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Fundamentals of Nuclear Power
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Proposed Program

SESSION TOPIC INSTRUCTOR
#1 Basic concepts in nuclear physics, types of radiation, radiation .
James Miller
March 21 | decay, etc
#2
Radiation health effects Brian Hinderliter
March 28
#3 Nuclear power plant design, types of nuclear power plants, Gokul
April 4 nuclear safety Vasudevamurthy
a4 Current status of nuclear power in the world, advanced reactors, . )
) . Sama Bilbao y Le6n
April 11 SMRs, nuclear power construction projects
#5
The nuclear fuel cycle James Miller
April 18
#6 Survey of large nuclear power accidents: Three Mile Island, Josh Bell
April 25 Chernobyl and Fukushima Daiichi Sama Bilbao y Ledn
H#7 Sociopolitics and nuclear power: used nuclear fuel management, )
) . o Invited Speakers
May 2 Yucca Mountain, uranium mining
Choice Topic:
49 ° Nuclear medicine and other applications of nuclear science
and technology FBDusve ssman TITTITILT
May 8 e  The future of nuclear power: fast breeder reactors, fusion Department of Meechanical

technology, nuclear power and other power sources.
° History of the US Nuclear Navy !
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Current status of nuclear
power in the world

Prof. Sama Bilbao y Ledn
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Predicted Global Electricity Demand

World Electricity Demand

OECD
Non-OECD

e Total
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Human Development Index

Correlation Between Human Development and
Per Capita Electricity Consumption

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

0%

France - United States Norway
) / . _ Iceland
ll'l wrf . L :
L™ g "
L . \ " m -
Japan
— China

The Human Development Index is a
| 3
South Africa

s " comparative measure of life expectancy,
o India literacy, education, and standards of living.
Countries fall into four broad categories
*— Nigeria based on their HDI: very high, ,
medium, and human development.
4,000 kWh per person per year is the
dividing line between developed and
Zimbabwe

developing countries.

5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000

Annual Per Capita Electricity Consumption (kVWh)

Source: Human Development Index - 2010 data United Nations; Annual Per Capita Electricity
Consumption (kWh) - 2007 data World Bank

Updated: 4/11



Reactors Currently in Operation

UNITED STATES OF AMERICA |

FRANCE

JAPAN

RUSSIAN FEDERATION
KOREA, REPUBLIC OF
INDIA

CANACA §

UNITED KINGCOM

CHINA

UKRAINE

SWEDEN |§

GERMANY

SPAIN |§

BELGIUM

CZECH REFUBLIC §
SWITZERLAND |
FINLAND |§
HUNGARY |§
SLOVAK REFUBLIC §
PAKISTAN [§
ARGENTINA [
BRAZIL §
BULGARIA |
MEXICO S
ROMANIA B
SCUTHAFRICA [l
ARMENIA |
IRAN, ISLAMIC REF.OF §

NETHERLANDS

SLOVENIA §

Number of Reactors in Operation Worldwide

LS BUS LS RS S

.k e b

50

World Total:

435 reactor

g 104

units

Source: PRIS, IAEA, 01/2012

20

60

80

100

Note:Long-term shutdown units (5) are not counted

-----
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Reactors Currently in Operation

TYPE Number of Units TOIa[lMCV?IZ?City
BWR 84 77,621
FBR 2 580
GCR 17 8,732
LWGR 15 10,219
PHWR 47 23,160
PWR 270 247,967
TOTAL 435 368,279

Source:

PRIS, IAEA, 01/2012

k% Department of I\/Iechanlcal
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FRANCE
SLOVAKIA
BELGIUM
UKRAINE

HUNGARY [§
ARMENIA

SWEDEN
SWITZERLAND
SLOVENIA
CZECHREP.
BULGARIA
KOREA REP.
JAPAN
FINLAND
GERMANY
SPAIN

usa
ROMANIA
RUSSIA

UK

CANADA [
ARGENTINA |
SCUTHAFRICA |

MEXICO
NETHERLANDS
BRAZIL

INDIA [

PAKISTAN

CHINA |§

Nuclear Electricity Generation

Nuclear Share in Electricity Generation in 2010

Source: PRIS, IAEA, 01/2012
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U.S. Electricity Generation
Fuel Shares 2010

Natural Gas
23.8%

Nuclear
19.6%

Hydroelectric
6.1%

0.9% Renewable
and Other
4.6%

Source: U.S. Energy Information VCUT

............................
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Sources of Emission-Free Electricity
2010

Solar,Wind &
Geothermal 9.5% “J&/ Hydro 21.6%

Nuclear 68.9%



Availability Factors

Energy Availability Factor
[%] Worldwide Weighted Average
100

:

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2005 2010

The Energy Availability Factorover a specified period, isthe ratio of the energy that the available capadiy could have supplied to the grid
during this period, to the energy that the reference unit power couvld have supplied during the same period.

Source: PRIS, IAEA, 01/2012 (UL e s v
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U S Average Operating Efficiency*
sl by Source of Electricity, 2010

acity Factors

100 Nuclear
' | 91.2
90
80 :
70
60 100
50 Source: Ventyx /U.S. Energy Information
Administration
S0 S *Operating efficiency is measured by capacity [N
71 73 'TS5 7 "99 '01 '03 '05 '07 '09

factor, the ratio of the amount of electricity
produced by a plant to the amount of eletricity [
that could have been produced if the plant . Department of Mechanical
operated all year at full power. g\ & Nuclear Engineering
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U.S. Electricity Production Costs

1995-2010, In 2010 cents per kilowatt-hour

18.0 2010

Coal - 3.06
L ~——Gas - 4.86
14.0 Nuclear - 2.14

= Peatroleum - 15.18
12.0

10.0
8.0
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U.S. Electricity Production Cost g§e]) K & o} o
(2010 Cents per Kilowatt-Hour) W0z 2 s

Nuclear Power is the only

g doocahaogadocanacnde o oy form of electricij
production whg@se\price
B e = includes the gost of, was}e
management and plae
decommissjoning
decccccccnccccnas
2 SR ——

Nuclear Coal Natural Gas

Source: Ventyx Department of Mechanical
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Conversion
Fabrication
Waste Fund
31% Enrichment
Uranium
| | | |
Coal Gas Nuclear Nuclear Fuel Component Cost

Source: Ventyx Velocity Suite; Energy Resources International, Inc.
Updated: 5/11
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Age of the current fleet

Number of Operating Reactors by Age

35 4
33
2 g

30

25 24

21 ,
20 20
20 i

15 14 i
13 13 13

0 '
5 4
3
.
0 4

01 2 3 45 6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25 26 27 28 28 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44

10

Note: Age of a reactor is determined by its first grid [vear]
Source: PRIS, IAEA, 01/2012 k% Department of I\/Iechamcal
& Nuclear Engineering
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Reactors Currently under Construction

Number of Reactors under Construction Worldwide

CHINA ]— 26

RUSSIAN FEDERATION — 10
INDIA _ 6
KOREA, REPUBLIC OF 5
BULGARIA
JAPAN
SLOVAK REPUBLIC
UKRAINE
ARGENTINA
BRAZIL
FINLAND
FRANCE
PAKISTAN
UNITED STATES OF .. |5 1
0 5 10 15 20 25 30

Note: The World Total includes also 2 reactors under construction in Taiwan, China.

World Total: 63 reactors of net
electrical capacity 61 GWe

Source: PRIS, IAEA, 01/2012 0 ULy eemmenen ey vt
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Reactors Currently under Construction

Under Construction
Type No_. of Total
Units MW(e)
BWR 4 5,250
FBR 2 1,274
LWGR 1 915
PHWR 4 2,582
PWR 52 51,011
Total: 63 61,032
Source: PRIS, IAEA, 08/2011 K% Uep
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— New Nuclear in the US

Source: US NRC

@ ABWR MAP1000 S EPR AESBWR #USAPWR YV Design/Units-TBA @ ESP 08/2011
http://www.nrc.gov

*Review Suspended by Applicant
** COL Application Amended by Applicant to ESP on 03/25/2010



New Nuclear in the US

New Reactor Licensing Applications
Schedules By Calendar Year

|2005 | 2008 | 2007 | 2008 | 2008 [2010 | 2011 | 2012 |2013 | 2014 [2015 |2018 [2017 [2018
AP1000 DESIGH CENTER REVIEW SMIREAN
[ ISSUED
OC AMENDMENT  SAFETY REMIEW COMPLETED
RULEMAKING ——————==gp-| EFFECTIVE DECEMBER 30, 2011
UTHERN - VOGTLE ESP] ] ISSUED
SOUTHERN - VD G T L (A () )] SCHEDULED
SOUTH CAROLINA E&G - SUMMER (2) { }] SCHEDULED
PROGRESS ENERGY - LEVY COUNTY (FL) (2) —I—‘ SCHEDULED
FLORIDA POWER AND LIGHT - TURKEY POINT (2) | } SCHEDULED

DUKE - LEE STATION (SC) (2)

SCHEDULED

PROGRESS ENERGY - HARRIS (NC) (2) |

] SCHEDULE BEING REVISED

EPR DESIGN CENTER REVIEW

TVA - BELLEFONTE (AL} 12) ey REVIEW SUSPENDED 972972010

DESIGM CERTIFICATION - EPR

] SCHEDULE BEING REVISED

RULEMAKING eef1nu—"—=jp

SCHEDULE BEING REVISED

UNISTAR - CALVERT CLIFFS (MD) (1) ¢

] SCHEDULE BEING REVISED

AMERENUE - CALLAWAY (1) o REVIEW SUSPENDED &/23/200%
PPL GENERATION - BELL BEND (1) |

ESEWR DESIGN CENTER REVIEW

IATION - ESEWR,

1 ISSUED
DOMINION - NORTH ANNA (VA) (1) |
] ISSUED
ENTERGY - GRAND GULF (MS) (1) [ REVIEW SUSPEMDED 01/09/09
ENTERGY - RIVER BEND (LA) {1) {j REVIEW SUSPENDED 04/09/09

UNISTAR - NINE MILE PT (NY) (1) ) REVIEW SUSPENDED 1210

] SAFETYR

RULEMAKING ﬁb
] APPLICANT CHANGED TECHMOLOGY &/30/10

SCHEDULE BEIMNG REVISED

CVIEW COMPLETED
SCHEDULE BEING REVISED

LUMIMANT - COMANCHE PEAK (TX) (2}

DTE - FERMI (M1} (1) | ] SCHEDULED
USAPWR DESIGN CENTER REVIEW
DESIGM CERTIFICATION - USAPWR [ ] SCHEDULED
RULEMAKING =——————=——jp SCHEDULED

DOMINION - MNORTH ANNA (VA (1)

SCHEDULED
SCHEDULE BEING REVISED

Source: US NRC, 02/201
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Application
for
Construction
License

License

to Build

Construction

Two Step Licensing
(Part 50)

Application License
for Operation. to 5. Reactor
. . License Operate Operation
One Step Licensing
(Part 52)
Early Site
Permit or
Equivalent
Environmental
Information*
: Verification of
Optional . Combined Inspections, Tests, React
Pre-Application License Review, Analyses, and 5 eactpr
Review Hearing, and Acceptance ROREHION
Decision Criteria
Standard Design
Certification
or Equivalent

Design nnnnnnnnnn ivur-lllv
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US NRC Design Certification

 Toshiba ABWR = December 2011
— GE-Hitachi ABWR under review

* Westinghouse AP-1000 - December 2011

* GE-Hitachi ESBWR = Expected May 2012

k% Department of I\/Iechanlcal
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Two AP1000 reocters at the VC Summer plant in South Caroling are
by e the secomnd US new-tmild project (o receive combined
construction and ogeration licences (LOLc ) after receiving the final
regulatory go-ohead.

Four of the US Nudear Regulzbory
Commlsainn's [MRCE T fwe
commisamners voted that the KRC
shaff s review of Saukh Taroling Electri
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‘adequate” [of the necessary
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the COLs. The COLs should beissued
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Misperceptions: Support for
Nuclear Energy is Often
Underestimated

| favor nuclear energy,
But she doesn’t.

| favor nuclear energy,
But he doesn’t.



Percent Who Favor and Oppose Nuclear Energy: Annual Averages 1983 to 2010

‘Owerall, do you strongly favor, somewhat favor, somewhat oppose, or strongly oppose the use of nuclear energy as one of the
ways to provide electricity inthe United States™

==d==Favor = =i = Oppose
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Merccived Safcty of Nuclcar Power Plants  Anrual Avorages Until 2011

‘Thinking about the nuclear power plants that are operating now, how safe Jo you rezard these plants? Please think of a s:ale
from ¥1" o *7.Y whara "1" maeans “vary unsafe” and V7Y maans “wary safa” The cafes you think thay arg, the highar the
number you would give_ "

=g 4 High Safaty Rating (5-7) et = % | aw Safety Rating (1-3)
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Types of Nuclear Reactors
Coolant

Water Cooled Reactors

Light Water Cooled (BWR, PWR)
Heavy Water (PHWR, CANDU type)

Gas Cooled Reactors

CO, (GCR)
Helium (HTGR)

Liquid Metal Cooled Reactors

Sodium
Lead or Lead-Bismuth

Molten Salt Reactors

Fluorides (LiF)

Chlorides (NaCl — table salt)
Fluoroborates (NaBF4) + others
Mixtures (LiF-BeF2),

Eutectic compositions (LiF-BeF2 (66-3

.....
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Types of Nuclear Reactors
Moderator

Light Water Moderated
Heavy Water Moderated
Graphite Moderated

Non-moderated

k% Department of I\/Iechanlcal
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Types of Nuclear Reactors
Neutronic Spectrum

* Thermal Reactors
e Epithermal Reactors

* Fast Reactors

k% Department of I\/Iechanlcal
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Types of Nuclear Reactors
Fuel Type

e Solid Fuel

— Fuel pins
— Fuel pebbles

e Liquid Fuel
— Solved in the coolant

k% Department of I\/Iechanlcal
& Nuclear Engineering



Types of Nuclear Reactors
Conversion Rate

* Burners

* Breeders

Burners versus Breeder

Breeder Breakeven Burner
1.3 1.0

. . — 0.7

Active Active Active 26"

Core " C
Core 42:; 42 ore
840 MWt
840 MWt Ak =0.5 840 MWit
- : - Ak, =9.0

I
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Nuclear Fission

% incident neutron

fissionable nucleus

nucleus splitting

N

fission proeducts (radioactive nuclei)

energy release

6 fissionable nucleus
—

/)

y.
P
“/ chain reaction
7.
/
/

e

incident neutron

9

—y
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Rod cluster
control assembly

. Control rod
guide thimble )
U Pellet

Fuel tube - = = —
. Fuel rod echamcal
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Pressurized Water Reactor (PWR)

Containment Structure

Steam
Geneme

Pressurizer

[ | Condenser

k% Department of I\/Iechanlcal
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Boiling Water Reactor (BWR)

.
. _

i 1 & @r‘. ’ ——
Containment Structure -m.%_"i}w!!ﬁ =y

- \ L 4 I
~y—
Vessel T
= =i =
3 —
v . L !

Control Rods

|Virni nnnnnnnnnnnnnnnnn iversity
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Pressurized Heavy Water Reactor (PHWR)

. Nuclear Fuel Rod
. Calandria

. Control Rods

. Pressurizer

. Steam Generator
. Light Water

Condensate
pump

. Heavy Water Pump
. Nuclear Fuel Loading

Machine

. Heavy Water

Moderator

10. Pressure Tubes

11. Steam

12. Water Condensate
13. Containment

" f Mechanical
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Gas Cooled Reactor
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Advanced Reactor Designs

(defined in IAEA-TECDOC-936)

- achieve improvements over existing designs

through small to moderate modifications

- incorporate radical conceptual changes and may

| Some R&D |
| and :

|
; |
:Engineering: :Conflrmatory |

T )L _ testing _ |

|
|
Prototype :

or I
Demonstration plant :
|

|

require a prototype or demonstration plant before commercialization

.
>
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Another classification...

Generation Il / 1+ Generation IV

Generation | Generation |l

“<~-___ ..“

F.,
Q\&

2

~ BigRock Point, GEBWR Diabio Canyon, Westnghouse PWR Kashiwazaki, GE ABWR AP1000, Westinghouse PWR Japan Sodium Fast Reactor

Early Large-scale Evolutionary Revolutionary
prototypes power stations designs designs
+ Calder Hall (GCR) + Bruce (PHWRICANDU) + ABWR (GE-Haachi; Toshiba) + EPR (AREVA NP PWR) » GCR gas-cooled fast
+ Douglas Point + Calvert Clifts (PWR) + ACR 1000 + ESBWR (GE-Hitachi BWR) reactor
¢ 7{334’:. ) + Flamanville 1-2 (PWR) r;%LCANDUPHWRi * Small Modular Reactors * LFR ',?;c‘ﬁg‘,”'“’ fast
+ Fermi-1(SFR) : ;m‘;:: MM) (Westinghouse-Toshiba PWR) : ;wmml 008 Pn awnPWR * MSR molten salt reactor
* Kola 1-2 (PWRVVER) + Kalinin (PWRVVER) Db, - India DAE AHWR > TR Sodum cocked fat
+ Peach Bottom 1 (HTGR) * Kursk 1-4 (LWGRREMK) bt prossait - KAERI SMART PWR o s P RO
* Shippingport (PWR) + Palo Verde (PWR) = - N « NuScaie PWR cooled reactor
° CMDU!(AECI m . WMIRISP\M! « VHTR vﬂyhm
+ VVER-1200 (Gidropress PWR) temperature reactor

1950 1970 1990 2010 2030 2050 2070 2090

44



Global Trends in Advanced Reactor Design

e Cost Reduction

Standardization and series construction

Improving construction methods to shorten schedule
Modularization and factory fabrication

Design features for longer lifetime

Fuel cycle optimization

Economy of scale = larger reactors

Affordability = SMRs

* Performance Improvement

Establishment of user design requirements

Development of highly reliable components and systems, including “smart” components
Improving the technology base for reducing over-design

Further development of PRA methods and databases

Development of passive safety systems

Improved corrosion resistant materials

Development of Digital Instrumentation and Control

Development of computer based techniques

Development of systems with higher thermal efficiency and expanded applications (Non-

electrical applications)
k%\ Department of I\/Iechanlcal
. & Nuclear Engineering



KERENA ESBWR

Lt NS/, Hitachi,
2 Toshiba

5 1980 Mwe - 1500 MWe



Advanced Boiling Water Reactor (ABWR)

Originally by GE, then Hitachi &
Toshiba

Developed in response to URD

First Gen Ill reactor to operate
commercially

Licensed in USA, Japan &
Taiwan, China

1380 MWe - 1500 MWe
Shorter construction time
Standardized series

4 in operation
(Kashiwazaki-Kariwa -6 &
7, Hamaoka-5 and Shika-
2)

7 planned in Japan

2 under construction in
Taiwan, China

Proposed for South Texas
Project (USA)

47



ABWR-II

Early 1990s — TEPCO & 5
other utilities, GE, Hitachi and
Toshiba began development

1700 MWe

Goals
— 30% capital cost reduction
— reduced construction time

— 20% power generation cost
reduction

— increased safety
— increased flexibility for future
fuel cycles

Goal to Commercialize —
latter 2010s




ESBWR

Developed by GE

Development began in 1993 to improve
economics of SBWR

4500 MWt ( ~ 1550 MWe)

In Design Certification review by the U.S.NRC
— expected approval 06/2012

Meets safety goals 100 times more stringent
than current

72 hours passive capability

Key Developments
— NC for normal operation
— Passive safety systems

* Isolation condenser for decay heat
removal

e Gravity driven cooling with
automatic depressurization for
emergency core cooling

* Passive containment cooling to limit
containment pressure in LOCA

— New systems verified by tests

k% Department of I\/Iechanlcal
. & Nuclear Engineering



KERENA = SWR-1000

AREVA & E.On
Reviewed by EUR
1250+ MWe

Uses internal re-circulation
pumps

Active & passive safety systems
Offered for Finland-5
Gundremingen reference plant

New systems verified by test
(e.g. FZ Julich test of isolation
condenser)

4 Coianimi
coaling Condensrs
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& Balay
T |
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Advanced Pressurized Water Reactor (APWR)

Mitsubishi Heavy Industries & Japanese utilities

2x1540 MWe APWRs planned by JAPC at Tsuruga-3 & -4 and 1x1590
MWe APWR planned by Kyushu EPC at Sendai-3

— Advanced neutron reflector (SS rings) improves fuel utilization and
reduces vessel fluence

1700 MWe “US APWR” in Design Certification by the U.S.NRC

— Evolutionary, 4-loop, design relying on a combination of active and
passive safety systems (advanced Accumulator)

— Full MOX cores

— 39% thermal efficiency

— Selected by TXU for Comanche Peak 3 and 4
1700 MWe “EU-APWR” to be evaluated by EUR

52



EPR

AREVA
1600+ MWe PWR

Incorporates experience from France’s N4 series and Germany’s
Konvoi series

Meets European Utility Requirements

Incorporates well proven active safety systems
= 4 independent 100% capacity safety injection trains

Ex-vessel provision for cooling molten core
Design approved by French safety authority (10.2004)

Under construction
— Olkiluoto-3, Finland (operation by 20127)
— Flamanville-3, France (operation by 2012)
— Taishan-1 and 2, China (operation by 2014-2015)

Planned for India
U.S.NRC is reviewing the US EPR Design Certification Application
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WWER-1000 / 1200 (AEP)

The state-owned AtomEnergoProm
(AEP), and its affiliates (including
AtomStroyExport (ASE) et.al) is
responsible for nuclear industry
activities, including NPP construction

Advanced designs based on
experience of 23 operating WWER-
440s & 27 operating WWER-1000
units

Present WWER-1000 construction

* Tianwan
— first NPP with corium catcher

projects . _ — Commercial operation: Unit-1:
— Kudankulam, India (2 units) 5.2007; Unit-2: 8.2007
— Belene, Bulgaria (2 units)
— Bushehr, Iran (1 unit) *  Kudankulam-1&2
. _ — Commercial operation expected in
WWER-1200 design for future bids of 2010
large size reactors — Core catcher and passive SG
secondary side heat removal to
atmosphere

CUJ = s 1% comanssunren vernmrning
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WWER-1200

Commissioning of 17 new WWER-
1200s in Russia expected by 2020

— Novovoronezh — 2 units

Leningrad — 4 units
Volgodon — 2 units
Kursk — 4 units
Smolensk — 4 units
Kola — 1 unit

56

Uses combination of active and
passive safety systems

One design option includes core
catcher; passive containment heat
removal & passive SG secondary
side heat removal

24 month core refuelling cycle
60 yr lifetime
92% load factor
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APR-1400

Developed in Rep. of Korea (KHNP and Korean Industry)
1992 - development started

Based on CE’s System 80+ design (NRC certified)

1400 MWe - for economies of scale

Incorporates experience from the 1000 MWe Korean
Standard Plants

Relies primarily on well proven active safety systems
First units will be Shin-Kori 3,4

— completion 2013-14

Design Certified by Korean Regulatory Agency in 2002
4 units to be built in UAE




AP-600 and AP-1000

*  Westinghouse
 AP-600:
— Late 80’s—developed to meet URD
— 1999 - Certified by U.S.NRC
— Key developments:
» passive systems for coolant injection, RHR, containment cooling
* in-vessel retention
* new systems verified by test
« AP-1000:
— pursues economy-of-scale
— applies AP-600 passive system technology
— Certified by U.S.NRC (12/2011)
— 4 units under construction in China
* Sanmen & Haiyang: 2013 - 2015
— Contract for 2 units in US
* Plant Vogtle
* VC Summer
* Proposed in several other sites in US
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ATMEA1

1100 MWe, 3 loop plant

Combines AREVA &
Mitsubishi PWR technologies  —

Relies on active safety
systems & includes core
catcher

Design targets:
— 60 yr life
— 92% availability

— 12 to 24 month cycle;
0-100% MOX

[Fotmtsin sumanananise o TTITIY
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Chinese advanced PWRs
CPR (CGNPC) and CNP (CNNC)

* CPR-1000

Evolutionary design based on French 900 MWe PWR technology
Reference plant: Lingau-1&2 (NSSS Supplier: Framatome; commercial
operation in 2002)

Lingau-3&4 are under construction (with > 70% localization of
technology; NSSS Supplier: Dongang Electric Corporation);

Now a Standardized design

Hongyanhe 1,2,3,4; Ningde 1; Yangjiang 1,2; Fuquing 1,2; Fanjiashan
1&2 under construction; more units planned: Ningde 2,3,4 and
Yangjiang 3,4,5,6

* CNP-650
— Upgrade of indigenous 600 MWe PWRs at Qinshan (2 operating & 2

under construction)
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EC6

740 M | AE(,I?

Heavy Water Reactors (HWR)

ACR-1000
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ACR-700 & ACR-1000

AECL
» 740 MWe Enhanced CANDU-6
» 1200 MWe Advanced CANDU reactor
» 284 /520 horizontal channels
» Low enriched uranium—2.1%,
» 60 yr design life
» Continuous refueling

» Combination of active and passive safety
systems

» CNSC has started “pre-project” design
review

] » Energy Alberta has filed an Application
for a License to Prepare Site with the
CNSC -- for siting up to two twin-unit
ACR-1000s --- commissioning by ~2017

» 30 CANDU operating in the world

18 Canada (+2 refurbishing, +5 decommissioned)

* 4 South Korea

* 2 China

* 2 India (+13 Indian-HWR in use, +3 Indian-HWR under
construction)

1 Argentina

» 2 Romania (+3 under construction)

+ 1 Pakistan

[Fotmtsin sumanananise o TTITIY
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India’s HWR

— 540 MWe PHWR [evolution from current 220 MWe HWRs]

» Nuclear Power Corporation of India, Ltd.
» First units: Tarapur-3 & -4 connected to grid (2005 & 6)

— 700 MWe PHWR [further evolution — economy of scale]
» NPCIL
» Regulatory review in progress

» Use of Passive Decay Heat Removal System; reduced CDF from
PSA insights

» Better hydrogen management during postulated core damage
scenario

» First units planned at Kakrapar & Rawatbhata

— 300 MWe Advanced HWR

» BARC

» for conversion of Th232 or U238 (addressing sustainability
goals)

» vertical pressure tube design

------------------------------
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Rod Driv
Mechanin

We — 300 MWe

330 MWe

)
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Module
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Hyperion Power <~

HYPERION

Hypevion Power Module-based 25MN Eleceric Power Mant



IRIS (International Reactor Innovative and Secure)

Westinghouse

100-335 MWe

Integral design

Design and testing Involves 19
organizations (10 countries)
Pre-application review submitted
to the USNRC in 2002
To support Design Certification,
large scale (~6 MW) integral tests
are planned at SPES-3 (Piacenza,
IT)

— Construction start — late 2009
Westinghouse anticipates Final
Design Approval (~2013)

Reactor Coolant
Pump (1 of 8)

- = - -
Steam Generator

Steam Outlet
Nozzle (1 of 8)

Helical Coll ——
Steam Generators
(1018)

Steam Generator
Feodwater Inlet
Nozzie (1 of 8)
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SMART

Korea Atomic Energy Research Institute
330 MWe
Used for electric and non-electric applications

Integral reactor

SMART PILOT PLANT

Passive Safety
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CAREM (Central Argentina de Elementos Modulares)

Developed by INVAP and
Argentine CNEA

Prototype: 25 MWe
Expandable to 300 MWe
Integral reactor

Passive safety

Used for electric and non-
electric applications

Nuclear Safety Assessment
under development

Prototype planned for 2012 in
Argentina’s Formosa province

VU [vicainia commonwoaten universicy
% Department of Mechanical
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NuScale

Oregon State University (USA)
45 MWe

90% Capacity Factor

Integral reactor

Modular, scalable

Passive safety

Online refueling

To file for Design Certification with US
NRC in 2010.
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B&W mPower

Integral reactor
Scalable, modular
125 —-750 MWe

5% enriched fuel

5 year refueling cycle
Passive safety

Lifetime capacity of
spent fuel pool
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mPower — Reactor Core
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Steam Generator

mPower —




mPower — Pressurizer
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Floating Reactors

Provide electricity, process heat and
desalination in remote locations

KLT-40S (150 MWt = 35 MWe)
VBER-150 (350 MWt = 110 MWe)
VBER-300 (325 MWe)




4S (Super Safe, Small and Simple)

Toshiba & CRIEPI of Japan
50 MWe

Sodium Cooled Fast Reactor
10 — 30 year refueling period

Submitted for US NRC Pre
Application Review

Proposed for Galena, Alaska

77
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PBMR (Pebble Bed Modular Reactor)

 ESKOM, South Africa
Government,
Westinghouse

* Project currently
mothballed

e Helium Gas Cooled
e 165 MWe

e Electrical and non-
electrical applications

Main power system layout
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Travelling Wave Reactor

60 Years

Breed-burn rate

20 30
Axial position
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Travelling Wave Reactor
Concept

e A reactor that breeds its
own fuel

* The fission reaction
takes place in a small
area of the reactor and
moves to where the
fissionable fuel is being
created.

 Breed-and-burn

=~ I 1958

= 1979

\ - Early 2000s

- | == 2006

=



Concept

Fast reactor

239 239

Uses depleted Uranium (from mining tails)

— Metallic fuel

gmNp+ 8 —

239 .

— projected global stockpiles of depleted uranium could sustain 80% of the
world’s population at U.S. per capita energy usages for over a millennium.

— Needs a small amount of 10% enriched Uranium to start the reaction

— Fertile fuel: natural Uranium, Thorium, spent fuel

Sodium cooled

Used fuel could be reprocessed to be used again

.........................
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Standing Wave Reactor

The wave does not move = the fuel

assemblies move

Engineering concept similar to a pool type

Sodium reactors
40 - 60 year cycle

Less U per kWh produced
— Better burn-up
— Higher thermal efficiencies
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Pool Type Fast Reactor

15% enriched depleted
UO:/PuO: fuel  (brieding)
zone

Na fow

e
S L,

T

A A

~s
~

b

395'C
p =10 bar
100 Py spik
15Pu ced

s
-

1 Fuel (fissile matenal)
2 Fuel (breeder matenial)
3 Control rods

4 Primary Na pump

5 Primary Na coolant

6 Reactor vessel

7 Protective vessel

& Reactor cover

9 Cover
10 Na/N a heat ex changer

11 SecondaryNa

12 Secondary N a pump
13 Steam generator

14 Fresh steam

15 Feedwater pre-heater
16 Feedwater pump

17 Condenser

18 Cooling water

19 Cooling water pump
20 High pressure turbine
21 Low pressure turbine
22 Generator

23 Reactor bulding
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Status

* TerraPower working on all technical issues to bring
the concept to a commercial-ready state

* Expect first power-producing system by 2020

* Other related concepts
— Japanese CANDLE
— US General Atomics Energy Multiplier Module (EM2)
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GAS-COOLED REACTOR DEVELOPMENT

More than 1400 reactor-years experience

CO, cooled
— 22 reactors generate most of the UK’s nuclear electricity
— also operated in France, Japan, Italy and Spain

Helium cooled
— operated in UK (1), Germany (2) and the USA (2)

— current test reactors:
« 30 MW(th) HTTR (JAERI, Japan)
10 MW(th) HTR-10 (Tsinghua University, China)
In South Africa a small 165 MWe prototype plant is planned

Russia, in cooperation with the U.S., is designing a plant for weapons
Pu consumption and electricity production

France, Japan, China, South Africa, Russia and the U.S. have
technology development programmes
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Fast Reactor Development

— France:

e Conducting tests of transmutation of
long lived waste & use of Pu fuels at
Phénix (shutdown planned for 2009)

* Designing 300-600 MWe Advanced LMR
Prototype “ASTRID” for commissioning
in 2020

* Performing R&D on GCFR
— Japan:
« MONJU restart planned for 2009

* Operating JOYO experimental LMR
(Shutdown for repair)

* Conducting development studies for
future commercial FR Systems

— India:
* Operating FBTR

* Constructing 500 MWe Prototype Fast
Breeder Reactor (commissioning 2010)

— Russia:
* Operating BN-600
* Constructing BN-800
* Developing other Na, Pb, and Pb-Bi
cooled systems
— China:
* Constructing 25 MWe CEFR — criticality
planned in 2009
— Rep. of Korea:

* Conceptual design of 600 MWe
Kalimer is complete

— United States
* Under GNEP, planning development of
industry-led prototype facilities:

— Advanced Burner Reactor
— LWR spent fuel processing

k% Department of I\/Iechanlcal
o & Nuclear Engineering



vvvvvvvv

- ianical
- eering




Generation IV Reactor Designs

Several design concepts are under development to meet goals of
— Economics
— Sustainability
— Safety and reliability
— Proliferation resistance and physical protection

All concepts (except VHTR) are based on closed fuel cycle
Concepts include small, modular approaches

Most concepts include electrical and non-electrical applications
Significant R&D efforts are still required

International cooperation needed for pooling of resources
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Generation IV Reactor Designs

Gas Cooled Fast Reactors (GFR)

Very High Temperature Reactor (VHTR)
Super-Critical Water Cooled Reactor (SCWR)

Sodium Cooled Fast Reactor (SFR)
Lead-Cooled Fast Reactor (LFR)
Molten Salt Reactor (MSR)
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Gas Cooled Fast Reactor

O thin ol
Powe

Reactor parameter

Reference Value

Coolant

Spectrum

Reactor power

Net plant efficiency (Brayton cycle)

Coolant inlet/outlet temperature and pressure
Average power density

Reference fuel compound

Fuel cycle

Conversion ratio

Burn up

Helium

Fast

600 MWth

48%

490°C/850°C at 90 bar

100 MWth/m’

UPuC/SiC with about 20% Pu content
Closed

Self-sufficient

5% FIMA

,\ an‘ iy

CU |
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Lead Cooled Fast Reactor

Lead-Cooled Fast Reactor
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Molten Salt Reactor

\ 1 it i Control

~Molten SaltReactor  "°**

Coolant Salt

Reactor

Heat
Exchanger

Chemical
:roconlng

il

Emergency Dump Tanks

ﬁ

Reactor parameter

Reference Value

Coolant

Spectrum

Reactor power

Net plant efficiency
Coolant inlet/outlet

Eeowe™ | temperature and pressure

Molten Salt
Thermal

1000 MWe
4410 50 %

565 - 750°C (850°C
for hydrogen production)

o ——

Fuel Uranium/Plutonium Fluoride
Fuel cycle Closed
Power Density 22MWith/m®
Moderator Graphite
i
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Sodium cooled Fast Reactor

Reactor parameter

Reference Value

Coolant
Spectrum
Reactor power
Design

Coolant outlet
temperature and pressure

Fuel

Fuel cycle
Average Burn-up
Conversion ratio

Average Power Density

Sodium
Fast
1000-5000 MWth

Pool type
530-550°C, | bar

Oxide or metal alloy

Closed

About 150-200 GWD/MTHM
0.5-1.30

350 MWth/m’

Cold Plenum

Hot Plenum f

Control
Rods

t/

S

=X

Core
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Exchanger

Steam
Generator

Turbine Generator

Seconda
l Sod?um o

-

Pump ~ S

o | .
Sodium-Cooled Fast Reactor

Pri
Sodium
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Super-Critical Water Cooled Reactor

Supercritical-Water-Cooled Reactor




Very High Temperature Reactor

Reactor parameter Reference Value
Coolant Helium
Spectrum Thermal
Reactor power 600 MWth

Coolant inlet/outlet temperature (pressure) | 640/1000°C (depending on process)

Helium mass flow rate 320 Kgfs

Fuel ' UO; in ZrC-coated particles in blocks, pins or pebbles
Fuel cycle Open

Average Burn-up 150-200GWD/MTHM

Average Power Density | 6-10 MWth/m’

P'MI'PF"F irgini Commonwea I'th University
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