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Context: importance of plant availability for energy

production market

Nuclear fusion is expected to be available as energy technology source of energy in the near future.
Besides scientific and technological challenges to obtain burning plasma and tritium self-sufficiency, a key aspect for the

success of such technology in the energy market will be plant availability. Comparative with energy gen. Tech
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Motivation for fusion reliability data collection/selection

» Reliability/Availability shall be considered since design early phases
» Fusion is characterized by pulsed operation, high scheduled maintenance time which reduce Op.Av.:
» MANDATORY to minimize unscheduled downtime
» Nuclear fusion plants will exploit many fusion specific components with relatively low technology readiness level, or
in some cases exploit components with mature technology from fission plants but within different and poorly

explored operating domain window (e.g., in terms of loads, operation regimes, etc.).

RAMI analysis Input data

» An important source of uncertainty in reliability

Component System
assessment then resides in the failure and repair model Ldentifieation: ————
. i function, boundaries, lCompoueuls'
definition for fusion plant components. design and application configuration, operating Availability/Reliabilit
/ specs, dimensioning [} conditions, interfaces, A p\ y Targets
» To limit such uncertainty, Fusion Components Failure — redundancy, cascade FANNNAY
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Overview FCFRDB & IEA context

Framework: International Energy Agency Agreement on the Environmental, Safety and Economic
Aspects of Fusion Power (IEA ESEFP) — Task 5.

FCFRDB WEB-ACCESSIBLE DATABASE
m FCFRDB - Fusion Component Failure Rate DB uS-. :

2%
PORTUGAL

http://fus-se.frascati.enea.it:8080/Enea/login 2%

CHINA

12%

> Users: Fusion Community Users willing to .
work on RAMI analysis or research on failure L
operational statistics for not commercial
purposes.

» Currently about 60 active users from 22

Institutes across 13 countries FCERDB USERS
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FCFRDB Records at glance: hystorical record sources

>4k records ~ 62% records selected for fusion from literature screening
38% records estimated from failure data in facilities
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FCFRDB Records at glance: components record types

Pressurizer
>4k records - _ Chemical Building Structural support
Concrete Containment

0% 0% Damper
Window
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device Control rod mechanism

a 1 . . . . N N 17% Containment feedthrough

q Strainer/ Filter
Mechanic

{
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Overview FCFRDB: Record Composition

Family Name:
Chemical

Sub-class2:

Function:

Cause:

Design
Characteristics:

Failure Rate/Prob. -
Mean: 5.05E-02
Error Factor: NfA
Upper Bound 95%:
1.27E-01

Lower Bound 5%:
0.00E+00

MTTF:
MDTF :

Mean Time To
Repair :

Mean Repair Rate :

Preventive
Maintenance Policy:

Type: Absorber bed

Sub-class3:

Short Description: Molecular
Sieve Beds

Operation Mode:

Appl. Characteristics: Tritium
Waste Treatment system
components at TSTA

FR/P Unit:/D

MTTF Unit:

MDTF Unit :
MTTR Unit :
MRR Unit :

Test/Inspection interval:

No of Ci
4

Validation: APPROVED

Reference: INEL
EGG-FSP-8973, rev. 1

Created By:
dataEntry

Down Up

C lative Working Time:

IEA Consensus: Y
@ Attach New Reference (1)
Attach Reference

Data entry: 03/12/2011

Show Component

Sub-classl: Molecular sieve bed

Sub-class4:

Failure Mode: All failure modes

Comp. Bounderies: Two beds of 36.4 kg per bed of Linde type 13X molecular sieve, and two beds of 54.4 kg per bed of Linde type

4A molecular sieve

Note: Table A-2 - The Reference gives only upper bound, then mean failure rate have been estimated with the formula
LambdaUB*LN(0.4)/LN(0.1) because, with no faults observed, the following approximation can be done: Mean=-LN{0.4)/D and UB=-

LN{0.1)/D, where D is the number of operations

Probability Distribution : Exponential (EF)

MTTR Probability distribution ;: e

No of Failures: 0

Cumulative Working Demands: 22

Last modification date: 20/05/2012

Note- about 25 % of
records include
Mean Time To Repair
(MTTR) data stats

Copy in New Component Edit Mark For Deletion
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Overview FCFRDB: data applications

> Design RAMI assessments e.g. ITER TBM systems » Estimation of DEMO disruptions due to component failures

Table 5
Yearly events of disruptions, fast and soft PSD allocated by systems. N = Negligible (i.e. less than 1 event every ten years).

AILPTA0004-

Cosomg. esk
. . . Touptoe | Gt V0003 e . . PBS Disruptions Fast Soft Total
l . . Min Max Min Max Min Max Min Max
He Piping Leak n.c nn He VK Leak vx Stuck cas Mlxev -Control vc V:Ive
s o] vale Failto
o 1 Magnet system 0.1 1.9 01 0.6 0.4 6.1 05 8.6
(e 12 Vacuum Vessel (VV) N 0.1 N N N 0.1
v s 13 Divertor N 03 N 0.1 0.1 0.4
nture i 14 BB (HCPB) 0.3 4.5 4.9 24.4 5.2 28.9
[ ALRIRIT. 15 BB (HCLL) 72.7 607.5 223.4 1870.1 296.1 2477.6
. _. 16 BB (WCLL) 05 6.9 58.0 385.9 58.5 392.8
. . . 17 BB (DCLL) 0.1 10 2.0 16.9 2.1 17.9
G TE N.VE VC- fa
ML POREALP PR Heat Heal  Graustor tip H20-Piing: H20-Piing- e st| ONor G“‘,iﬁz"’,w il 20 Cryostat N N N 0.2 N 0.2
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ey, WRTUb Lack emnepen LesRupure 22 Tritium, Fuelling, Vacuum (TFV) 0.3 17 N N 0.2 1.4 0.4 3.1
23 Remote Hand'\ mg

https://doi.org/10.1016/j.fusengdes.2019.03.016 https://doi. org/lO 1016/j.fusengdes.2018.04.114

>  PSA-driven approach to safety Classification in DEMO > Reliability-grow Sensitivity studies on DEMO Breeding

) . X - Safety . . Function| .
PBS elements Safety | Op. g eaee | Event | Signifieant | S0 S Failure | Yearly | Safety
(Components) | function| M, | PO T 0SS ey opory atery event | (ST pate | Faiture] S el Blanket deS|gn
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https://doi. org/lO 1016/j.fusengdes.2019.01.040
https://doi.org/10.1016/j.fusengdes.2020.111937
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FCFRDB development:

data from literature selection, suppliers

Expert RAMI analyst can propose/select literature data from other facilities / domain of
applications to estimate system performance.

About 500 new records added to FCFRDB:

Reference

# records

Category

INEEL_EXT-99-11044 194 Nuclear Facilities Liquid Metal Cooling - Liquid Metal
INEL-95/0422 129 Chemical Process Failure Stats INTL Cinemifee] Chemical
Process Plant
_ . ; Plant Electrical

INEEL_EXT-01 48 Nuclear Facilities Screening Vaiours S

— Distribution Systems
ITER Radial Neutron Camera 38 Fusion Venl\;igcrjg?ta/ ITER Design Neutron Diagnostics
INEEL/EXT-99-001318 26 Nuclear Facilities Screening Vaiours Ventilation Systems
DRAGON- EAST data 15 Fusion Failure Stats Dragon-East Cryosys}ggnp, A0
Fast Discharge Unit - Model 13 Fusion Reliability Model ITER Design Magnets & PS
Accelerator Application - 8 Fusion Screening Vaiours Magnets
ER I_3Ianket REEE 7 Fusion Vendor data ITER DESIGN Remote Handling
Handling System
INEL_0299 5) Fusion Screening Vaiours Liguid Metal
DIlI-D 5 Fusion Failure Stats D-IIID Magnet

0
0c

Valve

Neutron Detection
Pump

Magnet system
Piping
Compressor/ Blower/ Fan
Heat exchanger
Circuit conductor
Relay

Strainer/ Filter
Circuit breaker
Sensor/ Transducer
Remote Handling
Switchgear
Containment
Scrubber

Switch

Liquid Metal-cooling..

Steam Generator
Heat tracing
Safety device

Transformer
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FCFRDB development: data for fusion specific

component qualification tests

Fusion specific component, load dependent

Qualification dataset: 26 Divertor Inner Vertical Target mock-ups.

Number of

mock-up

Number of
cycles

Heat Flux .
10 26

HighHeatFlux tests:10 MW/m2 for 5000 cycles (10 sec flux on, 10 sec 5000

off) and at 20 MW/m2 for additional 300 cycles. 1000 20 17
https://doi.org/10.1016/j.fusengdes.2014.12.006 P s00 20 6
A Bayesian framework + Step-Stress Accelerated Life Testing (SSALT)

framework exploited for failure model inference: Exponential Ti~exp(4) : A=C1le B/V

Posterior distribution f(g/X) ~f(6) L(X|8)=1(8) []; I;
likelihood function L(X|@) depending on surviving time and stress levels V

Weibull Ti~Weibull(g,n):

A(t) = BCBeBB/ViB-1

https://doi.org/10.1016/j.fusengdes.2018.05.077

Estimated Mean Time To Failure (MTTF)

Weibull takes into account degradation in time and enables building more realistic/operational sequences

002 003 004
I I

Probability of failure

|

000 om

2000

T T T T T
o 1000 2000 3000 4000 5000
3000 4000 5000

Cycles
Cycles

Method MTTE e g W(B.n) - b
cycles sz . .
Exponential (just 10 5 cid E e
MW/m2 datal 187550 =5 P
Exponential (A) 150000 g Pt o
weibull (B;n) 8700 : m we  w w0 w0 o0
Number of cycles
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FCFRDB development: data for fusion specific

omponent qualification tests

Fusion specific component, load dependent

» single crystal Chemical Vapour Deposited fast D-T neutron diamond detectors to be exploited in ITER
> an expected life of expressed as max cumulated fluence of uncollided neutrons 1.E15 neutrons /cm?

before degradation was derived from radiation hardness tests
https://doi.org/10.1016/[.nima.2021.165574
scCVD detector location

Cumulated Uncollided Fluence

> A ma in between Cumul ated neutron ﬂuence o [oueeit | aaoreit | aseeis | Tosters | oaoeeis | asseos | oot | daceois | oorss | oot | asueess | saocess | aaseoss | gorers | soneess | asseo
2 H H DD and DT Trace 3 2806412 | 2486412 | 2856412 | 3,19E+12 | 3,72E¢12 | 3,756+12 | 3886412 | 4626412 | 4016412 | 3736412 | 3246412 | 294E412 | 2476412 | 3636412 | 3616e12 | 3586412

was optainea explioiting a retrerence irraalation Nooperatons s soweas osoeos osovos [ocoros [ osseo | ocsen | aosen | osen | sooean | aoueae | somear | souesn | st | oneso | oaseso o

DT1 Campaign 13 1,17€414 1,04E+14 | 1,19E+14 | 1,34E+14 | 1,56E+14 | 1576414 | 1,63E+14 | 1,94E+14 | 1,686+14 | 1,56E+14 | 1,36E+14 | 1236414 | 1,03E+14 | 1,52E+14 | 151E+14 | 1,50E+14

14 1,71E+14 1,51E+414 | 1,74E+14 | 1,95E+14 | 2,27E+14 | 2,296+14 | 2,376+14 | 2,826+14 | 2,45E+14 | 2,28E+14 | 1,97E+14 | 1,796+14 | 1516414 | 2,21E+14 | 2,20E+14 | 2,18E+14

AMTTF averaged over L o) 16 ITER e e e e e oo e | o | e | e e

DT2 2/3 Campaign 16 2,776+414 | 245E+14 | 2,826+14 | 3,16E+14 | 367E+14 | 3,71E+14 | 3,84E+14 | 457E+14 | 3,97E+14 | 369E+14 | 3,20E+14 | 2,91E+14 | 2,44E+14 | 3,58E+14 | 3,57E+14 | 353E+14

saree1a | soeeis | ssoeeis | asveas | sosena | 5o | soteeis | omaeeis | saseesa | s10evia | aaveens | soseess | saeess | aseeess | asaea | asoens
aaoees | asserta | aaeess | aoreois | srsen | soaeeia | soseess | aoee1s | saseers | sateens | soserna | aseeria | sseots | soseeis | sezeeu | ssseia
T R D T e e I I e R e T )
sazeris | a9 oaser1s | y1oev1a | sasena | e | soseoss | 77eesa | vaseaa | szeena | 5706 | azeeeis | soteesa | aonera | sorena
soseraa | saseee erseria | 7oceaa | sgrena | saseen Y
saser1a | srseeta | asoena | a9ees | mooress | ssocess | soseria | 107eeis |
Toters | ca0ene = Lt
Toseein | norenns aasEras | L00E5 | dorents s
soreras | yaseee 5 z06+10 | 107ee1s | vosets | aazerts | asseess | saeeets | oseess
asocaa | 716010 vaveoss | wrseess | sasees | e | amseess | e
5 136v10 | so6eeia | ozseeia | L04ges5 | sateets | waseess | aaveess | wsteers | sateess | naseess | aoseris
voevss | wasents | 1asests | 1aaesns | 1s9eess | aweets | aaseess | azess | Losens
s> | daserss | agserms | saeers | nasmess | ssseoss | aacerss | saserrs | sames | aoreess
vootets | tazeess | vaserss | saseers | vaseoss | aveess | wsaeess | vaserts | saagers | nveess | oaserss | saseess | vasens | e
vaseras | asents | aeess | vsteens | aseerts | assents | voteets | ssoress | vaoeens | vasers Saserts | waserts | aaess
vaoress | apseets | waoeess | voaeess | soceres | sssress | aeveess | woueoss | aobess | soveets | saeeess | aaseess | woseets | asaeess | soseers | oo
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[
https://doi.org/10.1016/j.fusengdes.2024.114209
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operational year was found, by assuming 4608h
per ITER operational year (excluding the
calibration by alpha sources hours).

> Afit to lognormal distribution over different LOS
resulted in (m,s)=(11.60, 0.56) parameters

7.936+14 | 6,88E+14 | 6,256+14 | 5256414 | 7706414 | 767414 | 7596414
7496414 | 6816414 | 5726414 | 8396414 | 8356414 | 8276414
8106414 | 7,376+14 | 6186414 | 9,076+14 | 9,036+14 | 89aE+14
7926414 | 6656414
8486414 | 7,126414 | 1,046415 | 1,046415 | 1,036415
9,04+14

1006415
1086415

105E+15 101E+15

7,596414 | 1116415 | 1116415 | 1106415

8056414 | 1186015 | 1186415 | 1166415
8526414 | 1256015 | 1286015 | 1236415
8996414 | 1326115 | 1316415 | 1308415

&
«

vaser1s | saaeeas | vateens | vaserts | aoeets | n2ee1s | a7seess | 21aeens | voseens | asveras | naseess | aseoss | naaeess | vesens | vsseers | ueseess

Cumulated neutron fluence in operation time


https://doi.org/10.1016/j.nima.2021.165574

FCFRDB development: new data from fusion facilities

Availability/Reliability global performance statistics on specific plant needs to be disaggregated to become
informative for new systems reliability-driven design

» Sensitize facility operators to raw failure events/ maintenance data collection at component level,

» Machine operation data perspective not always superposable to RAMI data perspective

» Collaborations with facilities being established - Definition of raw data collection forms

Date and Place of Institution /
| Form Compilation Family Name Given Name Affiliation Qualification Role Contact (email) Notes
User/Form
Identification
Laboratory / Facility Acquisition Date Acquisition Context  Acquisition Process Data Processing Notes
Data Acquisition
Information
Component Design Application Preventive Test / Inspection ...
Component ID Function Operation Mode Boundary Characteristics Characteristics Maintenance Policy interval COI I lponent deflnltlon
Component | I I [ _ I I I I I ; ;
Operation
Start date Stop date I’t ; . parameters
parameters (System) - d f .
Operating time [ | I [ | [ I [ [ Operatlon € Inltlon
Time/ Demand # of Time/Demand# To Failure Detection / Time to repair Time to repair Time to repair
Failure Mode Cause . reclaning) \ . AL
Failure Failure Action on detection (Prepare) (Perform) (Commissioning)  Time to repair (Total) N° of Workers Notes

Failure/Corrective

Maintenance Failure/Repair definition

identification
Time to Perform Time to Perform Time to Perform
Preventive Preventive Preventive Time to Perform
N° of Demands to Maintenance Maintenance Maintenance Preventive
Activity Cause Date Time to Maintenance maintenance (Prepare) (Perform) (Commissioning) Maintenance (Total) N° of Workers Notes
Preventive . . . e
S— Maintenance policy definition
idontifiratinn
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FCFRDB development: new user interface website

Query editor
U nder development a. Query = Join conditions = Query Extra
. design_characteristics || Contains helium &
neW User We bSIte AND type Contains compressor 00
AND no_of_failures Greater than | 10 Qe

enabling:

e Searc h on reco rd S by P ——e
earch= Query editor Q, 1 -
P i amily_ne type sub_class sub_clas sub_class sub_class short_descri
k eyWO r d 3763764 Mechanic C;mpressnr I Blower Gompressor Positive displacement Rotary Screw Helium compression  Screw Compress a
I/ Fan

e complex queries
editing, saving
« data export to excel

37€3765 Mechanic Compressor / Blower Compressor Positive displacement Rotary Screw Helium compression  Screw Compress
an
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Summary and Conclusion

» A high plant availability (~80%) is the target for nuclear fusion to compete in the
energy market.

> Reliability-driven design is mandatory and shall be supported by collection of
fusion facilities failure and maintenance data at component level

» Collaborative effort IEA — ESEFP Task 5 is aimed at such purpose with the Fusion
Component Failure Rate Data Base, made available for fusion community

» Data collection is ongoing, ~4700 records now available:
» Data from expert selection among literature data
» Data from fusion specific qualification and testing of components
» Data from suppliers system analyses
» Invest time/resources in collecting/sharing data from your FACILITY
» Development of a new user web interface enabling advaced data search is

9
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Thanks for your attention

danilo.dongiovanni@enea.it
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