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Abstract
The LASS-C project, "Lightweight construction of a cruise vessel", can be regarded as
an extension project of the earlier VINNOVA-funded project LASS (www.lass.nu). The
project expands the concept of making lightweight structures in SOLAS vessels, such as
superstructures, hatches and internal bulkheads, to consider elements which are part of
the hull girder, affecting the ship's global strength.
In the project, Swedish lightweight expertise cooperated with the German shipyard Meyer
Werft. The project also involved international material specialists, such as Thermal
Ceramics, Saint-Gobain/Isover and Hexion.
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Summary

The existing cruise ship the Norwegian Gem, built in 2007 by Meyer Werft and owned by
NCL, was studied in the project. It provides amenities for about 3 000 passengers and
1 200 crew and consists of 15 decks. The upper five decks were redesigned in lightweight
FRP (Fibre Reinforced Polymer) composite material as part of the project. The previous
structure consisted of steel and some aluminium parts.
The original project application included nine parties:
Research:
SP Technical Research Institute of Sweden
KTH, department for Machine Design
Industry:
Kockums AB
Meyer Werft
DIAB
Isolamin
Premec
Momec
Thermal Ceramics
Six new organizations were also introduced in the course of the project. Initially, LASS-C
cooperated with the EU project De-Light Transport (www.delight-trans.net ) and as part
of the cooperation, DNV joined the LASS-C project and particularly transferred working
hours to the fire and risk analysis WP. Other parties that joined were: CL Specialglas,
Saint-Gobain/Isover, The Swedish Transport Agency, Specialglasteknik and Hexion.
The main obstacle for a lightweight SOLAS ship to be built is to be able to demonstrate
how sufficient fire safety will be achieved. In 2002, a new performance-based regulation
was implemented in the SOLAS fire safety chapter which allowed for “Alternative design
and arrangements”, SOLAS II-2/17. The regulation provides a schematic procedure for
demonstrating safety but seems to cause much difficulty to shipyards and authorities who
are used to being able to follow a strictly prescriptive code for shipbuilding. A basic idea
for the LASS-C project was therefore to try to elucidate the regulation and to demonstrate
a methodology to be used, based on risk assessment.
For a cruise vessel with many passengers, the safety requirements are obviously very
high. The original plan was to design the three upper decks in FRP composite, which
would have meant a design excluding all elements carrying global loads. By including
two load-carrying decks, the study would get more scientific value but also be more
difficult. As a result, it was not possible to finalize the whole analysis according to
SOLAS II-2/17 but the first part was transferred to EU-project BESST that will continue
the work. The first part of the analysis, the preliminary analysis in qualitative terms, is to
a large extent reported in this project summary.
Calculating weight-savings, estimates were made showing that about 1 200 tons of hull
weight could be reduced using a FRP composite construction for the five upper decks.
Furthermore, the weight of interior constructions (B-class materials and wet-rooms) in the
same area can be reduced by ~200 tons. It was also shown that the glass weight in that
structure could be reduced by almost 20 tons.
A FEM simulation was performed to estimate the impact of the lightweight structure on
global strength and stress levels in the ship. The results showed that the weakening of the
global strength could be compensated in a relatively simple manner with a reinforced
steel structure. The residual weight savings will still be significant and sufficient to be
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economically interesting. A new design of the reference ship was created called “The
Norwegian Future”. It makes use of the weight savings by adding more than a third of a
deck with about 100 cabins. Arrangements for more crew and additional e.g. recreational
spaces were also made. The new vessel will have the same displacement and was
designed to have the same longitudinal and vertical centres of gravity as the Norwegian
Gem. Thus, the new ship would behave very similar, use the same amount of fuel but
would be able to carry almost 200 additional passengers.
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1

Introduction

The LASS-C project is a continuation and expansion of the previous technical platform
created within LASS, ”Lightweight construction applications at sea” (Arvidson,
Axelsson, & Hertzberg, 2008; Hertzberg, 2008, 2009a, 2009b, 2009c, 2009d, 2010,
2009e). Originally, nine parties were involved in the project which had a total budget of
7.85 MSEK (~M€ 0.8), out of which 2.75 MSEK was funded by VINNOVA within their
program for lightweight materials and constructions 1. Six additional parties joined the
ongoing project and due to support from the new participants, the final project budget was
approximately 8.7 MSEK.
Similar to the previous LASS project, the LASS-C project aimed at improving the
efficiency of marine transport and to increase the competitiveness of the Swedish
shipbuilding industry by development and demonstration of techniques for using
lightweight materials for ship construction. However, the LASS-C project was more
specified by targeting how lightweight constructions in FRP composite can be
implemented on a cruise vessel, with consideration to environmental, economic and
particularly fire safety aspects. The background to the project is outlined below, followed
by more detailed descriptions regarding its contents.

1.1

Background

Authorities, the public and customers are increasingly demanding sustainable solutions,
which will eventually lead to emission trading emerging, giving environmentally sound
transport a competitive advantage. While land transport has become cleaner as a result of
new regulations and new technology, the shipping industry still has a long way to go to
reduce its environmental impact. According to recent reports, emissions from land-based
polluters in Europe are expected to be cut in half by 2030, but in the same period,
emissions from shipping will double if no actions are taken. The fact that emissions from
shipping are increasing in both absolute and relative terms makes the problem acute.
Increasing fuel costs and a stronger focus on both energy efficiency and environmental
competitiveness has created a large interest world-wide for using lightweight materials
for shipbuilding. Any technique that allows an increase of the pay load/displacement ratio
is obviously also economically interesting. The lighter the vessel, the more it can carry, or
the less energy it needs for propulsion.
Sweden is, based on the work mainly by Kockums and FMV, a world leading producer of
composite military crafts. The non-military vessel market has previously been closed for
the usage of combustible construction materials but thanks to a new regulation in SOLAS
(Regulation 17 in the fire safety chapter) 2002, it is now possible to use such materials
provided that a sufficiently high level of safety can be demonstrated. To make such a
demonstration is a difficult task and no standard procedure has yet been developed, i.e.
for the moment each ship has to be treated separately.

1.2

Contents

The current project has been aimed at providing additional momentum to the movement
towards composite constructions in shipbuilding. For this to be accomplished, another
important demonstration example of how to use composite material in shipbuilding has
been provided. Moreover, lightweight interior materials have been studied as they carry a
substantial amount of weight on a ship. Many technical obstacles for the usage of
composites on SOLAS vessels have previously been solved in the LASSFel! Bokmärket
1

For more information on LASS, see www.lass.nu and Hertzberg, T. (Ed.). (2009e). LASS,
Lightweight Construction Applications at Sea. Borås: SP Technical Research Institute of Sweden..
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är inte definierat. project. The current project has focused on bringing a large cruise
vessel, with a FRP composite superstructure, through the whole design and approval
process. Fire and risk analyses as well as analyses considering costs and environmental
effects (LCC/LCA) have been further studied since they are of great relevance in this
process. It is, however, very important to demonstrate how an equivalent level of fire
safety will be obtained in line with SOLAS II-2/17 when FRP composite is used since
this is the critical point for using the material.
The LASS technical platform was extended by incorporating the German shipyard Meyer
Werft as a new member. By doing this, more practical aspects for making a real
composite-steel ship construction were possible to study. The application case became the
Norwegian Future, which is a remake of the existing ship Norwegian Gem, a large cruise
vessel (294 m) built mainly in steel and providing amenities for about 3000 passengers
and 1200 crew on 15 decks. The novel ship in question has a composite design for the
upper five decks and amongst these a third of a deck was added.

9

2

Weight of interior and glass materials

Many other areas of a ship than the hull structure can benefit from a weight/cost
optimization. Investigation in project therefore covered possible weight reductions from
cabins, including wet-rooms, and also in glass constructions.
The interior and glass weight reductions discussed below were not included in the
LCC/LCA analysis.

2.1

Interior design

The interior construction weight on a cruise vessel is very much influenced by the Bclass 2 panels used for cabins and corridors. Such a construction element can most easily
be described as consisting of two thin metal plates, separated by a mineral wool, as
exemplified in Figure 2.1. Despite its conceptual simplicity, production of panels requires
advanced know-how in order to provide a building system that can be used efficiently for
shipbuilding. Not the least it is important to be able to provide a material that will fulfil
requirements for fire protection and for damping of noise and vibrations.

Figure 2-1 Example of a B-class panel for ships
Another area for weight savings is the wet-rooms, often delivered as a separate module
(see Figure 2.2). Choosing a lightweight construction material for such unit will
obviously have an impact for a vessel carrying several thousands of cabins with wetrooms.
It was estimated that the weight savings for the five upper decks on the Norwegian Gem,
using lightweight B-class and wet module components, would decrease the weight by
approximately 200 tons. One should bear in mind that this is calculated for the upper
decks only that involve just one full deck of passenger cabins. The total weight decrease

2

Nomenclature in accordance to SOLAS, where “B-class” implies a noncombustible construction
capable of 30 minutes fire resistance in the prescribed fire test.
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could therefore be made substantially larger by using the same philosophy for the entire
vessel.

Figure 2-2 A ship wet room module

2.2

Glass weight calculations

In order to reduce the weight on a cruise ship, calculations were carried out on alternative
glass designs. In order for the suggested solutions to be accepted they need to comply
with the following standards:
• DNV Rules
• ISO 3903
• ISO 5779
The standards differ in some parts and have also been updated since the ship was built.
The existing glass sizes on the Norwegian Gem are also in some cases significantly larger
than what is prescribed in the standards and are all through larger than “normal” glasses
on vessels. Therefore the analysis was delineated to only compare suggested glass
constructions with the existing ones, with regard to maintaining strength and potential
weight savings. Based on available plans, approximate calculations were carried out for
the glass areas of decks 13-15 in the front part of the ship (see Figure 2.1).
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Figure 2-3 The front of the Norwegian Gem on which glass weight calculations were
performed on the upper part.
The total glass area working as input in the calculations was 572.5 m2 divided on 208
glass panes (2.75 m2/pane on average). All existing glasses on the Norwegian Gem are
made up of tempered exterior glass, 10 or 12 mm, with tempered inner glass of 6 mm.
Occasionally 4+4 tempered glass laminates are used for the inner glass core.
The alternative suggestions were as follows:
1. Exchange of the massive exterior glasses with laminated glass with a special,
extra strong foil which would reduce the glass thickness. The inner glass could
also be reduced from 6 to 5 mm in thickness.
2. Replacement of glass as a material with a special and extra strong plastic material
in the exterior glasses. Inner glass decreased from 6 to 5 mm.
Calculations were carried out based on the above conditions and the results showed that a
significant reduction in weight could be achievable, as displayed in Table 2.1.
Table 2-1 Potential weight savings for alternative glass solutions with equal strength
Glass solution
Norwegian Gem Alternative 1 Alternative 2
Weight [kg]
23 813
21 945
18 464
Weight savings [kg]
1 868
5 349
Weight savings [%]
7.87
22.5
Concluding the results of performed calculations, there is no doubt that glass weight can
be reduced significantly. About 20% weight savings is definitely reasonable. If this is
applied to all the glasses on the upper five decks (i.e. including not only the front part of
the upper three decks but all glasses on the upper five decks) it would save a total of 19
tons. If the whole ship would be built accordingly, 41 tons would be saved.
There are however a few hindrances for the new alternative glass solutions to be realized.
Even if the suggested glass solutions have not been exposed to standardized fire tests it is
known that their fire properties will be worse than the original solution, unless
supplementary measures are taken. A careful selection of materials and a special
construction of the glasses are believed to compensate for possible deficiencies to a large
extent. Testing of the suggested glass solutions should, however, be carried out with
regard to fire and strength to determine whether they meet given requirements.
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3

Lightweight hull design

3.1

Novel ship design incorporating FRP composite

A main target for LASS-C was to provide an additional concrete example of a lightweight
design - this time for a cruise vessel. The concept design incorporating FRP composite
material in the upper five decks was developed by Meyer Werft and is described below.
Realistic weight calculations were carried out to determine the potential benefits of the
lightweight design but also some further investigations were necessary to account for the
introduced novelty. A very important complication brought in by the new design,
compared to previous examples in e.g. the LASS (Hertzberg, 2009e) and SAFEDOR
(www.safedor.org) projects, was the inclusion of decks taking part in the global strength,
i.e. constituents of the hull girder. Previous projects have focussed on designs where the
lightweight construction applications only needed to account for their own weight, wind
loads and possibly joints between an upper deck house and the main hull construction.
Interfering with the original hull girder design invokes to investigate implications of the
new material through finite element model analyses. To our knowledge, this is the first
officially reported such calculation.

M/S Norwegian Gem is a 294 meter (965 ft) long cruise vessel built mainly in steel by
Meyer Werft, Germany. It consists of 15 decks and provides amenities for about 2 400
passengers (double occupancy) and 1 100 crew. Further ship specifications are:
• gross register tonnage: 93 530;
• overall length: 965 feet;
• max beam: 105 feet;
• draft: 28 feet;
• engines: diesel electric; and
• cruise speed: 25 knots.

The Norwegian Gem was used as basis when Meyer Werft formed the conceptual design
of a new ship, the Norwegian Future. The starting point for the new design was to gain
new spaces by building the upper structures in FRP composite but with the prerequisite to
keep the same centre of gravity (stability criteria will be fulfilled). The result was a
design where decks 1-10 are identical to those on the Norwegian Gem. However, the
layout of the remaining upper decks was changed by adding a third of a deck with 86
cabins. It was inserted in the position of the previous front third of deck 12. This implies
that the front third of all previous decks above deck 11 were shifted upwards, as seen in
Figure 3.1.
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Figure 3-1 Illustration of the design changes made to the Norwegian Gem to
form the novel design of the Norwegian Future. (Photo: Meyer Werft)
The design expansion is possible since all load-bearing structures of the upper decks from
deck 11 will be made in lightweight FRP composite instead of steel. The main introduced
difference in fire safety is that the material is combustible, as opposed to steel which by
definition is non-combustible. Figure 3.2 marks the part of the superstructure on the
Norwegian Gem that has been redesigned in FRP composite and, hence, shows the
proportions of the reconstruction on the Norwegian Future.

Figure 3-2 The cruise ship Norwegian Gem and the structure (marked) intended for
reconstruction in FRP composite from deck 11 and up. (Photo: Meyer Werft)
As a result of the above design changes, some further modifications were made, mainly to
facilitate the greater number of passengers. The reposition of a pool on deck 12 will open
up for a few more cabins on the underlying deck 11, as shown in Figure 3.3. Furthermore,
the new front third of deck 12 will imply that cabins will be situated neighbouring the
main pool area and it also includes a new spa lounge at the front of deck 12. Moving the
previous deck 12 upwards will also imply a slightly smaller opening over the main pool
area (see Figure 3.3). Other than those layout changes the upper decks will only be shifted
upwards.
Norwegian Gem

Norwegian Future
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Figure 3-3 The front third of decks 11-13 on the Norwegian Gem and the Norwegian
Future.
By adding the third of a deck, the tonnage will be increased by 3000 gt, from 93 500 to
96 500. The Norwegian Future will hence have an increased payload by accommodating
an additional 200 passengers and 20 crew in almost 100 additional cabins.

3.2

Weight calculations

Realistic calculations on the weight that would be saved by using FRP composite on the
Norwegian Gem were made. The calculations of saved weight were thereafter used as
basis to gain more space when forming the novel design of the new vessel, titled
“Norwegian Future” (see above).
Firstly the weight distribution of the areas above deck 11 on the Norwegian Gem was
estimated, according to Table 3.1.
Table 3-1 Approximately estimated weight distribution of the areas above deck 11
Structure
Weight [tons]
Steel structures
2050
Steel and Aluminium
Aluminium structures
310
2360 t
Cabins
410
Balconies (floor)
60
AC rooms
290
Galleys/Pantries
200
Outfitting
Public spaces inside
1090
2840 t
Public spaces outside
580
Technical spaces
110
The rest
100
Total
5200
From this weight estimation it is apparent that the relation between the structures that will
be replaced by FRP composite (steel and aluminium structures) and the rest (outfitting) is
approximately 1:1. The weight of a FRP composite structure was assigned half the weight
of the original structure and the weight of outfitting and accommodation will stay the
same. That implies that the structure/outfitting relation will be 1:2 in the new design of
the upper five deck.

15

As illustrated in Table 3.2, the FRP composite structures will reduce the weight with
approximately 1200 tons. However, 400 tons of steel is estimated to be needed in order to
strengthen the steel hull. The remaining 800 tons of weight comes to use for the
additional third of a deck (FRP composite structures - 265 tons) and its outfitting (86
cabins, 350 m2 public spaces, technical spaces - 535 tons). Altogether the new ship will
have a weight of 43 130 tons, and thereby just about the same weight as the Norwegian
Gem (43 150). The vertical centre of gravity will be equal for the two vessels but the
longitudinal centre of gravity will be slightly different, which can be adjusted by
modified load cases or a different layout.
Table 3-2 Approximate weight distribution of the current and novel designs
Structure
The Norwegian Gem The Norwegian Future
Structures
2360
1200
Outfitting
2840
2840
FRP composite structures for
0
265
additional 1/3 of a deck
Outfitting for additional 1/3 of a deck
0
535
Additional strengthening
0
400
Total weight of areas above deck 11
5200
5240
Total weight of the ship
43150
43130

3.3

FE-model analyses

3.3.1

Global strength

Finite Element Model (FEM) analyses were carried out by Meyer Werft and Kockums
AB in order to assess the ability of the FRP construction to manage global stresses and
natural frequencies.
In order to evaluate the distribution and ability of the novel design to manage global
stresses, a FEM analysis was performed. The ship was modelled as in Figure 3.4, where
red areas above deck 11 are modelled as FRP composite (linear isotropic material
properties: E = 10000 N/mm², ν = 0.34) and mass was distributed to the grey steel
elements (composite has no mass in the model). The dimensions of shell elements in
composite were kept as original, i.e. plate thickness with original steel scantlings and
beam elements in composite have original cross section dimensions.

Figure 3-4 Finite Element Model (FEM) of the ship, where red areas above deck 11 are
modelled as FRP composite.
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To simplify the procedure and the loading conditions that the model was tested by, only
one still water loading condition was chosen. It was scaled to fulfil the maximum and
minimum still water limit curve. The same procedure was used for the wave loading; one
wave load case was scaled to achieve the maximum hogging and sagging wave bending
moments. After solving the hogging and sagging, load cases were created by adding the
scaled parts of still water and wave, which provided the results presented in Table 3.3 and
Figure 3.5.

Figure 3-5 The maximum modelled hogging for the existing Norwegian Gem (top), the
Norwegian Future (mid) and the Norwegian Future with increased deck plating
(bottom).
Table 3-3 The modelled ability to manage global forces in different design solutions
Structure
Norwegian Gem Norwegian Future Norwegian Future + 3
Steel mass in tons
16981
15109
15196
Max usage eqv. stress
0.96
1.31
1.26
Hogging
353
458
444
The decks of the Norwegian Future were strengthened to fulfil the global stress and
buckling requirements. The increase of 91 mm or 26% in vertical deflection of the keel
line in the maximum hogging load case is, however, still a lot. The buckling of the
bulkheads could be solved by using buckling stiffeners. A 26% increase in defection
would lead to a necessary re-dimensioning of all local details which are critical with
regard to fatigue. There will also be areas where the arrangement and sizes of doors and
openings would need to be completely redesigned. The loss of bending stiffness is
primarily due to the loss of effective hull girder height. Interesting at this stage is the
question if the composite material could generally handle the loading induced by the large
3

With increased deck plating to fulfil strength and buckling criteria.

17

deformation or if more effort needs to go into reinforcing the steel decks to reduce the
vertical deflection. A central note is that a reinforced steel structure still seems to give
sufficient weight savings to be economically interesting.
Furthermore, Meyer Werft supplied Kockums AB with information and requirements to
evaluate if it would be possible to have a deck height of 2700 mm and a maximum
deflection difference of 15 mm in the most deflecting beams. The FEM analysis was
carried out based on the model from Meyer Werft, incorporating Kockums AB’s
properties of FRP composite, and showed that those requirements could be fulfilled.

3.3.2

Natural frequency

A FEM analysis was also performed by Kockums AB with the aim to evaluate if it would
be possible to have a deck height of 2700 mm and a lowest natural frequency of 13 Hz in
the FRP composite structure. A FEM was set up of the aft part of the superstructure, as
illustrated in Figure 3.6, based on a model from Meyer Werft and incorporating Kockums
AB’s properties of FRP composite.

Figure 3-6 Illustration of the FEM and the modelled part of the ship.
The analysis was performed (see Figure 3.7) and showed that it seems to be difficult to
achieve the requirements of a deck height of 2700 mm and a lowest natural frequency of
13 Hz. At least to do so in a cost effective way with existing ideas without significantly
changing the design (e.g. moving the pillars could solve the problem). 4

Figure 3-7 The result of a FEM analysis of natural frequency in a FRP composite
superstructure in the aft of the ship.

4

The natural frequency problem in FRP composite structures has been addressed in the ongoing
EU project BESST and promising uncomplicated solutions have at the time been presented by
Kockums AB.
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4

Fire and risk analysis

SOLAS II-2/17 makes it possible to use combustible FRP composite materials instead of
steel but it is required that an equivalent level of safety is achieved. First of all this
invoked an investigation of the fire safety regulations in SOLAS II-2 to identify the
regulations affected by the novel design, which also worked as basis when recognizing
required fire tests.
A range of fire tests were performed, from small-scale tests, to establish thermal
properties, to full-scale furnace tests of decks and bulkheads. A Phenol resin was also
examined since it provided improved fire resistance.
For support in the assessment of safety levels a need for a reliability analysis tool for
suppression systems was recognized. To analyse the extinguishment system on a cruise
vessel, involving many different spaces interconnected in different ways quickly becomes
very complex. A computer application FISPAT was therefore developed and applied to
evaluate improvements in the suppression systems of the Norwegian Future.

4.1

Fire safety of a prescriptive base design

An evaluation of fire safety regulations affected by the novel FRP composite cruise vessel
design was performed as part of a degree project (Franz Evegren, 2010). The first step in
this was to establish a base design of the ship that would be evaluated against the
prescriptive fire safety regulations.
The base design builds on the novel ship design described in 3.1. Novel ship design
incorporating FRP composite. The hull and structural divisions in the upper five decks
have been designed in FRP composite and the joint between steel and FRP composite will
be located in the bulkheads of deck 11.
FRP composite has the obvious disadvantage, compared to steel, of being combustible
but is on the other hand also a much better thermal barrier than steel. This is an advantage
from a fire safety perspective as the material will contain heat in the enclosure (Allison,
Marchand, & Morchat, 1991) much better than a steel construction, which more easily
spreads heat and fire to an adjacent compartment.
Below follow descriptions of the most important fire properties of the FRP composite
construction and the proposed additional safety measures, which define the base design.
Thereafter follow the results of evaluations of the base design against the fire safety
regulations in SOLAS.

4.1.1

Fire properties of FRP composite

The material replacing steel in the ship is a sandwich construction with a lightweight core
separating two laminates of FRP (fibre reinforces polymer). As long as the core is intact
and well adhered to both laminates, the structural strength of the material is not affected
by heat.
A critical part of the construction regarding resistance to fire is the joint between the core
material and the laminate. The joint softens and the structural performance deteriorates
when the temperature in the joint becomes critical; typically at 130-140ºC for polyester
and 200-210 ºC for a phenol polymer matrix (temperatures from fire test measurements at
SP).
Tests in a small-scale testing device, the Cone calorimeter (ref, ISO 5660), have shown
that such critical temperature could be reached typically within one minute if the material
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is directly exposed to fire (SP, 2005). In addition, Figure 4.1 shows that the material
ignites very quickly (if a simple polyester/vinyl ester is used) when exposed to an
irradiation of 50 kW/m2 in the Cone calorimeter, an irradiance level typical of a larger
fire. A short period of such fire exposure might thus be critical for unprotected FRP
composites, both from a structural strength perspective as well as from a fire spread
perspective.
350
300
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0

3

6

9

12

15

18

Figure 4-1 Heat release rate in kW/m2 on the y-axis vs. time in minutes on the x-axis,
from FRP composite material when exposed to an irradiation of 50 kW/m2 in the Cone
calorimeter.

4.1.2

Fire protection in the base design

A fundamental condition recognised in the risk analysis is that nowhere in the interior of
the ship shall a composite deck or bulkhead surface be allowed without protection. In our
study, an insulating mineral wool was therefore used.
The FRP composite divisions was insulated sufficiently to be classified as Fire Resisting
Divisions that maintain fire resistance for 60 minutes (FRD-60), according to the
International Code of Safety for High-Speed Crafts (IMO, 2000). The fire test required
for an FRD in an High Speed Craft (HSC) is equivalent to the test required for A-class
divisions 5 in SOLAS ships, except for an additional load-bearing requirement 6.This
requirement implies FRD decks and bulkheads shall withstand the standard fire test while
subject to transverse and in-plane loading, respectively. Even if this FRD-60 construction
is not “non-combustible”, it will fulfil the SOLAS functional requirement for a 60 minute
fire resistant division in equivalence to a steel/aluminium A-60 7 division.
According to SOLAS requirements, insulation is generally to be applied on the side of the
division with the greatest risk of fire. An “A” class division is for example generally
allowed with insulation only on one side of the bulkhead. The FRP composite was,
however, designed with insulation on both sides of the structure. 8 Furthermore, from the
5

“A-class” implies a “non-combustible” construction that will also resist a 60 minute fire in a
large furnace without letting hot gas or flames passing to the side unexposed to fire, in accordance
with IMO Resolution A.754(18) IMO. (1993). Recommendation on Fire Resistance Tests for “A”,
“B” and “F” Class Divisions. London: International Maritime Organization. The equivalent
standard for tests of FRD on HSC is defined by IMO Resolution MSC.45(65) IMO. (1995). Test
Procedures for Fire-resisting Divisions of High Speed Craft. London: International Maritime
Organization.
6
The load-bearing requirement was implemented when introducing aluminium constructions. By
demonstrating strength whilst withstanding the standard fire test aluminium constructions are
regarded equivalent to steel.
7
“A-X” (X = 0, 15, 30 or 60) means a temperature requirement must be met after X minutes on
the side of the construction that is unexposed to fire.
8
If structural fire zones are made in aluminium where “steel or equivalent material” is required, it
is accepted to attach insulation on both sides of the bulkhead in order to make up for that
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above discussion on critical temperature for softening of the FRP laminate-core interface,
it is clear that such insulation must keep the temperature at the interface on the side
exposed to fire below ~130-200°C (depending on used material) in the FRD-60 fire test.
The temperature on the un-exposed side will, due to the high insulation capacity of the
composite, therefore be virtually at room temperature even after 60 minutes of fire. The
heat from a fire will therefore to a larger extent stay in the fire enclosure and not so easily
be transmitted to adjacent spaces.
Important to note is that FRD-60 structures will be used ubiquitously and not only where
A-60 divisions are required. That includes low risk spaces and when the adjacent space is
an open deck, i.e. sun decks, roofs of balconies and underneath other external decks. In
some areas this will provide a higher level of fire safety than what is required by SOLAS
II-2/9.2.2.3. For example, if a fire occurs where unprotected steel divisions are required
(A-03), the backside (unexposed to fire) will become hot very quickly and could cause
fire spread.
The fact that an interior surface will not be allowed without 60 minutes of protective
insulation is essential for the composite base design. As an example will each deck then
become a “fire division” in accordance with the SOLAS definition. The deck areas
between bulkheads would then become “structural fire zones” if no other than fire
resistance requirements would apply (deck areas with that definition also have special
requirements on e.g. redundancy and the HVAC system). This should be compared with
the A-class divisions that often have much less requirements on thermal insulation,
typically A-0 or A-15.
This exterior combustible surfaces cannot be protected by mineral wool and need to be
handled differently, e.g. by using active fire fighting measures or surface finish with low
flame spread characteristics.
The fire safety organization and fire fighting routines on the ship will follow the
requirements in SOLAS II-2. The fire protection systems and equipment will also be in
agreement with these requirements. Together with the fire safety measures that apply to
composite structures in high speed crafts in the HCS Code and with FRD-60 replacing
steel, the above described construction forms the base design of the ship.9

4.2

Fire safety regulations affected by the base design

When utilizing SOLAS II-2/17 it is possible to deviate from prescriptive fire safety
requirements, but the functional requirements still need to be achieved. Compliance with
the prescriptive requirements is, hence, only one way to meet the functional requirements,
as stated in paragraph 6.3.2 in MSC/Circ.1002 (IMO, 2001). Any alternative design and
arrangements that demonstrates at least the safety of a prescriptive design is acceptable.
The starting point for any evaluation of alternative design and arrangements is to identify
affected fire safety regulations. Paragraph 5.1.2 in (IMO, 2001) specifies that the
regulations affecting a proposed alternative design and arrangements should be clearly

aluminium deteriorates at relatively low temperatures Räddningsverket. (1994). Fartygs
brandsläckning. Karlstad: Swedish Rescue Services Agency..
9
Except for achieving fire protection requirements, all divisions in the FRP composite
construction will be load-bearing structures and should therefore meet applicable load-bearing
requirements. Collapse due to fire is kept in mind when it comes to the safety for fire fighting crew
and passengers in and around a fire enclosure. Issues with progressive collapses will, however, be
hard to estimate.

21

understood and documented along with their functional requirements. It is interpreted10
that the referred functional requirements that should be documented and achieved by the
final alternative design are those listed along with the regulation objectives in the purpose
statements at the beginning of each individual regulation in SOLAS II-2 (see Figure
4.1) 11. The base design may thus deviate from both prescriptive requirements and
regulation functional requirements but the final alternative design must achieve the
regulation functional requirements and, hence, the regulation objectives.

Figure 4-2 Each regulation in SOLAS II-2 consists of a purpose statement and
prescriptive requirements. The purpose statement comprises regulation functional
requirements and an individual regulation objective which sets out the purpose of the
functional requirements.

4.2.1

Evaluation of prescriptive fire safety requirements and
associated purpose statements

An evaluation of how the base design affects the prescriptive fire safety requirements and
associated purpose statements in SOLAS II-2 was performed (the right triangle in Figure
4.2). The possibly challenged regulations and the specific deviations introduced by the
base design are summarized in Table 4.1. Comments on compliance with regulation
objectives, regulation functional requirements and the following prescriptive requirements of each regulation are also summarized in the table.

10

Comparing paragraphs 2.1, 4.3.4, 4.4, 5.1.2, 6.3.1 and 6.3.2 in MSC/Circ.1002 as well as
SOLAS II-2 Regulations 2 and 17 makes it unclear as to if the fire safety objectives in SOLAS II2/2.1, the functional requirements in SOLAS II-2/2.2 or the regulation objectives or functional
requirements listed at the beginning of each individual regulation in SOLAS II-2 should be used to
provide the basis when comparing safety levels.
11
For example, Regulation 5 in SOLAS II-2 has a purpose statement specified in SOLAS II-2/5.1.
The first sentence expresses the regulations’ objective: “...to limit the fire growth potential in every
space of the ship.” Thereafter follows three functional requirements in SOLAS II-2/5.1.1-3, that
shall be achieved in order to realize the objective of this regulation. In the same way, Regulation 6
in SOLAS II-2 has a regulation objective expressed in the first sentence in SOLAS II-2/6.1: “...to
reduce the hazard to life from smoke and toxic products generated during a fire in spaces where
persons normally work or live.” Thereafter follows the functional requirement specific for this
regulation: “...the quantity of smoke and toxic products released from combustible materials,
including surface finishes, during fire shall be limited.” Each regulation in SOLAS II-2 has such
purpose statements, where the regulation objective (RO) is defined and followed by regulation
functional requirements (RFR) that shall be achieved in order to accomplish the objective.
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Table 4-1 A summary of the possibly affected SOLAS II-2 regulations (divided into
regulation objectives, regulation functional requirements and prescriptive requirements)
and a comment on compliance by the base design (Franz Evegren, 2010)
SOLAS II-2
Part B

Regulation Objective
(RO)

Regulation Functional Requirements
(RFR)

Comment on how the base
design affects the regulation

Prevention of fire and explosion

Reg. 4
Probability
of ignition

Prevent the ignition
of combustible
materials or
flammable liquids

(1) Control leaks of flammable liquids;
(2) Limit the accumulation of
flammable vapours;
(3) Restrict ignitability of combustible
materials;
(4) Restrict ignition sources;
(5) Separate ignition sources from
combustible materials and flammable
liquids;
(6) The atmosphere in cargo tanks
shall be maintained out of the
explosive range.

The base design complies
with prescriptive requirements in enclosures.
However, unprotected
external surfaces are not fully
in line with RFR 3.

Reg. 5
Fire
growth
potential

Limit the fire growth
potential in every
space of the ship.

(1) Control the air supply to the space;
(2) Control flammable liquids in the
space;
(3) Restrict the use of combustible
materials.

Compliance with RFR in
enclosures. However, if open
deck is considered a space,
unprotected external
surfaces challenge RFR 3.

Reg. 6
Smoke
generation
potential
and
toxicity

Reduce the hazard to
life from smoke and
toxic products
generated during a
fire in spaces where
persons normally
work or live.

Limit the quantity of smoke and toxic
products released from combustible
materials, including surface finishes,
during fire.

Compliance with prescriptive
requirements and with RFR.
It is relevant to address the
possibility of an increased
smoke production, even if
outside the scope of this
regulation.

Part C

Suppression of fire

Reg. 9
Containment of
fire

Contain a fire in the
space of origin

(1) Subdivide the ship by thermal and
structural boundaries;
(2) Boundaries shall have thermal
insulation of due regard to the fire risk
of the space and adjacent spaces;
(3) The fire integrity of the divisions
shall be maintained at openings and
penetrations.

Compliance with RFR but
load-bearing bulkheads,
decks and, where necessary,
also internal bulkheads made
in combustible material
deviates from the definition
2
of “A-X” class division (see
Reg. 9.2.2.1.1.1 and tables
9.1 and 9.2).

Reg. 11
Structural
integrity

Maintain structural
integrity of the ship,
preventing partial or
whole collapse of the
ship structures due
to strength deterioration by heat.

Materials used in the ships’ structure
shall ensure that the structural
integrity is not degraded due to fire.

Compliance with RFR but not
with Reg. 11.2 as it states
structures to be constructed
in “steel or other equivalent
material”, which is defined as
non-combustible (Reg. 3.43).
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The regulations in Part B of SOLAS II-2 that the base design will possibly challenge are
Regulations 4, 5 and 6. In summary, the base design will achieve the regulation objective
and regulation functional requirements of Regulation 4 if the ignitability of surfaces,
particularly those external and unprotected, can be considered restricted.12 This may
require implementation of risk control measures. All prescriptive requirements of
regulation 5 considering enclosures are complied with but a regulation functional
requirement (Reg. 5.1.3) could be claimed challenged as it states the use of combustible
materials shall be restricted.
Since the base design will not increase the fire load in an internal space, compliance
could be connoted. However, if open deck is considered a space, the unprotected
combustible external surfaces would give reason to assert deviation from the regulation
functional requirement. Similar to Regulation 5, the scope of Regulation 6 also comprises
enclosures and the first stages of a fire, which is when people could be exposed to toxic
smoke. Even if all the prescriptive requirements of this regulation are complied with and
the aim of the regulation is the first stages of a fire in spaces where people work or live,
the production of smoke and toxic products may not be limited to the extent as in a
prescriptive design. This should therefore be accounted for when comparing safety levels,
even if the regulation can be considered complied with.
In Part C of SOLAS II-2 the main challenges regard Regulations 9 and 11. Regulation 9
prescribes main vertical and horizontal zones as well as internal bulkheads, where
necessary, to be made up by A-X divisions, which implies steel or equivalent material
should be used. Reg. 3.43 defines steel or equivalent material as a non-combustible
material which, by itself or down to insulation provided, has structural and integrity
properties equivalent to those of steel. The base design achieves equal structural
properties and the added thermal insulation in divisions and penetrations makes it exceed
the requirements on integrity by all means. However, even if structural and integrity
properties in divisions are achieved FRP composite is combustible. This is also the only
deviation to Regulation 11, which prescribes the hull, superstructures, structural
bulkheads, decks and deckhouses to be constructed of steel or other equivalent material.
The risk of collapse 13 and the fact that a (protected) non-combustible material replaces
steel gives reason to further assess safety equivalency.

4.2.2

Further regulation and fire safety analyses

The preceding evaluation of the base design was delineated to document affected
regulations with a starting point in prescriptive requirements and associated purpose
statements. In particular the requirements on “non-combustible” and “steel or equivalent
material” cannot be achieved by the novel material, even if the accomplished safety may
be sufficient. It was also found that the current steel-based regulations are not fully
applicable for this kind of design as they do not consider combustible exterior surfaces.
The high level of innovation in the present design case and vague guidelines invoke
further evaluations of how the base design affects the implicit level of fire safety in the
regulations (Franz Evegren, 2010). For this reason evaluations were performed revealing
effects on the general fire safety objectives and functional requirements stated in
SOLAS II-2/2 (see Figure 4.2), which are significant as they set out the safety targets for
the whole chapter. In addition, effects on the structure of the fire safety prescribed in
12

Since external surfaces on ships are typically made up of painted steel there has not been any
reason to regulate this matter. This is a great example of where the base design goes beyond the
steel-based regulations.
13
Good structural behaviour of the FRP-composite in a real fire, even with local delamination
occurring in the composite due to high temperature, was documented at SP in a full scale cabin fire
test, Arvidson, M., Axelsson, J., & Hertzberg, T. (2008). Large-scale fire tests in a passenger
cabin (No. 2008:33). Borås: SP Technical Research Institute of Sweden.
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regulations and effects on different properties represented in current requirements were
scrutinized. This way innate effects on the implicit level of fire safety in regulations were
identified. Furthermore, the above analyses were complimented with a general evaluation
of how the novel structural material may affect different stages of a fire development in
the base design (see Franz Evegren, 2010).
In conclusion the additional analyses revealed several important effects on the implicit
level of fire safety that need to be verified. When it comes to the fire safety objectives in
SOLAS II-2, the base design may fulfil some of the objectives superior to a traditional
design due to its improved thermal insulation. The focus on safety of human life in the
fire safety objectives makes it topical to address, not only the safety of passengers, but
also the safety of fire fighters and crew. Investigating the functional requirements for the
whole fire safety chapter in SOLAS especially indicated that the risk when adding more
combustible materials needs to be accounted for.
Effects on the fire safety structure mainly concerned the exposure and effect parts of the
fire protection strategy and invoke thorough verification since the changes will affect
many protection chains. The following analysis of fire safety properties showed that in
particular human intervention, complexity in the fire protection strategy, reliability and
vulnerability will be affected. The implications for safety may, however, not be very
significant for all of these properties.
When the revealed differences were put in the context of fire dynamics it was established
that the ignition and first stages of a fire in an enclosure will be unaffected by a change to
FRD-60. In case the circumstances allow a fire to progress, it will reasonably be better
contained in the structure within the first 60 minutes. In case of fire that ability could e.g.
give the advantage of an increased time for escape as the temperature in the staircases and
escape routes would be significantly lower. The conditions in the base design if a fire
develops past 60 minutes may although be worsened, in comparison with a traditional
design. Fire safety will also be affected in case a fire includes external surfaces, which
will go from being non-combustible in a steel design to combustible but protected in the
base design.

4.3

Properties when using phenol resin

A phenol resin was tested in the LACC-C project as it could have positive bearings on
several construction elements. The resin could be of interest both for exposed composite
surfaces on the vessel, e.g. the outer surfaces, but also for stiffeners where a phenol resin
could have the potential of reducing the need for insulation
Small-scale tests carried out with phenol laminates showed good results from a flame and
fire spread perspective. However, they also showed that delamination could occur due to
trapped water vapour.
The mechanical properties of phenol laminates at high temperatures are in general better
than similar qualities for polyester/vinyl ester FRP but at room temperatures the opposite
is usually the case. However, mechanical tests carried out within LASS-C showed that
some phenol laminates can provide almost as good mechanical properties even at room
temperatures.

4.4

FISPAT simulation tool

Full scale fire tests performed at SP in earlier research projects (Arvidson, et al., 2008)
showed that the fire safety in a standard cabin surrounded by an insulated composite hull
or even unprotected outer composite surfaces, will not be jeopardised as long as the fire
detection is fast and the sprinkler system functional. A computer model for support in risk
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and reliability analysis of suppression systems was therefore developed in order to assess
the risk of sprinkler system failure.
A Java software FISPAT was developed as a degree project by two master students at
Uppsala University (Lundsten & Hedin, 2010). The tool was designed to find fire
sensitive areas on e.g. cruise vessels in order to analyze where one or multiple faults in
networks and devices are most harmful in case of a fire. Such analysis easily becomes
quite cumbersome when many spaces and network dependencies (water, electricity,
computers, ventilation, pumps, … see Figure 4.3) are involved.

Figure 4-3 Example of a complex network of water supply, ventilation, pumps, electricity
and computers, which all effect the reliability of a suppression system (Lundsten &
Hedin, 2010).
The tool can be used to rapidly perform exhaustive analyses on complex systems. In
FISPAT the user can make a model of a structure, built up by rooms, networks and
devices. With the model, FISPAT can simulate fire spread (i.e. fault injection) and
display the effects on the included networks. The user can then analyze the results to find
fire sensitive parts. An example of the above is shown in Figure 4.4 below.

Figure 4-4 The graphical representation of an exhaustive simulations result where the
yellow and red rooms are burning but have different origins of fire (Lundsten & Hedin,
2010).
Plans and data for the active systems affecting fire safety of the Norwegian Gem were
provided by Meyer Werft. The information was used as input when forming a model of
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the networks and devices on the Norwegian Gem and their dependencies, as shown in
Figure 4.5.

Figure 4-5 The networks and devices on the Norwegian Gem and their dependencies
(Lundsten & Hedin, 2010).
The performed analysis pointed at some critical parts of the ship. A couple of examples
were the main water supply pipe to the sprinklers which had no redundancy and
sectioning valves which were all manually operated, and hence are vulnerable to faults.
An electrical feed to three pump units was also pin-pointed as a vulnerable spot. The
pumps had redundant electrical networks, but the wires were drawn on the same paths,
making it possible to take out both systems with one fire. Some of the vulnerabilities had
already been considered by the shipyard. In the process the FISPAT simulation tool was
evaluated and further developed (Hedin & Strandén, 2011) to be adapted to the new safe
return to port regulations.
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5

LCA and LCC

With the concept of sustainability firstly put forward in Report of the World Commission
on Environment and Development, environmental issues are concerned by more and
more publics and countries. More eco-friendly environment products are produced with
the increased awareness of environmental degradation among people. The shipping
industry is a typical example. The composite materials, exhibits excellent strength and
stiffness in combination with low density, as well as low cost. These properties attract an
increasing number of manufacturers who would like to develop and produce these kind of
products. Consequently, utilizing our finite resources reasonably and to not make a
burden to surroundings are becoming significant aspects in a more sustainable
development.
In modern society, cruising has become a major part of the tourism industry. The material
used for manufacturing cruise ships is traditionally steel, as for any large ship. From a
manufacturing point of view, steel is the most economical structural material. However, a
ship will continue to cause costs and also environmental impact in other parts of the life
cycle, in e.g. operation and maintenance during its usage. Therefore, the interest is
increasing for implementing other structural materials, such as aluminium or composite
materials. By manufacturing ship structures in these so called lightweight materials, the
structural weight can be decreased and, hence, the engine power can be reduced or the
pay load increased. As a result, decrease in environmental impact and cost savings can be
obtained using lightweight materials.
Environmental and financial costs are nowadays often investigated over the whole
lifetime of a ship in Life Cycle Assessment (LCA) and Life Cycle Cost assessments
(LCC). The former covers the impact on the environment from all parts of the ship life
cycle; from the initiation and production phase via the operation phase and to the disposal
of the ship, and the latter investigates the economic impact over the ship lifetime. LCA
and LCC were performed for the new ship design (the Norwegian Future) and compared
with the traditional construction (the Norwegian Gem) in the project. The compared
material concepts are steel, as in the origin version, and a new alternative in FRP
composite. The analysis was carried out by the Royal Institute of Technology and was
based on experiences and calculation tools developed within the former research project
LASS.

5.1

LCA

Increased awareness of the importance of environmental protection and the possible
impacts associated with products manufactured and consumed has led to a demand for the
development of methods to better comprehend and understand how to reduce these
negative impacts. One of the techniques developed in response to this demand is Life
Cycle Assessment, LCA. It is a technique for assessing the environmental aspects and
potential impacts associated with a product by:
• compiling an inventory of relevant inputs and outputs of a system;
• evaluating the potential environmental impacts associated with those inputs and
outputs;
• interpreting the results of the inventory analysis and impact assessment phases in
relation to the objectives of the study; and
• facilitating the study of the environmental aspects and potential impacts
throughout a product’s life, from raw material acquisition through production,
usage and disposal.
Comparing results of different LCA studies is only possible if the assumption and context
of each study are the same.
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One of the goals of this research was to demonstrate and confirm that the LCA method is
applicable for environmental life cycle evaluation of cruise ships. The research and
results developed from this study are intended for applications related to new composite
materials in shipbuilding. Results of this study may also be used in marketing purposes
with aim to influence the ecological design and manufacturing concept. Shipyards can
consider this study to have created a sustainable method to evaluate lightweight materials
for the shipping industry.
The main goal of this LCA study is to investigate the environmental impact for the
original superstructure on the Norwegian Gem and to compare it with the novel design in
FRP composite on the Norwegian Future. The reduction in weight was assumed to be
utilized as increased payload capacity, meaning an increase in number of cabins, as
described above. With this follows an increased number of passengers, which will bring
more profit to the ship owners. The fuel consumptions of the two ship versions are
however identical since the total weights of the ships are approximately the same.
The current LCA was part of a master thesis made by Hou (2011). For the analysis the
Simapro 14 software tool was used. In the master thesis work the number of cabins was
mixed up with the number of passengers for the new FRP composite superstructure. This
has been corrected in the following presentation where the results from the LCA analysis
are summarized. Furthermore, the LCA analysis identified significant positive and
negative effects in different stages of the life cycle. This suggests how to further reduce
the environmental impacts, which is documented subsequently.

5.1.1

Manufacturing phase

In this result, only the manufacturing phase is compared between the original, mainly
steel, design and the FRP composite structure. Figure 5.1 shows the ratio of different
environmental impact categories of the two ships and displays that the original design has
much larger environmental impacts than the novel design, except in the fossil fuels
category. The differences in all the other categories are relative large. The Norwegian
Gem reaches the highest impact in the majority of categories whilst the Norwegian Future
only reaches higher impact in the fossil fuels category.

Figure 5-1 Manufacturing phase comparison of original steel structure (red) and the FRP
composite structure (green); characterization.

14

Simapro software tool, 2009, Pré Consultats
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From the figure above it is however not possible to determine the difference in impact
between the categories. The categories are therefore summed up and shown in relation to
each other in Figure 5.2. It shows that the fossil fuel category has the largest impact
compared to other categories, for both structures (for the steel structure it reaches 799 and
for composite structure 835).

Figure 5-2 Manufacturing phase comparison of steel structure and FRP composite; single
score.

5.1.2

The entire life cycle

When evaluating the entire life cycle different waste scenarios were considered to take
the uncertainties in disposal of FRP composite into account. Only the least gratifying
results for FRP composites are presented in this report, representing waste scenario 1 in
(Hou, 2011). The general result from the analyses was that the traditionally built
Norwegian Gem has more environmental impacts than the ship with the novel FRP
composite construction. However, Figure 5.3 shows that the difference in several
categories is not as large as in the manufacturing phase. The biggest impact category of
the Norwegian Future is climate change, followed by resp. organics.

Figure 5-3 Life cycle comparison; characterization.
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In Figure 5.4 there is a single score presentation of the results which shows that the fossil
fuel values of the two designs are not as different as expected. This might be explained by
the operation phase, where a huge amount of fuel is consumed for the entire life cycle for
both two types of ships. For this reason, they both make a large influence on the climate
change, ozone layer and fossil fuels categories, since these are closely connected with
fuel consumptions.

Figure 5-4 Life cycle comparison; single score.

5.1.3

Comparison of manufacturing and operation phases

In order to investigate what phase has more influence on the environment, a comparison
of the manufacturing and operation was carried out for the two ship versions. Figure 5.5
shows that the operation phase has considerably higher influence on the environment than
the manufacturing phase, which in some cases is even impossible to distinguish in the
figure.

Figure 5-5 Comparison of manufacturing and operation phase for the two ships;
characterization.
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5.1.4

Discussion of LCA results

With regard to the aims set out at the beginning of this study, the most significant impacts
were identified. The conclusions obtained from the research and analyses were the
following.
By comparison it was found that the construction in FRP composite material has less
impact to surroundings for the whole life cycle in general. It was also concluded that the
operation phase contributes the most to the overall impact by the ship life cycle. That is
also to say that the fossil fuels category accounts for the largest percentage amongst all
categories when comparing the whole life cycles of the two ship designs.
Moreover, when comparing with different waste treatment scenarios for FPR composite
material, it was found that an increased possibility of recycling would reduce the
influence on surroundings. It could therefore be interesting to investigate the possibilities
to introduce more environmentally-friendly materials in the FRP composite, i.e. natural
fibre or core materials. It could therefore be interesting to use balsa wood for core
material or more organic polyesters. The latter is being introduced in an ongoing research
project where the impacts of the polyester skin are reduced by using bio-polyester. Today,
there is however still no market for recycled composite material, which may depend on
too small quantities of waste and lack of infrastructure.
Considering long-term emissions, the novel design would have a much larger impact on a
few environmental aspects since the waste disposal techniques are less green than those
for manufacturing in steel.
Last but not least, for any life cycle assessment, the figures presented above must be
carefully handled. The results heavily depend on the input data, which is frequently based
on assumptions and estimated figures of complex processes.

5.2

LCC

In this study, a cost analysis is carried out with the aim to cover costs over the life cycle
for the original superstructure on the Norwegian Gem and to compare it with the novel
superstructure in FRP composite on the Norwegian Future. Since it is a comparative
analysis, unchanged cost elements are not included, e.g. cost for hull structure,
machinery, interior, outfitting or onboard crew. As for the environmental effects above,
the costs are spread over the whole life cycle, starting with initial costs. These costs
include design, planning and development of manufacturing devices and are spread over
the first year. The second year, the costs for production of the structure follows. The ship
is assumed to operate for a period of 25 years. Finally, the ship is disposed, resulting in a
cost or payback assumed for a period of one year.
For a comparative study as this, a break-even point can be defined according to the right
definition in figure 13 below.

Costs

Money
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Revenues
Costs
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Alternative B
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Sales
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Figure 5-6 Alternatives for assessment of break-even point, B/E (Lingg & Villiger, 2002).

5.2.1

Data for the LCC analysis

The calculation of cost for material and production of the original superstructure of
Norwegian Gem is based on information regarding material content provided by Meyer
Werft and material cost according to Kockums AB. The latter partner also provided
information on material content and cost for the new FRP composite design of the
Norwegian Future. The initial cost was set to 10% of the material, based on earlier studies
(Hedlund-Åström, 2008).
In Table 5-1, the costs for manufacturing the two ship versions are presented. The
material cost element includes structural material and insulation. Insulation for noise
protection is used in the steel construction and for fire protection in the sandwich
structure. Cost for disposal of manufacturing waste is not included.
Table 5-1 Superstructure manufacturing cost for the two ship versions
Cost element (kSEK)
Norwegian Gem Norwegian Future
Initial
15 890
12 220
Material (gross)
158 905
122 197
Man-hour total
175 100
Total production
174 795
309 517
In the LCA analysis, the fuel consumption was estimated to 6 900 000 tons over 25 years,
i.e. 276 000 tons/year, for both the Norwegian Gem and the Norwegian Future. In the
latter case, the saved weight from using FRP composite made it possible to add another
86 cabins. The total operation cost for this alternative, based on a price for MGO of
970 USD/metric ton15, is presented as alternative 2 in Table 5-2.
Table 5-2 Total operational cost for the cruise ships 16
Cost element (kSEK)
Norwegian Gem Norwegian Future
Fuel (alternative 2)
45 512 400
45 512 400
Fuel (alternative 1)
45 512 400
44 943 495
Another alternative is to make use of the reduced structural weight to reduce the draught,
which results in reduced fuel consumption. Information from Meyer Werft 17 results in an
estimate of an overall reduction of 1,25% of fuel costs due to the reduced draught. The
resulting total fuel cost for this alternative has been calculated accordingly and is
presented as alternative 1 in Table 5-2.

15

Marine Gas Oil price, August 2011, www.bunkerworld.com/prices/port/nl/rtm/?grade=MGO.
Using an exchange rate of 1 USD to 6.80 SEK.
17
Information from H. Buss, Meyer Werft GmbH, May 2011.
16
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The assumed lifetime of a ship is 25 years and then further costs and incomes emerge
from disposal of the ship structures, as presented in Table 5-3. Recycling of steel and
aluminium gives in an income of 500 €/ton18, while landfill for the insulation generates a
cost of 1 000 SEK/ton (Naturvårdsverket, 2004). For the sandwich structure, incineration
with energy recovery is a possible alternative. The cost for disposal of the composite
structure is based on knowledge from scrapping a Danish composite ship (Masen, 2008)
at a cost of 180 €/ton, including cutting, incineration and landfill.
Table 5-3 Incomes and costs for disposal of the two superstructure versions
Cost element (kSEK) Norwegian Gem Norwegian Future
Steel + aluminium
-11 800
-290
Sandwich
1 874
Insulation
50
395
Total disposal
-11 750
1 979

5.2.2

LCC results

In Table 5-4 all cost elements from the four phases: initial, production, operation and
disposal have been summarized at current price rates. The resulting life cycle costs are
presented for the superstructure on the Norwegian Gem as well as for the two alternatives
of superstructures on the Norwegian Future.
Table 5-4 Total life cycle cost of superstructure at current rates
Cost element (kSEK) Norwegian Gem
Norwegian Future
Norwegian Future
(alternative 1)
(alternative 2)
Initial
15 890
12 220
12 220
Production
158 905
297 297
297 297
Operation
45 512 400
44 943 495
45 512 400
Disposal
-11 750
1 979
1 979
Total cost
45 675 445
45 254 991
45 823 896
In Table 5-4 it is visible that the operation cost is dominating, but this cost applies to the
whole cruise ship and the other costs are connected only to the superstructure. Neither is
the production cost for the steel superstructure clear since no cost for manufacturing
(man-hours) has been included. However, information from Meyer Werft17 provided basis
for calculations for alternative 2, with a resulting additional net income per additional
passenger of 107.5 $/day. This yields a total increased income of 7 740 000 $/year (based
on 360 operational days/year, 200 additional passengers, the same crew passenger ratio as
before and no increased fuel consumption). With an increased cost for building the FRP
composite superstructure of 134 722 kSEK (see Table 5-1), this results in a break-even
after about 2.5 years16. For alternative 1, were the decrease in structural weight is
utilised to lower the fuel consumption, the fuel cost decreases with 22 756 kSEK/year.
This gives a break-even after 5.9 years.

5.3

Conclusions from LCA and LCC analyses

From the environmental life cycle assessment it was found that an FRP composite
superstructure generally has lower impact to surroundings in the whole life cycle. It also
concludes that the operational phase contributed most to the overall impact of the ship life
cycle. This means that the category of fossil fuel accounts for the largest difference of all
categories when comparing the whole life cycle of two superstructure versions, with a
difference of 20%.
18

www.demolitionscrapmetalnews.com, September 2008
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From the economic life cycle calculations the most advantageous of the compared
alternatives was to manufacture the superstructure in FRP composite and to make use of
the weight reductions by adding more cabins. This alternative resulted in a break-even
after 2,5 years.
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6

Regulation 17 - equivalent safety

6.1

A revised approach

SOLAS (IMO, 2009) chapter II-2 (part F) Regulation 17 (hereafter referred to as
Regulation 17) states that fire safety design and arrangements may deviate from the
prescriptive requirements set out in parts B, C, D, E or G, provided that the design and
arrangements meet the fire safety objectives and functional requirements. When fire
safety design or arrangements deviate from prescriptive requirements, an engineering
analysis shall be carried out based on the guidelines in MSC/Circ.1002 (IMO, 2001),
hereafter referred to as Circular 1002. These guidelines describe to use a deterministic
performance-based approach founded on fire safety engineering to verify that the fire
safety of the novel design is at least equivalent to that stipulated in regulations, often
referred to as the “equivalence principle”. Since there are no general explicit criteria for
the required level of fire safety accepted by the IMO, the fire safety in the novel design
needs to be compared to that of a prescriptive design. Accordingly, the prescriptive
design functions as a reference design, complying with the fire safety requirements in
parts B, C, D, E and G of SOLAS chapter II-2. The documented level of fire safety for
the proposed novel design is therefore not absolute, but relative to the implicit fire safety
of a traditional design, which is likewise a product of the implicit fire safety level
represented by prescriptive regulations (Franz Evegren, 2010). Accounting for
uncertainties when comparing levels of fire safety, the engineering analysis should
demonstrate that the alternative design and arrangements with reasonable confidence has
a fire safety equivalent to, or better than, that of a prescriptive design. Within the LASS-C
project the first step of such analysis, the preliminary analysis in qualitative terms, was
carried out and documented by SP (F Evegren, 2010) and submitted to the Swedish
Transport Agency for approval. The different steps of the analysis are outlined below
after an introduction to the revised approach of the analysis.

Regulation 17 was developed to undertake innovative design solutions, typically high
atriums and long shopping promenades on cruise vessels, without compromising with fire
safety. The regulation is in that sense employed to make safety more attractive, but it can
also be used to make fire safety more cost-efficient, i.e. to accomplish the same level of
fire safety at a lower cost or to increase fire safety at the same cost. In the present case, all
steel divisions of several decks on a large cruise ship have been redesigned in Fibre
Reinforced Polymer (FRP) composite. Above all, the material is combustible and the fire
integrity will be fundamentally affected, which implies significant effects on fire safety.
Making claim to Regulation 17, an evaluation of the alternative fire safety design should
be based on Circular 1002, which has been identified as a type of risk assessment (Franz
Evegren, 2010). However, in order to establish whether the fire safety of such
considerable novelty can be regarded at least as safe as prescriptive requirements, it has
been judged that the risk assessment needs to be more elaborated than what is outlined in
Circular 1002 (Franz Evegren, 2010). The required analysis process should not only
comply with what is prescribed, it should also be sufficient to describe the introduced
novelty in terms of fire safety. A more elaborated methodology for the preliminary
analysis in qualitative terms was therefore developed as part of a degree project by Franz
Evegren, master student at Lund University, which comprises all the descriptions in
Circular 1002 and also brings the risk assessment to a higher level (Franz Evegren, 2010).
Except for defining a base design (see 4.1.2 Fire protection of the base design) and
evaluating affected fire safety regulations in SOLAS (see 4.1.3 Affected fire safety
regulations), the scope of the preliminary analysis in qualitative terms includes
development of fire scenarios and trial alternative designs. These latter parts of the
preliminary analysis in qualitative terms are outlined subsequently.
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6.2

Development of fire scenarios

6.2.1

Identification and enumeration of fire hazards

This section describes the different processes performed to expose imposed fire hazards
in the novel design and, hence, to define the fire scenarios. First a hazard identification
was performed where fire safety hazards were identified and tabulated. Thereafter these
hazards were enumerated and rated in different ways; partially because of a vague
definition of how it should be performed and partially to provide information to the
following processes. Fire hazards were then selected before specifying fire scenarios.
However, the new approach implies that not only worst-case design fire scenarios will be
selected but all fire scenarios will be estimated. For simplicity, only the spaces in which
representative fire scenarios will be developed were specified, together with examples of
failure modes.
Fire hazards were identified in two separate workshops held at SP Technical Research
Institute of Sweden with participants from the design team. The meetings were systematic
brainstorming sessions where fire safety was thoroughly investigated in each space of the
novel design. The first hazard identification provided information on possible fire
developments in different spaces and gave an idea of the design fire scenarios. The data
from the first hazard identification worked as input when performing the second hazard
identification where fire hazards were identified and tabulated in different categories and
probability and consequences of fire scenarios were discussed. The next step according to
MSC/Circ.1002 (IMO, 2001) is to enumerate the fire hazards. This was done in three
different ways due to different possible interpretations. When identifying fire hazards in
the workshops they were tabulated in a spreadsheet (see Figure 6.1) which provides one
kind of enumeration as required.

Figure 6-1 Tabulation of the fire hazards from the hazard identification.
What MSC/Circ.1002 (IMO, 2001) could be aiming at when stipulating an enumeration
into incident classes could however be to rather identify and categorize the reasonably
worst fire developments in the spaces, based on the identified fire hazards. A summarized
rating of the fire risks in each space in the new superstructure was therefore also
estimated, based on the performed identification of hazards (see Figure 6.2).
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Figure 6-2 Fire risk indices of the spaces in the FRP composite construction.
The performed risk ranking given above is most likely the intention of the enumeration of
fire hazards in MSC/Circ.1002 (IMO, 2001) and could be useful, especially when
performing an engineering analysis with a worst-case approach. However, for the
elaborated analysis, a more useful enumeration was performed where all potential
differences in risk implied by the design changes were rated, as shown in Figure 6.3. This
latter enumeration of pros and cons with the base design from a fire safety perspective
worked as a more useful support when selecting fire hazards to form fire loads and failure
modes to define the fire scenarios.

Figure 6-3 A different but more useful enumeration of fire hazards where pros and cons
with the base design were rated from a fire safety perspective.

6.2.2

Selection and specification of fire hazards

With the new approach, fire hazards were not selected to form design fire scenarios. Fire
hazards were instead selected to determine representative fires (e.g. fire load density,
HRR, smoke production) and failure modes (e.g. failure of sprinkler system or closed
door), which define a whole distribution of fire scenarios (not only the worst case
scenarios). When selecting the fire hazards to be considered in the representative fires and
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failure modes, primarily differences between the prescriptive design and the base design
were considered (see Figure 6.3). Thereafter, hazards that will significantly affect a fire
development were taken into account. Finally it was a general goal to include as many of
the identified fire hazards as possible and, hence, not only the fire hazards plausibly
resulting in the most severe consequences. This resulted in, not only one or a few design
fire scenarios, but a distribution of fire scenarios with varying consequence and
probability. It resulted in the following selection of representative spaces where similar
fire developments are assumed.
1. Cabins;
2. Corridors;
3. Stairways;
4. Open deck spaces;
5. Galleys;
6. Lounges;
7. Restaurants;
8. Store-rooms;
9. Technical spaces;
10. Machinery spaces;
11. Funnel and Casing; and
12. Void spaces.
The fire scenarios will be defined by a range of fires in the representative spaces above
and a number of failure modes. The most relevant failure modes for each space will
characterize the fire developments in that space. Examples of failure modes are the
following:
• Failure of sprinkler system (cannot control fire or fails to function)
• Failure of fire damper
• Failure of detection
• Failure of smoke management
• Failure of first aid
• Failure of manual extinguishment by fire crew
• Failure of fire alarm
• Failure of structural integrity
• Failure of window (braking window)
• Failure of evacuation
• Failure of closing door
• Failure of additional RCM
• …
In the revised approach, a distribution of fire scenarios will be used in the quantitative
analysis based on the identified fire hazards. A range of representative fires and failure
modes were identified to define this distribution which is to be characterized in more
detail during the quantitative analysis. Examples of fire scenarios in the representative
spaces were although documented in the preliminary analysis report, e.g. as shown below.
Cabins
There are a large number of different sized cabins in the novel superstructure.
This category includes small cabins and rooms of larger suites and similar spaces.
All cabins along the sides of the ship have balconies which pose a special
challenge since the fire can spread to the outside of the ship. As fire spreads more
easily upwards, a worst case fire scenario could occur if a fire spreads from deck
11, which could lead to the following fire scenario:
Electric equipment or lighter in combination with carelessness ignites
combustible disposal materials, blankets and duvet in bed and spreads to
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textiles and eventually furniture. Door to corridor is closed but balcony door
is open, which leads to exterior propagation of fire through the balcony and
to the exterior surfaces.
Except the mentioned conditions, this scenario is possible if e.g. the sprinkler
system fails to release and detection, first-aid, extinguishment by crew and a
possible drencher system fails to release. Time of the day and if anyone is present
will affect the consequences and possibilities for detection, as well as the
likelihood of fire. The people in the cabin could be disabled, affected by alcohol
or deep asleep when the fire occurs which could affect the consequences.

6.3

Development of trial alternative designs

An FRP composite construction on the ship imposes new risks. It was therefore essential
to find suitable risk control measures (RCM) to manage these risks. A range of RCM’s
were identified by the design team throughout the preceding processes and these were
tabulated in different categories, as illustrated in Figure 6.4.

Figure 6-4 Tabulated risk control measures (RCM) which, in different combinations,
make up the trial alternative designs.
A combination of risk control measures makes up a risk control option (RCO), which
applied to the base design forms a trial alternative design, as illustrated in Figure 6.5.

Figure 6-5 Illustration of the base design in relation to the trial alternative designs.
One of the purposes with a preliminary analysis in qualitative terms is to specify trial
alternative designs. It is the trial alternative designs that will be subject to further analysis
against the developed fire scenarios in the quantitative analysis. It is, hence, one of the
trial alternative designs that will become the final alternative design, provided that one of
them demonstrates sufficient safety. However, it did not seem constructive to eliminate
risk control measures before evaluating their effects, which lead to that no risk control
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options were defined at this stage. Instead it was stated that all of the identified risk
control measures (Figure 6.4) those could form risk control options, individually or in
combination with others. The most advantageous risk control options will thereafter be
made out and further analyzed in the quantitative analysis.

6.4

Preliminary analysis report for approval

The initial aim of the LASS-C project was to cover both of the two parts required when
laying claim to Regulation 17, namely a preliminary analysis in qualitative terms and a
quantitative analysis. However, the required engineering labour had been underestimated
and only the preliminary analysis in qualitative terms was possible to complete within the
project. The analysis was documented by SP in a preliminary analysis report (F Evegren,
2010) which was approved by the design team and submitted to the Swedish Transport
Agency for consideration (see Figure 6.6).

Figure 6-6 The preliminary analysis in qualitative terms was carried out and documented
by SP in a preliminary analysis report (F Evegren, 2010), which was submitted to the
Swedish Transport Agency.
Development of risk assessment methodology for the quantitative analysis, execution of
further tests and final documentation of the analyses, tests and safety level of the trial
alternative designs will be carried out within the EU project BESST. Flag state for
approval of the final report has not been determined but the above tasks have been
projected to be finished and reported before march 2013.
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7

Conclusions

A crucial project task was to cope with SOLAS chapter II-2 Regulation 17: ”Alternative
design and arrangements”. The regulation requires a safety level equivalent to a ship
designed fully in accordance to prescriptive requirements. In brief, the methodology for
demonstrating equivalent safety used in LASS-C can be described as:
1. Identify deviated prescriptive requirements and, if necessary, further changes in
fire safety and use this as basis when suggesting risk control measures and
performance criteria;
2. Develop suitable Risk Control Options (RCO’s) to minimise high risk potentials
and make sure that the base design with these applied fulfils all the purpose
statements in SOLAS II-2;
3. Perform a comparative quantitative fire risk assessment based on the ship design
and fire characteristics of the materials used;
4. Discuss with national authorities in order to obtain an “approval in principle” of
the lightweight design, in accordance with the IMO regulations as specified by
Regulation 17.
The initial project idea was to exchange the steel in the three upper decks with FRP
composite. A few months into the project, however, it was decided to increase the scope
of the project by involving two more decks to make it more of a scientific challenge. The
implication of this decision was threefold:
I.
It would extend previous research projects by involving decks that were expected
to carry global strength;
II.
It would involve a full cabin deck, thereby making the interior lightweight design
more interesting;
III.
It would make the analysis according to Regulation 17 much more difficult but
also much more interesting.
I
Investigating the impact of the lightweight five-deck design, FEM calculations were
carried out to determine the construction stress levels and the behaviour of the ship. It
was found that some parts of the steel construction had to be reinforced to compensate for
the global strength losses due to the use of FRP composite. It was found that the problem
would be “manageable” and that even if it requires an additional 200-400 tons of steel,
the remaining weight savings for the new design would be substantial.
II
The results related to the interior design indicate that much weight advantages could be
gained from lightweight constructions. The hull construction weight for the upper five
decks was estimated to become approximately 1200 tons lighter from the use of FRP
composites, but the interior weight loss from using more lightweight constructions was
estimated to approximately 200 tons. Furthermore, glass constructions for the upper five
decks could be made lighter and it was estimated that almost 20 tons of glass weight
could be saved.
III
The work according to Regulation 17 and MSC/Circ.1002 indeed became quite complex
as many areas onboard had to be investigated. The initial project proposal to make a full
analysis therefore had to be lessened and it was decided to stop “halfway” by producing
the first part of the analysis, the preliminary analysis in qualitative terms. However, the
LASS-C project initiated a cooperation with the EU-project BESST 19, and as the same
19

Breakthrough in European Ship and Shipbuilding Technologies, www.besst.it; several key
partners in LASS-C are involved also in BESST. This projects ends in 2013.
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study case is used, the Norwegian Gem with the five upper decks in composite,
information will be utilized from LASS-C to finalize the analysis according to Regulation
17.
Much work was carried out in the project and some of the most concrete results are listed
below:
• Weight calculations show that using FRP composites instead of steel/aluminium
for the five upper decks on the cruise vessel Norwegian Gem give the possibility
to increase the number of cabins by almost 100, as it is possible to add more than
a third of a deck. The new ship design, titled “Norwegian Future”, keeps original
significant ship parameters, such as displacement and longitudinal and vertical
centres of gravity.
• A full FEM analysis, based on a model from Meyer Werft and composite
material data from Kockums has been made. Results are presented in this report
and it is, to our knowledge, the first time such information is made publically
available.
• LCC and LCA analysis for the Norwegian Gem and Norwegian Future have been
performed.
• Documentation of the first part of the analysis according to Regulation 17, the
preliminary analysis in qualitative terms, has been produced and the information
transferred to the EU-project BESST that will continue the analysis.
• Calculations of possible weight savings from a lightweight interior design have
been carried out, together with estimates of possible glass weight savings.
• A new software, FISPAT, was developed to analyze and spot fire sensitive areas
in the active fire safety systems of a ship.
• One project partner, Isolamin, developed a new lightweight B-class material as
part of the project.
• Another project partner, Premec, further developed their lightweight wet-room
module as part of the project.
• New composite construction fire certificates were acquired by participating
insulation companies, Thermal Ceramics and Saint-Gobain/Isover
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