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INTERNATIONAL ELECTROTECHNICAL COMMISSION

MARINE ENERGY - WAVE, TIDAL
AND OTHER WATER CURRENT CONVERTERS -

Part 4: Specification for establishing qualification of new technology

FOREVWURD

1) Thqg International Electrotechnical Commission (IEC) is a worldwide organization for standardization, comprising
all [national electrotechnical committees (IEC National Committees). The object of IEC. is, to gromote
intgrnational co-operation on all questions concerning standardization in the electrical and elegtronic fiqlds. To
this| end and in addition to other activities, IEC publishes International Standards, TechhiCal Specifigations,
Tedhnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter\ referred to ap "IEC
Puflication(s)"). Their preparation is entrusted to technical committees; any IEC Natjonal Committee intgerested
in {he subject dealt with may participate in this preparatory work. International, l\governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates |[closely
with the International Organization for Standardization (ISO) in accordance with conditions determihed by
agregement between the two organizations.

2) Thdg formal decisions or agreements of IEC on technical matters express{as hearly as possible, an interfjational
consensus of opinion on the relevant subjects since each technical committee has representation ffom all
interested IEC National Committees.

3) IEQ Publications have the form of recommendations for interpational use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content|of IEC
Pullications is accurate, IEC cannot be held responsible ‘for the way in which they are used or for any
misjnterpretation by any end user.

4) In ¢rder to promote international uniformity, IEC National Committees undertake to apply IEC Publications
tranisparently to the maximum extent possible inAleir national and regional publications. Any divdrgence
betyveen any IEC Publication and the corresponding.national or regional publication shall be clearly indiqated in
the|latter.

5) IEQ itself does not provide any attestation OfConformity. Independent certification bodies provide corfformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
seryices carried out by independent certification bodies.

6) Al

7) No [iability shall attach to IEC @r its directors, employees, servants or agents including individual expefrts and
meimbers of its technical committees and IEC National Committees for any personal injury, property danmage or
othér damage of any nature. whatsoever, whether direct or indirect, or for costs (including legal fegs) and
expenses arising out of“the publication, use of, or reliance upon, this IEC Publication or any other IEC
Puflications.

isers should ensure that they have‘the latest edition of this publication.

8) Attgntion is drawn_to, the Normative references cited in this publication. Use of the referenced publicalions is
indispensable fof)the correct application of this publication.

9) Attgntion is.drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patént rights=»|EC shall not be held responsible for identifying any or all such patent rights.

The ;[Pain task of IEC technical committees is to prepare International Standards. In
exceptional circumstances, a technical commitiee may propose the publication of a Technical

Specification when

o the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

e the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical Specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 62600-4, which is a Technical Specification, has been prepared by IEC technical
committee TC 114: Marine energy — Wave, tidal and other water current converters.
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The text of this Technical Specification is based on the following documents:

DTS Report on voting
114/346/DTS 114/365A/RVDTS

Full information on the voting for the approval of this Technical Specification can be found in
the report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list [of all parts in The TEC 62600 series, published under the general title Marine enérgy —
Wave| tidal and other water current converters, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unechanged until
the sfability date indicated on the IEC website under "http://webstore.ieé.ch" in thg data
relatefd to the specific publication. At this date, the publication will be

» trgnsformed into an International standard,
* regonfirmed,

e withdrawn,

* replaced by a revised edition, or

* anmended.
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INTRODUCTION

Certification normally qualifies technology against existing standards to confirm compliance.
Technology Qualification (TQ) differs from ordinary certification in that it allows systems to be
qualified that do not conform to an existing standard (or may partially conform to an existing
standard). The approaches to Technology Qualification by several Certification Bodies are in
the references listed in the Bibliography.

Technology Qualification is used both when the technology is completely novel and when only
parts of it are novel. For example, some technologies may have been mostly demonstrated in
the past, but may have some subsystems which may be novel. Technology Qualification can
help developers demonstrate that the technology has been properly developed and th{s can
be of pssistance to stakeholders (such as financial institutions).

The deliverable associated with this process is the Technology Qualification Plan(TQP).
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MARINE ENERGY - WAVE, TIDAL
AND OTHER WATER CURRENT CONVERTERS -

Part 4: Specification for establishing qualification of new technology

1 Scope

and afguments to support claims that the technology under assessment will fungtion r
in a farget operating environment within specific limits and with an acceptable le
confidence.

The Technology Qualification process is also assumed in [IEC TS 62600-2:,2019.

The objective of this document is to provide the necessary\ practices and tec
requirements, regarding technology qualification methodology,(to support the needs
IECRE certification process for marine renewables energy systems. Technology Qualifi
may he performed at the beginning of the certification process to identify the uncerta
novelfies, and modes of failure, mechanisms of failure/, risks and risk control measur
additipn, Technology Qualification will identify the standards that are applicable, to
exten{ and what adaptation to the technology is required to address the risks. The Techr
Qualification Plan is the deliverable arising from tRis process and it will provide all necq
actionls to achieve certification.

2 Normative references

The fopllowing documents are refercéd to in the text in such a way that some or all o
content constitutes requirementslof this document. For dated references, only the ¢
cited gpplies. For undated references, the latest edition of the referenced document (inc
any ajnendments) applies.

IEC 3/1010:2009, Risk (management — Risk assessment techniques
IEC 6[1882:2016, Hazard and operability studies (HAZOP studies) — Application guide

IEC T|S 62600-1, Marine energy — Wave, tidal and other water current converters — H
Vocalulary.

hnical
pf the
cation
nties,
es. In
what

ology
ssary

f their
dition
uding

art 1:

ISO/IEC 17025, General requirements for the competence of testing and calibration

laboratories

ISO/IEC 17065, Conformity assessment — requirements for bodies certifying products

processes and services

ISO 17776:2016, Petroleum and natural gas industries — Offshore production installations —

Major accident hazard management during the design of new installations

3 Terms, definitions and abbreviated terms

For the purposes of this document, the terms and definitions given in IEC TS 62600-1 and the

following apply.
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ISO and IEC maintain terminological databases for use in standardization at the following
addresses:
e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp
3.1 Terms and definitions

3.11

application area
environmental conditions, maintenance conditions, or operating parameters which a
subsystem or compaonent within the technolagy is operating within

3.1.2
independent review basis
requirements for a product’'s components, assemblies or systems specifications including:
operaling conditions; performance targets and reliability targets

Note 1|to entry: These form the basis against which the product, component, assembly or system |will be
assesspd during Technology Qualification. It covers Demonstrated, Limited field Chistory and New or Urjproven
technology.

3.1.3
technjology qualification plan
document created at the conclusion of the definition phase:“This document covers both|novel
aspedts and aspects which fully conform to existing codes and standards

Note 1|to entry: This includes the standards and certification levels agreed upon for the product, component,
assembly and/or system, and the testing plan as defined by, the qualification methods. The document contdins the
plan fof all actions to be carried out during the certification’process detailed in these procedures.

3.1.4
technjology: degrees of novelty
level ¢f maturity to which a knowhow is-classified as Validated

Note 1| to entry: The degree of technology novelty combined with where/how the technology is ppplied
(Applichtion Area) is classified in categories to be used as input to a risk assessment.

3.1.4.1
valid3ated technology
knowhow that has a documented track record of operation within a defined environment

Note 1 |to entry: This*documentation provides confidence in the technology from practical operations (infcluding
testing], with respect to the ability of the technology to meet the specified requirements and is technology that has
been uged in thesindustry for many years with modes of failure and failure mechanisms identified and contrglled by
design | fabrication, testing and maintenance requirements provided in standards or industry practice.

3.1.4.
limited field history technology
knowhow that has been used in a limited range of applications and conditions

Note 1 to entry: The technology has limited statistical basis and track record to clearly conclude that there are no
new technical uncertainties to be identified. Standards and procedures may not have already been developed to
address the technology.

3.1.4.3
new or unproven technology
knowhow that is not demonstrated or has no track record

Note 1 to entry: The failure modes and mechanisms of failure are not known or there is limited understanding of
how the technology can fail and the safety margins needed to avoid failures. The technology has significant
uncertainties.


http://www.iso.org/obp
https://iecnorm.com/api/?name=1085c1ff69bbd67ed215a4a539901830

IEC TS 62600-4:2020 © |IEC 2020 -9-

3.1.5

Technology Qualification

TQ

process for identifying and providing the evidence that the technology will function reliably
within specified limits and with an acceptable level of confidence

3.2 Abbreviated terms

API American Petroleum Institute
DOE Department of Energy (US)
ME Marine Energy

TRL Technology Readiness Levels
IRL Integration Readiness Levels
RPN Risk Priority Number

4 Independent review

ISO/IEC 17025 and ISO/IEC 17065 outline the management of the processes for indepgndent
bodie$ participating in TQ and certification and should be referenced, if guidance is needed.

The gtandards which are used as part of the independentiréview process should be [those
which|are recognised by industry as being representative of.current best practice.

5 Technology qualification overview

The Technology Qualification process usesda risk-based approach to verify thgt the
technplogy meets its intended Qualification™Basis. It is usually used for technology which is
novel[or technology which incorporates nevel aspects. The Technology Qualification process
comptises the modules as shown in Figure 1.

The spbsystems / components insFable 1 are divided into the following classes:

1)| Class 1: No new technijcal uncertainties
2)| Class 2: New technical uncertainties

3)| Class 3: New technical risks

4)| Class 4: Demanding new technical risks

Table 1 — Technology classes

ApTIication area Technology: degrees of novelty
\alidated Limited-field hieh-\ry New._or llnpmr‘
(modified TRL 7-9)2 (modified TRL 4-6)2 (modified TRL 1-3)2
Known 1 2 3
New 2 3 4
a8 See Annex D for details.

Validated technology operating in a known application is considered technology classified as
Class 1 with no new technical uncertainties. All other classes reflect varying levels of
technology novelty and application uncertainty.
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All systems, subsystems, components and development phases (from design and
manufacturing through to decommissioning) should be considered: New technology
(Classes 2 to 4) shall be subject to technology qualification: validated technology (class 1) will
be subject to criticality assessment using existing standards: Class 2 items normally require
only design studies to mitigate risks and Class 3 and 4 items should normally require testing
in addition to design studies.

Key activities: ( Definition of technology )
C Technology developer )

Technology developer and System decomposition
inclependent reviewer

Inclependent reviewer
Technology assessment

¢ imited history or new

Validated (proven) technology Novel technology? (or unproven) technology

I 4
Criticality assessment QO
A\
QO
\\QQ)
Critical elements? T ‘$
4\
xO

Risk assessment

(4

Technolog\
appraisal report

—] Combined technology and risk analysis
C)éo ( Development of technology )

qualification plan
N

Review and approval of

Statement of
technology qualification plan

feasibility

A\ 4

( Other certification activities )

Figure 1 — Technology Qualification process

IEC
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6 Stages of the Technology Qualification process

6.1 General

This clause provides explanatory guidance and the deliverables required for the activities
given in Figure 1. With the exception of developing a Technology Qualification Plan, this is
usually done in a workshop.

The TQ process targets the requirements, assumptions and methodologies essential for the
evaluation of: design parameters, assumptions, methodologies and principles concerning a
new technology. In the risk-based approach to TQ, elements such as conditions for
manufacturing, transportation, mstattation, —commissioning, operation, maimntenancyg and
decommissioning shall also be considered.

6.2 |[Role of independent reviewer in the process

The r¢le of an independent reviewer should be provided prior to an indepehdent review|being
condycted.

6.3 |Prepare Qualification Basis

The qualification basis sets out the requirements for the dévice. It should document the
specifications, operating conditions, performance targets and“reliability targets. Examp|les of
qualification requirements include: energy efficiency; performance; reliability; cost pgr unit
energl; strength to stress ratio; etc. The qualification\basis is used to assess the device
during the technology assessment and risk assessment\phases.

6.4 |Prepare system decomposition

Once [the Qualification Basis document has been completed, the next activity is to break|down
the technology into distinct subsystems_/Components that can be individually assessgd for
their |maturity based upon the degree of novelty described in Annex B. The slstem
decomposition should clarify one or more of the following:

e Sybsystems and components_including their functions.

e Prpject execution phases (e.g. manufacturing, installation, operation| and
dgcommissioning).

Each pf the subsystems”or components above may include hardware, firmware and sofjware.
The grocess outlined shall cover all phases of the life cycle of the system, subsystem or
component. The)only output of this step is a breakdown of the technology into distinct| parts
that cpn be individually assessed for their maturity / novelty which will enable the assogiated
risks fo be identified.

6.5 Linfegration of technology companents/elements

For each distinct subsystem/component within a system, the integration of that distinct
subsystem/component with others shall be considered. To aid this, the IRL table (Annex C)
outlines distinct levels of integration that may be present between subsystems / components.
Unless the IRL is high (levels 8-9), it is expected that this will have an impact on the TRL
levels of subsystems/components. This assessment can be done qualitatively during a
Technology Qualification workshop or a quantitative approach can be used. Methods for
assessing the impact of integration readiness on the TRL levels of subsystems/ components
are outlined in Annex D.

6.6 Implement technology assessment

Validated technology shall be documented in accordance with recommended practices and
relevant international standards.
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Temporary phases such as installation, float-out, lifting, transportation, etc., are also
considered as aspects of the technology development influencing the feasibility of the concept
or the integrity of the energy converter and are reflected in the operation, maintenance and
repair aspects.

Concept evaluation, which is part of a technology assessment, should consider all
development, deployment and retrieval phases. At minimum, this evaluation should address
the following basic questions:

e Will this work?

e |s this viable?

o  WIIl it survive?
6.7 |Determining degree of novelty of technology

When|considering the degree of novelty of the technology, the integration betwéen the various
technplogy components should be considered. For example, if a system has two subsygtems
which| are "Validated technology" but these have never been integrated together, thgn the
overall system cannot reasonably be considered as "Validated technology". Hence, fgr this
technplogy the overall system should be considered as either’ "Limited field History
technplogy" or "New or unproven technology" depending on the risks associated with the
integrption.

6.8 |Risk assessment

While[performing risk assessment the following shallbe“carried out:

o Défine risks reflecting the level of acceptante’ compatible with the phase of technology
development and the requirements of authgrities and other stakeholders.

o Identify, where possible, relevant standards for components and subsystems.

e Agdsess maintenance, operations, condition monitoring and possible concept modificptions
to|reduce the risks to an acceptable level.

e Dagfine consequences and probability classes that align with the range of expected gvents
an(d failures for the technology.

e In|lieu of data obtained ' from specific application of the technology, the probability pf the
event/failure to be used during the risk assessment can be derived from relevant data from
other industries, provided that an assessment of the impact of the new application [in the
marine renewables’sector is taken into account.

Risk assessment tan be done as per the risk matrix in Annex A by using several techniiques
(includling but'not limited to):
o Fdgildre Mode Effect and Criticality Analysis (FMECA) see Annex A

e Hazard identification study (HAZID) and Hazard and operability study (HAZOP). Guidance
on HAZID and HAZOP can be found in ISO 17776:2016, Annex C and I|EC 61882
respectively.

e Structured What If Technique (SWIFT) which is described in ISO/IEC 31010

The risk assessment process shall be carried out by a multi-disciplinary team based on (but
not limited to) the following documents:

e Technology Qualification Basis

e System decomposition

e Technology Assessment

e Detailed drawings of items subject to review

e Drawings and descriptions of control and safety systems (including software)
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e Material specifications

e OQutline of fabrication procedures

e Outline of installation procedures

e OQutline of inspection and maintenance procedures

e Design Calculations

¢ Relevant test reports

6.9

For t

Terms of reference for criticality assessment of validated technology

chnoloavwhich is not novel the develoner should identifv the annlicable standar.
Y y g 4 138 o

s that

shoul

6.10

The ¢
resou
(see A

is a cqlculation used to categorise the risks from highest to lowest.

The R
Detec

For te
never

6.11

The T
the d
showr
uncer
strate

Qualification Plan are available in Annex E.

6.12

Over
furthe

Qualification"Plan. The new understandings learnt because of such testing may lead

updat

I be used for design (and if necessary, testing, reliability assessment, etc.).

Criticality assessment

riticality assessment should allow the technology developer to prioritise the
rces for design and testing of the technology. This could form part.efithe FMECA
nnex A). Criticality can be determined by assigning a Risk PrioritysNumber (RPN)

PN is the product of the two scoring columns: Severity/and Probability of Occur
tion probability can be introduced by adjustment of thecseverity values.

RPN = Severity x Probability‘of)Occurrence

chnology which is not novel (sometimes teferred to as mature), the developer s
heless assess if the technology is criticalito the overall functioning of the device.

Develop Technology QualificationiPlan

echnology Qualification Plan gensolidates the results of the studies carried out
efinition, system decompasitien, technology assessment and criticality activiti

in Figure 1. This shall,;"include all the recommendations to reduce risks
ainties including the ddaptation of the requirements from other industries. Miti
gies might include design studies and testing. The elements of a Techr

Updating the Technology Qualification Plan

time, new’information and findings are likely to emerge, for example, as a reg
I testing;”and these should be fed back to the different modules of the Techn

ng{of the Technology Qualification Plan. This is particularly important during t

se of
study
which

ence.

hould

juring
S  as

and
jation
ology

ult of

ology
lo the

he in-

servic

€ pnase. fAence, tnis IS an Iterative process and tne lecnnology Wuallricatio

should be updated to incorporate those findings.

7 R

7.1

eporting the TQ process

Report content

Plan

Reporting to accompany the Technology Qualification Plan according to this document shall
contain at least the following information:

e Clear description of the systems, subsystems and components

¢ Name and address of the manufacturers

e This document, edition and amendments, if any
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e Conditions and limitations, if any

o References to manufacturers’ instructions
e Technology Qualification Basis

e System decomposition

o All applicable standards

e Technology Assessment

e Drawings of items, under review

e Drawings and descriptions of control and safety systems (including software)

o Material specifications

e Odtline of fabrication procedures

e Outline of installation procedures

e Odtline of inspection and maintenance procedures
The Tlechnology Qualification Plan and accompanying documentation should clearly depcribe

the olitcomes of concept evaluation, risk assessment and criticality”assessment. Annei E is
offered as a guideline to the structure of the document.

7.2 Restrictions

Becayse reports such as test reports and others (e.g. #Q Risk Analysis) form the bagis for
issuing a Marine Energy Certificate of Compliance,~they may not be used in any fgrm of
adverlising or sales promotion to prevent the information from being misrepresented. The
certification body or independent technology reviewer may have specific rules on thig that
should be adhered to.
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Annex A
(informative)

Use of FMECA for technology qualification

General

The risk assessment stage can be performed in a workshop by a multi-disciplinary team using
the Failure Mode Effects and Criticality Analysis (FMECA) methodology. For guidance, see
IEC 60812. This is a technique for systematically analysing each possible failure mode within

a hargware system, and identifying the resulting effect on safety, environment, operation and
the system or subsystem. The Risk Ranking is a quantitative procedure which ranks-failure
mode$ according to their probability and consequences (e.g. the consequences of\the failure
mode|on safety, environment, operation and the system or subsystem).
A.2 | Risk matrix
The lIevel of risk acceptance to be considered is defined baséd-~on the combinatjon of
probapility of an event to occur and the consequence of that evént. Table A.1, Table AJ2 and
Table|A.3 provide this basis.
Table A.1 — Probability of occurrence
o Indicative anpnual
Classg Name Description failure rate ({ip to)
1 Very low Negligible event frequency 1,0E-04
2 Low Event unlikely to occur 1,0E-03
3 Medium Event rarely expected to,occur 1,0E-02
4 High One or several events expected to occur during the lifetime 1,0E-01
5 Very high One or several eyvents expected to occur each year 1,0E+00
Table A.2 — Classification of consequence
Description of consequences (impact on)
Clasg . . Cost
Safety Environment Operation Assets (UsD)
Negligitte Negligible pollution or no |Negligible effect on
1 injuty,\effect ffect . t ducti h Negligible 1,5 k
o health effect on environmen production (hours)
:\V‘I;IIUI PU::Ut;UIII’D:;yht Paltla: :UOD UI‘ 'JUIfUIIIIGII\;U
Minor injuries, |effect on environment (retrieval not required Repairable within
2 o ) ; . ) " . 15
health effects [(minimum disruption on outside maintenance maintenance interval
marine life) interval)
Moderate Limited levels of pollution, |Loss of performance Repairable outside
3 injuries and/or |[manageable/moderate requiring retrieval outside ma‘i)ntenance interval 350 k
health effects |effect on environment maintenance interval
Moderate pollution, with Significant but
Significant some clean-up Total loss of production up gni .
4 S . repairable outside 2,5m
injuries costs/Serious effect on to 2,5 m (USD) maintenance interval
environment
Major pollution event, with LOSS. of device, major
L . . repair needed by
. significant clean-up Total loss of production :
5 A fatality ) removal of device and 13 m
costs/disastrous effects  |greater than 2,5 m (USD) ;
. exchange of major
on the environment
components
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The risk levels described here are compatible with the level of acceptance of risks in similar
industries such as offshore wind. It is noted that for novel technology, the actual probability of
failure or the actual consequence of a failure mode will be difficult to identify. For the FMECA
needed in a technology qualification plan, a qualitative rather than quantitative approach is
sufficient. Thus, it is recommended that an approximation of the expected probability and
consequence classes are made. This can be done by reference to subject matter experts or
reliability databases containing surrogate systems data.

The risk matrix categories consider the normal safety factor as defined in Table A.3.

Table A.3 — Categories of risk

Consequence
Arobability 1 2
5 Low Med
4 Low Med
3 Low Low
2 Low Low Low Med Med
1 Low Low Low Low Med
Low Tolerable, no action required
Mediym Mitigation and improvement required to reduce riskto low
High Not acceptable: mitigation and improvement required to reduce risk to low (ALARP)
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Annex B
(informative)

Definition of Technology Readiness Levels (TRL)

Technology Readiness Levels as defined in US Department of Energy (DoE) document DOE
G 413.3-4, see Table B.1.

Table B.1 — Description of Technology Readiness Levels

g -
UeTimmuauIi

~ -
voosulitpuorn

TRL
(API)

Validated technology

Actual system operated
over the full range of
expected conditions

The technology is in its final form and operated under the
full range of operating conditions. Examples include using
the actual system with the full range of real operations

Actual system
completed and qualified
through test and
demonstration

The technology has been proven to work in its_fihal' form
and under expected conditions. In almost all.cases, this
TRL represents the end of true system development.
Examples include developmental testing and evaluation of
the system in actual situations. Supporting information
includes operational procedures that are virtually complete.
An Operational Readiness Review (ORR) has been
successfully completed prior to\the start of hot testing.

Full-scale, similar
(prototypical) system
demonstrated in relevant
environment

This represents a major step\up from TRL 6, requiring
demonstration of an actdal system prototype in a relevant
environment. Exampléesiinclude testing full-scale prototype

in the field with a range’of simulants in cold commissioning.

Supporting information includes results from the full-scale
testing and analysis of the differences between the test
environment, ahd analysis of what the experimental results
mean for theléventual operating system/environment. Final
design is“virtually complete.

Limited field history

Engineering/pilot-scale,
similar (prototypical)
system validation in
relevant environment

Engineering-scale models or prototypes are tested in a
relevant environment. This represents a major step up in a
technology’s demonstrated readiness. Examples include
testing an engineering scale prototypical system with a
range of simulants. Supporting information includes results
from the engineering scale testing and analysis of the
differences between the engineering scale, prototypical
system/environment, and analysis of what the experimental
results mean for the eventual operating
system/environment. TRL 6 begins true engineering
development of the technology as an operational system.
The major difference between TRL 5 and 6 is the step up
from laboratory scale to engineering scale and the
determination of scaling factors that will enable design of
the operating system. The prototype should be capable of
performing all the functions that will be required of the
operational system. The operating environment for the
testing should closely represent the actual operating
environment

Laboratory scale, similar
system validation in
relevant environment

The basic technological components are integrated so that
the system configuration is similar to (matches) the final
application in almost all respects. Examples include testing
a high-fidelity, laboratory scale system in a simulated
environment with a range of simulants and actual waste.
Supporting information includes results from the laboratory
scale testing, analysis of the differences between the
laboratory and eventual operating system/environment, and
analysis of what the experimental results mean for the
eventual operating system/environment. The major
difference between TRL 4 and 5 is the increase in the
fidelity of the system and environment to the actual
application. The system tested is almost prototypical.
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TRL
(DOE)

Definition

Description

TRL
(API)

Component and/or
system validation in
laboratory environment

The basic technological components are integrated to
establish that the pieces will work together. This is
relatively "low fidelity" compared with the eventual system.
Examples include integration of ad hoc hardware in a
laboratory and testing with a range of simulants and small-
scale tests of actual situations. Supporting information
includes the results of the integrated experiments and
estimates of how the experimental components and
experimental test results differ from the expected system
performance goals. TRL 4-6 represent the bridge from
scientific research to engineering. TRL 4 is the first step in
determining indivi i ork

together as a system. The laboratory system will probably
be a mix of on hand equipment and a few special purpose
components that may require special handling, calibration;
or alignment to get them to function.

3

New or unproven technology

Analytical and
experimental critical
function and/or
characteristic proof of
concept

Active research and development (R&D) is initiated~ This
includes analytical studies and laboratory-scale studies to
physically validate the analytical predictions.af separate
elements of the technology. Examples includercomponents
that are not yet integrated, or representative tested with
simulants. Supporting information includes results of
laboratory tests performed to measuresparameters of
interest and comparison to analytical predictions for critical
subsystems. At TRL 3 the work\hWas moved beyond the
paper phase to experimentakwork that verifies that the
concept works as expected(on simulants. Components of
the technology are validated, but there is no attempt to
integrate the componénts'into a complete system. Modelling
and simulation may.\be Used to complement physical
experiments.

Technology concept
and/or application
formulated

Once basic principles are observed, practical applications
can be inyenfed. Applications are speculative, and there
may be ng@ proof or detailed analysis to support the
assumptions. Examples are still limited to analytic studies.
Supporting information includes publications or other
references that outline the application being considered and
that provide analysis to support the concept. The step up
from TRL 1 to TRL 2 moves the ideas from pure to applied
research. Most of the work is analytical or paper studies
with the emphasis on understanding the science better.
Experimental work is designed to corroborate the basic
scientific observations made during TRL 1 work.

Basic principles
observed and reported

This is the lowest level of technology readiness. Scientific
research begins to be translated into applied R&D.
Examples might include paper studies of a technology’s
basic properties or experimental work that consists mainly
of observations of the physical world. Supporting
Information includes published research or other references
that identify the principles that underlie the technology.
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Annex C
(informative)

Definition of Integration Readiness Levels (IRL)

Table C.1 — Description of Integration Readiness Levels

IRL

Description

An interface (i.e. physical connection) between technologies has been identified with sufficient

detail to allow characterisation of the relationship

There i1s some level of specificity to characterise the interaction (i.e. ability to influence betw
technologies through their interface)

een

There is compatibility (i.e. common language) between technologies to orderly and efficientl
integrate and interact

There is sufficient detail in the quality and assurance of the integration betweén\technologie

14

There is sufficient control between technologies necessary to establish, mafiage, and termin
the integration

ate

oY

The integrating technologies can accept, translate and structure inférmation for its intended
application

The integration of technologies has been verified and validated\with sufficient detail to be
actionable

Actual integration completed and mission qualified through test and demonstration, in the syjstem

environment

D

Integration is mission-proven through successfukmission operations

Sourde: R. Gove, B. Sauser, and J. Ramirez-Marquez, 2007, Integration Maturity Metrics: Development
Integnation Readiness Level, Stevens Institute of Technology.

of an
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Annex D
(informative)

Assessing the overall Technology Readiness Levels

The overall Technology Readiness Level is a function of the TRL and IRL, in that the

initial

TRL of each component (and sub-component) identified should be adjusted to reflect the

degree of uncertainty associated with the subsystem and components being integrate
the system.

Multipte—eppreaches—have—been—adopted he d v
choic¢ of which approach is best suited to define the quality of the interaction and accor
determine a corresponding quantity on the IRL scale, should be agreed in the TQ worksh

d into

igns. A

dingly
op.

Within linear systems, as the interface between various components” is relatively

straightforward, the overall Technology Readiness Level for the associated\componen{
be eapily determined. For non-linear systems, as the IRL assigned to describe the inter
betwelen the various subsystem and components is complex, a more rigorous sche
quant|fy the TRL needs to be implemented.

The modified TRL assigned to each subsystem and compongnt’is modified according
followjng principles:
a)| The IRL should not be used to raise the TRL of subsystems and components.

b)| If the IRL is 7 or higher, the TRL level should.not be adjusted (i.e. the relativel
integration readiness is considered not, texhave an influence on the technol
maturity).

c)| The TRL should be halved if the associated IRL is equal to 1.
d)| The adjusted TRL should be rounded down to the next integer.

e)| A sliding scale should be applied to the TRL adjustment for an IRL between 1
(i.,e. 1=50 % and 7 = 100 %).as given in the example below.

Wher¢ IRLs are assigned to-the interactions between various components, the lowes
assocjated with each component shall be assumed, on the basis that the overall s
perforimance is often only.as strong as its weakest link. Subsystems and component

S can
action
me to

o the

high
pgical

and 7

5t IRL
ystem
5 with

extremely low overall~TRLs calculated because of the TRL/IRL interactions should be

considlered for further examination.

The fpllowing-example, see Figure D.1, is provided to determine the modified TH
component D.depending upon its interaction with other components it integrates with.

L for

IEC

Figure D.1 — Interaction between TRL and IRL (example)
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