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1 FOREWORD FROM THE CARBON TRUST

The Marine Energy Challenge (MEC) was established in response to the Carbon Trust’s
strategic work highlighting the potential for wave and tidal stream development in the
UK. The main driver was to establish in the medium term if these technologies can
become cost competitive. Through partnering large engineering design organisations with
existing wave and tidal stream technology developers, the Challenge aims to accelerate
the development of marine energy in the UK.

Much of the technology or application of existing technology in marine energy devices is
considered relatively new and unproven. As such there are no specific codes of practice,
standards or guides that can be drawn on to facilitate their design and development.
With this in mind the Carbon Trust commissioned Det Norske Veritas BV (DNV) to develop
this Guideline to provide interpretation and guidance on the application of the various
existing standards and guides, such as offshore engineering, to wave energy conversion
(WEC) devices. The guideline focuses on WEC devices due to the predominance of WEC
developers participating in the MEC, however we would recommend that a similar
guidelines be developed for tidal stream developers in the near future.

Whilst the Guideline is very useful to much of the industry, it should be noted that the
document is not a standard in itself and should be seen as a starting point for further
standards work. The Guideline has been developed solely to provide guidance, act as
reference to principal relevant standards and highlight some major issues that developers
or other stakeholders may wish to consider during development of WECs. Persons using
this document are responsible for checking the current status of reference guides and
standards and the Carbon Trust takes no responsibility for any errors or omissions in this
guidance document or any document referenced from it.

The Marine Energy Industry offers a path to a more sustainable future and we hope the
‘Guidelines on design and operation of wave energy converters’ provides assistance to
the industry and represents one clear marker along that path.

—— Guidelines on design and operation of wave energy converters, May 2005
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INTRODUCTION

The objective of this Guideline is to provide interpretation and guidance on the
application of existing Codes and Standards (mainly from industries such as Offshore and
Maritime) to wave energy conversion (WEC) devices and should be read in conjunction
with the Standards, Recommended Practices and other documents referred to in the
text. The standards referenced generally guide the user to choose the relevant safety
level. Thus they can be used for critical and less critical applications as far as they are
relevant for wave energy devices. This document provides guidance on concept
development, design, construction and life cycle processes to contribute to the reliability
of the wave devices throughout their in-service life.

The environmental loads and technical challenges faced by offshore WEC devices are very
similar to those experienced by offshore oil and gas installations. The solutions found for
the oil and gas industry and the associated technology development have been calibrated
to an internationally acceptable safety level and have an adequate track record. The
adaptation of this technology to wave devices is not only useful from the point of view of
the target safety level, but also incorporates cost-effective solutions and practices
already available to the industry. It also takes advantage of existing infrastructure
available for the industry in terms of fabrication practices and yards and “off the shelf”
components.

The qualification process described here can be applied to different stages of
development or to devices with novel design aspects and where codes and standards may
not be adequate. The qualification process can also be used as an improvement tool to
achieve adequate functional requirements and as a systematic demonstration of
reliability and levels of risk.

The guidance and recommendations given here are based on an investigation of the
design process applied to different types of devices, with due consideration of critical
aspects and items where deviations from existing codes were identified during the design
process and tests.

The DNV Offshore Standards and Recommended Practices referred to in this Guideline
adopt a consistent approach regarding defined safety levels and in-service philosophies.
Additional requirements or advice is given regarding specific subjects or uncertainties in
the wave energy converter device design considering the safety and in-service
philosophies adopted. Summaries and highlights of important aspects in the design codes
are also provided.

This guideline may also be used as contractual reference document and as the basis for
common understanding of the safety philosophy, risks and reliability targets defined for
the project between all parties involved in a wave farm development. These parties
include the designers, manufacturers, suppliers, operators, utility companies, regulators,
third parties, other authorities, financiers, insurers and society in general.

Steel, concrete and composite materials, (fibre reinforced plastic laminates and
sandwich structures) are also addressed in the Guideline.

Whenever possible the Guideline highlights the differences between system design
philosophies reflected in offshore codes and wave device design. It must be recognised

CARBOMN
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that failure mechanisms that govern the normal design in an offshore installation may
change in the case of WEC devices for the following reasons:

1. Although the probability of failure may be the same in both offshore and wave device
applications, the consequence of failure is much smaller for a wave device that is
normally unmanned, since different and less hazardous conditions may exist and
further escalation of failure is less likely. This may happen without affecting the
reliability of the equipment.

2. Standard equipment in a WEC device may be subject to different loads and thus
consideration of other dominant failure modes should be made. For example, design
for resonance with wave conditions makes fatigue a governing failure mechanism
which in turn affects reliability.

Given the understanding of the intent of the Guideline above, the following section
explains the use of the Guideline.

CARBOMN
TRUST

Guidelines on design and operation of wave energy converters, May 2005
Page 3 of 210 I&



3.1

3.2

WORKING WITH THE GUIDELINE

As the Guideline is a multi-discipline document it is important to describe how the
Guideline is structured.

Qualification Process and Building Blocks

The first issue discussed is the Qualification of new unproven technology. The reason for
this is that the process described in this section is extremely useful to address new
technology systematically or even existing technology applied in a different way. As it is
a generic process, developers may apply this approach to the whole device or parts of it.
The Qualification process was especially adapted by DNV to cover typical marine
renewable devices.

The Guideline has used a systems approach to encompass the different types of WEC
concepts that have been proposed. The information provided constitutes the basic
building blocks that can be combined in different ways in different concepts. The basic
blocks addressed in this Guideline are normally located within Technology Class 1 and 2
groups (see Section 4). In short, systems or components with proven technology and
known application are Class 1 new fields of application are Class 2.

There are design aspects that are not be covered in this document. These are normally
systems or components in Technology Classes 3 or 4 where the Qualification process
should be applied to capture new failure modes and to achieve “fit for purpose” status at
the end of the process.

Frequently, the Guideline refers to several standards and recommended practices. The
objective is to minimise repetition of requirements and recommendations that are
perfectly acceptable as they are currently reflected in the standards. In some cases a
summary of the subject and approach is provided. This is done in order to allow the
reader some appreciation of the issues under discussion in the section and also to
introduce some complementary information from different standards.

Standards

The Guideline uses a consistent set of standards across different disciplines and subjects.
This is important to keep a consistent approach and avoid the possibility of dangerous
“standard hopping” that may lead to areas of design not covered or covered in an
inconsistent way. The standards referred to in the main text of the Guideline also refer
to other international standards that specify an equivalent level of safety and reliability.
The developer may be more familiar or feel more comfortable in using these other
standards. All the standards referred to are widely used by industry. A list of the relevant
standards referred to in the DNV Offshore Standards (0OSs) and Recommended Practices
(RPs) are given in Section 28 REFERENCES. In the same section, alternative standards
covering same or similar subjects as those covered by DNV are listed.

The reader needs to bear in mind that the Guideline and its recommendations and
requirements were devised from the investigation of several different concepts of wave
devices and consultations with different stakeholders. Despite the huge effort and
collaboration with all involved it is still a limited part of the wave renewable sector.
Developers and other stakeholders reading this document may need to take the
recommendations given from similar approaches or systems and adapt the design
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3.3

3.4

philosophy to their particular application. It is expected that this situation will improve
with the development of the sector and the gathering of experience.

Another important aspect that needs to be highlighted is the Principle of Equivalence.
The recommendations and requirements given here are not necessarily the only way to
achieve an equivalent level of safety or reliability. They are considered to be the best
approach and hopefully it is also the most suitable for all concerned. However, it may be
that other more effective and simpler ways are more suitable to the needs of developers.
The developer should investigate and document the approach used and in order to
demonstrate that it satisfies the overall goals.

Safety and Reliability Targets

Section 8 discusses the safety and reliability targets that the device should be designed
for. The definition of the targets is a decision that needs to bring different levels of
expectation from different stakeholders and bring a balance between survivability,
reputation, maintenance, repairs and production costs.

The decisions on the safety and reliability levels are applied to the Qualification Process,
forming important part of the first step (Qualification Basis), and to the implementation
of the recommendations given across the Guideline. In line with the proposed
consequence levels to be considered during a risk assessment, safety and reliability levels
may also have different objectives in different areas such as life, asset, environment and
operation.

As normally unmanned structures, the safety levels of WEC devices must be balanced by
consideration of the need of the device to survive extreme conditions, the protection
required while personnel are on board, and the protection to third parties. Survival
requirements could be directed to protect reputation at certain phase of the device
development and / or to protect the investment made in the asset. However, it is also
important to define the safety level considering any possible impact on fatigue aspects
(in most cases the likely governing factor in the design) and other deterioration
mechanisms.

As the Guideline has a modular approach reliability issues are discussed in several
sections in the light of the different section headings.

Glossary and Verbal Forms
Glossaries can be found in the standards referred to in the Guideline.

Although this is a Guideline and not a mandatory document, some verbal forms have been
used to highlight the importance of the recommendations given here:

Shall / must: Indicates a mandatory or important requirement to be followed. The
statement is associated with an important step / action / requirement to be observed or
complied with. Deviations require rigorous assessment and evaluation of suitability to be
accepted by all relevant contracting parties if applicable).

Should: Indicates a recommendation that a certain course of action is preferred or
particularly suitable. Alternative courses of action are possible where agreed between
contracting parties but shall be justified and documented.
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May: Indicates a permission, or an option, which is allowed.

Can: Requirements and recommendations containing ‘can’ indicate a possibility to the
user of the Guideline and may have conditions attached.

3.5 Production in Series
It is envisaged that devices will eventually be manufactured in a series. In this case the
advice given in this Guideline can be explored even further with the objective to
obtaining the best design and manufacturing process. This means refining the fatigue and
reliability aspects to the specific characteristics of the device. An example can be seen in
A14 Qualification of New S-N Curves where the process described may not be appropriate
for the construction of one device,, may be relevant for the production of a series.
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TRUST

— Guidelines on design and operation of wave energy converters, May 2005



4.1

QUALIFICATION OF NEW AND UNPROVEN TECHNOLOGY

General Considerations

Wave devices are developed using new or unproven technology or using well-established
technology in a non-conventional way. In order to speed up the development process and
improve the reliability of devices a qualification process should be applied. Reference is
made to RP-A203: Qualification Procedures for New Technology.

Qualification may be defined as ”the process of providing the evidence that the
technology will function reliably within specific limits”. In particular two parts of the
definition need to be emphasised:

e “Providing the evidence” implies that technology qualification confirms all work has
been done to create the necessary documentation. This differs from third party
services (verification / certification / classification) which aim to confirm that
available documentation complies with given specifications, codes and standards.

e “Function reliably” indicates that technology qualification should focus on
functionality, not on compliance. For new technology in particular, where the lack of
relevant codes and standards is common, Qualification according to functional
reliability targets provides a rational approach in this case. Further, many codes and
standards do not address the functionality of the technology, but are primarily
concerned with safety aspects.

Qualification is achieved by means of technical analysis and studies, technical risk and
reliability assessments, laboratory testing, review of prototype results, etc. The risk and
cost of introducing unproven technology can be high and in the context of this industry,
the use of qualification will allow:

e The level of maturity of the new technology to be defined (by benchmarking its risk
with the risk of well-proven technology for which statistics are available).

e The level of reliability of the device and its impact on in-service costs to be defined.

e Component criticality and priority areas for improvement to be based on a balance
between cost vs. risk/criticality.

The assessment is based on defined functional requirements of the WEC, rather than
technical specifications. Depending on which stage of development the energy conversion
device is in, the required qualification process will have different levels of assessment.

In the concept stage, when the knowledge of the technology is limited, the uncertainty
regarding failures during the in-service life is large. The aim of the qualification process
is to reduce the uncertainty to an acceptable level in order to determine the service life
performance and cost (Figure 4.1).

CARBOMN
TRUST

Guidelines on design and operation of wave energy converters, May 2005
Page 7 of 210 I&



A

Upper limit

Lifetime Probability
Density Distribution Compliance
with target

\

Target

cceptance
Percentile

Service Life

LCower limit

Concept Design  Prototype manufacturing Testing  Pilot

Qualification phases

Figure 4.1 : Reduction of Uncertainty during the Qualification Process

The extent of qualification will depend on the level of uncertainty or novelty of the
technology under assessment, the level of uncertainty from the qualification methods
used and the specified targets (qualification basis) and associated tolerances.

If the results of the qualification process carried out at the design stage are considered
satisfactory and uncertainties at the end of this stage have been qualified within the
acceptable tolerances, the qualification process may proceed further to prototype
testing and a pilot scheme in order to reduce the level of uncertainty to an even
narrower distribution and to allow for improvements and evaluation of modifications on
the production model, based on the results from prototype, to be part of the final
qualification statement.

However, there will be cases that the formal qualification process should be extended to
prototype and pilot phases as the existing uncertainties at the stage before the prototype
phase are still beyond the tolerances specified. It may also be the case that the Tests and
Analysis stage (see Section 4.2 ) will only be complete at the prototype stage due to
complex interaction between different systems within the unit or of the systems and the
unit with the environment or any other limitation.

For new technology in particular, there will be little or no generic reliability data
available at the concept stage. The reliability therefore has to be documented by
identifying all failure modes of concern and deriving the technical data and knowledge
necessary to determine the service life.

CARBOMN
TRUST

Guidelines on design and operation of wave energy converters, May 2005
Page 8 of 210 I&



A systematic approach to qualification is expected to have a major impact on costs:

¢ Necessary analyses and tests are identified at an early stage, which reduce the need
for re-work and delays in the development phase.

e Identification of improvements in technology is necessary to avoid unplanned
interventions and long mitigation periods, thus improving the expected return on
investment in the concept.

e Tests that do not address the failure modes of concern can be omitted.

4.2 Qualification Process
The process described here is an adaptation from the process presented in DNV RP-A203.
The adaptation considers the use of the Qualification process with the context of this
Guideline. Reference is also made to an on-going project for updating RP-A203 with a
specific Appendix on Marine Renewables. The various steps in the qualification work

process are:

Define Qualification Basis 1&2 Use of Codes and
Standards

Technology Assessment
Qualification

Failure Mode Identification Process
and Risk Ranking

Failure Mode ldentification
Risk + Recommendations from Guideline
Ranking Unconventionql 'failure modes
; i identified?
Selection of Qualification & Staterment of .
0

Methods g Feesibility

Concept Improvement

1&2

ili i Statement of
Probability of Success Evaluation Do
o] ndorsement

Analysis and Testing

Reliability Assessment

. Statement of
Make Decisions Fitness for
Ed Service
Figure 4.2 : The Qualification Process

The Qualification Basis will describe the technology and state the system functional
requirements, preferably in terms of reliability and cost targets.

The input for the Technology Assessment is the Qualification Basis with supporting
documents such as detailed drawings of items subject to qualification, drawings and
descriptions of control and safety systems, material specifications, outline fabrication
procedures, outline installation procedures and outline inspection and maintenance
procedures.
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The purpose of Technology Assessment is to divide the technology into manageable
elements in order to assess which elements involve aspects of new technology and to
identify the key challenges and uncertainties. Normally, the Technology Assessment
includes the following issues:

e Division of the technology into manageable elements.

¢ Assessment of the technology elements with respect to novelty.

¢ Identification of the main challenges and uncertainties related to new technology
aspects.

The technology division shall be done by dividing the technology into one or more of the
following types of elements as relevant:

e Sub-systems and components with functions.

e Process sequences or operations.

e Project execution phases based on procedures for manufacturing, installation and
operation.

The degree of novelty of the technology is determined by classifying the technology
elements with respect to application area and technology maturity. Elements classified
as New Technology need further assessment.

The main challenges and uncertainties related to the new technology aspects shall be
identified. For complex systems it is recommended that the main challenges and
uncertainties are identified by carrying out a high level “HAZID” (HAZard IDentification).
According to the DNV RP-A203, the technology can be classified as:

Application area — Technolog_y
Proven Limited field history | New or unproven
Known 1 2 3
New 2 3 4

This classification implies the following:
1) No new technical uncertainties.

2) New technical uncertainties.

3) New technical challenges.

4) Demanding new technical challenges.

This classification applies to the totality of the applied technology as well as each
separate part, function and subsystem.

The Failure Mode Identification and Risk Ranking (see Section 4 below) is a key step
which ensures that all failure modes of concern are addressed. Especially for new
technology, generic reliability data is generally not available. It is therefore necessary to
determine the reliability based on understanding of the mechanisms leading to the
potential failure modes. The technology is therefore broken down to such a detailed level
that each failure mechanism is understood.

This work is preferably carried out with qualified engineers representing the relevant
technical disciplines and fields of experience (design / fabrication / installation /
operation).

Guidelines on design and operation of wave energy converters, May 2005
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At this stage Concept Improvements may be evident and appropriate to implement.

Selection of Qualification Methods is a planning activity where it is decided how all
failure modes of concern, which can include technical analyses, laboratory testing,
collection of data and knowledge or simply to state procedural precautions to avoid a
potential problem, will be addressed.

This is important as it is impossible to plan an adequate qualification process unless the
potential failure modes have been identified and are understood. Today, many
expensive tests are carried out without adequately addressing the failure modes of
concern.

A main issue in the early stages of a development project is the probability of a
successful completion of the overall qualification program within a given deadline and
cost frame. This probability is commonly referred to as Probability of Success (PoS). After
having identified the necessary qualification activities one will have a good basis for
evaluating the technical challenges, duration and costs of the activities and identifying
possible “show stoppers”. The PoS gives a basis for making the right decisions regarding
funding of further qualification work which usually represents a major part of the overall
costs.

Evaluation of the PoS may be carried out at various levels of sophistication depending on
the developer’s needs for information on their own decision process and accessibility to
input parameters. As a minimum, each individual qualification activity shall be assessed
on a qualitative basis with respect to technical challenges and available time to
qualification. A more sophisticated and informative assessment of the total PoS for the
whole qualification process may be carried out in order to give the PoS as function of
time. The assessment requires that a qualification execution plan that includes all
qualification activities is prepared and that both the probability of a successful outcome
for each activity and the uncertainty in the duration are estimated.

A financial assessment of the qualification activities may be carried out following the
same principles as above, where the time parameter is replaced by costs. This requires
that cost estimates with uncertainties are carried out for each qualification activity.

In the Data Collection (Analysis and Testing) phase the above qualification activities are
carried out. These activities usually represent the major costs of the qualification
process. It is therefore essential to ensure the areas to be covered are the relevant ones
in terms of reliability and cost. Qualification projects in the past have typically led
directly to this step with a minimum of effort spent on the preceding steps, to ensure
that the right things are done the first time.

A Reliability Analysis is finally carried out to quantify the overall reliability of the
technology, i.e. to confirm that the functional requirements laid down in the
Qualification Basis are met. Although a technology may be convincingly proven fit for
service without using reliability measures, a quantitative reliability analysis ensures that
the technology is competitive. This is important in a market that needs to achieve
medium-to long-term costs comparable to conventional and other renewable sources of
energy in more advanced stages of development and implementation.

The items discussed below should be addressed in the qualification process and risk
assessment.
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FAILURE MODE IDENTIFICATION AND RISK RANKING

Failure Mode
Central to the success of a failure mode identification study is the composition of the
study team. Ideally the team should consist of;

design engineers,

the main equipment fabricators,

the suppliers of main components such as generators,
operation and maintenance members.

Other contributing factors to the success of the study team include;

e the experience of the personnel,
e previous knowledge base,
¢ the technique to be used in conducting the study.

A commonly used technique to carry out such a study for new technology is the What-If
technique. A typical example is the SWIFT (Structured What-If checklist Technique)
method. Other techniques as HAZOP, FMECA and FTA may also be applied depending on
the project stage.

The SWIFT is based around a list of guidewords which guide the users to look at what can
go wrong and why. For convenience of conducting the exercise, the guidewords are
usually grouped into a number of categories. For an offshore development, the typical
categories are:

e Material Failure - corrosion/erosion/brittle fracture/degradation of synthetic
material, etc.

¢ Equipment Malfunction - mechanical failures such as out-of-alignment, fatigue, etc.

e Utility Failure - electrical/hydraulic/air/communication/software, etc.

e Environmental events - as seismic events, sediment movement, current, wave
loading, marine growth, etc.

The kinds of failure may vary depending on the lifetime of the equipment. This is why it
maybe necessary to look at the different stages of the production lifetime;

specification stage,

design stage,

manufacturing stage,

installation and commissioning stage, and the
operation and maintenance stage.

A more detailed listing of some well-known failure modes is available in the RP A-203
(Qualification Procedures for New Technology).

Coupled very closely with the failure mode identification process is risk ranking of the
failure modes. The ranking process is simply to rate the frequency of a specific failure
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against the severity of the consequence of the failure. The importance of risk ranking is
two-fold:

¢ It allows the study team to prioritise the issues at hand; and
e |t can feed into the overall risk assessment plan.

It is very important to use the information generated from failure mode identification to
feed into the overall risk assessment. This is because the overall risk assessment normally
aims at very high-level failure events and other external influences. The failure mode
identification process is specific to the device and it is ideal to fill any gaps in the overall
risk assessment.

Risk Ranking

The risk is the combination of probability and consequence. A semi-qualitative method to
determine the risk level is illustrated in Figure 4.1. This has to be adjusted to fit the
purpose. The adjusted matrix shall govern the qualification plans with respect to priority,
with focus on the highest risk. The probability level can be estimated on a 5 level scale
as suggested below in Table 4.1, or based on test results, field tests, numerical analyses,
etc. Similarly, consequences of failure can be estimated on a 5 point scale, as shown in
Table 4.2. For more detail, see European Trends - Appendix 3 - Marine Renewables
modification of DNV-RP-A203 (under development).

Class Estimate of frequency of occurrence
Very infrequent, e.g. once in a lifetime
Infrequent, several times in a lifetime
Typical occurrence once in 5 years
Occasional occurrences e.g. once per annum
Several occurrences per annum

QA WINF

Table 5.1 : Levels of Probability Assessment

The risk category for each failure mode shall be identified. Failure modes with medium
and high- risk shall be investigated further, and are defined as failure modes of concern.
Failure modes with low risk can be dealt with based on a qualitative assessment made by
qualified personnel. Failure modes with low risk shall not be deleted from the list of
possible failures.
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Description of consequences (impact on)

Class
Function Safety Environment Operation Assets
Minimal effect,
easily No injury, -
1 repairable or effect on No pollution M;Qgﬂ?tliggfea on Negligible
redundant health P
system
Loss of
reduqdant Minor injuries, . . Some small loss Significant, but
2 function, Minor pollution . .
health effects of production repairable
reduced
capacity
Loss of parts of Light
main function, | Significant Limited levels intervention Localised
3 with significant | injuries and/or | of pollution, required to damage,
repairs health effects manageable replace repairable
required equipment
A fatality, Modergte . Slgmflcgnt loss of Loss of main
Shutdown of pollution, with | production, . .
4 moderate . . function, major
system oo some clean-up | major repair .
injuries repair needed
costs needed
. . Total loss of Loss of device
Major pollution . .
Several . production, (or major
Complete e event, with . .
5 . fatalities, e major repairs / component),
failure ; L significant . ]
serious injuries replacement with potential
clean-up costs .
required consequences
Table 5.2 : Levels of Consequence
pr>
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>
Figure 5.1 : Risk Matrix
— Guidelines on design and operation of wave energy converters, May 2005

CARBOMN
TRUST

Page 14 of 210

HES




6 VALUE MANAGEMENT AND LIFE CYCLE ANALYSIS

Value Management (reference is made to BS EN 12973:2000) is a management tool used
to ensure that value objectives are met through the application of various value
management methods. Value management can be applied to products, business models,
organisations, etc. For example, when selecting an alternative energy solution, many
different economic factors will be considered to justify a certain development. In this
guideline, only value management of a particular type product development is
considered.

Once a particular product or concept is selected, there are many ways to evaluate the
design, manufacturing, operation and maintenance of the equipment to meet the value
objectives. Typical techniques include:

e Value Engineering/Analysis - this technique is particularly useful to look at the design
and manufacturing processes. It concentrates on getting the best value against a set
of functions. The most well-known technique is FAST (Function Analysis System
Technique). This technique is very useful during product development. The analysis
focuses on breaking down the device into component level and looks at the function
of each component and questions whether there is a cheaper way to achieve the
same function.

e Life Cycle Analysis (see also Section 7) - this technique takes into account the costs of
operation, maintenance and decommissioning in order to evaluate the overall
lifecycle cost of the equipment. Whilst FAST is used to drive the capital expenditure
(CAPEX) down, it is not always possible to analyse the effect on operational
expenditure (OPEX). Only a lifecycle analysis can accurately address the balance of
CAPEX and OPEX and therefore give a more accurate picture on the overall value of
the device. The implications of unplanned events and business interruptions should be
incorporated into business decision analyses that seek to evaluate the viability of new
technology. These analyses introduce a third component to the economic balance,
namely reliability expenditures. This is defined as the potential costs due to
component failures. It is derived by multiplying the estimated cost of a failure by the
estimated likelihood of occurrence. Summing the cost of all events yields the total
reliability expenditure, referred to as RISKEX. A life cycle cost approach including the
RISKEX element gives the following relation:

Profit = Revenue - CAPEX - OPEX - RISKEX

Again, when carrying out these studies, it is essential that the relevant personnel are
involved in the evaluation, as discussed above.

A good value management approach will ensure the right balance of benefits versus costs
thus making the product more competitive in the market place.
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7 RELIABILITY AND COST

Wave energy device manufacturers wish to optimise their machines so that they deliver
electricity at the lowest possible cost per unit of energy. In this context, it is not
necessarily optimal to maximise the annual energy production, if that would require a
very expensive device. Since the energy input is a free natural resource, the optimal
design is one with the lowest production costs per produced kWh taking into account
CAPEX, OPEX and RISKEX as referred to above. Any optimising control software used
should take account of this in its logic algorithms and be capable of operational
adjustment to take economic issues into account as well as technical performance. For
example, a lower overall cost per kWh may be achieved by operating the unit at a slightly
lower average output in order to increase the maintenance interval.

7.1 Reliability issues

Reliability is a key aspect to be considered in the development of any wave energy
device. There are ways to incorporate implicit reliability into the design: redundancy,
streamlined design (by reducing connection points and areas that are known of frequent
maintenance requirements), design for robustness, low utilisation of mechanical strength
(a higher resulting reserve or safety factor), environmental simulation testing of
components subject to various environmental loads, use of well-proven components,
FMEA study tightening up of manufacturing, fabrication and commissioning procedures in
such a way to reduce the incidence of failures induced by poor workmanship or human
induced problems, etc.

Figure 7.1 shows the variation of failure rates during the lifetime of equipment or
component and the typical aspects contributing to the failures, thus affecting reliability.

The failure rates follow what is commonly known as the “bath-tub” shape. At the early
stage of service life, most of the root causes of failure are introduced from the design
and manufacturing phases. Towards the end of life of the equipment, the failures are
strongly related to wear and degradation caused by the use of the equipment.

Managing the design aspects and quality during the manufacturing stage has a
considerable impact on controlling the early failures. An adequate maintenance and
inspection regime would contribute to control and avoid or reduce failures later during
the service life.
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Figure 7.1 Common types of failure rates vs. time dependency

However, depending on the development stage and the target reliability, this can be
approached in a more comprehensive way, going towards a more complex evaluation of
the reliability. The reliability for wave devices is directly connected to cost. The balance
between cost and reliability also depends on proper identification of the aspects
demanding more attention; this contributes significantly to the overall performance of
the devices. Reliability is also connected to the maintenance requirements and
inspection regimes defined for the device.

Life Cycle Cost (LCC)

The aim of conducting LCC analyses is to estimate the economic performance of a
project over its entire lifecycle. Such analyses are normally applied in the early phase of
capital intensive projects within the petroleum, defence and aerospace industries, as
well as some infrastructure development projects to compare alternative system designs,
operational requirements, performance and effectiveness factors, maintenance concepts,
production capacity, utilisation factors, and so on. LCC analyses are commonly used to
select the system/ project alternative with the lowest total cost over its lifecycle.

From the point of view of WECs, the LCC is well suited especially to define feasibility of
devices and the best option in terms of alternative designs, the use of different
components and other design decisions to be taken earlier in the project. As the project
develops, the LCC can be updated and the new life cycle cost derived.
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7.3

7.4

7.5

One particular feature of complex projects is the significant risk of unforeseen or
unscheduled events, during the feasibility phase, project development phase, the
construction phase and during subsequent operational phases (RISKEX). The risks
associated with these events may be difficult to quantify, but as they represent
significant statistical costs they should be included in the LCC analysis.

The estimation of the net present value (NPV) of an investment project predicts the
expected increase in profit, measured in today's money and is therefore an important
method for evaluating alternatives. Other commonly applied measures are the internal
rate of return (IRR) and the pay back time (PB).

Fault Tree Analysis (FTA)

A fault tree is a visual logic model that is used to describe how a specific unwanted event
in a system may be caused by the effects of a single failure or combination of failures.
The specific unwanted event is known as the "top event". The analysis considers ways in
which this top event can occur, and with the inclusion of the correct data, it can
calculate with what frequency or probability that event will occur. FTA is particularly
suited to the analysis of complex system that may have a number of sub systems.

FTA can be used qualitatively to indicate combinations of events or single events that
need to occur in order for the top event to occur. The FTA can also be quantified and the
frequency or probability of the top event can be calculated. Sensitivity studies can then
be completed which will indicate which events make the greatest contribution to the top
event result.

The fault tree analysis technique has the ability to identify the combinations of basic
equipment failures, and human errors that can lead to an accident or undesired event.
This allows the analyst to focus on the significant basic causes of the accident / event
and identify preventative or mitigative measures to reduce the likelihood of the event.

Reliability Block Diagram

A reliability block diagram (RBD) analysis is a deductive (top-down) method. A RBD is the
graphical representation of a system's logical structure in terms of sub-systems and
components. The RBD allows the system success paths to be represented by the way in
which the sub-systems and components are logically connected. A RBD is appropriate to
model one system function only. If the system has more than one function, each function
is considered individually, and a separate RBD is necessary. Non-repairable series
systems, non-repairable parallel systems and repairable systems are addressed.

Failure Modes and Effects and Criticality Analysis (FMECA)

The Failure Mode and Effects Analysis (FMEA) is a qualitative reliability technique for
systematically analysing each possible failure mode within a hardware system, and
identifying the resulting effect on that system, the mission and personnel. The criticality
analysis (CA) is a quantitative procedure which ranks failure modes according to their
probability and consequences (i.e. the resulting effect of the failure mode on system,
mission or personnel).

The FMEA and CA (FMECA together), were originally developed by NASA as a means of
assuring that hardware built for space applications had the desired reliability
characteristics. In the offshore industry FMEA and FMECA have been increasingly utilised.
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For Reliability, Availability and Maintainability (RAM) the FMECA is a powerful means to
get insight in the system and to identify relevant subsystems/failure modes to be
accounted for. This activity is also part of the Qualification process (Section 4).

There are several standards addressing issues related to reliability covering data
collection, techniques for FMEA, fault tree analysis and life cycle costs:

IEC 60300-1 (2003) Dependability management - Part 1: Dependability management
systems

IEC 60300-3-2 (2004) Dependability management - Part 3: Application guide - Section
2: Collection of dependability data from the field

IEC 60300-3-3 (1996) Dependability management - Part 3: Application guide - Section
3: Life cycle costing

IEC 60300-3-9 (1995) Dependability management - Part 3: Application guide - Section
9: Risk analysis of technological systems

IEC 60812 (1985) Analysis techniques for system reliability - Procedures for failure
mode and effect analysis (FMEA)

IEC 61025 (1990) Fault tree analysis

IEC 61078 (1991) Analysis techniques for dependability - Reliability block diagram
method

IEC 61165 (1995) Application of Markov techniques

IEC 61882 (2001) Hazard and operability studies (HAZOP studies) - Application guide

ISO 14121:1999 Safety of machinery - Principles for risk assessment

ISO 14224 (1999) Petroleum and natural gas industries - Collection and exchange of
reliability and maintenance data for equipment

ISO 15663-1 (2000) Petroleum and natural gas industries - Life cycle costing - Part 1:
Methodology

ISO 15663-2 (2001) Petroleum and natural gas industries - Life-cycle costing - Part 2:
Guidance on application of methodology and calculation methods

ISO 15663-3 (2001) Petroleum and natural gas industries - Life-cycle costing - Part 3:
Implementation guidelines

MIL-STD 1629A (1980) Procedures for performing a failure mode, effects and
criticality analysis

NORSOK O-CR-001 (1996) Life cycle cost for systems and equipment
NORSOK 0O-CR-002 (1996) Life cycle cost for production facility
NORSOK Z-013 (2001) Risk and Emergency Preparedness Analysis
NORSOK Z-016 Regularity management, reliability technology

NUREG-0492 (1981) Fault Tree Handbook

SAE ARP 4293 (1992) Life Cycle Cost - Techniques and Applications

SAE ARP 4294 (1992) Data Formats and Practices for Life Cycle Cost Information

SAE J1739 (2002) Potential Failure Mode and Effects Analysis in Design (Design FMEA)
and Potential Failure Mode and Effects Analysis in Manufacturing and Assembly
Processes (Process FMEA) and Effects Analysis for Machinery (Machinery FMEA)

AS/NZS 4360 (1999) Risk management

IEC 62198 (2001) Project risk management - Application guidelines
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7.6 Reliability Centred Maintenance (RCM)
The methodology developed to optimise the preventive maintenance activities are based
on the theories of Reliability Centred Maintenance (RCM). This is discussed further in
Section 25.2.2.
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8 RISK ASSESSMENT

Any significant offshore development will have to bear in mind the risk involved with the
lifecycle risk of the development. A typical offshore development risk assessment would
include the follow category of events (consideration should be given to all phases during
the device’s life: fabrication, installation, in-service and decommissioning):

Anchor/foundation failure

Mooring failure

Breach of water integrity of compartments or equipment
Stability failure

Collision risks

Interference with commercial and recreational marine activities
Structural failure

Fishing gear impact

Personnel risks to operators and to the general public

Pressure containment failure from hydraulic or pneumatic systems
Electrical failures and shore connector failures

Seismic events

Fires

Interference floating debris with device

By analysing the above failures coupled with the engineering limits of the device, the
consequences can be predicted. The frequency of failure can be evaluated through the
use of reasonable estimates and historical failure data.

Depending on the consequences, the risks can normally be considered in three
categories:

e Risk of business interruption
e Risk to the environment
e Risk to personnel

Risk of business interruption depends on energy supply contracts, penalty levels and the
business model. Therefore for different projects there may be a different approach to
the business risk assessment.

The criteria for environmental risks are difficult to define. Different societies have a
different acceptance level to the risk of environment impacts. Like many other offshore
developments, an Environmental Impact Assessment would probably be required. Only
selected aspects are covered in this guideline for example, use of antifouling compounds,
pollution from leaks or foundering of devices.

Risk to personnel in the offshore industry has been a focus for many years with parts of
this experience transferable to wave energy devices. A guidance on this topic has been
published by the HSE in the UK for risk assessment and criteria selection (Guidance on
ALARP for offshore division inspectors making an ALARP demonstration (SPC/Enf/38)).
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Although the ALARP (As Low As Reasonably Practicable) principle is normally associated
with safety for personnel, the principle is used here to highlight the process used to
reduce risks in general to as low as reasonably practicable levels. The level of
“reasonable” is dictated, in case of assets, environment or production, by the balance
between the cost required to reduce the risk and the benefit obtained. “Reasonably
practicable” is also a well-understood expression in the legal profession.

The results of the risk assessment fall into 3 basic categories:

e Acceptable level - at which the risk is considered to be acceptable without any
further justification;

e Tolerable level - at which an ALARP approach is required to justify the development;
and

e Intolerable level - at which the development is considered socially unacceptable.

In the offshore industry, the risks are usually expressed in terms of Individual Risk Per
Annual/Potential Loss of Life. For a typical wave farm development, there would be two
groups of people who could be affected and need to be considered in the risk
assessment. The first group is the people whose work requires them to be present in the
vicinity of the device. For example, a maintenance person could fall into the water and
drown. The other group is the one that has nothing to do with the development. For
example if a fishing boat is sunk as a result of getting caught in collision with a unit
drifted off from a wave farm, the crew of the fishing boat has inherited this risk.
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SAFETY PHILOSOPHY

9.1 General Considerations

In defining targets for the qualification process or preparing the design basis, an overall

safety philosophy should be clearly established covering all phases from conceptual

studies up to and including decommissioning.

A Safety Philosophy should be derived considering the following aspects and stakeholders:

e Risk to life (during installation and removal, access to device during in-service life,
risk to navigation and others during in-service life).

¢ Environmental impact due to any fluid releases, anti-fouling coatings, bilge water,
and location of site relative to sensitive environments (protected species or sensitive
sites and visual impacts).

e Loss of production.

¢ Inspection and maintenance cost, risks during removal of equipment for inspection
and maintenance.

e Reputation of developer, industry, concept (survivability of the device to extreme
environment is very important in terms of reputation).

e Underwriter perception of risks and definition of premium value (during installation
and removal, and in-service life).

e Financial or venture capital communities’ perception of risk to the return on
investment.

e Expected safety level by Authorities. This may include Authority requirements in
other countries which are potential marketing target for the devices.

In general, when selecting Safety Level, Safety Classes can be defined as:

Safety Level Low

Where failure implies low risk of human injury and minor environmental and economic

consequences.

Safety Level Normal

For temporary conditions where failure implies: risk of human injury, significant

environmental pollution or very high economic or political consequences.

This level normally aims for a risk of less than 10 per year of a major single accident. It

corresponds to a major incident happening on average less than once every 10,000

installation years. This level equates to the experience level from major representative

industries and activities.

Safety Level High

For operating conditions where failure implies: high risk of human injury, significant

environmental pollution or very high economic or political consequences.

Note that it may be useful to specify separate target levels for Personnel, Asset,

Production and Environmental Safety.
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9.2

9.3

Structures

The requirements for wave energy devices can be covered in large parts by codes for
offshore steel structures as in 0S-C101 (OS-C501 for composite components and 0S-C502
for concrete structures). These provide internationally acceptable level of safety by
defining minimum requirements for structures and structural components.

0S-C501 is a comprehensive and generic design and fabrication code for structures and
components using composite materials (laminate or sandwich).

0S-C502 is particularly adequate to WEC devices that considers the use of concrete as the
ratio between wave responses and dead load response will generally be high. In this load
situation, most other standards are not applicable. For offshore concrete structures this
especially applies to fatigue calculations. 0S-C502 is in fact very similar to NS3473 (that
would be equally applicable to WEC devices) except for some areas. The most important
difference is fatigue Wohler curves for reinforcement.

In 0S-C502 the results by a British research project "Concrete in the Ocean” is
implemented and these Wghler curves are stricter than the Wghler Curves in N53473 and
in the Eurocode. NS3473 and Eurocode base their fatigue curves on reinforcement not
exposed to a marine environment i.e. no corrosion fatigue.

Furthermore, the load response part of 0S-C502 is very similar to the draft ISO code
(ISO/DIS 19903) for offshore concrete structures. This code may also be an alternative
once is finally agreed.

For temporary phases (e.g. installation or removal), requirements are given in the DNV
Rules for Planning and Execution of Marine Operations. This uses a somewhat higher
probability of failure when compared to requirements for in-place survival condition, as
these marine operations can be characterised by single event operation with
implementation of special procedures and better control of environmental limits, etc.
The RP-H101 provides guidance and recommendations on how to reach an acceptable and
controlled exposure to risk during marine operations for personnel, environment, assets
and reputation.

The consideration of selected safety class can be taken into account for some aspects of
the structural design such as: the definition of the Design Fatigue Factor, derivation of
characteristic loads, definition of load factors to be applied (see 0S-C101 Section 2
D404), definition of accidental loading (see 0S-A101 Section 2 D103 and Risk Assessment)
and selection of structural category (0S-C101 Section 4 C200 - taking into account the
significance of component in terms of consequence of failure).

Equipment and Systems
Safety classes may be considered while defining redundancy or safety features for the
equipment and systems. Reliability is also an important aspect to be taken into account.

Because wave energy devices are usually unmanned, the overall risk level to personnel
will be low. However, because of the difficulty in access for maintenance and the
potential penalty of downtime to provide energy to the grid, it may require a higher level
of reliability than otherwise would be required for the device. A good example of this is
subsea equipment for the oil industry where access to subsea equipment for maintenance
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or work-over is expensive. Thus, the equipment used in subsea oil and gas developments
usually demand a maintenance-free regime for the design lifetime of the equipment.

To obtain such a level of reliability through the use of standard off-the-shelf equipment,
where it is possible, requires careful management. Some examples from the offshore
industry are given below:

o A low utilisation of mechanical strength, or a higher reserve, sometime referred
to as the safety factor is employed.

o Redundancy of equipment - this is usually applicable to electronic and moving
parts.

o Rigorous testing of moving parts subject to cyclic loads.

) Rigorous testing of components subject to various environmental loads.

. Use of well-proven components.

o A thorough FMEA study.
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10 DOCUMENTATION

A systematic approach to documentation to be produced by designer and developer is
presented in RP-A201. The level of documentation varies with the complexity of the
design and stage of development of the project. However, the final documentation
should:

e provide a basis to verify that safety and operation critical parts of the device comply
with requirements of the standards or with the objectives set out in the qualification
basis;

¢ allow traceability of conclusions and results to be obtained;

¢ confirm and document all assumptions and conditions used during design process;

e demonstrate how changes and deviations were monitored and satisfactorily dealt
with;

¢ demonstrate and document the control of all interfaces during design, fabrication and
installation;

e demonstrate control of documents issued (numbering, revisions, approval and review
process, etc);

e provide information on the operation of the device, including maintenance.

The level of documentation is an important step in order to obtain the recognition from
financiers and underwriters that the risks (including those affecting performance and
production) were identified and were controlled to the defined risk levels.

Although the documentation system in the RP has been conceived to satisfy requirements
related to Classification, the breakdown in different disciplines, the definition of the
areas to be covered and the outline of the contents of documents is especially useful for
the organisation, authorities, third parties, banker’s engineers, etc.

0S-C502 Section 3 details the required documentation prior to construction and as-built
for concrete offshore structures.

OC-C501 Section 2 details the requirements regarding the documentation content for
composite structures (drawings and design report).
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11

11.1

MATERIAL SELECTION

Steel

The offshore standard 0S-B101 provides principles, technical requirements and guidance
for metallic materials to be used in the fabrication of offshore structures and facilities,
and is also relevant for wave energy devices.

Selection of steel is given in 0S-C201 Section 4, based on design temperature (normally
based on lowest daily mean temperature), structural categories and plate thickness.

Material designations for steel are given in terms of a strength group and a specified
minimum yield stress according to steel grade definitions given in DNV-0S-B101 (Chapter
2, Section 1) The steel grades are referred to as NV grades. Structural steel designations
for various strength groups are referred to as given in 0S-C101 Table D1 reproduced
below.

Specified minimum yield

Designation Strength group stress (fy (N/mm?) )
NV Normal strength steel (NS) 235
NV-27 265
NV-32 . 315
NV-36 High strength steel (HS) 335
NV-40 390
NV-420 420
NV-460 460
Exggg Extra high strength steel (EHS) 2(5)8
NV-620 620
NV-690 690

Y For steels of improved weldability the required specified minimum yield
stress is reduced for increasing material thickness, see DNV 0S-B101.

Table 11.1 : Material Designation (from OS-C01)

Each strength group consists of two parallel series of steel grades:
e steels of normal weldability
e steels of improved weldability.

The two series are intended for the same applications. However, the improved
weldability grades have, in addition to leaner chemistry and better weldability, extra
margins to account for reduced toughness after welding. These grades are also limited to
a specified minimum yield stress of 500 N/mm?.

Within each defined strength group, different steel grades are given, depending on the
required impact toughness properties. The grades are referred to as A, B, D, E, and F for
normal weldability grades and AW, BW, DW, and EW for improved weldability grades as
defined in Table D2 of 0S-C101. Additional symbol: Z = steel grade of proven through-
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11.2

thickness properties. This symbol is omitted for steels of improved weldability although
improved through-thickness properties are required.

Conversions between NV grades and steel grades used in the EN10025 and EN10113
standards are given in Table A4 and A5 in 0S-J101 Design of Offshore Wind Turbines (as
reproduced below). The number of one-to-one conversions between NV grades and
EN10025 grades given in Table G.1 is limited, because the E-qualities of the NV grades
are not defined in EN10025 and because no qualities with specified minimum yield stress
fy greater than 355 MPa are given in EN10025.

For tables and guidance notes on steel grade conversion see APPENDIX G - STEEL GRADE
CONVERSION

Concrete

Requirements to material properties, composition, extent of testing, inspection, etc. are
given in Section 3 of 0S-C502. Ferro-cement is not covered in this guideline. Concrete
grades are defined in 0S-C502 Sec.6 C100 Table C1 and are summarised in Table 11.4.

Concrete Grade V

- C25 | C35 | C45 [ C55 | C65 | C75 | C85
LC15 LC25 | LC35 | LC45 | LC55 | LC65 | LC75 | LC8S

Strength
C95 [ C105

an

Characteristic

compressive cube 15 25 35 45 55 65 75 85
strength, fq

Characteristic

compressive cylinder 12 20 | 28 | 36 | 44 | 54 | 64 | 74 | 84 | 94
strength, f.

Nominal structural
compressive strength, 11.2 16.8 | 22.4 | 28.0 | 33.6 | 39.2 | 44.8 | 50.4 | 56.0 | 61.6

Characteristic tensile
strength, fy 2
Nominal structural
tensile strength, fq,

1.55 [2.10 [ 2.55 [ 2.95 | 3.30 | 3.65 | 4.00 | 4.30 | 4.60 | 4.90

1.00 [1.40(1.70 [ 2.00 | 2.25 | 2.50 | 2.60 | 2.70 | 2.70 | 2.70

1)

2)

Concrete grades are related to the characteristic compressive cube strength (100 mm cubes)
and is denoted by C for normal dense aggregate concrete and LC for lightweight aggregate
concrete.

The given tensile strength applies to concrete subjected to uniaxial tension.

Table 11.4 : Concrete Grades and Structural Strength (from 0OS-C502)

Prestressed reinforced concrete structures shall not be designed using concrete of grade
less than C35. For concrete exposed to sea water, the minimum concrete Grade is C45.

The material coefficients Y, for concrete and reinforcement are given in Table 11.5.
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Limit State ULS ALS and FLS SLS
Reinforced Concrete, Y. 1.25 " (1.40) 2 1.10 ' (1.20) 2 1.0
concrete Reinforcement, 7, 1.15" (1.25) ? 1.00" (1.10) ? 1.0
Plain concrete Ve 1.50 " (1.75) ? 1.25" (1.50) ? 1.0

1

When the design is to be based on dimensional data that include specified tolerances at their most
unfavourable limits, structural imperfections, placement tolerances as to positioning of reinforcement, then
these material coefficients can be used. When these coefficient are used then any geometric deviations from
the “approved for construction” drawings must be evaluated and considered in relation to the tolerances
used in the design calculations.

Design with these coefficients allows for tolerances in accordance with C400 or alternatively on cross
sectional dimensions and placing of reinforcements that do not reduce calculated resistance by more than
10%. If specified tolerances are in excess of those given in C400 or the specified tolerances lead to greater
reductions in calculated resistance, the excess tolerances or the reduction in excess of 10% is to be
accoun1ted for in resistance calculations. Alternatively, material coefficients may be taken according to given
under

Table 11.5 : Material Coefficients for Concrete and Reinforcement (from OS-C502)

10.3 Composites

The sandwich structures are normally selected considering weight saving under
mechanical bending conditions as sandwich structures are very stiff at low weight. Also,
due to its properties the use of sandwich structure is advantageous to avoid the use of
stiffeners for buckling capacity.

For in-plane tensile loads sandwich and laminate structures are equally good. Production
of a sandwich structure can be more complex and the foams are expensive. However, the
case for selecting sandwich structures can be very much improved in this aspect when
the foam can be used as a mould.

Laminated materials are covered in Section 4 of 0S-C501 and Sandwich structures in
Section 5.
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12

12.1

12.2

12.3

CORROSION PROTECTION

Reference is made to 0S-C101, Section 10.

Steel Structures

The decision on the most adequate method of protection against corrosion should be
evaluated considering inspection regime, position of the structure (or part of) related to
the splash zone, criticality of fatigue and definition of corrosion allowances.

For areas in the splash zone, cathodic protection is not efficient and for fatigue sensitive
areas, coating is recommended. However, the efficiency of coating should be considered
together with inspection and maintenance regime. Also for areas subject to impact or
wear special consideration should be provided regarding coating. Information on coating
is given in 0S-C101 Section 10 D.

For areas not protected against corrosion (or with ordinary paint coating only), an
additional corrosion allowance shall be considered (see Section 10 B 400). BS6349 also
provides advice on free corrosion for steel in maritime structures.

Classification Note 30.7 (Fatigue Assessment of Ship Structures, Item 2.4) gives
information on effective life times for a common corrosion protection system using
coating (Table 2.4). S-N curves for air may be used for the period of design life that the
coating is considered effective. For the rest of the design life S-N curves for free
corrosion should be used for details in the splash zone. Alternatively S-N curves for
seawater with cathodic protection should be used if relevant.

Concrete Structures

For concrete structures, corrosion control is discussed in 0S-C502, Section 6. Minimum
concrete cover regarding corrosion protection is a function of environmental class and
sensitivity of reinforcement to corrosion. For wave devices, environmental class MA
(severely aggressive environment) should be considered. In this case, the minimum
concrete cover for corrosion protection purposes should be between 40 and 50mm (see
Q200).

Concrete rebars and pre-stressing tendons are adequately protected by the concrete
itself, (assuming adequate coverage and type/quality of the aggregate is provided).
However, rebar portions freely exposed to seawater in case of concrete defects,
embedment plates, penetration sleeves and various supports which are freely exposed to
seawater or the marine atmosphere will hormally require corrosion protection.

As wave device structures are likely to be located in the splash zone corrosion rates can
reach 0.3mm per year for uncoated C-steel in high ambient temperatures, while for
internal heated surfaces the corrosion rate can amount to 3mm per year.

Composite Structures
Galvanic corrosion should be considered when carbon fibre composites are in contact
with metal. Usually the metal degrades first, but in some cases, damage to the matrix
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12.4

and the fibres can also happen. Carbon composites should be electrically isolated from
metal components.

Material may degrade due to chemical composition. 0S-C501 deals with this by time-
dependence of strength and stiffness values (see Section, 6 Q).

Chains, Steel Wire and Fibre Rope
Corrosion of chains and steel wire ropes used for mooring of floating wave energy devices
are covered in 0S-E301 and Classification Note No. 2.5.

Fibre rope segments in mooring lines are normally protected by an outer jacket, which is
to have adequate resistance to hydrolysis, chemicals, UV, fish bite, friction and shear
while retaining adequate flexibility at minimum exposure temperatures in order to meet
the requirement to protect the rope core (for more information see Classification Note
No. 2.13).
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13 STRUCTURAL DESIGN CRITERIA
13.1 Structural Classification

Steel components are classified into structural categories according to the their
significance in terms of consequence of failure (see also Safety Philosophy above) and
stress conditions together with possible weld defects or fatigue cracks. Definitions are
given in 0S-C101 Section 4. The classification of the component will determine the
requirement regarding the grade of steel and inspection during fabrication and during the
lifetime of the structure.

13.2 Hull Structure and Mechanical Connections
Reference is made to Section 2 of 0S-C101 for definition of limit states and design
principles.

Coastal structures, i.e. structures located near-shore or at the shore line, should consider
the application of coastal engineering standards such as:

BS 6349 - Maritime Structures, or
US Army Corps of Engineer - Coastal Engineering Manual (EM 1110-2-1100)

13.3 Ultimate Limit State Load Factors, Steel
Reference is made to Section 3 of 0S-C101 for definition of loads to be considered for
design for the Ultimate Limit State (ULS) for steel structures.

Load factors and load combination is defined in Section 2 D400. Table 13.1
summarises the load factors for ULS and the combinations that need to be
considered for operating and temporary conditions.

Combination Load categories
of design loads G Q E D
a) 1.3 1.3 0.7 1.0
(1.2)* (1.2)*
b) 1.0 1.0 1.3 1.0
(1.15)*
Load categories are:
G - permanent load Q- variable load
E - environmental load D - Deformation load
For description of load categories see Section 3 - 0S-C101
1 See text below

Table 13.1 : Load Factors for ULS (from OS-C101)

When permanent loads (G) and variable functional loads (Q) are well defined, (as for
hydrostatic pressure) a load factor of 1.2 may be used in combination with these load
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13.4

categories (combination a). If a load factor ys = 1.0 on G and Q loads in this combination
results in higher design load effect, the load factor of 1.0 shall be used.

Based on a safety assessment (see Section 9 SAFETY PHILOSOPHY ) considering the risk
for both human life and the environment, the load factor for environmental loads may be
reduced to 1.15 (combination b) if the structure is unmanned during extreme
environmental conditions.

Material factors are given in 0S-C101 Section 5. The material factor yy for plated and
tubular structures is 1.15. Table C1 gives material factors for buckling for shell
structures.

Where structural response is affected by active mechanisms, additional variable
functional loads shall be considered. These additional loads can be defined as system
loads generated primarily from the operation of such mechanisms located within the
machine.

The maximum forces which can be acting on the structure under normal operation should
be specified. If the maximum forces are determined from weak link considerations (like
failure of a pin / weak link) the 95" percentile value of the breaking strength shall be
used as characteristic load.

The forces in the active mechanisms are significantly correlated with the environmental
loads. Thus these loads could also be defined as environmental loads in Section 2 of OS-
C101. If it is defined as a variable load, it is recommended to use a load factor for this
force equal to 1.3 for load combination b (reference Section 2 of 0S-C101). Otherwise it
is recommended to use the load and resistance factors in 0OS-C101.

Ultimate Limit State Load Factors, Concrete

The design should be performed according to limit state design principles as detailed in
0S-C101, Section 2. The design shall provide adequate strength and tightness in all design
situations.

The representative values of loads are to be selected according to 0S-C101 Section 3 and
0S-C502. The partial safety factors for loads are chosen with respect to the limit states
and the combination of loads. They are, in general, given in 0S-C101 Section 2 and
specifically for reinforced concrete in 0S-C502 Section 5 C100. Characteristic values for
material strength are given in Section 6 B300 with material coefficients given in Section 6
B607.

The load and load effects are given in 0S-C101 Section 3 and 0S-C502 Section 5B. Load
combinations and Partial Safety Factors are discussed in 0S-C502 Section 5C.

The defined safety philosophy for the device can be matched with the aspects regarding
exposure levels, relating life safety category of structure and its consequence of failure.
For WEC devices, an exposure level at least consistent with an unmanned structure is
expected to be considered (assuming that consequence of failure is taken as medium for
the concrete structure following risk assessment and FMEA).

The requirements for the design of structures with such exposure level are similar to
unmanned structure and with high consequence of failure (designed in accordance with
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the requirements of 0S-C502 for environmental and functional loads including accidental
loads), except that inspection of execution may be based on Inspection Class 2 (see OS-
C502 Section 7 D200).

Material coefficients for concrete and reinforcement are given in Section 6 B607. It is
important to highlight that the selection of material coefficient is dependent on whether
construction tolerances (dimension and placement of reinforcement) are included in the
design calculation, at their most unfavourable limits, or if the design allows for
tolerances in accordance with the geometrical dimensions defined in 0S-C502 Section 6
C400 (or that the cross sectional dimensions and placing of reinforcements do not reduce
calculated resistance by more than 10%).

Effects of temperature, shrinkage, creep and relaxation are discussed in Section 5 D300.

Ultimate Limit State Load Factors, Composite Structures

0S-C501 makes a specific distinction between loads and environment. Loads refer to
direct and indirect loads (e.g. wave load on a structure, functional load, accidental
loads). The term environment means the surroundings that impose no direct load (e.g.
ambient temperature or moisture) or may impose indirect loads on the structure (e.g.
thermal stresses or swelling due to moisture uptake) and it is generally considered for its
effect on the degradation of material strength.

0S-C501 does not give specific load conditions and characteristic load effects as a wide
range of applications may be constructed using this material. Thus, only general guidance
is given on the definition of load values. This information is provided in Section 3|
(Loads). Environment is discussed in Section 3J and the combination of load effects and
environment is given in Section 3K.

13.6 Accidental Limit State Loads

An assessment should be able to indicate the main parameters for definition of
accidental loads. Vessels attending a wave farm and vessels passing in shipping lanes
nearby should be considered for collision studies with due attention to visibility of the
wave device to vessels and information on charts, etc. Potential impact of fishing gear on
mooring lines, subsea cables, etc should be assessed considering the mooring
characteristics (compliant system) and the extent of the exclusion zone.

Debris may be considered within Accidental Limit State (ALS), depending on specific risk
assessment for the device and location. It may be that, for some debris under certain
dimension, physical characteristics, characteristics of protection structure and
probability of occurrence, this case may be considered, combined with functional and
environmental loading, as part of operating conditions under ULS.

Extreme waves should be defined based on safety philosophy, device characteristics and
metocean data. Accidental flooding should be considered for stability and structural
survival of the device.

It is also recommended that an FMEA is performed in order to assess probability of a
malfunction that might introduce abnormal forces in the system other than those
considered in ULS.
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13.8

DNV Guideline No. 13 (Interference between Trawl Gear and Pipelines) provides
information on trawl equipment for derivation of impact forces.

Fatigue Limit State Analysis
A detailed treatment of the methodology for Fatigue Limit State (FLS) is presented in
APPENDIX A - FATIGUE ANALYSIS METHODOLOGY.

Serviceability Limit State

The serviceability limit state may not be considered provided the design complies with
the other limit states. Attention should be paid to accelerations, displacements and
distortions that may affect the operational performance of equipment and systems or
may result in damage to coating and painting.

For concrete, the serviceability limit state shall be considered. The requirement is given
in OS-C502 Section 6 O. The criteria are related to;

Durability,

limitation of cracking,

tightness, and

limitation of deflections and vibrations.

The properties of the materials under short- and long-term actions and the effect of
shrinkage, temperature and imposed displacements, if any, shall be taken into account.
Cracking of concrete is to be limited so that it will not impair the function or durability
of the structure. The crack size should be controlled by ensuring that the predicted crack
width by calculations is within the nominal characteristic crack width limits in 0S-C502 O
Table 01, depending on the environmental class and the sensitivity of reinforcement to
corrosion.

For wave devices environmental class MA (severely aggressive environment) is to be
considered.

Concrete structures are to have at least a minimum amount of reinforcement to provide
adequate ability for crack distribution and resistance against minor load effects not
accounted for in design. For further details, see 05-C502, Section 6R.

In the analysis and structural design it shall be ensured that displacements and cracks,
spalling of concrete and other local failures are not of such a nature that they make the
structure unfit for its purpose in the serviceability limit state, nor alter the assumptions
made when designing in the other limit states.

In order to protect the reinforcement against corrosion and to ensure the structural
performance, the reinforcement shall have a minimum concrete cover as given in OS-
C502 Section 6 Q200 and the nominal crack widths calculated in accordance with 0S-C502
Section 6 0200 shall be limited as given in Table O1.

For wave devices requirements to tightness should be considered in accordance with OS-
(€502 Section 6 0200 , 0500 and 0600. The following should be applied;

e concrete with low permeability and suitable material composition shall be selected,
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e the acting tensile stresses and nominal crack widths shall be limited, and the
e geometrical form and dimensions shall be chosen which permit a proper placing of
the concrete.

Members subjected to an external/internal hydrostatic pressure difference (0502) are to
be designed with a permanent boundary compression zone.

For composite structures, see Section 2 C200, C503 (for service class) and Section 8 C603
(for SLS partial resistance factor).

Structural Response Methodology

The environmental loading and structural response depends strongly on the location and
the kind of wave energy converter. WECs may be categorised in terms of location and the
method is used for energy extraction. The environmental conditions and corresponding
loads may change strongly with location of the device, while the specific design for
optimal wave energy extraction determines the structural response.

The first wave energy converters were installed at the shoreline with low installation
costs. These devices can be categorised as shoreline devices. Since the wave energy
density is higher away from the shore, devices were later installed out in the open sea,
resting directly on the seabed. These can be categorised as nearshore devices. Recently
new ways of extracting energy from waves have made it possible to deploy floating
moored devices in deeper water where wave energy density are even higher. Such
devices can be categorised as offshore devices and benefits from the long experience in
offshore technology when it comes to station keeping methodology.

Shoreline device : Located on shore
Nearshore device : Located on seabed in shallow water
Offshore device : Moored floating structure in deeper water

The structural response methodology is different for different devices from floating
devices in deep water to fixed devices at the shoreline.

The design of a wave energy converter shall be based on the most severe environmental
loads that the structure may experience during its design life. Environmental loads on a
wave energy device are mainly due to:

e waves
e currents
e wind

For most wave energy devices wave and current loads are the dominating environmental
loads. In addition loads due to tidal effects, marine growth, snow and ice shall be
considered. Detailed information regarding environmental loads and load effects are
given in Classification Notes No. 30.5. The parameters describing the environmental
conditions shall be based on observations from or in the vicinity of the site of the wave
energy device and on available knowledge about the environmental conditions in the
area. The proper combinations and joint occurrences of waves and current conditions as
given in 05-C101 should be applied.
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For offshore wave energy devices in deep water, the environmental loads shall be
determined with stipulated probabilities of exceedance while in shallow water the wave
height is limited by the maximum wave height due to breaking, expressed as a fraction of
the water depth.

13.9.1 Wave Environment

The wave environment is represented by the significant wave height Hs and the spectral
peak period Tp. Stationary wave conditions with constant Hs;and T, are assumed to prevail
over a 3- hour or 6-hour period. In moderately deep to deep water the significant wave
height is defined as four times the standard deviation of the sea elevation process.
However, this may not hold for shallow water waves. The short term 3- or 6-hour sea
state may be represented by a wave spectrum S(w), i.e. the power spectral density
function of the sea elevation process. The wave spectrum is a function of Hyand T,. Wave
statistics shall be used as a basis for representation of the long-term and short-term wave
conditions. Empirical statistical data used as a basis for design must cover a sufficiently
long period of time. Ref. 0S-J101.

A detailed review of wave modelling, wave kinematics and wave loading is presented in
APPENDIX B - WAVE MODELLING AND LOADS.

13.9.2 Current environment

The current consists of a wind-generated current and a tidal current. Current statistics
are used as a basis for representation of the long-term and short-term current conditions.
Empirical statistical data used as a basis for design must cover a sufficiently long period
of time. Variation of the current with the water depth shall be considered when relevant.
The variation of current velocity with depth is given in DNV CN-30.5 in the case where
there are no detailed field measurements available.

13.10 Structural Capacity Verification - Steel

Requirements for checking ultimate strength capacity and accidental limit state for steel
structure elements are given in 05-C101 Section 5 and 7 respectively.

It is a fundamental requirement that all failure modes are sufficiently ductile such that
the structural behaviour will be in accordance with the anticipated model used for
determination of the responses. In general all design procedures, regardless of analysis
method, will not capture the true structural behaviour. Ductile failure modes will allow
the structure to redistribute forces in accordance with the presupposed static model.
Brittle failure modes shall therefore be avoided or shall be verified to have excess
resistance compared to ductile modes, and in this way protect the structure from brittle
failure (except for parts designed to work as a weak link).

The following sources for brittle structural behaviour may need to be considered for a
steel structure:

¢ unstable fracture caused by a combination of brittle material, low temperature in the
steel, a design resulting in high local stresses and the possibilities for weld defects

e structural details where ultimate resistance is reached with plastic deformations only
in limited areas, making the global behaviour brittle

e shell buckling

e buckling where interaction between local and global buckling modes occurs.
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Checks of the structural capacity of all structural components shall be performed. The
capacity check shall consider both excessive yielding and buckling (RP-C201 may be used
for verification of buckling capacity). Simplified assumptions regarding stress
distributions may be used provided that the assumptions are made in accordance with
generally accepted practice, or in accordance with sufficiently comprehensive
experience or tests. Any corrosion allowance shall not be accounted for in the
determination of design resistance for the Ultimate Limit State. Half the corrosion
allowance may be included for the Fatigue Limit State.

Provision for capacity check according to other codes (i.e. AISC LRFD or Eurocode 3 for
stiffeners and girders) is given in Section 5 B400. The buckling stability of shell structures
may be checked according to RP-C202. Slip resistant bolt connections is discussed in
Section 5 H.

Structures shall be checked in ALS in two steps:

e Resistance of the structure against design accidental loads.

e Post accident resistance of the structure against environmental loads should only be
checked when the resistance is reduced by structural damage caused by the design
accidental loads.

The overall objective of design against accidental loads is to achieve a system where the
main safety functions are not lost by the design accidental loads, though limited damage
is acceptable.

The design against accidental loads may be done by direct calculation of the effects
imposed by the loads on the structure, or indirectly, by designing the structure to
tolerate accidents. Examples of the latter are compartmentation of floating units which
provides sufficient integrity to survive certain collision scenarios without further
calculations.

The inherent uncertainty of the frequency and magnitude of the accidental loads, as well
as the approximate nature of the methods for determination of these effects, shall be
recognised. It is therefore essential to apply sound engineering judgement and pragmatic
evaluations in the design.

Typical accidental loads are:

impact from ship collisions

impact from dropped objects (temporary phases or during maintenance)
fire

explosions

abnormal environmental conditions

accidental flooding.

For wave devices, failure criteria may be defined by deformation leading to leakage of
compartments, damage to equipment and systems or impairment of safety features
(shear pins, collapsible panels, relief valves etc).

More information on the design against accidental actions can be found in NORSOK N-004
Annex A and in NORSOK N-003 Action and Action Effects. Accidental actions are further
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discussed in Section 9. Reference may also be given to RP-C204 Design Against Accidental
Loads.

If non-linear, dynamic finite element analysis is applied for design, it shall be verified
that all local failure modes, e.g. strain rate, local buckling, joint overloading, joint
fracture, are accounted for implicitly by the modelling adopted, or else subjected to
explicit evaluation.

Although related to non-linear frame analyses, the ULTIGUIDE (Best practices for use of
non-linear analysis methods in documentation of ultimate limit states for jacket type
offshore structures) provides recommendations that are also valid, to some extent, for
other types of structures.

13.11 Structural Capacity Verification - Concrete

Concrete structures are to be designed to behave in a ductile fashion in order to ensure
that the structure can withstand abnormal or accidental loads to some extent, and that a
redistribution of the loads can take place. More details are given in 0S-C502 Section 6C.

For members subjected to moment loading, it is to be ensured that the steel on the
tension side of the member will achieve twice the yield strain before the concrete on the
compressive side reaches its ultimate compressive strain. Where this requirement cannot
be fulfilled due to high axial loads, ductility is to be ensured by use of stirrups.

Capacity for bending moments and axial forces (including slender structural members),
shear forces in beams and slabs, slabs subjected to concentrated actions, torsional
moments in beams, shear force in construction joints, bond strength and anchorage are
given in 0S-C502 Section 6D.

13.12 Structural Capacity Verification - Composite Structures

Failure mechanisms for laminates and sandwich structures and design criteria for the
failure mechanisms (fibre failure, matrix cracking, delamination, yielding, buckling,
impact, wear, resistance to explosive decompression, etc) are presented in OS-C501
Section 6.

A mechanism of failure is the underlying phenomenon at the material level that
determines the mode of failure. Depending on its level of severity a mechanism of failure
can lead to various failure modes. For example, matrix cracking can lead to seepage of a
fluid through the laminate or lead to fracture depending on the severity of the cracks.
Failure mechanism can be regarded as the cause of failure and failure mode as the
effect.

Local and global failure shall be identified. On a material level, failure tends to be local,
i.e. over an area of a few square centimetres, or even less. This local failure may have
global consequences immediately, or after some growth with time. In some cases, the
local failure does not grow and does not have any global consequences therefore it does
not affect any of the design requirements of the structure. In such a case local failure
may be acceptable. Only failures that are related to critical failure modes should be
considered.

0S-C501 Section 6 describes the different failure mechanisms (fibre failure, matrix
cracking, delamination, yielding, elastic buckling, stress rupture, fatigue, etc) for
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different materials and the relationship between the failure mechanisms and failure type
(brittle, plastic, ductile) and the design criteria for each of relevant failure mechanism.

Special attention is to be taken to joints and interfaces (see 0S-C501 Section 7). Joints
are defined as load bearing connections between structures, components or parts.
Interfaces are defined as the area or region where different structures, components or
parts meet each other. A typical interface is the area where the surface of a load bearing
structure and a liner meet. Three basic types of joints are considered:

e Laminated joints, i.e. joints fabricated from the same constituent materials as the
laminates that are joined, such as over-laminations, lap joints, scarf joints, etc.

¢ Adhesive joints, i.e. joints between laminates, cores or between laminates and other
materials e.g. metals.

e Mechanical joints, i.e. joints including fasteners, such as bolted connections.

The safety provision (based on consequences of failure) and service classes (frequency of
service interruptions or restrictions caused by SLS modes of failure can be defined based
on the safety philosophy defined for the device and types of failure. The selection of
partial safety (model and system) factors are defined based on selected safety class (see
Section 2 C600, Section 8, Section 9 L and APPENDIX E - INSPECTION). Information
regarding model and system factors are provided in Section 8.

13.13 Other Issues

The following aspects should also be highlighted with reference to 0S-C501:

e Modification of material static properties modification upon exposure to long term
loads and environments (reduction of modulus of elasticity and static strength due to
cyclic loading, for example) (Section 4C).

e Check of static strength considering reduction due to cyclic loads (Section 4 C900 for
laminates and Section 5 C800 for sandwich materials).

e Requirements of material property qualification against representative data are
defined in Section 4H for laminate and Section 5H for sandwich materials. Table H2
defines the qualification required for each mechanical parameter as a function of
safety class.

e Structural analysis (Section 9): While the FE method is applicable for a wide range of
problems, analytical solutions and the finite series approach often put too many
restrictions on laminate lay-up, geometry, etc, and are thus insufficient in the design
of most real world composite structures.

e The local response of the structure can, in principle, be analysed at the following
different material levels:

o the “constituent level” corresponding to the fibre, matrix and core,
separately,

o the “ply level” corresponding to the individual layers in a laminate or the
faces of a sandwich structure, and

o0 the “laminate level” corresponding to the whole laminate or sandwich
structure.
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e Due to the lack of theoretical knowledge or for practical reasons, it is not always
possible to check a given failure mechanism at all material levels. The local response
of the structure shall be analysed at a material level consistent with the failure
criteria used in the failure analysis. All failure criteria (except for buckling) require
the stresses or strains to be accurately represented on the level of each ply. Buckling
is generally checked on larger parts of the structure and based on average stresses
over large areas. Under such conditions a coarser analysis may be sufficient.
However, if the FE method is used to calculate buckling stresses, a very local analysis
of the structure may be needed.

e Non-linearities: Most composite structures possess linear material properties when
intact. However, composites can develop various failure mechanisms, e.g. matrix
cracking at very low strains leading to reduced stiffness parameters. This non-linear
behaviour of the material shall be taken into account when failure analysis of
composite components is performed.

e A decision to use a progressive, non-linear failure analysis or a simplified (linear)
failure analysis should be based on the failure modes of the structure and component
and the failure mechanisms investigated. The decision of whether to use 2-D or 3-D
analysis methods should generally be made depending on the level of significance of
the through-thickness stresses. Additionally, the analysis of certain laminate and
sandwich structures may be simplified by a through-thickness (cross section) 2-D
approach, in which the plane strain condition is assumed to prevail. A relation
between analysis methods (progressive, linear non-degraded, linear degraded, two-
step non-linear) and failure criteria is given in Section 9C.

e A structure or part of a structure can in some cases be qualified by testing only, i.e.
no structural analysis as presented in Section 9 is performed. Testing can in some
cases be carried out to document the design or increase confidence in design
calculations. It is an alternative or complement to analysis based on basic material
properties. Section 10 describes the qualification process based on tests, important
aspects regarding testing of components with multiple failure mechanisms and
updating material parameters for analysis based on component testing.
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14 FOUNDATION DESIGN

Foundations relevant for wave energy converters can be pile foundations, gravity type
foundations and anchor foundations. Reference is made to 0S-C101 Section 11. The
partial coefficient method is the preferred method in foundation design. The design of
foundations shall consider both the strength and deformations of the foundation
structure and of the foundation soils.

Failure due to the effect of cyclic loading is treated as an ULS limit state, alternatively as
an ALS limit state, using load and material coefficients as defined for these limit state
categories. The load coefficients are in this case to be applied to all cyclic loads in the
design history.

Material coefficients shall be applied to soil shear strength. For soil resistance to axial
pile load, material coefficients shall be applied to the characteristic resistance. For
anchor foundations, material coefficients shall be applied to the characteristic anchor
resistance.

Design of foundations for wave energy converters shall be based on site specific
information. The extent of site investigations and the choice of investigation methods
shall take into account the type and size of the wave energy device, the uniformity of
soil and seabed conditions. For application of anchors the soil stratigraphy and range of
soil strength properties shall be assessed. Site investigations should provide information
about the soil to a depth required to check effect of possible weak formations.

The design of foundations shall consider both the strength and the deformations of the
foundation structure and of the foundation soils. OS-E301 distinguishes between two
failure consequence classes (CC), depending on whether failure of a mooring line or an
anchor can lead to serious consequences or not. The values of the partial safety factors
for the respective limit states are differentiated with respect to the consequence class
that applies, which gives more flexibility than the total safety factor format without
consequence classes. As an example, fluke anchors may according to RP-E301 be desighed
for zero anchor drag (CC2) or for a situation where drag is acceptable (CC1), in the latter
case with lower safety factors.

Anchors for taut (fibre rope) mooring systems must be capable to resist both vertical and
horizontal load components. Applicable anchors in this category are e.g. plate anchors,
see RP-E302, or suction anchors. A design code for suction anchors is under development
through a Joint Industry Project and will be published as RP-E303, tentatively in 2005.
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15

MOORING SYSTEM ANALYSIS

15.1 Acceptance Criteria

Reference is made to Section 2 of OS-E301 for mooring system analyses. The design can
be performed with the mooring system considered under Consequence Class 1.

15.1.1 Ultimate Limit State

Reference is made to Section 2 of OS-E301 for mooring system analyses for the Ultimate
Limit State.

15.1.2 Accidental Limit State

Reference is made to Section 2 of OS-E301 for mooring system analyses for the Accidental
Limit State.

15.1.3 Fatigue Limit State

Reference is made to Section 2 of OS-E301 for mooring system analyses for the Fatigue
Limit State. According to OS-E301 Chapter 2 Section 2 G 400 the safety factor will vary
between 5 and 8 depending on the grouping of the mooring lines, and has to be
calculated based on the fatigue damage in two adjacent lines.

Requirements and recommendations for stationkeeping systems for wave energy devices
are also found in API-RP-2SK and ISO/DIS 19901-7.

15.2 Anchor Design

General design aspects of anchor foundations are given in 0S-C101 Section 11 E. Analysis
of anchor resistance shall be carried out for ULS and ALS provisions. The ULS is intended
to ensure that the anchor can withstand the loads arising in an intact mooring system
under extreme environmental conditions. The ALS is intended to ensure that the mooring
system retains adequate capacity if one mooring line or anchor should fail for reasons
outside the designer’s control.

Two consequence classes are considered, both for the ULS and for the ALS, defined as
follows:

e Consequence Class 1 (CC1): Failure is unlikely to lead to unacceptable consequences
such as loss of life, collision with an adjacent platform, uncontrolled outflow of oil or
gas, capsize or sinking.

e Consequence Class 2 (CC2): Failure may well lead to unacceptable consequences of
these types.

Load coefficients (y) for the two alternative methods to calculate line tension are given
in Table 15.1 and Table 15.2 for ULS and ALS, respectively. For mooring in deep water
(i.e. water depth exceeding 200m, see OS-E301 Chapter 2 Section 2 B100) a dynamic
analysis is required.
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Consequence T .
class ype of analysis Ymean Ydyn
1 Dynamic 1.10 1.50
2 Dynamic 1.40 2.10
1 Quasi-static 1.70
2 Quasi-static 2.50

Table 15.1 : Load Coefficients for ULS (from OS-C101)

Conscelggsence Type of analysis Ymean Yayn
1 Dynamic 1.00 1.10
2 Dynamic 1.00 1.25
1 Quasi-static
2 Quasi-static

Table 15.2 : Load Coefficients for ALS (from OS-C101)

For wave energy devices with a dynamic response to wave loading and/or novel mooring
configuration, a complete time domain simulation combined with tank testing may be
necessary. For cases when the mean of the tension time series can be identified as the
static component and the remaining part as the dynamic component, the relevant safety
factors as given in 0S-E301 should be applied. The mooring system can also be designed
by direct application of structural reliability analysis, as an alternative to the simplified
design calculations based on partial safety factors for quasi-static and dynamic tension.
Such an analysis should be at least as refined as the reliability analysis used to calibrate
the design procedure as given in 0S-E301, and must be checked against the results of the
calibration, for at least one relevant test case. (See 0S-E301 Chapter 2, Section 2J,
References). Guidelines for design based on structural reliability analysis are given in DNV
CN No. 30.6 -Structural Reliability Analysis of Marine Structures.

Due consideration shall be given to the specific aspects of the different anchor types and
the current state of knowledge and development.

When clump weight anchors are designed to be lifted off the seabed during extreme
loads, due consideration shall be paid to the suction effects that may develop during
rapid lift-off. The effect of possible burial during the subsequent set-down shall be
considered.

Pile anchors can be designed in accordance with general requirements given in 0S-C101
Section 11 E.

Fluke anchors are applicable for horizontal and unidirectional load application. Some
uplift may be allowed under certain conditions both during anchor installation and during
operation design conditions. Recommended design procedures for fluke anchors is given
in RP-E301.

Drag-in-plate anchors are applicable for taut mooring systems since they can resist both
vertical and horizontal loads transferred to the anchors. Recommended design
procedures for drag-in-plate anchors are given in RP-E302.
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16 STABILITY AND WATERTIGHT INTEGRITY

16.1 General Considerations
The 0S-C301 Standard “Stability and Watertight Integrity” can be used as a guide by
applying it as far as applicable to a wave energy device. When the device is manned (e.g.
during towing, installation or maintenance during operation) these considerations are
particularly important.

For normally unmanned installations, the overall target safety level may be reduced, as
long as safety for personnel interaction during the transportation, installation and
retrieval phases are considered and covered through by operational measures or provision
of special facilities through the type of support vessel or equipment being provided.
These aspects should be covered by a risk assessment.

Temporary phases like transportation to site, installation or removal may require a
marine operations type of assessment and Warranty Survey for insurance purposes (see
Rules for Planning and Execution of Marine Operations). Minimum design requirements for
watertight integrity, strength of the device, closing devices for access hatches or
openings, bilge and ballast systems, ventilation arrangements should be considered. Note
that for more substantial devices, it may be relevant to check against Class requirements
for ships as this is often used as a basis for the system requirements for objects to be
covered by a marine operations assessment.

16.2 Stability Considerations
This should include consideration of flooded or partly flooded compartments in case of
loss of watertight integrity, inadvertent shift of permanent ballast, and safe limits for
access to the device. Note that permanent ballast in the form of loose material must to
be provided with adequate restraints against shifting due to device movements. Loose
material may also become fluidised should water be inadvertently added from leaks or
other mechanisms.

Further more, it is necessary to consider how to restore adequate stability through
connecting or alternatively starting onboard bilge and/or ballast pumps. Provision of
emergency supply to pumps, or provisions for piping for external connection of such
pumps should be considered.

For those devices that are designed to achieve resonance conditions rather than best
possible damping, the dynamic behaviour of the device may require special
considerations beyond the normal margins provided by the stability curves and
requirements for ships or floating offshore installations. Also, non-standard arrangements
compared with ships or offshore codes may require special considerations of stability and
stability testing.
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17

17.1

ELECTRICAL AND MECHANICAL EQUIPMENT

General Considerations

Guidance on the design, selection and installation of commercially available components,
together with appropriate references to I1SO or IEC standards is given in the DNV Offshore
Standards (0S’s) and Recommended Practice (RP’s) as seen in the references below. The
following standards referring to Mobile Offshore Units may be referred to as relevant for
certain aspects of mechanical, electrical and instrumentation systems and components in
WECs:

0S-D101: Marine and Machinery Systems and Equipment
0S-D201: Electrical Systems and Equipment

0S-D202: Instrumentation and Telecommunication Systems
0S-A101: Safety Principles and Arrangements

These documents have been written for manned offshore installations and therefore
items which are directly related to the safety of operating staff may be modified for a
device which is normally unmanned. Due account needs to be taken of manned periods
for installation, commissioning, testing, maintenance or removal periods, however.
Correct functioning of the device as a power producing unit may require the same
aspects to be considered.

During the design phase, consideration should be given to the required design life,
criticality of the system / component (production or safety), the level of reliability /
performance required from the system / components, the maintenance needed to keep
the reliability / performance and the associated level of protection necessary to achieve
controlled degradation. This should be reflected when defining equipment specification
for suppliers and contractors.

It is important to define the internal environment that the systems will be exposed to.
These comprise:

accelerations and inclinations from device movements,

temperature,

humidity,

salinity,

vibration levels,

slamming/shock loads,

presence of (salt) water,

electromagnetic interference,

ionising effects (e.g. upon short circuits/tripping of circuit breakers), and
presence of explosive atmosphere (e.g. from trickle charging of batteries).

The following sections provide guidance on the main aspects to consider together with
some references and requirements in the standards referred to above for the practical
handling of such aspects.
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17.2

However, due to the unmanned nature of devices for WEC, significant deviations may
exist for the internal ambient conditions due for example, to minimal ventilation and
reduced capability for removal of waste heat produced. Internal ambient conditions to
the unit should thus be assessed at an early stage for input to design basis and selection
of equipment.

Electrical Equipment

In the design of electrical systems for WEC devices consideration should be given to the
number of devices to be interconnected as well as the onboard system of the individual
device. The design of the system should take account of the legislation, codes and
regulations applicable to the network to which the device is to be connected. It should
take into consideration operation and maintenance as well as construction.

The designer of the electrical system, in choosing equipment, should remember that the
WEC device may be subject to shock loads as well as movements not normally
encountered in land or fixed offshore installations. The design of the system, choice of
equipment, must be appropriate to the purpose and the circumstances in which it is to be
used. Definition of construction, installation, protection (both electrically and
mechanically), use and maintenance must be such as to prevent danger, interference
with or interruption of supply, so far as is reasonably practicable.

For the general installation of electrical equipment and systems in a WEC device, the
reference in Appendix F provides a scope of aspects that should be considered. 0OS-D201
applies to mobile offshore units. The standard provides guidance that may be used as far
as applicable. Selected items from the 0S-D201 contents list that may provide relevant
guidance is presented in Appendix F (F1 Electrical Systems). This will in many cases
have to be modified or adapted to the WEC design being considered.

Although 0S-D201 applies to mobile offshore units and relevant parts only must be used,
it references all the I1SO and IEC standards and may be adopted as a general approach in
the design philosophy. The WEC grid connection must also comply with the appropriate
Grid Codes and Connection Agreements applicable to the point of connection.

The following onshore-related standards will apply to the onshore-related parts of the
project.

Electricity at Work Regulations
Electricity Supply Regulations

IEE Wiring Regulations 16" Edition
Electrical Equipment (Safety) Regulations

Modular electrical equipment may be advantageous to facilitate offshore maintenance by
simple replacement of a module. Early consideration of the extent of this is necessary in
the design philosophy.

The system should be designed to meet EMC (Electro Magnetic Compatibility)
requirements as laid down in IEC 61000. It should be remembered that during operation
and maintenance periods VHF, UHF and mobile phones may be used in close proximity to
the WEC device and may affect system operation.
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The choice of standards should be based on the applicability of the standards to the WEC
installation. The rating and application of equipment in the system should take account
of potential enclosed spaces, hazardous environment and environmental impact
considerations. The use of oils for insulation should be avoided (See Section 1.2.4).

Where variable frequency or dc generation systems are adopted ratings of equipment,
cables and auxiliary supply systems should take account of all possible operational
conditions. Where a 50Hz supply is required for auxiliaries, consideration must be given
to the need for this supply to be derived from shore either in a separate cable or
additional power cores included in the shore connection cable.

Onboard environmental conditions on WEC devices should be specially considered,
particularly when equipment is put in non-ventilated enclosed spaces when heat,
humidity, salt content, etc, may be high. Also floating WEC devices with shallow draft
(say less than 7.5 m) may be prone to bottom wave slamming. Bottom slamming may
cause shock loading to the structure and equipment mounted inside. Such shock loading
may cause faulty operation of relays or other equipment.

The design basis document for the device should reflect the internal environment and
conditions which equipment needs to be designed for. The guidance under Section 19 of
0S-D201 should also be referred to.

17.2.1 Generator Types

The choice of generator type, speed and rating must be made in consideration of the
prime mover and its control system. The designer could select from:

Rotating Synchronous 50Hz

Rotating Asynchronous (Induction) 50Hz
Dual Fed Induction Generators (DFIGs)
Linear Synchronous

Linear Variable Frequency

Other arrangements are possible but will be of a more specialist nature. Generally, any
machine of novel design will require to go through a qualification procedure similar to
that described in DNV-RP203 (See Section 4 of this guideline).

Conventional synchronous and induction generators may be used in most devices using
some form of mechanical or hydraulic conversion, usually involving a storage accumulator
of some form. However, a more direct form of wave energy conversion is possible and has
the potential to simplify and thus improve the reliability and efficiency of the overall
energy conversion facility.

Rotating Electrical machines should be designed in accordance with IEC 60034 which
covers both general requirements and specification of these machines.

Synchronous Generators

The most common type will be rotating machines running at 50Hz driven either directly
or through a step up gearbox. For rotating fixed speed synchronous generators the prime
mover must be capable of full speed governor control. This type of machine can be
operated in power factor or KVAR mode offering advantages to the grid system. The use
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of synchronous generators will require the addition of synchronising equipment in the
control scheme adding to the overall complexity.

Induction Generators
The unit cost of conventional induction generators is lower, but the designer must take
into account of:

Power Factor and Speed Range

As power factor correction capacitors can cause induction generators to self-excite, it
may be necessary include some additional form of protection which recognises this e.g.
by a sudden vector shift. Hence DFIGs with their wider speed range capability may need
to be considered.

Conventional induction generators have a very limited speed range over which they can
generate without excessive reactive power requirements, even with some power factor
correction facility.

Starting characteristics

The starting characteristics of the asynchronous generator will have to be considered in
the overall system design and the protection system designed to allow for the initial
inrush currents.

DFIGs and Power Electronics

If variable frequency (power electronics) systems are employed as is necessary with
DFIGs for example, care must be taken to ensure that the impact of harmonics is taken
into account. The ability to provide some power factor control in these schemes may
assist in the grid connection design requirement for power factor. The converter
equipment should be designed in accordance with IEC 60146 Semiconductor Converters.
The transformers and reactors associated with such devices require special design to take
account of the harmonic content of the waveform IEC 61378 applies.

Linear Generators

Wave energy devices usually extract power in the form of a reciprocating motion at low
speed (typically less than 0.5m/s). Direct extraction of this low speed, high torque
energy is possible using linear generators, but the electrical output will need some
electronic processing of the waveform to enable grid connection.

Based on conventional machine topologies, a 100kW linear machine responding to wave
velocities of around 1m/s and having to react to a wave forces of around 100kN, would
require an air gap area of approximately 5m?. More novel machine topologies using
permanent magnets, which allow much higher air gap shear stresses, will be required if
the size and cost of the machine is to be viable. A low speed permanent magnet linear
synchronous machine has already been utilised in a WEC device.

Control Systems

The control systems of the energy conversion device shall ensure that the generator is
operated within its rating, particularly the reactive current rating. Alarm and trip
facilities are to be provided to protect the system should the generator be driven beyond
its normal operating speed.
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Protection devices are also required to ensure that the generator power input is short-
term diverted, dumped or disconnected should connection or delivery to the shore supply
system be lost or prohibited, depending on how quickly the connection can be restored.

Guidance on the connection to the shore supply system and national requirements for
“embedded generation” are covered under the section on Grid Connection.

17.2.2 Grid Connection

The connection arrangements shall be in accordance with national standards for
embedded generation. In the UK, these are as follows:

e Electricity Safety, Quality and Continuity Regulations (2002) (Section J - Generation).
Publication reference URN 02/1544. The Guidance notes for this are available to
download from the DTI website http://www?2.dti.gov.uk/electricity-
regulations/index.htm

e G59/1 : Recommendations For The Connection Of Private Generating Plant To The
Regional Electricity Companies (RECs)

e G75: Recommendations for the Connection of Embedded Generating Plant to Public
Electricity Suppliers Distribution Systems (above 20kV or with outputs over 5MW).

There will be voltage limitations in respect of connecting a generator to the nearest
onshore distribution circuit. Provided a suitable transmission voltage is selected so as to
balance losses against cost, subsea AC transmission is feasible up to around 50km. At
distances beyond 50km, voltage control becomes progressively more difficult, and
transmission via a high voltage DC link will eventually need to be considered. Compact
mini DC link technology is already available “off the shelf”.

Adequate instrumentation and remote reading and control must be provided to enable
commissioning, monitoring and control of the electrical power generation equipment and
delivery to shore. Remote access links should have security features.

17.2.3 Earthing and Protection

The configuration choice, voltage level, security of supply and safety must all be
considered on the design of the earthing and protection scheme. Fault level
considerations at the point of grid connection as well as generator fault contributions
must be taken into account. The designer must ensure that the choice of equipment and
installation methods takes full account of the conditions applying in an offshore
environment.

Protection system design and settings must ensure adequate discrimination at each level
and with the grid connection. The configuration of an existing distribution system into
which the device connects (usually via a step-up transformer and subsea cable) must be
considered to ensure compatibility with protection grading and existing distribution
transformers and their tap changing systems. Automatic tap changers on grid
transformers may only be designed for unidirectional power flow.

The generator protection scheme must include out of balance protection as required by
the local distribution or transmission Company. In the UK this will require fitting relays of
the type required by G59/1 or G75. The application of these relays must be agreed with
the grid connection operator. It is assumed that loss-of-mains protection will be fitted to
the device generator. Particularly in a “farm” situation, this protection should be
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designed to ride out transient faults and only trip the generator on loss of mains.
Reference is made to Technical Guide to the Connection of Generation to the Distribution
Network - Appendix C3.

The designer should ensure that the method of resetting relays after operation takes
account of the remote nature of the generator installation.

17.2.4 Transformers / Reactors
The IEE recommendations for electrical and electronic equipment for mobile and fixed
offshore installations forbid the use of oil filled transformers. In any case, bund
arrangements for control of leaks would not be practicable in a device subject to violent
wave motion. IEC60076 Power Transformers should be used for this type of equipment.

Care must be taken in the design and specification of this type of equipment to allow for
inrush currents, harmonics and fault level.

17.2.5Umbilical Cables
See Section 20 UMBILICAL CONNECTIONS

17.2.6 Switchboards
Switchboards and control gear should be designed to IEC 62271-200 for HV and IEC 60439-
1 and IEC 60092-302 for LV equipment. The general principles of OS - D201 Section 4 are
relevant.

17.2.7 Lighting and Small Power
The provisions of SOLAS Reg Il -1 Section 41 may apply and should be considered where
applicable, noting that the WEC Device is not-normally-manned

17.2.8 Ancillary Systems
Batteries
Consideration should be given to eliminating the use of batteries wherever possible. The
designer must ensure that allowance for ventilation may be required.

Placing of batteries with chargers should be carefully considered if installed in areas
without or with very low ventilation. If batteries are claimed to be a "sealed type" (which
do not give off hydrogen), this still depends on a charger avoiding overcharge voltage
once the battery is fully charged. It may be possible in principle to show that the
integrity and monitoring of the charging device is adequate to prevent over-voltage to a
fully charged battery.

Even if a "sealed" type, hydrogen gas will be produced in the case of over-voltage against
a fully charged battery. The charger monitoring and voltage control should cater for the
case of a short circuit of one of the cells of the battery and also ambient temperature
effects on the definition of "overcharging” when hydrogen generation may take place.
The limiting charger voltage normally goes down with rising temperature and can greatly
affect the reliability of the equipment and the WEC.
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17.3

Navigation Lights

The designer should consult the relevant bodies (in UK - Trinity House or the Northern
Lighthouse Board in Scotland) for guidance on what navigation aids will be required.
International guidance is available from the IALA Codes.

It must be remembered that in the event of an electrical failure occurring during the
winter, prolonged periods of loss of supply may be encountered.

UPS Systems

Design of these should be compatible with NORSOK E-001, Rev 4, 2001 and meet the
requirements of BS EN 50091- Parts1and 2. Routine tests shall be performed according to
IEC 60146-4, clause 7.

Emergency Power

In the event of failure of all generation, provision may be required for import of
emergency power. Consideration of this requirement should normally be made during the
design of the cable connection to shore and provision to provide power for initial start be
included if required. Load shedding for emergency power may need to be considered to
remain within the capacity of the supply.

Mechanical Equipment and Marine Systems

Different wave power converters may use a wide range of systems and components to
convert the energy of the wave to electrical power. This section brings together a brief
guide to the main components and systems that may be employed in the broad range of
devices.

17.3.1 General

For the general installation of mechanical equipment and systems in a WEC device, the
reference below provides a scope of aspects that should be considered. 0S-D101 applies
to mobile offshore units. The standard provides guidance that may be used as far as
applicable. Special consideration needs to be given to aspects related to required
reliability considering the expected level of maintenance and associated costs.

0S-D101 applies to marine equipment and machinery systems which are defined as
marine systems on a floating offshore unit or installation.

For mechanical and marine systems, reference is made to SOLAS Chapter II-1 for Maritime
Authority requirements to such systems for seagoing vessels. These form the basis for
Maritime Authority requirements and Class Society Rules, and requirements for WECs
should be considered from these as relevant.

Other applicable DNV publications that may be relevant are (potentially relevant topics
in parentheses) are;

e 0S-A101 Safety Principles and Arrangement (layout, hazardous area classification,
shutdown and protection),

o 0S-B101 Metallic Materials (mostly for: steel tubes, pipes, forged items and castings ),

e (0S-C301 Stability and Watertight Integrity(primarily for: vents, discharges, doors and
hatches),

e RP-A201 Standard Documentation Types (document formats),

e RP-A202 Documentation of Offshore Projects,
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¢ Rules for Classification of Ships Classification Note 41.2 Calculation of Gear Rating for
Marine Transmissions (gearboxes).

Selected items from the 0S-D101 contents list that may provide relevant guidance is
presented in Appendix F (F2 Mechanical and Marine Systems). This will in many cases
have to be modified or adapted to the WEC design being considered.

17.3.2 Design and Layout

The arrangement of machinery and piping systems should be such that maintenance
access may readily be facilitated. Although WEC devices are normally unmanned, it is
possible that some limited access may be required under controlled circumstances for
first line short-duration maintenance such as changing an integrated circuit card. It is
unlikely that a prudent operator would carry out significant work in situ, but when a
device is removed to a safe haven, safe and cost effective maintenance requires a
physical layout that gives access to maintainable items. Consideration should be given to
modular designs that mean maintenance becomes the simple change-out of a unit.

Vulnerability of any component to damage from leaking fluid from piping or seals is
another layout consideration. Valve operation is also relevant in this context, easy
visibility of valve position and minimisation of risk of inadvertent operation during
maintenance must be considered.

The impact of the continuous movement of a WEC device on component operability and
reliability must be borne in mind as this may be very different from the degree of
movement encountered in a ship or other floating installation for which the component
has been designed. The exposure to salt and damp atmosphere may also be increased
over ship or other floating installations.

Redundancy is an important concept when considering reliability. It refers to the ability
to maintain or restore a function when one failure has occurred. Redundancy can be
achieved for instance by installation of more than one unit (component redundancy) or
by having two or more separate systems capable of performing the same function (system
redundancy).

Redundancy types may be defined in terms of the time lag accepted upon restoring a lost
function, due to failure in a component or system, designed with redundancy.

Redundancy type and time lag in re-establishment of function used in the DNV standards
are:

None (continuously available)
Upto30s
Up to 10 minutes
Up to 3 hours
ot defined: More than 3 hours

ZWN 2O

See also Section 7 on RELIABILITY AND COST.
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17.3.3 General Mechanical Components and Sub-systems
17.3.3.1 Pipework and Valves

Some specialist piping systems such as those for hydraulic service are given specific
mention below, but certain WEC devices may use seawater systems that are part of the
power take-off arrangement that will require unusually stringent performance from stop
valves or non-return valves. Consideration should be given in the design process, to
selection of valves for unusual duties such as rapidly repeated operation. A modified
design of valve body, seat or actuator may be necessary and functional testing may need
to be arranged with potential vendors. It is also possible that tried and tested
components, designed and built to established codes will need a qualification exercise
(see Section 4) carried out due to a combination of configuration, duty and environment
in a WEC device.

Pipe support methods to deal with cyclic loading and vibration may also need particular
attention. Addition of flexible elements or shock absorbing materials should be
considered for relevant systems

17.3.3.2 Equipment and Machinery

Pressure vessels, pumps, compressors and heat exchangers that may be part of a WEC
device should be specified to the normal international codes. However the same
considerations of atmospheric environment, movement and vibration and unusual
operational duties must be considered alongside the usual design code requirements.
Where a duty or condition is outside the code, a judgement must be made as to whether
any further qualification or testing is required to ensure proper safety and performance.

17.3.4 Hydraulic Systems

Some offshore buoyancy type devices use a hydraulic power system to capture the power
from the wave and store this energy under pressure in order to drive a turbine driven
generator. A typical hydraulic power system may consist of the following;

hydraulic cylinder and piston,
hydraulic piping,

hydraulic valve block,
accumulators and tanks, and
hydraulic pumps.

17.3.4.1 Cylinders

The hydraulic cylinders and rams are fundamental to certain types of wave energy
devices. The forces from the waves push and pull a piston in a cylinder, thus producing
work. The resulting energy can be stored in an accumulator and in turn drive a power
converter, e.g. a hydraulic motor driving a generator. Sophisticated schemes are used in
some devices. The cylinders may be configured as a set in order to harness the multiple
motion input from relative motion of the buoyancy modules making up the device. The
integrity of this configuration and correct functioning of power conversion and control
systems are very important to the power producing ability of the design. Refer to
comments on fatigue loading and relation with other structural elements mentioned
under structural Fatigue Limit State 13.7 and APPENDIX A - FATIGUE ANALYSIS
METHODOLOGY.
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The primary consideration for the hydraulic cylinder is pressure containment. If standard
hydraulic cylinders are used, they will be made to one of many applicable codes which
can be used for the design, for example PD 5500, BS EN 13445, ASME VIII, etc. For a wave
energy device, there are some very important additional considerations:

Fatigue of pressure containment and piston rod;

Buckling of the piston rod;

Wear properties of the seals, pins and bearing surfaces involved;

Degradation rate of hydraulic fluids through oxidation, accumulation of debris,
bacterial growth, and resulting increase in viscosity of the fluid;

Filter arrangements and filter quality mesh size and cleaning arrangements;

e Heat generation and limiting temperatures, including power cut-off arrangements in
case of. loss of onshore electrical connection or excessive sea and power input
conditions.

If the hydraulic cylinder is subjected to heavy cyclic loading, the fatigue aspect of the
cylinder is very important. In addition, the sealing system for the piston needs to be of a
suitable type to withstand the same level of cyclic loading.

Buckling strength is an important factor in a standard cylinder design. Obviously the more
slender the cylinder, the lower the limiting axial load before buckling starts. In general,
this axial load is inversely proportional to the square of the slenderness of the rod. A
simplified equation to determine the axial strength of the piston rod can be found in OS-
D101 Chapter 2 Section 4 H300, which recommends a safety factor of 4. Depending on the
safety principle of the project, this safety factor may vary.

In addition to the normal pressure and temperature loading, the hydraulic piping system
will also undergo many cycles of pressurization. Therefore the fatigue life of the
hydraulic piping need to be considered. BS EN 13480 is a comprehensive standard for the
design of industrial piping. Alternatively, ASME codes are also used in the hydraulic
industry.

17.3.4.2 Piping
Bending of tubing should follow the relevant recommended practices to avoid kinks.
Piping and tubing should be securely fastened to prevent excessive vibration.

Use of flexible hoses should be minimised and kept as short as practicable and should be
suitably type tested to a recognised standard. Couplings are a source of leakage and
particular attention should be paid to couplings and use of correct connector parts
relative to the approved versions.

17.3.4.3 Valve block
The valve block is an assembly to house a series of hydraulic valves that control the
hydraulic fluids in the system thus regulating the pressure. The valve block can be
treated as piping component and follow the relevant piping codes as listed above. The
valve block itself may need proof testing as the shape of the block is a non-standard
item. The valves themselves will undergo many operating cycles; therefore the long-term
reliability of the valves is important in the component selection process.

17.3.4.4 Accumulator
The accumulator is likely to be of a standard design and therefore should be covered by
the relevant pressure vessel codes such as those listed for the cylinder. It is
recommended to avoid using piston type accumulators with air as the compressible
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medium, as the increase in oxygen partial pressure with compression combined with
potential catalytic action from debris accumulating over time can lead to auto-ignition
and explosion of the accumulator.

17.3.4.5 Pump and Motors

Some systems may utilise hydraulic pumps. These pumps or motors are likely to be
standard off-the-shelf items and would normally conform to recognised industrial
standards such as API, ISO, or BS. For variable demand applications swash-plate type
pumps may be used. These are routinely used e.g. in cranes. They are fairly complicated
devices with a substantial range of potential failure modes, and it is important that they
are operated within the manufacturer’s specifications.

17.3.4.6 Overpressure

One of the most important design aspects of the hydraulic system for wave energy device
is the control of the hydraulic pressure. Guidance on control systems is covered under a
separate section. In this section we will concentrate on mechanical aspects of the
control.

The system needs to be protected from the possibility of overpressure. Suitably sized
relief valves should be installed to protect the system from overpressure. If the pump can
generate overpressure, it should be shut-off on detection of high pressure. In the case
where hydraulic cylinders provide the pumping and are not easily disconnected a
thorough assessment on pressure build-up is required.

Non-return valves should be placed in the correct places in order to avoid undesired back
flow. Because the objective of the hydraulic system involves manipulating pressure on
either side of the cylinder, the design of the systematic needs to be methodically
established to avoid undesired back flow.

Filters should to be installed at suitable points to protect the system from unwanted
blockage or wear and to limit any damage occurring from e.g. the failure of a component
in the system. Consideration needs to be given to how to clean and maintain filters.

Pressure setting of any pressure regulating valves should be established and documented.
Any changes in the system control/modelling/demands may require the setting to be
altered. If relief valves are to be used as means of regulating, the long term reliability of
the valves need to be assessed.

The efficiency of hydraulic systems are such that considerable heat may be produced. As
high temperature is detrimental to hydraulic oil oxidation rates, and the rate of ageing of
electrical and electronic components, the temperature and need for cooling devices need
to be considered.

17.3.4.7 Cylinder Ram Movements

Movements of the cylinder rams should be evaluated for extreme conditions and checked
regarding end of ram excursion points (overextension and retracted position). Cylinder
rams should not move beyond these points as seals may be damaged and forces that may
be transferred through the cylinders may not have been considered in the design of the
cylinders, their supports and structure in the vicinity or the hydraulic system itself.

17.3.5 Pneumatic System

Pneumatic system used in wave energy devices are likely to be of two types.
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The first is a low pressure large volume system (usually part of the energy conversion
system).

This type of pneumatic system uses wave energy to create pressure differential and in
turn this energy drives a turbine.

The second is high pressure low volume system (mainly for monitoring and control
systems. Depending on the pressure level, all the relevant pressure system design
protocols as described in the hydraulic system are applicable. However, high pressure
pneumatic systems have other issues to be addressed:

¢ Due to the high energy stored in the system, the operation and maintenance of the
system must be controlled to prevent risks to personnel in case of undesired failure.
This may include having an overpressure relief system to the outside in case of high
temperature or fire situations.

e Any debris in the system could create erosion or malfunction problems. The system
needs to be maintained to a high level of cleanliness.

e Flexible hoses need to be secured in case of connector failure resulting in mechanical
damage to other parts.

e Suitable control to avoid pressure shock in the system.

e Suitable filter system should be provided to prevent contamination of hydraulic and
pneumatic systems.

e To avoid accumulation of liquid, the dryness of the air should be controlled.

17.3.6 Turbines in Wave Energy Devices

The use of turbines in WEC devices consist mainly of turbines moved by water or air. The
turbines moved by seawater may for example be hydro-turbines of the Kaplan or Pelton
types, while turbines suitable for use with air flow include but are not limited to the
Wells or Denniss-Auld turbines.

The main aspect to be taken into account in the context of WEC applications is that the
turbines will be operating in an environment and regime different from their original
design and, in some cases, its normal application. The marine environment, motions and
accelerations, corrosion, working pattern, maintenance and remote monitoring of key
parameters are aspects that are essential to consider. The Qualification process
described in this Guideline is recommended to address the issues highlighted. From the
environmental point of view the impact on fish and other animals should be considered.

The Kaplan turbine is normally most suitable when the head is low and consequently
there is a high flow rate through the turbine. The turbine is submerged in the water
passage. Its design combines radial and axial features. The motion of the WEC and its
reservoir and interaction with the sea surface and outlet needs to be considered in the
evaluation of the pressure head and any possible cavitation. Protection against debris and
cleaning of the gates should be considered.

At intermediate ranges of head and speed, turbine types such as Francis or Turgo may be
used depending on head and flow required for the WEC. A diagram showing the operating
range of the turbine types may be found at:
http://www.answers.com/topic/water-turbine.

CARBOMN
TRUST

Guidelines on design and operation of wave energy converters, May 2005
Page 57 of 210 I&



At the opposite end of the specific speed scale, the Pelton turbine (impulse type turbine)
is most suitable when the head is high and consequently the flow rate through the
turbine needs not to be high to create power. For WEC devices subject to different wave
heights this impulse turbine may, depending on the generation and transformer
arrangement, use an accumulator to smooth the pressure variation in the turbine. With
the water flow going through the turbine, issues related to corrosion and marine growth
are now inside the turbine and are more difficult to inspect and maintain.

The Wells Turbine was invented by Professor Alan Wells in the late 1980’s and is often
used in fixed seabed and shore-mounted devices. This air turbine differs from other air
turbines due to the design of its blades that are symmetrical about the horizontal axis,
allowing it to accept airflow in either axial direction while always rotating the same way.
The Wells turbine can rotate at high speeds (1500 - 3000 rpm), and so the electrical
generator can be attached directly to the shaft of the turbine, obviating the need for a
gearbox to raise the generator speed.

Another air turbine, the Denniss-Auld turbine has very different operating characteristics
to the Wells turbine. It is designed to run at lower speed (500rpm) and high torque. It has
low shaft losses. The turbine has variable pitch blades and a variable speed control
capability that can make it effective over a broad range of operating conditions. (Ref:
Previsic et al, “System Level design Performance & Costs - San Francisco California
Energetech Offshore Wave Power Plant”, Report No. E21 -EPRI - 006B - SF, Dec 2004.)

A literature search shows that there currently are no standards or guidelines developed
to cover these designs.

As air turbines will be working with air saturated with sea water droplets, the corrosive
environment needs to be considered in the design.

17.3.6.1 Hydraulic Turbines

The IEC (International Electrotechnical Commission), prepares international standards
and also issues publications in the form of technical reports. The IEC Technical
Committee (TC 4) deals with hydraulic turbines.

It is considered that the IEC standards could be used for turbines in wave energy devices,
providing due consideration is given to the environment and device operating mode, as
well as the functional and reliability requirements.

There is a series of Technical Reports (IEC 61366 series) which deals with tendering
documents for hydraulic turbines, storage pumps and pump turbines. The series consist of
seven parts of which the following are relevant here:

Part 1: General and annexes (IEC 61366-1)

Part 2: Guidelines for technical specification for Francis turbines (IEC 61366-2)

Part 3: Guidelines for technical specification for Pelton turbines (IEC 61366-3)

Part 4: Guidelines for technical specifications for Kaplan and propeller turbines (IEC
61366-4)

Reference is also made to:
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Guide for commissioning, operation and maintenance of

IEC 60545 (1976-01) hydraulic turbines

Cavitation pitting evaluation in hydraulic turbines, storage

IEC 60609 (1978-01) pumps and pump-turbines

Cavitation pitting evaluation in hydraulic turbines, storage
IEC 60609-2 (1997-11) pumps and pump-turbines - Part 2: Evaluation in Pelton
turbines

IEC 60308 (work in

Hydraulic turbines - testing of control systems
progress)

For preparation of Kaplan and propeller turbine specifications the following factors
should be considered:

e Design conditions - project arrangement, hydraulic conditions, mode of operations,
generator characteristics, synchronous condenser characteristics, transient behaviour
data, system stability, noise, vibration, pressure fluctuation and safety requirements.

e Technical performance and other guarantees;

* power,

= discharge,

= efficiency,

= maximum and minimum momentary pressure,

* maximum momentary over-speed,

*  maximum steady-state runaway speed,

= cavitation pitting,

= hydraulic thrust, and

» maximum weights and dimensions for transportation, installation and
maintenance.

¢ Mechanical design criteria - design standards, stresses and deflections and special
design considerations.

e Materials and construction - material selection and standards, corrosion protection
and painting.

e Regulating apparatus for guide vanes - servomotor, connecting rods, regulating ring,
guide vane linkage system, guide vane overload protection and locking devices.

e Rotating parts, bearings and seals - runner, main shaft, intermediate shaft, guide
bearing with oil supply, oil/water cooler, instrumentation.

e Runner blade regulation - servo motor assembly with oil supply. Linkage system,
crosshead and oilhead.

¢ Instrumentation - controls, indication and protection.

e Protection of the WEC device from excessive energy input and divert or dump this
energy if required. The vertical axis of the rotating turbine means that particular
design consideration must be given for acceptable thrust bearing life. Surge tanks
must be provided to provide a by-pass when water is not required for driving the
turbine.

17.3.6.2 Air Flow Turbines
Component Design

Design of turbines consists of both analysis and testing. For some components, a
combination of testing and design calculations may be necessary, while either testing or
calculations may document other components.
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In general instrumented test runs shall support and calibrate analyses of high cycle
fatigue, low cycle fatigue and creep. Components subjected to high cycle fatigue shall be
tested at all speeds in the operational speed interval with small separation steps ensuring
more than 10’ cycles at a possible resonance condition. In the case of shrouded blades
the Campbell diagram shall show the frequencies above and below the lock-up speed of
the blade, together with the blade lock-up speed. The lock-up speed in a shrouded
turbine disc is the speed where the blades become coupled to each other through the
outer shroud. This implies a change of blade dynamic characteristic and the natural blade
modes and frequencies will become different when passing the lock-up speed.

In general, the main aspects regarding turbine components design to be considered are
outlined below considering the turbine is installed in a floating structure.

Failure Mode and Effect Analysis

A FMEA of the turbine shall identify critical components and systems together with failure
modes and consequences. The analysis shall, as a minimum, cover the following as
applicable;

bearings,

seals,

lubricating oil/grease system,

control system,

control system power supply,

instrumentation system (e.g. vibration, temperature, pressure),

mechanical control system (e.g. variable guide vanes),

anti-icing system,

noise reduction system, and

inlet air / fluid systems (e.g. filtration).

Coupling shaft failure and its consequences shall be identified and documented.

Maintenance
As a minimum, the following aspects should be considered;

e assembly and disassembly process with tools and procedures, such as clearances, pre-
tightening procedures, torque limits, etc,

e time between inspection, overhaul and change out of major components, e.g. blades,
disks, etc,

¢ methods used to identify the remaining lifetime on the component, and

e acceptance and rejection criteria of major components, e.g. maximum blade crack
length, for acceptance without repair, with repair, and reject.

Overhaul is normally to be accomplished at the engine manufacturer's plant or at an
OEM's approved plant. It should include disassembly, examination, cleaning and repair of
the turbine engine and accessories.

See also Section 25.
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Functional Tests

Functional tests and collection of operating values shall be carried out. The relevant
results shall be presented. Component inspections after completion of the test program
shall be conducted.

Testing of operation at the limits of the protection system should be carried out.
Operation at the turbine overspeed limit is one such test that is normally required.

Lubricating oil pressure and temperature shall be monitored and recorded during the
test. The parameters shall be within the manufacturer's recommended values. The
recommended values shall be stated in the operating instructions.

Lateral vibration and vibration levels should be measured. A leak check shall be
performed prior to all runs. In general, no cracks or major wear shall be seen in rotating
parts after testing of a turbine. Minor cracks, indents or tear in uncritical stationary parts
may be accepted based on documented acceptance criteria.

Boroscope inspection of the turbine blades shall be conducted to the extent allowed by
engine design (e.g. boroscope ports placement).

Mounting System

The loads given in Table 17.3.6.2 shall be considered in the design of the mounting
system. Preferably, the turbine casing shall not absorb deflections in a floating structure.
This might, however, be acceptable if it can be shown by calculations that casing
deflections are within acceptable limits.

Operational loads Extreme loads
a. Maximum environmental conditions such as list | a. Forces derived from blade loss or, in the
and trim shall be considered for determination case of a centrifugal impeller, parts
of mass reaction forces. from one blade root failure.
b. Maximum operational acceleration loads. b. Any other extreme loads that may be
C. Reaction forces due to generator torque relevant for the individual application.

(including short circuit torque in case of
electrical generators).
d. Forces transferred to foundation members due
to deflection of floating structure.
Forces derived from interfacing components.
Pressure loads plus centrifugal loads
g. Any other operational loads that may be
significant for the individual application

S o

A combination of the above loads shall be considered

The following prevails for the worst expected operational loads (left column):

a. Turbine supports (struts) shall have documented an adequate safety factor (see Safety philosophy)
against buckling.
b. Stresses on foundation members shall be well below the fatigue curve for the material, and

maximum deflections shall be within limitations set by the turbine and adjacent components (e.g.
flexible coupling). In case of extreme loads (right column), the foundation integrity shall be
maintained.

Table 17.3.6.2 : Operational and Extreme Loads
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Inlet and Outlet Passages

The air intake shall be arranged and located such that the risk of ingesting foreign
objects is minimised. Depending on the arrangement it may require that a grid be fitted
on the air intake.

The inlet ducting and components in way of inlet airflow, such as filters, silencers and
anti-icing devices shall be constructed and mounted to minimise the risk of loose parts
entering the turbine. Icing at the air intake shall be prevented by suitable means, if
applicable.

When considered necessary, according to turbine maker’s requirements for inlet air and
fluid quality, the air/fluid intake system shall incorporate an effective filtration system
preventing harmful particles from entering the inlet. Pressure drop across filters should
be monitored. Corrosion and marine growth formation due to sea salt and other
substances should be considered for turbines using seawater. Water washing systems may
be required to remove salt encrustation.

Any active measures fitted in the ducts shall have a fail-safe action as to the integrity of
the turbine. Welds in inlet and exhaust ducts are not to be located in areas with stress
concentration such as corners and dimension changes.

Turbine Enclosures

In case personnel are allowed to enter the enclosure when the turbine is in operation, at
least two exits should be arranged in the opposite ends of the enclosure, or in a manner
providing easy escape routes from all relevant positions inside the enclosure. Signboard
to be displayed on all the enclosure doors to restrict or prohibit the entrance to the
enclosure during operation.

17.3.7 Power Transmission Using Gearboxes
17.3.7.1 Introduction

A complete reference to design, fabrication and testing of power transmission based on
gears can be found in DNV Ship Rules for Ships Pt.4 Ch.4. Information is also available in
the Guidelines for Design of Wind Turbines (DNV/Risg) and in the Recommendation to
Comply with the Requirements in the Technical Criteria for the Danish Approval Scheme
for Wind Turbines - Gearboxes Energistyrelsen - The Danish Energy Agency - Oct 2002.
The American national standard “AGMA 6006-A03 (2004) Standard for Design and
Specification of Gearboxes for Wind Turbines” is the most recent gearbox standard for
wind turbines.

As the gearbox is likely to be manufactured by sub suppliers some additional aspects may
need consideration. Requirements for reliability, robustness, flexibility of couplings and
protection against seawater ingress are issues that need consideration depending on the
regime for maintenance, access, monitoring and loading of different devices. Target
design life should be defined in order to give the required level of reliability.

When considering requirements defined in the DNV Ship Rules, depending on actual
operating and maintenance regime of the WEC, allowance should be given to the level of
maintenance possible in a ship as well as the level of monitoring and intervention
available in the ship. The implicit reliability of the gearbox as per requirements on the
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Ship Rules, is based on the importance of the component (related normally to propulsion)
and the level of intervention and monitoring available on board of the ship.

When considering the recommendations used for wind turbine, the target reliability of
the gearbox is in most cases based on the balance of manufacturing cost and
maintenance cost. However, the migration of the wind turbines from onshore to offshore
has added requirements on the gearbox reliability as well as maintainability and
condition monitoring as the access to wind turbines is not as easy offshore as onshore.
Furthermore, full load testing of gearboxes in the workshop as well as in the field have
more or less been standard procedure for the development of larger wind turbines. WEC
developers applying the requirements and experience for wind turbine should carefully
considered the differences on the environment where the gearboxes would be operating,
possible additional motions imposed to the gearbox as well as load input characteristics.

This Guideline presents some of the main issues and general guidance is providing
considering the requirements for vessels adapted to WEC, combined with experience
from the wind sector.

17.3.7.2 General aspects

The gearbox is to be designed for conditions relevant for the specific WEC design.
Conditions can be for example:

load conditions

power and speed

temperature

humidity

elastic coupling characteristics
damper characteristics.

The reliability and safety of components and complete units should additionally be
documented by means of approved tests or service experience. The use of service
experience will be very valuable especially if a relevant load history can be documented.
Relevant load history means a suitable operation period under running conditions similar
to the expected running conditions for the product to be accepted.

The main components for power transmission based on gears are:

e Shafts, couplings (rigid couplings as flange couplings, shrink-fit couplings, keyed
connections, clamp couplings, splines, and/or compliant elements as tooth couplings,
universal shafts, rubber couplings, etc), shaft bearings and shaft seals

e Gear transmissions (pinion and wheels, gear casing, shafts, bearings, clutches and
couplings, gearbox support)

e Lubrication system (filtering, cooling, sealing)

¢ Instrumentation (control and monitoring)

The power transmission should be checked for vibrations. Fatigue and extreme loads
should be considered in the design of the power transmission components such as shafts
and couplings. The loads acting on the shaft should be derived based on all relevant
conditions that the device is subjected. Requirements for materials and hardening
treatments for components in power transmission can be found in DNV Rules for Ships
Pt.4 Ch.2.
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For design of roller bearings reference is made to I1SO 281/1 and ISO 76 (static capacity of
rollers). Requirements for materials and hardening treatments for gear transmission can
be found in DNV Rules for Ships Pt.4 Ch.2.

For gears the load levels are the focus rather than the load ranges. Surface durability,
tooth strength, and scuffing load capacity are key elements for the gear capacity.
Damage such as wear, grey staining (micropitting) and fractures starting from flanks may
also limit the gear capacity. It needs to be mentioned that limited or no calculation
procedure are given for the associated capacities.

Surface durability and tooth root strength is discussed in Guideline for Design of Wind
Turbines, Classification Note 41.2 - Calculation of Gear Rating for Marine Transmissions
(CN 41.2), I1SO 6336. Scuffing load capacity may be calculated using the method described
in DNV CN 41.2.

The gear rating procedures given in CN 41.2 are mainly based on the 1SO-6336 Part 1-5
(cylindrical gears), and partly on ISO 10300 Part 1-3 (bevel gears) and ISO Technical
Reports on Scuffing and Fatigue Damage Accumulation.

For design of roller bearings reference is made to ISO 281/1 and ISO 76 (static capacity of
rollers).

17.3.7.3 Lubrication
Gears are characterised by relative motion of surfaces in contact under load. Separation
of surfaces by a thin film of oil is a key factor for smooth operation and reliable
functioning. Oils for gear lubrication have to meet different performance requirements
including: stability, resistance to foaming, separation from water and corrosion
prevention as well as the protection of the rubbing surfaces of the gear teeth.

Application of gearbox, characteristics of loading, maintenance and monitoring regime,
and consequence of failure are major factors to consider on the lubrication system. The
selection of lubricant depends on requirements for minimum operating temperature,
viscosity, viscosity index, pour point, additives, capacity to resist micropitting, costs,
gear tooth loads and pitchline velocity. Oil heaters may be needed depending on
minimum operating temperature, especially during start-up operation at low
temperatures.

Recommended criteria for acceptance of gear lubricants are given in Recommendation to
Comply with the Requirements in the Technical Criteria for the Danish Approval Scheme
for Wind Turbines - Gearboxes - Section 5 Lubrication as well as in AGMA 6006-A03 and
the Guidelines for Design of Wind Turbines - DNV/Risg Table 6-5 and are presented
below.

CARBON Page 64 of 210

— Guidelines on design and operation of wave energy converters, May 2005



Parameter Methodology Requirement
Viscosity (mmz/s) ISO 3104 +10%
Viscosity indices ISO 2909 Min. 90
Increase in viscosity of a test sample
Oxidation stability ASTM D 2893 oxidised at 121° C should not exceed

6% of reference value.

Corrosion properties, Iron

ISO 7120 (DIN51 355)

No rust after 24 hours with
synthetic sea water.

Corrosion properties, Copper

ISO 2160 (DIN 51759)

#1b strip after 3 hours at 100° C

Sequence 1: max. 75/10 10:00

Foaming properties ASTM 892 Sequence 2: max. 75/10 10:00
Sequence 3 max. 75/10 10:00

Load carrying propert Load stage min. 12

(Scufﬁng)y 8 property IS0 14 635-1

Micropitting resistance test FVA, No 54 Stage 10

Filterability ISO/DIS 13 357-1, 2 As stated in standard

Cleanliness ISO 4406 -/14/11

Table 17.3.7-1 - Recommended criteria for acceptance of gear lubricants

For gears with forced lubrication system the oil flow and pressure should be monitored. If
the pressure drops below the minimum specified the equipment should be shut down,
except if the forced system is used for oil cooling and the gear can work properly with
splash lubrication. However it is important that any drop in the oil pressure is indicated
in the monitoring system and identification of problem and rectification is provided
within a timeframe that will not affect the reliability of the gearbox. For non-pressurised
lubrication systems, oil level indication should be provided in way such that, during
maintenance, the level can be verified. Oil temperature should be monitored and any
temperature in excess of the approved maximum should result in automatic shutdown of
the system. In case of malfunction of monitoring system the equipment should
automatically shutdown.

The oil should be sampled during maintenance and its quality and cleanliness should be
checked against prescribed oil parameters. The tables with recommended cleanliness of
lubricants and properties of lubricants in operation, from the Recommendation to Comply
with the Requirements in the Technical Criteria for the Danish Approval Scheme for Wind
Turbines - Gearboxes - Section 5 Lubrication. They are presented below:
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Description Cleanliness ? | Conditions
Min. cleanliness of new lubricant whenever poured into the -/14/11

gearbox Workshop
Min. cleanliness before applying load -/14/11 conditions
Min. cleanliness during run in and tests (at stabilised conditions) -/15/12

Min. cleanliness at scheduled maintenance but not longer than 3 -/16/13

months for the first sample and the following at fixed intervals

typical 6 months Field
Min. cleanliness immediate after commissioning or repair of -/16/13 conditions”
gearbox/lubrication system

Action programme 1. See table 17.3.7-3 -/17/14

Action programme 2. See table 17.3.7-3 -/18/15

1) Field condition means that an oil sample is taken and subsequent analysed.
2) XX/YY/ZZ corresponds to number of particles per 100ml sample greater than 2um, 5um and 10pm respectively

Tablel7.3.7-2 Recommended cleanliness of lubricants

Action programme 1. Action programme 2.
Analyse parameter Normal Intensified monitoring. Lubricant has to be
New analyse cleaned or changed
Changes in viscosity from point Within Interval between Outside
of reference +10% +10% and + 15% +15%
Contaminants
- Water contents 1) (mg/kg) <200 < 500 > 500
- Changes in TAN (mgKOH/g) 0,5 <1,0 >1,0
- Cleanliness (ISO 4406) -/15/12 -/117/14 -/18/15
- Wear particles/contaminants
- Iron (mg/kg) <30 <50 > 50
- Copper (mg/kg) <10 <20 > 20
- Silicon 3) (mg/kg) <10 <20 > 20
Additives 2)
- Contents of EP/AW-additives > 50 % > 40 % <30 %
Oxidation stability 2)
- Changes in TAN (mgKOH/g) <0,5 <1,0 >1,0

1): Borderline only valid for mineral lubricants and synthetic lubricants type PAO.

2): It is recommended to use the IR-spectrum to measure oxidation products in the lubricant and

consumption of additives.

3): If Si compounds are used as anti foam additive, the figures may not apply.
Table 17.3.7-3 Recommended properties of lubricants in operation

Information on Shaft, Gear Transmission, Clutch, and Couplings is presented in
APPENDIX D - TECHNICAL CONSIDERATIONS FOR GEARBOXES

17.3.8 Flexible Hoses
Short lengths of flexible hoses can be used when necessary to admit relative movements
between machinery and fixed piping systems. The hoses with couplings needs to be of
independently certified and with adequate track record for the proposed application.
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Hoses of non-metallic materials used in systems containing flammable fluids or seawater
should have at least one ply internal wire braid.

In fresh cooling water lines the requirements above may be dispensed with provided that
an arrangement with an independent cooling system is provided. Rubber hoses with
internal textile reinforcement fitted by means of hose clamps may be accepted provided
the hose is a short and reasonably straight length fitted between two metallic pipes.

New types of non-metallic hoses with couplings should be subjected to a prototype test.
The bursting pressure should be from 2.5 to 4 times the maximum working pressure
depending on the standard applied. Reference can be made to APl RP 17B - Flexible
piping for design and fabrication of flexible hoses.

Fire tests may be required for hoses intended for systems conveying flammable liquids or
for use in seawater cooling systems.

Every hose should be hydrostatically tested at a hydrostatic pressure of 1.5 times the
working pressure.

Flexible hoses should be accessible for inspection. Means should be provided to isolate
flexible hoses used in systems for fuel oil, lubricating oil, seawater cooling and
compressed air. When used in systems conveying flammable fluids flexible hoses should
be shielded from hot surfaces and other sources of ignition.

Guidelines on design and operation of wave energy converters, May 2005
Page 67 of 210 I&



18

FIRE PROTECTION

Fire protection should be considered for protection of personnel during maintenance and
inspection activities and protection of the device during in-service and maintenance. The
evaluation of fire protection system requirements should be carried out during the risk
assessment. Due consideration should be given to health and safety requirements.
Temporary portable fire detection, portable extinguishers and ventilation facilities
should be installed prior to undertaking maintenance work within the device hull. Escape
routes identified with battery-backed illuminated markers should also be considered
depending on the size of the compartment and device size. If the device is fitted with
permanent firefighting facilities, manual initiation of firefighting should be available at
access points. In considering active fire fighting systems, due consideration must be given
to the effect on personnel, electrical systems, buoyancy and stability (if deluge systems),
etc.

0S-D301 provides the requirements for fire protection for offshore installations. In the
context of the wave device (unmanned installation, confined space and absence of
hydrocarbons) some of the combined requirements in Section 8 D200 and D300 should be
considered. Information on extinguishers is given in Chapter 2 Section 3 C. Fire detection
system requirements are given in Section 4. If the detection system is activated and due
to oxygen starvation (in a closed compartment) the fire is extinguished or made dormant,
special procedures for entry in the affected compartment should be considered.

Even a small fire involving synthetic materials (e.g. from electrical cables) cause
hydrochloric deposits on surfaces and equipment which will very seriously increase
corrosion rates, reduce tracking resistance of electrical insulating materials, and thus
reduce future reliability of equipment. Proper cleaning procedures using specialist firms
familiar with these aspects should be considered if required.

The requirements of the Confined Spaces Regulations 1997 (SI 1713) should be met (refer
to Section 27.7 under Confined Spaces Regulations item).

Operational implementation of fire precautions and procedures should be in accordance
with the guidance in 25.1.6.1 H&S Management System.
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19.1

19.2

19.3

INSTRUMENTATION AND CONTROL SYSTEMS

System Monitoring and Control

The requirements of instrumentation and control systems are addressed in 05-D202 and
Safety shutdown systems in 0S-A101. These documents have been written chiefly to
cover manned installations and should be read in that light, particularly with respect to
operator interface and maintenance issues.

The control and monitoring requirements for the WEC device should be summarised in a
Functional System Design (FSD) which describes the objectives and attributes of the
control system in terms of functional capability at locations (on-board, electrical
substation, control centre etc). The FSD may be prepared using Sections 2 and 3 of OS-
D202 as a check list.

For the general installation of instrumentation equipment and systems in a WEC device,
the reference in Appendix F contains aspects that should be considered. 05-D202 applies
to mobile offshore units. The standard provides guidance that may be used as far as
applicable. Selected items from the 0S-D202 contents list that may provide relevant
guidance is presented in Appendix F (F3  Instrumentation and Control Systems). This
will in many cases have to be modified or adapted to the WEC design being considered.

Control Hierarchy and Channel Separation

The central controller which communicates with the remote control location should be at
least a dual processor system designed to continue operation on the loss of one processor
or control link.

The control of each component should be independent and implemented separately in
such a way that:

e Control logic failure for one component (end element) does not directly effect any
other system component.

e Recovery mechanisms must be available should a software crash occur.

e When the remote control link is lost, local control is maintained.

e Start ups and restarts shall be possible without specialised system knowledge. On
power-up and restoration after loss of power, the system shall be restored and
resume operation automatically.

o If electrical power is lost, a mechanical mode of control must be available which will
prevent damage in normal conditions and allow survival of the device.

e Special arrangements should be made for vital control loops and data links

Internal Environment

Special attention should be given to effects on monitoring and control systems from the

following:

e vibration (wave slamming, sloshing of tank contents, local structural vibration,
impact, excitation from hydraulic, pneumatic and mechanical systems etc);

e temperature,

e humidity,

CARBOMN
TRUST

Guidelines on design and operation of wave energy converters, May 2005
Page 69 of 210 I&



salinity,

explosive gases (e.g. from trickle charging of batteries),

electromagnetic interference,

atmospheric pressure (may fluctuate in sealed compartments), and

assumptions on quality and variability of electric, hydraulic, pneumatic, light (fibre

optic devices) and power supplies.

The design basis for the device should consider the prevailing environmental conditions,
and categorise compartments and locations in terms of the environmental requirements
to be placed on the equipment and systems to be installed.

In the marine and offshore industry a wide range of equipment is available that has
already been Type Approved including Type Testing when relevant to specified criteria.
Such Type Approvals are available through a number of Classification Societies and
Notified Bodies under the EC directives.

The Type Approved instrumentation and certificates listed on the DNV website have been
subjected to environmental simulation testing according to the approval scheme in DNV
Certification Note 2.4 "Environmental Test Specification for Instrumentation and
Automation Equipment” and the conditions referenced in the relevant certificate issued

to the Manufacturer.

In specifying the internal environment that equipment should withstand, the following
extract from the DNV approach to ships and mobile offshore units may be relevant:

Parameter

Class

Location

Temperature

A

Machinery spaces, control rooms

Inside cabinets, desks. etc. with temperature rise of 5°C or more
installed in location A

Pump rooms, void spaces, rooms with no heating

Open deck, masts and inside cabinets, desks etc. with a temperature
rise of 5°C or more installed in location C

Humidity

Locations where special precautions are taken to avoid condensation

All locations except as specified for location A

Vibration

On bulkheads, beams, deck

On machinery such as internal combustion engines, compressors,
pumps, including piping on such machinery

Masts (or other external appurtenances)

Electro-magnetic
compatibility (EMC)

All locations except as specified for open deck

P[>0 @ |>|W(>|] O O] W

All locations including open deck

Table 19.1 : Parameter Class for Different Shipboard Locations

The environmental conditions are classified as follows:

Temperature

Class A: Ambient temperatures +5°C to +55°C
Class B: Ambient temperatures +5°C to +70°C
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Class C: Ambient temperatures -25°C to +55°C
Class D: Ambient temperatures -25°C to +70°C

Humidity
Class A: Relative humidity up to 96% at all relevant temperatures, no condensation
Class B: Relative humidity up to 100% at all relevant temperatures.

Salt Contamination
Salt-contaminated atmosphere up to 1 mg salt per m3 of air, at all relevant temperatures
and humidity conditions.

Oil Contamination
Mist and droplets of fuel and lubricating oil.

Vibrations
Class A: Frequency range 3 to 100 Hz
Amplitude 1 mm (peak value) below 13.2 Hz
Acceleration amplitude 0.7 g above 13.2 Hz
Class B: Frequency range 3 to 100 Hz
Amplitude 1.6 mm (peak value) below 25 Hz
Acceleration amplitude 4.0 g above 25 Hz
Class C: Frequency range 3 to 50 Hz
Amplitude 3 mm (peak value) below 13.2 Hz
Acceleration amplitude 2.1 g above 13.2 Hz

Electromagnetic Compatibility

Electrical and electronic equipment should be designed to function without degradation
or malfunction in their intended electromagnetic environment. The equipment should not
adversely affect the operation of, or be adversely affected by any other equipment or
systems used on board or in the vicinity of the device. Upon installation, it may be
required to take measures to reduce electromagnetic noise signals. See e.g. the DNV
Classification Note No. 45.1 “Electromagnetic Compatibility”. Such measures may be in
form of a list of electromagnetic noise generating and sensitive equipment, and an
estimate on required noise reduction, i.e. an EMC management plan. If using power
control equipment with thyristors, then non-harmonic content should be checked.
Testing may also be required to demonstrate electromagnetic compatibility, based on the
EMC Directive, which should be observed.

Inclination and Accelerations

Equipment designed for installation in ships will typically be designed for roll +/- 22.5
degrees, static heel +/- 15 degrees, pitch and trim +/- 10 degrees. If ship shaped units,
peak acceleration +/-1.0 g for length less than 90 m, and +/-0.6 g for greater length
should be considered. Roll period 5 to 10 s. For other configurations the specific values
should be calculated or derived from model tests.

Miscellaneous
Other environmental parameters may influence the equipment, e.g.;

fire,

explosive atmosphere,
temperature shock,

wind, rain, snow, ice and dust,
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19.4

19.5

19.6

19.7

audible noise,

mechanical shock or bump forces,

splash and drops of liquid, and

corrosive atmospheres of various compositions.

Software Development
Software should meet FDS requirements and be developed in accordance with the
following:

e A software lifecycle plan shall be developed which identifies all deliverables and
specifications in accordance with IEE 1228 and IEC 12207.

e The competence of the software development team should be established using
IEE/BCS/HSE Guidelines.

e A qualification approach according to RP-A203 should be considered, but as a
minimum a failure mode and effect analysis (FMEA) and/or HAZOP shall be
undertaken to systematically review the consequences of failure or anomalous
software behaviour for each software module and for the system as a whole.

The software shall be tested under all nhormal and reasonably likely abnormal conditions
(as identified in the HAZOP) to ensure that the expected behaviour is achieved.

Primary Data Link

The primary data link that provides the normal means of controlling the device should be
designed with appropriate redundancy and with a protocol which can deal with errors and
is able to maintain control on the loss of one link.

UHF Link

At least one of the telemetry and control links should be a radio link that should include
a safety shutdown loop that will shut down the device to a safe condition if the link is
lost for more than a pre-determined period. UHF telemetry link requirements for ESD and
similar safety related systems should be based on:

e OFCOM Performance Specification MPT 1411 and where systems are considered safety
critical, using the Safety Integrity Levels (SIL) arrived at in a formal assessment based
on IEC 61508.

The principal requirements of such a system are:

e Duplication of components, including power supplies with automatic changeover
during failure events.

e Power supplies to have battery backup.

e The telemetry link shall be duplicated throughout its length using two separate and
independent frequencies.

e Failure of one channel or a forced switch from one channel to the other should not
cause loss of the link.

SCADA System
The SCADA should meet the requirements of the FDS in terms of safety, reliability and
operational objectives.
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19.8

A number of options for the communication system associated with SCADA or data
collection systems are available including:

e Fibre optical
e Copper twisted pair (R5485)
¢ Radio telemetry

The choice will be influenced by the quantity of data, distance over which the data is to
be transferred and robustness required. One of the main advantages of optical and radio
systems is the inherent isolation provided. While optical solutions provide high band-
width over long distances they require more sophisticated jointing and testing is not
straightforward through sub-sea, umbilical and on-device cabling systems.

The design should consider the reliability required in the system and the use of the
system to alert operators to faults even if immediate shut down is not required.
Additional provision in the system may be justifiable if it enables the operator to restore
conditions in the device without costly intervention at sea.

Consideration should be given in the design of the SCADA and its communication system
to its use for voice and CCTV communications.

Adequate instrumentation and remote reading and control must be provided to enable
commissioning, monitoring and control of the electrical power generation and delivery to
shore. Remote access links should have appropriate security features to minimise
inadvertent operation.

Use of PLC’s

Many WEC devices may not require full SCADA systems so in those cases a suitably proven
PLC system should be specified. This should meet the requirements of the FSD and those
specific requirements described in Sections 19.2 to 19.6 and 19.8 that are relevant,
plus any specific needs from sections 19.9 and 19.10 that may be necessary.

Reliability Issues

If the device is normally unmanned and risks to personnel are low, the need for IEC 61508
type SIL assessment will be restricted to all but the most critical components such as the
emergency shutdown facilities. However, for commercial viability the reliability of the
electrical and electronic equipment within the device must be kept high, not only due to
the need to ensure continuity of output power, but also to keep intervention costs to a
minimum by extending maintenance intervals.

A high level FMEA or similar type of review should be undertaken after prototype testing
and before the device goes into production, in order to ensure all areas of poor reliability
have been identified during the test process. The identified areas can then be focused on
for more detailed analysis. For software, the lifecycle plan should also take this into
account. Where practicable, all equipment should be type-tested to a recognised
standard and be commercial off-the-shelf with a proven track record for reliability.

Electrical
As a minimum, single mode failures should be avoided through the test/analysis process,
and where this process has identified vulnerability, steps should be taken to prevent such
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failures occurring. Where this has been achieved by duplication and redundancy, checks
should be made that each element is totally independent of the other by separation of
equipment, cabling, auxiliaries and energy sources (batteries, fuel tanks and
accumulators). CO, or other similar fire fighting systems should be considered if the
internal compartment volumes are small enough. (See also Section 18).

Power factor correction capacitors for induction generators are considered to be
components requiring particular reliability focus. It is recommended that fast protection
be provided to remove them from the generator circuit should a capacitor fault occur.

Instrumentation

MTBFs for electronic and control components such as relays are usually quoted by
manufacturers and therefore it is not difficult to select only high reliability components,
provided the internal environment has been specified.

Separation and redundancy in instrumentation and control systems is equally important.
Even if a fault within a device not equipped with fire fighting facilities results in a fire,
some physical separation of duplicated systems may give vital additional time to transmit
data about the cause of the failure before the device is lost.

Software issues are covered in Section 19.4 .

Hydraulic Systems and Controls

One of the most critical aspects for power conversion based on hydraulic systems is the
control of hydraulic pressure. As with many control system, the reliability of the system
is essential and it needs to be established to all basic components as follows:

e The control valves and the associate solenoids - these will be the valves in the valve
block. The wave device will require these to be operating at a high number of cycles.
Therefore suitable valves will need to be selected for reliability. Cleanliness in the
system is also very important to avoid potential blockages.

e The logic of the power circuits needs to be designed taking all start-up scenarios,
including black start (no power available) shut down and emergency cut-out or stop
conditions into account, along with the various fault conditions that may develop.

e The front end controller - this is the control card which manipulates the valves in the
system. Fail-safe states need to be defined to ensure that any communication failure
with higher level devices will not cause undesired effects on the system. Limited
states in the system should also be taken into account when entering into survival
modes. The monitoring of these states and the reliability of the monitoring are also
important considerations.

e Sensing devices such as pressure/temperature transducers. Due consideration should
be given to what configuration or redundancy is required in order to achieve the
desired reliability target.

e Distributed systems with associated computer and network equipment. This is where
all the complex analysis can be performed and the control algorithm in the front-end
controller can be updated. At the same time the systems can communicate via links
with onshore stations. The key aspect for this layer of equipment concerns reliability
and availability. Consideration should be given to the level of redundancy required in
order to achieve the reliability target and how data should be managed in order to
achieve the optimum performance.
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e A computer management system onshore which communicates with the computer hub
at the device. This is the data management centre where new software can be tested
and downloaded to the computer at the device. It can also communicate with the
outside world. Because it is onshore and readily accessible, maintenance of the
system is easier.

Testing during qualification
The key aspect about testing a complex control system is preparation. A robust testing
programme should be established in order to address all performance and reliability
issues. These should include:

Response to communication failure.

Response to power failure.

Performance of the response - is the time from command to action taking too long?
Redundancy testing.

System stress testing (by introducing overload data onto the system to see how it
performs).

Communication protocol testing if it is a proprietary protocol.

e Software testing and validation.

19.10 Air Flow Turbine Control
The documentation of the control system shall, as a minimum, encompass the following;

transfer functions for control of turbine parameters,

results of open and closed loop simulation of turbine control parameters,
interface specification to control system superior to turbine control system,
listing of all turbine control parameters such as vibration, temperature, speed, etc,
alarms, step to idle and shutdowns (with set points as applicable),

normal and abnormal stop and start sequence,

load control,

automatic purge cycle,

other systems such as fire detection and prevention,

compressor surge control,

override functions (when applicable), and

minimum monitoring requirements are given in Table 19.10 .1.
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Control parameter Parameter value Action ¥

|Clogged air intake filter, differential pressure High Alarm

|Anti-icing system failure, pressure Alarm

|Lubricating oil, pressure LowLow-LowHigh Alarm Shutdown Alarm

Alarm Step to idle
Lubricating oil level Low Alarm
|Clogged lubricating oil filter, differential pressure High Alarm

|Turbine rotor overspeed HighHigh-High Alarm Shutdown

|Anti-surge system, if applicable Indicated surge Alarm

|
|
|
|
Lubricating oil, temperature | HighHigh-High
|
|
|
|
|

|Vibration HighHigh-High Alarm Shutdown

Inlet guide vanes, bleed valves, variable stator vanes
actual position not in synchronisation with command
value, as applicable

Alarm if anti surge system,
otherwise step to idle

|Bearing temperature (material or oil outlet) HighHigh-High Alarm Step to idle

|Thrust bearings temperature (material or oil outlet) | HighHigh-High

| Alarm Step to idle
|Power loss of control and monitoring system | Shutdown
|Failure to reach idle speed | | Shutdown

DAl "Step to Idle” to result in a "Shutdown" if the fault is still critical after a defined operation time at

Idle. Provided it can be documented that safety is maintained "Step to Idle” might be replaced with
"unloading to a safe power level",

Table 19.10 .1 : Monitoring Requirements

The control system shall be equipped with an uninterruptible power supply. Total loss of
control system power shall lead to a controlled turbine shutdown. Control systems shall
be arranged so as to allow local control and operation of the turbine, irrespective of the
state of the overall control system.

Turbine control systems shall be provided with hardwired (or equivalently fast) overspeed
protection preventing the turbine speed from exceeding the maximum permissible speed.

CARBON Page 76 of 210

o ot g

— Guidelines on design and operation of wave energy converters, May 2005




20

20.1

20.2

UMBILICAL CONNECTIONS

Design
The umbilical design, fabrication and operation shall generally be based on ISO 13628-5,
Part 5 ‘Subsea Umbilicals’.

Dynamic umbilical connections from the wave device to the seabed will be exposed to
environmental loading due to currents and direct wave loading as well as forced motions
of the floating wave device. The static and dynamic response characteristic of the
umbilical is similar to other compliant slender structures applied in the offshore in
industry (e.g. flexible risers, hoses and control umbilicals). Such structures may have a
pronounced nonlinear global response characteristic. It should be expected that possible
non-linearities are strongly system and excitation dependent.

The global load effect analysis should be conducted by means of Finite Element (FE)
computer software tailor-made for offshore riser applications. A Time Domain (TD)
solution scheme should be applied for dynamic load response analyses.

The global analyses shall cover all relevant static and dynamic load cases for the system.
Due regard shall be given to operational aspects of the floating wave device (e.g.
operational modification of the motion characteristics of the floating wave device to
optimise wave energy absorption). The load cases shall cover relevant extremes as well
as fatigue loading cases. Critical load cases during the installation phase shall also be
covered.

The guidelines given in 0S-F201 ’Dynamic Risers’ on global load effect analysis should be
adopted (especially those involving system modelling, non-linearities, analysis
methodology and model verification). Dedicated local analyses shall be performed to
establish load sharing between the internal components of the umbilical (i.e. to
determine internal stress/strain due to applied global load effect). Sufficient capacity
shall be documented for all internal umbilical components. Extreme load cases as well as
fatigue shall be addressed. Acceptance criteria shall be based on ISO 13628-5, Part 5
‘Subsea Umbilicals’.

Quick Disconnect Options
Commercial off-the-shelf underwater mateable connectors are commonly available.

It is important to note that these connectors are expensive high performance devices
normally specified for the defence and oil related industries, and therefore other
solutions should be considered where practicable. Some solutions may involve radio-
activated guillotines for which operational procedures require careful consideration.
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21.1

21.2

21.3

21.4

21.5

CABLE CONNECTION TO SHORE

General Considerations

Marine environment and underwater connections shall preferably be commercial off-the-
shelf type approved products with known quality, reliability and performance. The use of
plugs and sockets is acceptable provided:

They are suitable for their working environment.

They are keyed to prevent connection to the wrong circuit.

They are positively locked in position and not just a “push fit”.

Where large numbers and/or sizes of plugs and sockets are used (i.e. where mating
and disconnection forces exceed 10kg), they should be located in hydraulically
operated frames.

Terminal Boxes
Terminal boxes shall be commercial off-the-shelf type approved to the appropriate IEC
Standard and of suitable material and ingress protection for their location.

Cable Installation

The route of the cable must be planned to avoid hazards such as shipping lanes, fishing
grounds, rocks, wrecks and areas of high currents or shifting sands. Burying the cable may
reduce the hazard but will increase costs.

Installation, In-Service and Extreme Loading

Medium voltage cables are not designed to take significant tension or flexing loads and
therefore the site mooring facilities should ensure that cables experience loads well
within the maximum figures quoted by the manufacturer. Recommendations on stability
design of cables can be found in RP-E305.

Design and Strength

As stated in Section 20.1, the ISO 13628-5 Standard is to be employed. The standard gives
recommendations for the design, material selection, manufacture, design verification,
and testing of umbilicals (including a power cable from a floating WEC device).
Normative references/standards regarding electrical cables are included in this standard.

From a functional point of view the power cable shall be capable of withstanding all
design loads and load combinations, and to perform its function for the specified service
life. Furthermore, the cable shall have to operate at the specified temperatures, and the
materials must be compatible with the environment to which they are exposed. The
electrical cables shall be capable of transmitting power and signals with the required
characteristics. End termination interfaces with the umbilical components are a critical
area and should be addressed during the design review stage. End terminations and
ancillary equipment shall, as a minimum, meet the same functional requirements as the
umbilical/power cable.
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21.6

21.7

21.8

21.9

Fatigue Design

Fatigue design of cables can be performed following the same principles as used in RP-
C203. Where S-N data are not available fatigue test data should be derived and assessed
to achieve the same safety level as implied by use of RP-C203 for fatigue design.

Fabrication and Testing

EPR or XLPE (IEC 502) type technology is highly field-proven in submarine applications for
medium/high voltages (46-69 kV). Their advantages are that they can operate at high
temperatures (90°C) and at high electrical stresses. When cables are operated in a wet
environment, particular attention has to be paid to the reliability and long-term ageing
performance of the insulation under electrical stress. For XLPE, this generally requires
that an impervious metallic sheath (e.g. a lead sheath) is applied over each core to avoid
direct contact with water. EPR compounds (blended from different materials) can be
formulated in such a way as to give an excellent performance from both electrical
reliability and ageing points of view, thus removing the need for an impervious metallic
sheath. This is the so called "Wet Design” that could give significant advantages for cable
handling and installation, due to the reduced cable weight and dimensions.

Slip-rings and Other Critical Components
Electrical slip-rings normally require regular servicing and may not prove very suitable for
this service. However 11kV, IP66/7/8 devices are available.

Penetrations
There are a number of proprietary devices available and the choice will depend to some
extent on the application as follows:

Between bulkheads, Lycab and Hawke Transits are suitable up to water pressures of 5
barg.

e Hull penetrations. Junction boxes should be used where the interior is filled with a
suitable setting compound which will have been type-tested to the required degree of
watertightness. Hermetically sealed underwater mateable connectors may be used,
but may prove expensive for this application.

e Refer to 0S-D201 Chapter 2 Section 10 C 300 (Penetrations of Bulkhead and Decks).

See also Section 20.2 Quick Disconnect Options.

21.10 Cables and Umbilicals

Refer to IEC 60502 for cables and API 17E for umbilicals.

21.11 Protection Requirements

Protection relays should meet the requirements of BS EN 60255. As a minimum,
overcurrent and differential protection should be provided, with inter-tripping.
Generator protection will depend on the type of generator utilised, but statutory
requirements for connection of embedded generation is described under Section 17.2.2
Grid Connection above.
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22.1

MANUFACTURING

General Requirements

The requirements for fabrication and testing are, in general, in line with the
requirements for offshore installations. However, special considerations should be
implemented considering the access to structure and equipment / system during the in-
service life, the planned maintenance regime and required reliability of the device.

The particular expertise required of manufacturers of WEC devices will vary according to
the make-up of the device and power take-off system employed. However, suitable
manufacturers will be able to demonstrate and incorporate similar experience and track
record to enable successful manufacture of the WEC device.

Device manufacture may be by the owner or by an owner selected manufacturing entity.
It will probably consist of structural / equipment fabrications and sub-assemblies
combined to form the wave energy conversion system. Some sub-assemblies may be well
proven items and should be purchased or fabricated against existing codes. However,
most marine primary energy converters have only parts of their technology proven e.g. a
tethered buoy with untried technology in the internals. Hence the manufacturer should
participate as necessary in the Qualification process (see Section 4).

A Manufacturing Plan should be developed by the manufacturer of the device. This should
include all sub-assemblies and discrete parts which together make up the WEC device.
Where possible, the added value of the manufacturer’s production engineering expertise
should be incorporated to assist in driving down the device cost.

Particular efforts should be made to avoid any misunderstanding between purchaser and
manufacturer. This includes the interpretation of specifications and any other design
requirements. Meetings between the purchaser and manufacturer should be held prior to
the commitment of the order to facilitate these aspects.

A procedure to obtain purchaser permission for a repair in manufacture (e.g. to a casting)
should be agreed where appropriate.

Material Selection for the WEC device is dealt with in sections 10.1 Steel, 10.2 Concrete
and 10.3 Composites. These material selections impose levels of inspection and
certification which are reflected in this section.

Movement of partially completed structures should consider provisions from DNV Rules
for Planning and Execution of Marine Operations (load out, lifting, transportation - dry
tow or wet tow).

Testing of the WEC device, or part thereof, may be by the manufacturer or qualified test
house as appropriate. Procedures for factory/yard testing should be developed in a
timely manner and included in the manufacturing plan.

The quality and inspection of materials used in manufacture is covered in the
appendices.
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22.2

The testing and certification referenced in this section is required to establish
documented traceability of the material and fabrications used in the WEC device.

Manufacturing Surveys

22.2.1 Audit and Survey

The manufacturing facilities should be surveyed as part of the manufacturing selection
process. It is highly desirable, to improve effectiveness of audit activity, if the
manufacturer is accredited to work to the I1SO 9000 series of standards or an acceptable
equivalent.

After manufacture has commenced, interim audits of manufacturing should be carried
out to give assurance of manufacturing quality. This may be done by one or more of the
following means:

e Use of experienced third party auditor
¢ Internal developers audit team (subject to competence)
e Manufacturer or fabricator internal QA/QC system

Tests and inspections should be also adjusted to the required level of reliability.
Depending on the results of tests and inspections the level of inspection may need to be
increased. Fabrication procedures may need modification and personnel may need re-
qualification.

Supplier quality systems should also be confirmed by unscheduled inspections during the
manufacturing period.

22.2.2 Inspection

Inspection requirements for fabrication of steel, concrete and composites are covered in
0S-C401 Chapter 2, 0S-C502 Section 7. and 0S-C501 Section 11 respectively.

Inspection of steel fabrication should cover the following aspects:

correct identification and documentation and use of materials,

qualification and acceptance of fabrication procedures and personnel,

inspection of preparatory work (assembly, fit-up form work, reinforcement, etc.),

welding inspection (which must match the highest structural category of the items

being welded),

inspection of fabrication work for compliance with specifications and procedures,

e witnessing NDT, control and other testing e.g. material coupon and weld stress tests
(again reflecting the structural category of the item being inspected),

e inspection of repairs,

e inspection of corrosion protection systems, and

e functionality of examination or test equipment and of recording and/or measuring

devices vital for correct operation of equipment and machinery used in fabrication.

More inspection details are given in Appendix E for steel, concrete and composites as
well as equipment and systems.

Inspections during manufacturing have the objective of verifying compliance between
accepted / verified / certified designs and actual as-built structures and/or systems.
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Inspections can also be used to ascertain that the manufacturing process will contribute
to the required level of confidence on the performance (survivability and reliability) of
structure and/or systems.

In addition, the requirements defined below should be considered.

22.3 Steel Structures
When applicable, structural steel should be manufactured at works which are
internationally recognised (see 0S-B101 Chapter 3). Steel manufacturers are normally
approved by Classification Societies for steel to be used in ships or offshore structures.
For wave energy devices the same level of steel manufacturing approval should be
applied.

Steel should be certified and the certification scheme to be applied will depend on the
approval / verification / certification regime selected for the wave energy device. As a
minimum, it is suggested that steel materials shall be delivered with inspection
documents as defined in BS EN 10204 (or equivalent standard). The following level of
certification (listed in descending order of criticality) should be applied:

Material Structural
Certification process certificate cateqor
(EN 10204) gory

Test certificate
As work certificate, inspection and tests witnessed and 3.2 (old 3.1.C) Special
signed by an independent third party body
Work certificate

Test results of all specified tests from samples taken 3.1 (old 3.1.B) Primary
from the products supplied. Inspection and tests
witnessed and signed by QA department

Test report

Confirmation by the manufacturer that the supplied
products fulfil the purchase specification, and test data 2.2 Secondary
from regular production, not necessarily from products
supplied

Table 22.1 : Certification Process for Steel Structure

Inspection requirements for steel are given in APPENDIX E - INSPECTION.

22.3.3 Concrete Structures
Where appropriate, material certification requirements for concrete constituents and
reinforcements are given in 0S-C502 Section 4. A summary is provided here.

Cement is to be delivered with a mill certificate containing, at least, the following
information:

e Physical properties, i.e. fineness, setting times, strength in mortar, volumetric
stability, normal consistency and soundness.

e Chemical composition, including mineralogic composition, loss on ignition, insoluble
residue, sulphate content, chloride content and pozzolanity.
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The certificate should, in addition to confirming compliance with the specified
requirements, also to state the type and grade with reference to the approved standard
and specification, batch identification and the tonnage represented by the document.

Aggregates are to be delivered with a test report containing, at least, the following
information:

Description of the source.

Description of the production system.

Particle size distribution (grading) including silt content.
Particle shape, flakiness, etc.

Porosity and water absorption,

Content of organic matter.

Density and specific gravity.

Strength in concrete and mortar.

Potential reactivity with alkalis in cement.
Petrographical composition and properties that may affect the durability of the
concrete.

Additions shall conform to requirements of recognised standards, and only additions with
established suitability shall be used.

Relevant test report(s) from a recognised laboratory are to he submitted before use of an
admixture.

Reinforcement and pre-stressing steel shall be delivered with a Works Certificate. The
requirement for a Works Certificate may be waived if the reinforcement is produced and
tested under a national or international certification scheme, and all the required test
data are documented based on statistical data from the producer. All steel shall be
clearly identifiable. Components for the pre-stressing system are to be delivered with
Works Certificate, as are mechanical splices and anchorages.

22.3.4 Materials and Components

Requirements for certification of materials and components is given in 05-D101 Chapter 3
Section 1 C. Three levels of documentation, depending on the importance of equipment
and experience gained in service, are defined (in ascending order of importance):

Test Report (TR) is a document signed by the manufacturer which states;

e conformity with the rule requirements,
e tests were is carried out on samples from the current production of equal products.

The manufacturer is to have a quality system that is suitable for the kind of certified
product. The surveyor is to check that the most important elements of this quality
system are implemented and may carry out random inspection at any time. The products
shall be marked to be traceable to the test report.

Work Certificate (W) is a document signed by the manufacturer which states;

conformity with the rule or standard requirements,
that the tests are carried out on the certified product itself,
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e that the tests are made on samples taken from the certified product, and
e that the tests are witnessed and signed by a qualified department.

The manufacturer is to have a quality system that is suitable for the kind of certified
product. The surveyor is to check that the most important elements of this quality
system are implemented and may carry out random inspections at any time. The
component shall be marked to be traceable to the work certificate.

DNV Certificate (NV)/ Independent Third Party Certificate is a document signed by a
surveyor which states;

conformity with the rule requirements,

that the tests are carried out on the certified product,

that the tests are made on samples taken from the certified product,

that the tests are made in the presence of a DNV surveyor, a third party surveyor or
in accordance with special agreements.

Inspection requirements for materials and components are given in Appendix E.

22.4 Minimum Structural Requirements
Information regarding minimum requirements for the fabrication and testing of steel
structures is given in 0S-C401.

For composite structures information is provided in OS-C501. For concrete see 0S-C502.
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23

INSTALLATION AND RETRIEVAL, TEMPORARY PHASES

Requirements and guidance for temporary phases are given in DNV Rules for Planning and
Execution of Marine Operations. Recommendations and requirements in the rules shall be
considered in relation to structural and operational complexity, sensitivity and type of
marine operation to be performed.

Marine operations shall be planned and prepared to bring the device from one defined
safe condition to another according to safe and sound practice. The handled object shall
remain in a stable and controlled condition if a failure should occur.

The rules requirements are tailor-made to take into account special procedures,
environmental limits and weather forecasts. Risk assessments or HAZOP studies are
recommended for complex operations to reveal all possible hazards and their potential
consequences.

All possible contingency situations shall be identified and contingency plans or actions
shall be prepared for these situations.

A design basis, describing the basic input, parameters, characteristic environmental
conditions, characteristics load / load effects, load combinations and load cases, and / or
a design brief, describing the planned verification activities, analysis methods, software
tools, input specifications, acceptance criteria, etc, should be developed to obtain a
common basis and understanding all parts involved during design, engineering and
verification.

Most wave devices are expected to be wet-towed to and from location. Design and
procedure requirements are given in Part 1 and Part 2 Chapter 2 (for towing) or Part 2
Chapter 3 (self-floating towing). Tug capacity, towline design and attachments to
devices, operating reference period (planned operation period plus estimated
contingency time) should be defined as well as if the operation is weather restricted or
not (resulting in definition of environmental limits and design loads). Marine Operation
Manuals should be prepared. Considering that the operation may be repeated several
times, the manuals should be developed and maintained, incorporating lessons learned
and modifications for specific modification considering the different locations where
devices are to be installed. In cases where the device is lifted, requirements for lifting
are given in Part 2 Chapter 5. For activities requiring subsea operations (with objects
lowered, pulled down or ballasted from the sea surface to its final position at the
seabed), guidelines are provided in Part 2 Chapter 6.

Offshore installation (by launching or upending) is described in Part 2 Chapter 4.
Sensitivity studies should be carried out to evaluate the influence of variation of main
parameters in the outcome of the operation.

Requirements for structural design are given in Part 1 Chapter 4. Structures shall be able
to resist local damage without a total collapse, with structural components and details
designed to behave in a ductile manner as far as possible.

For stability and watertight integrity requirements during temporary phases, see item
above and Rules for Planning and Execution of Marine Operations. Special consideration
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should be given to aspects regarding preservation of equipment during installation of
device (not only survivability). For ULS and PLS load factors see Part 1 Chapter 4 Section
3.2.5. Resistance and material factors are given in Part 1 Chapter 4 Section 4.

Materials and fabrication requirements for marine operations are given in Part 1 Chapter
4 Section 4.2.

System and equipment used for installation shall be selected based on a thorough
consideration of functional and operational requirements for the complete operation.
Emphasis shall be placed on reliability and contingency. All essential systems, parts of
systems or equipment shall have back-up or back-up alternatives. Necessary time for
change over operations shall be assessed.
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24  COMMISSIONING AND HANDOVER

By definition, commissioning is the process that starts at mechanical completion, which
must be verified by a comprehensive check and inspection of all systems. It involves
testing and recording the functioning of the components and systems on a planned basis
and the full integration of them into the overall working device. In the case of WECs, the
moorings, foundations and installation or deployment process should be included as an
important part of the commissioning activity. The collation of full documentation on all
systems and the preparation of this documentation for handover to the operator with the
device, both form key aspects of the handover process. This includes a comprehensive
dossier of completed signed test records for operational, diagnostic and maintenance
purposes at the end of the commissioning phase.

A comprehensive dossier of completed signed test records should be available for
operational diagnostic and maintenance purposes at the end of the commissioning phase.

This section provides an overview of commissioning methodology and it is advised that a
dedicated commissioning manager be required to act as focal point for the activities.
These activities are broken down into a series of logical steps recommended on the basis
of experience gathered mainly in the energy sector industries and described below.

NORSOK Z-007 (Mechanical Completion and Commissioning) provides information and
typical lists regarding commissioning philosophy and methodology as well as typical check
lists.

As much commissioning as practicable should be undertaken onshore or at quayside prior
to deploying the device.

24.1 Commissioning Plan
An overall plan (in linked bar chart form) for the commissioning process is essential due
to the detailed nature and complexity of the task. Preparation should be carried out and
progressed against this plan. Commissioning activity requires an early input at design
stage of the device(s) to do three activities (see 24.1.1):

e defining the systems and sub-systems;
e ensuring that a feasible logical sequence for commissioning is practicable; and
e defining the documents required for handover.

Due to the potentially restricted space available in the device, a detailed commissioning
plan should be drawn up, which should include pre-commissioning of individual pipe-runs
and circuits, and take account of commissioning sequence and workspace requirements.

The next stage of the commissioning process, beginning at a suitable time before
mechanical completion, is the detailed definition of the commissioning workscope and
indexing of the system manuals (see 24.1.2).

24.1.1 Activity Early in Design Phase
a) Systems Definition
A system, in this context is a part of the whole device that has three attributes viz.:
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e It may be identifiable clearly and unambiguously on the schematic diagram(s) of the
device. The diagrams may involve wiring, fibre-optic, piping, mechanical or radio
links or other types of interfaces. The whole of the device schematics should be
broken down into these identified systems

¢ Next, the system should be commissionable in a stand-alone sense. That is, such that
system connectivity may be proven, the functioning of the components or subsystems
proven to the extent that, when the system is joined in context with its neighbouring
systems, the combination may reasonably be expected to operate.

e Lastly the system should be isolatable from pressure, fluid flow, electrical power so
that the system can be considered as an entity.

When these three attributes are met, a system is defined. For example a “hydraulic”
system may be defined as the flange limits of the accumulators, pumps and valves up to
the hydraulic inlet to a generator hydraulic motor, plus the interconnecting piping and
valves with the directly coupled controls. The hydraulic motor is likely to be considered
as part of the generator system, as once the motor is live to hydraulic pressure, the
generator starts to function, and is, most properly, part of another system called
“generation”. In this way a logical split of systems which together make up the whole
device can be defined. These systems are then given a number as well as a title and the
numbers are used for all documentation created that concerns that system or elements
of it. Documentation here means procedures, plans, job cards, component manuals, test
certificates etc.

It should be borne in mind that moorings, substructures or fabricated items may
constitute systems - there will be documentation, drawings and test certification and
perhaps verification reports associated with structural items. It is most convenient to
hand these over as a system.

b) Commissioning logic sequence

Once the systems are defined, a sequence for their commissioning is required which is
logical against a variety of rules. Examples of rules may be - system A is needed to be
activated to power, drive or permit system B to be activated or System X is a safety-
critical system that must be commissioned prior to any other.

The rule base is wholly dependent upon the nature of the device and the types of
components and systems that are part of it.

The system break down should be agreed with all disciplines involved in assembly,
commissioning and operations and maintenance.

¢) Documentation Requirements
Each system should be fully documented for handover to the operator. This requires as a
minimum that the following generic types of documents are collated within a system file:

e Technical Specifications - for main equipment and materials raised to “For Purchase”
status.

e Design Drawings raised to “As built” status for piping, instrumentation, electrical
systems, equipment layouts, general arrangements, fabrication details, schematics
and connection diagrams.

e Purchase Orders - full copies are necessary to enable easy re-order in future or if
required to facilitate future licensing of manufacture of the device.
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e Warranties for all equipment - care should be taken at the PO stage to ensure that
warranties actually cover operation rather than be wasted away in storage at the
fabrication yard.

e Manufacturer’s manuals - these should include, at least, Health and Safety
instructions and procedures, Operating instructions and Maintenance manuals that
fully describe the equipment and the maintenance procedures and schedules
recommended by the manufacturer. (NB the latter may be incorporated into an
overall schedule - see Maintenance section 26.2)

e Manufacturer Recommended Spares - lists of commissioning and insurance spares
should be provided.

e Test sheets and Test certificates - whether from factory acceptance tests or site/field
testing should be signed and witnessed by a competent independent person as the
tests are done and collated into the system files. It is a matter for designer and
operator to agree the nature and percentage of tests that should be witnessed.

e Instrument calibration data and traceability - some instrumentation may require
specific calibration to a particular standard in order to fulfil its function. Such
requirements should be addressed early as they can seriously impact delivery periods
and should therefore be planned carefully to align with installation and
commissioning.

¢ Handover Exception Lists by System - inevitably there will be some shortcomings in
the test data and/or missing items of documentation. Typical exception lists should
have no more than four or five items outstanding, or it means the system is not ready
for acceptance. Lists of such exceptions that may be expedited and signed off by the
recipient as exceptions are cleared.

If all systems have the above documents complete, they are ready for acceptance (See
24.2 c) below).

24.1.2 Activity Ahead of Mechanical Completion

Some three months (depending on the device detail) prior to the date of mechanical
completion, a small multi-disciplinary team must address the following tasks:

a) Procedures

It is usual to develop a general commissioning and handover procedure that describes
the overall commissioning activity. In addition, each system of any complexity may well
require a sequenced method statement giving the detailed steps to commission the
system. This should be in a form that can be “ticked off” as each step is completed and
any exceptions noted. These procedures should be prepared in advance during this
detailed planning period.

b) Job Cards

Depending on the scale/number of the device(s) being commissioned; a commissioning
contractor will need to evaluate the resources needed to execute the task. This requires
each smaller activity that needs technician or fitter support to be defined and the man-
hours evaluated on a “Job Card”. Some of these will be bespoke; others may be repeats
of standard tasks, which must be counted for the complete device(s). The aggregate of
job card labour calculations will give the resource to be supplied by the contractor and
allow work to be scheduled.
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c) Handover forms

This is a form that is usually prepared for each system. It gives system number and name,
references any specific procedure and the exceptions list and contains “offered by” and
“accepted by” signature boxes. All system handover forms must be accepted prior to
offering the whole device for handover. Generally the operator will wish to operate the
device for a short proving period to iron out any early faults.

d) System manuals

The documentation as listed in 24.1 .c) should be collected as received and collated into
files designated for each system. It is preferable to expedite missing documentation from
Vendors from as early as possible to avoid a backlog at handover.

24.1.3 Mechanical Completion

24.2

At the mechanical completion stage, a number of checks should be performed to ensure
the integrity and completeness of the final assembly. These include:

e Mechanical - e.g. dimension check, alighment check, cleanness of equipment, correct
orientation, correct labelling, secured fastening, etc;

e Electrical - continuity check, earthing check, insulation of cables/generator/
transformer/motor, static check of switches and control devices, battery preparation,
lighting and socket outlet check, etc;

e Instrumentation/Communication - calibration of instruments, correct setting of
instruments, loop testing, etc;

e General - suitable access and work area; cleanness of areas, adequate painting and
preservation, correct provision of emergency and safety equipment, etc.

Commissioning Implementation

Once the documentation described in 24.1 is prepared the focus of commissioning shifts
to physical implementation. The definition of roles and responsibilities is vital even if the
handover is an internal one where the technology developer is also the operator of the
devices. The formal steps of handover should be executed and recorded so that the
subsequent audit trail is available. This is a basic requirement of an ISO 9000 series QA
system. The tasks below should now be executed.

24.2.1 Organisation

The commissioning organisation should be led by a Commissioning Manager (CM) who
should be responsible to the Operator, as ultimate client. There should also be an
opposite number from the Constructor of the device who may be a fabricator or
construction contractor and who is responsible for making the offer of the device, on a
systems basis, to the CM.

Under the organisational arrangements, the CM will normally require access to discipline
engineers from the designer and fabricator/manufacturer to query any technical
discrepancies or missing data. Again, depending on the scale of the task, one or more
field engineers will be needed to assist the CM in the checking of physical plant and the
collation of documents. Access to technician and fitter resources from the fabricator will
also need to be available to the CM to assist with tests and rectify faults. A person
responsible for maintenance of the Health & Safety regime should also be available to the
CM as well as reporting to the Operator directly.
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24.2.2 Punch-Listing

This is the activity involved in detailed checking of the physical plant and equipment as
well as the documentation. It should be reported on following the structure of the
defined systems of the device(s). The activity commences close to mechanical
completion in conjunction with the fabricator and under a permit-to-work regime to
control health and safety aspects. It is intended to ensure an agreed definition of
“Mechanical Completion”, from this point on responsibility for the device should be in the
charge of the CM who will commission and prepare it to offer to the operator.

Lists of faults by system should be prepared and worked through as part of the
commissioning process.

24.2.3 Exception listing by system

As each system is commissioned by the CM and his team, following the pre-prepared and
agreed procedures, any outstanding minor faults and documentary errors or omissions
should be developed for each system. The CM and the Operator must make judgements
about what is acceptable, but a list of five items per system is a practical guide.

24.2.4 Preparation of handover documents

As each system’s exception lists are completed they should be attached to a system
Handover Form which has the “Offer” Portion filled out and signed by the CM.
Accompanying this form should be the completed documentation in a manual. It is usual
to collect these together for the whole device rather than try to transfer them
piecemeal. The Operations Manager will accept the system by signing off the forms and
the individual items of the exception lists as they are cleared. A weekly meeting is the
usual vehicle for this activity at which any areas of dispute can normally be resolved. Also
included with handover are the remaining commissioning spares and insurance spares for
all systems. Operators will need to ensure they have storage facilities available for
spares.

24.2.5 Document Checks and Audits

Clearly the Operator cannot be expected to read and confirm every page of every
document on a real-time basis at handover and contractual arrangements should
recognise this practicality. However, the Operator does need to make some checks on
documents received and the following suggestions are relevant:

e a high level scan for completeness against the document index

e take a sample of a selected system or a number of selected documents and review
them in-depth for completeness. If unacceptably high levels of error or omission are
found a further larger, sample should be taken and if that also shows unacceptable
levels of error, consideration should be given to a full re-work by the Commissioning
team.

Large and mature Operators often engage an independent consultant to carry out a post-
commissioning audit, which would include physical plant and documentation. This is a
matter for the Operator’s decision.

Once all the above procedures and activities have been completed, the device is
commissioned and accepted for handover. One important aspect of WECs is that full and
final proving of control systems and generators may not be possible until the device is on
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station. The transportation and installation of WECs are covered in separate section of
this Guideline (see Section 23).

Note that handover in the sense implied in this section is not the same as the legal
transfer of the device as an asset. Companies have their own rules and procedures for
this and they are outside the scope of this Guideline.

24.2.6 Security of Logging Facilities
Recording facilities require back-up arrangements wherever they are located. Some
logging facilities may need to be located on the device itself in the form of
damage/water resistant black boxes, depending on the degree of risk that all links with
the device may be lost.
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25

25.1

IN-SERVICE PHASE - OPERATIONS AND MAINTENANCE

Operations

Developers of WECS technology may opt to license the manufacture of devices and may
intend to sell machines to project developers rather than operate themselves. However,
almost every developer will, in the testing and proving phases, need to operate one or an
array of devices themselves to fully understand the operating modes of the machine. This
section is intended to remind developers of operational issues and approaches that they
need to prepare for to execute that part of the development process. A major focus of
operations is health and safety and this is dealt with in more detail in Section 25.1.6-
Management Systems (below). New operators and project developers will need to make
arrangements along the lines set out below.

The main objectives of the operational phase should be borne in mind through the design
process. An early draft of an “operational philosophy” is a valuable design document to
ensure that design intent is directed to meet operational needs.

25.1.1 Organisation

An organisation should clearly reflect operational responsibilities. An Operations Manager
would normally be the focal point responsible to the Board for the daily running of the
operation. The Board should ideally include a director responsible for health, safety and
environmental issues and a director with a technical background (the nature of this should
reflect the company’s philosophy for deploying or manufacturing its devices).

Where manufacturing is a significant activity of the company, as distinct from licensing
technology to other manufacturers, a Quality Manager is essential. Production engineering
is another skill worth adding to the organisation in that case.

Where the company chooses to operate a number of devices, a maintenance manager
function would be required, depending on the scale of operations this may be combined
with other responsibilities.

The remainder of this section assumes that the Company will operate a number of devices
as a key part of its activity as well as be closely involved in manufacture.

25.1.2 Routine Operations

24 Hours per day Supervision

A system for continuous supervision of the devices must be provided. This does not
necessarily mean a fully manned control centre, unless that can be justified by the scale
of the operation. It should be possible to utilise communications technology to provide a
secure supervision and monitoring service by the use of a SCADA system.

Secure means of collecting and storage of data is assumed (see Section 25.2.6). A
competent responsible person must also be available around the clock to investigate and
respond to any external reports that may come into the company. This includes initiating
appropriate emergency responses (see 25.1.7 below).
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Data and Event Logging

Logging of operational data is essential, particularly during prototype testing, and care
must be taken to ensure that all essential parameters (identified throughout the design
process) are recorded. Some of the key parameters to be considered include:

reservoir oil pressure and temperature,

ram oil pressures and temperatures,

generator output current, voltage and power factor,
transformer temperature,

UPS and battery voltages and currents,

status of control and communications equipment,
status of any critical valves

fault and trip status of protection devices,
hydraulic motors - rpm,

turbine key parameters (speed, vibration, lubrication) ,
structural response, and

motions.

Written Log Book

It is normal practice that in addition to event logging and data recording carried out by
an automated data collection system, a logbook of key events and work carried out will
be maintained. Logbooks should be stored for a number of years to assist with
investigations and as part of quality system documentation (see 25.1.6.3)

Liaison with Authorities and Related Operators

An important part of operational discipline is to maintain communications with, other
offshore operators, national and local electricity network operators, the national industry
regulator (eg Ofgem in UK). Facilities and organisational arrangements must be put in
place to ensure these relationships can be maintained effectively.

Regular Inspection of Sites and Equipment

It is important to ensure that sites are inspected and equipment observed at regular
intervals. Appropriate technology such as CCTV or webcams should be utilised where this
can be justified or is required for security reasons.

25.1.3 Control of Work

It is essential to control all work carried out on the WEC system and the control and data
collection facilities using a permit-to-work system. This will normally be part of a health
and safety management system (see 25.1.6.1). In general all work should be planned in
advance and agreed with the Operations Manager who is responsible to ensure safe work
systems and to co-ordinate separate tasks effectively. Appropriate documentation should
be provided to maintain control of activity and record outcomes.

Routine repetitive tasks should be subjected to a standard task risk analysis (TRA) using
the guidelines published by the UK Health and Safety Executive (HSE publication INDG218
revised January 2004) or equivalent.

Certain tasks and activities in WEC operations involve higher than normal risk levels and
merit special attention. Examples include (but are not limited to): work over water;
entry into the confined spaces often found in WEC devices; operatives working alone (in
an onshore context - no-one must ever be allowed to work alone offshore); diving
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operations and emergency conditions that are far more difficult to deal with offshore
such as evacuation of a casualty (Casevac). Particular attention must be paid to such
eventualities in planning for the tasks and preparation of the permit to work. Appropriate
safety measures must be included and emergency plans must be in place (see Section
25.1.7).

25.1.4 Offshore Operations

If the developer of technology is operating a device or array in a designated area of sea,
then the developer has a degree of responsibility to co-ordinate ship movements and
activity in the vicinity of the WECS devices. It should be borne in mind that the Master of
every vessel is solely responsible for the safety of his vessel and crew. His judgement is
final and cannot be over-ridden by a separate organisation onshore. The International
Maritime Organisation (IMO) publishes the full contents list of the “Safety of Life at Sea”
(SOLAS) protocol, 1974 and amendments, on its website www.imo.org that should be
referred to for guidance. The Maritime and Coastguard Agency (MCA www.mcga.gov.uk )
is responsible for implementing the UK Government maritime safety policy, which
includes navigation, ship operation and prevention of pollution by shipping. Marking and
delineation of designated sea areas and navigation aids is a matter for Trinity House - the
General Lighthouse Authority for England, Wales and the Channel Islands
(www.trinityhouse.co.uk ) and the Northern Lighthouse Board (www.nlbcorp.com) for
Scotland and the Isle of Man.

However, the two topics below are worth specific mention.

25.1.4.1 Communications with Offshore

Communication must be maintained with a suitable marine band VHF radio transceiver so
that all offshore operations can be conducted effectively and the emergency channel
(Channel 16) can be monitored during offshore operations.

25.1.4.2 Co-ordination and Simultaneous Operations (Simops)

All offshore activity should be subjected to a discipline of planning and co-ordination.
This applies to regular and non-routine activity. Developers should ensure that proper
ship/ship and ship/shore communication is established and the appropriate procedures
followed for such work.

Specifically, where multiple vessels are involved in an operation, or in separate
operations in close proximity (Simops), co-ordination must be established through
planning and close adherence to agreed procedures. In ideal terms Simops should be
avoided but this is not always possible therefore procedures must exist to deal with such
eventualities..

25.1.5 Non-Routine Operations

These operations are essentially “one-off” activities for which a unique, itemised method
statement shall be prepared in advance for comment and agreement by all parties
involved. It is normal to consider start-up, shutdown and other more major operations
that are repeated in the “Non-Routine” category. This ensures the level of attention and
focus that are appropriate to these operations.

Where necessary, a review of the work by face-to-face meeting should be carried out
and time for this should be built into planning schedules for work of this nature. A permit
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to work should describe the scope of the task(s) clearly and relevant procedural
documents should be attached to the permit. Roles and responsibilities should be
carefully defined and agreed by the involved parties.

The notes in Section 25.1.4 are also relevant to these operations.

25.1.6 Management Systems

Management systems are documentary statements of how key aspects of operations are
managed that allow third parties to understand and audit activities and performance
against them. They represent the best method by which to communicate externally how
a company is managed. There are recognised standards (see below) for these systems
which may be used for guidance or under which the operator may seek registration from
a qualified accreditation body if they wish to do so. The Management Systems are
structured in four discrete levels:

Level 1 Policy Statement - outlines the commitment and intent of the company

Level 2  Arrangements to implement the policy - often as a manual (similar to the
Operations Manual used by offshore operators)

Level 3 Procedures - covering the main activities (including O&M manuals for
equipment and systems etc)

Level 4 Records - maintaining an audit trail of implementation and activity (may be
used for safety, technical or QA audits)

The sections below describe specific types of management systems that developers may
wish to consider adopting.

25.1.6.1 H&S Management System

A Health and Safety Management System (HSMS) is a key requirement for a company
operating in the marine environment. It provides a framework for managing activity that
carries significant human and business risk and a means of systematically identifying,
ameliorating and monitoring that risk against a goal-setting approach to health and
Safety. Most importantly, the HSMS is a method of ensuring that legislative requirements
are met by the company, although regular update to keep abreast of changes is needed
to make this effective. The Operations manual will normally be a key element of the
HSMS, alternatively, the management systems for H&S, Environmental and Quality can be
combined into an Integrated Management System (IMS).

The common standard specification used is OHSAS 18001 (see www.bsi-global.com for an
introduction). BSI have also produced OHSAS 18002 which gives commentary on the
requirements of the specification and guidance on how to develop and implement a
compliant management system. More information is available on the BSI website.

Other relevant references include NORSOK Standard S-001 “Technical Safety” and DNV
0S-A101 “Safety Principles and Arrangements”. These are oriented towards offshore
installations for hydrocarbons drilling or production, but contain helpful guidance.

25.1.6.2 Environmental Management System
An Environmental Management System is a helpful tool to focus a company on proper
environmental performance and to show externally, commitment to concern for the
environment. For a company involved in sustainable energy, it is highly advisable to
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operate to an international specification. The specification in this case is BS EN ISO
14001:2004, which, together with the associated guideline documents, can be accessed
via the BSI website.

25.1.6.3 Quality Management System

Whilst a Quality Management System (QMS) is not essential to a technology developer
who is less involved in design or manufacture, it represents a means of establishing a
management discipline that fits the processes of the business and does not encroach on
other areas. The commonly used specification is BS EN I1SO 9000:2000 which describes the
fundamental aspects of a QMS and may be accessed via the BSI website. The companion
documents are: BS EN 1S09001:2000 that describes the main quality management
principles that influence company performance viz:

Customer focus

Leadership

Involvement of people

Process approach

Systems approach to management
Continual improvement

Factual approach to decision making
Mutually beneficial supplier relationships

Also BS EN ISO 9004:2000 that widens the objectives of the QMS to other interested
parties (that is, other than customers) and organisational performance improvement. The
latter two standards are complementary and may also be adopted separately.

BSI publish a useful document giving guidance on how to become registered under the 1SO
9000 series (ISO 9000:2000 Achieving Registration, ISBN 0 580 40499 4) which is a suitable
starting point for organisations deciding about registration and its potential value to the
business.

25.1.7 Management of Emergencies

Provision for emergency situations is an essential part of managing a continuous offshore
operation. A series of emergency response procedures are necessary which cover all the
eventualities identified in a “Hazard & Risk Analysis” (HIRA) session. HIRA is conducted in
a facilitated multi-disciplinary group using a formal risk template identifying hazards in
response to a series of key words.

Each risk is quantified against a matrix of probability and consequence, ameliorative
measures are identified and an assessment of the residual risk made. The risks and
residual risks are classified into high/medium/low - the latter require no action, a
number of medium risks may be acceptable, subject to appropriate management
provisions. Any remaining high residual risk must be examined and specific management
agreement sought to continue with it, together with measures to control it under
particular circumstances. Such a risk should be regularly re-evaluated and considered in
the light of any other event or activity that might affect the risk area.

Emergency Response Procedures should fulfil the following criteria:
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e Cover the credible incident situations (eg collision, man overboard, mooring failure
etc)

¢ Involve communication with all relevant external bodies (emergency services,
hospital, diving medical support, local authorities etc)

e Provide clear guidelines to assist the person responsible for action to think rapidly
and clearly (check-lists, pre-prepared forms for records etc)

¢ Recognise the responsibilities of statutory authorities eg MCA for mobilising search
and rescue services.

e Contain all contact information to enable notification to be carried out rapidly.

e Be readily available to all the operational staff who may be called upon to deal with
the emergency.

e Clearly define the levels of responsibility within the organisation for taking decisions
related to emergencies.

One of the key requirements is rapid, effective communication - this should be tested in
conjunction with the services and authorities involved in simulated exercises from time
to time.

It may be most convenient to include the Emergency Response Procedures in the HSMS.

25.2 Maintenance
It is most important for personnel safety to be fully recognised in maintenance
procedures and operations.

Assistance for safe (maintenance) workplace operations may be found in HSE publications
at www.hse.gov.uk

It is also necessary to recognise that difficulties may be imposed by the WEC device
operating location. For example, there will be difficulty in approaching the WEC device
in rough seas. Further there may be difficult or limited access to the device because of
its necessary location to gain best advantage from available wave energy.

A Maintenance Plan should be written for the WEC devices which addresses planned and
breakdown philosophies

Specific requirements, philosophy and guidance for in-service inspection, maintenance
and conditional monitoring for concrete structures are described in 0S-C502 Section 8.
For composite structures see 0S-C501 Section 12.

25.2.1 Procedures for Inspection, Repair and Maintenance (IRM)
Procedures for maintenance, inspection and repair should be developed at an early
design stage. Consideration should be given to access to areas to be inspected and the
extent, frequency and choice of inspection methods.

25.2.2 Reliability Centred Maintenance (RCM)
The methodology developed to optimise the preventive maintenance activities are based
on the theories of Reliability Centred Maintenance (RCM). This means that the
maintenance strategy is established on the basis of a systematic evaluation of failure
modes and their effect for instance on safety, production loss and asset cost, or
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environmental criteria. This activity connects very well with tasks carried out during the
Qualification process (Section 4).

The actual risk evaluations and recommended strategies are based on the common
experience of the members involved in the process. They also take into account generic
information from reliability databases such as the offshore industry OREDA database.
OREDA (Offshore Reliability Data Handbook) provides detailed reliability data for
machinery, electric generators, mechanical equipment and control and safety equipment
for application in reliability, availability, maintainability and safety (RAMS) plans.

The maintenance strategy is based on the following principles;

time based (calendar or running hour),
condition based,

functional testing, and

corrective strategies.

For wave devices, maintenance may strongly depend on access to the device and it is
likely that weather window for access to the devices will not be easily available (and
difficult to forecast) during certain seasons of the year. Thus, the maintenance strategy
needs to consider this important issue.

The methodology is used to arrive at an optimum maintenance strategy based on a risk
assessment of systems, equipment and components taking into account the probability of
possible failures and all associated consequences such as risk. This process always
demands participation of experienced operators. Their participation improves the quality
of the RCM evaluations, and it enables the group to transform the results to practical
activities in the maintenance program.

Considering the novelty aspects of the wave devices, there is a limited amount of
operational experience in this sector. It will be necessary to apply amalgamation of
experience from prototypes, due consideration of results from the Qualification process,
in addition to experience transferred from other industries. The detailed approach in
RCM analyses will change during the process in order to be tailored to the needs of the
particular device.

There are several references that can be used for this approach:

e |EC 60300-3-11 (1999) Dependability management - Part 3-11: Application guide -
reliability centred maintenance.

e SAE-JA1011 (1999) Evaluation criteria for reliability-centered maintenance (RCM)
processes.

e SAE-JA1012 (2002) A guide to the reliability-centered maintenance (RCM) standard

e Reliability Centered Maintenance - Guidance Notes (2004) American Bureau of
Shipping.

25.2.3 Task Risk Assessment
It is industry best practice to carry out risk assessments of all maintenance procedures.
These procedures may be grouped into generic groups to streamline the risk assessment
work.
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A useful publication for assessing risks in the workplace is the HSE guidance document
INDG163(rev1) first published 5/99, reprinted 7/03. This gives a 5 step guide to
identifying and assessing the risks which may be involved in any workplace operation
(including for maintenance).

Risk assessment is first addressed during the design phase; please refer to section 7 of
this Guideline.

25.2.4 In-service Inspection Plan

The objective of the IIP is to ensure that the wave device (structure and equipment /
systems) is suitable for its intended purpose throughout its lifetime. A plan for in-service
inspection should be developed as early as possible during the design stage. As the design
evolves and design targets change, the in-service inspection plan should be updated. The
IIP should be in-line with the safety philosophy and expected deterioration / failure of
components.

Results from the fatigue assessment as well as the design considerations (Design Fatigue
Factor for example) should indicate critical areas of the structure for inspection, the
extent of inspection, its frequency and method to be used for inspection.

During fatigue assessment many assumptions are made due to some uncertainties on the
loading, response, structural detailing, modelling, load effects, fabrication, etc. These
uncertainties are in addition to the normal uncertainties associated with fatigue life
calculations (see RP-C203 Section 6). The IIP should consider these aspects and should
define a monitoring plan of the main parameters affecting the fatigue life.

The IIP should be modified during the in-service life to take into account the results of
inspections and information obtained from the monitoring.

The IIP should also consider inspections to be performed in case of extreme or accidental
loading to areas likely to be affected in this case.

The same principles described above are applicable to equipment and systems. In
addition, a maintenance plan should be developed considering information and
requirements from suppliers and requirements arising from the reliability of equipment
and systems.

Personnel involved in the inspections and tests should be properly qualified for the tasks
to be carried out. It is important that inspectors and surveyors are well familiarised with
the design, operational aspects and criticality of the items to be inspected.

25.2.5 Spare Parts

A spare parts philosophy should be defined taking into account the time from ordering
from supplier to the availability of replacement part, criticality of the part (regarding
survivability and functional requirements), maintenance requirements and costs of stock,
preservation and storage of spare parts.

A list of spare parts should be produced and included in the maintenance plan.
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25.2.6 Maintenance Records

It is necessary to keep records of all maintenance work carried out, also for the testing of
reassembled equipment. These records should be readily available to the WEC device
owner to aid future investigation into the effects and causes of failure.

A systematic process for recording and reporting should be implemented together with
the IIP and Maintenance Plan. Logging of the in-service inspection results and control of
inspections to be carried out or already carried out should be preformed. This
information should be analysed and the following should be carried out:

e Update of IIP.

e Review of design assumptions and assessment of the impact on the design if deviation
of assumption is found.

e Comparison between expected deterioration with found deterioration and any action
to be implemented.

e Assessment of any damage found and action taken.

¢ Modification of design basis, design procedures and fabrication and level of inspection
/ surveillance / tests.

e Assessment of any modification or upgrade carried out in the structure or equipment
/ system.

25.2.7 Frequency of Inspection

The frequency for inspection will normally be governed by;

¢ maintenance philosophy,

access restriction to device due to seastate limitations and seasonal variations on
weather,

energy demand,

fatigue results,

reliability results or mean-time between failures of components, and

availability and cost of vessels.

The frequency should be defined considering the uncertainties associated with the
parameters used. In terms of fatigue, it is normal practice to schedule inspections based
on an interval between 20% and 25% of the calculated fatigue life.

The frequency should be adjusted based on the results of inspections and performance of
equipment from the feedback process described in Section 25.2.6.

The sea state environmental and corrosive effects occurring at the installed location may
not be fully known until after some time in operation. Hence it will be prudent to plan
inspections (and maintenance operations) at conservative intervals which are not too
long in the early months/years of operation

When satisfactory operation of the WEC device has been established the frequency of
inspections may be able to be lengthened to reduce operating costs.

A range of computer based tools exist in the market place to assist operators plan,
control optimise and execute maintenance. Their use and applicability should always be
considered.
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26 DECOMMISSIONING

Requirements for marine operations during decommissioning of wave devices can be
found in OS-H102.

The device should be designed to allow for a safe and economic decommissioning.
Recycling of materials and possible re-use of equipment should be considered at the
design stage.

United Nations Convention on the Law of the Seas (UNCLOS) refers to removal of any
installation or structures that are abandoned or disused shall be removed to ensure
safety of navigation.

The IMO Convention on the Prevention of Marine Pollution by Dumping Wastes and Other
Matters (London Convention) addresses the disposal of waste and material at sea and it
also addresses the removal of offshore platforms while the IMO Guidelines and Standards
for the Removal of Offshore Installations and Structures on the Continental Shelf and in
the Exclusive Economic Zone states: “Abandoned or disused offshore installations or
structures on any continental shelf or in any exclusive economic zone are required to be
removed, except where non-removal or partial removal is consistent with the following
guidelines and standards”. This allow the decision to be made by coastal state with
jurisdiction over the installation on a case-by-case basis.

Further development, for European waters, on the extent and the reasons for removal is
the Convention for the Protection of the Marine Environment of the North East Atlantic
(OSPAR) that requires the complete removal of any decommissioned installation at the
sea. It is expected that, in Europe this will be extended to wave devices. In other parts
of the world, the legislation may differ allowing, in some case, that clean structures and
equipment may be sunk to form artificial reefs.
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27

27.1

27.2

27.3

27.4

STATUTORY REGULATIONS

General Requirements

In the UK, depending on the location of the site, the relevant authorities may be DTI, the
Crown Estate, the Maritime Coastguard Agency (MCA), local harbour authority, local
council, Ministry of Defence (air and/or naval). The Health and Safety Executive will also
have jurisdiction, but clarification of who is responsible for what is still ongoing. For
delivery of wave devices for installation in other countries, a similar set of relevant
legislation of national authorities will have to be complied with. The references provided
in this guide are helpful to cover and obtain acceptance under such legislation, but must
not be assumed to cover all relevant requirements.

The site may have to be vetted for environmental impact and if interfering with sites or
migration routes of protected species (plants, animals, subsea features like coral
accumulations or reefs). Contact with and possible review by the Joint Venture Nature
Conservation Committee (JNCC) of choice of site should be checked. In any case, it is
expected that an Environmental Impact Assessment (including all phases up to
decommissioning) is to be carried out at an early stage of the project as part of the
application process for the development of wave farm.

Navigation and Radar Requirements

Devices will normally be required to be provided with navigation lights having a secure
power supply in line with normal coastal regulations for moored devices. Approval by the
relevant authority is likely to be required.

Marking of the outer perimeters of a field of devices may be required by authorities.

Adequate radar reflection should be provided, addition of special radar reflecting device
should be considered for ease of detection by ships and pleasure craft in line with
General Lighthouse Authority (GLA) requirements. Clarification may be required by the
Ministry of Defence for radar interference and military strategic consequences.

Identification Requirements

Clear marking of the device(s) to show the identity of the installation to shipping
including recreational traffic will normally be required by the relevant authorities (GLA,
MCA). Consideration should be given to obtain a restriction for commercial and
recreational traffic to enter the general area of the installation by marking the area on
Admiralty charts.

Environment and Safety Requirements

If anti-fouling paint is used, this needs to satisfy environmental requirements and
restrictions. A guide for this may be the requirements for shipping as established under
the International Maritime Organisation (IMO) conventions and codes, usually
implemented in statutory regulations by maritime member states (International
Convention on the Control of Harmful Anti-Fouling Systems on Ships (IAFS Convention).
E.g. lead based or tin (TBT) based compounds are not permitted. Any antifouling agents
need to be considered. Countries such as the UK, Ireland , The Netherlands, USA and
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Australia have a very restrictive legislation regarding sale and use of any TBT based
paint.

An MCA guide for offshore wind turbines has been issued, and a Proposed UK Offshore
Renewable Energy Installations (OREI) - Guidance on Navigational Safety Issues has been
issued for consultation. Devices need to be considered for the event of recreational or
commercial craft in trouble drifting in among the devices and how the device works as
emergency occupation or shelter for stranded persons.

Proximity to busy shipping lanes should be considered in terms of setting an adequate
target safety level. Devices breaking loose and drifting into shipping lanes can be a
significant risk to shipping.

27.5 Safety Case or Risk Assessment Requirements
It is assumed that authorities will handle WEC devices in a similar manner to offshore
wind installations, see Section 30.4 above and the MCA document referenced there. The
MCA document requires a risk assessment to be carried out.

The authority issue is subject to a review by DTl and will be subject to consultation in the
near future.

27.6 European Directives
Wave energy devices put on the market within the EEC (the wider economic area) will
have to satisfy the requirements of relevant EC directives. The following directives need
to be considered (the list may not be exhaustive):

Pressure Equipment Directive (PED)
Electromagnetic Compatibility (EMC)
Low Voltage Directive (LVD)
Machinery Directive (MD)

Marine Equipment Directive (MED)
ATEX Directive

The directives may apply to the device overall if put on the market in EU/EEA countries,
unless exemptions should be granted or these devices are classed as marine vessels.
Should the latter be the case, the legislation applying to ships and marine devices would
need to be observed. Reference to Directives is to the original text issued under the EC
banner. The Directives are implemented in the Statutory Regulations of the member
countries, and the Directive reference changes to the legislative reference for the
country in question.

A short outline of the scope of the Directives is given below.

Pressure Equipment Directive

Pressure Equipment Directive applies in general to pressure equipment and assemblies
with a maximum allowable pressure of more than 0.5 bar. Thus the whole hydraulic and
pneumatic power system in wave energy devices would need to consider PED
requirements.
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Hydraulic Cylinder and Accumulator
These usually have very high allowable pressure (in the range of 300 bar) and unless they
are very small, it will have to meet the requirements of PED.

Pneumatic Cylinder

If the allowable pressure and the volume meet the Simple Pressure Vessel requirement,
then this could be exempted from PED. However, the system pressure is likely to be quite
high, and it is almost certain to be included under PED.

Piping Systems and Connecting Devices
In accordance with PED Guideline 1/19, pumps, control valves and actuators are
exempted from PED.

Electromagnetic Compatibility Requirements
These requirements cover electromagnetic interference of equipment both for emissions
and for robustness against effects of exposure to electromagnetic noise levels.

EMC requirements for immunity, methods of testing, etc, are set out in IEC 61000.
Specific EMC requirements for ships are given in IEC 60533 and IEC 60945, these are
referenced below.

It is essential that the various systems controlling and monitoring the equipment within
the wave energy device are immune to:

¢ Normal communications signals generated within the device by other systems.

¢ Abnormal electromagnetic emissions generated by faults in electrical and electronic
equipment. This also includes those emissions generated by arcing and sparking,
incorrect earthing and bonding, etc.

The European EMC Directive (83/189/EEC) requires that an electromagnetic compatibility
assessment is carried out in order to determine the compliance of an apparatus with the
protection requirements set out in the directive. The compliance with the directive is a
UK statutory requirement as laid down in SI 1992 No. 2372 (see HM Stationery Office
references below).

With reference to Flowchart 4 in Annex 8 of the Guide to Implementation of EU
Directives, conformity assessment by the production of a Technical Construction File
(TCF) is likely to be the best method, especially as a large proportion of the equipment is
commercial off-the-shelf (COTS). The COTS equipment should have already been
evaluated and therefore only evidence of conformity need be provided for this. The
majority of the material in the TCF is likely to be related to evidence of the immunity of
the bespoke electronic cards.

The electromagnetic compatibility assessment must take into account all normal
intended operating conditions where the apparatus can take different configurations. The
assessment must confirm that the apparatus meets the protection requirements in all
possible configurations.

If using certain Marine radio equipment as required by the SOLAS regulations will be
covered by the Marine Equipment Directive 96/98/EC.
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Low Voltage Directive

The low voltage directive covers electrical equipment and devices less than 1,000 Volts
and includes most consumer and industrial electrical and electronic equipment, but not
safety equipment on ships covered by the SOLAS Regulations. The topics covered include
voltage and frequency limits and safe design, all of which are detailed in the associated
harmonised standards listed in the following:

e Council Directive of 19 February 1973 on the harmonisation of the laws of Member
States relating to Electrical Equipment designed for use within certain voltage limits
OJ L 77/29 of 1973-03-26.

e Low Voltage Directive - LVD -Modification: Directive 93/68/EEC [CE Marking]

Machinery Directive

This covers powered devices, with fairly extensive requirements to assessment of safety
aspects, logic of devices, protection of personnel. A risk assessment is required as a basis
for showing that instruction manuals cover all relevant safety issues.

The Machinery Directive applies to an assembly of linked parts or components, at least
one of which moves. Since wave energy devices need to move, this directive is
applicable.

For Hydraulic cylinders and accumulators the accumulator is covered by PED and is
regarded as a pressure vessel - hence it is exempted from MD. Since the hydraulic
cylinder is likely to be of high pressure and reasonable volume, it would be regarded as a
pressure vessel by the definition of PED. However, the hydraulic cylinder and its piston
act like a pump in reality. Therefore it is also reasonable to argue that MD applies. It may
be considered prident to ensure that the hydraulic cylinder should comply with both PED
and MD requirements.

Piping systems and connecting devices such as pumps, control valves and actuators should
be included in MD.

The provisions of the MD are applicable to the hydraulic motor.

Control System
Since the control system of wave devices basic regulate the movement, relevant aspects
of the control system need to be assessed against the requirements of MD.

Protective Equipment

The MED applies to a range of personal protective equipment and devices for escape and
rescue from maritime vessels and installations. Depending on the level of provision for
the wave device, MED is applicable. The provisions are likely to include;

lifebuoys,

lifejackets,

flares and rockets,
embarkation ladders,
portable fire extinguisher,
penetrations,

GPS systems,

radio systems,
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27.7

27.8

e electric Safety Lamp and lighting, and
e navigation lights.

ATEX Directive

This is not applicable to floating installations. [Note that in any case this Directive would
only be applicable if flammable or explosive materials are present - for example if
hydrogen is used in the energy conversion process].

UK Legislation
Other potentially relevant UK Legislation consist of the following:

PUWER

The Provision and Use of Work Equipment Regulations 1998 will apply when work is being
undertaken in or on the device. PUWER can be regarded at as a “catch-all” for devices
not covered by a specific EC Directive.

LOLER
Lifting Operations and Lifting Equipment Regulations 1998 will apply to any lifting
operation, including device recovery as well as to installed lifting devices.

Confined Spaces Regulations

The interior of the device is a series of watertight compartments and must be treated in
the same way as any confined space after it has been closed up for a an appreciable
time, by for example;

e ensuring that the space has been well ventilated before entering, and

e always carrying a portable multi-gas tester when entering.

HSAWA

The Health and Safety at Work Act places a duty on “employers” apart from any liability
under common law towards trespassers, to “conduct business in such a way as not to
expose people to risks to health and safety”. This implies taking certain precautions to
deter people from unlawfully entering the workplace. This would include general safety
notices, permits to work systems, etc. It would also be advisable to warn people of the
dangers of approaching the device (submerged moving parts or cables and mooring lines)
or boarding it, or becoming trapped between sections of the device when wave motion is
significant.

UK Electricity at Work Regulations
These regulations should be complied with as a whole. Specific comments on some of the
regulations are given below.

Regulation 2
The scope of these regulations has been increased to include all offshore installations.

Regulation 3
Responsibility to ensure the safety of others would apply both when deployed unmanned
due to possible hazard to other seafarers, etc, and when recovered for maintenance

Regulation 4
Regulation 4 (1) would apply when the device is deployed. Regulations 4 (2, 3, 4) would
apply to recovery and maintenance operations.
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Regulation 5

Equipment should be adequately rated for both normal and fault conditions. As the
device is unmanned in normal operation, a fault in this situation is unlikely to give rise to
danger. However, unauthorised access is a possibility, and in a “farm” configuration,
precautions must be taken to avoid danger when servicing one device with the farm
operational (due to risk of unexpected live conductors).

Regulation 6

There are obvious applications here, but the risk of danger would vary depending on the
presence and location of personnel and the possibility of unauthorised access. Seawater
ingress is likely to trip the electrical equipment, but there is still a risk that the device
might remain live. The level of ingress and mechanical protection would need to be
based on the worst operating conditions.

Regulation 7

Commercial-of-the-shelf type approved electrical equipment should be used where
possible. Where uninsulated conductors cannot be avoided, access to live conductors
shall be prevented by door interlocks, shuttering mechanisms, etc. Creep and clearance
distances must be allowed for particularly in medium voltage equipment.

Regulation 8

Use of a combination of the following is recommended;
e a common reference point,

e equipotential bonding,

¢ safe voltages, and

e current limitations.

Earth-free or isolated systems require frequent maintenance in order to remove earth
faults and avoid shock hazards to personnel. As the intention with these devices is to
achieve long intervals between maintenance, unearthed systems are not recommended in
this situation.

Regulation 9
Continuity may be preserved by use of earth bars with bolted links or knife switches.

TN-C systems should be designed to prevent people coming into simultaneous contact
with protective conductors and earth.

TN-S systems should be designed to prevent voltages appearing due to blown fuses, e.g.,
by use of double pole or TP&N switches.

Regulation 10

This will apply generally to the electrical equipment in the device, but also particularly
to the cable joints between the sections and to the medium voltage connections for any
umbilical and shore supply cable.

Regulation 11
This is the requirement for fuses, protection relays and other such overcurrent devices.
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Regulation 12

This is a design requirement as isolation facilities would need to be provided in design.
However, personnel should only be exposed to danger on entry to the device. This
certainly applies to the “recovered” situation, and would also apply to the deployed
situation when operating in a farm configuration where external isolation devices would
be required.

Regulation 30
For the operational (unmanned) condition it may be possible to obtain exemption
provided safe recovery and access can be assured by an approved procedure.
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28 REFERENCES

The following is a list of the main references presented in the Guideline text. DNV
references applicable to this Guideline and other main international standards are

presented here.

28.1 Other international standards and papers referred to within the DNV
Standards and Recommended Practices (selected list)

DNV Rules

Rules for Planning and Execution of
Marine Operations

DNV Rules for Classification of Ships

Offshore Standards

0S-A101: Safety Principles and
Arrangement

Other references:

DNV Rules for Classification of Ships

Informative references: The codes and standards below are referenced in
the text of this offshore standard, and may be used as a source of

supplementary information.

APl RP 14C Analysis, Design, Installation and Testing of Basic Surface Safety
Systems for Offshore Production Platforms

API RP 14J Design and Hazard Analysis for Offshore Production Facilities

API RP 521 Guide for Pressure-Relieving and Depressurising
Systems

COLREG Convention on the International Regulations for Preventing of
Collisions at Sea, 1972

IEC 61892-7 Mobile and fixed offshore units - Electrical installations - Part 7:
Hazardous area

IMO 1989 MODU Code - Code for the Construction and Equipment of Mobile
Offshore Drilling Units, 1989, as amended

IMO Res. A.830(19) Code on Alarms and Indicators, 1995
ISO 10418 Petroleum and natural gas industries - Offshore production
platforms - Analysis, design, installation and testing of basic surface safety

systems

SOLAS International Convention for the Safety of Life at Sea, 1974, as
amended
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0S-B101: Metallic Materials

Normative References

General

The standards listed below include provisions which, through reference in
this text, constitute provisions of this offshore standard. Latest issue of the
standards shall be used unless otherwise agreed.

Other recognised standards may be used provided it can be demonstrated
t