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"ENERGIEWENDE" “NUCLEAR AND RENEWABLES
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Myth: A green transition
Direct primary energy consumption does not take account of inefficiencies in fossil fuel
production.
O Relative . . o
Very little improvement (1.5%)
Modern biofuels
Other renewables
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Nuclear
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Source: Vaclav Smil (2017) and BP Statistical Review of World Energy OurWorldInData.org/energy » CCBY
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Myth; Nuclear is expensive
5,000
$2.3 trillion for solar
Solar =
B Wind and wind generation
4,000
B Nuclear
=
2 3,000
< $1.9 trillion for
& nuclear generation
2 2,000
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IP."‘IEEE{,S.SI Sources: BF Statistical Review, 2019; Nelson et al., “Power to Decarbonize,” EF, 2017, based on BNEF (solar/wind) Lovering, et al, 2016, Energy Policy
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@ But isn’t wind cheaper than nuclear?

Net electricity generation in Germany in week 2 2021
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e Large capacity but low production

NTNU
by source oew  wow  wew  scw * 1N 2000, Germany had
nuclear 121 GW capacity,
geothermal generating 577 TWh
- F_i_ * In 2019, it produced
Situation in coa | jUSt 5% more (607

German grid wind

on 2020-12-10 solar TWh) with an 80%

higher installed

|
hydro [ ]
hydro storage [ | capacity (2 18.1 GW)
batierystarage * It had two generating
gas [ systems at huge costs
oil | .
I — Expected to cost

6,000 bn Euros

https://www.electricitymap.org/zone/DE

| Source: Smil, V. (2020). "Energiewende, 20 Years Later."

I I |
3:00 PM 9:15 PM 3:30 AM 9:45 AM Now IEEE Spectrum 57(12):pp.22-23.

8 Expansion (ENTSOE) does not help

NTNU
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NTNU

Expansion glves area confllct

Rancho Seco nuclear (1975-1989) - 913 MWe
Consumnes fossil gas Wl (2006-now) - 600 MWe
Rancho Seco solar @ (2016-now) - 11 MWe

Rancho Seco Nuclear,

Vi U&nerating Station

\ af BUT we need

' B min 4 such areas
@ or balancing
power

e Correct LCOE

NTNU

 Electricity comes with a certain quality — RAM;
— Reliability
— Availability
— Maintainability

« Comparison between technologies requires
comparable RAM otherwise opportunity costs
are transferred to others in the system

 Renewable energy requires balancing power —
in 26 OECD countries this is gas
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LCOE [USD/MWh], IEA (2020)
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Source: Emblemsvag, Jan. (2021) Safe, Clean,
Proliferation Resistant and Cost-Effective
- Thorium-based Molten Salt Reactors for
Levellzed ‘ ost Of Ener Sustainable Development. International Journal
of Sustainable Energy.
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S1  Hinkley Point C is instructive

NTNU
Hinkley Point C nuclear power plant . Expensive
price breakdown .
Construction cost fl na nClng
17 €/MWh
| e 100 bn Euros
nterest
73 €/MWh Fuel fabrication

7 €/MWh in prOfltl
* New reactor

Operating and

maintenance design (EPR)
11 €/MWh
Waste fund Source:
2 €/MWh + National Audit Office (2017).
Hinkley Point C
Decommissioning fund *Joris van Dorp;
3 €/MWh https://medium.com/generation-
Price paid per MWh for power generated during first 60 years is assumed equal atomic/the-hinkley-point-c-case-is-
to the CfD Strike Price (113 €/MWhin 2019 prices). nuclear-energy-expensive-
i f89b1aa05c27

B Offshore wind vs Nuclear

NTNU

Offshore wind; Nuclear (AP1000);
» 8 years construction time « 5 years construction time
« CAPEX is 30 MNOK/MW « CAPEXis 19 MNOK/MW

» Ca 50 bn NOK per » Ca 30 bn NOK per
offshore wind power plant nuclear powerplant

« 7.0 TWhl/year for 25 years « 8.5 TWh/year for 60 years
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@ Floating offshore wind (2020)
thejapantimes

BUSINESS

¥60 billion wind power project off Fukushima to be
dismantled

O Myth; A lot of people has died

NTNU

Death rates from energy production

Death rates from energy sources is measured as the number of deaths from air pollution and accidents per
terawatt-hour {TWh) of energy production.

Brown coal

Coal

Oil

Biomass (incl. air pollution) - 4.63
Gas - 2821

Nuclear (Markandya & Wilkinson (2007)) | 0.074

18.43

Wind | 0.035
Hydropower | 0.024
Solar | 0.019

Biomass (excl. air pollution) | 0.016

[ Nuclear (Sovacool et al. (2016)}  0.01 ]

Biofuels  0.005

0 5 10 15 20 25 30

Source: Markandya & Wilkinson (2007): & Sovacool et al. (2016) CCBY
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O Myth; Nuclear generates a lot of waste

NTNU

* All nuclear waste ever
produced in the US fits on a
football field, 50 feet high

* Over 90% of the energy is left
e (Ca 250,000 TWh

* (Ca 300 years of production
with the current mix of the US
grid

NTNU

—
=

aste storage

—————————— = * Swiss central storage

" ¢« 99,5% of the radiation
is found in 10.2% of the
material

* |n 2018, there was
2,355 m3 material from
which Switzerland had
produced 2,667 TWh

- S & . bytheendof2018
With Gen IV technolgfgy'i‘ * In 2075, there will be
i == 9,200 m3 (213)

* Gen IV would have
given 100,000 TWh

Zwilag in Switzerland
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Waste storage (2)

* After 40 years, only 1 permille of radioactivity is left
* Yet, rules mandate storage for thousands of years

* The costis included in the production costs of nuclear
power plants

* Nuclear waste is extremely valuable, which is why
intermediate storage is used

* Gen IV reactors can use this ‘waste’

© Myth; Nuclear radiation is a problem

B Natural Sources
B Artificial Sources
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B Fact; Low footprint and no emissions

18000
B Cement [ Concrete

— Glass B Steel
= 24 Other
é 13500
i
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.‘6 .
@ 4500 The nuclear materials
s does not even show up!

Solar PV Wind Geothermal

Energy Source

a . Technology Review: An Assessment of Energy Technologies and Research Opportunities,” Table 10. September 2015,
iV iNT AL Unitea States Dapartment of Energy. Nuckear and hydno require 10 tonnesTWh and 1 1onna/TWh of other materials, respsctively, bat
PROGRESS 8re uUnabis 1o be labeled on the graph.

@ Fact; Nuclear is renewable!

e Thereisca4.6 bn
tonnes (3.3 ppb)
uranium in seawater

* The earth rocks contain
ca 100,000 bn tons
uranium which
replenish the oceans at
16,000 tonnes per year

i

L -“a
; S
-

Extraction using old yarn

Source:

https://www.forbes.com/sites/jamesconca/2016/07/01/uranium-

22 seawater-extraction-makes-nuclear-power-completely-renewable Source: https://www.pnnl.gov/news/release.aspx?id=4514

11
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China plans to build 9 GW/year

NUCNET.ORG

China / Beijing ‘To Start Construction’ Of Facility For
Extracting Uranium From Sea :: NucNet | The Independen...

8 Fuel recycling is also possible

NTNU

LWR Fuel

ore Enrichment Fabrication * 100 times more energy
extracted

... * Ensure inexhaustible supplies of

i low-cost uranium resources

Minimize the risk that used fuel

would be used for weapons

& % production

Seaeac e Markedly reduce the amount of
waste and the time to store it

e * Reduce storage time to about
ycle Reactor
* Liquid Metal Fast Breeder Reactor I\ 300 years

* Molten Salt Breeder Reactor &
ecycle Fuel
* Molten Salt Fast Reactor Fabrication
e Etc
Source: ANL (2018). Pyroprocessing Technologies: Recycling used Nuclear Fuel for a Sustainable Energy Future.

Lemont, IL, US Department of Energy, Argonne National Laboratory (ANL)
https://www.anl.gov/sites/www/files/2018-2010/Pyroprocessing_brochure 2018.pdf.

Extend Uranium
Resources

Recycle Used
Uranium

Separations

Argonne’s comprehensive vision for an
expanded, sustainable nuclear energy system

12
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Spin-offs are interesting

o
Powar

Primary |
Heal Rejechon

Power for
Electiolysis

- i }

(=

= = = X

) — -

f =1 o
Heat jﬂf
Exchanger Exchanger

Hydrogen Production

A 1000 MW reactor produces ca 8.2 TWh/year and its

(Thermechemical) Hpdwgan

Electricity
production
for grid
AND/OR
hydrogen
production
AND

thermo-
chemical
hydrogen

comersionunic waste heat can produce ca 200,000 tonnes/year hydrogen prOd uction

Key-points from history

1. Massive disinformation about realities

Some traditional reactors have issues, BUT they are far
less than what is commonly believed

3. Traditional nuclear reactors are safer and cheaper than
almost all other power sources

Nuclear power is renewable

5. Nuclear power offers realistic options for an array of
largescale, zero emission applications such as hydrogen

13



BUT MODERN NUCLEAR POWER
(4TH GENERATION) HAS ELIMINATED
THESE RISKS AND
IT BURNS NUCLEAR WASTE AND
GENERATES UP TO 100 TIMES MORE
ENERGY!

From Generationl to IV

Genaration I
[ — Generation 1
Early Profotype [ ] Generation III
Commercial Power O onetionm +
- Py— B | GeneraionIV
LWRs
Evoluborary
Designs Offering - Highly
Improved Economical
Economics for Enhanced
Near-Term Safety
Waste
LWR-PWR, BWR . Prokferation
: - Sysiem B0+ .
CANDU Resistnt
AGR
T G| G CTL
1950 1960 1970 1980 1990 2000 2010 2020 2030

e: IPCC - https://archive.ipcc.ch/publications and data/ar4/wg3/en/figure-4-9.html

3/11/2022
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Not

Nuclear innovations are many scale

67 different Small Modular Reactors (SMR) under
developmentin 2020... here are 17;

Czech Republic International Japan South Korea

nnnnn

Canada

‘ Indonesia

Source: Advances in Small Modular Reactor Technology Developments. A Supplement to: IAEA Advanced Reactors Information System (ARIS). 2020 Edition

Introducing the
Bl Molten Salt Reactor (MSR)

* The MSRis a liquid, chemical device and
not a mechanical device based on fuel
rods as in traditional nuclear reactors

* An MSR operated perfectly between
1965 and 1969 at 7 MWth

* 80% uptime!

« MSRis ideal due to scalability, safety,
simplicity and costs

e The breeder versions can become over
100 times more effective than current
nuclear plants

15
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light water reactor Fuel-rod are replaced after only

5-8% of energy is extracted

uranium-235 is burned;
some plutonium-239 is
formed and burned

250 tons of
uranium centaining
1.75 tons of

uranium-235 215 tons of depleted

uranium-238 (0.6 tons
of uranium-235)

Source: Hargraves, R. and R. Moir (2010). "Liquid Fluoride

Thorium Reactors: An old idea in nuclear power gets

reexamined." American Scientist 98 (July-August):pp.304-313.

—en—

35 tons of spent
fuel stored containing:

33.4 tons of uranium-238

@
0.3 tons of uranium-235

240 000 yrs — 6

1.0 tons of fission products

2
L 0.3 tons of plutonium

——®

in 10 years, 83 percent of
fission products are stable

1 ton of thorium fluoride reactor 1 ton of
converts thorium-232 to fission
uranium-233 and burmns it products

More than 99% of energy is extracted!

17 percent of fission
products are stored for
approximately 300 years

—_

0.0001 tons of plutonium

Why was development stopped?

e Itas Cold War

* The LWR was more
developed

* Needed for submarines

* The USA needed
plutonium and uranium for
bombs

* ORNL / Weinberg did not
work politically

16
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B Then came 9/11...

NTNU

* We need a safe,
non-proliferation
technology

* “The most
promising path
forward is to
return to the road
not taken 50 years
ago” — Newsweek

NTNU

8 All MSRs are walk-away safe!

1. Inherently el
stable L F:f At 1 AT | B S
(negative SN e e
reactivity) ? S ‘ i

2. Fuelis already | ‘ | L

melted — l _ 1iss

cannot boil e

3. Atmospheric i
pressure
prevents
explosions

Freeze plug

5

G R i

Cut power and it melts

17
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‘0] The reactor design is more important
than the fuel type

* Nuclear power is 95% nuclear engineering and 5%
nuclear physics (H. Rickover)

* Fuel;
— MSR works with uranium
— MSR works with thorium

— MSR works with TRU (trans-uranium elements, i.e. > 92) —
nuclear rest material

* Major reactor design types;
— Once through fuel cycle — chemical (re)processing offline
25 — Closed loop fuel cycle — chemical (re)processing online

Dramatic reduction of waste

Total usage of nuclear material for 1000 MW over 200 years
[tonnes]

40 000
30 000
20 000 73% reduction
98% reduction
o s 4
0

Light Water Reactor Denatured Molten-Salt Liquid Fluoride
(LWR) Reactor (D-MSR) Thorium Reactor (LTFR)

Source: Moir, R. W. and E. Teller (2005). "Thorium-Fueled Underground Power Plant based on Molten Salt Technology." Nuclear Technology 151(9):pp.334-340.

18
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Not

scale

Development of MSR today

LIV D] i
il EMM&HMMN Molten Salt Reactor } %
* Integrated MSR —
e 195 MWe
* 56 years life-span
* 7 years service-life

* Heavy Water MSR
* 100 MW(th)
* 3-5years life-span

. * Continuous service-life
* Th+LEU +  TRU (Waste burner)
* Basic design «  Conceptual design
* Canada +  Denmark

*  Smal Modular MSR
e 168 MWe
* 60 years life-span
* 10 years service-life
e Th+LEU
*  Pre-conceptual design
e China

*  ThorCon (Denatured MSR)
200 MW(e)

* 80 years life-span

* Continuous service-life

e Th, Puand LEU

* Basic design completed

e USA/Indonesia

Source: Advances in Small Modular Reactor Technology Developments. A Supplement to: IAEA Advanced Reactors Information System (ARIS). 2020 Edition

Not

O Development of MSR today (2) cenle

* Modular, pebble bed, high
temperature, salt-cooled reactor

¢  Molten Chloride Salt
Fast Reactor

Defueling wells (2)
Hot leg nozzle (1)
Vessel outer lid
Vessel inner lid
Support skirt

DHX wells (3)
Shutdown blades (8)

140 MWe
20 years life-span

50/200/400/1200 MWe
40 years life-span

* Continuous Continuous

* U (TRISO) U /Pu

* Conceptual design Conceptual design
e USA

Fluoride-salt-cooled high
temperature reactor (FHR)
100 MWe

60 years life-span

Control rods (8) .
Outer r‘:il:; reflector * Co nt Inuous
Center radial reflect
Croghils bkt peles * U (TRISO)
o +  Pre-Conceptual
38 Lower reflector support . USA

19
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Accelerating advanced reactor

demonstration and deployment

Natrium Reactor
TerraPower & General Electric
2028

o

TerraPower’

@‘ HITACHI

Hermes
Kairos

MARVEL
DOE
2022-2023

o

Shannon M:"Bragg-Sitton

Project Pele Microreactor
DoD
2023-2024

o

o

DOME Test Bed ¢
NRIC -
2023-2024

MCRE !?j Kairos Power 2026 Xe-100
Southern Co. & TerraPower e
2025 o X-anergy
e e 2027
TerraPower
34 energy

A, Southern Company

o

Aurora
Oklo Inc.
TBD

o

o £Xo0KkLO

LOTUS Test Bed
NRIC

2024

& NRIC s,

19

IES

ntegrated Energy Systems

The Dragon from CERN

NTNU
Thermal power 3000 MWth
Mean fuel salt temperature | 750 °C
Fuel salt temperature rise in 100 °C

the core

Fuel molten salt - Initial
composition

77.5% LiF and 22.5% [ThF +
(Fissile Matter)F,] with Fissile
Matter = 233 /[ ewichedy) [ pyu+MA

Fuel salt melting point

565 °C

Fuel salt density

4.1 g/em?

Fuel salt dilation coefficient

8.8210%/°C

Fertile blanket salt - Initial
composition

LiF-ThF, (77.5%-22.5%)

— 1500 MWe/13 TWh

Three circuits:
Fuel salt circuit
Intermediate circuit
Thermal conversion circuit

Pumps and
heat exchangers

Generator

Fertile blanket -

Liquid fuel —

it

[Breeding ratio (steady-
ktate)

11

Total feedback coefficient

-5 pem/K

Core dimensions

Diameter: 2.26 m
Height: 2.26m

Storage and
processing areas

Storage and
processing areas

Fuel subcritical storage area

Fuel salt volume

18 m? (% in the core + 12 in
the external circuits)

Blanket salt volume

7.3 m?

Total fuel salt cycle

39s

Electrical
Power

-
Heat

Sink

T

Source: E. Merle-Lucotte. Introduction to the Physics of the Molten Salt Fast Reactor. Thorium
Energy Conference 2013 (ThEC13) — CERN, Geneva.

20
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MSR is cheaper than coal
(before CO, taxes)

Item 1978% 2000%
Direct costs, M$ MSR | PWR | Coal MSR PWR | Coal
Cost/kWh, ¢/kWh

Capital 0.83b [0.85b [0.65b [2.01b [2.07b |1.58b
O&M 0.24c | 047d [033d [058c |[1.13d |0.80d
Fuel 046c |[031le [0.71f |1.11c |[0.74e |1.72f
Waste disposal 0.04g |0.04g [0.04d [0.10g |[0.10g |[0.09d
Decom 0.02¢ | 0.03d | -- 0.04c |0.07d |-
Total 158 |169 |173 [384]) |41l

Ca 30 gre/kWh

Source: Moir, R.W. (2002). "The cost of electricity from Molten Salt Reactors (MSR)." Nuclear Technology 138(1):93-95.

The way forward

* The technology readiness-level for the
thorium-based MSR is in the early
demonstration stage

» Chinais testing a small reactor now

» Work is required on;
— The materials for piping and pressure vessels
— The chemical cleaning process of the salt
— Political front

21
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Norway'’s ‘contribution’...

We are going to spend
21 bn NOK on 16,500
kg radioactive ‘waste’
BUT; Why not use it as
start-fuel in a new,
modern reactor AND
fund the research for
more than a decade?
Work with the other
Nordic countries?

We have thorium

65"(3'0""

60 ’Dl'O"N

A
.TRON'DHE M

.BE RGEN
OSLO
-

AL Legend
AL
A Location of Th enrichment

=  Locality

T
B5°00"N

T
60°00°N

10°00°E 20°00°E

* Estimates range
from 87,000
tonnes to 320,000
tonnes

* 2,000+ years!

* |nitial estimates
are often wrong

* Extract Thorium +
REE + phosphate

* Uranium from the
sea

22
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BUT; we need to act

There are risks and costs
to action...

_

1?'_)"

But they are far less
than the long range
risks of comfortable

inaction.
-John F. Kennedy

Takk for meg ©

Question
and
Answer

23



