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Nuclear and its Role in a

Carbon Constrained World

What is Nuclear Energy and Who's got it?
Nuclear Energy as a Low Carbon Energy Source
Current Practice with Generation 2 and 3 Reactors
Near future with Small Modular Reactors - NuScale
Dealing with Used Fuel and Gen IV reactors

A solution to Australia’s energy security and emissions
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1. What is Nuclear Energy
and Who’s Got It?
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A 1000 MW(e) plant requires the following number of
tonnes (t) of fuel annually:

Very high Power intensity for
Nuclear Reactors

e 2,600,000 t coal: 813 trains (3200 t each)
e 2,000,000 t oil: 10 super tankers

e 30 t uranium: reactor core (10 cubic metres)



236.053 amu in — 235.867 amu out
0.186 x C?=172.57 MeV + 26 MeV delayed
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2 or 3 neutrons per fission control rod

e.g. 1n+ 235U- 137Cs+ %Rb+ 3neutrons



The 264 fuel
rods are bundled
with grids, and
the fuel
assembly is
equipped with
top and bottom
nozrzles,

4 A cladding tube
contains about 400
pellets with both
ends plugged.
Those pellets are
fixed with springs.

Pallet

Pressurized

water reactor
(PWR)

A Uranium
powder is baked
into the pellet
form in a
cylindrical shape.
About five grams
of the pellet can
produce
electricity that
could support a
normal
household life for
six months.’
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Weight: Approx. 700 kg I
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Muclear power plant
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French nuclear programme. %
58 nuclear power plants in 22 years
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2. Nuclear Energy as a Low
Carbon Electricity Source
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Materials Intensity of generating plants
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What does renewable really mean?
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Electricity generation and health
Anil Markandya, Paul Wilkinson, Lancet 2007; 370: 979-90
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Figure 10.2 Nustraive Comparizon of Life-Cycle 649G Emizsions of Various Fledricity Generation Technologies®
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German vs French Emissions

How is Germany's Specific Carbon Intensity of Electricity changing as its
Energiewende Progresses? Daily values of SpC0O2 from 2011-2016
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Daily German electricity production data from Fraunhofer ISE. Hourly French electricity productionfrom RTE-France. Calculation of German Specific Carbon Intensity uses values of
1100z, 950g, 350z, and 383g of CO2 per kWh for lignite coal, hard coal, natural gas, and biomass [respectively). Calculation of French Specific Carbon Intensity alculated by RTE-France.
Mark Nelson
mwn3325@gmail.com

Angela Merkel, 22 January 2019 : " When we participate in conferences on the climate,
Emmanuel Macron has a small advantage over me because he has so many nuclear power

plants that he emits very little CO2 "
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Humanity’s

Nuclear Power has proven to be

Fastest Tool for Decarbonisation
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Source: World Bank & BP Statistical Review, picture by Car Hellesen



3. Current Practice
Generation 2 and 3 Reactors
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Early
prototypes

. Galder Hall (GCR)
» Douglas Point
(PHWR/CANDLU)
- Dresden-1 (BWR)
- Fermi-1(SFR)
+ Kola 1-2 (PWR/VVER)
- Peach Bottom 1 (HTGR)
- Shippingport (PWR)
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Evolution of Reactors
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power stations

Generation Il / lll+ Generation [V
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» Fukushima Il 1-4 (BWR)
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(AECL CANDU PHWR) S ;&W ::,':)i;r :33;““ reactor
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- APR-1400 (KHNP PWR) 0l reactor
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Shin Kori Units 1 and 2

near Busan in South Korea
2 X 997MW OPR1000 Nuclear Power Plants




General Plant Data
Electrical Power Output
Gross/Net 1,050 / 1,000 MWe
Thermal Power 2,815 MWth
Design Lifetime 60 years
Seismic Design Basis SSE 0.3g

APR 1000
Design Features

Turbine

Number 1 High Pressure and 3 Low pressure
Type 6 Flow, Tandem Compound

Speed 1,800 rpm

Reactor Core

Active Core Length 3,810mm

Equivalent Core Diameter 3,120mm

Average Linear Heat Rate 17.26 kW/m
Number of Fuel Assemblies 177, 16 x16 array
Number of Control Element Assemblies 73
Fuel Cycle Length 18 — 24 months

Reactor Coolant System
Number of Coolant Loops 2
Operating Pressure 15.52 mpa
Coolant Inlet Temperature 296 C
Coolant Outlet Temperature 327 C



Near future

Small Modular Reactors

NuScale

18
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Reactor Building

Fuel Handling Machine

Reactor Building Crane i

Module Inspection Area

1 =
Spent Fuel ‘
Pool
Spent Fuel Storage Racks
Reactor Flange Tool Containment Flange Tool
» Spent fuel pool has capacity to store: « Module assembly equipment
— 10 years of spent fuel _ reactor module
* Spent fuel storage racks assembly/disassembly

— Seismic Category |

— high density design

— neutron absorber material for
criticality control

— refueling core
— loading dry storage cask

19



Stable Long-Term Cooling Under all Conditions

Reactor and nuclear fuel cooled indefinitely
without pumps or power

No Pumps « No External Power « No External Water

Transition to
long-term air

cooling
(> 30 Days)

Decay heat
removed by

containment
(30 Days)

Decay heat
removed by

steam generators
and DHRS

(3 Days)

DHRS -
Decay
Heat
Removal
System

)

DECAY POWER (MWt)

Y
-__ S
TIME = 1sec 1 hour 1day 3days 30 days Indefinite

* Based on conservative calculations assuming all 12 modules in simultaneous upset conditions and reduced pool water 20
inventory



4. Dealing with used fuel
and Gen IV reactors
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Disposal facility above and under ground
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Actinide partitioning and

Transmutation
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= Closed fuel cycle

o Closed fuel cycle

Lead Fast Reactor

Very High Temperature Reactor | &/dllel-EEFERTE
Super Critical Water Reactor Moften Salt Reactor

Recognition of the major potential of fast neutron systems with closed fuel cycle 24
for breeding (fissile re-generation) and waste minimization {minor actinide buming)




cuum BNS8OO - Fast Breeder/Burner Reactor

Power (thermal) 2100 MW,
Power (electric) 789 MW, net, 885 MW, gross

25
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Graphite reflector

Pebble bed

High Temperature Gas Cooled reactors — Pebble Bed

FUEL ELEMENT DESIGN FOR PEMR

~18 Meters

Helium Flow Path

» e

Reactor
~5 Meters

5mm Graphite layer

Coated particles imbedded
in Graphite Matrix

Dia. 60mm

Fuel Sphere
Section
Dia. 0,92mm
TRISO _
Coated Particle  Unanim Doxde
Fuel Kernel
HTR-PM

Steam Generator

2 units at Shidao Bay NPP in China
Pebble Bed Reactor

110 MWe output per unit

Low power density, Meltdown proof
Self limiting reactor with no
emergency core cooling required

26
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5. A solution to Australia’s energy
security and emissions reductions
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The Costs of Decarbonisation:System Costs with High Shares of Nuclear and Renewables
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Figure 15. Average price of electricity as a function of
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Source; Based on Sepulveda, 2016.

The Costs of Decarbonisation:System Costs with High Shares of Nuclear and Renewables
© OECD 2019NEA No. 7299 NUCLEAR ENERGY AGENCY / ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT
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Figure 17. Optimal capacity mix for two main pathways as a
function of the carbon target - ERCOT
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Nuclear Replaces Coal with
20 Nuclear Power Plants

Coal to Nuclear Conversion Programme Stage 1
Max Deficit 3.32GW in 2028
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f A Renewables — 82% NEM Energy
st /' 45GW Solar PV, 20GW 0OCG, 3GW Hydro, 37GW Wind
5GW Pumped Storage for 2 days = 240,000MWh , 130gr CO2/kWh
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Nuclear — 82% NEM Energy

4GW Solar PV, 6.5GW OCG, 3GW Hydro, 20GW Nuclear,
5GW Pumped Storage for 2 days = 240,000MWh 50 gr CO2/kWh

O Load MW

" Renewable
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\l | ™ Unsupplied
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Modeled range of National Electricity Market energy
schemes versus carbon emissions
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https://nuclearforclimate.com.au/

0 N L I . The Australian Nuclear Association

http://www.nuclearaustralia.org.au/
CAN PREVENT
CLIMATE CHANGE y
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Fukushima Province Radiation

Measurements | took in 2017

Fukushima Province visit May 2017
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