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World Energy Transition

= Context = Cop 21 + Nuclear Regulation
(ex France = 63GW cap + 50% share)
= 3 « Pilars » of Deep Decarbonization [1]

[1] http://deepdecarbonization.org/
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World Energy Transition

= Context = Cop 21 + Nuclear Regulation
(ex France = 63GW cap + 50% share)
= 3 « Pilars » of Deep Decarbonization [1
= Energy savings
= Energy switch toward Low CO2
vectors
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World Energy Transition
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World Energy Transition
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= Context = COP 21 + Nuclear Regulafion trajectoire 1980 - 2014 tep vs tCO2 / hab
(ex France = 63GW cap + 50% share) -

= 3 « Pilars » of Deep Decarbonization [1]

= Energy savings 7

= Energy switch toward Low CO2 5 it
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= Diversity of paths

= Time Horizon Diversity
= Investissements = decades
= Usage / Production < hours

[1] http://deepdecarbonization.org/
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2 Nuclear technologies simulated : Thermal Neutron Reactors using natural U and Fast Neutron
Breeders using recycled TR used fuels as startup inventories
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How to model variability ?
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How to model variability ?

Investment = f (LCOE) + expected
Demand projection
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How to model variability ?

Investment = f (LCOE) + expected
Demand projection

LCOE = g(Load Factor)
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How to model variability ?
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How to model variability ?
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Nuclear Generations Fight each other ?

€/kWh
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Nuclear Generations Fight each other ?

€/kWh
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Nuclear Generations Fight each other ?

€/kWh

Breeders

>1000 $/kg !
>

130 $/kg
>

“ultimate resources” Unat price ($/kg)

A. Bidaud, Dynamic Nuclear Fuel Cycles



Nuclear Generations Fight each other ?

€/kWh

\l

FR need a critical mass of fissile materials
=> In France, those materials should come
from used MOX fuels (« matieres Breeders
valorisables »).

\l

130 $/kg >1000 $/kg
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Nuclear Generations Fight each other ?

€/kWh

\l

FR need a critical mass of fissile materials
=> In France, those materials should come
from used MOX fuels (« matieres Breeders

\l

valorisables »).

>Not starting FR (by building a
demonstrator called ASTRID = 10* Long
Lived High activity = 2 * underground
repository > 20G€ ?

>FR can be seen as « dynamical » storages
of Pu and maybe Minor Actinides...
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Nuclear Generations Fight each other ?

€/kWh

\l

FR need a critical mass of fissile materials
=> In France, those materials should come
from used MOX fuels (« matieres Breeders

\l

valorisables »).

>Not starting FR (by building a
demonstrator called ASTRID = 10* Long

\ |
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Fig. 3. Light water reactors and fast reactors - demand and power production according to the natural uranium limit (TWhe).
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URANIUM RESOURCES
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URANIUM RESOURCES
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URANIUM RESOURCES Schneider et al. Energy Policy 2013
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URANIUM RESOURCES

Schneider et al. Energy Policy 2013
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URANIUM RESOURCES

Schnelder' et al. Ener'gy Pollcy 2013
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A. Bidaud, Dynamic Nuclear Fuel Cycles



Uranium Long Term Supply Curves depend on cumulated uranium used
S shapes Supply curves (A. Monet et al. [PHYSOR 2015 TAEE 2016])
>130%/kg used to be the end of « known reserves »
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Uranium Long Term Supply Curves depend on cumulated uranium used
S shapes Supply curves (A. Monet et al. [PHYSOR 2015 TAEE 2016])

>130%/kg used to be the end of « known reserves »

>>6MT, jump in the unkown ? growning slope
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Uranium Long Term Supply Curves depend on cumulated uranium used
S shapes Supply curves (A. Monet et al. [PHYSOR 2015 TAEE 2016])

>130%/kg used to be the end of « known reserves »

>>6MT, jump in the unkown ? growning slope

> technology rupture (phosphate, sea water J. Guidez [PHYSOR 2015]), lower slope
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Uranium Long Term Supply Curves depend on cumulated uranium used
S shapes Supply curves (A. Monet et al. [PHYSOR 2015 TAEE 2016])

>130%/kg used to be the end of « known reserves »

>>6MT, jump in the unkown ? growning slope

> technology rupture (phosphate, sea water J. Guidez [PHYSOR 2015]), lower slope
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Uranium Long Term Supply Curves depend on cumulated uranium used
S shapes Supply curves (A. Monet et al. [PHYSOR 2015 TAEE 2016])

>130%/kg used to be the end of « known reserves »
>>6MT, jump in the unkown ? growning slope

> Tecﬁnolog_y rupture (phosphate, sea water J. Guidez [PHYSOR 2015]), lower slope

ranium cost as a function of mined
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What is the cost of uranium as a coproduct ?
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What is the cost of uranium as a coproduct ?

Olympic Dam (3kt/y) = 5% or world
uranium but mainly a copper mine |
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What is the cost of uranium as a coproduct ?

Olympic Dam (3kt/y) = 5% or world
uranium but mainly a copper mine !
Capacity (kt/y) depends more of
copper price than uranium price
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What is the cost of uranium as a coproduct ?

Olympic Dam (3kt/y) = 5% or world P _
uranium but mainly a copper mine | o — . Unconventional
Capacity (kt/y) depends more of St category Identified Undiscovererd | (minimum
copper price than uranium price Total co-product (%)
Unassigned 5609 7 260
Many resources envisionned : <USD 260/kg 7635 28% 4702
Phosphates <USD 130/kg 5903 30% 3862
. 0,
But uranium contained in phosphate <USD 80/kgu 12:; 1(5);’ 665
flows < 10kt Unat/y (cf AIEA, I- <USD 40/kgUt °
TESE) Total | 7635 2171 10 311 7260
Coal mines < 1kt/y
Others...
==> uranium price should become
dependent on annual production
volumes
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What is the cost of uranium as a coproduct ?

Olympic Dam (3kt/y) = 5% or world Comventionl _
uranium but mainly a copper mine ! o — : Unconventional
Capacity (kt/y) depends more of ot caregony ertfec ndiscovererd_iminmum
copper price than uranium price Total co-product (%)
Unassigned 5609 7 260
Many resources envisionned : <USD 260/ks 7635 28% 4702
Phosphates <USD 130/kg 5903 30% 3 862
’ 0
But uranium contained in phosphate <USD 80/kgV 12:; 1(5);’ 665
flows < 10kt Unat/y (cf AIEA, I- <USD 40/kgux -
TESE) Total | 7 635 2171 10 311 7 260
Coal mines < 1kt/y
Others...
==> uranium price should become
dependent on annual production
volumes
Proposed uranium cost model:
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What is the cost of uranium as a coproduct ?

Olympic Dam (3kt/y) = 5% or world

Conventional :

i ; o | Unconventional
ERE b A RS S e e
copper price than uranium price Total co-product (%)

Unassigned 5609 7 260
0,
Many resources envisionned : <USD 260/ke 7635 28% 4702
Phosphates <USD 130/kg 5903 30% 3 862
’ 0
But uranium contained in phosphate <USD 80/kgV 12:; 1(5);’ 665
flows < 10kt Unat/y (cf AIEA, I- <USD 20/kgUi -
TESE) Total | 7635 2171 10 311 7 260|
Coal mines < lkT/y Prix de | Uranium
Others...
==> uranium price should become - -
dependent on annual production 1500
volumes 3
Proposed uranium cost model: 50 _
Low production rates : uranium | R COS ORI
cost= separation of uranium from e -

raw material flows

High production rates (> primary co :
products), uranium price must cover 0o o
most of mine costs

Cumul Uranium extrait (Mt) 150000
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Installed Power (MW)

Production capacity limitation
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Production capacity limitation
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Production capacity limitation
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Sensitivities to FR costs

J +50 % First Of A Kind (FOAK)
Reactors costs
> Delayed FR startup and
equivalent long term
deployment
> Very late extra TR (learning
curve effects)
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Sensitivities to FR costs

Q +50 % First Of A Kind (FOAK) R
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FR physical parameters and synergetic strategies
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sensitivity
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sensitivity
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FR physical parameters and synergetic strategies

”‘ . . . . :> 7
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FR physical parameters and synergetic strategies

1,2
o T .
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FR physical parameters and synergetic strategies
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Nuclear Generations fight together ?
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Nuclear Generations fight together ?

Investment = f(LCOE)
Nuclear (New build > 60%)
Variable Renew (80-100 %)

LCOE = Levelized Cost of Electricity
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Nuclear Generations fight together ?

Union of Concerned Scientits

200

Investment = f(LCOE) —

Nuclear (New build > 60%) ol PR
Variable Renew (80-100 %)

£1A Normalized Overnight
Total Cost for Pulverized Coal

Normalized Index Value
S

120

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Year

Source: EIA 2010, 2009¢: IHS CERA 2011: Turner 2011: Chupka and Basheda 2007.
Note: We used a GDP deflator to express all indices in constant dollars.

LCOE = Levelized Cost of Electricity
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Nuclear Generations fight together ?

Union of Concerned Scientits

200

Investment = f(LCOE) D

180

CERA PCCl without nuclear

Nuclear (New build > 60%) o P—
Variable Renew (80-100 %)

EIA Normalized Overnight
Total Cost for Pulverized Coal

120

Normalized Index Value

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Year

Source: EIA 2010, 2009¢: IHS CERA 2011: Turner 2011: Chupka and Basheda 2007.
Note: We used a GDP deflator to express all indices in constant dollars.

¢€/kWh
10
9 —e—SRU - brut
8
—e— Transparent cost database, DOI
7 médian - calculé
6 NREL, BLACK & VEATCH, eolien
- calculé
. —e—B. Chabot ADEME - calculé
4
3 —@— Proposition d'évolution PTI
2 AIE, ETP
1
----- Linéaire (Onshore, Mott Mac D
0 (PDF page 158))
2000 2010 2020 2030 2040 2050 2060
LCOE = Levelized Cost of Electricity Expected evolution of Wind energy LCOE ~ADEME 100% renewable scenario study (2015)
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Nuclear Generations fight together ?

Union of Concerned Scientits

Investment = f(LCOE)
Nuclear (New build > 60%)
Variable Renew (80-100 %)

Operation based on marginal
cost

Nuclear (New build < 20%)
Variable Renew (0-10 %)

LCOE = Levelized Cost of Electricity

Normalized Index Value

200

s ERA PCCI with nuclear

CERA PCCl without nuclear

w==Turner Normalized Index

w==Brattle (Constant-Dollar
Index)

£1A Normalized Overnight
Total Cost for Pulverized Coal

120

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Year

Source: EIA 2010, 2009¢: IHS CERA 2011: Turner 2011: Chupka and Basheda 2007.
Note: We used a GDP deflator to express all indices in constant dollars.

c€/kWh

10

2000

—e—SRU - brut

—e—Transparent cost database, DOI
médian - calculé

NREL, BLACK & VEATCH, eolien
- calculé
—e—B. Chabot ADEME - calculé
—@— Proposition d'évolution PTI

AlE, ETP

----- Linéaire (Onshore, Mott Mac D
(PDF page 158))

2010 2020 2030 2040 2050 2060

Expected evolution of Wind energy LCOE ADEME 100% renewable scenario study (2015)
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Nuclear Generations fight together ?

Union of Concerned Scientits

Investment = f(LCOE)
Nuclear (New build > 60%)
Variable Renew (80-100 %)

Operation based on marginal
cost

Normalized Index Value

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

N u C I ear‘ (New b u i I d £ 2 O O/o) Source: EIA 2010, 2009¢: IHS CERA 2011: Turner 2011: Chupka and Basheda 2007.

Note: We used a GDP deflator to express all indices in constant dollars.

Variable Renew (0-10 %) e

10

. . . 9 —e—SRU - brut
Even without priority access, :
—e—Transparent cost database, DOI
7 médian - calculé
new renewables may force 6 e, s aVeATC sl
- calculé
. 5 ““““ . .
basz Ioad Techs I|ke nuclear.’ 4 \ ———— —e—B. Chabot ADEME - calculé
—@— Proposition d'évolution PTI
3
out of the market )
! -===-Linéaire (Onshore, Mott Mac D
0 (PDF page 158))
2000 2010 2020 2030 2040 2050 2060
LCOE = Levelized Cost of Electricity Expected evolution of Wind energy LCOE ~ADEME 100% renewable scenario study (2015)
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Nuclear Generations fight together ?

Investment = f(LCOE)
Nuclear (New build > 60%)
Variable Renew (80-100 %)

Operation based on marginal
cost

Nuclear (New build < 20%)
Variable Renew (0-10 %)

Even without priority access,
new renewables may force
base load techs like nuclear,
out of the market

(at least for some sunny / windy hours)

LCOE = Levelized Cost of Electricity

Union of Concerned Scientits

Normalized Index Value

0
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Source: EIA 2010, 2009¢: IHS CERA 2011: Turner 2011: Chupka and Basheda 2007.
Note: We used a GDP deflator to express all indices in constant dollars.
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10
—e—SRU - brut

—e—Transparent cost database, DOI
médian - calculé

NREL, BLACK & VEATCH, eolien
- calculé

\"”_‘\ —e—B. Chabot ADEME - calculé
—@— Proposition d'évolution PTI

AIE, ETP

O = N W b w o0 N 0 W

-====Linéaire (Onshore, Mott Mac D«
(PDF page 158))
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Expected evolution of Wind energy LCOE ADEME 100% renewable scenario study (2015)
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Nuclear Load Following capacity

nnnnnnnnnn ions FR DE et production d ENR du
12/10/2011 au 19/10/2011

Dispachable units need to cope —
with variable demands and L
renewable productions at ALL
time scales (season, week, day,
hours, minutes, seconds)

Large interconnections are helpful o -

RTE (French TSO) 2014 Annual report
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Nuclear Load Following capacity

Dispachable units need to cope
with variable demands and
renewable productions at ALL
time scales (season, week, day,
hours, minutes, seconds)

Large interconnections are helpful

French Nuclear fleet do it |
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|
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Fleet's seasonal adjustment to demand by adapted outage planning

nterconnexions FR DE et production d ENR du

12/10/2011 au 19/10/2011

Mw

RTE (French TSO) 2014 Annual report

OECD NEA Nuclear and Renewables
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Nuclear Load Following capacity

nnnnnnnnnn ions FR DE et production d ENR du
12/10/2011 au 19/10/2011

Dispachable units need to cope
with variable demands and
renewable productions at ALL
time scales (season, week, day,
hours, minutes, seconds)

Large interconnections are helpful

French Nuclear fleet do it |

w0 i { 1 !
s Damrard forozast fweckly - Avg.3.20) |

s Darrard forecast - ydro production |[woekly - Avg. B20)

www Nochear production forecast

o w | f
woeees Ngchear - Plarned culages |
’
k! P oy » 4
e R ¥ A it e e AT “1
" ! R ';.\-"\.:‘ ] i T - :l
e S , . L
" 4 , ey hn ¥ 0
L] .'.‘LA'" S - 1neTMe e we MoaMe  canaaMe  ZrOIaMS  1av NINO  OTOSIND  BTEAMS 1T 2
Ay Sep Oct Nav e Mo Agv May A M Asg O Moy Dec s Feb Mor Agr Ao AV Aug Sep Ot Mav
2 210 Ll 1 NPP production history
Fleet's seasonal adjustment to demand by adapted outage planning OECD NEA Nuclear and Renewables

A. Bidaud, Dynamic Nuclear Fuel Cycles 13



Nuclear Load Following capacity

nnnnnnnnnn ions FR DE et production d ENR du
12/10/2011 au 19/10/2011

Dispachable units need to cope
with variable demands and
renewable productions at ALL
time scales (season, week, day,
hours, minutes, seconds)

Mw

Large interconnections are helpful

French Nuclear fleet do it |

+ 7%
Frequency control
rotating reserve
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Nuclear Load Following capacity

nnnnnnnnnn ions FR DE et production d ENR du
12/10/2011 au 19/10/2011

Dispachable units need to cope
with variable demands and
renewable productions at ALL
time scales (season, week, day,
hours, minutes, seconds)

Mw

Large interconnections are helpful

French Nuclear fleet do it |

+ 7%
Frequency control
rotating reserve

AN AN /
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il ‘ load following
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Duration curve evolution (ex : France)

2014

100 m Total investment blocks

90 s Nuclear
- Residual load duration curve
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Projected nuclear fleet
reduced (higher
construction costs now than
in the 80's)
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Duration curve evolution (ex : France)

2014

m Total investment blocks
N uclear

- Residual load duration curve
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Projected nuclear fleet

reduced (higher

construction costs now than

in the 80's)

-100
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I Total investment blocks
N uclear

——=Residual load duration curve

-80

140

Massive evolutions:

disapearence of base load !

increase in peak capacities
(half the dispatchables)

disapearence of Nuclear ?
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GW

Load following capacity extension

2100

B Total investment blocks
mm "New nuclear”

s Nuclear

Residual load duration curve
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GW

Load following capacity extension

2100

B Total investment blocks
mm "New nuclear”

N uclear

Residual load duration curve

-80

-100 +

-120 +
-140 -
-160
-180

« Electricity is the future »

-> massive increase in global electricity consumption in 2100

-> need for dispatchable sources still very strong (incl. Nukes)
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Load following capacity extension

2100 2100
240 - —Iotal investmfnt blocks 240 mmm Total investment blocks
%(2)8 1 = "New nuclear 5(2)8 B 'New nuclear"with extended investments
180 N uclear 180 mm Nuclear with extended investments

Residual load duration curv. 160 Residual load duration curve

140
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20
0
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-40
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-140
-160
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« Electricity is the future »

-> massive increase in global electricity consumption in 2100
-> need for dispatchable sources still very strong (incl. Nukes)

-> If nuclear can contribute to lower hours investments blocks.
+10GW of nuclear capacity |
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Scenario studies
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4 main scenarios
No policy
2°C Climate policy
Climate policy, No CCS

Scenario studies

Climate policy, No CCS, no new electricity storage
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Scenario studies

4 main scenarios
No policy
2°C Climate policy
Climate policy, No CCS

Climate policy, No CCS, no new electricity storage
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Scenario studies

4 main scenarios
No policy
2°C Climate policy
Climate policy, No CCS

Climate policy, No CCS, no new electricity storage
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Scenario studies

4 main scenarios
No policy
2°C Climate policy
Climate policy, No CCS

Climate policy, No CCS, no new electricity storage
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Country specific paths (« know your enemy »)

No « fixed » demand, strong sensitivity to learning curves
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Scenario studies

4 main scenarios
No policy
2°C Climate policy
Climate policy, No CCS

Climate policy, No CCS, no new electricity storage
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World nuclear installed power (WR + FR) Europe nuclear installed power (WR + FR)
Country specific paths (« know your enemy »)

No « fixed » demand, strong sensitivity to learning curves

Uranium resources limits
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-100

hour

Typical daily profiles

W Imports
Solar
Wind
»" DR load shedding
™ Total storage production
M Hydro (run-of-river + lakes)
M Biomass and waste
Gas Combined Cycle with CC
m Coal with CCS

W Nuclear

Electricity consumpticl
7. Total storage consum
M EV charging

Water electrolysis

"1 DR rebound effect

A. Bidaud et B-BICAPP 2016
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Typical daily profiles
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Use POLES + EUCAD trajectories in DNFC code (CLASS)

Increase competition for shared nuclear materials :
“Enriched Uranium (15%) started Breeder reactors
“MOX recycling in Thermal Reactors
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Study competitors (efficiency, energy economy, CCS...) dynamics
Learning curves of Nuclear and others
Build Carnot Energies du Futur Prospective White Paper

=> PhD position opening this Autumn (?)/ Winter
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