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Abstract

Ever increasing demand for electricity, due to increased consumption, industrial
development and electrification, will have to be met by the Sri Lankan electricity
industry. Ceylon Electricity Board has a long term generation plan, which mainly
focuses on coal power. Despite the massive environmental pollution, it is not wise to
depend only on coal power since coal resource is also a limited conventional
resource. Therefore a country like Sri Lanka should have a good mixture of energy
options for electricity generation rather than adhering to one conventional energy

source as coal.

Aim of this study is to investigate the possibility of adopting Nuclear Power option
to Sri Lanka. Due to the limited capacity of the current electricity network to absorb
an economic scale nuclear power plant, the consideration was made for the year
2020, by which time the electricity network capacity will be large enough. An
interesting fact is that some countries smaller in size than Sri Lanka successfully
adopted nuclear power plants for their electricity generation. Hence this study could

be considered as timely.
The study focuses on following facts;

1. Future demand and generation of Sri Lanka up to year 2020
2. World status of the Nuclear Power Plants and Technology
3. Pre-feasibility study - Technology

4. Pre-feasibility study - Economics

5. Pre-feasibility study - Site Survey

6. Pre-feasibility study - Environmental Impact Assessment

The technological pre-feasibility study addresses suitable type and size of a nuclear
power plant for Sri Lanka. Thereby the CANDU technology is discussed which is
adopted mainly in India and Canada.
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In economic pre-feasibility study, the Levelized Unit Electricity Costs were
calculated for the nuclear power plant as well as for the coal power option. As per the
calculation unit electricity cost for the nuclear option seems to be slightly higher than
from the oal option at current market conditions. Also a sensitivity analysis was done
considering the changes in fuel cost and it shows that nuclear power unit cost
dependency on fuel price is very much less than that of coal option. Under the
economics, the possible initial financing methods for a country like Sri Lanka are

also discussed.

For the site survey, author proposes 9 locations for initial consideration. Screening to
select final sites, should be done by the authority that is responsible for feasibility
study. The main criteria for selecting these sites were population density, cooling
water availability, and land availability. The selected sites should also have minimum

impact on the environment.

Existing local regulations and international obligations as well as required local
regulations for setting up a nuclear power plant are also discussed in this document.
Especially the adaptation of International Atomic Energy Agency (IAEA) safeguard

system is elaborated.

The worst nuclear power plant accident in the world history is analyzed to have a
clear picture on the possible maximum damage in case of a major accident, even
though the probability of occurrence of such a disaster is extremely low. India, the
closest neighbor country of Sri Lanka, is increasing nuclear power share drastically
and some nuclear power plants are being built near to Sri Lanka. A complete
information regarding the locations of Indian nuclear power plants are also

discussed.

For the formidable question, "In case of a nuclear accident, can Sri Lanka bear it?",
the most common answer will be "NO!". It is not possible to rule out accidents. On
the other hand, as the conventional fuels deplete and their prices escalate, the only

long term sustainable and dependable energy source is nuclear. Renewable sources
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such as solar, wind, hydro etc are either limited in availability or economically
unviable as a standalone supply source. Unless there is an economically competitive
supply of energy, any country will not be able to provide its services at an acceptable
price and thereby will become economically bankrupt. Thus the recommendation
conceived from this project is "Study the subject of nuclear power at national level
and be cautiously ready to implement nuclear power projects at an appropriate stage

in the future to come"
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Chapter 2

Problem Statement

2.1.  Ildentification of the Problem

From the table 1.1 and 1.3. it is evident in the near future major portion of the
electricity production of Sri Lanka will be from fossil fuels. The fossil fuels are
limited resources and with the increased consumption, the cost will be increased
leading to utmost competition and possibly a risk of extinction. To maintain
continuous production of electricity to suite the present and future increased demand,
the electricity production is needed to be diversified to possible several options which

are more sustainable.

On the other hand burning of fossil fuel causes environmental pollution which has
severe impacts on existence of life. Therefore it is appropriate to consider the cleaner

technologies for electricity generation.

The problem is what options available for Sri Lanka to produce electricity and the
extent of their suitability with the economical, social, environmental and

technological compliances.

2.2.  Objective of the Study

This project addresses the possibility of generating electricity using nuclear power in
Sri Lanka in the near future, probably by the year 2020. The detailed background
study, initial economic and social feasibility study, basic technological study. safety

and environmental study will be covered in this project.
The outcome of this project will provide single source of required information for

energy planners. policy makers and normal public for considering whether the nuclear

energy is a viable option for Sri Lanka.
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2.3. Importance of the Study
The study of the possibility of electricity production using nuclear technology is

important due to following reasons.

¢ Due to the advancement of nuclear technology, the available fuels for nuclear
energy production seems to be unlimited which will be further discussed in
subsequent chapters.

e Technological advancement make this technology safer, hence this is widely
adopted all over the world. New countries “like Bangladesh, Indonesia,
Thailand and Malaysia have taken steps to implement nuclear power plant
projects. However possibility of major accidents and their consequences are
still a concern.

e This is a clean technology. The pollutant emissions can be considered as
negligible. However initial construction, nuclear material processing, nuclear
fuel production have impacts on environment.

e Fuel cost contribution to electricity cost is very small and the initial
construction cost is reducing due to new advance methods of constructions.

e At the moment Sri Lanka is having peaceful background which is necessary
for this kind of activities.

e Problem of nuclear waste management will be a major factor.

e Past studies reveal that Sri Lanka is having Thorium resource which is a

possible option as a nuclear fuel.
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Chapter 6

Nuclear Power Plant Pre-feasibility Study: Site Survey

Selecting a suitable location for the NPP is a challenge because Sri Lanka is a small
country and the population is distributed all over. However indicated in Table 1.6 of
this document, even countries smaller in sizes than Sri Lanka have successfully

adopted nuclear power plant technologies.

The site studies will include:
e Ease of integration into the electric system
e Geology and tectonic
e Seismology
e Heat removal capability
e Hydrology
e Demography
e Meteorology
e Risks from man-made events
e Availability of local infrastructure
e Legal aspects

e Public acceptance

The site survey may be further subdivided into three distinct stages:
e Regional analysis and identification of potential sites
e Screening of potential sites and selection of candidate sites

e Comparison of candidate sites.

6.1. Regional Analysis and Identification of Potential Sites

A general analysis is carried out in relation to whole of Sri Lanka.

Page 36 of 105
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Tornadoes
The majority of tornadoes occurring in Asia have been reported in northeastern India,
Bangladesh, Asiatic Russia, Japan. China and Philippines. There are no historical

evidences for tornadoes in Sri Lanka and in the vicinity of the Indian Ocean [34]

Tropical Cyclones
There are several evidences of tropical cyclones in Sri Lanka in recent past. The
following data exist for the reference.
e Cyclone in year 2000 December — Wind Speed 120Km/h — Entered from east
and left the Island
e Cyclone in year 1978 - Wind Speed 175km/h (hurricane strength)
Threfore there is a strong possibility of cyclone occurance in the island although it is

occational.

Lightning
The isokeraunic level being high as 30 to 100, the severe lightning conditions exists in
most of the areas of country. The current flow (mainly in return stroke) may carry

currents as high as 200 kA, although the average current is about 20 kA.

6.1.8. Risks from Man-made Events

The major man made hazard may be due to terrorist activities and the aircraft impacts.
Bombing, usage of heavy guns and missile attacks can be considered as terrorist
activities. Instability in man made structures like huge dams, buildings and mines

should also be considered when designing the NPP facility.

6.1.9. Availability of Local Infrastructure
Following items should be further analyzed for assessing the availability of local
infrastructure for each proposed locations.
e Road network and their capacity to transport very heavy vehicles and material
e Bridges
e Sea Ports
e Water and electricity accessibility

e Stores and temporary accommodations.
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6.1.10. Public Acceptance

Public acceptance for a NPP site is a major challenge because the perception of the
gencral public on NPP is not favorable. They have the right to fear due to the
knowledge of historical events like Hiroshima, Nagasaki events and Chernobyl
accident. The only way of getting public acceptance is by educating them on new
improved technologies, risks and benefits and reasons for NPP accidents that were

taken place in the history.

6.2. Population Distribution and Zoning Criteria
When selecting a suitable site for a NPP the most critical factor is the population
distribution. This is important to minimise the effect on general public in a worst case

scenario.

The population distribution map of Sri Lanka is given in Figure 6.6. This figure shows
that the south-west, major part of south and western provinces are densely populated.
Jaffna and some small parts of east are also highly populated. Therefore these areas
have to be excluded from the consideration. The hilly area is not suitable for a NPP
due to rapid dispersion of radioactive material through wind in case of a radioactive
material release. Even in areas having very low population density, the population

centres or towns need to be considered when selecting a site.

In American systems the exclusion area and the low population area are the zones
related to NPP location. The radii of these zones from the location of reactor are

calculated considering radiation dose exposed by the workers and public [24].

The Indian system [25] consists of three zones as described below, which are more

appropriate and adaptable to Sri Lanka.

Exclusion zone

An exclusion zone of 1.5 km radius around the plant is established (irrespective of the
size of the plant), which is under the exclusive control of the operating organization,
and no public habitation is permitted in the area. The dose limits to a member of the
public. under normal operating conditions and under design basis accident conditions

specified, are applied at the boundary of this exclusion zone.
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Sterilized zone

With the help of administrative measures, efforts are made to establish a sterilized
zone up to a 5-km radius around the plant (Irrespective of plant size). This is the
annulus around the exclusion zone, which has the potential for extensive
contamination in case of a severe accident. Development activities within this area are
controlled so as to check an uncontrolled increase in the population. In this area, only

natural growth of the population is permitted.

Emergency planning zone (EPZ)

This is the zone defined around the plant up to a 16-km radius and provides for the
basic geographical framework for decision making on implementing measures as part
of a graded response in the event of an off-site emergency. The EPZ is examined in
great detail while drawing up an offsite emergency plan and arranging logistics for the
same. The entire EPZ is divided into 16 equal sectors. The objective is to optimize the
emergency response mechanism and to provide the maximum attention and relief to

the regions most affected during an offsite emergency.

In assessing the above zones the Atomic Energy Regulatory Board of India has
conformed to the requirement of IAEA safety standard. However the above criteria
should be verified using a methodology described in Safety Report Series No.19 of
IAEA [26] and Standards for dose limits as described in Reference [23].

6.3. Identification of Potential Sites

The author selected nine locations based on most of the above criteria as potential
NPP sites. Special considerations were given to population distribution and elevation
from the sea level. However this is a very preliminary study and needs to be further
screened for best possible locations. These 9 locations are shown in Figure 6.7. More

information on these locations is given under Appendix-5.
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Chapter 7

Nuclear Power Plant Pre-feasibility Study: Environmental
Impact Assessment

Iinvironmental impact assessment with relating to nuclear power plant construction

and operation could be analyzed in following areas.

e Impact on land use

e Impact on water systems and the fishing industry
s Impact of radioactive and other emissions

e Impact on fora. tauna and protected sites

e Impact on the soil. bedrock and groundwater

e Impact on the landscape and cultural environment
e Impact on living conditions. comfort and health

e [mpact on waste management and final disposal

e Impact on decommissioning of the power plant

7.1. Impact on Land Use
fhe area of the power plant site (with future expansion up to 1300MW) which covers
the central power plant functions will be about 10 hectares (0.1 sqkm or nearly 23

vere). The plant activities in the preliminary plans. excluding cooling water intake

and discharge structures. harbour quay. and accommodation and parking areas. are
expected to require an area of about 100 hectares (247 Acre) at each alternative
fcation. Ground area will also be required for new road connections to be built. The
nower ine leading to the plant will restrict land use on a strip 80-120 meters wide.

depending on the column type.

Fhe construction of the nuclear power plant will vestrict land use in the plant’s safety
sone. but enable new constructions in settlements and villages and along roads.
Suthority will define the safety zone for the plant later. but. in the mspection work. 1t

fas been assumed to extend to a distance of about five kilometres from the plant.
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[he population of all selected locations as per Figure 6.7 are very few. (or no
population at all). Sometimes there may be a few numbers of houses which needed to
be relocated. The majority of the area is unused land. forest or agricultural lands. In
case of agricultural lands. the effects due to loss of these lands are to be assessed. In

case of forest or preserved wild life area the effects to the wild life are to be analvsed.

7.2. Impact on Water Systems and the Fishing Industry

The conduction of the cooling water used at the power plant to the sea will increase
the water temperature close to the discharge site. The extént of the warning sea area
will be defined by the size of the power plant and. to some extent. by the chosen

mtake and discharge options.

As per the Sri Lankan regulations [37] temperature of the discharge to the coastal
surface water should be less than 45 degrees centigrade (Normal average temperature
of the surface sea water around Sri Lanka is about 28 degree centigrade). The
practical temperature increase of the coolant water could be limited to ensure this
value. Considering the typical plant, the temperature mcrease can mainly be observed

in the surface sea laver (at a depth of 01 m).

Possible adverse impacts on fishing include the build-up of slime in nets and
decreased catching efficiency of traps in the affected area of cooling waters. Slight
temperature increase of the surface sea water will not have a significant effect on fish

migration,

7.3, Impact of Radioactive and Other Emissions

Design of the NPP should be done so that the environmental radioactive emissions to
comply with the effective dose values stated in Appendix 4 (A.4.5). The discharges to
surface water bodies should be limited as per the values stated in list-1 to 5 of the

reference [37] as follows.

e To inland surface water — Alpha emitters: 10® micro curie/ml, max. Beta

emitters: 107 micro curie/ml, max.
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e On land for irrigation purpose - Alpha emitters: 10” micro curie/ml, max,
Beta emitters: 10™ micro curie/ml, max.

e Into marine coastal areas - Alpha emitters: 10 micro curie/ml, max, Beta

. T . .
emitters: 107 micro curie/ml, max.

raffic during construction will increase emissions significantly in all of the
Arernatives, However. traffic will onlyv be especiallv frequent during the fourth or

o

fitth vear of construction. In other construction years. traffic volumes and CIMISSIONs

4

will he considerably lower.

E1 all the options. traffic to the plant runs mostly along highwayvs or motorways. The
patfic during the nuclear power plant’s operating stage will not cause a significant
change in the volumes and. as a result, in traffic emissions and air quality. The nuclear
power plant’s traffic emissions can be assessed to have an impact on air quality
mostiv along smaller. less operated roads leading to the nuclear power plant. The

nuclear power plant’s traffic emissions will not reduce the air quality so significantly

1l

hat it would have adverse impacts on people or the environment.

7.4. lmpact on Flora, Fauna and Protected Sites
Vost of the proposed site locations are not within the protected zones (see figure 7.1).
Fwo of the proposed locations are very near or within the Wilpattu National Park and

yula National Park. All other locations are well away from the protected arcas.

Noise and other operations during the construction stage may disturb fauna close to
the power plant site. Construction work is to be scheduled so that they will cause as
Hittle damage as possible to nesting bird stocks. Protection sites or areas for protected
pecies should be avoided when locating buildings and other mfrastructure.

In case of forest areas the considerable amount of land areas will be needed to clear.
ypproximate land areas are given in Section 7.1 of this Chapter. Project benetit with

revard to reduction of ercen house gas emission should be considered versus amount

¢ lora Jost and alternative fuel options.
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Chapter 8

Local Regulations & International Obligation

A wide range of legislation is expected to be in place in a country that has decided to
implement nuclear power, the key elements of such legislation being nuclear safety,

security, safeguards and liability for nuclear damage.

8.1. Existing Local Regulations and Laws on Nuclear Technologies

The basic legislation, Atomic Energy Authority Act No. 19 of 1969, needed to
establish the regulatory authority, has existed since 1969. The legislation established
the Regulatory Authority, the Atomic Energy Authority (AEA) in 1970 and provided
adequate empowerment to the AEA to license inspect and enforce regulated activities.
The AEA functions under the Ministry of Science & Technology. The functions of the
AEA include providing scientific services, conducting manpower development
programs demonstrating the applications of this technology to potential users,
undertaking research and development in areas of national relevance and ensuring that
all uses of radiation and radioisotopes are carried out according to internationally

accepted safety standards.

The Authority has promulgated new regulations titled “lonizing Radiation Protection
Regulation™ in July 2000. The new regulations are based on IAEA Basic Safety
Standard — 115.

The other areas of local laws relating to the establishment of NPP are as follows.
e Land Usage
e (ostal area management
e Agricultural lands
e Water usage
e Fisheries

e [Environment
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8.2. Local Legal Framework Required
Under the above Act and the AEA the required regulations should be made for
obtaining first nuclear power plant. These regulations should be based on the

following principle [35].

(a) The safety principle

(b) The security principle

(¢) The responsibility principle

(d) The permission principle

(e) The continuous control principle

() The compensation principle

(g) The sustainable development principle
(h) The compliance principle

(i) The independence principle

(1) The transparency principle

(k) The international co-operation principle.

A separate regulatory body should be formed to carry out regulatory functions relating
to establishment of NPP. The regulatory functions are,

a) Establishing safety requirements and regulations

b) Preliminary assessment

¢) Authorization (licensing. registration, etc.)

d) Inspection and assessment

¢) Enforcement

f) Public information

g) Co-ordination with other bodies

More comprehensive description on local legal framework and regulatory body is
described in “Safety Standard Series No. GS-R-1, Legal and Governmental
Infrastructure for Nuclear Radiation, Radioactive Waste and Transport Safety, IAEA.
20007
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8.3. International Obligation

Verification of compliance of safety principles and verification of non-nuclear
weaponry activities are intended by compliance to international obligations. Sri Lanka
is a member country of IAEA (Nuclear Non-Proliferation Treaty was signed by Sri
Lanka on 1™ July 1968) and the Safeguard Agreement is in force from 6" August
1984 as per the INFCIRC-320 of IAEA.

In general following agreements, protocols and conventions are to be adopted by the

country to fulfill the international obligation [36]. “

e Comprehensive Safeguards Agreement pursuant to INFCIRC/153 (Corr.)

e Additional Protocol pursuant to INFCIRC/540 (Corr.)

e Convention on Early Notification of a Nuclear Accident

e Convention on Assistance in the Case of a Nuclear Accident or Radiological
Emergency

e Convention on Nuclear Safety

e Joint Convention on the Safety of Spent Fuel Management and on the Safety
of Radioactive Waste Management. reproduced in document INFCIRC/546

e Convention on Physical Protection of Nuclear Material. and Amendment

¢ Vienna Convention on Civil Liability for Nuclear Damage

e Joint Protocol Relating to the Application of the Vienna Convention and the
Paris Convention, reproduced in document INFCIRC/402

e Protocol to Amend the 1963 Vienna Convention on Civil Liability for Nuclear
Damage and Convention on Supplementary Compensation for Nuclear
Damage

e Revised Supplementary Agreement Concerning the Provision of Technical

Assistance by the IAEA

8.3.1. Safeguards

Under the Safeguards the IAEA can verify that a country is living up to its
international commitments not to use nuclear programmes for nuclear-weapons
purposes. Verification measures include on-site inspections, visits, and ongoing

monitoring and evaluation [36].

Page 57 of 105



in comprehensive safeguard agreement the objective of safeguard is defined as the
umely detection of diversion of significant quantities of nuclear material from
peaceful nuclear activities to the manufacture of nuclear weapons or other nuclear
devices or for purposes unknown and deterrence of such diversion by means of early

detection.

Safeguards agreements are negotiated on the governmental Jevel. while the
atility/owner in charge of the NPP project becomes involved in the implementation of
the agreements. Thus, the utility’s main tasks consist of performing detailed nuclear
materials accountancy. reporting and providing counterparts at the plant to the

safeguards inspectors.

8.4. TAEA Assistance
IALA can assist the country in following ways.

e Implementing the construction and operational stage of a NPP to the extent
that the country has demonstrated that it has established the essential elements
of a national framework. Advice and guidance on obligations and
commitments can be provided during all stages of a nuclear programme.

e Technical support for the owner operator for the assessment of potential
technology, the managerial approaches that can be used in the implementation

of a project, and issues related to ensuring the safe and economic operation of

a NPP.
The Revised Guiding Principles and General Operating Rules to Govern the Provision

of Technical Assistance by the Agency is given in INFCIRC/267 March 1979 of
IAEA.
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10.2. General Picture of Nuclear Energy (Electricity) Production
e Total Power Generation -680 billion kWh in 2006 of which 76% Thern
(Coal, Gas, Oil), 21% Hydro and 4% Nuclear.
) "y 147,000 MW of which 4,120 MW is nuclear power.

India’s Future for Nuclear Power

e Current installed capacity — 4,120 MW (Table 10.1)

e Planned increase in year 2010 — up to 6,000 MW. (total nuclear)
e Planned increase in year 2020 — up to 45,000 MW (total nuclear)

Nuclear Power Plants in Operation

Type Capacity (MW) No. of Units |
PHWR (CANDU) 540 2
PHWR (CANDU) 220 11
PHWR (CANDU) 200 1

PHWR (CANDU) 100 1

BWR 160 p;

Total Installed 4,120 MW

Table 10.1 — Nuclear Plants in Operation - India

Nuclear Power Plants under Construction

Type Capacity (MW) No. of Units
PHWR (CANDU) 220 3
'VVER-1000 1000 2
PFBR 500 1
Total Construction 3,160 MW

Table 10.2 — Nuciear Plants under Construction

Note that in India, out of 17 operating nuclear power plants, 15 plants are h:

CANDU or CANDU derived technology as per the Table 10.1.

Page 66 of 105



University of Moratuwa, Sri Lanka.
Electronic Theses & Dissertations
www.lib.mrt.ac.lk




University of Moratuwa, Sri Lanka.
Electronic Theses & Dissertations
www.lib.mrt.ac.lk




University of Moratuwa, Sri Lanka.
Electronic Theses & Dissertations
www.lib.mrt.ac.lk




University of Moratuwa, Sri Lanka.
Electronic Theses & Dissertations
www.lib.mrt.ac.lk




’

References

0]

7]

|11

112]

[13]

Ceylon Electricity Board — Statistical Unit — General Managers Branch, “CEB
Sales and Generation Data Book™ CEB. 2008.

Ceylon Electricity Board — Transmission and Generation Planning Branch.
“Long Term Generation Expansion Plan 2006-2020" CEB. 2005.
http://www.colombopage.com/archive 08/April21113631 JR.html (Last date
of accessed 30-07-2009). R
http://www.world-nuclear.org/info/inf33.html  ((Last date of accessed 27-08-
2009).

Zhang Yanfa. B.A. Shalaby, “Introduction to the Qinshan Phase [1l CANDU
Nuclear Power Plant”. The Qinshan Nuclear Power Company Limited,

Atomic Energy of Canada Limited. February 2003, PP 7-8.
http://en.wikipedia.org/wiki/Nuclear reactor_technology (last date of
accessed 01-09-2009)

hitp://www.hyperionpowergeneration.com/product.html (Last date of accessed
08-09-2009)

http://www.roe.com/about_techGalena htm (Last date of accessed 08-09-
2009)

Hugh D. Young, Roger A. Freedman, A. Lewis Ford. ™ University Physics —
12" Edition™. Pearson - Addison Wesley, New York ,2007. ISBN 0-8053-
2187X.

Kang Rixin, Dr. K.J. Petrunik, “Qinshan CANDU Project Construction
Experiences and Lessons Learned to Reduce Capital Costs and Schedule
Based on Qinshan CANDU Project in China”, Third Qinshan Nuclear Power
Co. Ltd.. China, February 2003.

“Daily News Paper-Sri Lanka”, Wednesday, L.akehouse Newspapers, 1™ July
2009.

http://www.cameco‘com/marketing/uraniumwpricesg_and_spot__prices/
longterm_Syr history. (Last accessed date 13/09/2009)

“The Economics of Nuclear Power”, World Nuclear Association, November

2008.

Page 71 of 105



B. Rouben. “Introduction to Reactor Physics™. Atomic Energy of Canada Ltd.
P 7-16.2002

“Financing arrangements for nuclear power projects in developing countries™,
International Atomic Energy Agency. 1993,
http://www.cameco.com/marketing/nuclear_news/ (Last datc of accessed
16/09/2009.)

http://www.thorium.tv/en/thorium_costs/thorium_costs.php (Last date of
accessed 16/09/2009.)

TECDOC-1613. “Nuclear Fuel Cycle Information System: A Directory of
Nuclear Fuel Cycle Facilities™, IJAEA, April 2009.

R. Price. J.R. Blaise. “Nuclear Fuel Resources: Enough to Last?”, NEA
updates. NEA News 2002 — No. 20.2

TECDOC-1450." Thorium fuel cycle — Potential benefits and challenges™.
IAEA. May 2005.

M.S. Rupsinghe, W. Gochet. C.B. Dissanayake, “The Genesis Thorium Rich
Monazite Placer Deposits in Sri Lanka™ Diploma Thesis. Frec University of
Berlin. Germany. 1983.

James B. Hedrick, *Mineral Commodity Summaries™. P 133. January 1996
Safety Series No.113. “International Basic Safety Standards for Protection
against lonizing Radiation & for the safety of Radiation Sources™, TAEA.
1996.

J. J. DiNunno. F. D. Anderson. R. E. Baker, R. .. Waterfield. = Calculation of
Distance Factors for power and Test Reactor Sites™, Technical Information
Document 14844, 1962.
http://www.ijoem.com/article.asp?issn=0019-5278:year=2008; volume=12:
issue=3:spage=122:epage=127. (Last date of accessed 06/10/2009).

Safety Report Series No.19, “Generic Models for Use in Assessing the Impact
of Discharges of Radioactive Substances to the Environment™. IAEA, 2001
http://www.geo.riko.shimane- u.ac.jp/spfs/c_students/mext/O8sanstica/
sanstica08.htm. (Last date of accessed 09/10/2009)

Safety Guide No.NS-G-3.6, * Geotechnical Aspects of Site Evaluation and
Foundation for Nuclear Power Plant”, IAEA, December 2004,

Safety Guide No.NS-G-3.5. “Flood Hazard for Nuclear Power Plants on

Coastal and River Sites”, [AEA, December 2003.

Page 72 of 105



|37]

|38]

139]

140]

[41]

Wijeratne. E.M.S and Charitha B Pattiaratchi. "Sea Level Variability in Sri
.anka Waters™. NARA, 2007.

Safety Guide No.NS-G-3.4, = Meteorological Events in Site Evaluation for
Nuclear Power Plants”, IAEA, May 2003.

D. Elliott. M. Schwartz, G. Seott. S. Haymes, D. Heimiller, R. George. “Wind
Encrgy Resource Atlas of Sri Lanka and the Maldives™. National Renewable
Energy Laboratory — USA. Annexure A (A1-A16). August 2003,
http://\\'ww.info.lk/srilanka/srilankanature/diversity/srilankaclimale.htm. (Last
date of accessed 14/10/2009) g
http://wv\w.windows.ucar.edu/tour/link=/earth/Atm0sphere/tomado/agrii_map.
html, (Last date of accessed 14/10/2009)

STI/PUB/1160. “HANDBOOK ON NUCLEAR LAW”. IAEA. July 2003.
[AEA-TECDOC-1555. “Managing the First Nuclear Power Plant Project”,
IAEA. May 2007.

The Extraordinary Gazette of the Democratic Socialist Republic of Sri Lanka,
“Regulations made by the Minister under Section 32 read with Section 23A
and 23 B of the National Environmental Act. No. 47 of 1980.”, Minister of
Environment and Natural Resources, 01 February 2008.

Government Notifications, “National Environmental (Noise Control) Regulations No. 1
1996. National Environmental Act, No. 47 of 19807, Minister of Transport.
environment And Women's Affairs, 21st May. 1996.

User Manuel. “The International Nuclear and Radiological Event Scale -2008
Edition™, TAEA. 2009.

Rod Adams. “Chernobyl Health Effects: Best Available Data”, Atomic
Insight, Volume 2. Issue 1, April 1996 - Reformatted February 20. 2009.
UNEP/GRID-Arendal,"Atlas of Cesium Deposition on Europe After the
Chernobyl  Accident”, European Commission Joint Research Center.
Environmental Institute. Institute of Environmental Changes and Ecology
(Moscow). May 2007,

Safety Series No. 75-INSAG-7.” The Chernobyl Accident: Updating of
INSAG-17, IAEA. 1992
http:/’/en.wikipedia.org/wiki/NuclcarJoweri_inilndia, (Last date of accessed

08/11/2009)

Page 73 of 105



Appendix - 1

Nuclear Power Plant Classification

In this document very basic classification is given covering all available type of NPPs.

AlLL

Al LL

Classification by Reaction Type

Nuclear Fission

Most reactors. and all commercial ones, are based on nuclear, fission. They generally

use uranium and its product plutonium as nuclear fuel. though a thorium fuel cycle is

also possible. This article takes "nuclear reactor" 1o mean fission reactor unless

otherwise stated.

o
.
X4

Al.l1.2.

Thermal reactors: use slowed or thermal neutrons. Almost all current
reactors are of this type. These contain neutron moderator materials that slow
neutrons until their neutron temperature is thermalized, that is. until their
kinetic energy approaches the average kinetic energy of the surrounding
particles.

Fast neutron reactors; dircctly use fast neutrons to fission their fuel. They do
not have a neutron moderator. and use less-moderating coolants. Maintaining a
chain reaction requires the fuel to be more highly enriched in fissile material
(about 20% or more) due to the relatively lower probability of fission versus
capture by U-238. Fast reactors have the potential to produce less transuranic
waste because all actinides are fissionable with fast neutrons, but they are

more difficult to build and more expensive to operate.

Nuclear Fusion

Fusion power is an experimental technology. generally with hydrogen as fuel. While

not currently suitable for power production

Al.1.3.

Radioactive Decay

F-xamples include radioisotope thermoelectric generators and atomic batteries, which

venerate heat and power by exploiting passive radioactive decay.
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A 1.2, Classification by Moderator Material

\1.2.1. Graphite Moderated Reactors

¢iraphit is used as the moderator material in the reactor core.

A1.2.2. Water Moderated Reactors

< Heavy Water Reactor; D,0 is used as the moderator material.
% Light Water Moderated Reactors (LWRs): Light water reactors use ordinary

water to moderate and cool the reactors.

Al1.2.3. Light Element Moderated Reactors

< Molten Salt Reactors (MSRs): are moderated by a light elements such as

lithium or beryllium, which are constituents of the coolant/fuel matrix salts

LiF and Bel-.

% Liquid Metal Cooled Reactors; such as one whose coolant is a mixture of Lead

and Bismuth. may use BeO as a moderator.

< Organically Moderated Reactors (OMR); use biphenyl and terphenyl as

moderator and coolant.

Al1.3. Classification by Coolant

A1.3.1. Water Cooled Reactor

Water cooled reactors use the water as the heat carring media from the reactor vessal

(o the steam genrator.

< Pressurized water reactor (PWR); A primary characteristic of PWRs is a

pressurizer, a specialized pressure vessel. Most commercial PWRs and naval

reactors use pressurizers. During normal operation, the pressurizer is

connected to the primary reactor pressure vessel (RPV) and the pressurizer

"bubble" provides an expansion space for changes in water volume in the

reactor.

< Boiling water reactor (BWR); BWRs are characterized by boiling water

around the fuel rods in the lower portion of primary reactor pressure vessel.

During normal operation, pressure control is accomplished by controlling the

amount of steam flowing from the reactor pressure vessel to the turbine.
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A1.3.2. Liquid Metal Cooled Reactor.
Since water is a moderator, it cannot be used as a coolant in a fast rcactor. Liquid
metal coolants have included sodium. NakK, lead, lead-bismuth eutectic. and in early
reactors, mercury. Populer reactor types are,

¢ Sodium-cooled fast reactor

< Lead-cooled fast reactor

A1.3.3. Gas Cooled Reactors

Gas Cooled Reactors are cooled by a circulating inert ga‘;. usually helium. Nitrogen
and carbon dioxide have also been used. Utilization of the heat varies, depending on
the reactor. Some reactors run hot cnough that the gas can dircctly power a gas
turbine. Older designs usually run the gas through a heat exchanger to make steam for

a steam turbine.

A1.3.4. Molten Salt Reactors (MSRs)
MSRs are cooled by circulating a molten salt. typically a eutectic mixture of tluoride
salts. such as LiF and BeF,. In a typical MSR. the coolant is also used a matrix in

which the fissile material 1s dissolved.

Al.4. Classification by Generation
e Generation [ reactor
o Generation 1l reactor (most current nuclear power plants)
¢ Generation III reactor (evolutionary improvements of existing designs)

e (eneration IV reactor (technologies still under development)

Al.5. Classification by Phase of Fuel.
» Solid fueled
o [luid fueled

e (as fueled

Al1.6. Classification by Use

¢ Electricity production: NPPs
% Propulsion: marine propulsion. proposed forms of rocket propulsion

o Desalination
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AT,

Heat for domestic and industrial heating

Hydrogen production

Production reactors for transmutation of elements: fast breeder reactors.
weapons-grade plutonium creation

Research reactor.

Current Technologies

Pressurized Water Reactors (PWR) d

Pressure vessel to contain the nuclear fuel. control rods, moderator, and
coolant.

Cooled and moderated by high pressure liquid water.

Primary loop (pressuried water) and secondary loop (stecam from stem
generator)

Newest design of this type are Advanced Pressurized Water Reactor.

European Pressurized Reactor and United States Naval reactor.

Boiling Water Reactors (BWR)

A BWR is like a PWR without the steam generator.

Cooled and moderated by water like a PWR, but at a lower pressure.

Only one loop, no scparate steam generator.

Thermal efficiency of these reactors can be higher, and they can be simpler.
The newest designs are Advanced Boiling Water Reactor and the Economic

Simplified Boiling Water Reactor.

Pressurized Heavy Water Reactor (PHWR)

Canadian design - CANDU, use of heavy water

Instead of using a single large pressure vessel as in a PWR. the fuel 1s
contained in hundreds of pressure tubes.

Fuelled with natural uranium.

On power refuelling.
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Reaktor Bolshov Moshchnosti Kanalniy (High Power Channel Reactor) (RBMK)

e Sovict Union design. built to produce plutonium as well as power.

e RBMKs are water cooled with a graphite moderator.

e Very unstable and too large to have containment buildings. making them
dangerous in the case of an accident.

e The Chernobyl plant had four RBMK reactors.

Gas Cooled Reactor (GCR) and Advanced Gas Cooled Reactor (AGR)
e Generally graphite moderated and CO; cooled.
e High thermal efficiency compared with PWRs.

e Dccommissioning costs can be high due to large volume of reactor core.

|.iquid Metal Fast Breeder Reactor (LMFBR)

e Cooled by liquid metal. totally unmoderated.

e Produces more fuel than it consumes.

e Lead Cooled Type: lead as the liquid metal provides excellent radiation
shielding. Lead-bismuth eutectic mixture is ussed: lead may be problematic
from toxicology and disposal points of view.

e Sodium Cooled Type: Sodium is relatively easy to obtain and work with.

Sodium explodes violently when exposed to water.

Al1.8. Future and Developing Technologies
A1.8.1. Advanced Reactors
Advanced reactor designs are in various stages of development.
e Advanced Boiling Water Reactor (ABWR)
e LESBWR - Economic Simplified Boiling Water Reactor
e API000 - Passively safe PWR, Compat and more safe. Generation I+
reactor.
e High Temperaturc Gas Cooled Reactor (HTGCR). or Pebble Bed Reactor
e SSTAR - Small. Sealed. Transportable, Autonomous Reactor. researched and

developed in the US, intended as a fast breeder reactor that is passively safe.
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e Clean And Environmentally Safe Advanced Reactor (CAESAR) - nuclear
reactor concept that uses stcam as a moderator. This design is still in
development.

e Advanced Heavy Water Reactor - next generation design of the PHWR type
under development.

e [FBTR - fast breeder thorium reactor

Al1.8.2. Generation IV Reactors

Set of theoretical nuclear reactor designs currently are being researched. These
designs are generally not expected to be available for commercial construction before
2030. The primary goals being to improve nuclear safety, improve proliferation
resistance, minimize waste and natural resource utilization, and to decrcase the cost to

build and run such plants.

) Gas cooled fast reactor

) Lead cooled fast rcactor

. Molten salt reactor

) Sodium-cooled fast reactor

. Supercritical water reactor

. Very high temperature reactor

A1.8.3. Generation V+ Reactors

Designs which are theoretically possible, but which are not being actively considered

or researched at present.

e Liquid Core reactor - closed loop liquid core nuclear reactor. where the fissile
material is molten uranium cooled by a working gas pumped in through holes in the
base ot the containment vesscl.

e Gas core reactor - closed loop version of the nuclear lightbulb rocket. where the
lissile material is gaseous uranium-hexafluoride contained in a fused silica vessel. A
working gas (such as hydrogen) would flow around this vessel and absorb the UV
light produced by the reaction.

e Gas core EM reactor - As in the Gas Core reactor. but with photovoltaic arrays

converting the UV light directly to electricity.
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Appendix - 2

Capital Cost of Unit Energy

Total
5 Opening gltggZSt Loan Closing Capital | Present Energy Present
S'f Balance (M Payment | Balance Expen. | Value (M | Produced | value
(M US$) US$) (MUSS) | (MUSS) | (M USs) (GWh) (GWh)
US$)
0 | 1827.00 91.35 3 1827.00 91.35 91.35
1 1827.00 91.35 o 1827.00 91.35 83.05
2 | .1827.00 91.35 [ql) 1827.00 91.35 4 7550
3 | 1827.00 91.35 § 1827.00 91.35 68.63
4 | 1827.00 91.35 O 1827.00 91.35 62.39
{5 | 1827.00 89.07 91.35 173565 | 18042 112.02 | 4508.86 | 2799.647
. 6 | 173565 84.50 91.35 1644.30 | 175.85 99.26 | 4508.86 | 2545.134
7 | 164430 79.93 91.35 1552.95 | 171.28 87.89 | 4508.86 | 2313.758
8 | 155295 75.36 91.35 1461.60 | 166.71 77.77 | 4508.86 | 2103.416
9 | 146160 70.80 91.35 1370.25 | 162.15 68.77 | 4508.86 | 1912.197
10 | 1370.25 66.23 91.35 1278.90 | 157.58 60.75 | 4508.86 | 1738.361
11 | 1278.90 61.66 91.35 1187.55 | 153.01 53.63 | 4508.86 | 1580.328
12 | 1187.55 57.09 91.35 1096.20 | 148.44 47.30 | 4508.86 | 1436.662
13 | 1096.20 52.53 91.35 1004.85 | 143.88 4168 | 4508.86 | 1306.056
14 | 1004.85 47.96 91.35 913.50 | 139.31 36.68 | 4508.86 | 1187.324
15 913.50 43.39 91.35 822.15 | 134.74 32.26 | 4508.86 | 1079.385
16 822.15 38.82 91.35 730.80 | 130.17 28.33 | 4508.86 | 981.2593
17 730.80 34.26 91.35 639.45 | 125.61 2485 | 4508.86 | 892.0539
18 639.45 29.69 91.35 548.10 | 121.04 2177 | 4508.86 | 810.9581
19 548.10 2512 91.35 456.75 | 116.47 19.04 | 4508.86 | 737.2346
20 456.75 20.55 91.35 36540 | 111.90 16.63 | 4508.86 | 670.2133
21 365.40 15.99 91.35 274.05 | 107.34 1450 | 4508.86 | 609.2848
22 274.05 11.42 91.35 182.70 | 102.77 12.62 | 4508.86 | 553.8953
23 182.70 6.85 91.35 91.35 98.20 10.97 | 4508.86 | 503.5412
24 91.35 228 91.35 0.00 93.63 9.51 4508.86 | 457.7647
Net Present Expenditure/ Total present Energy 1,257.16 26218.47

Table A2.1 — Discounted Project Cost & Energy

Project Cost 1827 | M USD
Debt Equity

Ratio 85:15

Loan 1552.95 | M USD
Equity 274.05 | M USD
Loan period 25 | years
Interest rate 5%

Table A2.2 — Loan Schedule
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Fuel cost is calculated as follows [13].

Uranium Price [12]. (1.05kg of U3;O0g x 153.2 US$) = 160.86 US$

Conversion (1.05 kg of U;O0g x 12 US$) =12.6 US$

IFuel fabrication (per kg) =240 US$
Transport (assume 2% of Uranium price) =3.2US$

Total for one kg of fuel =416.66 US$
Thermal energy of Tkg of UO [14] =180 Mwh
Electrical Energy (at 33% efficiency) =59,400 kWh
Therefore fuel cost =0.7 UScts /kWh
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Appendix - 3

Nuclear Fuel

There are four basic nuclear "fuels" found in nature: deuterium. lithium, thorium, and
uranium. Deuterium is an isotope of hydrogen that is found wherever hydrogen is
found (such as water). Lithium is a light metal found in lake evaporates. In a
traditional fusion reactor, lithium is converted to tritium (another hydrogen isotope)
and then fused with deuterium, releasing energy and additional neutrons. But fusion is
tundamentally difficult because unsolved technological problems at present. So the

nuclear fuels which uses fission reaction are used in the reactors at present.

of nuclear fission. Fissile nuclides in nuclear fuels include:
e Uranium-235 which occurs in natural uranium and enriched uranium
e Plutonium-239 bred from uranium-238 by neutron capture
e Plutonium-241 bred from plutonium-240 by neutron capture. The Pu-240
comes from Pu-239 by the same process.
e Uranium-233 bred from thorium-232 by neutron capture

In general, most actinide isotopes with an odd neutron number are fissile.

Fissionable Materal: Fissionable material are any materials with atoms that can

undergo nuclear fission.

Notably, uranium-238 is fissionable but not fissile. Neutrons produced by fission of
¢.g. U-235 have an energy of around 1 MeV (100 TJ/kg. i.e. a speed of 14,000 km/s)
and usually do not cause fission of U-238, but neutrons produced by the deuterium-
tritium fusion reaction have an encrgy of 14.1 MeV (1400 TJ/kg, i.e. a speed of
52.000 km/s). and they can easily cause fission U-238 and other non-fissile actinides.
The neutrons produced by this fission are again not fast enough to produce new

fissions, so U-238 does not sustain a chain reaction.

Fertile Material: is a term used to describe nuclides which generally themselves do

not undergo induced fission (fissionable by thermal neutrons) but from which fissile

material is generated by neutron absorption and subsequent nuclei conversions. Fertile
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materials that occur naturally which can bc converted into a fissile material by
irradiation in a reactor include:

e Thorium-232 which converts into Uranium-233

e Uranium-234 which converts into Uranium-235

e Uranium-238 which converts into Plutonium-239
Artificial isotopes formed in the reactor which can be converted into fissile material
by one neutron capture include:

e Plutonium-238 which converts into Plutonium-239

e Plutonium-240 which converts into Plutonium-241
Some other actinides need more than one neutron capture before arriving at an isotope
which is both fissile and long-lived enough to probably be able to capture another
neutron and fission instead of decaying:

e Plutonium-242 to Americium-243 to Curium-244 to Curium-245

e Uranium-236 to Neptunium-237 to Plutonium-238 to Plutonium-239

e  Americium-241 to Curium-242 to Curium-243 (or, more likely, Curium-242

decays to Plutonium-238, which also requires one additional neutron to reach

a fissile nuclide)

A3.1. Uranium Fuel
In naturc. Uranium atoms exist as Uranium-238 (99.284%). Uranium-235 (0.711%).

and a very small amount of Uranium-234 (0.0058%).

So in a metric ton of natural Uranium fuel, the fissile material (U-235 O,) content is
only 7.11kg which is used in thermal reactors for nuclear chain reaction.

The most common forms of Uranium oxide are UsOg and UO,. Both oxide forms are
solids that have low solubility in water and are relatively stable over a wide range of
environmental conditions. Tri-Uranium octa-oxide (U;Og) is the most stable form of
Uranium and is the form most commonly found in nature. Uranium dioxide (UO3) is
the form in which Uranium is most commonly used as a nuclear reactor fuel. At
ambient temperatures, UO> will gradually convert to U3Og. Because of their stability,
Uranium oxides are generally considered the preferred chemical form for storage or
disposal.

Uranium metal is heavy, silvery white, malleable, ductile, and softer than stcel. It is

one of the densest materials known (19 g/em’), being 1.6 times more dense than lead.
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Uranium metal is not as stable as UsOg or UO, because it is subject to surface
oxidation. It tarnishes in air. with the oxide film preventing further oxidation of
massive metal at room temperature. Water attacks uranium metal slowly at room
temperature and rapidly at higher temperatures. Uranium metal powder or chips will

ignite spontaneously in air at ambient temperature.

A3.2. Thorium Fuel
Thorium is estimated to be about three to four times more abundant than Uranium in
the earth's crust. Naturally occurring Thorium is composed rf]ainly of one isotope: Th-

232. Th-232is fertile material wich aborb neutrons to produce fissle U-233.

232 233 23 mi 233 27 davy: 233
Th—1s BT L2mn 23 p,  F2ldys 23377

BU s fission products +197.9 MeV IMeV =1.6x107"J

Thorium is found in small amounts in most rocks and soils. Soil commonly contains
an average of around 12 parts per million (ppm) of thorium. Thorium occurs in
several minerals including Thorite (ThSiO4). Thorianite (ThO, + UO>) and Monazite.
I'he latter is most common and may contain up to about 12% Thorium oxide.
I'horium-containing Monazite(Ce) occurs in Africa, Antarctica, Australia, Europe.

India. North America, and South America.
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Appendix - 4

Radiation and Radiation Measurement.

Radiation

In physics. radiation describes any process in which energy emitted by one body
travels through a medium or through space. ultimately to be absorbed by another
body. Non-physicists often associate the word with ionizing radiation (e.g.. as
occurring in nuclear weapons, nuclear reactors, and radioactive substances), but it can
also refer to electromagnetic radiation (i.e., radio waves, infrared light, visible light,
ultraviolet light, and X-rays) which can also be ionizing radiation. to acoustic
radiation. or to other more obscure processes. What makes it radiation is that the
energy radiates (1.e., it travels outward in straight lines in all directions) from the
source. This geometry naturally leads to a system of measurements and physical units

that are equally applicable to all types of radiation. Some radiations can be hazardous.

Ad4.1. lonizing Radiation

Some types of radiation have enough energy to ionize particles. Generally, this
involves an electron being 'knocked out' of an atom's electron shells, which will give
it a (positive) charge. This is often disruptive in biological systems. and can cause

mutations and cancer.

A4.1.1. Alpha Radiation

Alpha (a) decay is a method of decay in large nuclei. An alpha particle (helium
nucleus. He?"). consisting of 2 neutrons and 2 protons, is emitted. Because of the
particle's relatively high charge, it is heavily ionizing and will cause severe damage if
ingested. However, due to the high mass of the particle, it has little energy and a low

range: typically alpha particles can be stopped with a sheet of paper (or skin).

A4.1.2. Beta(+/-) Radiation

Beta-minus (-) radiation consists of an energetic electron. It is more ionizing than
alpha radiation, but less so than gamma. The electrons can often be stopped with a
tew centimeters of metal. It occurs when a neutron decays into a proton in a nucleus.

releasing the beta particle and an antineutrino.
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However, the amount of damage done to matter (especially living tissue) by ionizing
radiation is more closely related to the amount of energy deposited rather than the
charge. This is called the absorbed dose.

e The gray (Gy), with units J/kg, is the SI unit of absorbed dose, which
represents the amount of radiation required to deposit 1 joule of energy in 1
kilogram of any kind of matter.

e The rad (Roentgen absorbed dose), is the corresponding traditional unit which

is 0.01 J deposited per kg. 100 rad = 1 Gy.

Equal doses of different types or energies of radiation cause different amounts of
damage to living tissue. For example, 1 Gy of alpha radiation causes about 20 times
as much damage as 1 Gy of x-rays. Therefore the equivalent dose was defined to give
an approximate measure of the biological effect of radiation. It is calculated by
multiplying the absorbed dose by a weighting factor which is different for each type
of radiation.

e The sievert (Sv) is the SI unit of equivalent dose. Although it has the same
units as grays, J/kg, it measures something different. It is the dose of a given
type of radiation in Gy that has the same biological effect on a human as 1 Gy
of x-rays or gamma radiation.

e The rem (Roentgen equivalent man) is the traditional unit of equivalent dose.
1 sievert = 100 rem. Because the rem is a relatively large unit, typical
equivalent dose is measured in millirem (mrem), 10~ rem, or in microsievert

(uSv), 10° Sv. 1 mrem =10 uSv.

For comparison, the 'background' dose of natural radiation received by a US citizen is
around 3 mSv (300 mrem) per year. The lethal full-body dose of radiation for a
human is around 4 - 5 Sv (400 - 500 rem) instantaneously. For comparison, the
average 'background' dose of natural radiation received by a person is around 2.4

millisieverts (240 mrem) per year.

A4.5. Radiation Exposure Limits

The radiation exposure limits are given in IAEA safety standard [23] as given below.
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his or her dose will exceed 5 mSv during the period of a patient's diagnostic
examination or treatment. The dose to children visiting patients who have ingested

radioactive materials should be similarly constrained to less than 1 mSy.

A4.6. Definitions of important terms

Radioactive decay (Radioactivity) : process in which an unstable atomic nucleus
spontaneously loses energy by emitting ionizing particles and radiation.

B
Becquerel (symbol Bq) : the SI derived unit of radioactivity. One Bq is defined as the
activity of a quantity of radioactive material in which one nucleus decays per second.

[t is therefore equivalent to s

Curie (symbol Ci) : a unit of radioactivity, defined as

1 Ci = 3.7x10" decays per second or becquerels.
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Appendix - 6

International Nuclear Event Scale (INES)/Record of Past
Accidents

The INES was introduced in 1990 by the IAEA in order to enable catogarization of
nuclear accidents regarding to its impact on workers, site premises, general public and

environment [39].

There are 7 levels on the INES scale; 3 incident-levels and 4 accident-levels. The
level on the scale is determined by the highest of three scores: Off site effects, on site

effects, and Defence in depth degradation.

A6.1. Level 7— Major Accident

A large off-site impact with widespread health and environmental effects. External
release of a significant fraction of reactor core inventory can be considered. It is
required to implement emergency plans. Only major accident reported in the history

which belong to Level-7 is the Chernobyl Disaster.

A6.2. Level 6 — Serious Accident
Significant off-site release, likely to require full implementation of planned
countermeasures. The Kyshtym disaster at Mayak (former Soviet Union) — 1957 can

be considered as an accident of Level-6,

A6.3. Level S — Accident with Wider Consequences

Limited off-site release. likely to require partial implementation of planned
countermeasures or severe damage to a reactor core/radiological barriers. The
Windscale fire (United Kingdom) — 1957 and Three Mile Island accident (United

States) — 1979 can be considered as level-5 accidents.

A6.4. Level 4 — Accident with Local Consequeces
Minor off-site impact resulting in public exposure of the order of the prescribed
limits. significant damage to a reactor core/radiological barriers or the fatal exposure

of a worker.
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Examples:

. Sellafield (United Kingdom) - 5 incidents 1955 to 1979
. SL-1 Experimental Power Station (United States) - 1961
. Saint-laurent Nuclear Power Plant (France) - 1980

. Buenos Aires (Argentina) - 1983

. Jaslovské Bohunice (Czechoslovakia) - 1977

. Tokaimura nuclear accident (Japan) - 1999

A6.5. Level 3 — Serous Incident
A very small off-site impact, public exposure at levels below the prescribed limits or
severe spread of contamination on-site and/or acute health effects to one or more

workers.

Examples:

» THORP plant Sellafield (United Kingdom) - 2005.
 Paks Nuclear Power Plant (fuel rod damage in cleaning tank) (Hungary) -

2003.

A6.6. Level 2 - Incident
This is an incident with no off-site impact, a significant spread of contamination on-
site may have occurred, This can be an overexposure of a worker or Incidents with

significant failures in safety provisions.

Examples:

* Asco Nuclear Power Plant, (Catalonia, Spain) April 2008; radioactive
contamination

» Forsmark Nuclear Power Plant (Sweden); backup generator failure.

A6.7. Level 1 - Anomaly

This is an anomaly beyond the authorized operating regime.
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Example:

o Gravelines (Nord, France). August 8, 2009; during the yearly exchanging of
fuel bundles in reactor #1. one bundle kept hung to the upper handling
structure, stopping the operations and causing the evacuation and isolation of

the reactor's building.

» SOCATRI (Drome, France), July 2008; leak of 6000 litres of water containing

75 kg of Uranium into the environment.

A6.8. Level 0 — No safety significance

This is a "below-scale event" of no safety significance.

Following is a table which described the event scale more fully.

INES Level People and Radiological Barriers | Defence-in-Depth
Environment and Control

Major Accident Major release of
Level - 7 radioactive material
with widespread
health and
environmental effects
requiring
implementation of
planned and
extended
countermeasures.

Serious Accident Significant release of
Level -6 radioactive material
likely to require
implementation of

planned

countermeasures.
Accident with * Limited release of | * Severe damage to
Wider radioactive material reactor core.
Consequences likely to require * Release of large
Level - 5 implementation of quantities of

some planned radioactive material

countermeasures. within an installation

* Several deaths from | with a high

radiation probability of

significant public
exposure. This could
arise from a major
criticality accident or
fire.
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Accident with
Local
Consequences
Level - 4

« Minor release of
radioactive material
unlikely to result in
implementation of
planned
countermeasures
other than local food
controls.

+ At least one death
from radiation

+ Fuel melt or
damage to fuel
resulting in more
than 0.1% release of
core inventory.

* Release of
significant quantities
of radioactive
material within an
installation with a
high probability of
significant public
exposure.

Serious Incident
Level -3

» Exposure in excess
of ten times the
statutory annual limit
for workers.

» Non-lethal
deterministic health
effect (e.g., burns)
from radiation

« Exposure rates of
more than 1 Sv/h in
an operating area.

* Severe
contamination in an
area not expected by
design, with a low
probability of
significant public
exposure.

« Near accident at a
nuclear power plant
with no safety
provisions
remaining.

« Lost or stolen
highly radioactive
sealed source.

» Mis-delivered
highly radioactive
sealed source without
adequate procedures
in place to handle it.

Incident
Level -2

» Exposure of a
member of the public
in excess of 10 mSy.
» Exposure of a
worker in excess of
the statutory annual
limits.

« Radiation levels in
an operating area of
more than 50 mSv/h.
» Significant
contamination within
the facility into an
area not expected by
design.

» Significant failures
in safety provisions
but with no actual
consequences.

+ Found highly
radioactive scaled
orphan source,
device or transport
package with safety
provisions intact.

» Inadequate
packaging of a highly
radioactive sealed
source.

Anomaly
Level - 1

» Overexposure of a
member of the public
in excess of statutory
annual limits.

« Minor problems
with safety
components with
significant defence-
in-depth remaining.

» Low activity lost or
stolen radioactive
source, device or
transport package.

Table A6.1 — General Description of INES Levels
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A6.9. Record of Past Accidets (Up to 2006)

1) December 12, 1952 — INES Level 5 - Chalk River, Ontario, Canada - Reactor
core damaged. — No Immediate fatalities were reported.

2) May 24, 1958 — INES Level needed - Chalk River, Ontario, Canada - Fuel

damaged.- No_injuries.
3) October 25, 1958 - INES Level needed - Vinca, Yugoslavia - Criticality
excursion, irradiation of personnel. - 1 person died, 6 hospitalized.

4) July 26, 1959 — INES Level needed - Santa Susana Field Laboratory.

California, United States - Partial meltdown. - No injuries.

5) October 5, 1966 — INES Level needed - Monroe, Michigan, United States -
Partial meltdown. - No_injuries.

6) Winter 1966-1967 (date unknown) — INES Level needed - location unknown
- loss of coolant accident (Surface Ship — USSR) — 30 crew of the ship were
killed.

7) May 1967 — INES Level needed - Dumfries and Galloway, Scotland, United

Kingdom - Partial meltdown. -~ No injuries.

8) January 21, 1969 — INES Level needed - Lucens. Canton of Vaud,
Switzerland — Explosion. No injuries.

9) February 22, 1977 — INES Level 4 - Jaslovské Bohunice, Czechoslovakia -
Fuel damaged. - No injuries.

10)March 28, 1979 — INES Level 5 - Middletown, Dauphin County,
Pennsylvania. United States - Partial meltdown. (Three Mile Island Accident)
- No injuries.

11)March 13. 1980 - INES Level 4 - Orléans, France - Nuclear materials leak.-
No injuries.

12) March, 1981 — INES Level 2 - Tsuruga, Japan - Overexposure of workers. -
No injuries.

13) September 23, 1983 — INES Level 4 - Buenos Aires, Argentina - Accidental
criticality. — 1 died

14) April 26, 1986 — INES Level 7 - Prypiat, Ukraine (then USSR) - Power
excursion, explosion, complete meltdown (Chernobyl Accident). — 56 deaths

and 237 hospitalized.
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15)May 4. 1986 — INES Level needed - Hamm-Uentrop, Germany (then West
Germany) - Fuel damaged. - No injuries.

16) November 24, 1989 — INES Level needed - Greifswald. Germany (then East
Germany) - Fuel damaged. - No injuries.

17) April 6, 1993 — INES Level 4 - Tomsk, Russia — Explosion. - No injuries.

18) June. 1999 — INES Level needed - Ishikawa Prefecture, Japan - Control rod
malfunction. - No injuries.

19) September 30. 1999 — INES Level 4 - Ibaraki Prefecture, Japan - Accidental

e

criticality. — 2 workers died.

20) April 10, 2003 — INES Level 3 - Paks, Hungary - Fuel damaged. - No
injuries.
21) April 19, 2005 — INES Level 3 - Sellafield, England, United Kingdom -

Nuclear material leak. - No injuries.
22)November 2005 — INES Level needed - Braidwood, Iilinois, United States -

Nuclear material leak. - No injuries.
23)March 6, 2006 — INES Level needed - Erwin. Tennessee, United States -

Nuclear material leak. - No injuries.
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