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The Nuclear Energy’s Role in a Renewable Energy System (NERES) Project

Core objectives of the project

Timeline: 3 years

A. Power System Studies: Study how expansion of nuclear energy in the
Nordics affects the power system
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Why is nuclear energy
interesting?
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y Energy density of nuclear energy is 1 000 000 times greater than energy based on chemical
bonds.

... but nuclear energy knocks
them all out of the park

Energy density of storage

technologies ... ... lags energy stored in fuel..
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https://en.wikipedia.org/wiki/Energy_density

For human prosperity, the world needs more electricity.

Human Development Index vs Power Consumption

“Humans beings have never ever, lived in
ecological balance with nature. It's a myth.
People have been dying in ecological
balance with nature.” - Hans Rosling

Wikipedia.org, “Electricity consumption”). (Wikipedia.org, “HDI”
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https://en.wikipedia.org/wiki/List_of_countries_by_electricity_consumption
https://en.wikipedia.org/wiki/List_of_countries_by_Human_Development_Index

The world needs 1.93x as much energy to lift countries up to the consumption level of Germany.
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750 - German power consumption (719 W) is 1.93x world average.
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Power consumption [W/capita]

World average power consumption (373 W).
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https://en.wikipedia.org/wiki/List_of_countries_by_electricity_consumption

Some of the largest low-carbon deployments have come from nuclear energy.

OurWorldinData, Maarten Boudry
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https://ourworldindata.org/grapher/low-carbon-share-energy?tab=chart&country=FRA~SWE~DEU~BEL~NLD~NOR
https://twitter.com/mboudry/status/1553042917228437510/photo/1

Why did nuclear
development halt?

29.03.2023



A model used to regulate nuclear energy has some flaws..

The Linear-No-Threshold (LNT) Model

Dose-response illustration

States that one extra unit of radiation provides one more unit
of negative health effect.

According to the LNT model, approx. a death from radiation induced cancer
happens every dose of 0.057 Sievert.

1 Banana: approx. 0.1 micro-Sievert.
148 million tons sold per year.
‘ Accumulated radiation dose: 100 000 Sievert.
Hence, every year 5 700 people would die every year from eating
bananas.

Henrik Berg, “LNT Examples
Union of Concerned Scientist, “How Many Cancers Did Chernobyl Really Cause?”
Qystein Heggdal, “Hvordan kjernekraft floppet”

Negative Health effect

A

A

Dose
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https://www.facebook.com/groups/kjernesnakk/permalink/2408638259385344/
https://blog.ucsusa.org/lisbeth-gronlund/how-many-cancers-did-chernobyl-really-cause-updated/
https://www.minervanett.no/energi-kjernekraft-klima/hvordan-kjernekraft-floppet/412426

A model used to regulate nuclear energy has some flaws..

Some examples of yearly background radiation

mSv/yr Location
2.09 Japan
5 Norway
24 World
No adverse effects 40 Kerala, India
are observed
130 Ramesar, Iran

Henrik Berg, “LNT Examples
Union of Concerned Scientist, “How Many Cancers Did Chernobyl Really Cause?”
@ystein Heggdal, “Hvordan kjernekraft floppet”
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https://www.facebook.com/groups/kjernesnakk/permalink/2408638259385344/
https://blog.ucsusa.org/lisbeth-gronlund/how-many-cancers-did-chernobyl-really-cause-updated/
https://www.minervanett.no/energi-kjernekraft-klima/hvordan-kjernekraft-floppet/412426

There are more and more evidence for the radiation hormesis theory, stating that some exposure
to ionizing radiation is beneficial.

Radiation Hormesis
Moderate doses are beneficial, too much is not

Negative Health effect

Background A

Life on earth has evolved with a substantial amount of background radiation. Our
bodies, and immune system, has learned to cope with this, as it has with UV
radiation.

Our immune system have mechanisms to fix broken DNA strains due to ionizing
radiation and other sources.

Repair hypothesis
Absence of radiation dims our immune response. On the other side, to much
radiation causes more damage than our bodies can handle.

Dose

Chatterjee, N., & Walker, G. C. (2017). Mechanisms of DNA damage, repair and mutagenesis. Environmental and Molecular Mutagenesis, 58(5), 235.
Brandt, H., Hushovd, O. T., Tellefsen, C. W., & Vigestad, &. (2016). Naturfag SF. Kap. 7 “Radioaktivitet”.)
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https://doi.org/10.1002/EM.22087
https://skole.aschehoug.no/laremiddel/naturfag-sf-yf-pabygging-2020

There are more and more evidence for the radiation hormesis theory, stating that some exposure
to ionizing radiation is beneficial.

Findings Population Study

Life expectancy was approximately 2.5 years longer in people living with areas
with relatively high (>180 mrem/yr) vs. low (<100 mrem/yr) background radiation.
Exposure to a high background radiation displays clear beneficial health effects in
humans.

+320 million

David, E., Wolfson, M., & Fraifeld, V. E. (2021).
Background radiation impacts human longevity and
cancer mortality: reconsidering the linear no-threshold
paradigm. Biogerontoloqy 2021 22:2, 22(2), 189—195.

Response from low-level of radiation is non-linear, and if anything, there is a health NA Higson, D. J., et. Al. (2007). Effects of Low Doses of
benefit at low levels of exposure. Radiation: Joint Statement from the Following
“It is a fundamental tenet of evolutionary biology that organisms [..] adapt to their Participants at the 15 th Pacific Basin Nuclear

8 . . ) Conference, Sessions Held in Sydney, Australia,
enwronmgnt. Hence the hormetic model also applies to oxygen, sunlight and many Wednesday 18 October 2006 . Dose-Response. 5(4),
other familiar agents.” dose-response.0.
“Epidemiological data provide essentially no evidence for detrimental health effects NA Vaiserman, A., Koliada, A., Zabuga, O., & Socol. Y.
below 100 mSv, and several studies suggest beneficial (hormetic) effects.” (gm 8)-t "S'e?"”‘t,]'c,rnﬁ’j""cés tof Lov‘ggose ||Otmzm|q Rad'agor“
Considering “the high price tag (in both economic and human terms) borne by the Rz;r;gnsec'?g(gf ehales and mequaloly ‘ssues. Lose-
LNT-inspired regulation, there is little doubt that the present regulatory burden ’ '
should be reduced.”
An apartment complex in Taiwan where steel contaminated with radioactive Cobalt ~10 000 Chen, W. L., et. al. (2007). Effects of Cobalt-60 Exposure

increased radiation dose over a period of 9-20 years

“They did not suffer higher incidence of cancer mortality, [..]. On the contrary, the
incidence of cancers were greatly reduced”.

3% less cancers and a 7% reduction of birth defects than the general public.

on Health of Taiwan Residents Suggest New Approach
Needed in Radiation Protection. Dose-Response, 5(1),
63.

29.03.2023
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https://doi.org/10.1007/S10522-020-09909-4
https://doi.org/10.1007/S10522-020-09909-4
https://doi.org/10.1007/S10522-020-09909-4
https://doi.org/10.1007/S10522-020-09909-4
https://doi.org/10.2203/dose-response.07-017.higson
https://doi.org/10.2203/dose-response.07-017.higson
https://doi.org/10.2203/dose-response.07-017.higson
https://doi.org/10.2203/dose-response.07-017.higson
https://doi.org/10.2203/dose-response.07-017.higson
https://doi.org/10.2203/dose-response.07-017.higson
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6149023/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6149023/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6149023/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6149023/
https://doi.org/10.2203/DOSE-RESPONSE.06-105.CHEN
https://doi.org/10.2203/DOSE-RESPONSE.06-105.CHEN
https://doi.org/10.2203/DOSE-RESPONSE.06-105.CHEN
https://doi.org/10.2203/DOSE-RESPONSE.06-105.CHEN

Impacts of LNT and the regulatory principle of As Low As Reasonably Achievable (ALARA)

How LNT and ALARA affects cost of nuclear

Examples from the US

OPEC imposed an oil embargo in 1973, resulting in price of oil in
74 costing five times as much as in 68.

Coal got increased regulations during the 70s, with requirements
on filtration and release of sulfur dioxide. Leading to increased
costs of coal production.

Hence, with the ALARA principle in hand, regulations on nuclear
piled up. Increasing costs to the levels of oil and coal.

Coal prices started to fall in 79 and demand for electricity
stagnated in the 80s.

There have never been built a nuclear power plant under the current

US nuclear regulatory regime (NRC established in 1974). Currently,
there are only two reactors under construction in Vogtle, Georgia.

@ystein Heggdal, “Hvordan kjernekraft floppet”

PWRs were required to handle a doubled-ended guillotine
break in the primary loop.

* Astudy in 1985 calculated the risk of this failure to occur
once every 900 billion years (200x longer than the age
of earth)

In 1971 there were 100 codes and standards for nuclear
power plants. In 1978 this number surpassed 1600.

In 1978, 1.3 new regulations was imposed every day.
» Also affecting plants under construction.

From 1967 to 1980;
» Construction times increased 6-fold.
» Use of steel and concrete doubled.
» Wiring increased almost 5-fold.

Holman, G. S. (1985). Double-ended breaks in reactor primary piping. Nuclear Engineering and Design, 89(1), 1-12.

29.03.2023
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https://www.minervanett.no/energi-kjernekraft-klima/hvordan-kjernekraft-floppet/412426
https://digital.library.unt.edu/ark:/67531/metadc1111546/m1/1/

The increased costs of nuclear in the US is clearly observed in the 70’s and 80’s, together with
increased construction times.

Overnight construction cost
Construction cost less interest
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Lovering, J. R., et. al. (2016). Historical construction costs of global nuclear power reactors. Energy Policy, 91(April), 371-382.
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https://doi.org/10.1016/j.enpol.2016.01.011
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Mitsubishi, GE Hitachi, Toshiba
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number of Bungala

solar farms (570 GWh/year)
triple

double, 3:

nuclear build speed

compared to Bungala

n=
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Data: IAEA PRIS
Median 3.8 years
Mean 4.0 years

(1.9:0.63)
'
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Years to grid connection
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Jack Devanney, “Nuclear Power is too Slow.”
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https://jackdevanney.substack.com/p/nuclear-power-is-too-slow

| Western countries typically have a construction time of 10 years for nuclear power plants,
whereas Asian countries does it in 6 years. This highly affects the costs.

Overnight construction cost
Construction cost less interest
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South Koreas “secret sauce”

Stable regulations, single utility
overseeing construction, two
and two reactors built onsite.
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Lovering, J. R., et. al. (2016). Historical construction costs of global nuclear power reactors. Energy Policy, 91(April), 371-382.
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https://doi.org/10.1016/j.enpol.2016.01.011

Recent buildouts in the west have not been a financial success.

$14,000 /kW
$12,000 /kW
$10,000 /kW

$8,000 /kW

$6,000 /kW

Total Capital Cost

$4,000 /kW
$2,000 /kW

$0 /kW

usS
(Vogtle
3&4)

France
(Flam-
anville 3)

Finland
(Olki-
luoto 3)

UK
(Size-
well B)

UAE
(Bara-
kah 1-4)

Japan
(3 units)

Russia
(2 units)

The ETI Nuclear Cost Drivers Project — Full Technical Report (lucidcatalyst.com), Unlocking Reductions in the Construction Costs of Nuclear: A

Practical Guide for Stakeholders (oecd-nea.org)

Korea
(10 units)

China
(4 units)
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https://www.lucidcatalyst.com/_files/ugd/2fed7a_917857d4f3544323a84f163e5e904c23.pdf
https://www.oecd-nea.org/upload/docs/application/pdf/2020-07/7530-reducing-cost-nuclear-construction.pdf
https://www.oecd-nea.org/upload/docs/application/pdf/2020-07/7530-reducing-cost-nuclear-construction.pdf
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| Renewables and nuclear energy have a positive spending impact on GDP, compared to fossil
(non-eco-friendly) energy, respectively 1.19x and 4.11x as an initial impact.

IMF study

GDP impact by 1 USD spent within the different energy technologies.
[Cumulated multipliers]

* Investigates ripple effects from investing in energy
generating technologies.

* The study concludes that investing in clean energy,
like solar, wind or nuclear ends up boosting GDP
more than it initial investment.

4,5x
4,0x
3.,5x
3,0x
2,5x
2,0x
1,5x
1,0x
0,5x
0,0x

m Non-eco-firendly
energy

m Nuclear energy

4,11
3.97 3,88 3,83 3,8 3,78
119 1.2 119 1,17 114 1,11
0,65 0,64 0,62 0,59 0,55 0,52

Impact Year1 Year 2 Year 3 Year4 Year 5

The study points out that investments in nuclear energy may lead to

larger employment of both high- and lower-skilled labor,
compared to lighter energy producing infrastructure.

m Renewable energy

Batini, N., et. al. (2022). Building back better: How big are green spending multipliers?. Ecological Economics, 193, 107305.

29.03.2023
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https://www.imf.org/en/Publications/WP/Issues/2021/03/19/Building-Back-Better-How-Big-Are-Green-Spending-Multipliers-50264

Nuclear energy provides the highest paying jobs, respectively 59% and 69% more median hourly
wages than wind and solar. Moreover, it provides the highest share of permanent local jobs.

Median hourly wages by energy sub-sector
[USD]
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250
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Gas

USEER. (2020). Wages, Benefits, and Change A Supplemental Report to the Annual U.S. Energy and Employment Report.

ScottMadden Inc. (2021). Gone with the Steam How new nuclear power plants can re-energize communities when coal plants close.

29.03.2023
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https://static1.squarespace.com/static/5a98cf80ec4eb7c5cd928c61/t/606d1178a0ee8f1a53e66206/1617760641036/Wage+Report.pdf
https://www.scottmadden.com/content/uploads/2021/10/ScottMadden_Gone_With_The_Steam_WhitePaper_final4.pdf

Flexibility from conventional nuclear reactors

Historic power output from a French reactor
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MIT Study
We find that flexible nuclear operation o

lowers power system operating costs,
increases reactor owner revenues, and 60 M

substantially reduces curtailment of

renewables. 50
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Jenkins, J. D., et. Al. (2018). The benefits of nuclear flexibility in power system operations with renewable enerqgy. Applied Enerqy, 222, 872—884.
OECD NEA. (2011). Technical and Economic Aspects of Load Following with Nuclear Power Plants

29.03.2023


https://doi.org/10.1016/J.APENERGY.2018.03.002
https://www.oecd-nea.org/upload/docs/application/pdf/2021-12/technical_and_economic_aspects_of_load_following_with_nuclear_power_plants.pdf

Advanced reactors have much more to offer in terms of flexible operation

Low Medium High
0 temperature 300 temperature 600 temperature 900 1200
Thermal batterles Glass and cement manufacture [INNEGTNNEGEGE

Direct steelmaking manufacture NGNS
Thermochemical H, production [N
Steam electrolysis (NG
Methane reforming NG
Petrochemical (ethylene, styrene) [INEGINIGNGGEGEGE
I Fetroleum refining
I shale and tar sands oil production
I Fulp and paper production
I District heating
I Scawater desalination

Nuclear reactors integrated with thermal energy storage
* Moltex GridReserve

+ 300 MWe baseload

* 900 MWe for 8 hours
« Terrapower Natrium

+ 345 MWe baseload

« 500 MWe for 5.5 hours

Heat application processes

Existing fleets

N Light water reactor (LWR)

N Heavy water reactor (HWR)

Developing reactors

I small modular reactor (SMR) (light water reactor)

I Liquid metal reactor

e /0" temperature
gas reactor

Future reactors

e supercritical water reactor

T - Gas coolled fast reactor

Terrapower Natrium TR Molten salt reactor

Moltex Energy
World-nuclear.org, “Nuclear Process Heat for Industry”

Types of Nuclear power plant
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https://www.terrapower.com/wp-content/uploads/2022/03/TP_2022_Natrium_Technology.pdf
https://www.moltexenergy.com/enables-renewables/
https://www.world-nuclear.org/information-library/non-power-nuclear-applications/industry/nuclear-process-heat-for-industry.aspx

Kjernekraft kan avlaste vannkraften samtidig som den tilgjengelige effekten gkes

Effekt

Topplast

GRUNNLAST
(vannkraft)

Tid

Topplast

Effekt

>

Topplast

GRUNNLAST
(vannkraft)

GRUNNLAST
(kjernekraft)

Topplast

Tid
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Studier fra Sverige har sett pa endret driftsmanster for vannkraft for ulike scenarioer

MWh/h

15000 == Teknikneutral (TN-9, hég karnkraft)
14000 \ == Teknikneutral (TN-6, lag karnkraft)
13000 == 100% férnybart (F-5, med handel)
12000 100% fornybart (F-10, utan handel)

11000 _
10000 == 2018 (faktisk data)

9000
8000
7000
6000
5000
4000
3000
2000
1000 ~

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm

Figur 26, Varaktighetskurva for vattenkraftens produktion i Sverige

KRAFTSAMLING
ELFORSORJNING

Langsiktig
Scenarwanalys
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Increasing shares of wind and solar reduces the value of the energy provided. Why bet everything
on intermittent energy sources?

The price-cannibalism effect

Value factor / capture rate Solar/wind premium
13 @ 30%
&
4
1.2 é\ 20%
€ .
3.4 QQQ\Q y=-39x+1.2 10%
N @ Solar
0 §\ B Wind on land
1.0 = | @j on @ 0%
- & 2022
0.9 €. y =-1.2x+ 1.0 -10%
‘ ] - = O
0.8 m--~__ B 0%
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» Norge har ikkje kompetanse pa kjernekraft?

29.03.2023
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Good sources to learn more about (nuclear) energy

Podcast
Decouple

Web pages

*\World Nuclear Association

*Glex Energikalkulator

*Nuclear Infrastructure Bibliography
*\What is a molten salt reactor?
*Power Reactor Information System
*\World Nuclear News

YouTube
Gordonmcdowell

Reports
*Thorium som energikilde - Muligheter for Norge

MIT - The Future of Nuclear Energy in a
Carbon-Constrained World

Newsletters
*Grid Brief
ThunderSaidEnerqgy

29.03.2023
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http://www.world-nuclear.org/information-library.aspx
https://energy.glex.no/no/calculator
https://www.iaea.org/topics/infrastructure-development/bibliography
https://www.thmsr.com/en/overview/
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