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The Structurednnovation (SI) design tool forms part of the DTOceanPlus suite of segendration
opensource design tools for ocean energy. The Sl tool comprises innovation methodologies which
can enhance concept creation and selection in ocean energy systems (hmgkubsystems, energy
capture devices and arrays), enabling a structured approach to address complex ocean energy
engineering challenges where design options are numerous, and thus it can facilitate efficient
evolution from concept to commercialisation.

includes the details of th8tructured Innovation desigtool, and it represents the result of the work
developed during taskJ3.20f the project. The present dmment summarises both the functionalities
andsupporting theory, as well as the more technical aspects of the code implemented faothis

The Structured Innovation design tool within the DTOceanPlus suite is one of a kind beyond the
current state-of-the-art, that will enable the transfer and adaptation of the QAMRIZ and FMEA
methodologies (describedbelow) to the ocean energy sector. For a sector such as ocean energy
where the number of design options is still very high, the openrce Stuctured Innovation design

tool is needed to helpisers to understanthe complexityand interdependenciesf the engineering
challengez resulting in a more efficient evolution from concept to commercialisation

1 The Quality Function Deploymer{QFD methodology defines the innovation problem and
identifiestrade-offs in the system

1 The Theory of inventive problem solving TRIJ, a systematic inventive problemolving
methodology, generates potential solutions to theoften-contradictory requirementsraised
from the QFD.

9 The output from the integrated QFD/TRIZcomponent comprisesof design requirements
along with target engineering metrics

1 The Failure Modesand Effects AnalysisKMEA assesssthe technical risk@ssociated with
the proposed designancepts.

The Sl tooproducesa set of metrics and assessmengsconflicts and impact reporand a design
report. The metrics and assessments include bidisality (a measure of what might be theoretically
possible to achieveand development valueghow difficult it would be toimplement the selected
solution), relevant to the benchmark assessments of ideal innovatiweceptsfor wave and tidal
renewable energy projects at different stages of developmenhe designreport then includes
requirements, spcifications and gap analyses.
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The Sl tookcanbe usedeither as a standalone tool or within the framework of design tools of the
DTOceanPlus projectt offerstwo main design modesnew concepimodez to give an estimate of
costs andperformance at an early stage theconcept creation design processand an improvement
cycle modez for more detailed assessment of innovation within an existidgvice/project
development path

The Business Logic of the codmmprisingof the functions of the Sl tool, halseen implemented in
Python 3. An Application Programming Interface (API) was developelibwing the Open API
specifications in order to interact and communicate with the other modules of the DTOceanPlus
design suite.

The GraphicalUser Interface (GUI) of theol is developed in harmony with the other modules, in
Vue.js, allowing the user to interact easily with tB&uctured Innovation desigtool, inputting data
and visualising results.

The Business Logic has been verified thrbube implementation of unit tests, guaranteeing easy
maintainability for future developments of the todhe preliminary tests and verifications performed
are presentedn this document

Examplesof the capabilities of the Sbol are includedhroughout the document
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SR Stakeholder requirement
TEC Tidal Energy Converter
TRIZ Teoriya Resheniya Izobretatelskikh Zadattkeory of inventive problem solving
TRL Technology Readiness Level
TS Technical Solution

UEDIN University of Einburgh

Ul User Interface

UML Unified Modelling Language
VOC Voice of the Customer

WEC Wave Energy Converter
WES Wave Energyscotland

WP Work Package
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Structured
Innovation
Methodology

Quiality Function
Deployment

(QFD)

Theory of
Inventive
Problem (TRIZ)

Failure Modes
and Effects
Analysis (FMEA)

Customer
requirements

A technique to stimulate rigour, organised and consistent innovative thinki
technology selection and impact assessment. This techniqgue comb
functions such asunderstanding the mission, the future vision, the mark
(including the potential for commercial exploitation, competitiol
differentiation, social value etc.) and the development of potential solutio
This is broadly described in British Standard BS7B0® O$ AOECI

Systems, Part 1z ' OEAA O1 - AT ACET ¢ )111 O/
methodology is in accordance with the concept shown iRigure 0.1

A

Trial & Eror

- . Brainstorming
Axiomatic & Fats

Design Morphological Analysis
Osborndéds Checkl.ists

Stages of Product Development

DFMA

Sx 9gma

Value Engineering TRIZ
Q mation Labs ﬂp\
GC) Market DOE
q>, Research Robust
..8 oD Design
D Computer
E Modeling
S
|_

FIGUREO.1: TOOL EFFECT VBRODUCT DEVELOPMENT STAGE [1]
A structuredmethodology usedO0i EAAT OEZAUhR DOET OE(C
and translate them into suitable technical requirements for each stage
product development and production. It is achieved using the House of Qu
(HoQ) which is a matrix used to describe the miagbortant product or service
attributes or qualities.

A systematic problersolving approach based on universal principles
creativity, patents and research. Thmethodologylooks to identify the generic
concept problens and solutions, and to eliminate the technical and/or phys
contradictions.

A methodology used as a risk analysis and mitigation tool to imprc
development ventures. At concept and design phases, the concept or de
FMEA mitigates risks associated with the various concept selections.

Quality can be defined as meetingustomer needs or requirements. The:

OANOGEOAT AT 66h A1 01 ETT x1 AO OOEA
of ways such as customer specifications, surveys, interview
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Design
parameters

Target values

Ideality

Functional
fixedness

Contradictions/
Conflicts

Art-of-the-
possible

Occurrence

Severity

Detection

Risk Priority
Number (RPN)

Thedesign parameters are technical characteristizsfunctional requirements
defined to meet thecustomerrequirements. These parameters are measurat
and meaningful, stated in such a way that particular solutions are implied.

The target valuesof the design parameters provide the quantitedi technical
specificationdor theseparameters tosatisfy the customer requirements.

Ideality is best defined as the aspirational Staté-the-art parametric values
that can drive innovation and identify opportunity, and newnasdative to
current capability In other words, afideal state of a system is a system where
its functions are achieved with no harm caused.

This is the cognitive bias that adults employ to understand quickly the opera
Smartphone, but might not consider using it as a hammer as a toddler nzic
even if this is not its intended use, there might be instances when its destru
is irrelevant compared tae gain).

Contradictionsoccur betweentwo or more features, with one feature to b
improved, and the other worsened. An example of this couldtbegenerate
more electricity, a bigger turbine might be required (improved features), but
will result in heavier machine, increasing its castersened features).

These are &lues of ideal technology (ideal solutions beyond constrair
competing interests) The at-of-the-possible rather than the statef-the-art
takes into consideration the ideality of devices processes only limited b
physics (e.g., the Betz limit, yield strength) and extreme conditions to prov
new concepts

In FMEA, occurrence ikefineda ranking number associated with the likelihoc
that the failure mode andelated causes wi be presentin the function being
considered

In FMEA, severity is the ranking associated to the extremely severe effe
failure modes.

The probability of detecting a failure before the effect is realised is determi
by the current controls of the systems. Detection raking is associated with
likely a failure can be detected.

The RPN the product of occurence, severity, and detection rankingsis a
measure use@vhen assessing risks to help identifytical failure modesCaution
isrequiredwhenassessing riskgsing RPNalues.
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1.1 SCOPE AND OUTLINE OF THE REPORT

This report igdeliverable [3.20f the DTOceanPlus project, which provides details of 8teuctured
Innovation (SI) design topand it presents the result of the work developed during taB&4. and T3.2

of the project. This document serves as the technical manuahefédlpha version of th&l tool
including the data requirements, main functions, interfaces and all the pertinent technical details. The
alpha version of this tool is a fully functional version of the tool in terms of implementation of the
calculations cwered by theSI tool(Business Logic). However, it has limited functionality in terms of
Application Programming Interface (ARsince the other modules are still under development. The
alpha version hasmcompletefunctionality in terms of Graphic Usertérface (GUI), and this will be
further developed during the integration phase.

The remainder of tfs report is structured as follows:

} Supportingconcepts, definitions and underlying assumptions behind the Structured Innovation
tool is given in Chapte?.

} User groups use casewithin the suite of tools, andfunctionalities of the Structured Innovation
design toolare covered in Chapte; both for the new concept and improvemeoyclemodes.

} Theactualimplementation of the tool describinghe architecture,business logicAPI,GUland
some exampless described itChapterO.

} Finally,future work is discussed in Chaptér

The Structured Innovation design to@ one of thenewly addedtools in DTOceanPluswhich were
not present inDTOcean1] to provide structured methodlogies for concept creation anselection
as well as improvements to existing designs

1.2 SUMMARY OF THBDTOCEANPLUS PROJECT

4EA 3000A000CAA )Y)1T11 OGAOCEIT AAOGECT OiT1 AAIT1TCO
the EUfunded project DTOceanPIyg]. DTOceanPlus aims to accelerate the commercialisation of
the Ocean Eargy sector by developing and demonstrating an open source suite of design tools for
the selection, development, deployment and assessment of ocean energy systems (including sub
systems, energy capture devices and arrays) and at various levels of compplE=ily/Mid/Late

stage).

DTOceanPlus Deliverabl&rant Agreement N&a#85921 Pagel4|91
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At a high level, the suite of tools developed in DTOceanPlus will include:

} Structured Innovation tool (Sl), for concept creation, selection, and design.
} Stage Gate tool (SG)using metrics to measure, assess and gu@nology development.

} Deployment tools, supporting optimal device and array deployment:
A Site Characterisation (SC): to characterise the site, including metocean, geotechnical, and
environmental conditions.
Machine Characterisation (MC): to characterige prime mover;
Energy Capture (EC): to characterise the device at an array level,
Energy Transformation (ET): to design PTO and control solutions;
Energy Delivery (ED): to design electrical and grid connection solutions;
Station Keeping (SK): tdesign moorings and foundations solutions;
Logistics and Marine Operations (LMO): to design logistical solutions and operation plans
related to the installation, operation, maintenance, and decommissioning operations.

> > >y > >

} Assessment Toolsto evaluate proje in terms of key parameters:

A System Performance and Energy Yield (SPEY): to evaluate projects in terms of energy
performance.

A System Lifetime Costs (SLC): to evaluate projects from the economic perspective.

A System Reliability, Availability, Maintainabiit Survivability (RAMS): to evaluate the reliability
aspects of a marine renewable energy project.

A Environmental and Social Acceptance (ESA): to evaltiaeenvironmental and social impacts
of a given wave and tidal energy projects.

These will be supported by underlying common digital models and a global database, as shown in
Figurell.

STRUCTURED
INNOVATION TOOL
Concept Selection

FIGUREL 1. REPRESENTATIORF DTOCEARLUSTOOLS
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2.4 (% 29h $%&).)4)/ .3 !'.$ 1335-04)
2.1 OVERVIEW

The Structured Innovation (SI) design tool is intended to provide the designer with a process,
information, validated dataanalysis,and comparative assessments, to generate new or improved
concepts of a susystem, device, or array. ThEocess of usinghe Sl toolprovokes the designer to
consider the interactions between technical solutions to a problem, and the necessary compromises
that are required to meet the design intent or requiremerdad the interactions with the competent
person. In thiscontext, the process needs to be carefully considered to avoid constraining
opportunistic innovation andnnovation that is created by systematic thinking. The toaims to
encourage the breaklown of functional fixednesg a cognitive bias that is commonly gtoyed to
understand quickly the operation of an object. This fixednegsch impedescreativity orinnovation,
iscountered by many features within the tool, including the TRt#nponent

The Structured Innovation design tool, luilt upon threemethodologies:
A Quality Function Deployment (QFD)
A Theory of Inventive Problem Solving (TRIZ)
A Failure Modes and Effects Analysis (FMEA).

The Quality Function Deployment module defisihe innovation problem and idenféstrade-offs in
the system. TRIZ, a systematic inventive problesmlving module, generatepotential solutions to
the contradictions raised from the QFD requirements. The outcome ftioenQFD and TRIZ processes
(which are combined into a single modulpnerates several design requirements along with target
engineering metricsThe FMEAprocess (which is the second moduigeysed to assess the technical
risks associated with the proposed design conceptefollowing section2.2has been adapted from
Deliverable D3.13] andprevious work4].

2.2 CONCEPTS

The ability of a company to put forward an idea ohigher value can be a source of competitive
advantage and represents the reason for which a customer may opt for one company to the
disadvantage of anotheNowadays, most companies developing new products or services use a form

of innovation processto 1T OEAZUh AOAAOAR AT A AAGAI TP ETTTOAQEOD
their competitors and manage the uncertainties and risks associated with the implementation
processes.

In Deliverable D3.1, an analysis of innovative best practiesdescribedacross a wide variety of
sectors.Despite the positive impacts of structured innovation approachess some of the mature
sectors (e.g. automotive, aerospacdhe application is less evident in the ocean energy sel@pr
Organisations such a%/ave Energy Scotland, anthe USbased NationalRenewable Energy
Laboratory (NREL and SandiaNational Laboratories,use structured innovation approael to
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identify and develop new wave energy converter concepts with hégiinno-economic performance
potentials. From thehorizon scanning oftte various sectorg [3], it is seen that most sectors are
benefiting from using ongor a hybrid of twoof the three QFD/TRIZ/FMEAethodsto implement a
structured innovation approach to their designs. Eattethodology can be applied standalone.
However, when applied together, the limitations of ongethodologyare overcome by the strength
of the others (e.g. the QFBTRIZ hybrid combinatiowith customerdriven and innovatiordriven
design)[5] [6].

2.2.1QUALITYFUNCTION DEPLOYMEN®FD)

Developed in the late sixties in Japan, QFD is a structured metloggt used to identifyA OO OT | AOO S
requirements prioritisethem, and translate them into suitable technical requirements for each stage

of product development and productidi?]. Thisis achieved using the House of Quality (HoQ), which

is a matrix used to desitie the most crucial product or service attributes or qualities. The HoQ matrix

is used to translate the customer needs into design characteristics using a relationship matrix and
demonstrates the strength of the relationship between the customer needs AW4) and the design
parameters (HOWSs). This approach allows collaboration between the various teams and the ability to
capture and visualise information in one place. The HoQ matrix is-itddgsive and allows the team

to capture a large amount of inforntian in one phce[4] [7].

2.2.1.Building a HoQ matrix

TheHoQ matrix as shown ifrigure2.1overleaf is builtin consecutive stepby determining each of
the following sections:

WHATSscaptures what the customemeedsz the customer requirements. The identification of who
the customes are is crucial to the deployment of the tool. This should include customers/stakeholders
who are directly or indirectly involved or affected by the product/service. The requirements of the
multitude of stakeholders could originate from market researafiterviews, laws and regulations,
contracts, operational concepts, site conditions, external interfaces and utilities, industrial codes and
standards, operator needs, the public interest and other souféksrhe WHATS are lisd down the
left-handside of the HOQ matrix.

Importance z also known as priority, evaluates the importance of each of the customersreéative

to the others by generating a ranking scale.

HOWsz AAOAOEAAO Ei x OF 1T AAO OEA AOOOT T AOGE T AAAO
technical solutions. These design requirements are translated from refining the customer
requirements into parameters that can be achieved, measured, and with measurabjet taalues.

This $iows how customer needs can derive from various sources (interview, regulations, and

references) and are then refined to design requirements that provide parameters and information
meaningful toand measurable bya systen{8]. The HOWSs are listed across ttop of the HoQ matrix.
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The Roofof the HOQ HOW vs HOW 7 indicates how the design requirements interact with each
other in synergy or conflicting with each other. Different studies use various rating scales to indicate
the positive impacts and negative impacts of the correlations of one design requiremenamnatiner

(e.g. strong positive interaction (++), strong negative interactieip fio relationshigO or-)).

Main Body (WHAT vs HOWj provides a relationship and correlation matrix carried out to find out
the relative importance of each parametédHOW) against the customer requiremenfWHAT)
rankings.

HOW-MUCHZz also known as target values or metrics, describes the ideal values of each of the design
requirements These can be used tdgger or provokeinnovation. The competig solutions/products
(whetherin-house design alternatives or those of commercial competitces) thenalsobe assessed
against these target values to determinehether and how closly eachsolution meets the target
criteria andrequirements

Correlation 3 5

Matrix F=3 =

[T

o o

How’s E E

(Requirements) Y o
b

p s 2 E

£ £ Relatonship = 2

g g Matrix ° =

= = o rf

s 2 |2 § 2

ST E S <
o ]
2 =

)
= 5 Quantifiable
= And
Measurable Values
Prioritization of How's

FIGURE2.1: QUALITY FUNCTION DEPLOYMENT (HOUSE QUALITY)[9]

2.2.1.Phases of the House of Quality

The deployment of the QFD is aphase process that uses the HoQ matrix to translate the stakeholder
requiremens into technical requirements. The technical requirements of the system of interest are
then refined into specific requirements for the subsystems and components. The 4 phases, as
illustrated inFigure2.2, are:

1 Phasel, Design requirement phase: defines the stakeholder needs and translates them into
high-level design requirements to meet the needs. This level is also known akéhvah HoQ.
It includesa competitive analysis against the statd-the-art technologies oprocesses, as
well as ideal target valueagainst whichto compare.
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1 Phase2, Product or Part requirement phaseises the technical requirements defined in the
top-level HoQ as requirements that need to be met. These technical requirementefared

into product or part characteristics of the stdystems.

1 Phase3, Process or Manufacturing phasdefines manufacturing or assembly requirements
for the product or part characteristics defined in the HoQ phase

1 Phase4, Production or Quality Catrol phase: identifies the critical elements of the
subsystems or components and the specific requirements for production or deployment. This
step could include inspection for quality assurameeondition testing.

Requirements Flow-Down

7

Requirements. 1 Part
Reguirements 1 Manufacturing
. Requirements 1 Production
g Requirements
QFD 1
jt aFD2 | | ¢
g £8| QFD 3 £
2| 5
Design 2 E-E QFD 4
Requirement g
Targets Reqlljji?eﬂn‘-e nt I‘gantll‘_acturirlg 2
Targets equirement Production
Targets Requirement
Targets

FIGURE2.2: QFD 4PHASESPROCES34]

2.2.1.3FD processvithin the SlI tool

As highlighted inFigure2.2, the QFD is a muHevel analysis thaenablesan experienced user to
follow this processin each phasgin order todevelop design requirementgp gain insght into
conflicts andtio propose innovative solutionsll of whichin turninform the next phase

As the userrefines their design or functionalrequirements ino more detailed and specific
requirements the same QFD process is implementesidescribed in Sectidh2.1.1

Within the Structured Innovation toamplemented inthe DTOceanPlusuite of tools, the userarries
out Phasel of the HoQOnce the phasd analysis is complete, the usany thenchoose to takehis
to Phase2 by starting a new studyand transferring only the relevantimpactful functional
requirements from the Phasel analysisinto the Phase2 study. The same processnay be
implemented forall phasedo Phase4 with the relevant details.
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2.2.2THEORY OF INVENTIVE PROBLEM SOB(INRIZ)

42):h A 2000 Hdvilya Redhériiyh lzobretalskikh 2adatéh OOAT 01 AGAG O1 O
Inventive Problem Solving. lis a systematic innovation problersolving tool that goes beyond

intuition, to used logic, data and research derived from the study of patterns of invention in the global

patent literature[10] [11] Invented by Genrich Altshuller, TRIZ was developed from several designs

and patent inputs conducted by Vladimir Petrov who studied the history of its evolution. TRIZ has

been used for over 50 years as a probisolving technique and tool to supplement anprove

product designs. To increase ideality, TRIZ through probkving works out the benefits of

achieving an output against the costs and harms of achieitifiD] [11]

The procesgrovidesinventive inspiration for the designgrencouraging the user to look for existing

solutions to similar problems at different scaland times. This allows the user to think of adoption

of principles that might offer idealised solutions from other induss$, countries, times in history.
O31TTATTA O 1 AxEAOA EAO A2 AnkAdihoddlbgy ninkes ustidf a&t D OT Al
inventions, problems and solutions, evolution trends and patents in areas of sciendeamblogy

and across different industries to define a knowledggsed database of 40 inventive principles, a
contradiction matrix, 76 standard solutions, and trends of evolution that can be used as brainstorming

tools to solve any contradiction and/or ienental problems.

As a systematic innovative tool, TRIZ attempts to eliminate the compromises and -‘tffideusually
accepted in a system or process at the early stages of the design. The specific problems or innovation
needs are simplified to TRIZ condepl problems using the TRIZ knowledge database (the inventive
principles and standard solutions), and the solution is then evalufitethe specific problem.

The TRIZ process is executedsiteps the first step analyses the specificoblem and formulaes
generic problemsfrom which generic solutions are then identifieding the TRIZ libraryandthese
are thentranslatedto solutions relevant to the initial problenThis isllustrated inFigure2.3overleat
The TRIZ database consists\@rioustools and information such as the 4hventive Principles, the
technical contradiction matrix, the separation principles, the 76 standard swisti evolution
patterns,and substancdield analysis.

General General
problem solution

Problem N Specific Specific | Evaluation
analysis § problem solution 4 and selection
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2.2.2.ITRIZ Contradiction Matrix

The contradiction matrix also known as the 39 Engineering Parameternsists of specific
parameters identified by Altshuller that can improve or worsen the design of a system39X39
contradiction matrix presents these parameters based on their ability to either improve or worsen
each ofthe other parameters, and thus théesign or operational conditiong] [11]

The contradiction matrix, presented Figure2.4 andFigure2.5, represents the improving featuraa
the first column angotentially worsening featuresn the top row Each of thecorrespadingsquares
in the body of the matrix containa list of inventive principles that can resolve the contradictiby
improving one parameter without worsenirte other.

Various softwardools havamplemented this matrix into algorithms following a stdpy-step process

to solve the contradictions (e.g. TechOptimizer, Goldfire Innovator, CreaTRIZ, TriSolver, TRIZ
Explorer, TRIZContrasolve, Guided Brainstormjig] z althoughnone has combined this with QFD
and FMEAas the DTOceanPlus Structured Innovation tool has done
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FIGURE2.4: TRIZ 39X39 CONTRADICTION MATRIX SI TOOL[11]

DTOceanPlus Deliverahl&rant Agreement N@85921 Page23|91




D3.2

Structured Innovation design tog Alpha version

v ——

DTOcean+

Figure2.5 representsan instance ofising thecontradiction matrix The user wants tancrease the
area of theirdevice (improved featurejesultingin increasing the wight of the device (worsening
feature). The 39x39 contradiction matrix guides the usecémsiderspecific inventive principlegor

this particular contradictiory in this case principle?, 29,17 or 4discussed further in Sectidh2.2.2

Thecomplete 39x3&ontradictionmatrix fully implemented in the Sl todk presented irFigure2.4.
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FIGURE2.5: EXAMPLEOF THE TRIZ 39x39 CONTRADICTION MATRIX

These contradictions can bgrouped into physical contradictions arnechnical contradictions.

1 Physical contradictions refer téunctions ofa systemwhich aresubject to contradictory,
opposig requirements.For example a car should be usdriendly and simple enough to
drive, but at the same timét could havehe most advance@nd compleXeatures

9 Technical contradictions, on the other hand, are typical traufts in the systemwhere an
ideal state canot be reachedlue to another feature in the system preventingetg. direct
drive generator machines are more reliable than geared machibesheavier

2.2.2.2TRIZ Inventive Principles

It is normal that when contradictions arise during the design of products or procgsaetradeoff
between design parametersccurs. The standard or traditional approattvolvesa brainstorming
andlor trial-and-error processresulting potentially in the inability to resolve contradictions beyond
existing knowledge and experiencéltshuller reviewed hundreds of thousands of patents and
inventions and came up with the distinguished 40 Inventive Principles based on breakthrough
inventions. These inventive principles are solutions achieved to overcome the contradiction patterns
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described in the 39X39 contradiction matf#q [11] The contradictions and inventive prinaglare
generic enough to apply to various sectors.

Each matrix cell points to inventive princigleas shown ifrigure2.5, that have previously been used
to resolve tle contradictions. These principle@able 2.1) should beevaluated by the userto
determine the most relevant one for the system.

Table 2.1: TRIZ40 inventive principles [14]

Inventive Principles

1 | Segmentation 21 | Rushing through

2 | Separation or extraction 22 | Blessing in disguise (harm to benefit)
3 | Local quality 23 | Feedback

4 | Asymmetry 24 | Intermediary

5 | Merging or combining 25 | Selfservice

6 | Universality 26 | Copying

7 | Nesting dolls 27 | Cheap disposable

8 | Counterweight 28 | Replace a mechanical system

9 | Preliminary counteraction 29 | Pneumatics or hydraulics

10 | Preliminary action 30 | Flexible films or membranes

11 | Previously placed pillow 31 | Porousmaterials

12 | Equipotential 32 | Optical changes

13 | Other way around 33 | Homogeneity

14 | Spherical shapes 34 | Recycling (rejecting and regenerating)
15 | Dynamism 35 | Physical or chemical properties

16 | Partial or excessive action 36 | Use phase changes

17 | Moving to another dimension 37 | Thermal expansion

18 | Mechanical vibration 38 | Strong oxidants

19 | Periodic action 39 | Inert environment

20 | Continuity of useful action 40 | Composite materials

2.2.2.3TRIZ Separation Principles

In some caseshere may becontradictions within a parametefForinstance, avave energy converter
should have a large displaced volume but lmass TRIZseparation principles consider problems in
time, in space, between parts and whole, and upon conditions. The gdlysbntradictions are
resolved by separating the contradictory requirements

In time, the schedule of operations may be arranged so that requirements are met at each time or

phase of operation (one example of that would be the traffic lights). In spéee contradictory
requirements are defined in phases, where a particular phase esgstem does not require a specific
implementation of parameters (e.g., a seesaw, offdeal reading glasses). The separation between

part and a whole considers using tlbaracteristics of a system to be represented as parts of the

system, meaninghat OAO OEA OAI A AOEOEAAI 111 AT O ET OEI A |/
objects can have a collective property, and its parts can have the opposing propbtip 8 4 EEO
enables minimactritical interaction with some parts of the system
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2.2.2.4QFD/TRIZ integration in the Sl tool

In the process of obtaining and assessing innovative solutions, the user might be tempted to only
assess those solutions that they might come across quickly, or psrpee meditating the solutions

Au 1171 U AT 1T OEAAOET ¢ OEA AAOAT OACAO 1T &£ OEAEO Al
fixedness, and a lack of differentiation between produdibe Sl tool within the DTOceanPlus does

not reinventthe TRIZproceses instead the stateof-the-art comes from integrating the TRIZ into

the QFD process.

The integration of TRIZ into QFID the Sl tool allovthe user to quickly create innovative solutions

by using the TRIZ methods and inventive solutions within the @Fizess. For example, if there is a

1 AAE 1T &£ Ei DbAAO ET OEA OOAOB8O Oi 1 OOEITOh 42): 1E
solutions by reference to the TRfZocesseg thinking of past, present and future inventions that

meet a similar prokem, or perhaps with difference of scatenicro or macro.

The TRIZ examplesnplemented in the Sl toglpresented inrAnnexTable0.1to Table 10.3, show
typical or exemplary solutions, but also a list of similar Marine Enegtpted solutionghat has been
produced. TRIZcan be triggeredto supportthe initial requirement exploration, during conflict
assessmentvhere a solution is seen as a block, or where there is a lack of quality in the solution
provision and in impact analysis.

2.2.3FAILURE MODE AND EFFECTS ANALYSIS (FMEA)

Widely used in engineeringesign, Failure Mode and Effect Analysis (FMEA) is a metiogg used

to identify and eliminate potential system failures.dtovides a means to compare variosigstem

configurations by identifying possible root causes of failure(s), failure modes atichag®n of

relative risks, to drive towards higher reliability, quality and enhanced sdf&iy The tool aids in
developing robust design and control measures to prevent potential failures from occurring.

There ardwo main approachsto performing an FMEAone is based otie physicalstructure of the
system €.g. details of variation in desigrath), and one based on ifanctional structure [16]. The
latter (Concept/DesignFMEA is used as part of th®TOceanPlusStructured Innovation tool for
design or concept assessments. The metbtmyy assesses the system to highlight potential risks
associated with failure of the system anélitsfunctions, ando identify ways to resolve them before
actual designs are implemented.

The FMEA is conducted as follows:
1 The keyfunctional requirement®f agivenconcepual designare first determined
9 For each functional requirement, potential failure modes are determined.
1 TheOccurrenceprobability of eachfailureis established.

1 Additionally, theSeverity ofeachfailureis determined indicatingthe consequetial effects
of that failure mode
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1 Finally, the likelihoodthat controls will detect that a failure has occurrefDetection), is
determinedfor each failure based on the exisg detection and control system in place.

1 Thecriticalities offailuresare thendeterminedusing the Risk Priority Number (RPN), which
is calculated by multiplying the SeveritfSEV) Occurrence(OCC) and Detection(DET)
rankingsassociated with each failure: RRNSEV*OCCDET.

1 This RPNsthen used to prioritise risks, and suitable follewp corrective actionareproposed
to reduce the criticality of potential failures by implementing the corrective actions. These
corrective actiongan beobtained from the QF[alternative solutiors, specificactionsfor the
system (e.g. proposed desigreview, enhancel material propertiey, and background
literature (e.g. measuredmplementedin other sectork

1 The RPNs thenre-calculated to establish the impact of the corrective actions on the system
and the level of criticality of the system with the proposed measures.

1 Thesemitigation actionsshouldthen be implemented in the design of the systems
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A scoring matrix witha scale ofi-10 forSeverity, Occurrence andDetectionisdefinedeither byusing
the standardore-definedFMEA scalingnatrix, orby adopting auserdefinedoneagreed at the outset
of the project

An example ofSeverity categoriesind corresponding severitsankingsimplemented in the Stool
aregiven below irTable2.2.

TABLE2.2: EXAMPLEOF SEVERITY RATINGEL6]
Severity Severity | Ranking

Severity Definition Level Value

Rating

It would be unreasonable to expect that the minor nature of this fail
Minor would cause any ad effect on system capability. The failure might n| Minor 1
be noticed.

The nature of the failure causes only a slight deterioration of sys
capability that may require minor rework action.

Failure causes ame deterioration in System capability which ma
Moderate | generate the need for unscheduled rework /repairs or may cau§ Marginal 4,5,6
minor health hazard or minor injury to user.

Failure causes loss of system capability or may cause a serious |
hazard or serious injury to the user.

A potential failure could cause complete system loss and/or deat
user(s).

Low Minor 2,3

High Critical 7,8

Very High Major 9,10

The complete scaling matrix implemented in the Sl tdot Severity, Occurrence and Detectios
presentedoverleafin Table2.3,

Table2.4 and

Table2.5.These definitionsre taken from ISO 12132 stand4td] A template of an FMEA worksheet
is shownin Figure2.6.The genericFMEAlibraryimplemented in the Sl tool is presented in the Annex
at Table0.7to Table 111
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TABLE2.3: SEVERITYRANKING

Severity Description

1

No effect

Minor performance loss, defect noticed only by close inspection

Minor performance loss, defect noticed only by most observers

Minor performance loss, defect apparent

Device operable, but minor performance loss, emser experience some
dissatisfaction

Device operable, but auxiliary performance lost

Device operable, but with reduced performance level, arsgrdissatisfied

Device inoperable, primary function lost

Device inoperable, safe function lost with warning

Device inoperable, safe function lost without warning

TABLE2.4: OCCURRENCRANKING

Occurrence Description Event occurrencee.g. 1 in 1000 hours / days etc.
1 Failure unlikely 1in 1000000
2 Relative few failures | 1 in 250000
3 Relative few failures | 1 in 20000
4 Occasional failures | 1in 1000
5 Occasional failures | 1in 400
6 Occasional failures | 1in 80
7 Repeated Failures 1in 20
8 Repeated Failures 1in8
9 Failure inevitable lin4
10 Failure inevitable >1in2
TABLE2.5: DETECTIONRANKING
Detection | Process FMEA Design FMEA
Design controls will detect a potential cause / mechanis
1 Detection is almost certain and failure mode
Very high chance that DC can find the failure mode and
2 Detection is highly likely cause
High chance that the defect can be high chance that DC can find the potential failure mode
3 found and cause
Moderately high chance that the defeg
4 will be detected Moderately high chance
Moderate chance that detection is
5 possible Moderate chance
6 Low chance of detection low chance
7 Very low chance of detection Very low chance
8 Remote chance of detection Remote chance
9 Very remote chance of detection Design control is unlikely to predict failure mode or caug
Design control cannotletect the potential cause and
10 Total uncertainty of detection failure mode, or there is no design control
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DTOcean+

Potential
__System Failure Mode and Effects Analysis
|___Subsystems {Design FMEA)
| Component FMEA Number :
Model Year / Vehide(s): Design Responsibility Prepared by :
Core Team: Key Date : FMEA Date (Orig.} - (Rev.):
= Current Current Action Results
i esu
T n ) Potential Failure Potential Effects of : : P‘:‘!m: ;a of! Design (: Design I: : Recommended TRespt h“'“ﬂ&
m/Ff Sau Mode Failure vls ecFalr;:":ls Controls c Controls = Actions b Dmﬂe on 5(0|D|R
s Prevention Detection Actions Taken E(C|E|P
v

Figure 2.6: Template of an AMEAworksheet
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This section describes the main use casetheftool, and the functionalities implemented iih. This
section also discusses the two design modes ofSheol: standalone and integrated

3.1USER GROUPS

The overarching use case fihie Structured Innovation design toddfor concept creation and design
improvement.The Sl tool wilenable users to

Scan the design space and identify attractive arfasnnovation

Create new concepts and identify areas of opportunities

Identify and solve the contradictions arising froifmet proposed solutions
Mitigate the potential technical risks associated with the attractive concepts
Improve existing design concepts

= =4 —a —a A

In Deliverable D3.1, the Technical Requirements of the S| tool were presented, and the use cases were
listed for the diferent types of users identifiefB]. Three key user groups were identified as part of
the development of the functional requiremenf8]:

i.  Technology Developers t0 assess areas a@hprovement and technical challenges
ii.  Project Developersz to assess novelty in technology at any level of aggregatand
iii.  Public or Private Investors to identify attractive areas of innovation for investment
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3.2USE CASES

In this section, use s&s are described from an operational perspective, in respect to what the user
decides to do and which modules to run. The execution of the runs will require an experienced user to
make informed decisions at each stage or mode of operation of each mgdRED/TRIZ anéFMEA.

An operationaluse case can be summarised as showrigure3.1.

X

Generic
User
!

s1 Tool v
Deployment
_____ modules  ——
o) Generic
User
______________ Assessment
Modules
[ | Deployment
Generic T ] modes
User . ___ SG tool |
Ly !
eemeeee- >
] SGtool

FIGURES.1: OPERATIONALWSE CASEFORUSINGTHE STRUCTURED INNOVATIONDOL

In this generic use case, the user will be able to:

1. Run the Sl tolif innovative improvements are requireafter running the set of Deployment
Design & Assessment tools of DTOceanPlus

2. Run the Sl tool within the framework of the Stage Gate Design tool.

3. Use the Sl tool in standalone mode.

By considering the threase cases above mentionedliable 3.1 summarises the dependencies thie
Sl tool with the other modules in DTOceanPlus.

TABLE3.1: DEPENDENCIE®FSI TOOLWITHOTHERMODULESIN DTOCEANPLUS

Consumes from Consume by

Stage Gate tool Stage Gatedool
All Deployment tools
All Assessment tools
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3.2.1USE CASEAFTER DEPLOYMENJIESIGN TOOLS

Within DTOceanPlus, hie Structured Innovation toolwill be usedfor concept creation or for
improvementat variousmaturity levek, and at different level®f aggregationof a system All the
design tools within the DTOceanPlus suite of tooln be usedo identify innovation needs or
opportunities (within existing deigns or new concepishased on the design specifications and
shortfalls

In this case, the user will run one or more Deployment Detigits as requiredyun theassessment
modulesto carry out thespecificassessmentsandif innovative improvements are required, the user
will then bedirected to the Structured Innovation tooAs shown inFigure 3.2, the results will be
shown to the user Wwo can then assess further the potential innovato@nceptsand reassess their
new/improved design.

| A

Usl.er
modules —» |
| =
i dul
G?Jr;ir;c i o modules
Assessment
Modules
FIGURE3.2: USE CASE FOR USING TISETOOL AFTER RUNNING THEEPLOYMENT TOOLS
3.2.2USE CASE WITHIN THRAMEWORK OFTAGEGATETOOL

In this case, the Structured Innovation tool willinéegrated withthe Stage Gate design totd allow
the user to assess the areas that require improvemant thento launchthe Structured Innovation
tool for (one or morg@improvement cyclsas seen ifhigure 3.3. The following steps are identified for
this use case:

1. The user runs the framework of the SG tobhe Deployment and Assess&mt tools may be
used to provide design information and calculate key metrics which are fed indakhe
stage gate design tool

2. The SI toolis triggered when the results of the stage gate assessntéghlight specific
Evaluation Areas that need to be imgved.

3. The SlI tool will beun, andit will check thatthe needed information is available (from other
modules) if it is not, it will request the user to input the information.

4. The user will complement the information anthen generate (one or more) innovative
solutionsusing the Sl tool.

5. The SI tool will provide thénnovative assessments tdhe SG tool to complete theSG
framework.
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6. The SG tool will show the outcome to the use

' Generic
H Us]er

]  SGtool : Sl tool L' s SGtool

1 | T -

.—”_——" T i\\ -

Generic Y it L —
User Assessment [ ] Deployment
toools [P, tools
-]

FIGURES3.3: USECASES FOR SI TOOL WITHIN THE FRAMEWORKS OF THE SG TOOL

3.2.3USE CASE IN STANDALONE MODE

In this case, the user would like to explore the design space in order to idatfitifigtive areas of
innovation(without specific input from other modulesYhe user will provide all the required inputs in
this case, and will be presented with the overall results of the innovative assessment as shown in
Hgure34.
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QFD/TRIZ

—X

Define Objective of FMEA Generic
Study regivirements User

l A
Generic :

User ;
Scan design space 1

r

>0

l Mitjgate

technical

|dentify areas of Risks
innovation :

L 4

Assess against
State-of-the-art

A 4

Identify/ Solve
Contradictions

h 4
Report Output ; |

Generic
User

FIGURE3.4: STANDALONE MODE OF THE STRUCTURED INNOVATION TOOL
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3.3THE FUNCTIONALITIES

The Structured Innovatin tool hassixmajor functionalities:

1. Defining objectives of the study: Thisstage capturesthe project objectives andhe list of the
stakeholdemeeds(WHATs)roadly defined In thecontext of developing a new produdhis is a
list of customer requirementsThese requirementsz often very generalyvague,and difficult to
implement directlyz are prioritisel in order of importance.

2. Scanning the design spae: The QFD/TRIZhoduleof the Sl tool is usefbr two purposesHirstly,

to scan he design space by mapping optiofts eachof the key parameters which make up ocean

energy concepts or projects, then ranking the attractiveness of thgstgons through high level

physical and economic assessments. Secondly, to define the innovation problem space

representing the voice of the customend make immediate objective assessment of the best

Ol 1 OOET 10 xEEAE AZ£EO OEA OOAOO6 OANOEOAI A1 O6Os8
a. Definition of functional requirements: This is the stagevhere thecustomer needs are

translated into measurable functionalequirements(HOWSs)hat can satisf the needs.

b. Definition of Impacts: In this stage,the relationshipsbetweenthe stakeholder needs
(WHATS9 and the functional requirements HOWS) are determined using apredefined
scale Many of the HOW#entified affect more than one WHAT.

c. Requirement interactions: This establishesthe interdependenciesbetween functional
requirements HOWS). The purpose is to identify areas where traol€ decisions, conflicts
andinnovationmay be required.

3. lIdentifying attractive areas of innovation: The Sl tool is developed to include fundamental
relationships between key parameters in ocean energy concepts, evidence from the first ocean
energy arrays, and a standard library of problem solution imntgationships. QFD uses a set of
requirements (WHATsand answers them with a set of functional requirements (HOWS). There
will be a variety of solutions to solve each requirement, with each solution being aimed at
producing the best requirement improvement. These solutions may contradict each other, and the
QFD/TRIZ methodlogy allows these contradictions to be identified, and their impact assessed.
The possible concepts will be ranked in order of importance and achievabititylighting options
which would be attractive investment opportunities. Evaluation of thegtionswill be based on
high-level metrics.

4. Assessing ontradiction s: The TRIZcomponent of the Sl tool is esl to produce solutions to the
QFD requirements where an improvement saded, or if there is no existing solution, or if the key
performance indicators are not satisfactorily met. The TRIZ methlody can be used to ensure
completeness in the key parameters which define the design space with, for example, use of the
Effects [atabase and in the series of provocative prompts to provide the-lwedwn forty
inventive principles and other tools to solve contradictions contained within the QFe.QFD
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and TRIZcomponents are integrated into a singleomponent within the Sl toolto allow
visualisation of areas of opportunity and risk

5. Assessing echnical risk:Technical riskareframed using thedoncepior @esigrfFMEA tool. The
tool providesratings for each defect or failure in terms of severdagcurrenceand detection. The
FMEA usea database of validated defect parameters to improve understanding of technical risk
during the design assessment process, but also to offer opportunitiebdith risk mitigation and
costreduction. In theSltool, the structured innovation process will conclude with a visualisation
method to represent the process and results obtained, and deviation from the key performance
metrics. The results will be expresd in terms of a ranking of attractivptionsand in presentation
of the QFD requirementsThe overall result will be an acceptability rating that allows objective
assessment of the design

6. Reporting outputs: Thisgeneratesasummary pagef all the odputsincludinga list ofproposed
innovative functions their metrics, conflicts and interrelationships, and impact. Téés be in
report format or asa set of data filegor further analysis and updates in the future.

Further details for each d@hese functionalities are given in the following sections.
3.3.1DEFINNGOBJECTIVES OF THE 33YJ

The user stadthe Structured Innovation todby defining the project study and mission statement
The QFD/TRIZ modulés then initiatedto define or review the glectives (stakeholde@needs) and
priorities of their study, potentially including improvement requirements captured during the design
stages or the technology assessment in the Stage Gate tool.

The following processs, illustrated inFigure 3.5, areundertaken:

1 The user definethe top-level objectives and relative priorities that trigger the potential for
innovation These objectives are the result of design needs (Design limitations), thef-diie
possible of the designand/or from threshold values from the SG tool.

1 The Sl tool could also be initiatdxy the requirementsdentified from the FMEA technical
risks and requiredmitigation measures. The FMEA functions will be inputted into the tool to
I AOCAET ETT1T OAOGEOA O11 O00ETTO O OEA AAOGECI
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Innovate

(newfimproved  /
concept) /

Input from:
- Improvement r
requirements
(Deployment or 5G tool) QFDITRIZ
-User input- new/iearly Initiation
concepl

F
Define Top Level
Objectives & relative
priarities
I

~

FMEA Functions

FIGURES.5: DEFINING TOP OBJECTIVES & RELATIVE PRIORITIES

These objectives define the user requirementdn thecontext of developing a new produdor
example,this is a list othe customer requirementsvhichare usually generaljague, and difficult to
implement directly; they requirdurther detailed definition An examplés shown ifTable 3.2:

TABLE3.2: EXAMPLE DEFINING TOP OBJECTIVES
Mission statement Stakeholder needs

Identify attractive business cases for exploitation | Cost of energy
wave energy resources Security of power supply

Environmental impact

3.3.2SCANNINGIHEDESIGN SPACE

After capturing the objectivesf the study, the user assaessthe potentialinnovativesolutionsbased
onthe objectives The steps taken to achieve these innovative solutions are expanded in the sections
below:

3.3.2.JFunctional requirements

The capturedobjectivesdescribed inSection3.3.1 arerefined into the next level of detail by listing
one orseverafunctional requirements for each objective (i.e. How aregeeg to satisfy the need3.
The objective of this refinement is to identify actionable functional requirementsnes that
haveclear actions to satisfy the needsor eacheed, the user definefunctional requirementsThese
requirements carbe either directly inputted by the useor selected from the solution hierarchyre-
defined in the Sl toolSectionO provides nore details on the solution hierarcland dda required to
run theSltool.

The desireddirection of improvement is also determinddr each functional requiremenighigher
or lowerbetter?). Using the examplén Table 3.2, the direction of improvement can be abown in
Table3.3.
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TABLE3.3: EXAMPLE DIRECTION OF IMPROVEMENT

Stakeholder needs Direction of Improvement
Cost of energy Lower is better
Security of power supply Higher is better
Environmental impact Lower is better

SOLUTION HIERARCHY
The solution hierarchy is a mulevel list of potential solutions fasceanenergysystemsthat starts

with the energy trilemma as requirements: delivering secure, affordable, and environmentally
sustainable energy; and lists potential solutions for eaguirement. The intention is to offer this
hierarchy asa structured set of promptsand to help the user to consider multiple solutions to
different QFD levelg the user can then understand the potential fioleality and innovation, and
thoroughness An example of a solution hierarchy is showrHigure 3.6.

L3 Lg Lg
Capital costs Material costs Manufacturing methods Insulation system
! ' Material amount Material Strength < IR loss
o Decommissioning costsqlachine efficien Active material attributes < Windage and friction los
Lowest Lifetime costs
Energy Conversion Reliability Conversion efficiency

Repairability
Losses >

FIGURE3.6 EXAMPLEOF APPLICATION OBOLUTIONHIERARCHY

This example shows several design selection decisions thoe first level requirementz minimal
lifetime cost Theexample isassociatedwith the reduction ofthe operational costs, and the links
between theLevels of hierarchyThe user has design flexibility over levels 3 to 5, with the top two
levels being influenced by external stakeholders and legislafitvefull list of the solution hierarchy

is presented ilAnnexTablel.4 to Table 16.

FUNDAMENTAL RELATIONSHIPS

The Beta version of th8l tool being developed is to include fiemental relationships between key
parameters in ocean energy concepts, evidence from the first ocean energy arrays, and trends
observed in the industry

The fundamental relationshipare theengineering, physics and fundamental economic relationships
which drive the earliest stages of assessing the attractiveness of concepts. These relationships enable
the userto evaluate more widely how to deliver the concept creation use cases.
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7EAT OO1TTET C ET héS$tiudufed Gnodior desigh todlilwiork @longside the
Stage Gate design tool to assess the fundamental engineering parameters of the proposed concepts
against the topic areas in the stage gate metrics framewdankthis mode, lhe Structured Innovation
design tool also requiresise ofrelevant Deployment and Assessment desigppls to compute
parameters to inform the engineeringhhysics, and economic fundamental relationshipand to
provide toolswhichsupportthe evaluation of requirements and solutions in the QFD/TRIZ modules.

New concepts created as part of the Structured Innovation design tool will utilise the simplest versions
of the assessment and deployment tools to assess these concepts. These may be drased
fundamental engineering, physics and economics relationships, or strijgmee versions of the
assessment tools with default values for many of the variables.

There is likely to be some qualitative data and little quantitative data available aboutdtfermpnance

of atechnology. The Structured Innovation design tool assessment method will be linked to the ability
to work with the Stage Gate, Deployment and Assessment tools to execute assessments at low
Technology Readiness Leyély using fundamental egineering, physisand economics relationships
through the highlevel assessment of concepts as part of the Structured Innovation design tools.

An example illustrating fundamental relationships gome of the modules of DTOceanPlus is
presented inTable3.4.

TABLE3.4: EXAMPLE OF FUNDAMENTAL RELATIONSHIRSDTOCEANPLUS MODULES

Defining parameters Fundamental relationships
Transformed Energy Relationships betweenPTO type efficiency,and energy yield

Describing mooring and foundations Fundamental physics on the loads expected

Cost proxies relating to major stdissemblies instead of LCOE (e,
Lifetime costs of project ACE= ACCW/CCdtescribed below

At the earliest stage of assessment, there is usually little data available making it difficult for the user
to calculate some parameters such as thevelised Cost of Energy.COB. Cost proxies, in these
cases, can be calculated using fundamental relaiups for example the 8E

P ##7

ooO—##%

ACE,being the ratio of the Average climate capture width (ACCW) to ti@aracteristic capital
Expenditure (CCE), is a benefi-cost ratio which can be used to assess the economics of wave and
tidal energy systems. The fundamental relationship between ACEl@tdCOHs presented ifrigure

3.7
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FIGURE3.7: COMPARISON BETWEEN ACE AND LCOE METRICS FOR WAVE ENERGY CONVERTERS
DEPLOYED IN DIFFERENT LOCATIONSR]

3.3.2.2mpacts

This functiondetermines therelationships of the stakeholdasbjectives(WHAT)andthe functional
requirements HOWs) where each intersectMany of the HOWglentified affect more than one
WHAT. The strength of relationship betweereach ofthe needsand functional requirementsis
determinedusinga simplescale high (9), medium(4), low(1), nong0). It is crucial to verify that all
major WHAB are connected with one or more HOW, otherwise review of the functional
requirements isequired.

3.3.2.3Correlations

The correlation (interdependenciespetweenthe functional requirements IOWs) is determined in
order to identify areas where tradeff decisions, conflicts anthnovation may be requiredPre-
defined scales are usedo describe the strength of the relationshipgsetween the functional
requirements High-medium-low-no relationship)andpositive or negative

3.3.3DENTIFYING ATTRACTIVE AREAS OF INNOVATION

The possible concepts will be rankeddrder of importance and achievabilithighlighting those

which would be attractive investment opportunities. Evaluation of thegstions will be based on
high-level metrics such as Internal Rate of Return (IRR) of investment, Payback time, Cost of Energy,
etc.
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