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Abstract: The severe nuclear accident at the Fukushima Daiichi Nuclear Power Plant
(NPP) in Japan on March 11, 2011 had a huge impact on the world’s nuclear regulatory
bodies and industry. This paper summarizes the lessons learned from the Fukushima
Daiichi Nuclear Accident, which include inadequacy of site-specific extreme external nat-
ural hazards evaluation, prolonged loss of power and ultimate heat sink, insufficiency of
response and management of severe accident monitoring and mitigation means and etc. It
is also important to aware of that the accident can occur simultaneously on several units
at a multi-unit plant. In the decade after the Fukushima nuclear accident, nuclear safety
improvement actions and nuclear safety regulatory standard revisions were implemented
by major nuclear power countries such as the United States, Japan, France, and China.
In United States, the new regulation 10CFR 50. 155 Mitigation of Beyond-Design-Basis
Events (MBDBE) was come into forces to further enhance the capability of NPP to
address the BDBE. In Japan, a new independent regulatory body, Nuclear Regulatory
Authority (NRA), was established and new safety standards were released in three

aspects, including design basis safety standards, severe accident measures, and safety
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standards relative to earthquakes/tsunamis. In France, complementary safety assess-
ments (CSAs) were performed on all nuclear facilities, the concept hardened safety core
was prepared and long-term improvement measures are still undergoing. In China, com-
prehensive safety inspection and external hazard safety margin assessment on NPPs were
carried out, the “Code on the Safety of Nuclear Power Plant Design” (HAF102) was
revised in 2016, which is a high-level requirement on design and new nuclear safety
goal, safety philosophy, and safety requirements were established in general. In this
paper, the nuclear safety philosophy and requirements were elaborated in detail in the
fields of practical elimination of early or large radioactive release, category of accident
conditions, defense-in-depth concept, mobile equipment configuration and etc. some of
which are explicit in nuclear safety review practice while others may be needed to be fur-
ther clarified. In summary, certain specific suggestions of NPP safety in the future were
given with international requirements and practices, as well as the domestic NPP charac-
teristics being considered. It is also recommended that the relevant safety guides and
technical positions on specific requirements should be improved constantly, a complete
and logical nuclear safety regulation regime should be established, a balanced combina-
tion of deterministic and probabilistic approaches should be adapted, the specific nuclear
safety and assessment criteria should be consolidated in areas such as practical elimina-
tion of early or large radioactive release, the independence between all defense-in-depth
levels, design extension conditions with core melting, as well as the number and config-
uration of mobile equipment on the multiple-unit plant site.

Key words: Fukushima nuclear accident; nuclear safety; improvement action; practical

elimination of early or large radioactive release; severe accident
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Fig. 1 Post-Fukushima change in nuclear regulatory framework of Japan
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new nuclear safety requirements of Japan
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Fig.4 Plant state considered in design

BATRA Hg TR
T i R
iE sty PUHEHT |G T i e
L EE

B 5 BRI KRR RS

Fig. 5 Plant states incorporating residual risk

% % 4 5 R L T 1 58 I 4 42 3 T ) A %
“CHPEIE N4 T BB DEC Ay JE U 1 R L 9
5t T AL DEC 3 5, DEC 438 ] RLR X
IR S ) AS TR A e AR A SR . IR B i
WIHY £A 8, DEC-A F1 DEC-B 43 51 )i 45 31F #% %}
AR A TG vt e M . TR IS
S H . DEC-A i 2 JE Ji A X i A 30 d P
AR E/NF 10 mSv, BRI 5 H — L8 H A&
DU 0 A A o B SR il o ik A R A AR A
15 R B Ok B 8 DEC P A TE TR Z . 5
Sh DEC-B 1% 7 565 P fe 5 56 Uhc of 0] 5 68 5 By 4
172 % 22l R 32 AH O, Al i R 0
4.3.2 RSP 4R HAF102—
2016, FHF BT T0 Ay & i )8 T % 4
B — B4 it PRIE L n] AT
SR H TS A AE — S 538, ORI 2 10 19 AR BE
WA X DEC %8 4% it 48 5 & i 20k, 1R
HMELRIE R X DBA 1) %2 4 3 48 2k 4Lfi DEC & 4
iF DEC %4 vl . MR M L, DEC
K AR AR X T DEC 22 4 i 14 23R )i
AAR BEAR . H Al 78 S8 et B b, B i) TS
— P 7k . DEC ¢ 4 it ] LA AR % 42 9, R L
VU AR N PR 85 25 1 T AT L SR AN, I 2 T
T b 7R 1 T R
4.3.3 WA WILEERE L 2001 949 - 11
FAE G TR TR AL B Y O%
. HAF102—2016 H#& . 4% 8h Jy T i
Jib 1) b T 5 A fil LA W7 BB AZ 7 R
ik T B R R R . AN
45 L 2 W BT AT R 4k R SR 3 HE TR i v H)
o AT SRR DA R Z SRR A VS B ak =
3 1) 7 B

TR HAR S 5 T8, B KA %4 Rl T T A
R EARBRE 43 45 T X TR @A )
BATHRT W EARESR . X TR @
Wit BT H IR ST R B



408

BT RERIEHAR 56k

P Bt WML 7 9 5 R T G2
4.3.4 BOBHRE fRSEFHRMER
T YRS Sl A Y B B . — 26 [ T iR B 50
2t i) X T RS Bl i A i HAR KL 0 5% [ A 2 k¢
LR 5 B N R g (FLEXD %, 76 & it L,
HAF102-—2016 ZOR“W ZHLAL) hk it e i
T8 45 B E SE IR R e ) hk b s A
PLAL I AT REME” . (R B R ORI ) Bk i
FEARZR GRAT) VAN BT H Al Al 7
5 LA [ I & A= =R i T 00 R 8 TR L F 5 20 M %
FL AR L N BE 7. AR RS Bl it D5 T S BEK
“ZHE N BB A 2O WER S TR
SRR ZHE) RN B DR A
21 EHE ] GMREZERS 1 R K
eI IR

FUATE A 2 AT 3k e 2 P14 R AL il
WA R E 4~6 AL, £ WANO ¥
i vp A G0 [ A — S B TR G Y 1)
S b Xk R — EAE e Y )
R R T PR L B K A AR i
BT HE SN I I AR s B A v 1 A
J IR B R . BT B N A T
TARETT s e AR UGS T T E
AT A 2% figk BE T 1k — A2 L BRAS LT R2 3
BT Hh 3 n] DL i % A PR o A TR
VAT [0 H A S 4 AR A DL 2 B S35 S 1 it » i v
E2 AR R I (WD 4 G VA e - B P B PR I
HH AL T R AT S S I RS Bl A
e — T ERAWT T IR

5 BREERE

TAEA Hi & T35 KRB Z yR 48 A fl B K
FRB A XA R 2B A . SEUR S —
Bl ) — e R R IR IR H AR . FRek iy
P& 7] 1 28 56 v 2% 2] 19 RBP4 S i %
HNSHEEBRNEB N ARELEZE, L2k
TSRS — AL . B A% B 58 I 2
BRI R, TR P EEZ L 2T
HREC T —RANAT8 38 T m % 4
SR TR AE 4% 2 2 7KOF A5 8 K BE ) $2 71 X
— A3 T E BRI

AR S FE NG R E R, B
FEHA % E L ER AT S FUE T ik

LR VEAT T 45 R0 (B B, X — 6T B A R A
R A0SR AE v ] A & R AN, AT T A
PRVT I 5 S22 A R Ry I $E T .
SNEE R E S 36 [EIA R R B A% SO 1 s R
AT AR T e R A TR
BEGTE B TE S ME S 1 i 1 ML 25k MBDBE, 7E
BT 58 X MBDBE #3008 5k 35 1 1
M BT A ) B X MBDBE [ 3 i 75 22
N oo s VT e SO = N VA O VAL O
EHLA NRA I T 1 2 4 0 AR e 72 ™
L CMLE R A A T .
2 E QA58 T 4 A A A K v i A T B Bk
PEL RSB W R4k et . TAEA Al WENRA
N R R {0 A e ol = R . a1
BRI IR A E KR A .

FE TP E BT A% A H bR R R R IR R A
SKE A 7 X — 28 BB 22 4 SR A UE NS
FER VT 1L AR v S5 2 N 2 A B o 17 R ks
e LA B2 [ 9 A% L 1) 2 BRI B0 g ) BLAR e A L
KR SR SO S B BIE VAT AT IR %
RIERAR R IR RIS S E e SN A
BLEE B o £ 7 S B I B A LA 9 36 5 D1 o D)
YN B A )2 U ST M B TEA o UL HE SIS Ak 1
Ve e T P e S 0 R R S o b
2 4 1 TR T UL R OR B 5 HE R R )
B Bl 1 £ MR M e B A

R e

[1] TAEA. The Fukushima Daiichi accident[R].
Vienna: IAEA, 2015.

[2] HAYASHI M., HUGHES L. The Fukushima
nuclear accident and its effect on global energy
security[ J]. Energy Policy, 2013, 59. 102-111.

[3] IAEA. Safety of nuclear power plants: Design
[R]. Vienna: IAEA, 2016.

(4] WENRA R. Report safety of new NPP
designs[R]. [S. 1. ]: WENRA, 2013.

[5] NRC. Recommendation on enhancing reactors
safety in the 21st Century[ R]. Rockville: NRC,
2011.

[6] UK ONR. Safety assessment principles for
nuclear facilities| R]. Bootle: ONR, 2014.

[7] NRC. Order modifying licenses with regard to

requirements for mitigation strategies for beyond-



534

S A A B A% UG R A AT B B A TR T

409

[8]

[9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

design basis external events (mitigation strategies
order, EA-12-049)[R]. Rockville; NRC, 2012.
NRC. Order modifying licenses with regard to
reliable spent fuel pool instrumentation (SFPI
order, EA-12-051)[R]. Rockville: NRC, 2012.
NRC. 10CFR § 50. 155 Mitigation of beyond-
design-basis events (MBDBE)[R]. Rockville:
NRC, 2019.

NEL
(FLEX)
Revision 4[R]. Washington: NEI, 2016.

and flexible
implementation guide (NEI 12-06),

Diverse coping strategies

NEIL Industry guidance for compliance with NRC
order EA-12-051, ‘to modify license with regard
to reliable spent fuel pool instrumentation” (NEI
12-02), Revision 1[R]. NEI.
2012.

Washington:

NEIL Guideline for assessing beyond design basis
accident response staffing and communications
capabilities, ( NEI 12-01), Revision O[R].
Washington: NEI , 2012,

NEI Enhancements to emergency response capa-
bilities for beyond design basis events and severe
accidents (NEI 13-06), Revision 1[R]. Wash-
ington: NEI , 2016.

NEIL Emergency response procedures and guide-
lines for beyond design basis events and severe
accidents (NEI 14-01), Revision 1[R]. Wash-
ington: NEI , 2016.

Nuclear Regulation Authority. Enforcement of
the new regulatory requirements for commercial
nuclear power reactors[R]. Tokyo: Nuclear
Regulation Authority, 2013.

IRSN. Fukushima Daiichi nuclear accident les-
sons for the safety of French facilities/ R]. Paris:
IRSN, 2016.

IR R AN WEBBRFWEER) %
ST AT LI] R T AR HR,2014,48
(3):486-491.
ZHANG Lin, LI Wenhong, YANG Hongyi.
Analysis of nuclear power plant safety improve-
ment action after Fukushima Daiichi NPP
accident[ J]. Atomic Energy Science and Tech-
nology, 2014, 48(3): 486-491(in Chinese).
HREGEER. BB EFRBEEET Sitdi

BARZERGAAD[R]. - ERXEL 2R,

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

2012.
ERBL2R. kit Z2#e[R]. b
5 R AR . 2016.

IAEA. Considerations on the application of the
IAEA safety requirements for the design of
nuclear power plants{ R]. Vienna: IAEA, 2016,
IAEA. Deterministic safety analysis for nuclear
power plants, specific safety guides[ R]. Vienna:
TAEA, 2019.

BIER V, CORRADINI M, YOUNGBLOOD R,
et al. Development of an updated societal-risk
goal for nuclear power safety[ C]/ PSAM 2014
Probabilistic Safety Assessment and Manage-
ment. [S. L. J: [s. n. ], 2014.

Ak, BLER, X # L, . ol ) it OB SR
BRGIE A s ()], JRFRe AL 4 R, 2022, 56
(1):1-8.

XING Ji, WEI Wei, LIU Jing, et al. Study of
demonstration method of practical elimination for
nuclear power plant[J]. Atomic Energy Science
and Technology, 2022, 56(1): 1-8(in Chinese).
YANG Zhiyi, LI Fengchen, CHAI Guohan. Sta-
tus and perspective of China’s nuclear safety phi-
losophy and requirements in the post-Fukushima
era[ J]. Frontiers in Energy Research, 2022, 9:
1-9.

SEEB. FRNAXNEERE L LS LE
SRIEFH A GEZLI] HERY,2015(7)
21-24.

CHAI Guohan. Reexamine the concept and
requirement of nuclear safety in China[ J]. Envi-
ronment Protection, 2015 (7). 21-24 (in Chi-
nese).

a5 SC R SR A AL 55 TR R
JE LB BB ERT )] 8% 42,2015, 14(4) 164~
69.

YANG Zhiyi, CHONG Yimin, ZHANG Jiajia,
et al. Preliminary study on the concept of design
extension conditions of new NPP designs[]].
Nuclear Safety, 2015, 14 (4):. 64-69 (in Chi-
nese).
IAEA.
(IRRS) follow-up mission to China[R]. Vienna:
TAEA, 2016.

Integrated regulatory review service





