One year later: are we clear about the Iberian blackout yet?
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Disclaimer: Except where noted, this presentation is based on documentation made public by the stakeholders involved in the
electrical blackout occurring on April 28t 2025

The statements made and opinions expressed in this talk are those of the author and do not represent his employer’s (University of Seville)



Spain’s electrical system
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Spain’s electrical system

Centrales eléctricas (2024)

Potencia eléctrica (MW)
~ 2.000

@ Edlica
Solar
Hidroeléctrica
Nuclear
@® Gas
@ Petrdleo
Carbén
@ Otras (residuos o biomasa)

El sistema eléctrico ibérico
Cableado y conexiones (2024)

Autor: Alvaro Merino (2025) | Fuente: ENTSO-e (2024)

Source: A. Merino, 2025, www.elordenmundial.com, (based on data from the Global Power Plant Database)
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http://www.elordenmundial.com/

Additional considerations

- Historically, capacity of connections between Spain

and France is (EU objective for 2030 is 15%): —
- 5-7% of installed capacity s 4 s ”f“ et
. CARTELLE ~ CONCHAS BIESCA BENDS I
- ~8% of peak energy generation i o
. LINDOSO. | iaGh < ALDEADAVILA
- HVDC operating modes FOONHDL < MDA

POCINHO <= SAUCELLE

- PMODE1: constant active power without
compensating for frequency/voltage fluctuations
- PMODEZ2: adds a control loop to modify power as

FALAGUEIRA <@ CEDILLO

ALCAGOVAS <= BADAJOZ

ALQUEVA <= BROVALES w— 400KV
. . . V. FICALHD - — 220 KV
a function of frequency deviations, hence < o
TAVIRA <= PUEBLA DE GUZMAN w— <110 kV
contributing to the damping of transient effects LA
- PMODES3: AC emulator. The connection adapts - . -

[MARRUECOS)

power to the voltage angle difference between
both sides, helping distribute these inter-region
oscillations amongst both sides

Source: N. Hernandez-Ranera, 2022, Principios Verdes



Additional considerations

- Historically, capacity of connections between Spain
and France is (EU objective for 2030 is 15%):
- 5-7% of installed capacity
- ~8% of peak energy generation
- HVDC operating modes
- PMODE1: constant active power without
compensating for frequency/voltage fluctuations
- PMODEZ2: adds a control loop to modify power as
a function of frequency deviations, hence
contributing to the damping of transient effects
- PMODE3: AC emulator. The connection adapts
power to the voltage angle difference between
both sides, helping distribute these inter-region
oscillations amongst both sides

Elintercambio de energiaenEuropa  ~ £ . =

Flujos de electricidad (2024) ,»_.;f‘ﬁ e

The country is weakly interconnected

I 40.000

— 20.000

Autor; Afvaro Merino (2025)] Fuente: ENTSO-e (2024)

Source: A. Merino and J.L. Marin, 2025, El nuevo orden mundial
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The blackout — Static
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27075 - (%) 50000

Export - Andorra 8 0
Export - Morocco 745 0% #5000 April 2812025, 12:33 h
Export - Portugal 2818 0(%)
Export - France 778 0(%) o .
Battery storage (+) ) m
Pumped hydro (+) 6 ome Generation >34 GWe
Nuclear 3302 092(%) 20000 PV+W - 21 GWe (64%)
Coal 28 0e7( Demand = 27 GWe
Combined cycle 1657 484 (%) f 25000
Steam turbine 16 034(%) _ Storage (*)
Diesel 262 077(%) é o Portugal -2 3GWe
Gas turbine 8 oasey P Morocco = 1 GW
CHP / MSW 1424 416(%) _§ France = 1 GW
Hydro 3206 937(%) 2 10000 Phydro = 3 GWe
Wind s w0 Battery > 0 GWe
Solar PV 18283 5344 (%) 5000
Solar thermal (CSP) 1505  4,4(%)
RR.EE. Thermal 77 e ’
Pumped hydro (-) 3036 0(%) e
Battery (-) 8 0® 82% RREE
Import - France (%) -10000 64% VRREE
Import - Portugal )
Import - Morocco %) ~15000 | | | | 7 T T | |

Source: Red Eléctrica de Espafia
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o April 2812025, 12:33 h
[ Low demand (~25 GW - 50% of peak) ]

+

Large availability of solar PV

[Pumped hydro J | Lm

15 CCGTs shut down

Source: Red Eléctrica de Espafia



Additional considerations

- ENTSO-E’s European Awareness System (EAS)

- Surveillance of the synchronous system in Europe,
supported by TSOs

- TSOs would share real-time data. Updated every few
seconds-minutes

- Transmission lines are monitored, mostly statically

- Distribution grid not monitored

6 Regional Coordination
Centres
M Coreso (2008)
W TSCNET (2008)

SCC (2015)
M Nordic RSC (2016) .

Baltic RSC (2016)
I SEleNe CC (2020)

14




Additional considerations

- 5levels of alert;

Normal: system runs within the security limits,
complying with N-1

Alert: degradation of safety margins —
reserves, voltage and frequency—
Emergency: safety limits are violated (loss of
synchronism or activation of under frequency
load shedding - UFLS)

Blackout: total loss of voltage in a large part
of the control region

Restoration state: actions for Black Start and
reinstatement of topology are implemented

~ (N-O)-state.
~ Noloss of elements

mludmlsmmh. €

etc.

(N-1)-state
Al ert No violation of

operational
limits

System
Blackout collapse.
Blackout

—>

N-1 grid reliability rule:

* N: total number of elements (normally) working in the
power system (e.g., all lines running).

 -1:loss of one major element.

* Rule: If any single element fails, the remaining
elements must handle the electrical load
automatically




Getting ready for April 28t
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Centrales eléctricas (2024)

Technology Unavailable [MW] | Capacity [MW]

@
® ece000000
ONOSO= LT

> Coal 903.5 (49.6%) 1820

' CCGT 7426.3 (30.2%) 24562
Fuel-gas 0 8
Nuclear 3078.6 (43.3%) 7117
Pumped hydro 1392.1 (41.8%) 3331

Technical restrictions: unavailable power

Source: Red Eléctrica de Espafia
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elordenmundial.com Autor: Alvaro Merino (2025) | Fuente: Global Power-Plant Databasé




Getting ready for April 28t
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Centrales eléctricas (2024)

Output [MW]

Vandellos (1967) Nuclear ~1100
Ascd (1984) Nuclear ~2000
Almaraz (1973) Nuclear ~2000
Cartagena (2004) CCGT 1200
Arcos de la Frontera (2005) CCGT 1600
Sagunto (2007) CCGT 1200
Villaseca de la Sagra (2005) CCGT 800

As Pontes (2008) CCGT 800

Planned for voltage control (reportedly)

Source: L. Tecleme,, 2025/7/24, Los nombres de las centrales involucradas en el apagén (y
que el Gobierno ocultd), Diario Red
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The analysis — Five phases identified %s

PO - Voltage « Earlier days
instabilities  Morning of 04/28

P1 - System  From: 12:00 (28)
oscillations « To:12:30 (28)

P2 - Loss of *  From: 12:32:00 (28)
generation (OV) « To:12:33:18 (28)

P3 - Collapse down | « From: 12:33:18 (28)
to V=0  To:12:33:30 (28)

P4 — Supply  From: 12:33:30 (28)
restoration « To: 14:36 (29)




Phase 0 — Morning of April 28" (after 10:30 h)
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Zone South Zone Center (East)

4

380

09:00 10:00 09:00 10:00 11:00 12:00

Voltage instabilities
from 10:30

38009:00 10:00 11:00 12:00
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Phase 1 - Morning of April 28t (12:03 h)
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5004 | |
50.02 1 ] '
50.00 l | ‘
49.98 ; | ‘ | | O R
49.96 : —
49.94 | S | ““‘ff‘s'm
I I
420 | |
410 T AN ptaegoses
400  wiall 'iw‘f\'”’w’""f”"”””W"”"""'l' \’!| '”" '!' 1 m” I ”r} ml“'um*ulw it Ul";hh ;H"HII‘”'”","WM
i, il il Nl N B s
o RS
370 {Tner.= 4/28/2023} él IILIMJNF
12.03 Large oscillations at 0.6 Hz experienced from 12.03
* Power oscillations at 12:03 » Damped in 4 min and 42 sec
* w oscillations amplitude: 70 mHz » Registered in France and Germany

» V drops below 380 kV (lower limit)



Phase 1 — Morning of April 28t (12:19 h)
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410 s AT "h u'l" 0 \,"‘~ ANV _ . .
400 m 4l h i W \ﬁ »W; ’W@ - 12:07 Export to Fran.ce reducecf to 1900 MW (12.07.— 13:00)
30 Wﬁ) w J - Increased damping of Spanish grid (safety margin)
380 I fb - 12:07 Three additional 400 kV circuits online
: - 12:11 Two additional 400 kV circuits online
I - 12:11 HVDC France-Spain switched to plain DC, rather than
5010 I emulated AC
50.05 : 1 - 12:15 REE asks REN to reduce export to Portugal:
00 il L N : I\ - REE asks REN to reduce to 2000 MW (-1000 MW)
49.95 l N | ;& | H ' “ H y 4 L - Agreed to reduce to 2500 MW until 13:00 and to 2000 MW
49.90 e e 200 mHz_ 3 min 30 sec e
12:I19

- Frequency and voltage oscillation at 0.2 Hz
- AtAlmaraz (circle), AV is 24 kV (peak-to-peak)
- Pattern is known across Europe



Phase 1 — Morning of April 28t (12:19 h)
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- Frequency and voltage oscillation at 0.2 Hz
- AtAlmaraz (circle), AV is 24 kV (peak-to-peak)
- Pattern is known across Europe
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12:19 Export to France reduced to 1000 MW (12:07 - 14:00)

- Period extended to 14:00
12:19 REE asks REN to reduce export to Portugal:

- Reduction to 2000 MW to become effective at 12:30
12:21 1 12:25 Two additional 400 kV circuits come online
12:26 REE seeks Thermal Station in the South - start
immediately

- Faster power plant able to come online in 1h 30 min

- Agreed to come online at 14:00 (never synchronized)
12:XX A plant operator reports (TSO) they might need to
go offline due to oscillations

- TSO agrees to have another thermal power station

coming online at 15:00 (this never materialized)



Phase 1 — Morning of April 28" (12:19 h - 12:30 h)
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» Zone South Zone Center-East
_____________ 440 [semuwormasmimamaneeiicosmmaeag
N\ '; l
420 - s s . — [ \C i ® 420 Lasbessscimaisanvaza faa e e Rk nadarevaiay //i e (o) A
. A A TN
Lo UN / A "k'« R 4 NV / \\‘%V :
A 7\ - 400 A v B
Y © VTN
400 N 2l
Ve / . A .
380
380 "
12:00 12:10 12:20 %30 12:00 . 12:20 12:30

Strong voltage oscillations at 12:05 and 12:30
« Same time as frequency oscillations

- 12:04 — 12:05 REE takes 4 shunt reactors OFF at critical nodes with low V (3x400 kV + 1x220 kV)
- 12:17 - 12:24 Same action (since voltage dropped again at 12:16) (3x400 kV + 1x220 kV)
- 12:26 — 12:28 Generalized trend towards higher voltages = shunt reactors come online again (3x400 kV + 1x220 kV)



Phase 2 — Morning of April 28t (12:32:00 - 12:33:18 h)
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2000 5 . — W TINT_FRA
1500 .
1000
| ]
500

France W TINT FRA 14447 MW
40 PM 12:31:30 PM 2:32:00.000000000  12:32:20 PM 2:32:57.0000000000 PM _ |_|near and QU |CK Voltage Increase

2400 B 1INT_PORT 137856 MW 57 ¢ B LINT_PORT 1910.11 MW NT_PORT
9200 - Energy exported to France starts to decrease:

2000 T ———— | T—
1800 N i
1600  Portugal - [

0
-500

[ Lower load on transmission lines ]

1000 } B LINT_MARR 720324 My [T A BINT VR
800 A 7= B 1INT_MARR 629,555 MW -
nNJ \/\A\/\w’\’ MVJV_/“ VA Ve A VA VALYA /\W\/\’\»’\r\ l 1, g ﬂ
600 AL i
400 FM Siletv e e MJ\ :
= e ——— R Bt = Voltage increase
6000
4000

2000 TOTAL W LINT_TOT 3014.24 MW E_MJ;

12:30:00 123130 123200 123257




Phase 2 — Morning of April 28t (12:32:00 - 12:33:18 h)

) 12:32

Linear and QUICK voltage increase:
- Almaraz: 413 -428 kVin 37 s
- Arroyo: 411-424 kV in 37 s
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12:30:000,000

12:23:00.000

12:33:17.000 12:33:16. 400



Phase 2 — Morning of April 28" (12:32:00 - 12:33:18 h) E@\WVERSW

_-

12:32:05
12:32:09
12:32:09
12:32:09
12:32:09
12:32:25
12:32:25
12:32:29
12:32:29

12:32:29
21.6 12:32:45
5.9 12:32:49
4.8 12:32:49
2.9 12:32:53
19.2 12:32:53
3.4 12:32:53
22.4 12:32:53
59.6 12:32:53

525 MW (2%) | 317 MW DG (60%)

0.6
13.3
1.1
1.9
20.0
4.8
10.0
6.0

1505

) 12:32

Linear and QUICK voltage increase
Energy exported to France starts to decrease:
Loss of generation capacity starts



Phase 2 — Morning of April 28" (12:32:00 - 12:33:18 h)
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BADAJOZ\Q

"'UE"VA\’3 12% GRANADA
% @——

SE\,,L,_A/@ € MAIN TRIPS P2

% - Share of synchronous power

Adapted from: A. Garcia et al., 2025, Analysis of the events leading to the loss of
power on April 28" 2025, Report produced by Compass-Lexecon and INESCTEC

)
fones Granada

12:32:57,140 12:33:16,460 12:33:16,820  12:33:17,520 12:33:17,780 12:33:18,020



Phase 2 — Morning of April 28t (12:32:00 - 12:33:18 h)
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() 12:33:16.460

50.00

49.98  Loss of power @ 12:33:16.460
49.96 Ng

49.94 = =S
49.92
49.90 o .
49.88 =
49.86 ®
4984 "
4982 LETE. TAVEL,
4980 W ZRTESAUCATS.F

Frequency [Hz]

110% | ® v7amaUTEars TABALITV_ AN
3

B ASVACTISRILBA

g 108% TOMASDRC.BAYS omi:r: »rr
% 106% VCRMATIE BAYS.CRMATIEV_AM
S 104%
= 102%
100% [ Taer = 12:33 A0 — =—

+ml|B

15s 16 s 17 s 18's 19s

21s



Phase 3 — Morning of April 28t (12:33:18 — 12:33:30 h) %}NNERSW

12:33:30

1505

() 12:33:17.780

From 12:33:18.102, power plants start to trip due to
overvoltage - voltage registered

- 12:33:18.102 247.6 kV (+12.5%)

- 12:33:18.380 443.8 kV (+11%)
This exceeds the overvoltage that power generators
are legally forced to withstand
Chain reaction is triggered (see map on the left)
12:33:19.296 Due to loss of power, frequency drop
accelerates (high negative slope)
12:33:19.620 Loss of synchronism Spain-France
12:33:20.240 Pumped hydro stations trip



Phase 3 — Morning of April 28t (12:33:18 - 12:33:30 h)

Power Total Net [MW]

Power lines [MW]

6000-

4000~
2000-

MW
o

-2000¢
_4000; Trer = 12:32 PM

3000

2000 =
1000

-1000
-2000

-3000 i o

-

12:32:57.140

l 12:33:19.620
12:32:16.460
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12:33:19.620 Interconnection Spain - France:
- The interconnection is running at full load
- AC 4609 MW France - Spain
- HVDC 802 MW Spain - France
- Large phase shift between France & Spain
- Loss of synchronism France - Spain
12:33:20.520 Maximum energy exported to France
(5587 MW)
12:33:21.407 after second wave (export/import
shift) AC interconnections trip
12:33:23.960 HVDC connection ceases operation



Phase 3 — Morning of April 28" (12:33:18 — 12:33:30 h)

Linea HVDC funcionando en
modo “Potencia CC
constante”

Linea HVDC funcionando en modo
“Emulacion AC”

Cambio a modo “Potencia
CC constante” despues de
primeras oscilaciones de

frecuencia

Desconexion de la
interconexiony
colapso
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Phase 3 — Morning of April 28 (12:33:18 — 12:33:30 h) %;s

- 12:33:20.180 Frequency drops to 49.48 Hz (below 1%
pumping load shedding threshold - 49.50 Hz) c 1 2 . 33 . 20 1 80

- Tripping of power plants due to overvoltage continues ) ) )

(255.3 KV registered in 220 kV lines)

- 12:33:20.500 Frequency falls below 49.30 Hz (2
pumping load shedding threshold) = 588 MW go
offline automatically

- 12:33:20.600 Frequency falls below 49.00 Hz (1%t load
shedding threshold -LST-)

- Some 400 kV lines registered running at 456 kV

- 12:33:20.800 All pumped hydro offline (2037 MW)

- 12:33:20.760 Frequency falls below 48.8 Hz (2" LST)

- 12:33:21.000 Frequency falls below 48.6 Hz (3™ LST)

- 12:33:21.380 Frequency falls below 48.40 Hz (4™ LST)

- 12:33:21.820 Frequency falls below 48.20 Hz (51" LST)

12:33:22.040 Frequency falls below 48.00 Hz (61" and last LST)
Tripping of plants continues: some 400 kV lines registered
running at 485 kV

12:33:23.400 frequency has fallen below the threshold that
power generation systems must legally tolerate
12:33:23.515 Frequency falls to 46.15 Hz

12:33:23.590 Frequency falls to 45.89 Hz

12:33:29.741 Last group trips = V=0
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Power factor: cos ¢ =

Consumed
Q=X-1I?

Generated:
Q=B V?

Q Generated

Quick notes on active/reactive power and voltage control

A « Motors
« Transformers
* Reactance

» Condensers
* HVlines
 Asynchronous generators

Consumed

(inductive)
(capacitive)
> |
/ Breakeven

High V @ high load

High V @ low load
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( Highly loaded
» Consume reactive power
» Reactance-like
 Lightly loaded
» Produce reactive power
» Condenser-like
» Aboveground/underground
» Underground produce more
reactive power (at given V)
« Voltage
 Higher voltage produce more
reactive power (for given length)
* Load
» Lower voltage produce less
reactive power (for given length

\ and load) J

LINE / CIRCUIT



What is known now
(but was still unclear one year ago)
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Report released by the Government and group of experts %-

@ Dynamic voltage control: Thermal stations did not operate as planned, even though

they received capacity payment (lack of compliance with OP7.4):

 Should have consumed reactive power to reduce voltage I edela

 Rather, they increased production of reactive power (reduced cos ¢)

Qload Q generator

(- )
Qg>Ql:VT

Qg<Ql:V‘l’
- J
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Report released by the Government and group of experts %;s

@ Over Voltage trips: Unjustified early trip of installations (OP1.1):

* Installations must withstand 440 kV during 60 mins and 485 kV occasionally
 Several installations tripped at lower voltages I edela

« HVDC Spain-France running in DC shielded France (avoided cascade effect)

@ Frequency: Oscillations at 0.6 Hz (12:02 h) originated at a large PV facility in Badajoz (South):
 Arguably late reaction of Power/Voltage Control loops of PV Plants

« The power plant amplified (rather than attenuated) oscillations

@ Grid management: 220 and 400 kV lines were operated correctly
 Breaking the connection with France and Morocco isolated the problem

« The problem could not be isolated in a meshed grid (overvoltage protection not coordinated)



Report released by |berdrola and Enel (ICAI)
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Dynamic voltage control: Not only about voltage variation but, most importantly, about «
Iberdrola
rate of change of V (RoCoV): C -~ (\'
508 i = See items 2/4
= _
0 [z = 7
I I l I I I I I l I <L I —282b§
o Smay
— 500 [ Q 60 -
= gt 1 s o
g 0 p s me s i
= 0 ([ 2
> >
o =
Q500 | i
o’ 0 - -% 20
500 H—— = S
1 1 1 1 1 1 1 1 1 J q6
— 1 1 1 1 1 1 1 1 1 1 1
o O
500 + 3 0 2 4 6 8 10 12 14 16 18 20 22
0 . s poe | > L
500 [[—5may] « Voltage control systems of the grid not working correctly
0 2 4 6 8 10 12 14 16 18 20 22 24 Source: L. Rouco, E. Lobato, F. Echavarren, 2025, Informe preliminar en relacion con el cero de tension

acaecido el 28 de Abril de 2025, Report produced Universidad Pontificia de Comillas (ICAI)



Report released by |berdrola and Enel (ICAI)

Voltage: tap-lag

Voltage out [kV]

 Tap Changers modify voltage ratio to
control output voltage (# of windings)

« Example shows a 400/220 kV OLTC with
21 positions (+10%)

=400 kV =375 kV 435 k

0 10 20 30

Number of taps [0-21]

Source: Shahnawaz Hussain, Engineering Portal, Facebook

On Load Tap Changer (OLTC) is a
mechanism used in power
transformers to change the

BUSHINGS

turns ratio while the transformer |

is in operation (on load) without
interrupting the power supply.

@ OLTC changes the tap position
of the transformer winding.

@ The tap changer connects to
different taps of the winding.

@ This changes the number of
turns in the winding.

G As a result, the output voltage
is increased or decreased.

@ All this happens without
interrupting the load.

DRIVE SHAFT

REDUCTION GEAR -

[ oue

‘ | ASSEMBLY [ ||

SELECTOR———————

MOVING CONTACT -

FIXED CONTACT

TAP CHANGER
RESISTOR

OIL TANK +
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B | outc conTRoL
CUBICLE

TAP POSITION

LOWERVOLTAGE ~ NEUTRAL  HIGHER VOLTAGE | |
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—
—

+1

2
)
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o

Decrease e Increase

Voltage Voltage | |
-3 —cz

=4 * >
COMMON
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Report released by |berdrola and Enel (ICAI)

Voltage: tap-lag

« This is a mechanical device = long response time

‘n//'

X
|

cne
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Iberdrola

« Ifinput voltage increases fast (RoCoV) = SUT is amplifying the problem on the low V end

tresponse = tdelay 1 +ttap change + tdelay =2 +ttap change "

30-60 secs 3-5 secs 5-10 secs

80

60

40 |

20 -

0

SQRT of moving average of RoCoV2 [kV/min]

o0 2 4 6 8 10 12 14 16 18 20 22
Source: L. Rouco, E. Lobato, F. Echavarren, 2025, Informe preliminar en relacién con el cero de tensién
acaecido el 28 de Abril de 2025, Report produced Universidad Pontificia de Comillas (ICAI)

3-5secs

275

3255

3 235

g 215

8

; 195
175

On-Load Tap Changer (OLTC)

=400 kV ==375 kV

0 10 20

Number of taps [0-21]

435 k

30



Report released by Iberdrola and Enel (ICAl)
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: : ? Strength (
Grid management: Weak grid \ vs
«  1/3 of the 400 KV lines open in zone S S, Damping 'bef:da
 Low inertiain Zone S "\ C CI
« Two CCGTs planned in the South area
é 1 1 1 h
 One of them reporting unavailability to operate not replaced — F— ..

T AT T ETCETET |,

3714 6652 12111 3152 3.84
N 0 2995 7843 10837 3585 3.02
E 9642 0 4105 13747 5909 2.33 1.5%
C 2906 8875 4204 15984 8664 1.84 7.0%
S 0 2881 1535 4417 3398 1.30
Total 12547 18465 1746 24339 25038  2.31 1.8%

ﬁ<23

20.7%
14.4%
8.5%
26.7%
27.5%
18.4%

25%  0.9% \_ V )

0.7% 1.6%
28%  4.8%
56%  2.2%

8.3%
23%  3.8% 35.8%
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@ Grid management: Weak grid «
Iberdrola
 Strong grid: Z ;4 4! (1 1 1 A 7~
gg grid — + L oo C C\'
« Point of common coupling (PCC): rigid Zeq Z11 Z12
P-R+Q-X
AV = ¢
* Weak grid: Zgyiq 11 \_ )
* Point of common coupling (PCC): sensitive
— Weaa e ;
Ay _ i 4 LMoL :
N SR L% AN T I
X177 IZ YA |mpedance _tRea| R(. —/\fi/\—‘cl—
7] ' ' —J [S— J
2] | R: Resistance C=F ¢Xc=;é—=7c z; l‘ﬁ e
;g X Reactance LT st S e
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@ Grid management: strength of the grid monitored through SCR

SCR:

PGen:
V,:
AT

4

Short circuit ratio ~C _
. . SSC syn =~ 5 7

Short circuit capacity of system Sec '

Apparent power generator SCR = P, )

Nominal voltage at node e Sscasyn ® 1.2 — 1.4

Equivalent impedance )

Two ways to calculate short-circuit potential at POl (Point of Injection)

Ssc = V3 Ve - Isc

V2
Ssc = 7
Th

N UNIVERSIDAD
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Grid management: strength of the grid monitored through SCR

Strong Very low
|X| > R

Weak High
|X| =~ R

Very weak  Very high
| X| <R

SCR > 3(10)

2<SCR<3

SCR < 2

Rigid voltage profile.

Large number of synchronous generators.

If a grid fault occurs —> large short-circuit current is provided to
sustain the system.

Sensitive voltage profile.
Voltage interacts dynamically with active/reactive power
variations: (P/Q coupling).

Critical grid stability.

Low short-circuit current available.

High risk of control instability and voltage collapse for conventional
inverters
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@ Grid management: strength of the grid monitored through SCR

'l’"

500

490

480 * InHVlines: Xgpiqg > Rgrig (Usually) > AV
470 controlled by Q

"« fSCR K2 Zgpq 1> AV controlled by P
o also

430 « Steep ramp-up/down of PV has the capacity to
420 impact AV

Source: L. Rouco, E. Lobato, F. Echavarren, 2025, Informe preliminar en relacion
con el cero de tension acaecido el 28 de Abril de 2025, Report produced
Universidad Pontificia de Comillas (ICAI)
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@ Grid management: counterproductive measures to mitigate V oscillations ((

Iberdrola
* 11 lines come online + 13 shunt reactors stop consuming Q (?) -~ (\I

Report released by Iberdrola and Enel (ICA) @?s

» The cumulative effect is >1000 MVAR added to the grid = V increase reinforced

 Synchronous generators reduce the production of Q to offset V increase

X, >0
A I
A Gen may
Gen rotor lose
o | — may overheat synchronism
4]
] Set V path

Safe Safe

. operation | operation
Min Q path

>
Load Q4(<0) Inductive Capacitive Qqy(>0)
(sub) (over)
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Grid management: counterproductive measures to mitigate V oscillations ((
Iberdrola
* 11 lines come online + 13 shunt reactors stop consuming Q (?) C -~ (\I
 Synchronous generators reduce Q to offset V increase (until they hit the limit)
A
540

Actual trend as power (CF) is lost

520 Lines off
= 500
= Vinax = 120% Vo (1.2 p.UL.)
g \ -
T c
S 460 Distance to voltage collapse

reduced from 2964 MW to 1268 MW

Undo lines & reactors

(~Equivalent to adding
400 | synchronous generators)

440

00 55 6.0 6.5 75 75 8.0
Power (@ constant CF) loss [GW]

Adapted from: L. Rouco, E. Lobato, F. Echavarren, 2025, Informe preliminar en relacién con el cero de tension acaecido el 28 de Abril de 2025, Report produced Universidad Pontificia de Comillas (ICAI)
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@ Grid management: counterproductive measures to mitigate V oscillations ((

Iberdrola

*  What t h inverter- tors?
at about asynchronous (inverter-based) generators C ~ (\I

Report released by Iberdrola and Enel (ICA) @?s

« Can they not consume reactive power?

Smax = \ P? + Q2 *  Snax Cannot be exceded (overheating)
(Smax : Thermal capacity of inverter) » When P increases fast > Q must be reduced

* [fthe grid is weak = reduced consumption of Q = V increases

« Moreover, former OP7.4 (during the blackout) did not allow IBRs to control

voltage dynamically through reactive power consumption

Adapted from: L. Rouco, E. Lobato, F. Echavarren, 2025, Informe preliminar en relacién con el cero de tension acaecido el 28 de Abril de 2025, Report produced Universidad Pontificia de Comillas (ICAI)
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Grid management: counterproductive measures to mitigate V oscillations «
lberdrola
35.000 100% C ~ C\‘
30.000 0% __
=,
25.000 s
= 70% 2=
=, 20.000 3
a_’ 60% [72]
2 15000 3
g -
10.000 2
a0 -G
[ =
5.000 0% S
20%
(5.000) 10%
(10.000) 0%
= Interconnections mm Hydraulic == Pumped Hydro
%5 Nuclear v Thermal Solar PV
#== Wind === Synchronous

Adapted from: A. Garcia et al., 2025, Analysis of the events leading to the loss of power on April 28" 2025, Report produced by Compass-Lexecon and INESCTEC
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Inertia is not a root cause

Collapse is due to
overvoltage not
underfrequency

Active power reserve
large enough

UFLS aggravated the
problem

IBR code (OP7.4)
insufficient

Static N-1 insufficient

Grid was running with H=2.3 s (ENTSO > 2.0 s)
Higher inertia would have only slowed down Af

Blackout was due to imbalance of reactive power, triggering
cascaded overvoltage trips
Loss of active power or frequency drops not involved

mFRR > 7000 MW at the time of blackout

Load shedding reinforced the capacitive behavior of the grid >
voltage increase accelerated

OP7.4 / RD 413/2014 prevented IBR from performing dynamic V
control = Sinks of reactive power not used

EAS classified the system as “safe” throughout the blackout >
system unable to detect ultrafast dynamics

OO 00 ©

OO 00 ©

OO 00 ©

OO 00 ©©
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[

Source of capacitive saturation

]

6ystem had wide eno@

margins

» Saturation was caused by
generators that did not absorb
the reactive power required by
OP7.4

» Meshing was justified in order
to damp oscillations

Q DE ESPANA

\_ redela Y,

« Meshing 11 lines w/o load
injected  1.05-24  GVAr
(Ferranti)

» Distance to voltage collapse in
Seville decreased from 3 GW
to 1.25 GW

* Voltage collapse was
unavoidable even without loss
of power

(@ cno

Kberdrola J

mo comments on mes@

being a causal factor of the
collapse

» Supports RCC did not detect
capacitive saturation

* Regulatory constraint on IBR
is an inherent (organic)
primary weakness

entso®

. /
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Nature/origin of the voltage oscillation at 0.6 Hz ]

» Forced oscillation originati@
at a PV plant in the west bank

(Badajoz)

* This abnormal behavior
actually triggers the series
of events leading to the
blackout

& v

« Evidence is not conclusive

« Oscillations could as well have
been a natural inter-region
mode amplified by the very
low damping (~1%) of the grid

« This low damping was a
consequence of the lack of
combined cycle power
plants (incorporating power
system stabilizers) in the

South region

m)scillation at 0.6 Hz (dete@

in Germany also) is unusual
but the root cause is not
clear

 The low inertia may have
amplified any disturbance at
the root node

\_ v
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Justification (legitimacy) of cascaded tips (tap lag) ]

* The first trips (12:32:57-
12:33:18) were inadequate

» SCADA of TSO logged 418 kV
on a 400 kV grid, well within
the limits of OP 1.1 (<435
kV).

& v

mrips were correct accorm

to regulations

 Tap-lag created a blind spot

« Substations: current collectors
at 220 kV were running at 244
kV (>1.1 pu)

» This was not visible to the
SCADA of the TSO

. v

m)oes not classify tripsg

inadequate

 Highlights the lack of
observability of the
underlaying grid by the TSO
and RCCs

\_
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[

Dispatch of electricity in the South region

]

mcknowledges one CCGTQ
reported unavailable in the
afternoon of April 27t
* Not replacing this CCGT is
justified by
 Voltage stability in the
region, on April 27t
« Other technologies being
available

& v

« The South region could @
absorb 0.2 GVAr...

» ...vs. the 0.7 GVAr injected by
the TSO (meshing)

* Not replacing the CCGT was
actually the most critical

decision made by the
operator, leading to the
blackout

I /

* Does not refer to the disp@
scheme of the TSO...

* ...but identifies the low short
circuit capacity (SCC) as an
organic causal factor of the
blackout

\_
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[ Ultimate responsible ]

(Generators did not cor@ » Meshing of the grid by the ﬂ he root cause is cloQ

with the obligation to control TSO took the system to a related to the regulatory

& v

voltage dynamically

If the generators had complied
with the regulations at the
nodes, the system would have
absorbed the transient event
The blackout was caused by
a failure on the (privately-
owned and  operated)
generation side of the grid)

uagulator

state where collapse was
simply unavoidable,...

« ...with insufficient visibility...

» ...and inadequate dispatch

» Generators were operated
according to physics and to
the regulatory framework at
the connection nodes

 The blackout was a failure
caused by the TSO and the

AN /

framework, preventing IBRs
from controlling voltage
dynamically

This failure extends to the
national and European
regulatory system and
cannot be attributed to one
stakeholder/agent only




Would have energy storage avoided this?
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» Would have massive energy storage avoided the situation? Why?

.. [ Low demand (~25 GW - 50% of peak) ]

+

Large availability of solar PV

15 CCGTs shut down

Source: Red Eléctrica de Espafia
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» Would have massive energy storage avoided the situation? Why?
 Are neighboring countries massive energy storage assets?

Interconnection exchanges

1000
800
600

MWh

| .
L

-400 , "
-600

19-Apr 21-Apr 23-Apr 25-Apr 27-Apr 29-Apr 01-May 03-May 05-May 07-May
—France MWh —Morocco MWh —Portugal MWh

Source: Red Eléctrica de Espafia
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 If energy storage is the solution, how much is needed?
s an updated market design needed to trigger interest by investors?

Ratio de interconexién (201 1) Ratio de interconexion (2020)

W<s% W<s5%
[ 5%al0% Ms%alo%
10%a15% 10%a15%
[ >18% [ >18%
Fuente: ENTSO-E e Fuente: ENTSO-E b

Source: ENTSOe
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 If energy storage is the solution, how much is needed?

« ENTSO-e’s objective for interconnection Hydro L | Leah
\Wind offshore 0.0% 0.0%
\Wind 23.3% 21.6%
0 . ' - Solar PV 29.2% 18.4%
[ 15% of installed capacity = ~21 GW ] e o, L 40,
Other RREE 0.8% 1.4%
\Waste renewable 0.1% 0.3%
* Isan updated market design needed to trigger interest by ~ [Nuctear 5.0% | 19.0%
Coal 1.1% 0.6%
investors? Diesel 0.5% 0.9%
. Gas Turbine 0.8% 0.3%
» What storage technologies? - 0% 0.9%
Fuel 0.0% 0.0%
CCGT 18.4% 16.8%
CHP 3.7% 5.7%
\Waste (non-RREE) 0.3% 0.4%
- Pumped hydro 2.3%
3 GW Battery 0.1%

Source: Red Eléctrica de Espafia
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) But iS it On |y about Sto rage? E= New Fleet of Synchronous Capacitors for the Transmission Network.

The operator of the Spanish System will install 8 synchronous capacitors in the

) Syn Ch ronous Condensers are On itS Way: peninsular transmission network that will add 2,000 MVAr and 12,000 MW.s of

inertia.

) 8 d | dy I th p' p |' € SynCon Cabra 400 kV - 250 MVAr (Andalusia)
Con ensers a rea In e I e Ine € SynCon Brovales 400 kV - 250 MVAr (Extremadura)

€ SynCon Litoral 400 kV - 250 MVAr (Andalusia)

Py ~1 OO M€ each €@ SynCon Belinchén 400 kV - 250 MVAr (Castilla La Mancha)
€@ SynCon Rocamora 400 kV - 250 MVAr (Valencian Community)
€@ SynCon Almaraz 400 kV - 250 MVAr (Extremadura)

P N / d 1 0 GW | ? € SynCon Grado 400 kV - 250 MVAr (Asturias)
eW repu rpose ( Coa " € SynCon Beariz 400 kV - 250 MVAr (Beariz)

In the non-peninsular territories, the following have also been approved:

€ SynCon Fuencaliente 66 kV - 10 MVAr (La Palma)
€@ SynCon Haria 66kV - 25 MVAr (Lanzarote)
€ SynCon Son Orlandis 220 kV - 100 MVAr (Mallorca)

This equipment, strategically located in sensitive nodes of the transmission grid,
will have the functions of short-circuit power supply, voltage regulation and
inertial response, helping to improve the strength of the network, participating in
I =~ 2 —_ 8 . I the dynamic regulation of zonal reactive power (Voltage Control) and supporting

SC,PV n -

the frequency stability of the system.

By accelerating the bidding and awarding times, we estimate that they can be
operational in the 2028-2030 horizon.

Good news for the Spanish electricity system, which in recent years has had to
use, via technical restrictions, the coupling of combined cycle plants to gas for
regulation and inertial input tasks, in many cases operating at very low power
values or at the technical minimum, with the costs for the system that this
entails.




One year later: are we clear about the Iberian blackout yet?

Thermal, Mechanical and Electrochemical Energy Storage Workshop (TMCES)
July 29t & 30t 2026 — Charlotte, NC

David Sanchez
University of Seville
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Disclaimer: Except where noted, this presentation is based on documentation made public by the stakeholders involved in the
electrical blackout occurring on April 28t 2025

The statements made and opinions expressed in this talk are those of the author and do not represent his employer’s (University of Seville)



