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10 400 employees

More than 190 sites

€5.56 billion in revenue (2024) €100 billion in planned investments in the 
network through 2040 to contribute to the success of the energy 
transition, renew and adapt the network to climate change (2025 Ten-Year 
Network Development Plan)

100,000 km of overhead power lines and 7,000 km of underground cables, 
ranging from 63,000 to 400,000 volts, 51 cross-border lines, 3,500 RTE 
substations at over 2,700 sites, 260,000 pylons 22,750 km of fiber optics

An operator that performs its public service duties within the framework of a 
monopoly regulated by the Energy Regulatory CommissionAn operator under the 
supervision of the DGECAn operator operating in mainland France (excluding 
Corsica)

Our missions

• Being an industrial operator of a key 
infrastructure

• Optimizing the operation of the 
electrical system

• Inform public authorities' decisions 
on energy issues

RTE is Europe's leading electricity transmission system operator in terms of 
network size and investment volume.

RTE, France's Transmission System Operator | RTE

https://www.rte-france.com/en/home
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The power system is dependent on weather and climate

Network RESILIENCE 
facing meteorological hazards, amplified 
by climate change

Supply-demand balance (Resource Adequacy)
Renewables’ development increases the 
system dependence on weather and climate

• Uncertainty is inherent to climate data, models, and simulations — and its influence extends into the 
decisions made in planning resilient energy systems

• Reliable energy planning requires understanding how uncertainty in climate projections, demand & 
generation, and infrastructure vulnerabilities affects resource adequacy and system robustness. 
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Energy planning?

Seasonal Outlook

Analysis of possible risks for 
the security of supply in 
Europe twice a year: for the 
summer and winter periods.

ERAA

A pan-European assessment 
of adequacy - the ability of 
a power system to cover 
demand in all conditions -
up to 10 years ahead.

TYNDP

A study that investigates 
system needs (create max 
value for EU, ensure access 
to electricity & comply w/ 
climate agenda) in 2030/40.

Scenarios

A prerequisite for any study 
analysing the future of the 
EU energy system, 
describing possible EU 
energy futures up to 2050.
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Sources of uncertainty in energy planning

Many different sources of uncertainty to take into account:
• Complexity of Modern Energy Systems

• Market fluctuations and economic factors
• Technological advancements and innovations
• Social and behavioral factors
• Policy and regulatory changes…

• Infrastructure vulnerability:
• Ageing & operational constraints add uncertainty to 

system reliability & performance

• Climate conditions
• Socio economic and emissions scenarios
• Model uncertainty
• Natural climate variability
• Mathematical methods (e.g. extremes)

• Data quality (and not only climate data!)

Source: World Economic Forum
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Specifically about climate

Noto et al., 2023. DOI:10.1007/s11269-023-03444-w The “uncertainty loop” haunting our climate models | Vox

https://doi.org/10.1007/s11269-023-03444-w
https://www.vox.com/2015/10/23/9604120/climate-models-uncertainty
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Uncertainty in climate data and models

Types of uncertainty from the climate side:

• Internal variability (weather vs. climate)
• Model structure differences
• Emissions scenario assumptions

Lehner, F., Deser, C., 2025. https://doi.org/10.1007/978-3-031-85542-9_17

https://doi.org/10.1007/978-3-031-85542-9_17
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Impacts of climate uncertainty on energy planning

Drivers of demand uncertainty:

• Population growth
• Behavioral factors
• Electrification trends
• Economic/social variables
• Technology adoption (EVs, heat pumps)
• Climate variability and change
• Energy demand models
• etc

Example: Overestimating EV adoption or data centers’ 
growth would lead to overbuilding infrastructure.

➔ Implications on capacity planning

Source: ENTSO-E, TYNDP 2020, Scenario Results for TYNDP 2020 — ENTSOG & ENTSO-E

https://2020.entsos-tyndp-scenarios.eu/scenario-results/
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Impacts of climate uncertainty on energy planning

Impacts on capacity planning and energy generation:

• Cooling/heating demand changes
• Hydropower output variability
• Renewables output variability
• Thermal power units cooling capacity (river flow & 

temperature)
• Network operating conditions (cables’ temperature, 

power electronics…)

Independent and interactive effects of multiple uncertainty sources on the inter-annual 
hydropower generation uncertainty with hydrological conditions for 2 different reservoirs.
From Zhou et al., 2024, https://doi.org/10.1016/j.energy.2024.131447

➔ For each of these a chain of models/methods is needed to go from the climate signal to the application 
They all come with uncertainties that need to be understood and quantified 
Additional uncertainties arising from:
• Technological changes
• Public acceptance of projects
• Geopolotical constrains (materials, supply chains)
• …

https://doi.org/10.1016/j.energy.2024.131447
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How can we deal with climate uncertainty in power system studies?

Important : investments are made with public funds. 
Optimal design and decision is key!

• Scenarios

• Classical probabilistic approach : multi-model, 
multi-scenario, ensembles…

• Sensitivity analysis

• Monte Carlo simulations

• Storylines, stress tests

• …
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Scenarios

E

Trend scenarios: “no surprises,” continuation of current trends, without major
disruptions, and incorporating known factors of change whose probability is certain.
➔ Uncertainty is ignored
Ex: business as usual scenarios
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Scenarios method: 2 families

E

Exploratory / contrasting scenarios
(forecasting): exploration of possible futures
based on a known initial situation
Ex: IEA long-term scenarios, ENTSO-E 2050
scenarios, IPCC SSPs
Allows to fix some variables and get rid of
some uncertainties

Normative scenarios (backcasting): path
from the future to the present based on a
desirable future, the means to be
implemented to achieve defined objectives
Example: EU’s Zero net emissions in 2050
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Storylines

Storyline are “a physically self-consistent unfolding of
past events, or of plausible future events or pathways.
No a priori probability of the storyline is assessed;
emphasis is placed instead on understanding the
driving factors involved, and the plausibility of those
factors.”
(Shepherd et al., 2018 https://doi.org/10.1007/s10584-018-2317-9)

They can:
➔ Raise awareness
➔ Provide an effective mechanism for strengthening

decision-making
➔ Provide a physical basis for partitioning uncertainty
➔ Explore boundaries of plausibility

Eventually, they can help better define stress-tests of a
given complex system Van den Hurk et al., 2023 https://doi.org/10.1016/j.crm.2023.100500

https://doi.org/10.1007/s10584-018-2317-9
https://doi.org/10.1016/j.crm.2023.100500
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Standard multi-model/multi-scenario approach

The « classical » climate uncertainty
Source: IPCC AR6 synthesis report



15

Standard multi-model/multi-scenario approach

SSP2-4.5
SSP5-8.5

SSP1-2.6

Results from the 2C NOW 
Joint Industry Project

13 CMIP models
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Climate uncertainty in long-term adequacy studies: Monte Carlo simulations

Climate 
Reference

Meteorological time 
series

 temperature, wind, 
solar irradiance, cloud 

cover, 
precipitations/river flow

200 years 
1-hourly timestep
European domain

Demand modeling

• Demand power curves

Generation 
modeling

• Wind / Solar
• Hydro
• Availability of thermal 

plants

Production means and flexibilities

Assumption on installations : capacities (GW), 
localisation, technologies

Demand and electric uses

Evolutions : equipment rate, efficiency, new 
uses, economic activity…

Simulation of 
offer/demand 

balance

Economic Optimisation 
Of the generation program, 

storage and other 
flexibilities

1000 ans 1-houry timestep
200 climate years 

x 5 outage scenarios

Results

- Energy balance
- Imports/exports
- Security of supply
- Generation costs
- CO2 emissions
- …

1 single model
Multiple years
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Climate modeling at RTE, previous approach

• Dedicated climate simulations provided by 
Météo-France, based on ARPEGE Climat v5 
(CMIP5)

• So-called « constant climate simulations »

• Representing 3 different climates :

➢ Climate 2000s

➢ Climate 2050s – RCP 4.5

➢ Climate 2050s – RCP 8.5

For each simulation set

• 200 fictives years (fictives) with 1-
hourly timestep

• All over Europe

• All variables necessary for power 
systems simulations

Demand

Generation

Climate variables
Consumption

Temperature

Solar irradiance

Cloud cover

Wind speed

Precipitation and river flow Hydro Power

Solar Photovoltaic

Wind power

Availability of thermal plants 
(nuclear, coal…)
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New approach: the Pan-European Climate Database

MoU
ECMWF
ENTSO-E

N
o

v 
2

0
2

2

May 2020

Jan 2021

Past climate only

PECD 3.0
Based on ERA Interim
1983

PECD 3.1
Based on ERA5
1980–2019

Feb 2023

Sep 2024

Jul 2025

C3S is developing PECD4.x for ENTSO-E,
including climate change

PECD 4.0
ERA5 - 1980-2021
EURO-CORDEX projections

3 models, RCP4.5 and RCP8.5
2006-2065 

PECD 4.1
Based on ERA5 - 1950-2021
CMIP6 projections

3 models, SSP2-4.5
2015-2065

PECD 4.2
ERA5 - 1950-present
CMIP6 projections

6 models, 4 SSPs (SSP1-2.6, SSP2-
4.5, SSP3-7.0, SSP5-8.5)
2015-2100

Available on the CDS, used for 
ERAA 2025 and TYNDP 2026

Available on the CDS
Used for ERAA 2024

New 
contract

Funded and led by Developed by 
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PECD4.2: available data ENTSO-E PECD 4.2

Meteorological variables

Temperature 
And population-weighted temperature

Wind speed at 10 m and 100 m 

Precipitation

Global radiation at ground level 
(No cloud cover)

25km resolution grid 
& data aggregated by zone (country, market 

zone and PECD zone)

Conversion 
models

Energy variables

Onshore wind: load factors for 10 technologies
o Current fleet (at end of 2020)
o Future fleet: 3 hub heights  x  3 technologies (→ 9 combinations)

Offshore wind: load factors for 3 technologies 
o Current fleet (2020)
o Future fleet: 2 technologies (155 m hub height)

PV: load factors for 4 technologies (residential roofs, industrial 

roofs, ground-mounted plants and single-axis trackers)

CSP: concentrated solar power plants (with/without storage)

Hydropower: energy contributions for 4 technologies 
(run-of-river, pumped storage, reservoirs and open STEP)

Data aggregated by zone (countries, market zones and PECD zones)

2100

Projections stream

2015 6 climate models (CMIP6)
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 

scenarios

1950

Historical stream (ERA5 reanalysis)

Present

Link to the PECD on the Copernicus Climate Data Store

https://cds.climate.copernicus.eu/datasets/sis-energy-pecd?tab=overview
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Climate database: summary of changes towards a more classical approach

Météo-France constant climate scenarios

❖ Past re-runs: 
1980–2018 (no updates)

❖ Future simulations

• 1 model only 

• 3 "constant" climates

• 200 years for each

PECD 4.2 (Pan-European Climate Database)

❖ Past re-runs: 
1950 – present [M – 2]

❖ Future simulations 
• 6 CMIP6 models
• 4 emission scenarios (SSP)
• 2015–2100 (years to be 

selected according to the time 
horizon)

❖ Weather variables

❖ Renewable energy variables already calculated: 
✓ Wind FC for existing + 9 technologies (zonal grid)

✓ PV CF for 4 technologies (zonal grid or 25 km grid)

✓ Hydraulic inputs (national grid only)

❖ Weather variables

❖ Renewable energy variables calculated by RTE: 
o statistical models without technological developments

➔ A better aproach, by using more models, more scenarios and time gap-free simulations
➔ SSP2-4.5 as a reference + sensitivity analysis
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When computing time or capacity is limited? 
Optimal selection of climate models or climate years subsets: narrative approach

From Soubeyroux et al., 2025 https://hal.science/hal-04991790v2 

In case of limited simulation capacity:
How to select representative members?

https://hal.science/hal-04991790v2
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Optimal selection of climate models or climate years subsets: hierarchical 
clustering approaches

From Filahi et al., 2025 https://doi.org/10.1007/s00704-024-05263-4

https://doi.org/10.1007/s00704-024-05263-4
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RESILIENCE 
Impacts of climate change on existing and future assets

23

Large scale 
impact

Sticky Snow

Flooding

Winter 
Storms

Heat Waves

Freezing Rain

Freezing 
clouds in the 

mountains and 
plains

Wild Fires

Tornadoes
& Wind Gusts

Sea Level 
Rise

Local 
impact

Cold Waves

Priorities led by geographical extent of the risks, robustness of the 
signal (uncertainties), and criticality of impacts 
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Power System Resilience

Sizing of assets must be done to cope with extremes

Considering worst case scenarios (e.g. SSP5-8.5) can 
lead to over-investment and very high costs, with a risk 
of no action due to political blocking or citizens’ 
opposition

Political guidance and regulation can help determine 
the targets: TRACC in France. 

2030

2050

2100

From Soubeyroux et al., 2025 https://hal.science/hal-04991790v2 

https://hal.science/hal-04991790v2
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Integrated Approaches to Energy Planning

But guidance remains fuzzy and lacks methodological support
So uncertainties remain

From Soubeyroux et al., 2025 https://hal.science/hal-04991790v2 

https://hal.science/hal-04991790v2
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The time of émergence of a given warming level might be critical  to plan investments

From Soubeyroux et al., 2025 https://hal.science/hal-04991790v2 

https://hal.science/hal-04991790v2
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Various studies conducted since 2019 have identified the hazards that pose the 
greatest risks to the network and its environment.

A
lé

as
 c

lim
at

iq
u

e
s

Vulnerability of existing structures

High temperature, heatwaves

Caused by RTE’s assets

Wild fires

Winter storms

Flooding, marine submersion

High and widespread vulnerability

Medium or limited vulnerability

Low or no vulnerability
Risk to the immediate 

environment in the event 
of cable expansion, 

premature aging Premature aging Premature aging

Fire ignition

Degradation of pylons and long 
outages*

Long outagesDegradation of pylons 

Equipment 
deterioration

* Following the mechanical safety program, RTE's overhead network is resilient to winds of less than 180 km/h near the coast and 150 km/h inland.

Following the vulnerability

studies conducted, RTE focused

on:

thermal risks (heat waves and

fires) for connections,

Flooding risks for power stations 

and pylons

From the climate perspective, these studies have been made with different input data, application models, methodologies
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EXTREMES: a promising path using AI & Rare Event Sampling

Lancelin et al., 2025 arXiv:2510.27066

https://arxiv.org/abs/2510.27066
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Limitations & challenges regarding uncertainty assessment in energy planning

Data limitations: gaps in data availability and quality (climate but also – mainly – on 
the application side). Some climate data are missing (RH, wind gusts…) or the 
associated uncertainty is too large. Climate model improvement is still extremely 
necessary (resolution, processes…). Uncertainty quantification and understanding still 
very important.

Models complexity: difficulties in integrating multiple models, data sources, and 
reconciling uncertainty sources

Policy and regulatory barriers: obstacles in implementing uncertainty-aware 
strategies

Future research: areas needing further exploration, such as advanced modeling 
techniques and improved data collection methods

Case studies have shown that underestimating uncertainty can lead to 
underinvestment in system resilience, or conversely, costly over-engineering.
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Take away messages

❖ Role of Uncertainty
Uncertainty is a key factor in energy planning and must be addressed to 
ensure system robustness and resilience.

❖ Integrated Approaches
Bridging climate science with energy system modeling enables adaptive 
strategies for future planning. But the longer the modeling chain, the 
larger accumulation of uncertainties.

❖ Collaboration Importance
Collaboration among researchers, planners, and decision-makers is critical.

❖ Future Directions
Future efforts should enhance data/uncertainty integration, modeling 
techniques, and interdisciplinary communicationUncertainties are multi-faceted



31

Thank you

Contact: laurent.dubus@rte-france.com
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