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IVI Ot ivat i o n Dynamic Line Rating (DLR)

Impact of temperature and wind on overhead transmission line capacity

Why DLR Matters More Than Ever B
? Hectometric Resolution Modern meteorological
forecast models at ~1 km and higher resolution and
vertical high resolution enables nearly one grid point
per transmission pylon — unlocking precise, location-
specific DLR calculations. .
. .. Temperature: 32°C =” Wind Speed: 0 m/s
§ Impact of Climate Change Rising temperatures and A A
more frequent heat waves and possible changes in i = EE
wind patterns, increase thermal stress on transmission
. . . Static Rating Dynamic Rating Risk Assessment
lines already now, making weather-aware capacity 100% 94% S
management essential. 63%
Renewables distribution in Austria High
concentration of wind energy production in the east 4 Interpretation
.. . . . . Static Rating: Based on conservative assumptions (high temperature, low wind). Protects the line but doesn't utilize full capacity.
and Storage CapaCItIeS In the WeSt reqUIre eff|C|ent Dynamic Line Rating: Uses real-time weather data for optimal line capacity utilization. Under favorable conditions (cool + windy),
grid capacity utilization to transport renewable capaely can increase by 0°50%. | |
A\ Critical during heat waves: High temperature + weak wind leads to: » Increased conductor resistance = Greater sag « Reduced
e I ectricity. transmission capacity (15-30% loss)

Based on: IEEE Std 738-2023 & Karimi et al. (2018), Renewable and Sustainable Energy Reviews
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Why Dynamic Line Rating?

Static Rating - T @ V=2 tion
Conservative assum A I
» Wind speed: 0.6 m/s A
. . ™ ] Ll L V
* High ambient tempe Still not fully dynamic in a meteorological sense

* Clear sky radiation

I
— Underutilization o '
® ws1
Fully dynamic 3: assigned weather station is representative for entire section/line
. 15-min values wind speed and ambient temperature multiplied by reduction/increase factor

— Limits renewable

Static with monthly values & of forecast values:

Conservative vconstant wind speed (0.6 m/s), clear sky radiation, monthly/foreacsted max temperature
and clear sky conditions
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Conductor Heat Balance and Weather — a sensible relationship

Wind speed cooling capacity dominates — but compound effects matter most

Wind speed <2m/s >5m/s DOMINANT - convective cooling
Temperature > 30°C < 20°C Temperature gradient

Solar radiation > 600 W/m? <400 W/m? Direct heating
Precipitation — > 0.1 mm/h Evaporative cooling (+20-50%)

Thresholds based on CIGRE Technical Brochures 207 and 601

Single parameters can be compensated if not too extreme.
The combination of unfavourable conditions = critical.

Example: 25°C is OK with 6 m/s wind, but critical with 1 m/s wind.
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Can we detect such conditions ahead in time?

Can we predict DLR along the power line?

Can we predict ampacity with meteorological forecasts at heights above

ground suitable for DLR?
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From Detection to Hectometric: The Workflow

Smart triggering reduces computational cost while maintaining coverage

4 Computational Efficiency @ Full European Coverage @ Actionable Intelligence
Hectometric data is expensive: Continental screening ensures: TSOs need specifics:

e 1489%1489 grid points e e No critical event missed J * Which segment is critical?

e 15-minute temporal resolution e Early warning (2-5 days) e What is the ampacity?

e Multiple vertical levels e Multi-TSO coordination e When does it change?
Smart triggering = run only "Always watching" without Hectometric resolution
when & where needed running everything everywhere answers these questions

Why This Matters
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Multi-Scale NWP Integration

From continental early warning to local high-resolution analysis

. Global DT Regional .
Continental i . Hectometric
(Optional) (Optional)
ECMWEF IFS ENS DestinE Global AROME/ALARO DestinE Extremes
~9 km, 51 members ~4.4 km 1-2.5km ~500 m
Early warning and
. European Mesoscale Bottleneck
uncertainty screenin features resolution
(2-5 days) 8
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Compound Event Detection Algorithm

Categorical scoring system inspired by IPCC likelihood scales

Very Unfavorable Multiple critical thresholds exceeded Capacity reduction required

Unfavorable Single critical threshold exceeded Exercise caution

Seore
o

Neutral All parameters within normal range Static rating applies
Favorable Single favorable threshold met Moderate capacity increase
Very Favorable Multiple favorable conditions Significant capacity increase

Processing Modes:

Deterministic (AROME, ALARO)

e Lateral sampling: 1 grid points
e Creates "ensemble-like" spatial uncertainty
e Reduces sensitivity to single grid-point values

Probabilistic (ECMWEF ENS)

e K-means clustering (K=5-7 scenarios)
e Preserves forecast uncertainty
® Probability: P(ampacity > baseline) = ; w; X I(Imax,i > lo)
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Continental-Scale DLR Detection

EXTENDED - DLR Severity (5-Category)

Very Favorable: 15.0%
Favorable: 6.6%
Moderate: 1.4%

Unfavorable: 74.9% & 7 p - EXTENDED - DLR Condition Probability Index
Critical: 2.1% R n T . : x T+36h

Mean index: -
ik Favorable (: /
Critical | Unfavorable (60%): 73.3% - 3 T 100% Unfavorable

50% Unfavorable

Unfavorable

Neutral

Moderate

« Favorable (Blue) | Unfavorable (Purple) -

c
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50% Favorable
Favorable

100% Favorable

Very Favorable
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Thermal Model Implementation
CIGRE & IEEE 738 for quantitative ampacity calculation

CIGRE TB 207/601

European standard — typically more optimistic American standard — more conservative

IEEE 738-2012

CIGRE Heat Balance: I’R(Tc) + qsolar = gconvective + qradiative

APG 220 kV (Tyrol) ACSR Drake 28.1 mm
E-Netze Steiermark 110 kV ACSR 240/40 21.8 mm
Elia 150 kV (Belgium) Generic ACSR 25.0 mm

Implementation Features:

1200 A 80°C
600 A 80°C
800 A 80°C

e Temperature-dependent resistance: R(T) = Ryo[1 + a(T-20)]
¢ Forced convection: Nu = f(Re) with wind angle correction

¢ Air density correction: ~10% per 1000m elevation

e Iterative solution: Convergence tolerance 0.1°C
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Spatial Bottleneck Identification

The weakest link determines corridor capacity

Grid-Point DLR Detection for On-Demand Extremes Triggering
Valid: Timestep 0 | Grid: 1489x1489 points | Critical: 3.3% - OPTIONAL

I Very Unfavdable (=-2)
Emm Unfavorable (-1)
B Neutral (0)

& ; H x4 o @Y
7 f v DOMAIN DLR STATISTICS
= : Total points: 2217121
Vor{.unfnv: 0
Unfavorable: 288589
Neutral: 1346378
Favorable: 316340

4
Longitude [°E]

Grid-point DLR detection (1489%1489 points) with transmission line overlay

Very Fav

Favorable

Neutral

DLR Condition

Unfavorable

Very Unfav

Hectometric Resolution Enables:

e 79 individual pylon-to-pylon spans

e Meteorological gradients resolved

e Temperature: 12°C gradient along 25 km!
Line vs Domain comparison:

e Line: 89% favorable spans

e Domain average: 40% favorable

Operational Value:

— ldentify exactly where to install
weather stations

— Target monitoring at critical
segments only

— Inform infrastructure investment
decisions with spatial precision
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e

Belgian Case Study: Elia Quaregnon-Trivieres 150 kV

DestinE Extremes: ~500 m resolution | 25 km corridor | 79

Conditions: T: 10-22°C | Wind: 4-6 m/s | DLR Score: +2 to +3 spans | 48h forecast

DLR with CIGRE Ampacity: Quaregnon-Trivieres 150kV (CIGRE) Enhanced Spatial DLR Conditions: Quaregnon-Trivieres 150kV
Valid: 2025-12-04 01:51 UTC | Each segment shows Ampacity [A] and Change [%] Valid: 2025-12-04 01:51 UTC | Temperature at 40m | Wind at 40m AGL
Pylon-to-Pylon Spans | DestinE Extremes Hectometric (~0.5 km)
BN Very Favorable
= Favorable B Very Favorable (+2/+3)
B Neutral = Favorable (+1)
== Unfavorable B Neutral (0)
BN Very Unfavorable =3 Unfavorable (1) _ ~
50481 A A Bottleneck HEEE Very Unfavorable (<-2) i
50.481 o pylons (80) BN
22
50.47
| 50.47
20
50.46 00
187 ’
y
= 2
g £ z
8 5045 163 n
Ehee 8 § 50.45 g
2 o 3 £
i H £ 5
- g 3 8
g &
R | :
50.44 =
50.43
50.42
Mean: 2159 A vs 800 A static Mean: 1349 A vs 800 A static >
3.80 3.85 3.90 3.95 4 4.05 4.10 4.15
Longitude [°E] Longitude [°E]

Left: CIGRE ampacity per segment [A] | Right: Spatial DLR conditions with wind vectors
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HIRENEXT VS STANDARD MODEL

AMPACITY KPIS: OPTIMIZED FOR HIRENEXT

4 N

Wind_Speed_Derating_Factor hd Irradiation Derating Factor hd Ambient Temperature Derating Degrees b Flat Derating Factor hd
0.20 1.00 230 065
1 1 Hirenext vs ALARO Line 19
Comparison of ampacity

@ Hirenext Ampacity ®Seasonal Limit ® ALARO Ampacity

fl
‘“ﬂ“.{“ Pyt "" ’ IM JM{ u‘t"“\ m{h

Same algorithm with the same derating factors for
Hirenext & standard model.

Derating factors optimized for Hirenext J M

Ensure Hirenext to be P99 safe while maximizing

gain. & 200 |
w

Hirenext consistently outperforming

Gain on average 2/3% higher than standard model

Wh||e Stay|ng P99. Jun 08 Jun 15 Jun 22 Jun29
Capped Average gains Multiplier Cap: Percentage of Seasonal Limit

. ) 1.09 1.08 120

Average galn Of 10A) AvgGainCappedHirenext_19 AvgGainCappedALARO_19 :

Co'mpared to current operatlonal (seasonal) limits, a 001 Jesr s 003 o177 26352

galn Of 10% WOUld be aChIeved. PercentageCap...  AverageCappe... MaxMismatchCap... PercentageCap...  AverageCapped.. MaxMismatchCap...

N /
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Austrian Case Study: 110 kV line

DLR with CIGRE Ampacity: Arnstein - Modriach (CIGRE)
Valid: 2025-08-25 00:00 UTC | Each segment shows Ampacity [A] and Change [%]

Very Favorable
Favorable
Neutral
Unfavorable
Very Unfavorable
2 Bottleneck

»10001

20454 |
(+70%)

.

20a5A |
(+70%)

3045 |
(+70%)

2045A| [2045A]
wro%)  [+70%]

{€) O

[ CTGRE AMPACITY ANALYSTS.

Azpacity range:
2045 - 2045 A
Average: 2045 A

Capacity change
+76.4% to +70.4%
Avg: +70.4

Bottleneck:
Seq 0: 20454
(+70.4%)
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DLR with CIGRE Ampacity: Arnstein - Modriach (IEEE 738)
Valid: 2025-08-25 00:00 UTC | Each segment shows Ampacity [A] and Change [%]

Very Favorable
Favorable
Neutral
Unfavorable
Very Unfavorable
£ Bottleneck

»10001

1689A
(+41%) |

€0

Ampacity range:
1689 - 1689 A
Average: 1689 A

Capacity change:
+46.7% to +40.7%,
Avg: +40.7%

Bottleneck:

Seq 6; 1689
(+48.7%)|
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Solar Radiation
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—— CIGRE Ampacity

—— Static Rating (1800 A)
Capacity Gain
Capacity Reduction

Pr Rate (
08 = Precipitation rétcm
CIGRE Analysis: Pongau - Weissenbach ’
% 0.6
Vertical Temperature Profile (incl. 2m station height) g
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g CIGRE Dynamic Line Rating
g‘ 10 2400 Min: 1983 A | Mean: 2207 A | Max: 2448 A
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' Importance of different heights above ground of forecast data
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5 DLR Condition Score {Compound Event Detection)
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DLR Score

. very Unfav (-2) B Untav
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Web API & Service Access

Accessible through the DestinE Platform

Weather Forecast AP| & @&

Publicly available through the DestinE Platform: destination-earth.eu

. | e Spatial subsetting: Extract along transmission line geometry
Data Access via Polytope API (ECMWF) e Vertical profiles: Multi-level extraction (2m, 10m, 50m, 60m, 80m, 100m AGL)
e Temporal windowing: 0-48h for day-ahead TSO planning

e E & B eQ O

= o

. —_— — 3. Spatial analysis — Per-segment conditions
B0 /apisv1/tarecast /cache/refresh Tig av . . . .
° —— = 4. Quantitative output — Ampacity in Amperes
- ISR /2pisv1storecast/span/{span_id}/sinple Getsingie Forecast From Span av
/api/vl/spans/ Getuse Spans av

prap/ze edq @8 LQ GeoSphere ,@ia——’ 5

= Austria

Elia Group



Funded by

'*“' the European Union Destination Earth implemented by ‘cECMWF @esa G EUMETSAT

Conclusions & Outlook

Key Achievements Future Development
v/ Multi-scale NWP integration

(9 km -> 500 m) - Probabilistic forecasting with ensemble NWP models

—> ML enhancement of detection algorithms

=.Extension to additional Euranean TSOs and DSOS

v Compound event detection

Take-Home Message

Combining DestinE high-resolution forecasts with thermal models enables spatially-resolved DLR forecasting —
identifying exactly where and when transmission capacity can be safely increased.

YV, Oo-TTOuUT TorTecdste

for day-ahead planning
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