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Introduction

O The overall goals of this work:

- Develop a methodology and preliminary analysis of the reliability of the electrical
system for the model that has been proposed for a high temperature nuclear
reactor (HTR) under the Gemini + project of the EU H2020 program.

- Creating areliability model in the SAPHIRE program

- Perform analysis for 2 case:

- With grid connection
- Without grid connection
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Gemini+ Electrical System Diagram [1]
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NRC Electrical System Components Data Set

AC fails in operation Others than BV... 9,55E-07 1,160E+06
DC fails in operation BV... 2,17E-07 8,4 0,500 2,310E+06
Fail to run MKA [Gospostrateg] 7.20E-07
Fail to start 4.50E-07
SBO Generator Fail to Start XKA10, XKA 20 2 98E-02 15 12,500 4,080E+02
SBO Generator Fail to Run 1,50E-03 2,5 2,500 1,670E+03
High Voltage (13.8 and 16 Kv) Circuit Breaker Fails To Open/Close SWITCH:1,4 2,83E-03 6,2 0,659 2,320E+02
High Voltage (13.8 and 16 Kv) Circuit Breaker Spurious Operation 4,83E-07 8,7 0,488 1,010E+06
Medium Voltage (4160 v and 6.9 Kv) Circuit Breaker Fails To Open/Close SWITCH:2,3,5,6,7,8,9 2,49E-03 6,3 0,644 2,580E+02
Medium Voltage (4160 v and 6.9 Kv) Circuit Breaker Spurious Operation 1,15E-07 9,4 0,459 4,010E+06
Low Voltage (480 v) Circuit Breaker Fails To Open/Close SWITCH:10,11,12,13,14,15,16,17,18,1 | 1,03E-03 1,2 56,500 5,500E+04
Low Voltage (480 v) Circuit Breaker Spurious Operation Qééo,21,22,23,24,25,26,27,28,31,32,34 9,97E-08 1,3 39,500 3,960E+08
DC Circuit Breaker Fails to Open/Close SWITCH:29,30,33 4,33E-04 25 2,500 5,780E+03
DC Circuit Breaker Spurious Operation 3,54E-08 3,3 1,500 4,230E+07
DC Circuit Breaker Fails to Open/Close SWITCH_:1,2,3,4,5,6,7,8,9,10,11,12,1 |4,33E-04 25 2,500 5,780E+03
DC Circuit Breaker Spurious Operation 3 3,54E-08 3,3 1,500 4,230E+07
Short ccircle limiter failure in operation BBT 1,71E-7
Transformer Fail to Operate BFT,BAT 2,89E-06 2,400 8,320E+0 |2,6

5
Battery Fails to Operate BTD,BTJ 3,72E-07 23,500 6,320E+0 [1,4

7
We assume failure of inverters and battery BTP,BTU
Inverter Fails to Operate CONVERTERS_I&C_ 4,97E-06 1,130 2,270E+0 |4

5
1&C FAILURE 1&C trains_2,3,4 1,00E-06 2,2
Diodes fails in operatio DIODES_ 2.2E-9
Loss of offsite power, grid-related, power operation, per rcry POWER SUPPLY 1.10E-02 6.7 0.6 55
Loss of offsite power, plant-centered, power operation, per rcry 2.00E-03 2.2 35 1750
Loss of offsite power, switchyard-centered, power operation, per rcry 1.34E-02 14 235 1750
Loss of offsite power, weather-related, power operation, per rcry 5.99E-03 3.0 10.5 1750
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HTR with Grid Connection
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HTR with Grid Connection (\.)) NCBJ
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HTR with Grid Connection (\.)) NCBJ
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HTR with Grid Connection &\/.)3 NCBJ

Results of FT

1.67E-04 280

3.97E-03 286 -
3.97E-03 286 -
3.97E-03 286 -
9.46E-05 12761 -
9.46E-05 12761 -
7.36E-05 223478 le-25
3.31E-02 7 -
1.61E-03 223483 le-25
1.71E-05 134786 1e-20
4.52E-04 9982 1e-20
4.67E-04 36 -
2.01E-06 97316 1e-20
2.01E-06 97316 1e-20
2.01E-06 97316 1e-20
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HTR with Grid Connection @3 NCBJ
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C

Results of FT I&C POWER

Cut sets
(FTZIm 7.74E-9 100 50187
6.77E-9 87.4 BUSBAR_BVA,SWITCH30_OP
2

2.44E-10 3.15 BUSBAR_BVA,BUSBAR_BVB
1.93E-10 2.50 SWITCH30_OP,SWITCH33_OP,SWITCH34_OP

1.93E-10 2.50 SWITCH30_OP,SWITCH33_OP,SWITCH35_OP
8.12E-11 1.05 SWITCH30_OP,SWITCH33_OP,SWITCH_6_FTOC
_ 8.12E-11 1.05 SWITCH30_OP,SWITCH33_OP,SWITCH_10_FTOC
6.71E-11 0.87 BRU10,SWITCH30_OP,SWITCH33_OP
[ 3.98E-11 0.51 BUSBAR_BVA,SWITCH30_SO
_ 1.29E-11 0.17 BUSBAR_BMJ,SWITCH30_OP,SWITCH33_OP
1.29E-11 0.17 BUSBAR_BRA,SWITCH30_OP,SWITCH33_OP
6.97E-12 0.09 BUSBAR_BVA,SWITCH24_OP,SWITCH_4_FTOC
6.97E-12 0.09 BUSBAR_BVB,SWITCH33_OP,SWITCH34_OP
6.97E-12 0.09 BUSBAR_BVB,SWITCH33_OP,SWITCH35_OP
2.93E-12 0.04 BUSBAR_BVB,SWITCH33_OP,SWITCH_6_FTOC
2.93E-12 0.04 BUSBAR_BVB,SWITCH33_OP,SWITCH_10_FTOC
2.42E-12 0.03 BRU10,BUSBAR_BVB,SWITCH33_OP
2.42E-12 0.03 BTP20_CONVERTER,BUSBAR_BVA,SWITCH_4_FTOC
1.35E-12 0.02 SWITCH30_OP,SWITCH33_OP,SWITCH34_SO
1.35E-12 0.02 SWITCH30_OP,SWITCH33_OP,SWITCH35_SO
1.14E-12 0.01 SWITCH30_SO,SWITCH33_OP,SWITCH34_OP
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: . , ~
HTR without Grid Connection &\/.)3 NCBJ

Results of FT

Name of FT Failure Probabilit
6.88E-05 1 -
3.88E-03 7 -

o 3.88E-03 7 :
o T I 3.88E-03 7 :
E——— 7.03E-05 221 :
[ S 7.03E-05 221 -
T TE TE 7.34E-05 29698 -
v B e B e 6.88E-05 1 -
4 =L1° - O LE—; 1.61E-03 25832 le-25
e \ alvalva 1.71E-05 80659 le-25
Trro. 4.52E-04 453 1e-25
& o b 4.52E-04 18 -
I&C TRAIN 2 2.01e-06 196407 le-25
I&C TRAIN 3 2.01e-06 196407 le-25
I&C TRAIN 4 2.01e-06 196407 le-25
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~
HTR without Grid Connection @‘3 NCBJ

Results of FT I&C POWER
--

7.74E-9 134398
i 6.77E9 87.42 BUSBAR_BVA,SWITCH30_OP

2.44E-10 3.15  BUSBAR_BVA,BUSBAR_BVB

1.93E-10 2.50 SWITCH30_OP,SWITCH33_OP,SWITCH34_OP
0 193E-10 2.50 SWITCH30_OP,SWITCH33_OP,SWITCH35_OP
8.12E-11 1.05  SWITCH30_OP,SWITCH33_OP,SWITCH_6_FTOC
0 812E11 1.05 SWITCH30_OP,SWITCH33_OP,SWITCH_10_FTOC
6.71E-11 0.87  BRU10,SWITCH30_OP,SWITCH33_OP

0 3.98E-11 0.51  BUSBAR_BVA SWITCH30_SO

B 120611 0.17 BUSBAR_BMJ,SWITCH30 OP,SWITCH33_OP

10 1.29E-11 0.17 BUSBAR_BRA,SWITCH30_OP,SWITCH33_OP
6.97E-12 0.09 BUSBAR_BVA,SWITCH24 OP,SWITCH_4 FTOC
12 6.97E-12 0.09 BUSBAR_BVB,SWITCH33_OP,SWITCH34_OP
6.97E-12 0.09 BUSBAR_BVB,SWITCH33_OP,SWITCH35_OP

14 2.93E-12 0.04 BUSBAR_BVB,SWITCH33_OP,SWITCH_6_FTOC
15 2.93E-12 0.04 BUSBAR_BVB,SWITCH33_OP,SWITCH_10_FTOC
16 2.42E-12 0.03 BRU10,BUSBAR_BVB,SWITCH33_OP

17 2.42E-12 0.03 BTP20_CONVERTER,BUSBAR_BVA,SWITCH_4 FTOC
18 1.35E-12 0.02 SWITCH30_OP,SWITCH33_OP,SWITCH34_SO

19 1.35E-12 0.02 SWITCH30_OP,SWITCH33_OP,SWITCH35_SO

20 1.14E-12 0.01 SWITCH30_SO,SWITCH33_OP,SWITCH34_OP
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Conclusion

- Based on the electrical system

model proposed in the Gemini +
project, a model of the system
reliability in the form of fault trees
was developed using the Saphire
program. The safety analysis of the
electrical system shows the
probability of failure at the level of
7.74E-09 both for the model with
and without connection to the grid.

- The biggest difference is seen in

BBA FT and BMN. The results for
the BBA busbar are significantly
different for both cases due to the
removal of components from the
fault tree. For BMN FT from the
same reson.

- The fact that the obtained final

probability values are the same for
both cases is interesting and rather
unexpected.

Name of FT

BBA

BME
BMF

BMN
BRA
BVA

I&C TRAIN 2
I&C TRAIN 3
I&C TRAIN 4
1&C POWER

gg 09) 0| 0(Co
T T T
Z | E m|m|>

1.67E-04
3.97E-03
3.97E-03
3.97E-03
9.46E-05
9.46E-05
7.36E-05
3.31E-02
1.61E-03
1.71E-05
4.52E-04
4.67E-04
2.01E-06
2.01E-06
2.01E-06
7.74E-09
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Results with grid Results without grid
connection connection

6.88E-05
3.88E-03
3.88E-03
3.88E-03
7.03E-05
7.03E-05
7.34E-05
6.88E-05
1.61E-03
1.71E-05
4.52E-04
4.52E-04
2.01E-06
2.01E-06
2.01E-06
7.74E-09
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HTR with Grid Connection

NCBJ

SWIERK
B30V bushar
BFA
1
BA0Y hushar
BFAS BUSBAR_BFA ‘E.BEE-US
I 1 1 1
10KVAC hushar switch1 2 switch? fransfarmer 1 0KYACIEE0
BBA |E)€t BFAD4 BFADS BFT12 ‘E.USE-M
Circuit Breaker Fails Tao Circuit Breaker Fails Ta
OpeniClose OpeniClose
SWITCH12_OP |1 03E-03] [SWITCHT_OP |2 49E-03
Circuit Breaker Spurious Circuit Breaker Spurious
Cperation Operation
SWITCH12_50 |7 1BE-DB| [SWITCHT_S0 |7 18E-06
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SWIERK

~
HTR with Grid Connection Q\.)) NCBJ

FT BFE

hushar

BFE
I 1
MAIN POWER SUPPLY A00KYAC busbar
MAINPOVWERSUPPLY BUSBAR_BFE \B.ESE-DS
1 | | 1
10KYAC bushar switch switch 10 transiormator 1 0VACH400VAC
BBA [Ext| [BFED4 BFEDS BFT11 12.08E-04

S

Circuit Breaker Fails To Circuit Breaker Fails To
OpeniClose OpeniClose
— SWITCHE_OF [2.45E-03| [swiTCcH10_oP [1.03E-03
- \ \ - Circuit Braakar Sputious Circuit Breaker Spurious
Operation Operation
SWITCHS S0 |?.1 HE-06]| [SWITCH10_50 |?.1 BE-08
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FT BFF

HTR with Grid Connection

hushar 400WAC

BFF

A

NCBJ

SWIERK

main power supply

MAIN_POWER_SUPPLY

A

T0KVAC bushar

switchl1

Swwitch

transformator 1 0WVACIA00VAC

BBA

Ext

BFF04

BFFOS

BFT21 [2.08E-04

)

)

Circuit Breaker Fails To
OpeniClose

Circuit Breaker Fails To
OpeniClose

SWITCHT1_OF |1.U3E-D3

SWITCHE_OP ‘2 49E-03

Circuit Breaker Spurious
Operation

Circuit Breaker Spurious
Cperation

SWITCH11_50 [7.18E-06

SWITCHE_S50 18.28E-06

@

1
400KYAC hushar

BUSBAR_BFF
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20



SWIERK
FT BME

hushar

=
HTR with Grid Connection (\.)) NCBJ

BME H
| I |
400KVAC hushar
BME1 BUSBAR_BME ‘6 438E-05
A @
| | |
BMED H BUMET H BIMET2 H
| l | | l | | I |
bushar switch 14 gwitch magnetic 1 bushar switch 27 switch 20 m2 generatar switch 19
BFE [E] [BME203 SWITCH 1 BN [Ed] [BME213 BIME214 BME121 BMEZ22

S TR R R R A

Circuit Breaker Fails To switch 1 Circuit Breaker Spurious Circuit Breaker Spurious BLANK BASIC EVENT FOR NEW Circuit Breaker Spurious
OpeniClose Operation Operation ENTRY Operation
SWITCH14_OF \1 03E-03] |BWITCH 1_FTOC |4.33E-04 SWITCH2T_50 \7 18E-06 |SWITCH20_50 \HSE-DE 2 _DFR |1.02E-01 SWITCH19 50 |7.1EE-DE
Circuit Breaker Spurious stitch 1 Circuit Breaker Fails To Circuit Breaker Fails To BLANK BASIC EVENT FOR NEW Circuit Breaker Fails To
Operation Open/Close OnpeniClose ENTRY Open/Close
SWITCH14_50 ‘HSE-DE EWITCH_1_80 |2.55E-DE SWITCH27_OP ‘1 03E-03| |SWITCH20_OF ‘1 03E-03| |M2_DFS |2.98E-02 SWITCH19_0P |1.03E-03

0 ¢ 0 0 O
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HTR with Grid Connection (\.)) NCBJ

SWIERK
FT BMF

hushar

BMF
A
| I |
400KVAC hushar
BF1 BUSBAR_EMFO [ 38E-08
L
| | |
BMF10 BMF11 BMF12
A A A
| I | | I | | I |
bushar 400VAC switeh 15 magnetic switch 2 hushar switch 25 gwitch 26 gwitch 23 generatar m3
BFF [Ex] BUFO03 SWITCH_2 BN [Ex] [BMFD13 BIFO14 BIF022 BMF121

L I I I I A

Circuit Breaker Spurious awiteh 1 Circuit Breaker Spurious Circuit Breaker Spurious Circuit Breaker Spurious BLANK BASIC EVENT FOR NEW:
Operation Operation Operation Operation ENTRY
SWITCH15_50 \71EE-DE SWITCH 2 FTOC \4.33E-D4 SVITCH25_50 |71EE-DE SWITCH26_50 \MEE-DE SWITCH23 50 \MBE-DE h3_DFR |1 012E-01

Circuit Breaker Fails To gwitch 1 Circuit Breaker Fails To Circuit Breaker Fails To Circuit Breaker Fails To BLANK BASIC EVENT FOR NEV
Open/Close Open/Close Open/Close OpeniClose ENTRY
BWITCH15_OP \1 03E-03] |BWITCH_2 80 \2.55E-06 SWITCH25_OP |1 03E-03| \BWITCH26_OP \W.DBE-DB SWITCH23_OP \W.DSE-DB M3_DF8 |2 9BE-02
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HTR with Grid Connection

NCBJ

O

O

@]

@]

SWIERK
bushar
B
1
bushar 300WAC B
BhJ0 BUSBAR_Bh. |6.BSE-05
I 1
BMJ00 Bh.J01
| I 1 1 | |
hushar guvitch 21 switch 32 hushar switch 22 awitch 31
BME |E}ﬁ BMJ103 BMJ104 BMF ‘E)d BM.J113 BM.J114
Circuit Breaker Sputious Citcuit Breaker Spurious Circuit Breaker Spurious Circuit Breaker Spurious
Opetation Operation Operation Operation
SWITCH21_50 |718E-DE SWITCH32_50 |71BE-DE SWITCH22 50 ‘7.1BE-UB SWITCH31_S0 ‘T.WEE-UE
Circuit Breaker Fails To Circuit Breaker Fails To Circuit Breaker Fails To Circuit Breaker Fails To
Openiclose OpeniClose OpenClose OpenClose
SWITCH21_QP |1 03E-03( |[SWITCH32_OP |1 03E-03 SWITCH22_0OP ‘1.03E-U3 SWITCH31_QP ‘1.D3E-U3
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HTR with Grid Connection Qd) NCBJ

SWIERK
FT BMN

busbar

B
) 1
400%AC bushar
Bhik0 BUSBAR_BhN |6.88E-05
| 1
switch 17 400% off site power
BlN12 OFF_SITE_POWER

T 1

Circuit Breaker Spurious 400% off site power
Operation
SWITCH17_S50 [7 18E-06] [oFF_SITE_FowER_GH1 10E-0
Circuit Breaker Fails To 400% off site power
Openiclose
SWITCH17_OF [1.03E-03] [OFF_SITE_POWER_PC]2.00E-03

400% off site power

OFF_SITE_POWER_SC]1.34E-0
400% off site power

OFF_SITE_POWER_WHE.BBE-03

@
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~
HTR with Grid Connection Q\.)) NCBJ

SWIERK
FT BRA

bushar BRA 400

BRA
| |
400% hushar
BRAO1 BUSBAR_BRA |6.88E-05
| | |
hushar switch 35 magnetic switch &
B |E>d BRA113 SWITCH_&

T

Circuit Breaker Spurious swiitch &
Ciperation
SWITCH35_50 [7 18E-06] [EWITCH_&_FTOC [4 33E-04
Circuit Breaker Fails Ta switch B
OpeniClose
SWITCH35_0OP |1 03E-03] |SWITCH_6_S0 |2.55E-UB

@ Q)
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HTR with Grid Connection
FT BVA

bushar BYA 220VDC

BA2
I 1
BRADDT BUAT
] ] ] L}
bushar BRA 400V swich 34 MAGNETIC SWITCH converter suiltch 33
BRA [Ext| [BRATOS SWITCH_10 BRUTD [3:58E-04] [BVADZ BVATT
I I I .
Circuit Breaker Spurious SWich 6 Circuit Breaker Fails To
Operation OpenClose
SWITCH34_50 [718E-06] [SWiTcH_10_FToc__ [4.336:04 [sWiITCH33_0P 4.33E:04 BVATID BVATIT
Circut Breaker Fails To Switch 6 Circult Breaker Spurious — [
OpeniClose Operation |
] I 1
SNTCH34_OP [1-03E:03] [SwiTeH 1080 [255E:06 SWITCH3I3_ SO [z55E-08 bushar switch 18 hatenfconverter hattery MAGNETIC SIWTCH 5
BME [Ext| [BvA0003 BATERY_CONBERTER BVADDTZ SWWTCH_5
Cifcutt Breaker Spurious converter Battery Fails o Operate Switch B
Operation
[swiTCHTE_S0 [7-1BE0B| [BTP10_COMVERTER |3.58E-04| [BTDI0_FTO [26BE-05 [SWITCH & FTOC __ [4.33E.04
Circuit Breaker Fails To hattery switch B
OpeniClose
SWITCH18_0P [1.03E:03] [BTP10_BATIERY __|268EDS SWITCH

hushar BVA 220vDC
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HTR with Grid Connection Q) NCBJ

SWIERK
FT BVB

hushar bvh 220VDC

BvB
I |
husbar BVE 220¥DC
BvB1 BUSBAR_BVE
I 1
switch 30
BYB02 BvB10
I I 1
Circuit Breaker Fails Ta
CpeniClose
SWITCH30_OP |4 33E-04 BvB100 BvB101
Circuit Breaker Sputious H H
Operation | I
I 1 1
SWITCH3N_S0 |2 S5E-06 bushar switch 24 batery converter hattery
BhF Exi| |BVBOODZ BTF20 BvBOO1Z BVBO112
Circuit Breaker Spurious converter Battery Fails to Operate Swiitch B 1 !
Operation
[SWilTCH24_S0 |7 18E-06| [BTP20_CONVERTER |3 58E-04 ﬁTDZDiFTO ‘D 00E+00) [SWITCH_4_FTOC ‘4 33E-04
Circuit Breaker Fails To hattery »® Switch b
OpeniClose
SWilTCH24_OF |1 03E-03| [BTP20_BATTERY |2 G3E-D5 SWITCH_4_S0 ‘2 55E-0f
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~
HTR with Grid Connection Q\.)) NCBJ

FT BVN

bushar 24vDC

BYI
]
I |
24D C hushar
By BUSBAR_BVM |1 5BE-05
]
I |

switch 29

BVRDZ EE
| | 1

Circuit Breaker Fails To N 5
OpeniClose

SWITCH28_OP 4 33E-04 BYMO03Z BWMO04
Circuit Breaker Spurious
Operation | 1
| I 1

battery busbar switch 28

SWITCH29_50 |2 55E-06

BYNOO12 BYND102 BN Ext| ([BYNMOOOZ BTU10

) ) ) 1

Baftery Fails to Operate switch 6

Circuit Breaker Spurious canverter
Cperation
BTJ10_FTO ‘2 BBE-0&] |SWITCH_3_FTOC 4 33E-04 SWITCH28_S0 |7 18E-0B( [BTU10_COMVERTER |3 58E-04
switch B Circuit Breaker Fails Ta hatery
QpeniClose
SWITCH_3_20 2.55E-06 SWITCH28_OP |1 03E-03 |§TU1 0_BATERY ‘2 GBE-05
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HTR with Grid Connection
FT I&C Train 2,3,4

180 TRAIN 2

1&C_TRAIN_2

1&C TRAIN 2

[BCT_TRAIN_2

[1.00E-06

12C_TRAN_10
| 1
T&C_TRAN_100 15C_TRAN_101
| | 1 I 1 1
bustar BVA 220905 WAGNETIC SWITCH 7 LANK BASIC EVENT FOR NEW busbar byh 220VD3 MAGIETIC SWITCH 11 LANK BASIC EVENT FOR NEW
ENTRY ENTRY

E Ed| [SWITCH 7 CONVERTER JaC_7_Bva, 356 M| [BVB Ext| [SWITCH_11 CONVERTER Ji_2_BVE [a56E0
[ BLAKK BASIC EVENT FOR NEW [ BLANIKC BASIC EVENT FOR NEW
T G DIODE 16C_1 BV |2.00E:08 DIODE 16C_7_Bv5_ |2.20E:08

SWITCH_7_FTOC _ [4.33E0
switch 6
SWITCH_7_80 [255E06

swilch f

SWITCH_11_FT0C _ [4.33E-0
switch 6
SWITCH_11_50 |2 65E-08




~
HTR with Grid Connection Q\.)) NCBJ

SWIERK
FT 1&C POWER

utrata asilania na [&C 2 3.4

7 () v ov
’ ‘ [&C_POWER
10kVAC busbar e
| BBA
A \ w— \ \ -
Y b
(=) sovnc ramanunc (=] touwng a0 1me (= sownc sooac
pusbar 400vAC | S—— | Qr—
9FE —_— e N
e —5 T T o6 (e 5 |&C TRAIM 2
V) e — \ e e
! ] 1 1
soav \ \ A
‘ , P
............. \ T
,,,,,,,,,,,,,,,,,,,,,,,
- o I
‘ [&C_TRAIM_2 =Fai
] acnge | | BTMO —_— —
= | ..
\ownw b — ‘
Y \ [EC TRAIM 3
(e TP T —
=
Busiar 220
s
T : -
- -\
[Convaer [ convener

|&C_TRAIN_3 |Ext
[&C train 4

[&C_TRAIM_4 Eut

JAN
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