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1 Detailed Data Source

We summarize the real-world publicly available datasets used in our study in Table 1,
encompassing the European transmission grid, historical and future projected weather
data, power demand profiles, and renewable generation models.

Supplementary Table 1 | Summary of data sources.

Data ‘ Description

PGLIB IEEE Testing Grid files

PyPSA-Eur [1] Open-source dataset and configurations of European transmission network
ERAS5 [2] 1940 to present hourly global climate data from ECMWF reanalysis

C3S [3] 2005 to 2100 reference climate data from C3S Energy operational service
ENTSO-E [4] Historical hourly country-level power demand data

Demand.ninja [5] | Weather-dependent energy demand models

Atlite [6] Open-source model for renewable generation calculation

2 Detailed Problem Formulations

We present three detailed OPF formulations featured in the main manuscript: the
basic AC-OPF, the Security-Constrained (SC)-OPF, and our Temperature-Dependent
(TD)-OPF model. We also discuss their simplifications and combinations used in the
case studies.

2.1 Alternating Current (AC)-OPF
We consider the standard AC-OPF model [7] as the baseline in our case study:

min Z Z Cik - Pig, (1)

€N keg;
s.t.

Zkegi Py — Pid =re <‘/i(2j€j\/ ngVg)*>
> keg, @ik — Qf =im (Vi(zjej\/ YijVj)*>
Line flow limits |[V; ((V; — V;) Yiy)" | < S5, V(i,4) € L, (3)
Generations limits P,y € | Z-rf‘kina k] Qik € [ ﬁ?,i@n, ), Yie N, Yk € G, (4)
Voltage limits |V;| € [Vin Vmax] | LV, | < VI Vi e N, Y(i,j) € L, (5)
var. P,Q, and V.

,YieN, (2)

Power flow balance

The detailed descriptions are presented in Table 2.

Compared to commonly adopted linear/DC-OPF models (e.g., in PyPSA [1]), AC-
OPF models can capture transmission line thermal losses and resistance variations,
which are essential for conductor thermal modeling in temperature-dependent analysis.


https://github.com/power-grid-lib/pglib-opf
https://pypsa-eur.readthedocs.io/
https://cds.climate.copernicus.eu/datasets/reanalysis-era5-pressure-levels?tab=overview
https://cds.climate.copernicus.eu/datasets/sis-energy-derived-projections?tab=overview
https://www.entsoe.eu/data/power-stats/
https://demand.ninja/
https://github.com/PyPSA/atlite
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Supplementary Table 2 | Parameters of the power grid model.

Notation ‘ Description

T set of time slots

N set of buses

L set of lines

C set of contingency of line outage
Gi, VieN set of generators at each bus

S, Vie L set of segments at each line

Vi, Vie N complex voltage at each bus

PLQ4, Vie N

active and reactive power demand at each bus

P; 1, Qi g, Vi €N, Vk € N; | active and reactive power generation for each generator

Ci,k7 ViEN, VkGM

generation cost for each generator

P,Q, I, Vi=(i,j) € L active, reactive power flow and current at each line

Tye, VIE L, Vs €8,
dl)s, Vie L, VseS

temperature for each segment at each line
length for each segment at each line

Y, Gy, By, Ry, X, Yie L admittance, conductance, susceptance, resistance, reactance

We also note that

AC-OPF is commonly used in single-snapshot formulations

[8], as multi-period AC-OPF becomes computationally expensive due to non-linear
constraints. Conversely, linear/DC-OPF models are typically used in multi-period for-
mulations for long-term planning, where temporal trade-offs are more important than
detailed power-flow accuracy [9].

2.2 Security Constrained (SC)-OPF

Security constraints are important operational requirements for power grids, where
N-1 security requirements are commonly modeled [10]. This ensures that the power
system can still operate within safe ranges under any single transmission line outage.
Let C be the set of possible line outages that would not induce network disconnectivity.
The standard SC-OPF is formulated as:

min
s.t.

Base constraints

Post. PF balance

Post. line flow limits

Post. Gen. limits

Post. Vol. limits

Ramping limits:

Base-case var.

(1)
(6)
(2) = (5),
PS¢ — P =re (Vi(X. on YEVE)*
2keg: :k ld . ( (2 jen UCJZ 2 WNVieN, ceC
Seq, @ — QF = im (Vi(Z en Y5V
(7)
VE((VE =V YS) | < SE™, Y(i,j) e L, ceC (8)
Pic,k € [Pir,r}cin7 ir,r}caxLng,k € [Q?,llicnaQ?l?X}v Vi € N, vk € gi7 ceC
9)
V| € (V™ V™, |2V < Va™, Vi € N, V(i,5) € L, c€C
(10)
[P —PCoc <Ap, [Q — Qe < Ag,[|[V =V oo <Ay, Veel
(11)

P,Q, and V, Post-case. var. P, Q¢ and V° VceC
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Security constraints ensure the post-contingency constraints from (7) to (11). The
base case and post-contingency case are coupled with the ramping constraints. For
preventive settings, the real power generation is fixed as A, = 0, and for corrective
settings, all decision variables are adjustable within prescribed ranges.

Since the number of decision variables and constraints grows linearly with the
number of contingencies, existing works focus on simplifying scenario constraints, such
as a fixed percentage reduction (e.g., 70%) of thermal limits in ACOPF model provides
a safety margin [11]; and a linearized security constraint based on Branch-Outage-
Distribution-Factor (BODF) models contingency impacts in the linearized DCOPF
model [12].

We conduct standard AC-based N-1 preventive security constraints in IEEE 30
experiments under heatwaves, as it provides exact topology and system configuration,
and is computationally feasible. We then use the commonly adopted 70% fixed security
margin in the large-scale European countries analysis [1] due to (i) inexact topology
due to clustering and (ii) computational burden.

2.3 Temperature Dependent (TD)-OPF

Standard AC-OPF neither incorporates the impact of weather on the electrical net-
work’s parameters, such as resistance, nor considers the dynamic thermal limits
of transmission lines. TD-OPF [13-15] with transmission line thermal modeling is
formulated as:

min (1)
s.t.
ACOPF constraints (2) — (5),
Heat balance equations T} s = H(I;, W, ), Vs € S (12)
Conductor thermal limits 7} ; < T, Vs € S (13)
Line resistance R; = Z di s R(Ty ) (14)
SES;
Line current flow I = |(V; — V;)Y3;|, VI = (4,7) € L, (15)
Line admittance Y; =1/(R;+i-X;), Vi = (4,5) € L, (16)

var. P,Q, and V.

Besides the regular AC-OPF constraints, TD-OPF models incorporate the thermal
behavior and thermal limits under specific weather conditions. It models the steady-
state line temperature, which involves non-linear equations and is constrained by the
maximum allowable temperature (e.g., 90°C). The line temperature also determines
the line resistance and changes the power grid admittance, which in turn impacts the
OPF modeling. The coupling between power flow and heat flow via line current makes
solving the exact TD-OPF computationally expensive.

Existing studies focus on simplifying the thermal modeling via linear or quadratic
approximations. In dynamic line rating (DLR) related studies [16-19], only the thermal
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limits are considered, which are transformed into branch flow limits as
I < I = H N (T W, ) (17)
and equivalently reformulated into line power flow constraints by multiplying the per-
unit voltage. Such DLRs are typically used in linear OPF models without dynamic
coupling between power flow and heat flow.
On the other hand, the thermal behavior is approximated by a quadratic curve
due to the Joule heating effects, such that thermal limits can be simplified as:

Bo(Wi,s) + Bi(Wis)IF + Ba(Wi ) [} < T2 (18)

where the coeflicients depend on the specific line weather conditions W, s [20].

3 EU Simulation Settings

3.1 Setting Overview

Supplementary Table 3 | Notable European Heatwave Records (in 2019 and 2022)

Country ‘ Year Temperature Location
Spain 2019 44.4°C Albuquerque, Badajoz
p 2022 45.8°C Torremocha del Campo
Port 1 2019 43.1°C Alvega, Santarem
ortusa 2022 47.0°C Pinhio
France 2019 46.0°C Vérargues
2022 42.6°C Biscarrosse
Ital 2019 40.8°C Rome
o 2022 46.6°C Perugia
German: 2019 42.6°C Lingen
4 2022 40.3°C Bad Mergentheim
UK 2019 38.7°C Cambridge
2022 40.3°C RAF Coningsby
. 2019 41.8°C Begijnendijk
Belgium 2022 40.0°C Kapelle-op-den-Bos
2019 40.7°C Gilze-Rijen
Netherlands 2022 39.5°C Maastricht-Aachen Airport

1 References: [2019 European heatwaves]; [2022 European heatwaves].
2 Temperatures represent the highest recorded during each respective heatwave period

To assess the resilience of the European electricity grid under projected future
heatwave conditions, we employ an integrated modeling approach that combines the
data sources detailed in Table 1 (main manuscript) with the computational frame-
work described in Section 2 (main manuscript). Our analysis focuses on Western


https://en.wikipedia.org/wiki/2019_European_heatwaves
https://en.wikipedia.org/wiki/2022_European_heatwaves
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Supplementary Table 4 | Installed Capacity by Country and Technology Type

Country | Conv.2 (GW) Renew.P (GW) Stor.© (GW)
Spain 39.99 67.89 23.79
Portugal 4.50 8.73 5.08
France 64.17 37.96 13.67
Italy 47.62 32.55 11.77
Germany 72.37 117.59 7.24
UK 49.91 51.54 0.66
Belgium 10.79 9.88 1.18
Netherlands 17.57 21.87 0.00

# Conv. = Conventional (fossil fuel and nuclear power plants)
P Renew. = Renewable (wind, solar, hydro, and biomass power plants)
¢ Stor. = Storage units (battery and H2 storage units)

Note: Installed capacity remains constant across all resolution levels.

European countries that have historically experienced significant heatwave events, as
documented in Supplementary Table 3.

We derive country-specific power grid representations using PyPSA-Eur [1, 11].
Our methodology begins by extracting the complete EU grid profile and subse-
quently filtering for the regions of interest. To address potential local modeling
inaccuracies—including misalignment of load and supply distributions and inadequate
representation of urban underground transmission infrastructure—we adopt a clus-
tered grid network approach supported by the PyPSA framework. This clustering
methodology consolidates proximate buses and transmission lines, thereby simplify-
ing the grid representation while minimizing error-induced transmission bottlenecks
[1, 21].

The approach first distributes the target number of clusters across countries pro-
portionally to their electrical loads by solving an assignment problem that minimizes
the deviation between integer cluster assignments and the ideal proportional allo-
cation. It then applies weighted k-means clustering within each country separately,
incorporating regional electrical load as weights to ensure that high-demand regions
receive adequate representation in the simplified network topology.

To balance computational efficiency with network fidelity, we adopt a 75%
resolution clustered network relative to the initial 380 kV transmission network config-
uration. We apply k-means clustering [21] to aggregate buses into larger geographical
areas, preserving essential power flow patterns while reducing computational complex-
ity. This clustering addresses fundamental modeling artifacts in ENTSO-E-derived
network topologies [1]. These models exhibit unrealistic load shedding even with suffi-
cient generation capacity, stemming from two key issues: (1) Voronoi cell assignments
that inaccurately map loads and generators to substations, failing to represent actual
distribution grid topology; and (2) underrepresentation of inner-city underground
cabling. The 75% resolution effectively smooths these local assignment errors while
maintaining network characteristics critical for our analysis. Country-specific power
grid configurations and operational parameters are detailed in Tables 4 and 5.

To incorporate weather-induced thermal limits, it is essential to model the physical
properties and operational requirements of transmission lines. In our case study, we
standardize transmission lines to the “Al/St 240/40 4-bundle 380.0” specification,
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Supplementary Table 5 | Power Grid Configuration at Different Resolutions

Country ‘ Buses Lines ‘ Number of Generator/Storage

‘ ‘ Conv.? Renew.? Stor.©
Spain 281 442 91 339 75
Portugal 81 129 14 66 24
France 439 711 53 652 51
Italy 373 522 93 622 65
Germany 484 682 792 936 31
UK 319 426 90 451 6
Belgium 42 50 23 82 3
Netherlands 34 41 30 64 0
# Conv. = Conventional (fossil fuel and nuclear power plants)

b Renew. = Renewable (wind, solar, hydro, and biomass power plants)
¢ Stor. = Storage units (battery and H2 storage units)

featuring an aluminum/steel cross-section of 240/40 mm? and a 4-bundle configuration
of wires per phase at 380 kV [1, 22]. Conventional aluminum/steel conductors (e.g.,
ACSR, AAC, AAAC) typically operate within temperature ranges of 80°Cto 120°C[17,
23-25].

To address security constraints as operational requirements, we follow established
methodologies [16, 26] by implementing a simplified N-1 security criterion, limiting
transmission line flows to 70% of their maximum capacity. This approximation is jus-
tified by two considerations: first, the aggregated network topology does not perfectly
represent real-world grid configurations; second, full security-constrained optimization
with non-linear heat flow modeling becomes computationally intractable for large-scale
European network models.

3.2 Heatwave Generation

We generate future European heatwave scenarios for 2026-2030 using the morph-
ing methodology detailed in Section 2.1 of the main manuscript. These projections
build upon historical extreme events—specifically the 2019 and 2022 heatwaves (Table
3)—which serve as baseline templates. Our approach combines hourly ERA5 reanaly-
sis data (temperature, solar radiation, and wind speed) with future climate projections
from the Copernicus Climate Change Service (C3S) energy sector indicators. This
methodology preserves the spatial patterns and diurnal cycles of observed extremes
while incorporating climate change amplification factors. Temperature and solar irra-
diance undergo additive bias correction in their original space, while wind speed is
morphed in log-space to ensure physically positive values.

Generated weather variables for future heatwaves in Spain are presented in Figures
1 through 3. Each figure contains: a: Demonstrates the morphing approach for simu-
lating future heatwaves, where delta values calculated from historical heatwave days
(in July 2022) are applied to future reference hot days. b: Shows spatial distributions
of weather variables for both historical and future reference conditions and their cor-
responding heatwaves. c¢: Displays the 2030 heatwave scenarios generated using delta
values from the five hottest historical days, with separate visualizations for different
sampled bus areas in the electricity grid.
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For other countries, we provide condensed visualizations in Figures 4 through 10
to show the temperature profiles of generated heatwaves.
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Supplementary Figure 1 | Generated temperature profiles during heat-
waves in Spain by 2030 compared to the 2022 records.
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waves in Spain by 2030 compared to the 2022 records.
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waves in Italy by 2030 compared to the 2022 records.
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Supplementary Figure 5 | Generated temperature profiles during heat-
waves in France by 2030 compared to the 2022 records.
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Supplementary Figure 7 | Generated temperature profiles during heat-
waves in Germany by 2030 compared to the 2022 records.
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Supplementary Figure 8 | Generated temperature profiles during heat-
waves in the UK by 2030 compared to the 2019 records.
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Supplementary Figure 9 | Generated temperature profiles during heat-
waves in Belgium by 2030 compared to the 2022 records.
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Supplementary Figure 10 | Generated temperature profiles during heat-
waves in the Netherlands by 2030 compared to the 2022 records.
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3.3 Demand Calibration

Supplementary Table 6 | Demand model calibration for Western European
countries.

Country Ppase Pheat Peool Theat Teool o
(GW) (GW/°C) (GW/°C) (C) (C) (GW)
Spain 22.32 0.60 0.79 14.93 19.16 4.45
Portugal 4.75 0.17 0.17 15.65 19.14 0.90
France 38.38 2.46 0.66 14.19 20.82 6.32
Italy 25.51 0.60 1.53 12.39 19.29 8.01
Germany 44.56 0.64 0.67 15.10 22.28 11.53
UK 30.02 1.26 0.58 15.46 17.32 5.10
Belgium 7.96 0.16 0.18 15.95 18.14 1.20
Netherland 10.71 0.17 0.15 14.87 17.76 1.66

! Key parameters include baseline demand (Ppase), heating coefficient (Pheat), cooling coefficient
(Peool), heating threshold temperature (Theat ), cooling threshold temperature (Tcoo1), and weekday
demand difference coefficient ().

2 Demand models are calibrated based on historical hourly load data from 2015 to 2024 for all
countries except Great Britain. Great Britain is calculated based on data from 2015 to 2020, given
the availability of load data on the ENTSO-E platform.

We develop temperature-dependent electricity demand models following the
demand.ninja framework [5], as detailed in Section 2.2 (main manuscript). Since
Demand.ninja does not provide publicly available code for model calibration and
raw data processing, we implement their methodology [5] to calibrate demand mod-
els for the EU countries in our case study. We leverage historical hourly load data
from ENTSO-E (from 2015 to 2024) in conjunction with historical ERA5 weather
records, enabling us to capture the complex, non-linear relationships between ambient
temperature and electricity consumption patterns across diverse European countries.

We employ the open-source black-box optimizer PyPop7 [27] to calibrate the
demand models and derive country-specific parameters. The calibration results and
model performance are presented in Figure 11. The results clearly reveal the cooling
threshold temperatures and cooling load demand coefficients under hot conditions,
providing a valid foundation for simulating temperature-induced demand changes
under extreme heatwave scenarios.

For model calibration based on historical data from 2015 to 2024, we do not incor-
porate the growth rate parameter, which derives an average estimation for the baseline
country demand. However, for future scenarios, we incorporate varying annual growth
rates (8) to model different load projection pathways. This approach accounts for
emerging grid challenges from AI technologies, smart homes, and electric vehicles,
which are expected to significantly alter historical demand patterns. By adjusting these
growth rates, we evaluate grid performance under various electrification scenarios,
ranging from moderate to aggressive technology adoption trajectories.
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Supplementary Figure 11 | Demand calibration for Western EU countries.

3.4 Conductor Thermal Models
3.4.1 Single Conductor Heat Balance

Heatwaves also reduce transmission capacity in power grids by affecting the thermal
behavior of overhead conductors. This physical phenomenon can be modeled by the
steady-state heat balance equation, which accounts for the equilibrium between heat
generated by electrical current and solar radiation, and heat lost through convection,
radiation, and conduction. The specific steady-state heat balance equation according
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to IEEE Std 738T-2012 [28] used in our study is as follows:

Ho +Hr = Hs+ Hy  [W/m], (19)
N—— N———
heat loss heat gain
where
3.645;)?'5DO'75 (T - Tamb)l'25 , (zero wind speed) ;
He = max{ K, [1.01 + 1.35N§§2} Af (T = Tymp),  (low wind speed) ; (20)
0.754K 4 N3 1 (T — Topu) » (high wind speed) ;
Hp = 705 Daem; [(T +273)* — (T, + 273)4] (21)
HS = aabsDS (22)
H;= IzR(T) = Iercf(l + ar (T — Tef)) (23)

Here, H¢ is the heat loss rate due to convective cooling affected by air temperature,
wind speeds, angles, and the conductor temperature; Hg is the heat loss rate due to
radiative cooling caused by the temperature difference, Hg is the heat gain rate due
to solar radiation and H; is the heat gain rate due to Joule heating under conductor
current and temperature-dependent resistance. The values of these coefficients are
specified in Table 7.

Supplementary Table 7 | Parameters in the conductor thermal model.

Notation ‘ Description

1) The angle between wind and axis of conductor, taking value in [0, 7/2]
Ky Wind direction factor, Ky = 1.194 — cos(¢) + 0.194 cos(2¢) + 0.368 sin(2¢)
Vi Wind speed [m/s]

D Conductor diameter [m)]

L Conductor length [m]

S Total solar heat intensity [W/m?]

Nre Dimensionless Reynolds number, Nye = Dpf Vw/,uf

of Density of air [kg/m?]

Wy Dynamic viscosity of air

Af Thermal conductivity of air [W/(m - °C)]

Qemi Radiation emissivity factor, taking values in [0, 1]

Qabs Solar absorptivity factor, taking values in [0, 1]

ar Temperature-dependent resistance coefficient

oB Stefan—Boltzmann constant og = 5.67 x 1078 [W/(m?2 - K%)]

T, Tamb, Tret Conductor, ambient, and reference temperature [°C]

R(T.) Unit temperature-dependent resistance [Q2/m]

3.4.2 Conductor Thermal Limits

Conductor thermal limits vary substantially across different technologies, as estab-
lished in the literature and industry standards (Table 8). Conventional conductors,
including Aluminum Conductor Steel Reinforced (ACSR), All Aluminum Conductor
(AAC), and All Aluminum Alloy Conductor (AAAC), typically operate within tem-
perature ranges of 80°C to 120°C [17, 23, 29]. In contrast, modern High Temperature
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Low Sag (HTLS) conductors—such as Aluminum Conductor Steel Supported (ACSS),
Aluminum Conductor Carbon Composite Reinforced (ACCR), ZTACIR, and Alu-
minum Conductor Carbon Core (ACCC)—are designed for continuous operation at
significantly higher temperatures ranging from 180°C to 250°C [17].

European transmission standards establish conservative operational limits for
conventional conductors. According to ENTSO-E technical specifications [25], these
conductors should not exceed 80°C under worst-case ambient conditions. Contem-
porary European network simulations, particularly PyPSA-based models of the EU
transmission system [1, 16], typically adopt a 100°C maximum temperature limit for
conventional conductors.

For this study, we selected 90°C as the maximum thermal limit for conventional
conductors, representing a middle ground between the European standard limit and
common simulation practices. This choice accounts for both operational safety mar-
gins and realistic network conditions. Regarding HTLS conductors, their deployment
remains limited primarily to pilot projects and small-scale field tests, such as those
conducted in Northern Germany and documented by ENTSO-E [30]. Given their cur-
rent limited deployment, we focus our analysis on conventional conductor limits while
acknowledging the potential for future HTLS integration.

Supplementary Table 8 | Summary of conductor thermal limits in literature.

Reference \ Conductor Type Thermal Limits

(23] | Conventional 80°C-120°C

[24] | ACSR 50°C-180°C

[29] | ACSR 90°C-110°C

[17] Traditional (ACSR, AAC, AAAC) <100°C
Modern (ACSS, ACCR, ZTACIR, ACCC) 180°C—250°C

[25] | Conventional 80°C

[30] | HTLS Up to 210°C

[1, 16] | Conventional (in PyPSA) 100°C

3.4.3 Multi-Bundle Heat Balance

In practice, multi-bundle transmission lines are commonly employed for long-distance
power transmission, which significantly complicates thermal modeling due to mutual
thermal interactions between conductors. The convective and radiative cooling of
individual conductors is reduced when they are positioned in the wake of other con-
ductors, creating complex heat transfer patterns that deviate from single-conductor
assumptions. For instance, the PyPSA-Eur documentation specifies “Al/St 240/40 4-
bundle 380.0” as the default conductor configuration for 380 kV transmission networks,
representing a four-bundle conductor arrangement within a single transmission line.
Such multi-bundle configurations are standard practice in high-voltage applications to
reduce corona discharge and improve power transfer capacity.
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Supplementary Figure 12 | Thermal analysis of Al/St 240/40 4-bundle 380
kV conductor under worst-case ambient conditions [25]. The conductor ther-
mal equilibrium is evaluated at 0.6 m/s wind speed and 900 W/m? solar irradiance
across varying ambient temperatures and current loads. Figures a, b, and c display
steady-state conductor temperatures under individual, corrected, and merged conduc-
tor modeling frameworks, respectively.

Exact modeling of multi-conductor thermal behavior requires sophisticated finite-
element simulations [31], which showed that steady-state temperatures of individual
conductors within a bundle can vary by 5-25°C due to mutual thermal influences.
This temperature variation has important implications for ampacity calculations and
thermal limit assessments.

Given the computational complexity of exact modeling, two primary approaches
are typically employed to simplify multi-conductor thermal analysis:

¢ Individual Conductor Modeling (Fig. 13 (a)): One simplification approach
neglects the mutual thermal influence among conductors and treats each bundle as
an independent line [1], which is implemented in the dynamic line rating functional-
ity of PyPSA. This simplification overestimates the transmission line capacity by
failing to account for the reduced convective and radiative cooling effects that occur
in multi-bundle configurations, where conductors shield each other from airflow and
thermal radiation.

¢ Merged Conductor Modeling (Fig. 13 (c)): An alternative simplification
merges multiple bundles into a single equivalent transmission line, which neglects
the physical spacing between individual conductors within the bundle. This single-
line modeling approach is predominantly adopted in existing temperature-dependent
optimal power flow (OPF) formulations [14, 32]. The method assumes uniform heat
distribution and cooling across the entire conductor cross-section, which underes-
timates the transmission capacity due to convective cooling between the physical
space of individual bundles.

Corrected Conductor Modeling (Fig. 13 (b)): To account for mutual thermal
effects while maintaining computational efficiency in multi-bundle conductor model-
ing, we introduce a corrective factor applied to the cooling components He (convective
cooling) and Hp (radiative cooling). Drawing from finite-element analysis results
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Supplementary Figure 13 | Generator derating factor under different tem-
peratures. The capacity derating factor () for various generator types as a function
of ambient temperature, showing how generating capacity diminishes during high-
temperature events. This thermal sensitivity becomes particularly significant during
heatwaves when multiple generators experience simultaneous capacity reductions.

reported in [31], which demonstrated that steady-state temperatures of individual con-
ductors within a bundle can vary by 5-25°C depending on their physical position due
to mutual thermal interactions, we adopt a correction factor of 0.8. The modified heat
balance equation becomes: 0.8 - Ho + 0.8- Hgp = Hg + H;. Under worst-case ambi-
ent conditions as defined by ENTSO-E [25]—0.6 m/s wind speed, 900 W/m? solar
irradiance, and maximum current flow—our model predicts that conductors reach the
90°C thermal limit at an ambient temperature of approximately 25°C. This corrected
capacity curve falls between the individual conductor and merged bundle modeling
approaches. Specifically, our results show approximately 15°C difference compared to
the individual conductor (optimistic setting) modeling approach, which aligns well
with the empirical finite-element analysis findings reported in [31].

3.5 Generator Derating Effects

As discussed in the main manuscript, generators experience derating with increasing
temperatures during heatwaves, with the magnitude varying across different generator
types and weather conditions. We quantify these thermal dependencies through a
capacity derating factor n < 1 for conventional generators operating under elevated
ambient temperatures (Tomp > 20°C), as illustrated in Figure 13.
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4 EU Simulation Results

4.1 Setup

Based on generated future weather profiles (2026-2030) derived from the 2019 and
2022 European heatwaves, we transform renewable generation profiles according to
the corresponding weather inputs. We analyze a total of 480 heatwave scenarios per
country, comprising 5 years X 24 daily heatwave projections X 4 hottest
hourly snapshots = 480 scenarios. Specifically, we select the historically hottest
days in June and July in 2019, 2022, and 2024 as heatwave events, then apply the
bias-correction methods described in Sec. 3.2 to create future heatwave projections.
Load profiles are projected using our calibrated demand model with a baseline annual
growth rate of 1% from 2025. For single-snapshot analyses, we set the state of charge
(SoC) for storage units to 80% as an optimistic setting. Using these parameters, we
conduct optimal power flow analysis and model comparison for selected countries.
Table 9 provides the detailed model configurations used for comparisons throughout
our main manuscript and supplementary information.

Metrics. To evaluate extreme heatwave impacts on national power grids, we
employ three key metrics: (1) load shedding ratio, representing unserved load as a
percentage of total hourly demand; (2) line temperature, calculated via the heat bal-
ance equation using current flows from OPF solutions; and (3) capacity reduction,
computed by as the ratio of thermal-induced line transmission capacity relative to
nominal ratings. These metrics collectively quantify grid vulnerability and operational
constraints during extreme heat events.

We then conduct a single-country analysis via OPF for each selected country
under projected heatwaves in Sec. 4.2. We also conduct cross-border analysis to
examine grid interdependencies across multiple countries in Sec. 4.3.

4.2 Heat-flow Analysis for Single Country

We first provide a compact summary of simulation results for eight Western EU
countries in Fig. 14, based on the proposed Iter-OPF framework (incorporating
temperature-dependent modeling for grid analysis and solved using our iterative algo-
rithm). This summary encompasses three key aspects: statistics of temperature and
load demand under projected heatwave scenarios; load shedding magnitude and com-
putational running time under the proposed Iter-OPF analysis; and the distribution
of line temperatures and associated capacity reductions under projected heatwave
conditions.

We then present detailed analyses for three countries—Spain, Italy, and
France—which exhibit substantial load shedding under projected heatwaves (Figs.
15-23). For these case studies, we examine three dimensions.

> First, in our model comparison, we evaluate performance across countries under
the generated heatwave scenarios, examining load shedding, line temperatures, and
computational requirements relative to four baseline models (Figs. 15, 18, 21).

20



334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

Supplementary Table 9 | Model Baselines for the EU-Grid Simulations.

Models Conductor model Generator Contingency
Thermal Segments Derating Security Constraint

‘ Model Basleines

AC-OPF X X X X

Quad-OPF quad. approx. X X X

Iter-OPF v v 4 X

TD-OPF v v v X

Ablation Study

w/o thermal X v v X

w/o segment v X v X

w/o derating v v X X

SC-OPF X X X 70%

1 The model baselines include existing and proposed approaches for analyzing grid performance under
extreme heatwaves. AC-OPF represents a standard alternating current OPF without heat bal-
ance constraints. Quad-OPF applies a quadratic approximation for heat balance and thermal limit
constraints. Iter-OPF uses the proposed iterative approach for solving the complete temperature-
dependent OPF model. TD-OPF represents the fully converged solution for the exact TD-OPF model.

2 The ablation study examines the contribution of individual model components. “w/o thermal”
excludes the thermal-dynamic conductor model. “w/o segment” removes line segmentation and uses
average weather along the line for thermal modeling. “w/o derating” omits generator derating fac-
tors. SC-OPF incorporates a 70% security constraint margin without thermal modeling.

> Second, in our temporal analysis, we investigate trends from 2025 to 2030 in load
shedding and line temperatures, considering varying load growth rates and storage
deployment levels to assess their impacts on network resilience (Figs. 16, 19, 22).

> Third, in our sensitivity analysis, we conduct ablation studies on the proposed
iterative framework by systematically removing individual modeling components to
quantify their contributions, benchmarking against the simplified security-constrained
optimal power flow model with a 70% security margin [1]. We further quantify the
impacts of the underlying physical thermal models by comparing individual-conductor
modeling with corrected models that account for bundle effects, and by examining
conductors with different thermal limits (Figs. 17, 20, 23).

Key observations include the following. First, existing OPF models overestimate
grid resilience under heatwaves, highlighting the need for temperature-dependent for-
mulations. Second, complete thermal modeling is essential for accurate resilience
assessment under heatwaves, as simplified approaches fail to capture critical thermal
constraints. Third, rising demand amplifies grid stress, yet energy storage alone offers
limited relief, suggesting that infrastructure upgrades and demand-side management
must complement storage deployment. Fourth, grid vulnerability differs substantially
by country, reflecting variations in network topology, generation mix, and climatic
exposure.
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Supplementary Figure 14 | National grids in Western Europe, such as France,
Italy, and Spain, exhibit substantial load shedding under projected heatwaves,
while other countries remain resilient. a Average air temperature during the hottest
hours in projected heatwave periods. b Average hourly load demand for heatwave scenarios
estimated by calibrated demand models. ¢ Average load shedding across different countries. d
Average running time per scenario for different national grids. e Distribution of line temper-
ature under OPF analysis with projected heatwaves. f Distribution of line capacity reduction
compared to nominal ratings during heatwaves.
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4.2.1 Spain

a

Year Wind (m/s) Solar (W/m?) Temp. (°C) Load (GWh)

2026 2.27 (4£0.37) 785.52 (£67.23) 36.05 (£2.59) 36.47 (£1.45)

2027 2.87 (40.36) 753.82 (£70.45) 36.92 (£2.58) 37.48 (£1.33)

2028 2.65 (1+0.40) 717.83 (£91.25) 36.93 (£3.46) 37.98 (£2.12)

2029 2.62 (1+0.43) 789.08 (£66.75) 37.52 (£2.58) 38.23 (£1.36)

2030 2.69 (40.35) 766.68 (+62.69) 37.58 (£2.58) 38.71 (£1.62)
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Supplementary Figure 15 | OPF analysis comparison in Spanish Grid. a
Weather and load statistics under heatwave projections from 2026 to 2030, with 480
scenarios generated using a bias-correction approach. b-c Distributions of estimated
line capacity reduction compared to nominal conditions and line temperatures (derived
from heat balance equations). Box plots display the median (centre line), interquartile
range (box), and 1.5% interquartile range (whiskers); violin plots show the probability
density distribution. d Distributions of load shedding ratios (demand-generation mis-
match over total demand) e Average per-scenario solving times. f Relations between
air temperature, load demand, and load shedding ratio.
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Supplementary Figure 16 | Spatiotemporal evolution of grid thermal stress
and load shedding under heatwave conditions across diurnal and interan-
nual scales. a—b Line capacity drop across different times of day (a) and projection
years (b), with the security margin indicated by the dashed blue line. c—d Transmission
line temperature variations across hours of day (c) and projection years (d); dashed
red line indicates the thermal limit. e—f Load shedding ratios as a function of time of
day (e) and projection year (f). g Power grid visualization showing the spatial distri-
bution of air temperature (background shading; redder indicates higher temperature)
and transmission line temperature (network overlay; red/purple indicates proximity
to thermal limits) during peak afternoon hours (12:00-15:00) for a sampled heatwave
scenario in 2030. Yellow triangles (A) indicate buses experiencing load shedding.
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Supplementary Figure 17 | Ablation study of thermal modeling, impacts
of the physical thermal model, and sensitivity to load growth and storage
conditions under heatwave scenarios. a—c, Impact of removing different modeling
components from the Iter-OPF framework on capacity reduction (a), line tempera-
tures (b), and load shedding ratios (c), compared to the 70% security margin SC-OPF
method. d, Sensitivity of load shedding to different physical thermal models (detailed
in Sec. 3.5) and thermal limit assumptions (individual conductor model at 90°C versus
corrected model with thermal ratings at 90°C, 120°C, 150°C, and 180°C). e—f, Sensitiv-
ity analysis of load shedding ratios under varying annual load growth rates (GR: 1%,
2%, and 3%) (e) and initial battery state-of-charge levels (SoC: 0%, 50%, and 100%)
(f). Box plots display the median (centre line), interquartile range (box), and 1.5x
interquartile range (whiskers); violin plots show the probability density distribution.
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4.2.2 Italy

a
Year Wind (m/s) Solar (W/m?) Temp. (°C) Load (GWh)
2026 1.95 (£0.23) 661.30 (£103.10) 31.11 (£2.62) 47.27 (£1.48)
2027 2.45 (+0.23) 603.16 (£113.85) 32.65 (£3.41) 49.22 (£2.33)
2028 1.94 (£0.26) 677.70 (£106.83) 33.93 (£2.63) 50.37 (£1.51)
2029 2.20 (40.30) 660.80 (£120.41) 34.22 (£2.83) 50.80 (£1.92)
2030 2.07 (£0.19) 688.94 (£113.99) 35.13 (£2.76) 51.72 (£1.40)
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Supplementary Figure 18 | OPF analysis comparison in Italian Grid. a
Weather and load statistics under heatwave projections from 2026 to 2030, with 480
scenarios generated using a bias-correction approach. b-¢ Distributions of estimated
line capacity reduction compared to nominal conditions and line temperatures (derived
from heat balance equations). Box plots display the median (centre line), interquartile
range (box), and 1.5% interquartile range (whiskers); violin plots show the probability
density distribution. d Distributions of load shedding ratios (demand-generation mis-
match over total demand) e Average per-scenario solving times. f Relations between
air temperature, load demand, and load shedding ratio.
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Supplementary Figure 19 | Spatiotemporal evolution of grid thermal stress
and load shedding under heatwave conditions across diurnal and interan-
nual scales. a—b Line capacity drop across different times of day (a) and projection
years (b), with the security margin indicated by the dashed blue line. c—d Transmission
line temperature variations across hours of day (c¢) and projection years (d); dashed
red line indicates the thermal limit. e—f Load shedding ratios as a function of time of
day (e) and projection year (f). g Power grid visualization showing the spatial distri-
bution of air temperature (background shading; redder indicates higher temperature)
and transmission line temperature (network overlay; red/purple indicates proximity
to thermal limits) during peak afternoon hours (12:00-15:00) for a sampled heatwave
scenario in 2030. Yellow triangles (A) indicate buses experiencing load shedding.
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Supplementary Figure 20 | Diurnal-to-interannual evolution of grid per-
formance and sensitivity to load growth and storage conditions under
heatwave scenarios. f-h Impact of removing different modeling components from
the Tter-OPF framework on capacity reduction (f), line temperatures (g), and load
shedding ratios (h), compared to the 70% security margin SC-OPF method. g—h Sen-
sitivity analysis of load shedding ratios under varying annual load growth rates (GR:
1%, 2%, and 3%) (g) and initial battery state-of-charge levels (SoC: 0%, 50%, and
100%) (h).
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4.2.3 France

a
Year Wind (m/s) Solar (W/m?) Temp. (°C) Load (GWh)
2026 2.32 (£0.61) 788.31 (£80.97) 37.59 (£1.67) 54.53 (£1.56)
2027 2.19 (£0.52) 753.01 (£102.57) 37.39 (£3.70) 53.92 (£1.52)
2028 1.97 (£0.33) 784.75 (£102.22) 42.43 (£2.79) 58.63 (£1.65)
2029 2.24 (+0.55) 870.64 (+68.62) 39.84 (£2.90) 56.70 (£1.97)
2030 2.55 (£0.80) 811.68 (£78.75) 40.32 (+1.66) 57.35 (£1.70)
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Supplementary Figure 21 | OPF analysis comparison in French Grid. a
Weather and load statistics under heatwave projections from 2026 to 2030, with 480
scenarios generated using a bias-correction approach. b-c Distributions of estimated
line capacity reduction compared to nominal conditions and line temperatures (derived
from heat balance equations). Box plots display the median (centre line), interquartile
range (box), and 1.5x interquartile range (whiskers); violin plots show the probability
density distribution. d Distributions of load shedding ratios (demand-generation mis-
match over total demand) e Average per-scenario solving times. f Relations between
air temperature, load demand, and load shedding ratio.
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Supplementary Figure 22 | Spatiotemporal evolution of grid thermal stress
and load shedding under heatwave conditions across diurnal and interan-
nual scales. a—b Line capacity drop across different times of day (a) and projection
years (b), with the security margin indicated by the dashed blue line. c—d Transmission
line temperature variations across hours of day (c) and projection years (d); dashed
red line indicates the thermal limit. e—f Load shedding ratios as a function of time of
day (e) and projection year (f). g Power grid visualization showing the spatial distri-
bution of air temperature (background shading; redder indicates higher temperature)
and transmission line temperature (network overlay; red/purple indicates proximity
to thermal limits) during peak afternoon hours (12:00-15:00) for a sampled heatwave
scenario in 2030. Yellow triangles (A) indicate buses experiencing load shedding.
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Supplementary Figure 23 | Diurnal-to-interannual evolution of grid per-
formance and sensitivity to load growth and storage conditions under
heatwave scenarios. f-h Impact of removing different modeling components from
the Iter-OPF framework on capacity reduction (f), line temperatures (g), and load
shedding ratios (h), compared to the 70% security margin SC-OPF method. g—h Sen-
sitivity analysis of load shedding ratios under varying annual load growth rates (GR:
1%, 2%, and 3%) (g) and initial battery state-of-charge levels (SoC: 0%, 50%, and
100%) (h).
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4.3 Cross-Border Analysis for Multiple Countries

We conduct cross-border analysis to examine grid interdependencies across mul-
tiple countries. We simulate reference countries both in isolation and jointly with
neighbouring countries under identical heatwave scenarios, revealing how international
interconnections influence key resilience metrics.

4.3.1 Spain and Neighboring Countries
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Supplementary Figure 24 | Cross-border interconnections impact grid resilience
during heatwaves. We compare single-country analyses with joint multi-country analyses
for the Spanish grid under identical heatwave projections to quantify the effects of cross-
border interconnections on grid resilience. a—b Distribution of load shedding ratio in Spain
across different interconnection scenarios under 1% (a) and 3% (b) annual load growth rates
c—d Distribution of line temperature in Spain across different interconnection scenarios under
1% (c) and 3% (d) annual load growth rates. e—f Distribution of line capacity reduction
in Spain across different interconnection scenarios under 1% (e) and 3% (f) annual load
growth rates. Box plots display the median (centre line), interquartile range (box), and 1.5x
interquartile range (whiskers); violin plots show the probability density distribution.
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Supplementary Figure 26 | Cross-border interconnections impact grid resilience
during heatwaves. We compare single-country analyses with joint multi-country analyses
for the French grid under identical heatwave projections to quantify the effects of cross-border
interconnections on grid resilience. a—b Distribution of load shedding ratio in France across
different interconnection scenarios under 1% (a) and 3% (b) annual load growth rates c—d
Distribution of line temperature in France across different interconnection scenarios under
1% (c) and 3% (d) annual load growth rates. e—f Distribution of line capacity reduction
in France across different interconnection scenarios under 1% (e) and 3% (f) annual load
growth rates. Box plots display the median (centre line), interquartile range (box), and 1.5x
interquartile range (whiskers); violin plots show the probability density distribution.
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Supplementary Figure 27 | Cross-border Analysis for France, Italy, Spain,
and UK in the baseline setting with load growth rate 1% and storage state

50%.

35



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

382

383

384

385

386

5 IEEE Benchmark Simulation

We use the IEEE 30-bus system as a benchmark to evaluate the effectiveness of our
proposed methodology. This system comprises 30 nodes (JAV| = 30), 6 generators
(|G| = 6), 41 transmission lines (|£]| = 41), and 12 contingency scenarios (|C| = 12).
The number of contingency scenarios is fewer than the total number of transmission
lines due to network connectivity constraints.

Our implementation adopts transmission line conductor specifications outlined
in IEEE standards [33]. Security constraints are implemented using a preventive
approach [34], in which real power generation dispatch at non-slack buses remains fixed
across all post-contingency scenarios, while other control variables (such as reactive
power and voltage magnitudes) may be adjusted in response to contingencies.

As shown in Table 10, we conduct a comparative analysis of multiple model
formulations: the baseline model (AC-OPF), a temperature-dependent model with
quadratic approximation of thermal constraints [35] (Quad-OPF), our proposed iter-
ative approach (Iter-OPF), and the fully converged temperature-dependent OPF
solution (TD-OPF). We also evaluate ablated variants of the iterative approach (Iter-
OPF), excluding either thermal modeling (w/o thermal) or derating modeling (w/o
derating). Additionally, we compare our thermal-based modeling approach against
security-constrained AC-OPF formulations (detailed in Sec. 2.2), including AC-SC-
OPF, the complete N—1 AC-based security-constrained formulation; DC-SC-OPF,
AC-OPF with security margins approximated via line outage distribution factors; and
fixed-SC-OPF, AC-OPF with a fixed 70% security margin.

We note that several studies employ DC-OPF-based formulations incorporating
weather-dependent dynamic line rating approaches [18]. However, these DC models
are not AC-feasible due to their linear simplifications and fail to capture the coupling
effects between power flow and heat transfer. Accordingly, we consider only AC-based
models in our evaluation.

Supplementary Table 10 | Model Baselines for the IEEE-30 Simulations.

Models Conductor model Generator Contingency
Thermal Derating Security Constraint
‘ Models Baselines
AC-OPF X X X
Quad-OPF quad. approx. X X
Iter-OPF v v v
TD-OPF v v v
‘ Sensitivity Analysis
w/o thermal X v v
w/o derating v X v
AC-SC-OPF X X Exact
DC-SC-OPF X X Linear
Fix-SC-OPF X X Fixed
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5.1 Thermal Modeling is Essential for Grid Resilience
Assessment

We first compare model performance under a load ratio of 0.9 relative to the default
IEEE case across different weather profiles (Fig. 28), including mild weather conditions
(wind speed of 0.61 m/s and ambient temperature of 25°C) [33] and extreme weather
conditions (wind speed of 0.1 m/s and ambient temperature of 45°C).

Under mild weather conditions, the baseline AC-OPF, Quad-OPF, Iter-OPF, and
TD-OPF all achieve zero load shedding while maintaining thermal feasibility. How-
ever, under extreme weather conditions, the thermal-aware models (Iter-OPF and
TD-OPF) appropriately increase load shedding to 8.06%, accurately reflecting the
reduced line ampacity at elevated ambient temperatures. In contrast, the baseline AC-
OPF maintains zero load shedding but produces widespread thermal violations, with
line temperatures exceeding the 90°C safety threshold. The Quad-OPF formulation
exhibits lower load shedding due to its quadratic approximation of thermal constraints,
which permits slight temperature exceedances under extreme conditions—a potentially
unsafe operating regime.

Ablation studies confirm the necessity of both modelling components. Removing
thermal modelling leads to systematically underestimated line temperatures and unde-
tected thermal violations. Removing derating modelling results in 7.09% load shedding
under extreme conditions, demonstrating that accurate capacity derating is essential
for reliable dispatch. Notably, Iter-OPF achieves solution quality comparable to the
fully converged TD-OPF while requiring substantially less computational time (0.42 s
versus 1.03 s), demonstrating the efficiency of our iterative scheme.

5.2 Security Constraints Cause Excessive Curtailment Under
Normal Conditions and Insufficient Protection Under
Stress

Security-constrained formulations (shown in Fig. 28), by contrast, exhibit weather-
independent behaviour. AC-SC-OPF requires 7.29% load shedding with the highest
computational cost (2.07 s); DC-SC-OPF requires 6.33% with moderate cost (0.83 s);
and Fixed-SC-OPF requires 4.18% using a conservative 70% security margin. These
static approaches impose fixed margins regardless of ambient conditions, incurring
unnecessary load shedding even under mild weather while still permitting line temper-
atures to exceed 90°C during extreme events. This dual failure mode—excessive cur-
tailment under normal conditions and insufficient protection under stress—highlights
the fundamental limitation of weather-agnostic security margins.

Our thermal-aware formulation addresses this limitation by dynamically adjusting
line capacity based on real-time electrothermal interactions. This adaptive behaviour
maximises transmission asset utilisation during favourable conditions while ensuring
adequate protection during thermal stress events.

These findings underscore the importance of comprehensive electrothermal mod-
elling that captures the complex interactions among weather conditions, transmission
line capabilities, and generation dispatch during extreme events. As climate change
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increases the frequency and severity of such events, physics-based thermal modelling
becomes increasingly critical for ensuring grid resilience.

5.3 Compound Effects of Extreme Weather:
High-Temperature and Low-Wind

We further examine model performance under four weather scenarios—mild (0.61 m/s,
25°C), low-wind (0.1 m/s, 25°C), high-temperature (0.61 m/s, 45°C), and extreme
(0.1 m/s, 45°C)—across two load ratios (0.9 and 1.0) to assess the compound effects
of adverse weather conditions (Fig. 29).

At the 0.9 load ratio compared to the default load, AC-OPF achieves zero
load shedding across all weather scenarios but produces thermal violations under
high-temperature and extreme conditions (Fig. 29b). Iter-OPF maintains zero load
shedding under mild, low-wind, and high-temperature conditions, and reaches 8.06%
under extreme weather—appropriately reflecting the compounding effect of reduced
convective cooling (low wind) and elevated ambient temperature on line ampac-
ity. Security-constrained formulations require constant load shedding (7.29% for
AC-SC-OPF; 4.18% for Fixed-SC-OPF) regardless of weather conditions.

At the 1.0 load ratio, these patterns intensify (Fig. 29¢,d). AC-OPF continues to
show zero load shedding but with more severe thermal violations exceeding 120°C.
Iter-OPF exhibits weather-responsive behaviour: zero load shedding under mild con-
ditions, 0.69% under low-wind, 4.12% under high-temperature, and 16.48% under
extreme weather. This progressive increase demonstrates the model’s ability to capture
the nonlinear interaction between weather stressors. Security-constrained approaches
again show weather-invariant curtailment (16.39% for AC-SC-OPF; 12.85% for Fixed-
SC-OPF), over-curtailing under mild conditions while providing no additional margin
under thermal stress.

These results reveal that extreme weather events produce compound effects
that static security margins cannot adequately address. Our thermal-aware formu-
lation captures the physics of electrothermal coupling, enabling weather-adaptive
dispatch that maximises grid efficiency under favourable conditions while ensuring
safe operation during compound stress events.
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Supplementary Figure 28 | Thermal analysis results for the IEEE 30-bus
system under different load and weather conditions. a Load shedding per-
centage across model formulations under mild and extreme weather conditions. b
Distribution of line temperatures across all transmission lines; the red dashed line indi-
cates the thermal limit (90°C). ¢ Computational running time for each formulation.
Error bars represent standard deviation across test instances.
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