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Speakers & topics

o g .4 Australian No Topic Speakers and affiliation
¢ % W I N "AQ Nuclear 1 Opening address Hon Ted O’Brien — Australian Parliament

: A= I
—, \ AUSTRALIA v Association 2 Introduction to Navigating Nuclear Jasmin Diab — Global Nuclear Security
WOMEN IN NUCLEAR Partners
8 How does nuclear energy work? Prof Koroush Shirvan - MIT
organising Committee 4 Nuclear energy in the 21t century Professor Jacopo Buongiorno - MIT
. . . . 5 Radiological risk in perspective Professor Robert Hayes - North Carolina
Dr Dave Collins (Chair), Dr Mark Ho (President, Australian State University
Nuclear Association), Jasmine Diab (President, Women in 6 What would the environmental impacts of | Dr Dave Collins - MIT
. : nuclear energy in Australia be?
Nuc"e?r).’ Dr John Harries (Secretary, Australian Nuclear 7 Challenges and bottlenecks to the green | Professor Simon Michaux - Geological
Association). transition Survey of Finland
8 Australia’s electricity system Dr Sarah Lawley - PhD University of
Acknowledgments : Adelaide :
9 What is the value of nuclear energy? Mark Nelson - Radiant Energy Group
Sincere thanks to the following for their support and advice 10 What happens inside an operating Sai Prasad Balla - MIT
without whom the workshop would not have been possible: nuclear power plant?
Dr Robert Barr, Connor Davies, Prof Julien Epps, Prof 1 Environmental impacts of renewable Steven Nowakowski and Jeanette Kemp -
’ ’ ) . . .
. energy in Queensland Rainforest Reserves Australia
Stephen Foster, James Fleay’ Tony I.rwm, Prof Ed beard’ 12 Current nuclear energy developments Helen Cook - GNE Advisory
Hasliza Omar, Robert Parker, Dr Adi Paterson, Chiara around the world
Scalise, Peter Sjoquist, Dr Tim Stone, Prof Peter Tyree, Darka 13 A discovery that nuclear was nonpartisan | Dr Ross Koningstein - Google
. . . in the USA
de Vries and the speakers and organising committee. 14 How nuclear became green in Finland Atte Harjanne - Finland Parliament
15 Experience and lessons from creating Professor Michael Golay - MIT
Chatham House Rules nuclear safety cultures
The Q&As and the Discussion panel were not recorded Not | Discussion panel Chair: Tony Irwin - ANU
derth d Chatham House Rul recorded
underthe agree atham House Rules. 16 Closing address Dr Adi Paterson — ANSTO (retired)
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How Does Nuclear Energy Work?

Koroush Shirvan

Atlantic Richfield Career Development Professor In
Energy Studies

Department of Nuclear Science and Engineering

Navigating Nuclear May 13 2024
UNSW Sydney
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How people think How Nuclear Power
Nuclear Power works: actually works:

https://www.reddit.com/r/memes/comments/w3u5z6/nuclear_pow
er_plants_are basically just big steam/
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How Does Nuclear Energy Work

* Works by transferring heat to water to create steam that runs turbine-
generator

> All operating reactors today regardless of military or civilian

* Works in a very Carbon Free Manner

» Among lowest life-cycle carbon intensive and pollution emitting
energy sources (Source: IPCC)

* Works in a dispatchable manner where it can meet demand

> In France 70-80% of electricity generation is provided by Nuclear >
proven to be a dispatchable energy source by powering majority of an
industrialized country.

o
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Nuclear Energy Today — Worldwide (2022)

Share of electricity production by source, World

Other renewables

Bioenergy
Solar
25,000 TWh wuRd
Hydropower
20,000 TWh
Nuclear
Qil
15,000 TWh
Gas
10,000 TWh
5,000 TWh Coal
0TWh

1985 1990 1995 2000 2005 2010 2015 2022
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COMMERCIAL NUCLEAR TECHNOLOGY TYPE

* About 440 reactors operating in over 30 countries
» Last 20 years: roughly 100 reactors retired and 100 new reactors built

* Over 160 military Ships are Powered by over 200 Small Nuclear Reactors

* Dominant Technology: Water Cooled (PWR + BWR + PHWR + LWGR)
» Dominant subset: Pressurized Water Reactor
» (Gas Cooled Reactors (GCR) mostly in UK
> Few Fast Breeder Reactors (FBR) in Russia

PWR
BwWR T——

PR — https://pris.iaea.org/PRIS/home.aspx
LWGR HEN
GCR Wm
FBr I
75 150 225 300
I Number of Reactors Net Electrical Capacity, GW(e)

Number of Reactors and Net Electrical Capacity, GW(e)
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Nuclear Reactor Under Construction Today

0 6 12 18 24 30 36 42 43 54 60

I Nt Electrical Capacity, GWie) MNumber of Reactors

https://pris.iaea.org/PRIS/WorldStatistics/UnderConstructionReactorsByType.aspx

* 25 out of 59 from China: No, China is not building every type of reactor!
* All PWRs are large reactors except for 2 (1 China and 1 Argentina)

Large Pressurized Water Reactor is the Past, Present and Future (near term)

I o
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https://pris.iaea.org/PRIS/WorldStatistics/UnderConstructionReactorsByType.aspx

PWR vs. Other Carbon Free Energy
California, USA
| :

Dl Y

NEWS - i';-
chHANNEL 12¢
YOUR HOME TEAM

iis Obispo 1

Diablo Canyon Nuclear Power Plants (2 units)
2256 MWe total (90% Capacity Factor)
1.3 m?/kWe

Ivanpah Solar Thermal Plant (3 units)
400 MWe total (25% Capacity Factor)
37.5 m?/k\We

>100 times less land for the
same generation (kWe-hr)

*Generic Capacity Factors
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6% of AUS Electricity Generatlon
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ARIZONA
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\Waste Water!!!

4,000 acres
16 Mm?
4 m?/kWe

Pale Verde Nuclear
Station in Arizona US
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Nuclear Energy in Desert

* NamePlate Capacity:

3937 MWe (3
reactors)

* 93% Capacity Factor
and ~32,000 GWh
production in past 10

years

* >10% of Australia
Grid (similar to total

wind or solar
generation in
Australia)

® 10 years to construct
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Turbine “Island”

AINMENT SWTcHARD _ _
ING ® Pressurized steam to rotate turbine
(~70x atmosphere at ~300 °C)
TURBINE BUILDING T > In ordf_er to maintain liquid
SO rowane water in PWR reactor we have
nguQy to pressurized water such that
its boiling point is > 300 °C -

reactor pressure is ~150x
atmosphere

CIRCULATING
WATER PUMP
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TYPICAL TEMPERATURE-PRESSURE RELATION FOR WATER

Phase Diagram for H,0

21775 -4 ===
I
I
{

LIQUID
- Normal Q {
g freezing :
8 : I
I
B 1.00 QuE == essmanmmate F'Normal !
" L

o : bo!lmg i
a. SOLI Condenser : point {
0.006 e : '
:.Triple point : VAPOR :
o | A H

0.00 100.00 373.99

Temperature (C°)

https://craigssenseofwonder.wordpress.com/tag/phase-diagram/
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TO
AINMENT e
ING
TRANSFORMER
TURBINE BUILDING
COOLING TOWERS
AND FANS

CIRCULATING
WATER PUMP

Turbine “Island”

* Pressurized steam to rotate turbine
(~70x atmosphere at ~300 °C)

» In order to maintain liquid
water in PWR reactor we have
to pressurized water such that
its boiling point is > 300 °C -
reactor pressure is ~150x
atmosphere

* Heat-to-Electric Efficiency (est.)

» PWR 33% vs. Combined Cycle
Natural Gas 66% (includes both
gas and steam turbines)

* Modern PWR Turbine Island
serves to no nuclear safety role

o
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Nuclear “Island”

* Highly Regulated Industry

» Nuclear Hazard: Reactor is
never shutdown -> engineering
safety systems to remove decay
heat

» Pumps driven by diesel
generators to provide long term
cooling

» Fukushima: these systems were
flooded and resulted in core
partial meltdown contained in
the containment building

LEGEND:
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Modern PWR - AP1000 a5

WATER FILM
EVAPORATION

NATURAL CONVECTION
AIR DISCHARGE

* Water is moved by Gravity toward
the reactor vessel = Eliminating
pumps, diesel generators, valves,

IN-CONTAINMENT
— REFUELING WATER
STORAGE TANK

OUTSIDE COOLING
AIR INTAKE

REACTOR DECAY HEAT GENERATION

SHIELD
BUILDING

STEEL
CONTAINMENT
VESSEL

AIR
BAFFLE

S BRI

TIME AFTER TRIP (SECONDS)

80% taller building and $teel containment
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Addressing Safety through >1990 Designs

* Existing Nuclear is the safest energy source and the upcoming
generation will reduce environmental impact such that we will not have
every 20-30 years an accident. Means a Eukushima-

Type Accident Every

20-%ars

102 ‘ Means a Fukushima-
| - = 1 Type Accident Every

100-1000 years if

l)c 1[]11 ales 1)(1 unit of cluluul\ ]n(]du(uon

1x10°

1x10° ﬁf ‘, — ==
Water & Non-Water I ] 1
107 [ can have similar |

Safety Profile '____r_g_l
1x108 T T

Core Damage Frequency {CDF)

Operating Operating New LWRs New LWRs SMR
OurWorldinDataorg/energy s CC BY PWRs BWRs (Active) (Passive)
e e Example of Large LWR Designs that can

Withstand Fukushima Accident:
AP1000, HI-ABWR, APR1400+, EPR

I o
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Nuclear “Island”

* Highly Regulated Industry

» Nuclear Hazard: Reactor is
never shutdown -> engineering
safety systems to remove decay
heat

» Pumps driven by diesel
generators to provide long term
cooling

» Fukushima: these systems were
flooded and resulted in core
partial meltdown contained in
the containment building

LEGEND:
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Reactor Vessel, Fuel Assembly and
Pellets

About 50% of U.S. Carbon-Free Electricity from 93 Fission
Reactors at 54 sites

® Reactor Pressure Vessel
= 12.5 m Height
= 4.3 m Inner Diameter
= 18 Million Fuel Pellets
® Fuel Assemblies (~200)
= 4 m Height
= 20 cm Width

1 pellet is ~200

gallons of oil or
20,000 cubic feet

of natural gas

I o
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Yellow Cake (U;0)

Pellet

Mine Uranium (Australia

| Conversion

[ UF, Cylinders

=y

e

Fabrication (UO,) Enrichment (Centrifuge)
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UO, ~ 3-5% enriched U-235

* Large power density means very low fuel use and material input.

» 70,000 times more dense than natural gas on energy per mass basis
Major fuels ranked by heat value

108
e Natural uranium in FBR

Nuclear Fission ssinprodu
¢ Uranium enriched to 3.5% in LWR
___——Natural uranium in CANDU
L ]

release of energy . M‘mo\l‘\. .
108 . .
/ ~.Natural uranium in LWR

Naturaluraniumin LWR

l\ssirmbh
.. cl'mln|
s o with U & Pu recycle
. 2 104
Q@
splitting of nucleus i ‘
fission product Hydrogen
102 L] = LPG Black Coals
Natural Gas= * ¢ * e e \. \. Eirewood
.. Crude Qils *
Fission vs. Carbon bt
Few eV . Brown Coals
10
0 1 2 3 4 5 6 7 8 9 10 1M1 12 13 14 15 16 17 18 19 20

200,000,000 eV
>80% of Fission Energy Resides
<50 um of Fuel (<hair

thickness)
22
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Each Ton
takes 0.3
m3 of
volume =2
~5m high
Football
field every
10 years

What about the “Waste”-> Spent Fuel

NUCLEAR WASTE AND ITS DISPOSAL

NUCLEAR POWER WHAT IS NUCLEAR WASTE? TYPES OF NUCLEAR WASTE WASTE STORAGE & DISPOSAL

.

]
435NUCLEAR PLANTS WORLDWIDE
10,500 TONNES OF SPENT FUEL PER YEAR

As of 2019, nuclear power plants operate in 30
countries. Six countries have outright bans on
use of nuclear reactors to generate electricity.

. Operating nuclear power plants . Banin place

10% eecricity

Muclear fuel releases many times more energy
pergram than fossil fuels. Nuclear plants don't
release carbon dioxide while they are operating.

About 3% of spent nuclear fuel consists of
radioactive fission products. In some countries,
the spent fuelis reprocessed to separate the
waste from uranium and plutanium.

SPENT FUEL COMPOSITION .

@ Uranium-238 (95%)
@ Plutonium (19%)

Uranium-235 (1%}
@ Fission Products (3%}

Radioactive waste contains unstable isotopes

of elements which decay and emit alpha, beta

ar gamma radiation. Eventually they decay into
non-radioactive elements.

HALFLIVES: UPTD 32 YEARS

Cs-137 5r-90 Cm-243 Cm-244 Co-60

HALF LIVES: 460-24,000 YEARS
Th-229 Pu-239 Pu-240 Am-241 Am-243

HALF LIVES: 77,000-16,000,000 YEARS
Nb-94 1-129 Cs-135 Te-99 Th-230 Np-237

As wellas the radipactivity produced by nuclsar
waste, it also produces heat as isotopes decay.
This poses issues for storage and disposal.

( LOW LEVEL WASTE (LLW)

) (

90% of all radioactive waste (by volume)
1% of the total radioactivity of all waste

NEAR-SURFACE DISPOSAL )

Cover

Waste packages
LLW is defined as not exceeding 4 giga-
becquerels per tonne (GBg/t) of alpha activity or

Low level waste's radioactivity is usually
12 GBq/t of beta-gamma activity.

compacted into steel canisters and stored in
concrete vaults undergraund, When full, vaults
are sealed, covered and left. They ensure no
significant radiation reaches the surface

(INTERM EDIATE LEVEL WASTE (ILW ))

7% of all radioactive waste (by volume)
&% of the total radioactivity of all waste

( DEEP GEOLOGICAL DISPOSAL )

ILW produces more radiation than LLW, but
doesn't generate as much heat as HLW. It
includes metal fuel cladding.

( HIGH LEVEL WASTE (HLW) ) Disposal vaulis

3% of all radioactive waste (by volume)
95% of the total radioactivity of all waste

Intermediate and high level waste generate
heat and greater levels of radicactivity.
HLW is defined as produring maore than 2
kilowatts per metre cubed of heat due to its
radioactivity. It requires shielding during
transportand cooling before permanent disposal.
Itincludes used fuel and separated waste.

Most countries plan to use deep geclogical
disposal. The rock and soil acts as a barrier to
the radiation. Before this, high level waste is

incorparated into glass and stored for up to fifty

years to allow heat to dissipate.

@ Andy Brunning/Cempound Interest 2020 - www.compoundchem.com | Twitter: @compoundchem | FB: www.facebook.com/compoundchem
This graphic is shared under a Creative Commaons Attribution-NonCommercial-NoDerivatives 4.0 licence

* Above numbers are derived from Water-Cooled Technology

I o
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Development of PWR

* Pressurized Water Reactors have been developed for
“submarine” propulsion (Westinghouse)

* First “full-scale” prototype
STR Mark-1, 1953.

*® First Nuclear submarine
“NAUTILUS”, 1955.

* Shippingport — 1957 (68 MWe) first commercial PWR

o
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SCHEMATIC OF A NUCLEAR SUBMARINE

o OR COMPAR
PRIMARY CIRCUIT : SECONDARY CIRCUIT
PRESSURIZER STEAM :
GENERATOR ¢
, ‘ i THROTTLE ELECTRICAL
DA MAIN PROPULSION MOTOR
X 4D - TURBINE
; é{
TURBO _ S \
GENERATOR A I \
1 -~ ° REDUCTION \
! = GEARING
— CLUTCH 15 —
3 ' el A
I THRUST
+ | MOTOR GENERATOR (Y BLOCK \
' AC oc _— \
- (T
- |
BATTERY
i MAIN
REACTOR
' CONDENSER
'
MAIN COOLANT PUMP '

UK nuclear submarine layout

https://world-nuclear.org/information-library/non-power-nuclear-applications/transport/nuclear-powered-ships.aspx
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Small Modular Reactor Designs: All PWRs
except for One (BWRX-300 by GE-Hitachi)

| swr300 |

Lead: ' | (Holtec)

eading M Ap300 |
US SMRs: 1l 7] I (Westinghouse)

Natural el g i;i Are Forced I

i i iy : N Circulation
Circulation 3 BWRX-300 (GE-Hitachi) { j s L Circulation
& Forced >

NuScale (Fluor)

Nuward™
(EDF) [2030s]

Leading
International
SMRs:
Forced - o
Circulation UK SMR ACP100
(ROLLS ROYCE) [2030s] (CNNC)

[late 2020s]
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Advanced (non-Water) Reactors

Technologies that were demonstrated in the past and are being revisiting due
to rise in interest and support to nuclear - Fundamentally no innovation

Replace water with Helium
Replace UO2 pellets with
TRISO particles

Steam
Generator

Diameter 60mm

Fuel Pebble

Pebble fuel
elements

C O r e UCO Kernel: 0.425mm
ke e Porous. Carbon Buffer: 0.095mm Diameter 0.845mm
' Inner Pyrolytic Carbon Layer: 0.04mm TRISO Coated
p o E Al Silicon Carbide Layer: 0.035mm Particle
u t et | n 4k Tomil ™ Outer Pvrolvtic Carbon Laver: 0.04mm
1f |ep

Reactor

550°C

X-energy’s Xe-100__4 gtjﬁgl
80 MWe -
High-Temperature Gas Reactor
Part of U.S. Planned Demonstrations

Replace water with lead (Pb)

Fuel Sphere
(Diameter = 60mm)
-Section

Replace UO2 with UN pellets

500°C
Steam
Outlet

=

BREST300 (Lead Cooled Fast Reactor)
construction started June 2021 and scheduled for
2026 start to support fuel recycling.

I I I I I Massachusetts Institute of Technology
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Gen I+ and Gen IV vs. Gen I/l

Gen 1I/111

Containment

Reactor Vessel

Fuel Cladding :>

Traditional PWR

Gen HH+/1V

Reactor Building

Reactor Pool

Site Boundary EPZ

o«
::> ] Applicable to all mature GENIII+ and GENIV

+ Passive Safety Reactors

+ Additional Fission Product Batrriers
+ SignificantlDelay in Release of Radiation

Containment

Reactor Vessel

Fuel Cladding

NuScale Plant

Methodology to Reduce EPZ is Approved by U.S. Nuclear
Regulatory Commission for NuScale (Water-Cooled SMR)
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Why No “Advanced” Reactors

* New Fuels Qualification Timeline ~20-30 years
* New Nuclear Structural Materials Qualification Time line ~10-20 years

* Energy Market demands new nuclear now to next 10 years

> Vendors have to pivot to what has worked in the past (Terrapower,
Oklo, X-Energy, Westinghouse, GE-Hitachi are recent examples)

* Solution:

» Alternative technologies to advanced reactors: Focus on Large LWRs
by replicating Korean, Chinese and Japanese Construction Experience

> Establish performance based Regulation - Understand the value of
nuclear to energy market and society

> Establish R&D capability for component testing and qualification.

o
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How Does Nuclear Energy Work

* Works by transferring heat to water to create steam that runs turbine-
generator

> All operating reactors today regardless of military or civilian

* Works in a very Carbon Free Manner

» Among lowest life-cycle carbon intensive and pollution emitting
energy sources (Source: IPCC)

* Works in a dispatchable manner where it can meet demand

> In France 70-80% of electricity generation is provided by Nuclear >
proven to be a dispatchable energy source by powering majority of an
industrialized country.

o
I [ I ]| Massachusetts Institute of Technology 30



Backup Slide Cost

o
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LAZARD

LAZARD'S LEVELIZED COST OF ENERGY AMALYSIS—VERSION 15.0

Levelized Cost of Energy Comparison—Unsubsidized Analysis

Selected renewable energy generation technologies are cost-competitive with conventional generation technologies under certain circumstances

Solar PY-Rooftop Residential
Solar PV-Roofiop C&I
Solar PV=Community

Solar PV-Crystalline Utility Scale'

Renewable Energy

Solar PY=Thin Film Utility Scale™
Solar Thermal Tower with Storage
Geothermal
Wind
(Gas Peaking ™
MR N

( Nuclear™ )

Conventional SN -
|

Coal

Gas Combined Cycle ™

$0

sizs [ s
ss [ s
526 - 550 #5832
Existing Fleet s I > Based on Vogtle,
O‘( soot. | Georgia AP1000s
;— (First-of-a-kind)
545-5?4’:::' & 5129

$25 $50 §75 $100 $125 $150 $175 $200 $225 $250 $275
| Levelized Cost (S/MWh) |

Gas, Solar PV (Utility Scale), Geothermal and Wind are all Cheaper than Nuclear
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LAZARD

LAZARD'S LEVELIZED COST OF ENERGY AMALYSIS—VERSION 15.0

Levelized Cost of Energy Comparison—Unsubsidized Analysis

Selected renewable energy generation technologies are cost-competitive with conventional generation technologies under certain circumstances

Solar PY-Rooftop Residential
Solar PV-Roofiop C&I
Solar PV=Community

Solar PV-Crystalline Utility Scale'

Renewable Energy

Solar PY=Thin Film Utility Scale™
Solar Thermal Tower with Storage
Geothermal
Wind

(Gas Peaking ™
-~
( Nuclear™ )
Conventional SN -
Coal ®

Gas Combined Cycle ™

$0

s [ s« Gas, PV and
$28 . §37 Wind have 20-40

$126 - $156 year life
s [ =
§26 - §50 5830
Cost After 20 «o [ **  Based on Vogtle,
Years o | - Georgia AP1000s
« I (First-of-a-kind)
545-5?4’:::' & 5129

$25 $50 §75 $100 $125 $150 $175 $200 $225 $250 $275
| Levelized Cost (S/MWh) |

Over 75 Years: FOAK Nuclear $65/Mwhre (Starting to be competitive)
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Will Value of Intermittency Be Considered

Levelized Cost of Energy Comparison—~Cost of Firming Intermittency

The incremental cost to firm!" intermittent resources varies regionally, depending on the current effective load carrying capability ("ELCC")®
values and the currant cost of adding new firming resources—carbon pricing, not considerad below, would have an impact on this analysis

LCOE v16.0 Levalized Firming Cost (S/MWh)™

325 -
m [ 7T TTTTTTTTTommmmmsmmmossommmssommssssmooosmmooeoes Gos Peing LCOE viL Y
- (5115 — SI2MWR) |
=] 175 4 "
i 50 141
& $126 - a2
Ig 5 i §102 $110 #
g N (oo e e - - ——— ] L e e o P e e e m =
T e a7 w7 Gas Cambined Cycle &
o - 1 s LCOEvIB0 (520
g ™ L (3] o £77 ﬂﬂi.“!h_l-i
=1 5 4 s £42 530 562 LEE H
= h - - - - . §4T — “ga3- = s - = - - - = = o .
& 835 £33 a7
s =
0 || o] || || || il || || |
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* MISO, CAISO, SPP, PJM are different regions of U.S.

» $65/MWhre

(Even FOAK
Nuclear can
be
competitive
in the long
run with
access to
financing)

Massachusetts Institute of Technology 34



	Slide 1
	Slide 2
	Slide 3: How Does Nuclear Energy Work?
	Slide 4
	Slide 5: How Does Nuclear Energy Work
	Slide 6: Nuclear Energy Today – Worldwide (2022)
	Slide 7: Commercial Nuclear Technology Type
	Slide 8: Nuclear Reactor Under Construction Today
	Slide 9: PWR vs. Other Carbon Free Energy California, USA
	Slide 10: 6% of AUS Electricity Generation
	Slide 11: Pale Verde Nuclear Station in Arizona US
	Slide 12: Nuclear Energy in Desert
	Slide 13: Turbine “Island”
	Slide 14: TYPICAL TEMPERATURE-PRESSURE RELATION FOR WATER
	Slide 15: Turbine “Island”
	Slide 16: Nuclear “Island”
	Slide 17: Modern PWR – AP1000
	Slide 18: Addressing Safety through >1990 Designs
	Slide 19: Nuclear “Island”
	Slide 20: Reactor Vessel, Fuel Assembly and Pellets
	Slide 21: Pellet
	Slide 22: UO2 ~ 3-5% enriched U-235
	Slide 23: What about the “Waste” Spent Fuel
	Slide 24: Development of PWR
	Slide 25: SCHEMATIC OF A NUCLEAR SUBMARINE
	Slide 26: Small Modular Reactor Designs: All PWRs except for One (BWRX-300 by GE-Hitachi)
	Slide 27: Advanced (non-Water) Reactors
	Slide 28
	Slide 29: Why No “Advanced” Reactors
	Slide 30: How Does Nuclear Energy Work
	Slide 31: Backup Slide Cost
	Slide 32
	Slide 33
	Slide 34: Will Value of Intermittency Be Considered

