


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
本レポートは独立行政法人日本原子力研究開発機構が不定期に発行する成果報告書です。 
本レポートの入手並びに著作権利用に関するお問い合わせは、下記あてにお問い合わせ下さい。 
なお、本レポートの全文は日本原子力研究開発機構ホームページ（http://www.jaea.go.jp） 
より発信されています。 
 

独立行政法人日本原子力研究開発機構 研究技術情報部 研究技術情報課 
〒319-1195 茨城県那珂郡東海村白方白根 2 番地 4 
電話 029-282-6387, Fax 029-282-5920, E-mail:ird-support@jaea.go.jp  

 
This report is issued irregularly by Japan Atomic Energy Agency 
Inquiries about availability and/or copyright of this report should be addressed to  
Intellectual Resources Section, Intellectual Resources Department,  
Japan Atomic Energy Agency 
2-4 Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan 
Tel +81-29-282-6387, Fax +81-29-282-5920, E-mail:ird-support@jaea.go.jp 
 

© Japan Atomic Energy Agency, 2008 



JAEA-Review 2008-029 

*

2008 4 14

Paul 

Scherrer Institute PSI IAEA

319-1195 2-4

IAEA

����������� ��������

�



JAEA-Review 2008-029 

Review of Severe Accidents and the Results of Accident Consequence Assessment  
in Different Energy Systems 

Contract Research

Yoshio MATSUKI*, Shogo TAKAHARA, Toshimitsu HOMMA and Ken MURAMATSU

Nuclear Facility Safety Research Unit 
Nuclear Safety Research Center 
Japan Atomic Energy Agency 

Tokai-mura, Naka-gun, Ibaraki-ken 

(Received April 14, 2008) 

The cases of severe accidents and the consequence assessments in different energy systems, Coal, Oil, Gas, 
Hydro and Nuclear, were collected, and then they were further analyzed. In this report, the information on the 
accidents in various energy systems were collected from the sources of the Paul Scherrer Institute (hereinafter, 
“PSI”) and the International Atomic Energy Agency (hereinafter, “IAEA”). The information on the severe 
accidents of nuclear power plants were collected from the report  of  the US Presidential Commission on 
Catastrophic Nuclear Accidents and several relevant reports issued in the countries of the European Union, 
together with the reports of the PSI and the IAEA. To analyze the collected information, several parameters, 
which are numbers of fatalities, injuries, evacuees and the costs of the damages, were chosen to characterize 
those accidents in different energy systems. And then, upon the comparison of these characteristics of different 
accidents, the impacts of the accidents in nuclear and other energy systems were compared. 

Upon the results of the analysis, it is pointed out that the cost caused by the Chernobyl Accident, the 
severe accident in nuclear energy, tends to be higher than in the other energy systems. On the other hand, from 
the aspects of fatalities and injuries, it is not confirmed that the damages of the Chernobyl Accident are larger 
than in the other energy systems. However, it is also recognized, as the specific characteristics of the severe 
nuclear accident, that the impacts of the accident spread in a wider area, and stay for a longer period, in 
comparison with the ones in the other energy systems. 
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2.11 2,000 1996
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1.

Paul Scherrer Institute PSI
Energy-related Severe Accident Database: ENSAD

IAEA Matsuki, 2002
Presidential Commission, 1990

PSI

Probabilistic Safety Assessment: PSA

2 PSI ENSAD
3

PSI PSA
IAEA

IAEA, 1996
4

2 3 PSI Hirschberg, et al., 1998
Presidential Commission, 1990
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2. 

5 1 10 200 500
PSI Hirschberg et al., 1998

2.1 PSI
PSI

2.1  PSI

 1945 1996

 1969 1996

 1969 1996

1850 1996
1930 1996

2.2 5 10 200
500

2.2 A F G

A B C F
PSI 2.2

A B C F 5 10 200
500

10 3

1
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2.2 PSI
Hirschberg et al., 1998, Table 5.4.1

(1)

A B C D E F G 

3850 2254 291 1653 0 0 221 3107 

4290 846 542 174 632 30 309 1943 

5774 1636 1285 446 0 5 877 3433 

13914 4736 2118 2273 632 35 1407 8483 

A: 5  E: 25 km2  / 
B: 10  F: 5 1996US$
C: 200 G: A or B or C or D or E or F 
D: 10,000

1 PSI 2.4.1

 2.3

PSI

5 10 200 500
2

1
10

100

LPG

LPG

PSI Hirschberg et al., 1998
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2.3 1969 1996

Hirschberg et al., 1998, Table F4; F6; F8; F10
LPG 

187 334 86 77 9 1 

* 8,272 15,623 1,482 3,175 5,140 31 

1 44 47 17 41 571 31 5

GWe/ 0.342 0.418 0.085 3.279 0.884 0.008 

28 187 62 72 2 1 

* 1,698 16,463 3,735 13,439 1,136 370 

1 61 88 60 187 568 370 10

GWe/ 0.070 0.441 0.213 13.878 0.195 0.1000 

0 65 18 29 3 2 

* 0 269,740 103,290 505,564 199,000 279,000 

1 0 4,150 5,738 17,433 66,333 139,500 200

GWe/ 0 7.224 5.895 522.077 34.200 75.719 

7 226 15 27 7 2 

* 494.6 23,772.2 1,520.4 1682.9 3607.4 344,627.2

1 70.66 105.19 101.36 62.33 515.34 172,313.6

500 US

(1996
104$) GWe/ 0.020 0.637 0.087 1.738 0.620 93.530 

*
PSI
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2.1 

2.1.1 

1850 10
Occupational Safety and Health Reporter, 1998 1997 1 1

 2.4

2.4 Hirschberg et al., 1998, Table 6.2.3

1931
2 12

Fushun 3,000 

1942
4 26

Honkeiko 1,527 4400 

1906
3 10

Courrieres Pas de 
Calais/France 1,099 7594 

1895
6 10 550 

1963
11 9

458 2080 

1972
6 6

Wankie 
Colliery ( ) 427  3

1962
2 7

Luisenthal 299 

1992
3 3

Turkey Kozlu 272 

1984
7 16

Mei Shan 121 

2.1.2 
1983 2

12 27,000
Cincoteague 36 3

2.1.3 

3
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Gerhartz et al., 1990

1983 7 13
1200 1996 3000

2.1.4 
1952 12

4000

4000 8000 Nash, 1976

ACNS, 1989 2.5
1966

2.5 
Hirschberg et al., 1998, Table 6.2.4

1930 Meuse Valley 60 

1948 Donora 17 

1952  360 

1952  4,000 

1956  1,000 

1962  850 

1962  60 

1966 168 

5 2
1948 5 50 70

1990 7 13 Shandong 45
2.6
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2.6
Hirschberg et al., 1998, Table 6.2.5

100 US 100 US
1996

 1975 01 04 11.5 29.4 

 1975 01 17 11.3 28.8 

 1976 11 21 21.3 52.0 

 1977 07 07 45.0 103.5 

 1980 10 14 27.0 48.8 

 1986 07 28 24.6 33.4 

2.1.5 

1.5 108

Usmen, et al., 1987
1972 2 2

Buffalo Creek Tailings
125

Jansen, 1983
0.3 m 6 m

Buffalo Creek

Clifton, 1992 1966 9 21 Aberfan

144 Bignell, et al., 1977

Klets, 1993
1982

284

2.1.6 
5

OECD 3 1
2.1
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N.F.S: No Further Specification 
 2.1 1969 1996 5

OECD Hirschberg et al., 1998, Fig. 6.2.5

20 OECD OECD

OECD

1950 1960
5

OECD OECD 3
1
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2.2 

2.2.1 
2.2 5

1965 1960
1965 1979

1979 1980 1989
1992

2.2 5 1950 1996
Hirschberg et al., 1998, Table 6.3.5

1982
2,700 1987

3,000
1980 1 17 Funiwa-5

3,000 180

2.3
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2.3 1969 1996 5
Hirschberg et al., 1998, Fig. 6.3.11

2.2.2 
1969 1996

70 Brown, 1981

2.7

2.7 Hirschberg et al., 1998, Table 6.3.2

1988  07  06 Jacket Piper Alpha 167 

1980  03 27 Semisubmersible AlexanderKielland 123 

1989  03 11 Drilling Ship Seacrest 91

1982  02 15 Semisubmersible Ocean Ranger 84

1983 10 25 Drilling Ship Glomar Java Sea 81

1979 11 25 Jackup Bohai II 72

Jacket

Jacket 25 Jackup

Jackup 100 m 120 m
Semisubmersible 2

600 m 800 m
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DPE Dynamic Positioning Equipment
Drilling Ship

DPE 2000 m
1980 3 27 5

Alexander Kielland
212 123

1988 7 6

Piper Alpha 3 2 144 m 167
2.8 1969

1 28 20
1996 1979 6 3

4 1800
3400

1

 2.8 2,000 1996
Hirschberg et al., 1998, Table 6.3.5

million US$  (million 1996 US$)

1969 01 28 - 560 1,947 

1979 06 03 Ixtoc-1 152 310.9 

1982  02 15 Ocean Ranger 86 132.2 

1980 10 22 Dan Prince 36 65.0

1990 09 22 Ocean
Odyssey 50 56.7

1977 01 12 Scan Sea 21 51.5

1976 03 01 Deep Sea 
Driller 18 47.1

1984 08 16 Enchova 30 44.5

1983 10 16 Glomar Java 
Sea 30 44.8

1981 08 27 Petromar V 26 42.4

1985 09 18 South Sea III 24 33.1

1989 03 20 Well - 20 25.1

1982 08 01 Sagar Vikas 14 21.5

�������������������

����



2.9
Piper Alpha Enchova No.1

42
Sleipner A

2.9 1,200 1996
Hirschberg et al., 1998, Table 6.3.6

million US$ million 
1996 US$ 

1988 07  07 Piper Alpha 1,200-1,500 1,440-1,800

1988 04 24 Enchova No: 1 330 419.8 

1991 08 23 Sleipner A 334.5 365.2 

1978 04 16 / - 54 123.1 

1980 03 27 Alexander  
Kielland 66.2 119.5 

1984 10 01 Oil and gas well Bekapai Well 
BC7 55 81.6 

1983  09 01 Key Biscayne 50 74.7 

1986 10 24 Mexico II 53 72.0 

1980 10 22 Dan Prince 36 64.9 

1979 04 21 Solar Energy I 26 53.2 

1980 12 11 Ocean
Champion 25 45.1 

1981 05 28 Sedco 250 22 36.0 

1976 04 15 - - 12 31.5 

1990 08 20 West Gamma 24 27.2 

1975 08 15 Motor tanker Globtik Sun 10 27.7 

1996 01 28 - 25.7 25.7 

1988 07 20 - 20 25.4 

1988  02 22 Keyes 302 15 19.1 

1993 07  06 - 15 15.9 

1982  07 14 Rig 52 8 12.3 
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2.2.3 
2.10 60

1987 12 17
3,000

26
1982

Salang
2.7 km

1969
1996 52 10

2.10 60 1969 1996
Hirschberg et al., 1998, Table 6.3.3

1987 12 20 3,000 

1982 11 01 2,700 

1994 11 02 580 

1984 02 25 508 

1987 03 05 300 

1992 04 22 200 

1984 10 15 150 

1991 04 10 141 

1989 03 08 130 

1991 06 26 124 

1992 03 08 112 

1995 03 12 110 

1978 11 22 100 

1991 11 22 90

1972 05 11 84

1979 11 15 75

1990 01 24 70

1978 10 12 64

1993 11 07 60

1994 11 04 60

2.11
1989 3 24 Exxon Valdez Valdez Blight Reef

Sharples, 1992 158,000 t
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35,000 t OECD, 1991

 2.11 2,000 1996
Hirschberg et al., 1998, Table 6.3.7

million US$ million 1996 US$ 

1989 03 24 Exxon Valdez 1200-2000 1,360-2,260 
1977 05 11 - 100 244.9 
1976 - - 83 217.3 

1979 07 20 Aegean Captain & 
Atlantic Empress 100 204.6 

1978 03 15 Amoco Cadiz 75.0 171.1 

1979 09 02 Chevron 
Hawaii 68 139.1 

1976 01 24 Olympic Bravery 50 130.9 
1978 04 16 - 54 123.1 
1993 01 05 Braer 115 121.9 
1983 08 06 Castillo de 

Bellver 72 107.6 
1971 03 27 Texaco Oklahoma 24 87.8
1977 07 08 - 35 85.8
1979 11 15 Independenta 40 81.8
1976 10 17 Boehlen 31 79.5
1973 11 05 Golar Patricia 22.7 75.9
1974 02 22 Giovanna Lolli Ghetti 23.1 69.5
1992 09 20 Nagasaki Spirit 60 63.6
1982 10 14 Unirea 39.7 61 
1969 12 15 Marpressa 15.067 60.8
1979 Kurdistan 30 58.3
1976 05 12 Urquiola 18.7 49.0
1980 04 03 Albahaa B. 27 48.7
1969 07 24 Silja 11.6 47.1
1971 02 18 Ferncastle 12.6 46.3
1972 12 19 Sea Star 12.0 42.8
1978 02 23 Cassiopeia 14 31.9

1977 04 15 Universe 
Defiance 11 26.9

1977 06 04 - 11 26.9
1978 03 21 Aegis Leader 9 20.6
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2.12 1981 11
14

7 300 m

 2.12 1,500 1996
Hirschberg et al., 1998, Table 6.3.9

million US$ million 1996 US$ 

1981 11 14 350 571.3 
1981 01 19 280 457.1 
1986 02 24 300 407.3 
1972 03 09 100 355.5 
1992 04 22 - 300 318 
1994 11 02 - 140 140 
1993 10 03 - 100 106 
1980 03 07 30 54 
1993 03 06 - 50 53 
1983 10 10 - 25 37.4 
1983 08 30 15 22.5 
1972 10 25 - 5 17.8 
1969 11 20 4.9 17.1 
1994 10 20 - 15 15 

2.2.4 

2.13 1969 1996
1983 30 Teleajen

1988 25

Reformer unit Catalytic cracker unit
Fractionating tower
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2.13 1969 1996 5
Hirschberg et al., 1998, Table 6.3.4

1983 12 06 30
1988 10 22 25
1992 10  08 16
1992 09 01 14
1976 08 12 13
1984 07 24 13
1988 08 28 12

1984 03 10
1971 07 10 9
1992 10 16 9
1969 11 11 8
1993 06 03 7
1977 03 17 7
1988 05 05 7
1972 08 26 6
1991 12 12 6
1992 11 09 6
1990 08 11 6
1969 03 06 5
1970 5
1972 04 07 5
1987 05 30 5

2.14 2,000 1996
1987 5 30

Lagos 5
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2.14 2,500 1996
Hirschberg et al., 1998, Table 6.3.8

million US$ million 1996 US$ 
1987 05 30 700 916.4 
1992 11 09 370 392.2 
1989 01 28 300 360 
1989 09 17 272 326 
1984 07 23 203.2 301.6 
1981 08 20 175 286.2 
1970 12 05 69 266.6 
1991 12 10 184.6 201.5 
1992 10 16 157.8 167.3 
1975 12 10 50 137.8 
1994 07 24 106 106 
1991 03 11 90 102.1 
1992 06 22 87 92.2 
1981 12 06 52 84.9 
1991 04 13 75 85.1 
1985 03 26 50.5 69.6 
1992 10 08 55 58.3 
1978 10 03 22 50.1 
1971 07 10 13.5 49.5 
1971 08 04 12.0 43.8 
1987 03 22 26.7 35.0 
1990 02 22 29 32.9 
1974 04 25 10.2 30.3 
1985 12 21 20 27.6 
1991 03 03  23 26.13 

2.2.5 

1978 2 14 9 2.15

1982 12 19 24
400 m

1996 6,150
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2.15
Hirschberg et al., 1998, Table 6.3.10

million US$ 
million 1996 

US$ 
1982 12 19 40 61.5 

1992 02 15 46.5 49.3 

1985 08 09 24.8 34.1 

1982 04 10 19.7 28.9 

1976 07 18 25 65.5 

1989 02  03 11.5 14.6 

1979 10 01 2.6 5.3 

2.2.6 

1988 7 Piper Alpha

2.2.7 
1979 6 3 Ixtoc -1 

1979
7 20 Trinidad Tobago Atlantic Empress

258,750 t Sharples, 1992
1

250,000 t 1983 8 6 Castillo de Bellver 230,000 t
1978 3 15 Amoco Cadiz

300  t 400  t

OECD, 1991
2.16

30

1979 6 3 Ixtoc 1 
1978 3 15 Amoco Cadiz
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2.16 Hirschberg et al., 1998, Table 6.3.11

26.1 

22.5 

200 25 9.8 

9.6 

7.4 

5.0 

5.0 

5.0 

3.4 

1.6 

1.2 

3.4 

Ixtoc 1 
Ixtoc 1 375,000 t

7 800 km 80 km
2,000 6,000

4,000
2.17 Ixtoc 1 Sharples, 1992

12 2.17 33
152

Seymour, et al., 1992

2.17  Ixtoc 1 Hirschberg et al., 1998, Table 6.3.12
100

155 

100 

100 

50 

6

411 
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Amoco Cadiz
Amoco Cadiz Brittany 23

2000
2.18 Sharples, 1992 202

10 45 10
30 2

3 The US National Oceanic 
and Atmospheric Administration NOAA Amoco Cadiz
190 290

2.18  Amoco Cadiz
Hirschberg et al., 1998, Table 6.3.13

US US

 66,406,000 30,007,000
 111,582,000 8,449,000

 668,000 54,000

 7,779,000 4,326,000
 446,000 329,000

 464,000 393,000
 31,000 31,000

 172,000 112,000
 1,399,000 0

 660,000 315,000

1,493,000 360,000

 8,425,000 604,000

Ministry of Labour  283,000 147,000
Ministry of Industry  1,915,000 585,000

 87,000 38,000

 201,810,000 45,750,000

2.2.8 
2.16 1.6 

1989 3 23
Exxon Valdez 90,000 1,000

150 12 20

2.19
Castillo de Bellver

18

2 75 2.20
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2

2.20 Exxon Valdez

4
3 5 4

600
1,000

2.19 Hirschberg et al., 1998, Table 6.3.14

t

Atlantic Empress 1979 287,000 

Castillo de Bellver 1983 252,000(1)

Amoco Cadiz 1978 223,000(1)

Haven 1991 144,000 

Odyssey 1988 700 132,000 

Torrey Canyon 1967 119,000 

Urquiola 1976  100,000 

Hawaiian Patriot 1977 300 95,000 

Independenta 1979 95,000 

Jakob Maersk 1975 88,000 

Braer 1993 85,000 

Khark 5 1989 120 80,000 

Aegean Sea 1992 74,000 

Sea Empress 1996 72,000 

Katina P. 1992 72,000 

Assimi 1983 55 53,000 

ABT Summer 1991 700 51,000 

Metula 1974 50,000 

Wafra 1971 40,000 

Exxon Valdez 1989 , 37,000 
(1) 2 2.7
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2.21 1

2.21
Hirschberg et al., 1998, Table 6.3.16

1996 US

1947

1,440-1,800

1,360-2,260

916

571.3

61.5

�������������������

����



2.3 

LPG Liquefied Petroleum Gas

2.3.1

LPG

Trunk lines
70 100 bar

65 70 bar
Take-over station 25 40 bar

20 bar Bartholome, et al., eds., 
1975

LPG LPG 2

Gerhartz, et al., 1990
LPG

LPG LPG

LPG
2.22 LPG Bützer, 

1988
LPG

LPG

((-CH2-CH2-) )   ((-CH2-CHCl-)n) ((-
CH(CH3)CH2-)n) LPG
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2.22 LPG Hirschberg et al., 1998, Table 6.4.1

LPG

2.3.2  
2.4 1950 1996 ENSAD

2 LPG
1989 6 4 Asha Ufa

600 700
30 LPG 70 LPG

1984 11 19 San Juan Ixhuatepec 
LPG

2 75 BLEVE

54 500

2.4 LPG 5
Hirschberg et al., 1998, Fig. 6.4.8
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1984 12 2 Tbilisi
100 1970 4 8

100
LPG 1979 11 11

Mississauga 22
1984 11 19 San Juan Ixhuatetpec 20

1982 1 20 La Venta 
4

2.5 5
75 %

74 10 6
35

36

2.6 5
288 2.23 2.6

5
5

2.7

N.A.: Not Available 
2.5 1969 1996 5

Hirschberg et al., 1998, Fig. 6.4.14
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2.6
Hirschberg et al., 1998, Fig. 6.4.15

2.23 2.6 2.10 Hirschberg et al., 1998, Table 6.4.2

Dom/com 

Process 

Process/pipework 

Process/pump 

Process/pvessel 

Storage 

Storage/asvessel 

Storage/psvessel 

Transfer 

Transport/pipeline 

Transport/rail 

Transport/road 

Transport/ship 

Waste 
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2.7 1969 1996
Hirschberg et al., 1998, Table 6.4.16

2.3.3 LPG
2.8 5 LPG 65 LPG

11

N.A. : Not Available 
2.8 5 LPG

Hirschberg et al., 1998, Fig. 6.4.17
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2.9 LPG 5
165 50

15.8% 15.2% LPG
10.3% 2.10 1969 1996 LPG

LPG
LPG LPG

2.9 1969 1996 LPG
Hirschberg et al., 1998, Fig. 6.4.18

2.10 1969 1996 LPG
Hirschberg et al., 1998, Fig. 6.4.19
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2.4  
2.24

Earth Rockfill
Gravity

Arch
Buttress

Arch Earth Earth Rockfill
Gravity Rockfill Earth

2.24 Hirschberg et al., 1998, Table 6.6.1

* *
Te Earth H 
Er Rockfill I 
Pg Gravity C 

Pg M Gravity dam built of masonry  
Gravity S

Va Arch N 
Cb Buttress R 
Mv Multi-Arch  

*

2.4.1 

2.25
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2.25
Hirschberg et al., 1998, Table 6.6.2

Mauvoisin  1954 6

Vorderrhein  1956 -1961 22

Oros  1960 40

Limmern  1960 -1963 19

Mattmark  1965 88

Torrejon Tajo  1965 30

Honigrin  1966 6

Sempor 1967 200 

Sarganserland  1974 2

Guavio 1983 70 33 2

2.4.2  
2

Serafim Serafim, 1981

Baecher mode
Baecher, 1980

2.4.3 

Schnitter, 1976; Basler & Hofmann, 1978; Baecher et al., 1980; Hoffmann et. al., 1984

2.26 3
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2.26 Hirschberg et al., 1998, Table 6.6.3

per dam-year
Gravity, Arch  3 10-5 – 3 10-4

 2 10-4 – 5 10-4

 4 10-5

 6 10-4

 2 10-4

Gravity, Arch 1.8 10-5

Rockfill 6.3 10-5 – 5.6 10-4

Earth 2.8 10-6 – 6.9 10-6

2.11 1850 1996

2.12
5

50 

2.11 1850 1996
Hirschberg et al., 1998, Fig. 6.6.4
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1850 1996 1930 1996
2.12  1850 1996 1930 1996

Hirschberg et al., 1998, Fig. 6.6.5

2.4.4 
fr

k
k OT

kfr 2.1

OTk 1850 1930

k
k

k MTBFk
ND

OT
2

2.2

MTBF ND 1850
1930 2

2

k
k

k
kk

k

MTBF
ND

MTBFk
ND

k
OT

kfr

2

1

2

2

1
k

k

k ND
fr

MTBF 2.3
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MTBFk 2.27
1850 1996 1930 1996

5 MTBFk

2.13 1850 1996
1930 1996

5
Arch Buttress 1930

1996 1850 1996 1850
1996 2 5

2.27 MTBFk

Hirschberg et al., 1999 Table 6.6.4 Table 6.6.21

1 / (dam year) ( )
MTBFk ( )

10 8.3 10-5 10.51850 ~1996
(Pg or Pg(M)) 6 5

120,625
5.0 10-5 2,300

95.0Gravity
1930 ~1996

Pg 0 (3)
5

62,814 1.3 10-5 1,620 17.4 

3 1.0 10-4 30.7
1850 ~1996

0 (3) 5
29,553

2.8 10-5 (4) 651
110.0  

1 5.0 10-5 75.8
Arch

(Va)
1930 ~1996

0 5
20,032

4.2 10-5 (4) 528
90.2

4 2.7 10-4 24.1
1850 ~1996

0 (3) 5
14,759

5.7 10-5 307
114.3 Buttress

(Cb) 
1930 ~1996 0 (3)

5
9,067 9.3 10-5 355 75.8  

58 2.4 10-4 2.7
1850 ~1996

31 5
245,803

1.3 10-4 5,704 (2)

114.3 
16 9.8 10-5 4.2

Earth
(Te)

1930 ~1996
6 5

162,647
3.7 10-5 4,813

11.2
22 6.1 10-4 2.8

1850 ~1996
6 5

36,270
1.7 10-4 1,150

10.2
8 3.0 10-4 6.4

Rockfill
(Er) 

1930 ~1996
0 (3) 5

26,422
3.2 10-5 1,037

30.1
(1)

(2) Hirschberg et al., 1999 5 5,704 5
5,702

(3) Lognormal approximation
(4) 2.13
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2.13 fr 5
Hirschberg et al., 1998, Fig.6.6.6

2.4.5 -
-

X
2.14 2.14

1900 1969 1900 1996
- 30

2.15 2.14 -
2.14 1900

1996 1900 1969
1900 1996

30 1969 1996

2.16
X 1900 1996

40

2.16 23
1975 8 5 Banqiao Shimantan

85,600 23 Qing, 1998; Human 
Right Watch / Asia, 1995 2.28 2.29
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2.14
X

Hirschberg et al., 1998, Fig. 6.6.10

2.15
X

Hirschberg et al., 1998, Fig. 6.6.11
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2.16 X
3 Hirschberg et al., 1998, Fig. 6.6.12

2.28 Hirschberg et al., 1998, Table 6.6.24
per dam year

Gravity(Pg) Arch(Va) Buttress(Cb) Earth(Te) Rockfill(Er) 
MV: 8.3 10-5 MV: 1.0 10-4 MV: 2.7 10-4 MV: 2.4 10-4 MV: 6.1 10-4

LB: 5.1 10-5 LB: 4.6 10-5 LB: 1.3 10-4 LB: 1.9 10-4 LB: 4.3 10-41850-1996 

UB: 1.4 10-4 UB: 2.6 10-4 UB: 6.2 10-4 UB: 2.9 10-4 UB: 8.7 10-4

MV: 1.3 10-5 MV: 5.0 10-5 MV: 9.3 10-5 MV: 9.8 10-5 MV: 3.0 10-4

LB: 8.2 10-7 LB: 1.8 10-5 LB: 5.7 10-6 LB: 6.7 10-5 LB: 1.8 10-41930-1996 

UB: 4.8 10-5 UB: 2.4 10-4 UB: 3.3 10-4 UB: 1.5 10-4 UB: 5.5 10-4

MV LB 5 UB 95

3 2.16 Number of Accidents per dam year
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2.29 5  (Hirschberg et al., 1998, Table 6.6.25)
per dam year

Gravity(Pg) Arch(Va) Buttress(Cb) Earth(Te) Rockfill(Er) 
MV: 5.0 10-5 MV: 2.8 10-5 MV: 5.7 10-5 MV: 1.3 10-4 MV: 1.7 10-4

LB: 2.7 10-5 LB: 1.7 10-6 LB: 6.7 10-5 LB: 9.5 10-5 LB: 9.1 10-51850 1996

UB: 9.8 10-5 UB: 1.0 10-4 UB: 1.5 10-4 UB: 1.7 10-4 UB: 3.3 10-4

MV: 1.3 10-5 MV: 4.2 10-5 MV: 1.0 10-4 MV: 3.7 10-5 MV: 3.2 10 5

LB: 8.2 10-7 LB: 2.6 10-6 LB: 3.5 10-6 LB: 2.0 10-5 LB: 1.9 10-61930 1996

UB: 4.8 10-5 UB: 1.5 10-4 UB: 2.0 10-4 UB: 7.3 10 5 UB: 1.l 10-4

MV LB  5 UB 95

2.4.6 
5 1996

1975 Walter Bouldin 40
1840 kWh 4 60

Federal Energy Regulatory Commission, 1978 2.17 1945 1996
x

602.054.114 xy
x 1996 y x

2.17 X 106 (1996 )
Hirschberg et al., 1998, Fig. 6.6.14
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2.4.7 
2.18

2.18 1930 1996
Hirschberg et al., 1998, Fig. 6.6.16
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2.5 
PSI

Hirschberg et al., 1998 2 1979 3 28
PWR 843 MWe TMI-2 4 1986 4 26

RBMK 1,000 MWe

2.30 1996
5 10 200 500 1996

2.5.1 
1 TMI-2 

TMI-2
40 Sv
1 mSv UNSCEAR, 1993

144,000
Sorensen et al., 1987 1,300

Komanoff, 1986 40
1,260 PWR

Sørensen, 1994 TMI-2 400 ECU
TMI-2 IAEA INES 5

INES

2
4 RBMK

INES 7
1996 IAEA

EC/IAEA/WHO, 1996

1986 135,000
30 km 4,300 km2

3 100 
km 555 kBq/m2

270,000
3 6,800,000

1990 1995
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53,000 107,000 50,000

237 134
28 2

1
10 14

2.31 2.32

60 80
Liquidators

1986 1987 20
20

2,000 20 41,500
5

20 200
20 800

20
200

150 10

150
135,000

21,500
0.7 

10 135,000 500
2

27,000
1500

43500 3
270,000

100
1,000

9
680,000 4600

6,800,000 1,088,000
0.4 

200
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24,000 1.5  

1995
3 0 15

1,000 400 1996
10 90 95

100 4,000 8,000
100 400 200 800

UNSCEAR
0.8 mSv 2056 70

1.2 mSv
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2.32 Hirschberg et al., 1998, Table D.2.2

1986 -1989
600,000 

0.02% 
8%

47% 
45% 

500 mSv 
250-500 mSv 
100-250 mSv 

100 mSv 
30-500  mSv 

120 mSv 
1986

130,000 

I-131
0.1- 2(5) Gy 

0.3 Gy 

270,000 4
800

60 mSv 
> 100 mSv 
> 200 mSv 

75,000,000 6-7 mSv 

PSI Hirschberg et al., 1998
Nucleonics Week, 1994 200

3,200
Sørensen

6,000 ECU

Sørensen, 1994
Voznyak 1996 IAEA

1986 1991 238
3,700 Voznyak, 
1996a 1986 1989 ECOSOC4

1990 7 6
92 Voznyak, 1996a UNESCO

1986 1989 100
Savchenko, 1995 1990 33 2,400

10 1,400
1991 103

1988 1989 297

Voznyak 1996 1992 1995 4
3 3490

1 1550 Voznyak, 

4 United Nations Economic and Social Council 
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1996b GDP % 1992 670
1995 1 7,360

1991 9 5 Ukraine, 1996 1995
1.7 % 2.8 % 1995 94 2,000

karbovanets6 1994 1991 3
30

30
32 2,350 Rolevich, et al., 1996 Solevich 1986

2015 1995 1 6,000
Savchenko, 1995 2140 1870

800
1996 1995

11.5 % 3 20 58.7 %
10.6 % 28 % 2 % 0.2 %

Rolevich, et al., 1996

Hirschberg et al., 1998 3
Nucleonics Nucleonics Week, 

1994 2.33

5 Measure to Eliminate the Consequence of the Chernobyl Disaster and Provide for Social Welfare 
6 1995
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1990 Presidential Commission, 1990
Wilson, 1989

200 2

2.34

2.34 Wilson, 1989

(10 rouble) 10

1.5 4 

1.5 4 

0.05 0.05 

0.15 3 

0.3 2.25 

2 4 

1 3 

8.1 20.3 

1
15 40

40
500 1,000

100 200
5,000

3 3
5 1 3 30

3 15
22 5,000

Wilson 7

Wilson, 1989
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TMI-2
8

PSI Hirschberg et al., 1998

RBMK

1988 1989

PSA PSA 10-

5/ 10-2/

3 Hirschberg et al., 1998
1957 10 8

3440
140

10 8 10 12
180 22

5

8 Wilson TMI-2 2000
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I-131

I-131 16,200 27,000 Ci Cs-137 600 1230 Ci Sr-89 80 200 Ci Sr-90 2 9
Ci Te-132 12,000 16100 Ci Ru-106 80 160 Ci Ce-144 80 109 Ci Po-210
Ci H-3 100,000 Ci

1 1015 5 1015Bq I-131
520 km2

5 ICRP1977 Crick et 
al., 1982/83 33 13

237 UNSCEAR 1988 UNSCEAR 1988
40 50 100 90

10 Clarke, 1988
6 IAEA

5
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2.5.2 
PSI Hirschberg et al., 1998

1995 12 8
280 MWe

Constituyentes 1983 9 23
RA-2 3 4 m

1 21 Gy 22 Gy
IAEA 4

Saint-Laurent-des-Eaux 1980 2 10
515 MWe 20 kg

1 IAEA
4

Bohunice 1976 1 5
110 MWe

2

Grenoble 1974 7 19
Laue-Langevin Institute 47 MWth 9 1013Bq

2,500Ci Sb-124

Savannah River 1974 5 2

Chevtchenko 1973 9
1,000 MWth 150 MWe 2
400 kg

Lucens ( ) 1969 1 21
6 MWe 28 MWth

3.4 1012 Bq 92 
Ci  2.7 107 Bq 740 Ci

Grenoble 1967 11 7

�������������������
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15 MWth Siloé 90 2 1015 Bq 5500 Ci
7.4 1013Bq 2200 Ci

Mol 1965 12 30
power excursion 1

Idaho Falls 1961 1 3 National  Reactor Testing 
Station
3MWth SL1 Stationary Low Power Reactor No.1

93
200 e

3

99.99%
1

1955 11 29 EBR-1 Experimental Breeder Reactor, 
1.2 MWth

1958 11 18 HTRE-3 Heat Transfer Reactor Experiment, 120 kWth,

Vinca 1958 10 24
6

Marcoule 1956 12 14
G2 200 MWth 36 MWe

1200
100

Marcoule 1956 10
G1 40 MWth 3 MWe

Chalk River 1952 12 21
40 MWth NRX

31 4 17rem 2
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2.5.3 
 PSI Hirschberg et al., 1998

Tomsk-7 1993 4 6

100 km2

6 km 25 km 10 R/h
20 22 TBq 530 590 Ci 1%

Ru-103 31% Ru-106 22% Zr-95 45% Nb-95 0.02%  Pu-239
Pu-239

15 Sv 1.5 mrem Georgevka 60 
kBq/m2 1.6 Ci/km2

Lake Karachay Mayak 1967
  Techa 1951 9 1953

Cs-137  3.6 EBq Sr-90  0.74 
EBq 1967 22 TBq 600 Ci

1,800 km2 2,700 km2 75 km 3.7 kBq/m2

0.1 Ci m2 41,000
Kyshtym

1990 Cs-137 4.4 108 Bq/l
Sr-90 6.3 107 Bq/l Cs-137 5.2 1010 Bq/kg  Sr-90

1.1 1010 Bq/kg 18 20 
rem/hr 2.5km 3k m 4 106 m3

5,000 Ci 1985 1995

Chelyabinsk 40 Chelyabinsk 65 Mayak
Kyshtym 1957 9 29 Medvedev, 1979; Trabalka et al., 1979; Pharabod et al., 

1988; UNSCEAR, 1993; Bradley, 1996; Bennet, 1995; Cochran, 1993; Aarkrog, 1995; Buldakov, 1996; 
Chukanov, 1995; Alexakhin, 1996; Karavaeva, 1994

30
Medvedev

1,000 km2

ORNL 100 km2 1,000 Ci km Sr-90
Ci/km2 1,000 km2

105 106 Ci
1990 70 80

UNSCEAR, 1993 100g/l
80g/l 300 m3

�������������������

����



20 MCi UNSCEAR EBq

74 PBq 2 MCi
300 km 50 km

23,000 km2 Sr-90 3.7 kBq / m2 0.1 Ci / km2

Ce-144 (49 PBq) Zr-95 Nb-
95 (19 PBq)  Sr-90 (4.0 PBq)  Ru-106 (2.7 PBq) Cs-137 27 TBq

3 Sr-90 Y-90
99.3

10,800 Sr-90 150 KBq / m2

8 10
10 1154 520 mSv

170 mSv 1,500 mSv 600 -Sv
Rybnikovo  Scherbakovo 2  1993

112 196 mSv 51 88 mSv 4 7 mSv
15 110 mSv 4 7 mSv

3 17 mSv 1955 1957

48 52 mSv

30 2,500 Sv
1,300 Sv 26

0.05  / Sv 125

6,200 1958 106,000
1961 47,000

1990 Chelyabinsk 19,000

180 Ci / km2 6,660 kBq/ 2 20 km2 1 3,000
4,000 rad 1959
Sverdlovsk Sr-90 1.5  63.4 kBq / m2 Cs-137  13 kBq / m2

1992 1994 Sverdlovsk 1,600 km2

Tygish Sr-90
37 111 kBq / m2 185 kBq / m2 Chukanov 

IAEA 6

Aue, Wismuth-pit 250 ( Erzgebirge/Sachsen) 1955 7 15
33

1955 1990 5
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2.5.4 

PSI Hirschberg et al., 1998

La Hague 1986 5 20
2 11 rem 25 rem 

200 rem

Windscale 1973 9 26

B204 Windscale-
Magnox

1969 120
Butex  dibutoxy-diethyl ether

TBP Tributilphosphate
Ru-106

35 0.01
 40 Ci (370  1.5 106 Bq)

5
5 1978

IAEA 4
1979 10 16 B30

1.04 GBq Sr-90 0.44 GBq Ru-106 2.2 MBq  I-131 13.8 GBq  Cs-134 92 
GBq  Cs-137 24 MBq Ce-144 1.4 MBq  Pu-239 1.34 MBq Am-241 1979
11 11 B242 Pu-239  11 GBq  Am-241  2.5 GBq 1984 7
17 Pu-239  0.01 GBq  Am-142 0.36 GBq B241

Rocky Flats ( ) 1969 5 11
1957 1958 1968

74 kBq/m

Wood River Junction Plant 1964 7 24
3

1 15,000 rem

Hanford ( ) 1962 4 7
3

16 33 87 rem

National Reactor Testing Station ( ) 1959 10 16
2 32 50 rem

Los Alamos ( ) 1958 12 30
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1 6,000 rem 2 50
180 rem

Oak Ridge ( ) 1958 6 16

5 250 350 rem 3 20 70 rem

Rockey Flats ( ) 1957 9

Los Alamos ( ) 1946 5 21
1

Los Alamos ( ) 1945 8 21
1
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3. 

3.1 

1969 1996 5
187 334 86 LPG 77 9

1
1969 1996 10

5 3 LPG 2 3,000 500
3.1

1969 1996 10 LPG 4 5
1 3.2

1969 1996 10 LPG 2 2
2 3 1 3.3

1969 1996 10 2 5
2 1 3.4

3.3 2.29
3,000 LPG 7,000

TMI-2 LPG
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3.1 1969 1996  (Hirschberg et al., 1998, Table 9.1.1) 

( ) (1996 )

(1987.12.20) 
Transport to 

Refinery 3,000 26 0 

(1982.11.1) 
Regional 

Distribution 2,700 400 0 - 

(1979.8.11) Power Plant 2,500  150,000 1,024 

(1993.8.27) Power Plant 1,250 336  27 

(1980.9.18) Power Plant 1,000

LPG (1989.6.4) 
Long Distance 

Transport 600 755 0 

(1994.11.2) 
Regional 

Distribution 580 140 

(1984.2.25) 
Regional 

Distribution 508 150 2,500 

(1995.6.29) 
Regional 

Distribution 500 952 0 

LPG (1984.11.19) 
Regional 

Distribution 498 7231 200,000 2.9 

3.2 1969 1996 Hirschberg et al., 1998, Table 9.1.2

( ) (1996 )

LPG (1984.11.19) 
Regional 

Distribution 498 7,231 200,000 2.9 

(1980.1.17) Extraction 180 3,000 0 - 

(1992.4.22) 
Regional 

Distribution 200 1,400 5,000 318 

(1988.10.4) 
Regional 

Distribution 5 1,020 0 - 

(1982.12.19) Power Plant 160 1,000 40,000 61.5 

LPG (1969.1.25) 
Regional 

Distribution 2 976 100 12.9 

(1995.6.29) 
Regional 

Distribution 500 952 0 - 

(1976.6.5) Power Plant 14 800 35,000 2,219 

LPG (1972.7.1) 
Regional 

Distribution 8 800 300 3.6 

LPG (1989.6.4) 
Long Distance 

Transport 600 755 0 - 
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3.3 1969 1996 Hirschberg et al., 1998, Table 9.1.3

( ) (1996 )

LPG (1979.11.11) 
Regional 

Distribution 0 0 220,000 20.5 

LPG (1984.11.19) 
Regional 

Distribution 498 7,231 200,000 2.9 

(1979.8.11) Power Plant 2,500 - 150,000 1,024

(1979.3.28) Power Plant 0 0 144,000 5,427.2

(1986.4.26) Power Plant 31 370 135,000 339,200 

(1988.5.25) 
Regional 

Distribution 0 70 100,000 -

(1982.12.19) Power Plant 160 1,000 40,000 61.5 

(1982.1.20) 
Long Distance 

Transport 33 500 40,000 85 

(1976.6.5) Power Plant 14 800 35,000 2,219

(1983.10.10) 
Regional 

Distribution 0 17 25,000 37.4 

3.4 1969 1996 Hirschberg et al. 1998, Table 9.1.4

( ) (1996 )

(1986.4.26) 
Power

Production 31 370 135,000 339,200 

(1979.3.28) 
Power

Production 0 0 144,000 5,427.2 a

(1989.3.24) 
Transport to 

Refinery 0 0 0 2,260 

(1976.6.5) 
Power

Production 14 800 35,000 2,219 

(1969.1.28) Extraction 0 0 0 1,947 

(1988.7.7) Extraction 167 0 0 1,800 

(1979.811) 
Power

Production 2,500 - 150,000 1,024 

(1987.5.30) Refinery 5 - 0 916.2 

(1990.12.20) N.A. 0 0 0 742 

(1985.10.6) Exploration 0 0 0 622 
aTMI-2 40 N.A.:Not Available
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3.2 

PSI

3.2.1 
Presidential Commission, 1990

Rasmussen, 1990

PSA

NRC 2
NRC, 1975; NRC, 1990

Rasmussen, 1990

10 3.5 5

3.5 5 Rasmussen, 1990
1

 100

 10

 10

 10

5 10

100
1,000 10 100

1,000
30 100 3,000

10
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33 3.1
3.2

3.6 3

NUREG-1150 NRC, 1990 WASH1400 NRC, 1975 3 1
NUREG-1150

3.6 100 NRC, 1975

b

  200 1 a < 1.0 < 1.0 < 1.0 

1 1 170 1,400 25 

10 1 460 3,500 60 

100 1 860 6,000 110 

1000 1 1,500 8,000 170 

17,000 8,000 8,000 
(a) 100
(b) 10 40
(c)
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1 4 1 5 5

3.1 Rasmussen, 1990
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1 6 3 1 5 5

3.2 Rasmussen, 1990
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PSI
Hirschberg Hirschberg, 1994 NUREG-1150 NRC, 1990

Mühleberg 3.3 3.7
800 km

3.7
Mühleberg

NUREG-1150
MACCS - 3

3
LHS

(PDS) PDS

MACCS Chanin et al., 1987
Mühleberg

Mühleberg
50 %

Mühleberg 800 km 5 % 95 
1GWe 1.7 10-4 7.2 10-2 ICRP ICRP, 1990

-

: 1 :800km (man-rem) 

3.3 Mühleberg 800 km
Hirschberg et al., 1998, Fig. 6.5.6
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1 800km
3.4 Mühleberg 800 km

Hirschberg et al., 1998, Fig. 6.5.7

1
3.5 Mühleberg

Hirschberg et al., 1998, Fig. 6.5.8
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1 ha
3.6 Mühleberg

Hirschberg et al., 1998, Fig. 6.5.9

1 20km
3.7 Mühleberg 20 km

Hirschberg et al., 1998, Fig. 6.5.10
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3.7 PSA Hirschberg et al., 1998, Table 6.5.2
Mühleberg Peach Bottom(1) Zion(1)

GWe

(GWe -1)
<10-12 3.5 10-8 1.0 10-5

800 km
(GWe -1) 6.7 10-3 6.2 10-3 (2) 2.4 10-2 (2)

800 k m
(man rem) 

40.4 40.2 (2) 161.8 (2)

(4)

(GWe -1) 1.6 10-9 6.7 10-10 9.4 10-9

(km2) 5.9 10-3 1.5 10-2 (3) 1.2 10-1 (3)

GWe

(GWe -1)
<1 10-9 1.3 10-9 7.5 10-7

(1) (2)1600 km (3)NUREG-1150  (4)ICRP -
ICRP, 1990

3.2.2  
IAEA IAEA, 1996

F-N

3.8 1969 1996 5
F-N GWe Hirschberg et al., 1998, Fig. 7.2.11

3.8 GWe =2.7 10-4

F-N
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F-N

2.16 2 F-N

1998 9,000 33,000
3.9

1969 1996
F-N OECD Teton

OECD OECD

3.9 1969 1996 X
Mühleberg PSA

GWe F-N Hirschberg et al., 1998, Fig. 
9.1.11

3.8 3.9 GWe
IAEA

IAEA, 1999
1969 1996 9
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3.2.3 
3.10 F-N 3.10

F-N
LPG LPG

3.10 1969 1996 X
10 F-N GWe Hirschberg et al., 1998, Fig. 7.3.6

3.2.4 
3.11 1969 1986 1969 1996 200

1979 3 TMI 1986 4

3.12 LPG 10

1
2 1

LPG 3.13
LPG 3.3 3.12

10 3.3 LPG 1979 11 11
Mississauga LPG 22

1984 11 19 San Juan Ixhuatetpec LPG 20
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LPG 3.3 3.12

3.11 1969 1986 1969 1996 200
Hirschber, et al., 1998, Table 7.4.1

3.12 1969 1986 1969 1996 200
Hirschber, et al., 1998, Table 7.4.2
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3.13 1969 1986 1969 1996 200
GWe Hirschber, et al., 1998, Table 7.4.4

3.2.5 
3.14 1969 1986 1969 1996 5

3.15
1 2 3.4

TMI-2
2

3.16
3.8 3.4

Exxon 
Valdez 2.18

LPG
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15

3.14 1969 1986 1969 1996 5 US$1996
Hirschberg, et al., 1998, Table 7.5.1

3.15 5 US$1996
Hirschberg, et al., 1998, Table 7.5.2
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3.16 5 US$1996 GWe
Hirschberg, et al., 1998, Table 7.5.3
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3.8 Hirschberg et al., 1998

( )
100 $

(1996 )

(1986.4.26)
339,200

(Nucleonics, (1994))

(1979.3.28) 5,427.2

(1989.3.24)

(1 ) (4 )
(3 ) (5 )

(4 )
(1 )

2,260

(1969.1.28) 1,947

10 –2,000 

a 3,392 1996 Nucleonics, 1994

Sørensen, 1994; EC/IAEA/WHO, 1996; Voznyak, 1996a; Savchenko, 1995; Rolevich, 1996

b  TMI-2 40
1260

PWR Komanoff, 1986
c
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3.2.6 

30 km
4,300 km2 100km

555 kBq/m2 270,000

3 680

3.9

3.9
IAEA IAEA, 1996 3.10 11 3.7

200m 1921 Oppau
4,500 t

50t 25m 1974 Fixborough 
50t 1984

LPG 3.10 500m
1939 12 Zarnesti
24 t 250 m 800 m

3.7 200 m 500 m
1973 Potchetstroom 38 t

150m 200m 5 3.7
200-500 m 1984 12 Bohopal 

41 t 3.10

3.10

3.2.7 

LPG
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3.9 IAEA, 1998

1921 Oppau
4500t

561 4
km Mannheim
1500 Oppau 75

1000 250m 300m
100m

10m
45km

1974 Fixborough 50t

28

15km

1984 LPG
BLEVE

500 7000
6 48

4
20t 1200m

6
4

400m
2

300m

1939
12 Zarnesti 24t

1973 Potchetstroom 38t

18
6

5 150m 200m

1961
La Barre 27 35t

15 km2

1971
Floral 600t

600t

1984
12 Bohopal 41t  2500 20

1976 Seveso ( 2 kg) 

17 km2 4 km2
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3.3
3.11

200 m 500 m
10 km

1984 12 Bohopal 41 t
1976

Seveso 2 kg 17 km2

4 km2

LPG

3.8 3.10
TMI-2 1 2

2

2
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4.

3.9

TMI-2 LPG

LPG

2
LPG 1 2

100 m 10 km

F-N

�������������������

����



Paul Scherrer Institute
Hirschberg S. 

�������������������

����



PSI Hirschberg et al., 1998

Aarkrog, A., 1995, “Global radioecological impact of nuclear activities in the former Soviet Union,” 
Proceedings of the International Symposium “Environmental Impact of Radioactive Relocases,” 8-12 May 
1995, IAEA, Vienna. 

ACNS, 1989, “Alternative Electrical Energy Systems – A comparison of the Risks of Occupational and Public 
Fatalities,”ACNS-10, Advisory Committee on Nuclear Safety, Ottawa, Canada. 

Alexakhin, R.M., Fesenko, S.V., Sanzharova, N.I., 1996, “Serious radiation accidents and the radiological 
impact on agriculture,” in “Environmental Contamination, Radiation Doses and Health Consequences after 
the Chernobyl Accident,” Special Commemorative Issue of Radiation Protection Dosimetory, 64 1/2, 37-42. 

Baecher, B., Paté, M.E. and de Neufville, R., 1980, “Risk of Dam Failure in Benefit-Cost Analysis,” Water 
Resources Research, 16, pp.449-456. 

Bartholomé, E., Biekert, E., Hellmann, H., Ley, H. and Weigert, M., eds., 1975, “Ullmann's Encyklopädie der 
technischen Chemie. 4 th Ed., Verlag Chermie, Weinheim, Germany. 

Basler & Hofmann, 1978, “Überlegungen zur Autretenswahrscheinlichkeit von Talsperrenbrüchen,” Report TB 
645-ASK-14, Basler & Hofmann, Zurich Switzerland. 

Bennet, B.G., 1995, “Exposure from worldwide releases of radionuclides,” Proceedings of the International 
Symposium “Environmental Impact of Radioactive Release,” 8-12 May, 1995, IAEA-SM-339/185, Vienna 
pp. 3-12. 

Bignell, V., and Peters, G, 1977, “Catastrophic Failures,” New York: The Open University Press, Milton 
Keynes. 

Bradley, D.J., Frank, C.W. and Mikerin, Y., 1996, “Nuclear Contamination from Weapons Complexes in the 
Former Soviet Union and the United States,” Physics Today, 40-45. 

Brown, R., 1981, “Health and Environmental Effects of Oil and Gas Technologies: Reserch Nees,” MTR-
81W77, Mitre Corporation. 

Buldakov, L.A., Demin, S.N., Kostyuchenko, V.A., Koshurnikova, N.A., Krestinina, L.Yu., Saurov, M.M., 
Ternovslij, I.A., Tokarskaya, Z.B. and Shvedov, V.L., 1996, “Medical Consequences of the Radiation 
Accident in the Southern Urals in 1957,” in Ramzaev P.V. Ed. , Mediacal Consequences of the 
Chernobyl Accident,  Nova Science Publisher Inc., New York, pp. 15-28. 

Bützer, P., 1988, Gefährdungsanalyse von Flüssiggas propan, Butan und Erdgas. 
Chanin, D. I., et al., 1987, “MACCS Accident Consequence Code System,” Vol. I User’s Guide. NUREG/CR-

4691, Sandia National Laboratories, USA. 
Chukanov, V.N., Bazenov, A.V., Korobitsin, B.A., Kuligin, A.P., Volobuev, P.V. and Zukovsky, M.V., 1995, 

“Consequences of the radioacitve contamination of the Sverdlovsk Oblast caused by the accident in 1957 at 
the Mayak industrial complex,” in “Environmental Impact of Radioactive Releases,” IAEA Proceedings 
Series, Vienna. 

Clarke, R.H., 1988, Current radiation risk estimates and implications for the health consequences of 
Windscale, TMI and Chernobyl accidents,  Medical Response to Effects of Ionising Radiation Crosbie
W.A. and Gittus J.H., Eds. , Elsevier, Amsterdam. 

Clifton, J.J., 1992, “The Historical Record of Major Accidents in the Energy Industries,” Applied Energy 42 pp. 
17-32. 

Cochran, T.B., Standish Norris R. and Suokko, K.L., 1993, “Radioactive contamination at Chelyabinsk-65, 
Russia,” Annu. Rev. Energy Environ, pp. 507-528. 

Crick, M.J. and Linsley, G.S., 1982/83, An assessment of the radiological impact of the Winscale reactor fire, 
October 1957,  NRPB R135 May 1982 and Addendum September 1983 .

EC/IAEA/WHO, 1996, EC/IAEA/WHO International Conference: “One Decade after Chernobyl – Summing 
up the Consequences of the Accident,” 8-12 April 1996, Vienna, Austria. 

Federal Energy Regulatory Commission, 1978, “Walter Bouldin Dam Failure and Reconstruction, DOE/FERC-
0017, Office of Electric Power Regulation, Washington, D.C., USA. 

Gerhartz, W. and Elvers, B., eds.,1990, “Ullmann's Encyclopaedia of Industrial Chemistry, Vol. 17, 5th Ed., 
VCH Verlagsgesselschaft mbH, Weinheim, Germany. 

�������������������

����



Hirschberg S., Cazzoli E. 1994, “Contribution of severe accidents to external costs of nuclear power,” 
PSNPRA and Severe Accidents, Proc. Mtg Ljubljana, 1994, STRITAR, A., MAVKO, B., Eds,  Nuclear Soc. 
of Slovenia, Ljubljana pp. 242-249. 

Hoffmann, H.-J., Oedekoven, L. and Ott, K.O., 1984, “Statistical Trend Analysis of Dam Failures Since 1850,” 
Special Report No. 245, Kernforschungsanlage Jülich, Germany. 

Human Right Watch / Asia, 1995, Ther Three Gorges Dom in China: Forced Resettlement, Suppression of 
Dissent and Labor Rights Concerns, Vol. 7, No. 2. 

ICRP, 1990, Recommendation of the International Commission on Radiological Protection. Oxford, New York. 
Ilyin, L.A. et al., 1990, “Radiocontamination patterns and possible health consequences of the accident at the 

Chernobyl nuclear power station,” J. Radiol. Prot. 10, 3-29. 
Jansen, R., 1983, “Dams and Safety,” A Water Resources Technical Publication. US Department of the Interior, 

Bureau of Reclamation, Washngton D.C., USA. 
Karavaeva, Ye.N., Kulikov, N.V., Molchanova, I.V., Pozolotina, V.N., Yushkov, P.I., 1994, “Accumulation 

and distribution of long-living radionuclides in the forest ecosystems of the Kyshtym accident zone,” Sci., 
Total Environ., 157, Elsevier, Amsterdam pp. 147-151. 

Kletz, T., 1993, “Lessons form Disasters,” Houston: Gulf Publishing Company. 
Komanoff Energy Associates, 1986, “Costs of the Three Mile Island Accident,” In Le Vrai coût d’un accident 

nucléaire, Science et Vie, No. 829 pp.36-39. 
Medvedev, Z.A., 1979, Nuclear Disaster in the Urals,  Norton, New York 1979 and Angus & 

Robertson, London. 
Nash, R.J., 1976, “Darkest Hours,” Chicago: Nelson-Hall. 
NRC, 1990, “Severe Accident Risks: An Assessment for Five U.S. Nuclear Power Plants,” NUREG-1150 

Vol.1, 2, 3. 
Nucleonics Week, 1994, “Outlook on International Nuclear Liability,” Special Report to the Readers of 

Nucleonics Week, Inside N.R.C., and Nuclear Fuel. Nucleonics Week, 29 September 1994, Inside N.R.C., 3 
Octorber 1994, Nuclear Fuel, 10 Octorber 1994. 

Occupational Safety and Health Reporter, 1998, “China logs one of worst safety records,”Oppupational Safety 
and Healthe Reporter, Vol. 27, No. 34, 1320. 

OECD, 1991, “The State of the Environment ,” OECD, Pris. 
Qing, D., 1998, “The River Dragon Has Come! The Three Gorges Dam and the Fate of China's Yangtze River 

and itsPeople,” Probe International, International Rivers Network, M.E. Sharpe, Armonk, New York, 
London, England. 

Pharabod, J.-P. and Schapira, J.-P., 1988, “Les jeux del’atome et du hasard – Les grands accident nucléaires, de 
Windscale á Techernobyl. De tels accidents peuvent – ils surberi en France?” Calmann – Lévi, France. 

Rolevich, I.V. et al., 1996, “Topical Session 6: Social, Economic, Institutional and Political Impact. Report for 
Belarus,” EC/IAEA/WHO International Conference: “One Decade after Chernobyl - Summing up the 
Consequences of the Accident,” Vienna 8-12 April 1996, IAEA Proceedings Series, Vienna, 411-428. 

Savchenko, V.K., 1995, “The Ecology of the Chernobyl Catastrophe – Scientific Outlines of an International 
Programme of Collaborative Research,” UNESCO, Paris, and The Partenon Publishing Group Limited, 
Casterton Hall, Carnforth, Lancs., UK. 

Schnitter, N., 1976, “Statistische Sicherheit von Talsperrn,”Wasser, Energie, Lusf – Eau, Énergie, A ir, 68. 
Jahrgang, Herg 5, pp.126-129. 

Serafim, J., 1981, “Safety of Dams Judged from Failures,” Water Power & Dam Construction, p. 32. 
Seymour, R. and Geyer, R., 1992, “Fates and Effects of Oil Spills,” Annual Review of Energy and the 

Environment, Vol. 17, pp.261-83, California, USA. 
Sharples, B., 1992, “Oil Pollution by the Offshore Industry Contrasted with Tankers: An Examination of the 

facts,” Proceedings Institutional Mechanical Engineers, 206, pp. 3-14. 
Sorensen, J., et al., 1987, “Impacts of Hazardous Technology – The Psychosocial Effects of Restarting TMI-

1,”State University of New York Press. 
Sørensen, B., 1994, “Impacts of Major Nuclear Accidents,” Private Communication to N. Eyre, M. Dreicer and 

A. Rabi. 

�������������������

����



Trabalka, J.R., Eyman, L.D. and Auerbach, S.I., 1979, “Analysis of the 1957-58 Soviet Nuclear Accident,” 
Environmental Sciences Division, Publication No. 1445, ORNL-5613, Oak Ridge National Laboratory, 
Tennessee. 

Ukraine, 1996, “Topical Session 6: Social, Economic, Institutional and Political Impact. Report for Ukrine,” 
EC/IAEA/WHO International Conference: “One Decade after Chernobyl-Summing up the Consequences of 
the Accident,” Vienna 8-12 April 1996, IAEA Proceedings Series, Vienna 429-444. 

UNSCEAR, 1988, “United Nations Scientific Committee on the Effects of Atomic Radiation, “Report to the 
United Nations,” New York. 

UNSCEAR, 1993, “1993 Report to the General Assembly, with Scientific Annexes,”United National Scientific 
Committee on the Effects of Atomic Radiation, United Nations Sales Publication E.94.IX.2, New York, 
USA. 

Usmen, M. and Cheng, S., 1987, “Reliability and Risk Assessment of Coal Refuse Disposal Facilities,” 
Published in Carlson, C., Swisher, J., Innovative Approaches to Mined Land Reclamation, pp.693-717, 
Southern Illinois University, Carbondale, Il., USA. 

Voznyak, V.Ya., 1996a, “Topical Session 6: Social, economic, Institutional and Political Impact. Report for the 
Russian Federation,” EC/IAEA/WHO International Conference: “One Decade after Chernobyl- Summing up 
the Consequences of the Accident,” Vienna 8-12 April 1996, IAEA Proceedings Series, Vienna, 369-378. 

Voznyak, V.Ya., 1996b, “Topical Session 6: Social, economic, Institutional and Political Impact. Report for the 
Russian Federation,” EC/IAEA/WHO International Conference: “One Decade after Chernobyl- Summing up 
the Consequences of the Accident,” Vienna 8-12 April 1996, IAEA Proceedings Series, Vienna, 379-410. 

Presidential Commission, 1990

NRC, 1975, “Reactor Safety Study,” United States Nuclear Regulatory Commission Report WASH-1400. 
NRC, 1990, “Severe Accident Risks: An Assessment for Five U.S. Nuclear Power Plants,” NUREG-1150 

Vol.1, 2, 3. 
Rasmussen, N.C., 1990, “The Nature of Severe Accidents,” Presidential Commission 1990, VOLUME 1, 

Appendix B. 

Hirschberg et al., 1998, “Severe Accidents in the Energy Sector,” Paul Sherrer Institut, Switzerland 
IAEA, 1996, “Manual for the classification and prioritization of risks due to major accidents in process and 

related industries, Inter-Agency Programme on the Assessment and Management of Health and 
Environmetnal risks from Energy and Other Complex Industrial Systems,” IAEA-TECDOC-727  Rev. 1. 

IAEA, 1998, “Guidelines for integrated risk assessment and management in large industrial areas, Inter-Agency 
Programme on the Assessment and Management of Health and Environmental Risks from Energy and Other 
Complex Industrial Systems,” IAEA-TECDOC-994. 

IAEA, 1999,”Health and Environmental Impacts of Electricity Generation Systems: Procedures for 
Comparative Assessment,” IAEA Technical Reports Series No. 394. 

Matsuki, Y., 2002, “Comparison of health and environmental impact of energy systems,” International Journal 
of Risk Assessment and Management, Vol. 3, No. 1, 2002   pp. 1-15 

Presidential Commission, 1990, “Presidential Commission on Catastrophic Nuclear Accidents, Report to the 
Congress from the Presidential Commission on Catastrophic Nuclear Accidents,” Volume 1, 2, Washington, 
DC 

Wilson, R., 1989, “The Cost of Catastrophic Nuclear Accidents: the experience at Chernobyl, paper written for 
the President’s Commission on Catastrophic Nuclear Accidents,” Presented in Washington, DC, 1989 
(Presidential Commission 1990 , VOLUME 2) 

�������������������

����



IAEA

UNEP United Nations Environment Programme Organization UNIDO United Nations Industrial 
Development WHO World Health Organization IAEA
IAEA-TECDOC-727

2.1
IAEA IAEA, 1996 IAEA

2.1.1
IAEA

IAEA

2,000 t

30 100 100 
20 1 3

1 4 3

4 2,000 t C
5

C 100 m 1.5 ha

8
20  / ha

100 m
20 

9 0.4 10
4

1214.0/205.1 haha

�������������������

����



1 IAEA, 1996, Table 
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2 IAEA, 1996, Appendix 

 (Benzaldehyde) 
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 (Ethyl acrylate) 

 (Methyl methacrylate) 
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LPG 

 (Propadiene) 
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-
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TNT

 (Ethanethiol) 

 (Iron pentacorbonyl) 
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 (Perchloromethylthiol) 

16, 17 

�������������������

����



3
3 3

 (Sulphuryl chloride) 

 (Trichlorosilane) 
 (Vinylidene chloride) 

 (Ethyl chloroformate) 

18 21

4
22, 25 

 (Pentaborane) 

26,29

30, 35 

 (Perchloryl fluoride) 
 (Silane) 
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 (Dinitrogen tetroxide) 

 (Germane) 

 (Sulphuryl fluoride) 

32, 37, 41, 42 

 (Boroethane) 

 (Hydrogen selenide) 
 (Ketene) 

 (Stibine) 

33, 38 

34, 39 
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1 2

a 20 bar
b 20 bar 
c LC50 a b

a IAEA, 1996, Appendix 
LC50 rat 4 h in ppm (a) 

0.01-0.1 8
0.1-1 7
1-10 6

10-100 5
100-1,000 4

1,000-10,000 3
10,000-100,000 2

b IAEA, 1996, Appendix 
(b)

<0.05 bar 1 
0.05-0.3 bar 2 20

0.3-1 bar 3 
> 265 K 3 
< 265 K 4 
> 245 K 3 
< 245 K 4 

a b IAEA, 1996, Appendix 
(a)+(b)

6
7
8
9
10
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4
IAEA, 1996, Table (b)

a m

2 20
0.3bar >0.2 AI 

0.2-0.4 AI 
5 20

0.3bar >0.4 B
<0.1 CI 

0.1-0.2 DI 8
>0.2 EI 
0.2-1 AI 12 >1 BI 
<0.1 E40

0.1-0.2 F
<0.1 F41

0.1-0.2 G
<0.02 D

0.02-0.04 E42 >25bar
0.04-0.1 F

a

5 IAEA, 1996, Table 
ha A

I
A 0-25 0.2 0.1 0.02
B 25-50 0.8 0.4 0.1
C 50-100 3 1.5 0.3
D 100-200 12 6 1
E 200-500 80 40 8
F 500-1,000 - - 30
G 1,000-3,000 - - 300
H 3,000-10,000 - - 1,000

A 1 ha = 104 m2

 A H
1

10 1
F G H

2
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1 IAEA, 1996, Fig. 2

 2  IAEA, 1996, Fig.3
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6
IAEA, 1996, Table (a)

m
<1,000

<50
LPG <100

<50
25-100kg <100

<10,000
<100
<50
<200

LPG
<500
<50
<200
<25
<100

<3,000
<3,000

7
IAEA, 1996, Table (b)

>50
>500
>50
>500
>50

>5,000
>50
>50
>20
>200
>20
>20
>50
>500
>50
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8 IAEA, 1996, Table 

5
10
20
40
80
160

9 I
fa IAEA, 1996, Table 

100% 50% 20% 10% 5%
I 1 0.5 0.2 0.1 0.05

1 1 0.4 0.2 0.1
1 1 1 1 1

10 (fm) IAEA, 1996, Table 

      1-12 1
        (14, 15) 0.1

    (30-34, 37-39, 40-42) 1
      1-12 0.05
        (14, 15) 0.1

    (30-34, 37-39, 40-42) 0.05

2.1.2 
IAEA IAEA, (1996)

2.1.2.1 
40 kg 1700

10 
100 15 

1 2 3
13 0.04 1700=68 3

CI 5 CI 100 m
3 5 I

3 1
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 11 13 N is 4 12
N is nl

14 N is nf +1
0.5 1700 -1 0.5 15

is no -0.5
20 N is

np

15 0  N
is 4+0.5-0.5=4 21 10-4/

11 N is IAEA, 1996, Table 

    1-3 8 7
     (4-6) 7 6
     (7) 6 5
     (9) 7 6
     (10, 11) 6 -
     (13) 4 -

         (14,  15) 7 6
       (16-29) 5 4
         (30-34) 6 5
         (35-39) 6 -
         (42) 5 4

     (43-46) 3 -

12 N is nl IAEA, 1996, Table (a)
/ a

1-10 +0.5
10-50 0

50-200 -1
200-500 -1.5

500-2,000 -2
a 13

13
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13 N is nl IAEA, 1996,Table (b)

300-3,000 -3
3,000-30,000 -4

30,000-300,000 -5
( )

30-300 -2
300-3,000 -3

3,000-30,000 -4

1 0
3 -0.5

10 -1

  10+ ( ) + ( ) + ( )

14 N is nf IAEA, 1996, Table 

7 13 +0.5
10  2 +1

+1
+0.5

5-50 +1
50-500 0

13

500 -1

15 N is no IAEA, 1996, Table 

+0.5
0

-0.5
-1

-1.5
:
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2.1.2.2 
LPG 4,000

200 1,200 m

1 2 3 LPG 7
31 LPG 1

10 t 50 t  3 5
CI 100 m 3 ha

1 5 t 10 t 3 5
C 100 m 1.5 ha

1.5 ha
16 LPG N ts 31 N ts

9.5 N ts nc

17 LPG -1

nt 19 LPG -3.5  –2
20 ts np

LPG 0
50 +0.5

LPG N ts 9.5  1  3.5 = 5 21
10-5/ N ts 9.5  1  2 + 0.5 = 7

21 10-7/
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16 ts IAEA, 1996, Table 

      2    6
        (5)    5

8.5 9.5 7.5 3
     3, 6 9a

      7 9.5 10.5
      8 6
      9   10
      11   9
      12 6

              14   8
          19, 23, 27 9 10

7.5 8.5 6.5
          20, 24, 28

8a
          31, 32 9.5 10.5 9

  8 6
          36, 37   7.5
          40, 41, 42   9a 5b

a
b

17
N ts n IAEA, 1996, Table        (a)

a +1 +0.5 +1 
b - - - 

c -1 -0.5 -1 
a

1
2
3
4

b
c

1
2
3

4
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18 N ts (n )
IAEA, 1996, Table        (b)

-
-1 

a -1 
-3 
-3 
-2 
-1 

b

c
-1 

a b
c

19 N ts  (nt ) IAEA, 1996, Table 
 (nt )

10-50 -1.5 
50-200 -2 
200-500 -2.5 

500-2000 -3 
2000-5000 -3.5 

5000-20000 -4 

20
np IAEA, Table XIII; XIX

100% 50% 20% 10% 5%
0 0 0 0 0
0 +0.5 +0.5 +0.5 +0.5
0 +0.5 +0.5 +1 +1.5

21 N ts P IAEA, 1996, Table XIV;
N P N P N P
0 1 100 5 1 10-5 10 1 10-10

0.5 3 10-1 5.5 3 10-6 10.5 3 10-11

1 1 10-1 6 1 10-6 11 1 10-11

1.5 3 10-2 6.5 3 10-7 11.5 3 10-12

2 1 10-2 7 1 10-7 12 1 10-12

2.5 3 10-3 7.5 3 10-8 12.5 3 10-13

3 1 10-3 8 1 10-8 13 1 10-13

3.5 3 10-4 8.5 3 10-9 13.5 3 10-14

4 1 10-4 9 1 10-9 14 1 10-14

4.5 3 10-5 9.5 3 10-10 14.5 3 10-15

N = |log 10 P | 
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2.1.3 

2.1.1 2.1.2
0-25 26-50 51-100 101-250 251-500

500 6 10-3 10-10

LPG 120 3 10-5

T1 6
1 10-5 T2 50

3 10-6 T3 4 1
10-4 T4 45 1 10-6

3

3
IAEA, 1996, Fig. 9

2.1.4 IAEA

IAEA INES 22
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60 INES
0 7 IAEA

22 INES
4 7 1 3

22 2
INES

3 10 1

10 1

22 3
2 5

22 4
Defense in Depth

3

23 INES

3
INES

4 7

1980 1996 10 UNEP UNIDO WHO IAEA
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22 INES

Defense in Depth
7

6

5

4

3

2

1

0
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23 INES
INES

1986 7

1957 

1957 5

1979 5

1973 4

1980 4

1983 4

1999 2 4

1989 
Defense in Depth 

3

�������������������

�����



IAEA (1996), “Manual for the classification and prioritization of risks due to major accidents in process and 
related industries, Inter-Agency Programme on the Assessment and Management of Health and 
Environmental Risks form Energy and Other Comples Industrial Systems, IAEA-TECDOC-727 (Rev. 1). 
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