCA framwork iTherefore, the modified framework allows to integratevery complex design requirement in LCA.
The modified LCA framwork gives a structured method to investigate material selection for com-plex structures. The work conducted in the present research demonstrates that integrating designin an LCA study provide results. These results can be the basis of highly optimised structure withregards to environmental impact.
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Chapter 8

Conclusions

8.1 Discussion

The goal of the research was to study the environmental performance of materials for structuralapplications. The LCA methodology was chosen to provide a solid and well documented frameworkupon which to build the research. The literature on LCA is rich and the approach chosen for thepresent research could be compared with work from other authors. Early in the research however,the extreme complexity of the environmental impact model, the lack of transparency of the databaseto the non specialist, and the data missing for GRTP life cycle and manufacturing process lead to thedevelopment of an energy database for the purpose of the present work. The energy database showsthe complexity for the selection of alternative material production routes but adds to the presentmodel a transparent information database and the justification for the selection of specific materialrelated values. The research had four main steps:
Definition of the LCA framework: The objective was to develop a reusable framework for materialselection using LCA. A modified LCA framework incorporating structure design was studied. Inthis framework four materials were evaluated. Three designs were chosen to be investigatedusing the same impact assessment method and same environmental impact figures: a grillage,a boat with fixed topology and a boat synthesis. These three artefacts were chosen so thatthe complexity of their design increased in an incremental manner. It followed the increase inknowledge about each candidate materials, design itself and LCA. The critical analysis playedan important role in order to organise the change in design constraints. The boat with fixedtopology took into account the result of the grillage and the boat synthesis took into accountthe result of the two first studies in order to overcome their limitations while providing a moreprecise and better optimised design. The functional unit definition was a key aspect of theframework. The quantity of material required to fulfil the design requirements was used as the
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functional unit. The flow of material, energy and fuel for the life of the functional unit of eachstructure was investigated. The definition of the functional unit varied slightly for each design.For the boat 6, the quantity of material and fuel consumption was given per annum and for theother structures only the quantity of material was taken into account. The following are thedetailed result of the three structural artefacts.
The grillage study: this study gave the first insight on the interaction between specific mechanicalproperties, specific environmental properties and a design algorithm in the context of a materialselection. The collation of life cycle energy values highlighted that there is a large differenceof SEC values between the candidate materials. This difference demonstrated that there waspotential for a selection based on environmental impact criteria.

The study showed that the specific stiffness and specific environmental impact would be keyfor the selection of a material but the structural model was not relevant enough to materialselection in boat building as it ignored completely in service life aspects for example fuelconsumption. The result of the modelling showed that recycled metal alternatives demonstratea lower impact than the intensively used composites.
The study of a boat with a fixed topology: the introduction of a new design model for the four ma-terials overcame the drawbacks of the grillage model. However this boat design model neithertook into account the specific properties of each material in terms of their mechanical propertiesnor their environmental properties at the design stage. It shows that the specific strength wasthe most significant parameter. Indeed, the higher the specific strength, the lower the weightof the boat and therefore fuel consumption. The critical review of the grillages and boat studyshowed clearly the influence of the design model on the life cycle performance and selectioncriteria.

In the context of the modified LCA framework presented in chapter 4 the results were interpreted,as required in the original LCA framework as seen in figure 3.3, in order to select a designmodel better adapted to the present research on material selection. This new approach to LCAcritical review gave a new scope to the application of LCA in boat design and in engineeringin general by focusing on the adaption of a design model to an LCA study.
The study of a boat synthesis: the design approach for this study required the fuel consumption tobe fixed. The development of a new model approach showed that it was possible to designa large number of boats for all the candidate materials using a new design paradigm. Theresult confirmed that the careful selection of the design modelling for the LCA study can better
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highlight the candidate material’s specific environmental properties in a contextual design. Itshowed that recycled steel was the most environmentally friendly solution but was suitable onlyfor a limited design domain whereas GRTP would be very suitable for design where neithersteel nor aluminium could be used.
This result showed that material can not only be chosen for a specific application leading topreconceived material choice e.g. the quasi automatic selection of composites for boats, butthat their specific environmental properties can be the base for a design provided that thisdesign respects some life cycle criteria.

8.2 Specific contributions to the subject

The work conducted contributes uniquely in the field of the LCA applied to material selection formarine applications. Though LCAs have been applied to ships and shipping, its implementation forthe selection of materials and processes at an early stage of design is new. It must be mentioned theLCA framework used in the present research can be applied to any engineering artefact because manyaspect of design covered in the present research are not unique to marine structures but common toany design. The novelty of the work includes the four following areas where no significant publicationshave been published:
A The main output was the creation of an LCA framework incorporating design aproaches formaterial selection. In this framework LCA and boat design are interacting in giving a func-tional unit value used to measure the performance of each candidate material. The frameworkreusability was demonstrated by the study of three designs in the order of increasing complex-ity were conducted during the research showing that each of them was useful in assessing thefour materials. The design took into account the requirements for material selection in boatdesign when environmental impact is the main focus. It includes in the design all the majormaterials used in boat building as well as GRTP and the design specification evolved with theconduction of the LCA.
B The collation of information for use within the LCA framework was conducted and the data pre-sented in tabular form in Appendix A. The life cycle impact collection highlighted the difficultyin the use of commercial databases. It was suitable for the design aims and the objective ofthe present research and life cycle scenario could be derived from the collection of information.This information, readily available, allows the framework to be extended to other applications.
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C The framework presented was successfully applied to a material selection problem. The modelshows the advantage GRTP over other material as it is a more flexible material than its metalalternative in the context of LR-SSC rules as it provides a solution in a much larger designdomain than steel and aluminium even though its environmental impact is higher that these twometals. The life cycle model showed that materials are mainly selected based on the specificenergy consumption and specific mechanical properties. Steel can be selected for part of thedesign area as its adaptation to a design to life cycle took into account its good environmentalperformance.
D The critical review of the outcome of the first two application of the new LCA framework createdan opportunity to study boat structure with a novel approach. The design of the boat is adaptedto design working principles derived from traditional approaches to marine structure showedthat geometry and power calculations can be adapted to new design objectives for a significantamount of the design space. This new approach is therefore possible and design to a better lifecycle should be investigated because it is not limited to a small design domain, but to rangewhere it can be possible to take advantage of material environmental characteristics.
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Chapter 9

Further work

Further work could be conducted on the four following aspects:
The addition of new impact model and the influence of a weighting process : Indeed the materialselection could gain in having a more precise approach. In addition, the introduction of newenvironmental impact factors leads to the need for a weighting approach. This is probably avery important aspect as the design to life cycle can without any doubt be part of the material.
A better life scenario in which life uncertainties are better taken into account : The paper of La-torre [76] highlighted that the life of boat may be more complex and a reliability study may berequired if any boat requirement changes. Indeed if the speed increases ever so slightly, theGRTP boat may be more attractive because they are always lighter.
The implementation in term of cost : In the present research the cost were assumed to be similarfor each material. It is expected that the cost of manufacturing with steel and aluminiumwould be higher and more labour intensive. However the cost in service can be considered asrelative similar because it is possible to make the fuel consumption constant for each candidatematerials. In addition the real cost of dismantling a boat is not really well known but at leastthe cost in service due to the fuel consumption is constant for the four alternatives
The analysis of uncertainties in the design : The model presented in chapter 7 is relatively simple.It is possible that some more work could be considered on assessing the seaworthiness of eachboat. In this case it is possible that more steel, aluminium, GRTS or GRTP could have beenaccepted or rejected. In addition the boat geometry and interior change for each candidatematerial and some design may not be accepted by the customer.
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Appendix A

Detailed energy information inventory

The present appendix presents the information collected in the context of the modified LCA framework(figure 4.1) for the life scenario selection and the energy impact allocation (box 4a and 4b of figure4.1). It covers the life cycle stage of the four studied materials for the life cycle stage describedin figure 4.1 box 3. The specific energy consumptions (SEC) are given per unit of length or weightindependently of any structural implementation.
A.1 Information inventory methodology

For each material and each life cycle stage, SEC information was collected and presented in tab-ular forms (see tables A.1 to A.8). These tables cover a large selection of processes, each of themare possible process alternatives during the life cycle of a marine structures. When processes arerelated or very similar, the table for several life stage or for several materials were merged e.g. thesteel manufacturing and steel recycling are merge in a single table and so are GRTS and GRTPmanufacturing. The analysis of these information follows the sequence:
A Process description: The life cycle and the relationship between processes and subprocessesare described in general terms
B Possible life stage scenario statement: From the collected set of information, some datacan be grouped or opposed in order to described coherent possible life stage sets of processalternatives. It defines also which figures can be used in the LCA.
C Best life stage alternative selection: The aim of the present research is to find the materialwith the most efficient life cycle impact when implemented in a marine structure. It requires to
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select for each life cycle stage the best set of processes that have the lowest energy impact.The list of the best life cycle stage set of processes is the life scenario (figure 4.1 box 3)
D SEC figure implementation: Within the top to bottom approach of the modified LCA framework,collected information are first used in parallel with the life cycle scenario definition (figure 4.1box 4a) and after the value for the process is calculated for the functional unit (figure 4.1 box4b). This section deals on the figure implementation guidance.
E Critical review: The limitation of the collected values and their implementations in the energyimpact are discussed in order to ensure the credibility of the LCA.

A.2 Steel manufacture and recycling

Information inventory part A: Process description

Steel marine structures generally require large amount of mild steel (low alloy steel). The tableA.1 shows the SEC for the manufacture and recycling of mild steel. This kind of steel can be producedeither from primary resources or recycled from scrap.
• Primary steel can be manufactured in two ways: conventional Blast Furnace (BF) and Basic

Oxygen Furnace (BOF) and requires prepared ore and coke and from Direct Reduced Iron

(DRI) using iron ore and steam coal or natural gas. DRI are converted into steel in Electric ArcFurnace (EAF). The finish always follows the sequence: casting, hot rolling and cold rolling(if thinner products are required)
• Recycled scrap can be processed in BOF up to a furnace content of 30% taking advantage ofthe energy release during the conversion of liquid iron with the injection of liquid oxygen orin EAF where scrap are melted and refined. The finish follows the same sequence than forprimary steel

Information inventory part B: Possible life stage scenario statement

Steel is by far the world most produced metal [107]. It requires extremely heavy equipmentsand it is responsible for a large amount of pollution of any kind. Hence it is widely monitored andresulted in a large amount of scientific and public literature. It is mostly published per country. Itis difficult to generate a realistic SEC by adding subprocess figure from different sources becauseof calculation assumption. Lenzen et al. demonstrated [94] the variability of such a calculation. The
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selection of the best process is to be done within the global steel value given per country (line 28to 40 of table A.1)
Information inventory part C: Best life stage alternative selection

Figures from each country converge to the conclusion that recycled steel is the most energy effi-cient steel available on market. The SEC of recycled steel is difficult to assess because the energyrecovered in BOF for the recycling of steel is considered as zero. It is assumed that the SEC ofrecycled steel is the SEC for steel in EAF. UK steel figure from Michaelis [108] is chosen as UK isone of the most efficient and is locally produced.
Information inventory part D: SEC figure implementation

As for most products of heavy industries, steel can be only purchase from stockholders. It is notpossible to purchase a material manufactured from a given technology. This is the involvement in thecollection of scrap that decides the allocation of the SEC value. 100% of scrap collected the valuefor UK recycled steel[108] is taken. Conversely, if no effort on collection is done the UK value forprimary steel [108] is used.
Information inventory part E: Critical review

The SEC figure from Michaelis [108] is derived from exergy analysis which is different from theactual energy by 5% at most. This is regarded as accurate enough considering the large uncertaintieson the SEC calculation.
A.3 Manufacturing with steel

Information inventory part A: Process description

Raw steel semi products such as plates and sections are usually marked, cut and welded intomarine structures in the manufacturer facilities. Marking SEC is assumed to be negligible. TableA.2 shows the SEC for the cutting and welding of steel. It presents a selection of the most currentprocesses. Sawing, oxy-cutting, laser, plasma cutting and waterjet are the selected cutting methods.
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Metal Active Gas (MAG), Metal Inert Gas (MIG), Tungsten Inert Gas (TIG), plasma welding, shieldedelectrodes welding, carbon arc welding and oxyacetylene are the selected welding methods.
Information inventory part B: Possible life stage scenario statement

The selected processes are benchmarked for a 5mm thick 1 metre cut or weld. For each processthe calculation of the SEC derived from the process specification from Cary’s Modern Welding Tech-nology [93] or commercial literature from Thermal Dynamics, Flow Corp. or Trumph. The resultingelectrical power is multiplied by 3 in order to take into account the loss in conversion from primaryresources such as natural gas to electricity.
Information inventory part C: Best life stage alternative selection

Oxycutting is the most efficient cutting process and as it is portable it can be used for manufac-turing but also repair and dismantling. CO2 MAG is chosen because it is one of the most efficientand fastest process. It is portable then it can be used for manufacturing and repair. Oxyacetyleneis ignored because it is a slow and very manual. Fine wire MAG welding is ignored because withincrease in material thickness it requires a lot more passes to do the weld than CO2 and ultimatelyit requires more energy. For the 5mm thickness however the two methods are similar.
Information inventory part D: SEC figure implementation

Oxy-cutting requires very little energy in comparison with CO2 welding. It is ignored in the LCAimpact assessment. Chart A.1 shows the SEC for one metre of weld in two welding configuration asa function of the thickness for CO2 welding.
Information inventory part E: Critical review

The input used for all these processes have all the same industrial quality (gas, electrodes,power supplies, etc.) on the contrary of steel manufacture where the ore quality may differ from acountry to another and requires technology adaptation. For this reason it is assumed the value calcu-lated from a limited batch of sources remains accurate enough for the purpose of the present research.
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A.4 In service

Information inventory part A: Process description

Although steel, and aluminium and composites do not used the same paint system, the reasoningfor the two set of material is similar. Table A.3 shows the energy consumption for the in serviceinput of steel and Table A.3 shows the energy consumption for the 3 other materials. Only paint ispresented as it is just a function of the surface. Repair is also an in service issues. It is assumedthat over the life of the structure 10% of the material is replaced. The fuel consumption in the caseof boat does not appear in the present table because it needs in depth calculation of the propulsionresistance and does not depend on design parameter such as weight, length of weld surface, butrequire technical choice such as engine selection.
Information inventory part B: Possible life stage scenario statement

The value derived from the commercial literature from International Paint. It defined the paintsystem required in the case of a boat. The system for this company is comparable in thickness andconfiguration with other companies such as: Sigma, Sikkens, Marclear, Seajet.
Information inventory part C: Best life stage alternative selection

The paint SEC calculation is conducted considering the paint as epoxy only ignoring additivesuch as aluminium.
Information inventory part D: SEC figure implementation

The SEC is implemented from the table A.3.
Information inventory part E: Critical review

The approximation about the paint composition is acceptable because the alternative paint sys-tems for the other materials are about the same thickness and composition. This approximation doesnot bring any advantage to any material toward another then the LCA consistency is kept.
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A.5 Aluminium manufacturing

Information inventory part A: Process description

Aluminium is the second most produced metal in the world [107] far behind steel. Aluminiumis mostly used alloyed and the studied marine structures require marine grade alloys. The tableA.5 shows the SEC for aluminium regardless any alloying. Aluminium can be produced from naturalresources or recycled from scrap:
• Primary aluminium is produced from bauxite (alumina ore) which is incorporate into slurry,refined and concentrated in pure alumina through Bayer process for higher grade of ore or acombination of Bayer and sinter process for lower grade of ore. The alumina is converted inmelted aluminium through a smelting process using prebaked carbon electrodes. The materialis then continuously cast into slabs and then rolled or extruded.
• Recycled aluminium is produced from sorted scrap in furnace with the addition of fluxing saltswhich agglomerate impurities and oxides in slags. The outcome is cast, rolled and extruded.

Information inventory part B: Possible life stage scenario statement

Aluminium is a large consumer of electricity and a fast adapting process. The selection can bedone on smelting technology value but the variability is relatively small and each manufacturer ofaluminium tends to upgrade the tools quickly. The main variation takes place in the refining oralumina process because of the unequal quality of ore but the selection of an aluminium cannot bedone on ore basis. Liu [109] et al. review showed that European countries produced aluminium fromhigher grade of ore resulting in a lower energy consumption. The selection is done on a countrybasis from global values.
Information inventory part C: Best life stage alternative selection

There is very little published on SEC of recycling aluminium. However recycled aluminium con-sumes a lot less energy than primary. The UK value from Hammond [110] is taken for the study.This result is in the same range of order than figures from other sources. There is no evidence thatmarine grade aluminiums are produced in the UK.
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Information inventory part D: SEC figure implementation

The same reasoning than steel applies for the allocation of energy values. Both recycling andprimary aluminium SEC figures are chosen from [110].
Information inventory part E: Critical review

Aluminium is always alloyed and it is present in a large variety of application in various grades.The representativeness of general purpose aluminium is an uncertainty because it means most of thetime packaging aluminium. Little is published on specific aspects of marine grade aluminium andindirect SEC contribution of processes during the manufacture of those alloys.
A.6 Manufacturing with aluminium

The method adopted in the information inventory of manufacturing with aluminium is similar to themethod for manufacturing with steel.
Information inventory part A: Process description

As with steel, semi products such as plates and sections are usually marked, cut and welded intomarine structures in the manufacturer facilities. Marking SEC is assumed to be negligible. Table A.5shows the SEC for the cutting and welding of aluminium. It presents a selection of the most currentprocesses. Sawing, laser, plasma cutting and waterjet are the selected cutting methods while MetalInert Gas (MIG), Tungsten Inert Gas (TIG), plasma welding, laser beam welding and Friction StirWelding FSW the selected welding methods. The welding of aluminium remains more technical andheat sensitive than the welding of steel.
Information inventory part B: Possible life stage scenario statement

The selected processes are benchmarked for a 5mm thick 1 metre cut or weld. For each pro-cess the calculation of the SEC derived from the process specification from Cary’s Modern WeldingTechnology [93], commercial literature from Thermal Dynamics, Flow Corp. or Trumph and scientificliterature for laser beam welding and FSW. The resulting electrical power is multiplied by 3 in order
169



to take into account the loss in conversion from primary resources such as natural gas to electricity.
Information inventory part C: Best life stage alternative selection

The best cutting process is waterjet. It is not portable then when it is required, e.g. repair,plasma cutting is used. FSW is the most efficient welding alternatives. The portable alternative isthe plasma arc welding.
Information inventory part D: SEC figure implementation

Chart A.2 shows the SEC for 1 metre of cut in two welding configuration as a function of thethickness for waterjet and A.3 show the SEC for the energy for plasma cutting.
Information inventory part E: Critical review

The same comment than for the manufacturing with steel apply. However the FSW SEC is dif-ficult to assess as very little has been published. It is more and more used especially in marinestructure but it is more customised than for other welding equipments. The energy derived from thelaser beam calculation considering that it is 40 times less energy intensive. This approximation doesnot impair the result because the energy requirement is low in comparison to the cutting requirementfor the manufacturing and dismantling.
A.7 Composite material manufacture

Information inventory part A: Process description

Table A.6 shows the value of energy consumption for the two composite material studied in thepresent research. Epoxy is thermoset resin product through the chemical reaction of sub product ofcracked oil and brine. Epoxy stands as a raw material as two separate liquids, epichlorohydrin andbisphenol-A. When mixed these two materials polymerises into a hard polymer. PP is a thermoplas-tic which is the result of the polymerisation of propene. It is processed in its liquid form which isobtained at about 200 ◦ C. Glass fibre is the result of the spinning of melted silica and other minerals.
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Information inventory part B: Possible life stage scenario statement

The collected SEC for both PP and epoxy shows a lack of consistence in comparison with alu-minium and steel. The two main reason for the differences between the number are:
• The lack of boundary between raw material and finished product for polymer. Ideally energyfigures needed for the present research should be the energy consumed up to the door of themarine structure factory. However this kind of figure is not of any use for plastic manufacturerassociations or for the society in general in order to communicate about their environmentalperformance. The boundary between raw material manufacturer compounder and industrialproduct manufacture is unclear then polymers are mostly studied in their final form insteadof pellet or liquid thermoset. The polymer product range is huge and for epoxy can be usedin paints, adhesives, composites in which reinforcement and filler content may change from anapplication to another and which curing can take place in an oven or not. The same range ofapplication applies to PP. It demonstrated that it is difficult to describe the SEC of a productoutside its application and manufacturing process and it interferes with the need of the presentresearch.
• Some SEC figures do not include the feedstock energy. This is the case of the 29 GJ/t forepoxy where only the actual material manufacture strictly speaking is taken into account leavingaside the contribution of the oil that create the polymer chain. This oil does not create anypollution when not burnt out. However, in the present research, it is assumed that when amarine structure reached its end of life and is incinerated, the resulting energy is subtractedfrom the overall LCA energy result. If the oil in the chain is not included SEC after incineration,the consumption over the life of the product would be close to zero (feedstock contribution areabout 40 GJ/t) . If the structure is not incinerated then the potential energy stored in thepolymer chain is wasted. The polymer SEC figures should be those that include the feedstockSEC and that are generally above 70 GJ/t.
The mean value of all the collected value is excluded because the difference in number reflect awide range of reason. The mean of Ashby’s figure [97] are chosen for the calculation of the SEC ofcomposites because they are supplied with a material selection aim, the steel and aluminium valuesin this database are very close to the value chosen in the present research and they are in the rangeof order of the figure from other sources.
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The mean value of 44 GJ/t of glass is chosen because of the lack of information about how thevalues are calculated and for which processes they are calculated.
Information inventory part C: Best life stage alternative selection

There is no alternative.
Information inventory part D: SEC figure implementation

The figure is implemented directly from the table A.6.
Information inventory part E: Critical review

Composite materials do not exist in a raw material form but only in its processed form e.g. a boathull. For this reason the energy the boundary between material and final is unclear and affect theinformation collected in the literature. The SEC figure is calculated from a very sparse knowledge.The uncertainties on the manufacture of composites are high but the value are generally in the samerange of order. The comparison between the two composites however should be relatively accurateas the SEC figures are collected with the same method.
A.8 Composite materials end of life

Information inventory part A: Process description

The processes involved in the end of life of composites are defined in table A.8. They are de-scribed in section 2.3.1.
Information inventory part B: Possible life stage scenario statement

Recycled material cannot be used for such a structurally demanding marine structures. Therecycling consists to create product that are valuable to other industries. The recycling processesSEC is then added to the impact result of the LCA. Marine structures are first shredded and processed.
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Information inventory part C: Best life stage alternative selection

Incineration is the most energy efficient method to reduce the impact energy over the life ofmarine structures.
Information inventory part D: SEC figure implementation

• Each structure is shredded with a SEC defined in table A.8
• Each kg of polymer incinerated releases 30 MJ [49]. This figure can be subtracted from theLCA energy impact.
• The mechanical recycling of GRTP creates 1.5 kg of new material for a SEC of 59 GJ/t that isadded to the LCA energy impact.
• All other processes aiming to recover fibre are considered to have neutral SEC and as forincineration the energy released just maintain the process running. They have a beneficialimpact in terms of waste management.

Information inventory part E: Critical review

The end of life treatment of composites is very beneficial in terms of waste management but itdoes not appear in any way the LCA results. It shows the limitation of LCA based only energywhich ignored some environmental benefit of solution. The requirement for virgin material createsultimately waste that at most can be reused in other shapes but a closing loop, such as the one ofmetal, is far to be reached with the recycling of composites.
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Figure A.1: Steel CO2 welding energy consumption
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Figure A.2: Aluminium waterjet energy consumption

Figure A.3: Aluminium Plasma cutting energy consumption
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Appendix B

Lloyd’s Register design algorithms

The present section describes how Lloyd’s Register (LR) Rules and Regulations For Special ServiceCrafts were used to calculate the scantling from which the weight of the boat derive. The rules usedwere taken of the rulefinder software version 9.4 released in July 2005.
B.1 Nomenclature

LR = rule length of the craft (m)
B = moulded breath of the craft (m)
Z = section modulus of the stiffener (cm3)
I = second moment of area of the stiffener (cm3)
AW = shear area of stiffener web (cm2)
l= stiffener overall length (m)
le = effective span length (m)
P = design pressure (kN/m2)
s = stiffener spacing (mm)
tp = plating thickness (mm)
β = panel aspect ratio correction factor
γ = convex curvature correction factor
ks = high tensile steel factor = 235/σs
σs = guaranteed minimum yield strength of the material (N/mm2)
ts = σs√3
E = modulus of elasticity (N/mm2)ΦZ = section modulus coefficient
fσ = limiting bending stress coefficient for stiffening member σs
fδ = limiting factor coefficientΦI = inertia coefficientΦA = web area coefficient
ft = limiting shear stress coefficient for stiffener member
dw = unsupported web depth
fw = fibre content by weight of the web laminate
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B.2 Design load calculation

The calculation of the thickness of the boat plating and stiffener geometric properties is conductedwith the load defined by LR. This load is the product of:
• The maximum pressure: this pressure selected from a range of phenomena derived pressuresuch as the impact related pressure, hydrostatic or hydrodynamic pressure, etc. (all thesepressure are defined in section B.2.3)
• A product of safety factors: these factors depend on the operation type the boat is design fori.e. the operation water type or the boat type (fishing, patrol, or passenger boat)

B.2.1 Introduction

The calculation of the design load according to LR requires the use of numerous equations, variablesand comparisons between results. The current research used only part of the very extensive LR’s rulesand the present section aims at explaining how the rules were interpreted and used. The articulationof these equations with each other is presented in a series of diagram. The presentation follows a‘top to bottom’ approach. It reflects both LR’s design algorithm hierarchy and the programmaticalaspect of LR’s rules implementation. Indeed the identification of this hierarchy of function was veryuseful in order to code the algorithm in a structure way.

Hull side
scantling

Hull 
bottom

scantling

Deck
scantling

Inner deck
Scantling

Design parameter
from "power" and

"geometry" module
and "text file"

Boat full
scantling

Figure B.1: Designed elements
Figure B.1 is the first level of the design algorithm which will be detailed in several succesivestep. It highlights the input requires for the calculation of the boat scantling in chapter 7 for theboat synthesis. In Chapter ??, the boat with fixed topology follows the same rule. In the presentcase the full geometry is needed to do the calculation of the design load.
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Figure B.2 shows how each component described in the figure B.1 is calculated e.g. hull side,hull bottom, etc. The figure shows the difference in approach between composite and metal structure.

calculate design
pressures for 

plating

calculate design
pressures for 

stiffening

select
max design

pressure

composites ? Yes

Scantling
For Metal

Scantling for
Composites

Stress
Verification

Figure B.2: Load calculation details
Figure B.2 shows that three types of load are needed to be calculated in the present research:the load at the bottom and side shell of the boat, and at the wet deck. The load at the coachroofdeck, the interior deck, the deckhouses, the bulwarks and superstructure and the watertight and deeptank bulkheads are ignored. Only some boat element will be calculated in the present research: theload at the bottom and side shell of the boat, and at the wet deck. The load at the coachroof deck,the interior deck, the deckhouses, the bulwarks and superstructure and the watertight and deep tankbulkheads are ignored.

B.2.2 Detailled calculation of design pressure

The design load is defined in the present research as the maximum design pressure multiplied bythe serie of parameters depending on the operation requirement. The design load are dealt with inthe three sections of the following chapter of LR:
Rules and Regulations for the Classification of Special Service Craft /

Chapter 3 Local Design Criteria for Craft Operating in Non-Displacement Mode /
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B.2.3 detailed equation

Table B.1 shows how the loading criteria are calculated by multiplying the calculated pressure byfactor provided by LR.
Table B.1: Loading criteriaCriteria Should be the greater of

Bottom shell plating HfSfPsor HfSfPdLor HfSfCfGfPfWeather deck plating HfSfCfGfPwLor Pcd
Stiffener bottom shell plating δfHfSfPsor δfHfSfPdLor δfHfSfCfGfPfStiffener weather deck plating δfHfSfCfGfPwLor Pcd

Bottom shell and side shell are calculated in the same way but the result is different because ofthe position of the hull and the deadrise angle. The hull notation factor (Hf ),the service type factor(Sf ), the craft type notation factor (Cf ) and the service areas restriction factor (Gf ) are providedwithin the rules and regulations. The four pressures to be calculated are:
• The shell envelope pressure (Ps)
• The bottom impact pressure (PdL)
• The forebody impact pressure (Pf )
• The pressure on weather deck (PwL)
• The cargo deck design pressure (Pcd)
The shell envelope pressureFor the calculation of Ps the shell envelope pressure, the hull needs to be divided in 3 separatearea. The area under the waterline where the pressure is equal to the sum of hydrostatic (Ph) andhydrodynamic pressure Pw . The area above the waterline and up to the nominal wave limit wherethe pressure is equal to the Pd the weather deck pressure. The area from above the nominal wavelimit up to the limit where the pressure is equal to half of the weather deck pressure.

186



Ph = 10 (Tx − (z − zk )) (B.2.1)
Where Tx is draft and z the distance from the keel. Pw is taken as the greater value given byequation B.2.2 the left hand side describing the hydrodynamic pressure while the right hand sidedescribing the pitching motion phenomena.

Pw = 10fzHrm or Pw = 10Hpm (B.2.2)
Where fz is the vertical motion factor, Hrm is the relative vertical motion.

fz = e
( 2πTx
LWL

) + (1− e( 2πTx
LWL

))(
z
Tx

) (B.2.3)
Hrm = Cw

Km

(1 + kr
Cb + 0.2

(
xWL
LWL

− xm
)) (B.2.4)

With
Km = 1 + kx (0.5− xm)2

Cb + 0.2 ; xm = 0.45− 0.6Fn ; Fn = 0.515Vm√
gLWL

(B.2.5)
However xm needs to be at least 2. The Froude number Fn uses Vm = 2/3V with V (m/s) thespeed. Cb is the block coefficient, LWL is the waterline length and XWL is the distance from the aftend of the boat. The wave head in metres is:

Cw = 0.0771LWL(Cb + 0.2)0.3e−0.0044LWL (B.2.6)
For the pitching pressure, Hpm needs to be calculated:

Hpm = 1.1( xWL
LWL

− 1)√Lp (B.2.7)
However, Hpm should not be taken less than 0.6√Lp. It should be noted that the nominal heightlimit Hw is equal to twice the relative vertical motion Hrm
The bottom impact pressureThe bottom impact pressure PdLb due to slamming is equal to:

PdL = fdδφ(1 + av )
LWLG0 (B.2.8)
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fd is the hull form pressure factor which is given in the regulations, G0 distance between chines.If the boat is divided in 4 equal section, φ value would be 0.5 at LWL from aft end, 1 at 75% of LWLand 50% of LWL and 0.5 at aft end.
The weather deck pressureThe pressure acting on the weather deck is equal PwL. It should be noted that the Pd is equalto PwL just above the under water area.

PwL = fl (5 + 0.01LWL) (1 + 0.5av ) + 0.7 + 0.08LWL
D − T (B.2.9)

fL is a location factor equals 1 from aft to 0.88 LR , 1.25 from 0.88 LR to 0.925 LR and 1.50 from0.925 LR to forward end.

av = 1.5θLWLB3
BW∆

(
H1/3

BW + 0.084
) (5− 0.1θD)( V√

LWL

)2 (B.2.10)
The ratio LWL/BW is to be larger than 3. BW is the breadth of the hull between the chinetangential point. ∆ is the displacement, ΘD deadrise angle at LCG (ΘD < 30◦), H1/3 is the designsignificant wave height.
The forebody impact pressure

Pf is the greater of PdLs (equation B.2.11) the side impact pressure and fpLWL(0.8 + 0.15 V√
LWL

)2at FP. Pf equals PdLs at LWL from aft end of LWL, PdLs at 0,75 LWL from aft end of LWL, Pw at ≤<0,5 LWL from aft end of LWL and 0 between aft end of LWL and 0,75 LWL from aft end of LWL

PdLs = PdL
tan(40− θB)tan(θS − 40) (B.2.11)

With θB the mean deadrise angle of bottom plating and θS the mean deadrise of side plating.The rules gives ff , the forebody impact pressure.
The cargo deck pressure

Pcd is the cargo deck design and can be defined as:
Pcd = WCDP

(1 + 0.5av [0.86− 0.32 xa
LWL

+ 1.76( xa
LWL

)2 + εa

]) (B.2.12)
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εa = 0.14 + 0.32XLCGLWL
− 1.76(XLCGLWL

)2 (B.2.13)
WCDP is the pressure of the cargo on deck and it is specified by the designer.
Each of the above figures needs to be calculated in order to calculate each line of the tableB.1. Once all the lines are calculated the loading design is the greater value for each area. Theloading is then used in equation B.2.1 to B.2.12 instead of P where dimensions such as hull thick-ness can be found. The larger value of pressure is then used in order to calculate the hull dimensions.

B.3 Scantling

B.3.1 Scantling for metal

The scantling of metal boats is fully defined when the following four design variables are calculated.By definition the scantling also depends on the spacing of the stiffener which is fixed as a designvariable.
The thickness of plating for metal hull and deck derives from equation B.3.14.

tp = sγβ

√
P
fσσs

(B.3.14)
The metal stiffeners section modulus derives from equation B.3.15.

Z = ΦZ
Psl2e
fσσs

(B.3.15)
The metal stiffener second moment of area derives from B.3.16.

I = ΦIfδ
Psl3e
E ∗ 100 (B.3.16)

The metal stiffener web area derives from B.3.17.
AW = ΦA

Psl3e100ftσs (B.3.17)
Equations B.3.14 to B.3.17 were used in chapter 6 and 7, then the results of these equation isused to select commercially available beams.
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B.3.2 Scantling for composite materials

The scantling of the composite boats is fully defined when the thickness of both the hull and thestiffener is calculated. The thickness of theses members depend on their geometry. The geometry ofthe stiffener is not given through any calculation rules but it is fixed as a design variable.
The thickness of plating for composites hull and deck derives from equation B.3.18.

tp = sγβ

√
P
fσσs

(B.3.18)
The composites stiffener thickness derives from equation B.3.19.

tw = 0.025dw + 1.11.3fw + 0.61 (B.3.19)
In the case of composite materials the result must be validated. The stress in each ply must becalculated with a strategy defined in LR rules and reported in the section B.3.3. The strategy isillustrated by an example taken from LR rules Guidance information which act as a closing chapter ofthe rules and illustrates a couple of concepts i.e. the composite laminates stress verification strategy.

B.3.3 Stress verification for composites material

The aim of the stress verification is to calculate the stress in every ply. The maximum stress canbe around the bottom of the stiffener or in the middle on the panel at both the internal (i.e. dry) orexternal (i.e. wet) ply. The stress verification follows the sequence of figure B.3 flow diagram.
The geometry parameter, ratio of base width of stiffener to panel breadth (γ) and bending momentinfluence coefficient (k) derive respectively from equation B.3.20 and B.3.21. bw is the width of thestiffener measured at its base and b is the distance between the stiffener sides.

γ = bw
b (B.3.20)

k = γ3 + 1
γ + 1 (B.3.21)

The bending moment, in Nm, at the center of the panel and at the stiffener derives respectivelyfrom equation B.3.22 and B.3.23.
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calculation of the
panel geometry parameters

(eq. B.3.20 and B.3.21)

Calculation of
the neutral axis

position (eq. B.3.24)

Calculation of
the section tensile

modulus (eq. B.3.25)

Stiffness EI
about neutral axis

(eq. B.3.26)

Tensile (eq. B.3.27)
comp. (eq. B.3.28)
stress calculation

acceptable
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Material properties
Individual ply thickness

Number of ply 
Design load

Increase /
 decrease
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Calculation of 
the moments 

(eq. B.3.22  and B.3.23  )

NO

return laminate
 thickness

Figure B.3: Designed elements
Mb = kpb212 10−5 (B.3.22)

Mc = (1.5− k)pb212 10−5 (B.3.23)
The position of the neutral axis derives from equation B.3.24. The calculation requires the tensileor compressive modulus (E), the thickness (t) and the position about the wet side (x) of each ply i.

xs = ∑
Eitixi∑
Etiti

(B.3.24)
The section tensile modulus, in N/mm2 derives from equation B.3.25.

Et = ∑
Eiti∑
ti

(B.3.25)
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The stiffness about neutral axis derives from equation B.3.26.
∑

EI =∑EIbase − (∑Et) ∗ 10 ∗ x2
s (B.3.26)

The compressive and tensile stress, in n/mm2 derive respectively from equation B.3.27 and B.3.28.
σti = 0.1EtiyiM∑

EiIi
(B.3.27)

σci = 0.1EciyiM∑
EiIi

(B.3.28)
It must noted that the maximum compression stresses are located in the centre of the panel wetskin and at the dry skin intersection of the stiffener with the plating. Conversely, the maximum tensilestresses occur at the panel centre dry skin and at the wet skin intersection of the stiffener with theplating.

Table B.2: Loading criteriaPly no Description Gc Weight t Lever E E * t E * t * x I E * I( g/m2 ) (mm) (mm) (N/mm2)1 CSM 0.33 600 1.250 10.149 7200 9000 91341 1289.2 92819172 CSM 0.33 600 1.250 8.899 7200 9000 80091 991.5 71390173 CSM 0.33 600 1.250 7.649 7200 9000 68841 733.0 52773674 CSM 0.33 600 1.250 6.399 7200 9000 57591 513.5 36969675 WR 0.5 600 0.734 5.407 14000 10276 55562 214.9 30088696 CSM 0.33 600 1.250 4.415 6950 8688 38355 245.3 17046997 CSM 0.33 600 1.250 3.165 6950 8688 27496 126.8 8815588 WR 0.5 600 0.734 2.173 14500 10643 23127 35.0 5073339 CSM 0.33 600 1.250 1.181 6950 8688 10260 19.1 13248210 CSM 0.268 225 0.556 0.278 6290 3497 972 0.6 3604SUM 10.8 86400 453000 316 106

A laminate plate of 2000 mm by 500 mm is taken as example in LR’s rules in order to illustratethe stress validation process. This panel is under a 33 kN/m2 load. It is composed by 10 plies. TableB.2 shows the figures for this example. The columns of the table are:
• The ply number. The first ply is on the dry side whereas the last ply is on the wet side.
• The description of the ply. CSM and WR stand respectively for chopped strand mat and forwoven roving.
• The fibre content in weight.
• The weight per unit of area.
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• The ply thickness.
• The distance from the centre of the ply to wet side of the laminate.
• The stiffness of the ply.
• The product of the stiffness by the ply thickness
• The product of the previous column time the distance to the wet ply.
• The second moment of area of the ply taken from the wet ply.
• The product of the stiffness by the second moment of area.
The complete result is presented in table B.3 as in the LR guide.

Table B.3: Loading criteria summaryStep Description Numerical result Equation1 Moment (plate centre) 5.43 Nm B.3.222 Position of the neutral axis 5.25 mm B.3.243 Tensile modulus of section 8030 N/mm2 B.3.254 Stiffness about neutral axis 783 Ncm4/mm2 B.3.265 Tensile stress (centre, dry side) 22.9 N B.3.27
The following table is an example of the output from the model developed in the chapter

B.4 Final remarks

The LR rules and regulations were adapted to the current context in order to provide a model of aboat. The rules were simplified in order to ease the process of modelling. No minimum thicknesseswere used in the model. Although it is in contradiction with the need of an accurate model for theconduction of the LCA driven material selection, it highlights in a better way the intrinsic propertiesof material and decrease the impact what can be perceived as a lack of confidence in compositesmaterials. In addition the GRTP are not treated in the rules and the result of the modelling is basedsolely on the direct scantling rules.
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Appendix C

Sensitivity analysis

The present section aims at describing the behaviour of the model used in chapter 7. The sensitivityanalysis is used to define the design space where the genetic algorithm can be implemented forthe search of the most energy efficient design. Any model has a limited domain of validity and thesensitivity study aims to isolate this domain by assessing which parameters influence the modeloutput, i.e. the life cycle energy. The limitations of the model are of two types:
• Limitations due the design model itself.
• Limitations due to assumption during the programming.
The parameters can be hierarchised. The parameter of speed, power and payload are designparameter necessary to define the boat design. The number of stiffeners and their sizes are parameterset by the use for the conclusion of the scantling. The material properties are presented in the Chapter7 table 7.1.the parametre studied are:
• The service restriction factor in section C.1
• The payload and estimated weight C.2
• The number of stiffeners C.3
• The dimension of the stiffeners C.4
It must be mentioned that during the calculation process:
• The ply thickness will be kept at one millimetre.
• The material index are unchanged and represent the material at the time of the study (marinegrade steel and aluminium, epoxy/glass(50%) and PP/glass(60%)
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• The same estimated weight is used for the four materials.
In each section, all the parameters are given in a table summary.

C.1 Service restriction factor influence

The influence of the service restriction factor is studied in the present section. It is a multiplicationconstant used for the calculation of the design pressure. The same constant is applied to each boat.The constant are named in Lloyds rules G1 to G6 for the value 0.6, 0.75, 0.85, 1, 1.2, and 1.25.The service restriction use is shown in Appendix B, table B.1. Figures C.1 shows the design pa-rameters used in the service restriction study. As it can be seen in the table, x stands for the variable.
Table C.1: Details of the design control text file

Speed (m/s) Servicerestrictionarea Payload(kg) Plythickness(mm) Engineindex
x 4 1 10000 11

Material estim.struct.weight(kg)
Nb. trans.stiff. Nb. long.stiff. bottom Nb. long.stiff. side Nb. long.stiff. halfdeck Heighttrans. stiff. Widthtrans. stiff. Heightlong. stiff. Widthlong. stiff.

Steel 25000 40 6 6 4 na na na naAluminium 25000 40 6 6 4 na na na naGRTS 25000 40 6 6 4 150 100 70 50GRTP 25000 40 6 6 4 150 100 70 50

Figure C.1 shows the result for the 6 possible values of the restriction factor and for severalvalue of the speed from 19 to 29 m/s. With the increase in speed the energy intensity of the struc-ture tend to be lower even if it would seems more logical to have an increase in plating thicknessto counteract the effect due to an increase in load because of the higher speed. The amount ofenergy decreases for every material because the length of the boat decreases in order to limit thewetted surface and the power requirement. The results are given for a small power (table see C.1engine with index is 11 which correspond to an installed power of twice 505 kW). The variation ofthe factor is rather large, the variation in terms of energy is not of the same magnitude and themodel shows a relatively small increase in energy level. The main impact of the service restrictionarea is on the missing solutions. For the heaviest boat i.e. steel and aluminium, the model fail toconverge for speed greater than 26 m/s and service restriction G4 to G6 (see figures C.1 (d) to (f)).In addition there the model does not converge for the smaller speed because for these speed, thepower model returns a short wetted length, therefore a short overall length for which no draft can becalculated. It is the result of an assumption of the model which does not allow the keel to reach the
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surface at a station further aft than station 49 (see Chapter 7 7.2.3 and 7.2.7). The service restric-tion factor should be included in the sensitivity analysis as this factor influences the life cycle energy.

(a) Service restriction factor G1 (b) Service restriction factor G2

(c) Service restriction factor G3 (d) Service restriction factor G4

(e) Service restriction factor G5 (f) Service restriction factor G6
Figure C.1: Influence of the service restriction factor
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C.2 Payload and estimated weight influence

The present section highlights the influence of payloads and estimated weights on the energy con-sumption of the structure. Figure C.2 shows the default value of the constant.
Table C.2: Details of the design control text file

Speed (m/s) Servicerestrictionarea Payload(kg) Plythickness(mm) Engineindex
22 4 1 x 20

Material estim.struct.weight(kg)
Nb. trans.stiff. Nb. long.stiff. bottom Nb. long.stiff. side Nb. long.stiff. halfdeck Heighttrans. stiff. Widthtrans. stiff. Heightlong. stiff. Widthlong. stiff.

Steel x 40 6 6 4 na na na naAluminium x 40 6 6 4 na na na naGRTS x 40 6 6 4 150 100 70 50GRTP x 40 6 6 4 150 100 70 50

Figure C.2 shows the variation of the energy for the structure as a function of the payload forseveral values of the estimated weight. The estimated weight was defined in section 7.2.7 as totalweight of the boat used in the first design loop of the calculation of the power parameter (see 7.2.2).The payload influences the results but to level lesser than expected. Indeed even if the increase inload is large the variation in energy is small and random. It must be mentioned that an increase inpayload come generally with a decrease in boat length and beam as it can be seen on figure C.3 forGRTS and GRTP with an estimated load of 30 tonnes. The energy result is also influenced by theestimated weight. Firstly, high estimated weights decrease the number of possible solutions for eachmaterial. Figure C.2 (a) to (c)) show a decrease in the number of non zero dots. The result changesfor a same payload and different estimated weight. For example for a constant payload of 14 tonnesGRTS energy results are 2010 GJ, 2060 GJ and 2080 GJ for respectively an estimated weight of30, 35 and 40 tonnes. This is due to the model and the fact that the condition of convergence isto be within 5% of the target, in the case of the weight or the draft iteration. As the starting pointis different for the 3 GRTS boats with 3 estimated weights, the convergence path for each boat isdifferent. The difference in result is acceptable and it is assumed that with a more severe convergencecriteria, the 3 boats would converge to the same figure.

197



(a) Estimated weight 30,000 kg

(b) Estimated weight 35,000 kg

(c) Estimated weight 40,000 kg
Figure C.2: Influence of payload and estimated weight

198



(a) Boat length

(b) Beam
Figure C.3: Influence of the payload on the beam and the boat length for GRTS and GRTP with anestimated weight of 30 tonnes
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C.3 Number of stiffener influence

The present section aims at studying the influence of the number of transverse stiffeners along theboat and the the influence of the longitudinal stiffeners on the bottom, side plating and the deck.For simplification reason only half the boat has been studied because it is assumed to be symmetricand the result were multiplied by two in the model. For this reason the number of stiffener on thedeck can only be changed on half the deck. Figure C.3 shows the default value of the constants.The number of transverse stiffener was studied for value from 26 to 46 but only the figure for 28, 34,40 and 46 stiffeners are presented in the present section. The influence of longitudinal stiffener ispresented in each section for several value of the number of transverse stiffeners. The results for thetransverse stiffener derives from the figure for each type of longitudinal stiffeners.
Table C.3: Details of the design control text file

Speed (m/s) Servicerestrictionarea Payload(kg) Plythickness(mm) Engineindex
21 4 1 10000 11

Material estim.struct.weight(kg)
Nb. trans.stiff. Nb. long.stiff. bottom Nb. long.stiff. side Nb. long.stiff. halfdeck Heighttrans. stiff. Widthtrans. stiff. Heightlong. stiff. Widthlong. stiff.

Steel 25000 x x x x na na na naAluminium 25000 x x x x na na na naGRTS 25000 x x x x 150 100 70 50GRTP 25000 x x x x 150 100 70 50
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(a) 28 transverse stiffener (b) 34 transverse stiffener

(c) 40 transverse stiffener (d) 46 transverse stiffener
Figure C.4: Influence of the number of stiffeners on the bottom plating

(a) 28 transverse stiffener (b) 34 transverse stiffener

(c) 40 transverse stiffener (d) 46 transverse stiffener
Figure C.5: Influence of the number of stiffeners on the side plating
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(a) 28 transverse stiffener (b) 34 transverse stiffener

(c) 40 transverse stiffener (d) 46 transverse stiffener
Figure C.6: Influence of the number of stiffeners on the deck plating

Figure C.4 reveals that the number of stiffeners on the bottom plating should be included inthe model optimisation as the energy is not constant over the domain of search of the sensitivityanalysis. Figure C.5 and figure C.6 show respectively the influence of the number of stiffeners on theside plating and on the deck. These two parameters affect the energy result and therefore shouldbe included in the optimisation. In addition, figures C.4, C.5 and C.6 make clear that the number ofstiffener modify the energy result and it should be included in the optimisation strategy for a numberof transverse stiffener between 26 and 46.
C.4 Dimension of the stiffener influence

The present section highlights the influence of the dimension of the composite stiffeners on the en-ergy consumption of the structure. This applies only to composite materials as the metal alternativesstiffeners are chosen in a list of stiffeners. In the case of composites, the dimensions are given as aninput to the model and the model adapts the stiffener to the load by calculating the suitable numberof laminated layers. Table C.4 shows the default value of the constants.
Figure C.7 and figure C.8 shows respectively the variation of the energy for the structure as
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Table C.4: Details of the design control text file
Speed (m/s) Servicerestrictionarea Payload(kg) Plythickness(mm) Engineindex
22 4 1 x 20

Material estim.struct.weight(kg)
Nb. trans.stiff. Nb. long.stiff. bottom Nb. long.stiff. side Nb. long.stiff. halfdeck Heighttrans. stiff. Widthtrans. stiff. Heightlong. stiff. Widthlong. stiff.

Steel na na na na na na na na naAluminium na na0 na na na na na na naGRTS 25000 40 6 6 4 150 100 70 50GRTP 25000 40 6 6 4 150 100 70 50

a function of the height and width of the transverse stiffeners and the longitudinal stiffeners. Thetransverse stiffener studied values are 100, 150 and 200 mm high and 50, 75 and 100 mm wide. Thelongitudinal studied values are 100, 125 and 150 mm high and 50, 70 and 90 mm wide. The resultshows that the size of the stiffeners influences the energy result and therefore should be included inthe optimization module.

(a) Transverse stiffener height 200 mm (b) Transverse stiffener height 150 mm

(c) Transverse stiffener height 100 mm
Figure C.7: Influence of the transverse stiffener dimensions
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(a) Transverse stiffener height 90 mm (b) Transverse stiffener height 70 mm

(c) Transverse stiffener height 50 mm
Figure C.8: Influence of the longitudinal stiffener dimensions
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