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Can Nuclear and Wind & Solar Jointly Provide Reliable
Low-Carbon Electricity?

(source: https://medium.com/@Wbgeist/nuclear-energy-a-path-to-sustainable-progress-1ca05b8790c9)
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A Nuclear Renaissance in the United States?
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Apparent lack of \ exibility" of nuclear units{CAISO

Nuclear units are very large (typical size 1 GW), costly and complicated
(operating constraints, fuel management, safety, etc.) machines.

California ISO n 20 May 2026 (source: www.caiso.com/todays-outlook)

Diablo Canyon nuclear plant is operating at close to full capacity (2,280 MW)
all hours of the day
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Apparent lack of \ exibility" of nuclear units{PJM

PJM from 20 May 2026 to 22 May 2026 (source: www.gridstatus.io/)

PJM nuclear plants are operating at close to full capacity (32 GW) all hours of
this multi-day time period.
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Economic Bene t of "In exible" Operation in US

Annual Fleetwide Capacity Factor of French Nuclear Units is between 70% to
77%, compared to 92% to 93% in the US
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Stylized Model of the Economics of Nuclear Flexibility

RES Nuclear
output installed capacity
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Costs

Stylized Model of the Economics of Nuclear Flexibility

price
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Stylized Model of the Economics of Nuclear FIeX|b|I|ty

lmd Follo m Oppmnnm Cc

( unr\u sion

AN

Astier and Wolak ((PSE & ENPC) & Stanford) Nuke & renewables - June 2026 7143



Motivation Conclusion

00000 e00

(); \ ortunity Costs

Stylized Model of the Economlcs of Nuclear FIeX|b|I|ty

Case 1: in exible nuclear

) \strong" substitution

price 0
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Curtailed RES
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Stylized Model of the Economics of Nuclear Flexibility

Case 2: nuclear

) substitution
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France obtains vast majority of electricity from nuclear
power

France hosts a nuclear eet of
60+GW: 18 facilities composed
of a total of 57 units (as of 31
December 2024).

The installed capacity of
intermittent renewables has
reached:

24 GW of wind.

24 GW of solar.

) Nuclear 70% + renewables can now (theoretically) cover domestic
demand during all hours, hydro 14%, wind 8% and solar 4%.
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Preview of results

Nuclear operations in France are exible and can thus respond to
renewable output.

) A \weak substitution" regime is possible.

Associated opportunity costs seem relatively limited at the present
time in France:
a few percentage point from direct e ect.
Indirect e ect through maintenance and outages may be larger.
not detected from monthly plant-level
data.
Additional load-following event predicts small increase in
unit's hazard rate of an emergency shut down.

However, downward exibility faces increasingly binding operating
constraints: in 2024, hours during which available downward nuclear
exibility was exhausted are strongly associated with zero or
negative prices.

) Emergence of a \strong substitution" regime during hours of low
demand and high renewable production.
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Relevant Literature

(Short-run) substituability of nukes and renewables:
Industry reports have discussed of nuclear units,
for example in France (Morilhat et al., 2019; EDF, 2026) and
Germany (Grnnwald and Caviezel, 2017).
Le Coq and Schwenen (WIP) study the association between
events in the U.S.

Role of nuclear to decarbonize electricity supply:

(Grubler, 2010; Boccard, 2014; Rangel and
leveque, 2015), a short-lived (Davis, 2012; Joskow and
Parsons, 2012), social costs of (Bauer et al., 2017,
Severnini, 2017; Adler et al. 2020; Jarvis et al., 2022), recent

(Andersson and Finnegan, 2024; Makarin et al., 2024).

Nuclear operations (e ciency, safety, strategy behaviors):
Davis and Wolfram (2012), Hausman (2014), Davis and Hausman (2016),
Liski and Vehvikinen (2018), Lundin (2021).
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Nuclear energy in France

France hosts a nuclear eet of 60+GW. In comparison:

Annual peak (domestic) demand is in the range 80-100 GW.
Mean hourly (domestic) demand is about 50 GWh (plus 5 to
10 GWh of exports).

) Given the (very) large installed nuclear capacity relative to
demand, nuclear units have been performing \load following" for
several decades (i.e., before the renewables era).

All units are owned and operated by the same rm. Associated
incentives to exert market power may be somewhat mitigated
through:

vertical integration (EDF remains the dominant retailer).

a partial nancial divesture mechanism (ARENH) between July 2011

and December 2025.

regulatory oversight of bids in market auctions.

) Exploration of strategic incentives is left for further research.
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Data Sources

Unit-level:
of nuclear units for (RTE and Entso-e).
for : start and end dates, type (forced/planned),
minimal description (RTE, EDF and ASNR).
dates of
for (ASNR).
nominal capacity, , maximum capacity
commited to reserves (EDF).
(> 100MW) for
(EDF).
(Half-)hourly main country-level outcomes: gross consumption,
generation by technology, imports/exports for 2012-2024 (RTE and
Entso-e).
The inventory of French power plants provides the location
(municipality), commissioning date, technology and installed
capacity of the universe of power plants in France (Data.gouv).

Hourly day-ahead prices (Entso-e).
Yearly environmental reports by plants for 2019-2024 (EDF).
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Monthly electricity consumption and output

Remark:Wind and solar output includes TSO's estimate of distributed
generation.
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Nuke operations in France (15 August 2025)

(source: www.rte-france.com/eco2mix)
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Aggregate substitution between nuke and RES

Question: At the aggregate country-level, by how much does the nuclear
eet adjust (on average) output in response to varying residual
demand/renewable production?

nuclear
output (GWh) in hour h.

Explanatory variable RES joint

output (GWh) from wind and solar in
hour h. \
Residual demand RD gross demand \ N

plus net exports minus net hydro minus
must-take biothermal (GWh).

Speci cations:
P
Yh:P"'RES h+RDh+ Th2T+h 5
Yh = pofbins RD-RESE b+ bRES+ bRD0)+ ot + i
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Aggregate substitution between nuke and RES

Dependent variable: hourly total nuclear generation (2012-2024)

(1) &) (3) 4
RES, (GWh) -0.78 (0.0064) -0.66 (0.0075)
RD;, (GWh) 0.77 (0.0036)  0.63 (0.0067)
RES,:bin<25GW -0.3 (0.26) -0.8 (0.15)
RDy,:bin<25GW 0.4 (0.25) 0.7 (0.15)
RES,:bin25-40GW -1.04 (0.011) -0.85 (0.0098)
RDy:bin25-40GW 1.09 (0.011)  0.85 (0.0095)
RES,:bin40-63GW -0.70 (0.0095) -0.56 (0.0085)
RDy:bin40-63GW 0.71 (0.0054)  0.56 (0.008)
RES,:bin>63GW -0.43 (0.048)  -0.24 (0.014)
RES,:bin>63GW 0.44 (0.028)  0.25 (0.0091)
Day-of-sample FE N Y N Y
Observations 113,973 113,973 113,973 113,973
R2 0.919 0.994 0.930 0.995
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Quantifying load following

lllustrative example of
the hourly output of a
single unit over one
week in 2021. Red
line is nominal
minimum output
constraint (20% of
unit's nominal

capacity)
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Quantifying load following

We de ne \load
following events" as
instances where the
unit:

is not outaged.

produces below
75% of its
installed
capacity.
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Quantifying load following

In the next part, we
use \lost energy”
(right panel) to
measure the intensity
of load following.

Remark:using the
sum of the absolute
value of rst

di erences in hourly
output (as in
Blanchard and Massol
(2025)) yields similar
results.
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Load following events over time

Number of detected load-following events per year (2015-2024).

Astier and Wolak ((PSE & ENPC) & Stanford) Nuke & renewables - June 2026 20/43



Motivation Background Load Following Opportunity Costs Operating Constraints Conclusion
00000000 000000 00000000 @000000 0000000000000 0 [e]e]

Outline

Opportunity Costs
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Indirect loss of capacity factor

Load following may also have indirect impacts on capacity factors
through:

Decreased fuel e ciency (overall electricity output per input ton of
uranium).

Longer subsequent refueling outages due to increased maintenance.

More frequent forced outages.
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Indirect loss of capacity factor

@ @ ® Q) ©®) (6) U]

Lost energy per GW 0.0028 -0.01 0.2
(0.00050) (0.0067) (0.081)
Log(Lost energy) 0.025 0.03 0.23
(0.0042) (0.023) (0.045)
Decenal visit (Y/N) 24 11
(2.8) (0.065)
Fitted lost energy per GW 0.7
0.25)
unit FE Y Y Y Y Y Y Y
Observations 367 367 360 360 344 344 344
R2 0.682 0.673 0.507 0.443 0.269 0.297 0.201
Outcomes:

(2)-(2) Fuel-cycle output (TWh) by installed GW (level - log).
(3)-(4) Duration of subsequent refueling outage in weeks (level - log).

(5)-(7) Number of forced outage hours, removing outliers (level - log - level
instrumented with residual demand).
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Safety

Measuring safety in the context of nuclear operations is challenging
due to asymmetric information (Bizet, Bonev and leveéque (2022)).

The existing literature usually proxies \safety" with emergency
automatic shut downs of reactors (e.g. Hausman (2014)), which are
arguably hard to conceal.

We take a similar approach and use data from the nuclear safety
agency to restrict attention to:

Automated shut downs
Manuel emergency interventions
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Cox proportional hazards model

t time since the beginning of a fuel cycle (full-load hours).

T date at which the rst emergency event occurs for a given unit,
treated as a random variable with cdf F(:) and pdf f ().

The hazard function h(:) is the instantaneous probability of failure
conditional on being still alive at time t:

f(t)
" TFE

The Cox proportional hazards model assumes that the hazard
function h(:) for unit i may be parametrized as:

hi(t; ) exp( T xi)ho(t)

Key features:

ho(:) does not have to be speci ed.
is estimated using partial maximum likelihood.
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Partial Likelihood Estimation Results

@) 2 3) 4)
Full-load hours of lost energy 0.0018 0.0020
(0.00073) (0.00078)

# load following events 0.009 0.010
(0.0033) (0.0035)
vintage CP1 -0.3 -0.4
(0.25) (0.25)
vintage CP2 -0.5 -0.5
(0.28) (0.28)
vintage P4 0.0 0.0
(0.287) (0.288)
vintage P'4 -0.4 -0.4
(0.28) (0.28)
vintage N4 -0.6 -0.6
(0.37) (0.37)

) Small marginal e ect on the hazard rate for an emergency event of an
additional load-following event during fuel cycle. Recall increasing
number of load-following events during unit-level fuel cycles.
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Annual Distribution of Unit-Level Load-Following Events

Figure: Distribution (boxplots) of the number of load-following events
performed by each unit in a given year.

) Substantial number (greater than 10) unit-level load-following events
in a 12 to 18 month fuel cycle.
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Operating Constraints
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Limits to load following

Nuclear units typically face a minimum output constraint, which can be:
either nominal (safe operations of the unit).
or driven by other factors (e.g. grid stability).

Nominal MOC Other example
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Minimum output constraints - De nitions

We restrict attention to 2015-2024 (available outage data) to exclude
false positives due to transient ramping up/down during outages.
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