IAEA Technical Meeting on Codes and Standards, Designh Engineering and Manufacturing of Components for,

Small Modular Reactors, 10-13 May 2022 (Virtual Event) Ref. No. EVT2103861

Proposals that contribute to the innovation of SMR, such as
LBB, Seismic Isolation Structures, Ship Hull Structures, and
Application of General Industrial Products —

14:50-15:20 May 10 (Tuesday)
Dr. Tadashi NARABAYASHI

Professor,

Laboratory for Zero-Carbon Energy, ==y
Tokyo Institute of Technology (Tokyo Tech)



¢-©  Biography: Tadashi Narabayashi

Tokyo Tech

Prof. Tadashi Narabayashi , PhD

He graduated the master course of Nuclear Engineering, Tokyo Institute of
Technology, 1978.

He was the Chief Specialist of Reactor Components and Two-Phase Flow in
Toshiba Corp.

He was the Professor of the Hokkaido University from 2005 to March 2018.
He back to the Tokyo Institute of Technology April 2018.

He has been involved in investigating the causes of the accidents and
developing countermeasures for other NPPs in Japan, as an advisory
meeting member of NRA (Nuclear Regulation Authority) for Fukushima Daiichi
Accident Investigation Team.

He was also Nuclear Program Advisory Panel (NPAP) members for Khalifa
University, UAE from 2012 to 2015. He was also given the Outstanding
Professor of the Year Award given at the ISOE (IAEA/ OECD-NEA), 2018.

© ZC, Tokyo Tech, 2021 2



¢/{© Station Blackout caused by Earthquake in Hokkaido Japan

m 3:08am, Sept. 6, 2018, big earthquake caused the wide area
black out in Hokkaido, Japan.

B Tomatou-Atsuma thermal power station 1,2 and 4 tripped.

B 1650MW lost (About 50% of total demand at 3:00am)

Wind Power Escaped soon after the Earthquake

HbE e - / A =3 2 SR G oDsEAs AT tE h e
/ | d
: ; =2
: , N— -
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ec Renewable energy without inertia increases the

b)Y

risk of blackout

Synchronous power Asynchronous power
(thermal nuclear hydro power) (solar / wind)
BE | AR A ]
Y B TR AR
—
¢ 5l

s Lgi{ﬁ:i}m BT [ q’f)’ﬁl AC DC to AC 15'54?@[:2?@ i

»Inverte.- _Lf -

(B4 - RO b 7

}

Bif—
Current status Increased renewable energy destabilizes power grid
Demand Demand
\/\/‘ \\ Thermal, Nuclear, Hydro -
Thermal, Nuclear, Hydro \/ iR
v "
Wind ) “golar ) “Wind ) Solar % (JEEH)

— —~, Tokyo Tech, 2021




Solar and wind power requires
@C backup of other power sources

6 9 12 15 18 24 6

Solar capacity factor is 13%
Max. output is Nuclear power exceeds 70%
about 6 hrs,

Equivalent to
25% of 24hrs

|7'[ 2T

,[Sin 0 dB= [-cos G]g=2 2/72n=1/1=0.32, Max.32%
0

0 |:Depending on the latitude .

When the probability of sunny weather is multiplied by 50%, it is 16%, and
when the electric circuit loss is subtracted, the capacity factor is at most 13%
in Japan. Double capacity factor will be obtained at UAE.

Equivalent full power to 6 hours a day (25%) in Japan

The rest is supplemented with hydro, thermal, and nuclear power.

The capacity factor of wind power generation is 30% in Japan.

It is difficult to use renewable energy as the main power source in Japan
© ZC, Tokyo Tech, 2021 5



e@ Loss of exte_rnal power sup_ply

. Tokyo Tech

Fukushima Daiichi:ABB was broken, Onagawa NPP:GIS
was OK)

Breaker insulators were
completely destroyed

i
i
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.'p_" A

o 4 n
et ¢ 1 7 i
P b 4
Al SR e i

1 | S i ! ']

i i
.“lj e Tt .

E -t |
) |'I | I‘i i
! / ,
|
i [ =

¥ GIS:Gas Insulated Switchgear
Onagawa Unit 1-3 were OK

— h g —
— " - —
\ — S mr—

s

Damaged ABB(Air Blast Breaker)
Fukushima Daiichi Unit 1-4
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If the support system loses its function due to the
tsunami, the safety system will collapse together

Z:0y

Surge tank

Safety System

Normal System

Aquarium
;

Isolation
Valve

| ! Seawater
Sea | Pump
. N

Intake  * RCW Pump

Safety System Emergency DG, RHR Pump RHR HX, Spent
Fuel Pool Pump etc.

PLR Pump, CRD Pump, Feedwater Pump,
Normal System Turbine Condenser, Seawater Pump etc.

© ZC, Tokyo Tech, 2021 7



¢~ Radiation level increased after CV Leak

Tokyo Tech

M H2 detonation were occurred after vent operation (#1, #3, #4)
M Radiation level increased soon after #2 CV rapture

30,000 .Sv/h (Between #2 and #3) 150,000 uSv/h (Near #2),30,000 nSv/h (Between #2 and #3)

_400,000 uSv/h (Near #3),100,000 Sv/h (Near #4) 400,000 1Sv/h (Near #3),100,000 pSv/h (Near #4)
L ] L ]

3M inz N3 34 315 T ELS n7 3nsa
14000 Tohoku-Pacific Ocean gz ondVant [ kil i
_ ! #3 2nd Vent i #2 Explosion : J
Earthquake at 14:46 1 soundnoar /b 192 | msar
1Tsunam| attack at 15:41 ! #3 Detonation | #3 G[alimoke#z White smoke ] — #3 White smoke
12000 1/ 4 Emergency declaration A Y PP #4 Detonation  » #3 White smoke again
#2 Loss of cooling  [#2 Letonation = g
#1 Loss of cooling #2 Seawater Injection > :
— 10000 T et | —#4Fire
= | 1 Vent started #2 Core uncover I L
— .
@ | e ] TR T # Spent fuel.
= 8000 #1 Seawater Injection ' |. Seawater
© | #3 Loss of coolin 1 ection
> | ; 2 _9
9 5000 ] #31t Vent |
g | #2 Vent Failure
E 4000 | #3 Seawaterlnjectlon
T
g g
2000 XN #1 Vent #3 15‘ Vent #3 2nd Vent
\\\ b
0:00 12:00 0:00 :00 0:00 - 0:00 0:00 12:00 0:00 12:00
Time |- ——-—-—-—-_ -

Nikkei Science, July 2011
© ZC, Tokyo Tech. 2021 8



¢-© Hydrogen Explosion at Fukushima Daiichi

s Hydrogen_| |

Taken by Air Photo Service  [SARAYA




¢/© Direct leak from PCV of 1F-2 and 1F-3

Loss of air for vent
valves cause the
PCV direct leaks,
and the cause of
a) 13:00, March 12 (e) Unit2, 8:58, March 15 contamination

S \, ‘ around Fukushima-
Daichi

08 Non-firedialed,In Alr
4—A Non-firadialed,In Sleam
6 —@liradlatadin Ar -~
2~ |iradiated,In Steam

Ll T

100

(b) 7:00, March 15 (d) Unit3, 7:31, March 15

Steam
from
ma Unit 3
=L R/B

80

Residual Strain (%)

LLI I 1

0 00 200 800
" Temperature (°C)

PFig. 5. Effect of temperature to residual strain.

(c) 10:00, March 16 (e) Unit3, 9:51, March 16

© ZC, Tokyo Tech. 2021
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Z:0y

Defense In Depth Strategy

T

1st Layer 2" Layer 3 Layer 5th Layer

Design Suppress Safety Evacuatlon
Margin Abnormal Features

Trangient (DBA) Recovery

T

Detect|on Mobile Powe /Buses ‘

Main- Fire Pump Self defense

Condenser Heat Sink Cleanup
New Towns

Tsunami
Measures

} Filtered vent

© ZC, Tokyo Tech, 2021
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¢/©  New Regulatory Requirements in Japan

Tokyo Tech

Special Safety
Tornado  Volcano 2 Bunkered Facility _I\Iflulti-exter_nal L
- Reserv0|r~_ﬁ; ransmission Line
/== __- Aseismic Isolation
/j“: =15 Commander Building

K“’: Intentional Aircraft
Attack Prevention

>

Reactor ' ’.FCV?El

Wildfire

- ']
o A

Generator Injectlon
Pump |

Mobile Generator

=

~—1 % Moblle Pump.__.,
- g f . Turbine Buildingt
S < S
Underground| I
Urveyl ' 'Fault survey trench

..
Borlng Survey

Water-proof EWS i | o = ——
Pump Building Seawall FCVS: Filtered Containment Venting System

© ZC, Tokyo Tech, 2021 12



¢/© New Regulatory Requirements by DiD

1st Layer 3rd Layer | 4th Layer 5th Layer
Design IECCS SAM Evacuation
Margin PCV, EDG , . FCVS Recover
Water .f:;?;tf‘f ; 5’: temmemeligeion

Reservoir - coemer §
Mobile generator

r.-' > @ Fire |

~§ T/ e

B || ¥ = Engine " ~ Filtered
J — I J \\\//\4’/ Vent

— |
derground survey | Fault survey trench |

Active Fault Tsunami
Investigation - { Wall/Door |- Earthquake-free Building

© ZC, Tokyo Tech, 2021 13




¢-© Tsunami Wall and FCVS at Hamaoka NPS T

Py ke

fliﬁiﬁm

B > ¥ Sea Wall
ER22m gt | (22m above sea level)

14--16m

PR E DS

€M Shs (15m orE
\ﬁ%mﬂﬁn&?iia
EWSHFLFEREAR e

Ews-ﬁ_‘ﬂims 1 4




¢-© Protect CV and PCV cooling for PWR & BWR

PWR: CV Spray, CV recirculation BWR: PCV Spray and RHR,
cooling, PAR FCVS

mSvily
105

Without FCVS

E@ 1 ‘E\ 103

104
Ls 103 —— With FCVS
102
/\ cV 1:1 @1:1000
—_ ACRAALALLADD 9/00Ier 104
% - % / CV Spray : o 102
\ . 10

‘ FC Disig nce (km ;10 “ *
| e
= Top head flange cooling
T - ‘ a ! =
O " I T
s 4 >
Air cooled
EDG -
@L

Extension sha

2022/5/10
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¢-/© Recoverof CV Cooling by Mobile System

(1)CV Cooling System

(2) Mobile Sea Water Pump No y i;ﬂN:_d,D'Cﬁ . T
(3) CV Spray g 2 E N
CV Spray
—_— (3)
) 2N ‘ A m B (2)
{ ' Mobile
Natural Convectlon N |

Ace. e _as J | Pump
ce. (1 Sea
Cooler _ — Water -
CRDM ) Aux4Cooling mp

D F % Aux. Cooling Pump

Natural Q) o Sea
Convection Connect to UHS W t
— ater
I
\_/J CV Spray Pump

© ZC, Tokyo Tech, 2021 16



¢-/© Recover of Heat Sink by Mobile System

RHR Cooling RHR#AZ # =t
System

> CUW 4t O
CUWHt A O
RHR ZL—hga3c 20 E T AT L

450m2/h -I_
180°C M X L wRAT
AEIK

RH% & N 0

2022/5/10
© ZC/ Tokyo Tech, 2021 17



¢-© Filtered Containment Venting system

Tokyo Tech

© ZC, Tokyo Tech. 2021



< PCV Depressurization and Water Injection

Total CDF reduced from 2.9X10%to 3.8X10°

Reactor Building

Stack Spent Fuel Pool j Battery, N, SUpply |0 Engine—

=

A

I

—

Fire Extinction—=

‘ Y («
Drywell |n§é?:¥i%n WG
— we -
d gelnt SF’CV @Q
pray Mobile Power Generator
=) | Suppression Camber iy AR
Filtered —— - @Ex1— R
Vent Electri SS (RCW)
Vent €ClC "Gas-Turbine
Pedestal Q RHR <_EPO er | Generator
Water ‘ = _— Supply -
Injection Q :

Suppression Pool

Mobile Power Generator
© ZC, Tokyo Tech, 2021
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ee That is why I recommended FCVS

W FCVS will be installed under

| Stack
ground Pit (Banker) .

\

Reactor Building H\ /

Vent Valve U/ \

Extended
Valve Shaft Alt. Stack /
| ] ﬁﬁ_ w/\
PCV *%éﬁ!:- Barrage

GL RPV EQJ oS |resw =
— ” |
AN

————

HCU -HCU
00000000 S/P 1 S/P JO0000000

,;néu

| Vamme
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@ Measures against Aircraft Crash or Protect Missile |

Tokyo Tech

Measures against Intentional Aidrcraft Crashes. etc ]

# Mleasures against intentional aircraft crashes using mainly mobile equipment located at multiple sites as well
as the installation of permamnent backup facilities designated as *specialized safety facility™

P ————— —— ——— —————— — — i
. ! y 1
Mountain si — For example, 100m Measures mainly using

and POWET SOUrce car

maobile equipment

Specialized safety facility
Mlobile equipment
and power sonrce Car

Emergency control
oo

* m above sea level

Power

ek CNspraypaamape | B 0 | e e Een, ol
Reactor building
g R L CV spray
>§ Water Containment vessel
é SRS Molten core Water
e cooling injection
pump into reactor
Water injectign into
lower partiof CV
For exaxt.lple Filter
100m (evasion)

= Swystem configuration is an example Filtered venting @ 2 -l

{Specialized safety facility)



¢/©  Seismic Isolation Structures, Ship Hull Structures T

Turbine

7

Reactor module

PCV

Reactor

T =n Y | m_ Seismic isolation
prrre 'S SF SN D™ | i o Ne——— bl =
i~ ¥ 2 g, g ey T e o P T e iy © ZC, Tokyo Tech, 2021
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Load-following SMR with Reactor Internal Pumps and
e@ Heat storage will cooperate with renewable Energies o

© ZC, Tokyo Tech, 2021
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This is fine for the arrangement
of the heat transfer tubes of the
IC, so make sure that the heat
transfer tubes are exposed to
the cut surface so that they can
be seen more clearly.

¢~ Isolation Condenser or Passive Cooling System

Tokyo Tech

The water color of
the suppression
pool (S/P) should
be light blue
instead of gray.

© ZC, Tokyo Tech, 2021 25



e@ Load Follow with Fluctuating Renewable Energy

Upper-entry
CRD

© ZC, Tokyo Tech, 2021 26



ee New Technology of Water Level Measurement: TDR T

TDR: Time Domain Reflectometry

Water Level: Differential Pressure method

Top
— e Guide
PCV High Temperature in PCV PCV —
[ | [ | i \
| I | I Fuel Channel Fuel Channel
. . (Two Phase (Two Phase
( 1 Condensing [ ) Condensing ) fee
¢ I' Chamber ¢ ) Chamber
RPV RPV -
L _—
Reference Reference = Piate
— Leg _ — Leg
L

Vessel

Bottom
Fl-l:-gnlm:;t Seal NUMAF R\!VL

Valr_lable | Variable | = New TOR Card
\. J e \ y Le bl Hoctic =y o
g LT g LT // . :eﬂecid Pulse
— DP Ce” — DP Ce” « Display Water Level,
Soft Cable (1000 ft) Bubble Density
. Profile
Tsugoku Electric and ]

Ge—Hitachi Nuclear Energy
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Inherent safety

MA burner with fast neutrons

Heat storage
Reprocessing of spent fuel

Gas treatment i
Expansion tank

=
Motor| ©

Pump

ﬁjL

Core |

Drain tank Fuel supply tank

= [
e

X Air cooler
,\\ Coolant outlet )

| pc -1 RHX |

Gas turbine system

-
e
h S
P
F

—

\.

Coolant pump
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Tokyo Tech

¢/C Obijectives of the Faults Committee

B AES] established the committee to develop risk evaluation methods and
measures for fault movement by engineering approach with cooperation of
specialists in various scientific fields on Oct. 2013.

Cooperation of Specialists in Related Scientific Fields

viechanicCa

Seismic : :
Engineerin g

Engineering

] Nuclear
Safety

Seismology

]

Geotechnology

Nuclear

Engineering [ Maintenology }

Topography
and Geology

Disaster Prevention
and Mitigation

Architectural
Engineering

Initiating Event
(Earthquake, Fault
Displacement)

Hazard
(Location, Amount,
Frequency et al.)

Responding of
=l Facilities

Consequence
(Accident Scenario,
Accident Sequence)

Fragility

(Actual Resistance of

-

Risk Evaluation

Facilities)
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¢/© Damage by Displacement at Chuetsuoki Earthquake

Damage by
High Acceleration

Damage by
Subsidence and
Displacement

e.q. Service Water Tank
v’ Side Wall Buckling e.q. Transformer

v Damage of Anchorage ¥ Connecting Bus Bar Shift Class As,A,B
Bolts e.q. Fire Protection Piping
R, v Rupture Y,
V
Class C

Rupture and

adrock

Ground Surface : Max. 1223 gal Il R/B Basemat : Max. 356 gal |
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Tokyo Tech

31

¢2© Damage Evaluation for Faults Movements
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FEM analysis were conducted for Mat
(Displacement 20cm, JANSI Reports)

W 125 F—

1 20000,

PN wenco

Solid model

44000
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¢/© Evaluation of Mat Damage for Faults Displacement

Tokyo Tech

Analysis Results (Stress, Strain) : Vertical Displacement 30cm

Strain in Iron Bars Strain at outer Mat(cCaribulated) Reactor Building
Y (XFm) Y (xm-'-][> Shear Strain
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¢/© Damaged Components and Piping for PWR

Almost all the damage in primary piping in PWRs are the
event of LOCA Scenario.
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Almost all the damage in primary loop and ECCS piping in BWR's
Containments Vessel are the event of LOCA Scenario.

PLR and ECCS Piping and PCV

BWR-3/4/5/58( B & ABWR .
-
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Piping Damage FEM Analysis by
Faults Displacement in Reactor Building

Z:0y

(JANSI Report)
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(225

Position Statement of AESJ on the Necessity of the Safety
Review of the NPPs based on the Scientific and Rational
Perspectives and Information Sharing
The Atomic Energy Society of Japan would like to promote by establishing a study
committee,.
(1) An open fruitful discussion by experts in the area of earthquake, geology, geotechnical,
civil, and aseismic design as well as other stakeholders such as academia professors,
nuclear reactor engineers, regulators, and licensees,-
(2) Investigation to select the most advanced scientific and rational judgment based on the
domestic and global knowledge obtained so far, fand,.
(3) Continuous discussions and efforts in the global field in order to collect and organize this
knowledge and to reflect the global standards and nuclear regulations, such as definition
and evaluation method for the active faults and prevention of severe accidents, based on
the accumulated database in the world..
Japan, as a frequent earthquake country, has a responsibility to resolve these issues to
continue utilizing the nuclear power, based on the risks and importance levels in the

scientific and rational manner..

© ZC, Tokyo Tech, 2021

Tokyo Tech

37



8@ Seismic tests and seismic isolation technology

Tokyo Tech
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Conclusion (1)

Tokyo Tech

B Due to the accident at the Fukushima Daiichi Nuclear Power Station caused

by the Great East Japan Earthquake on March 11, 2011, only 10 units were
able to restart, and examinations for other restarts have been prolonged.
After the Chernobyl nuclear accident in 1984, Toshiba started developing a
simplified BWR (SBWR) in cooperation with GE and Hitachi, and after 1995,
started developing SMRs.

Nuclear power generation is a stable basic power source that does not emit
CO, on the premise of ensuring safety, and has recently been re-evaluated
as an attractive option from the viewpoint of energy security and
environmental protection.

Factors such as the recent sluggish power demand, power grid capacity
limits, and initial investment limits to avoid risks do not favor large-scale
plant output. To globalize nuclear power generation to mitigate the
greenhouse effect, we need a small modular reactor (SMR) that can be easily
adopted in any country and can be modularized and manufactured in
factories with short construction periods. ©2C, Tokyo Tech, 2021 39



Conclusion (2)

B The concept proposed here is to provide flexibility for different site
conditions and power demands, reduce investment risk and promote
public acceptance. Finally, the author also introduces a new LLBWR
(Load-following and Long operating symbiotic BWR for renewable
energy), which uses a reactor internal recirculation pump (RIP) to load
follow with fluctuating renewable energy and enhance facilitates for
stable grid control.

B Since a reactor building was usually a reinforced concrete structure, it
was impossible to fabricate component modules with the building
module. In the shipbuilding industry, ship hull structure is applied for a
large size ship such as a 500,000 tons class. Though the ship hull
structure is lighter than the reinforced concrete structure, it has enough
strength and appropriate characteristics to apply for a nuclear reactor
building. By using this ship hull structure, it is possible to fabricate
modules containing RPV and PCV components and parts of the building
at a shop at the same time. © ZC, Tokyo Tech, 2021 40



