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1. Introduction




‘ 1.1 Purpose and scope of the Final Report

 The purpose of this report is to provide concrete technical analyses of the sequence of events leading to the
blackout and the measures taken to restore its operation, in order to identify and understand its root causes.

* |t aims to support transparency, learning and continuous improvement of the power system across Europe.

 The report provides recommendations to improve power system security, improve coordination and reinforce
security of supply across the European power system, underlining the need for close cooperation among all relevant
power system actors.

* This report is not intended to allocate or imply any liability or responsibility to any party, as this will be the
responsibility of the competent authorities in the respective countries.

The report has been prepared and agreed by the Expert Panel established in accordance with the applicable legislation. The analyses, findings, and recommendations contained herein reflect the
Expert Panel’s technical assessment as at the date of issuance and are without prejudice to any investigation or supervisory action that may be undertaken by the competent authorities. The data
presented in the report and in this PowerPoint are based on most reliable data made available to the Expert Panel. Given that the data originates from a wide range of providers, no representation
or warranty, whether express or implied, is made as to the accuracy, completeness, fairness, or correctness of the information and opinions contained in this report and the accompanying
PowerPoint presentation.
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1.2 Expert Panel: role and composition

perspective, any major grid incidents (Scale 2 and 3).

(MAVIR, Hungary).
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The composition of the Expert Panel is determined in accordance with the applicable legislation.

The Expert Panel is a body legally mandated by the applicable legislation to investigate, from a technical

The Expert Panel for the 28 April 2025 incident is co-led by Klaus Kaschnitz (APG, Austria) and Richard Balog
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1.3 Significance of the
incident

On 28 April 2025, at 12:33 CEST, continental
Spain and Portugal suffered a blackout.

A small area in the South of France (at the border
with Spain) was also affected during a very
short period of time.

The rest of the European power system did not
experience any disturbance resulting from the
incident.

This was the most severe blackout on the ,
European power system in over 20 years, and
the first ever of its kind (overvoltage).

. Black out . Affected area In operation
It had major repercussions for citizens and
society. entso@



2. Final sequence of the blackout




2.1 Three major tripping events in South-West Spain

Evolution of cascade of overvoltage disconnections of generators
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‘ 2.2 Voltage and frequency evolution during the incident

12:33:19 °

* Decrease of frequency on Iberian * System Defence Plans (automatic load shedding)
Peninsula and loss of synchronism were activated in Spain and Portugal but unable to
with rest of Continental Europe e stop the blackout due to its overvoltage nature
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3. Analysis of factors that caused the blackout




‘ 3.1 Full Root Cause Tree

Disconnection of grid wsers
Root cause tree B insouthwestares
of FRt
The blue baxes correspond to fadors The white boxes correspond fo
that comtrbuted tothe incidentand | | additional elements or explanations
onwhid the Expert Panel is making that allow to understand how the — - | Activation of DRS
recommendations. incident developed. ‘ L:;ﬂﬁ:-:;:ﬂlirsnm | » | [(out-ofstep) pratection  |—
o Link ta recommendation number  Disconmection ES-Ft

.glli'n"niﬂ he — Despite load shedding,
B ey o e Tecssimg oy Revon o ey fequeney deceasc mET
CESA Continental Europe Synchronous Area - Intrease of anple difference _ based PS5 * | voltage and underfrequency
ORS Inss of synchronism protection [Déboucdage suite 3 Rupture de Synchronisme) | between Ew? and restaf CESA — Disconmection ES-MA disconnections of generators
11 Powies Ystem Stabilser - Reversal of active power at the inES/P
Q-reference reference reactive power (as definedin § 2.6.6) FR-ES barder — L— PT blackout
RES Renewable Energy Sources _ Demease of synchronisation Activation :15'_.';_'.elr| defence
RfG Requirements for Generators Network Code torque of the ES/PT system Fumppaslai;n:nlq-'l:ed -
SPS Spedial Protedtion Scheme ‘T sheating

: : (15016

SPAIN Cascade of overvoltage [ Further Loss of reactive
disconnections of generatprs . | powerabsoiptionofload® | g |
inE5 : qeneratars

+ === :| ——————————————————————————————————————————————————————————— 1
@l Fastvoliage increase P

+

Absence of real time 150
manitoring of difference
betwesn reariive power
output and J-reference- |
no risk identified when

hunt reactars operated
mianuzlly - requiring
decision-making and
processing tima

Disconnection of generatorsin

waltage arpma{hestritical
waliage level

H
Reactive power uiput of

ES before reaching voltage limit
on grid aCress point

Fast Decrease of active power
infe=d setpoint of generaiors

several conventional
enerators reathad

Q-reference less than 75 ¥ of
the samples (hourly]

[ by BRP actions) with fixed
power factor leading to loss of
reactive power absorption

Downward afRA adivation an
umits with fieed power factos

framework for conventional
generaios did not provide

leading to boss of reattive power
absorption

1

fior explicit criteria
ConCerning dynamic
behavipur and there were
N0 BC0NOmic [ONSeqUentE
ifthe requirements
regarding woltage control
were nat

et” o

QESA::werplentsfolll:w
wed power factor

The reactive power

*gapalso 0.2 - Dbsarvations on applicable requirements

Design ofvoltage control of
local generation networks
\behind connection point) not

Nolimitation on
ramping far generatars

with fixed power factar

Non optimal transfarmer taj
positions at nodes with hi
voltage dynamic

aligned with system needs

Many pvervaltage
disconnection pratection
setiings divenge from
applicable requiraments or
niot aligned with system
nesds

increasing load in
distribution grid

Volizge related
disconnections of small-
an'neﬂuan'generam;
<1HW

+

Voltage condrol suppart Noreadtive power reaction Loss of reactive power Shunt reattors were not Increasedvoltage due ta lower Low margin between voltage
by conventional generators onvottage changes by RES —* absoaption of generatars re-cannected transmission Line loading and limit and disconnaction
nat effective pawer plants Voltage dependency ofloads —— | change of reactive powes need for voltage on & 00 kV-Level
Y + [in distribution grids) - lines due to changing load-pattern

:

ES/FR, particularly :
- Beduction of exchanges an
ES-FR bosder

Damping cscillations by activation
of mitigation measure procedure in

- Reconnection of transmission lines

Spanish 400 kV grid operated
atawidervollage range
thanin other EU countries,
enahbled bythe specific
pravisions applicable to

Spain
0

L2 1L
|

Excitation ofinterarea oscillations
[t low intensity]

nd

Second [Inter-Area)
Oscillation of 0.2 Hz

r 3

F

First [Forced] Dscillation
of 63 Hz

(hange of theinfeed of some

generatons 3t a speed comparable to

switching maneuvers

+ O

High transmission angle between
groups of generators in

Spain/Portugal and the rest of CESA

]

High reactance seen by several
generators

Ii

Rbsence of P35 on some large units
and insufficient actions by
existing ones

Converter driven instability
and interaction with other
generators in the same area

entso@

12



‘ 3.2 Simplified Root Cause Tree

Not a single root cause,
but a combination of
several key factors
resulted in the system
failure

Despite activation of system defence plans, frequency
collapse in Spain and Portugal and disconnection from rest
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Root Cause Tree

3.3 Low margin between voltage limit and ]
disconnection voltage on 400 kV level in Spain
Spain Upper voltage limit
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* These values may occur on occasion at the 400 kV
level (confirmed by CNMC, Spanish regulator) entso@



Root Cause Tree

3.4 No reactive power reaction on voltage ]
changes by Renewable generators in Spain

Renewables with fixed

power factor: -7 :ZE
—————— | Q [Mvar]

P and Q are always in the : :
. | t reactive power
same ratio to each other / ______________ |

P [MW] Changes of P result in
active power proportional changes of Q

No dynamic voltage control by Renewables with fixed power

factor, as Q absorption is dependent on P, but not voltage
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3.5 Voltage control support by conventional I

Root Cause Tree

generators not effective in Spain
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3.6 Lower transmission line loading after
mitigating oscillations

Root Cause Tree

High Renewables infeed

in Southwest of Spain

Heatmap of angular displacement at 12:00

28-Apr-2025 12:00:00

Local oscillation by 0.63 Hz

Inter-area oscillation by 0.2 Hz

Mitigation measures
according to common
protocol of French and
Spanish TSOs

e successful in damping
the oscillations

* naturally leading to
voltage increase (still
within operational
range)
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Root Cause Tree

3.7 Loss of small embedded generators and ]
increase of flow from TSO to DSO grids in Spain
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Root Cause Tree

3.8 Lower transmission line loading due to .
increase of flow from TSO to DSO grids in Spain
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Root Cause Tree

3.9 Shunt reactors operated manually - requiring |
processing time - and not re-connected
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3.10 Loss of reactive power absorption of

generators in Spain

Fast changes of infeed setpoints of generators
with fixed power factor result in fast changes of

voltage .
active power
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Root Cause Tree

12:32:57

Voltage increase due to loss of
reactive power absorption
after tripping of a generator’s

transformer |
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Many protection settings diverged from
applicable requirements or were not aligned
with system needs

Design of voltage control of some local
generation networks (behind connection point)

not aligned with system needs
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4. Key recommendations and observations




| 4. Key recommendations and observations

Voltage Control Disconnections Restoration

Voltage range, Protection settings Black start capability,
control mode and (generators, testing,
behavior of evacuation grids, communication,
generators, dynamic embedded units) reconnection
voltage control
capabilities

Observation on Regulatory Frameworks

The investigation shows the need for regulatory frameworks to adapt to implement these recommendations
in line with the evolving nature of the power system.

entso@
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Maatregelen die we versneld moeten voltooien in Nederland

Maatregelen

Ontwikkel en implementeer een sector-brede visie, strategie en roadmap voor de beheersing van spanning en
blindvermogen

Compenseer nu het blindvermogen uit de onderliggende netten door inkoop van blindvermogen, tenzij het plaatsen van
spoelen nu een optie is

Introduceer oscillatie-management tools en procedures voor bedrijfsvoering

Actualiseer en automatiseer spanningsregelingen: implementeer hiérarchische spanningsregeling, handhaaf primaire
spanningsregeling, stuur de levering van blindvermogen aan via EMS

Zorg voor voldoende synchrone opwekking voor stabiliteit en spanningshandhaving

Bouw meer bedrijfsmiddelen die zorgen voor een sterk net met een stabiele spanning: spoelen, condensatoren,
SynCons, STATCOM's

Zorg dat opwekking met omvormers voldoende dynamische ondersteuning voor spanning en demping levert

Zorg dat bedrijfsvoering beter zicht op het net krijgt: uiteindelijk moet elke TenneT-connectie, alle (E)HV stations en alle
koppelpunten tussen TenneT en de DSB’s PMU’s hebben

Verbeter zich op opwekking in de MV en LV netten en verbeter de uitwisseling van data tussen de DSB’s en TenneT
Zorg voor een strikte naleving van de eisen uit de systeemcode en monitor deze doorlopend
Verbeter berekeningen, prognoses en tools voor bedrijffsvoering en netplanning

Actualiseer beschermings- en herstelplannen
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5. Concluding remarks




5.1 Key Takeaways from the blackout

A first-of-its-kind blackout
With valuable learnings to prevent similar incidents in the future.
No single cause, clear recommendations

Multiple interacting factors, with solutions already technically feasible.

Complex interactions between active system participants
Need to strengthen coordination between all Generators, DSOs and TSOs.

A local issue that escalated very quickly
-7 N Knowledge and action at both Local and European levels are essential.

' The Power System is governed by Physics
The fundamental physical limits must be considered for all market
- - mechanisms, regulatory frameworks and energy policies.
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